The Capacitated Transfer Point Covering Problem (TPCP):
Expanding Delivery Network Coverage with Minimal Resources

by
Jeffrey Allen McDougall

A dissertation submitted to the College of Science at
Florida Institute of Technology
in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in
Operations Research

Melbourne, Florida
May, 2018

We the undersigned committee hereby recommend that the attached document be
accepted as fulfilling in part the requirements for the degree of
Doctor of Philosophy in Operations Research.
“The Capacitated Transfer Point Covering Problem (TPCP):
Expanding Delivery Network Coverage with Minimal Resources,”
a dissertation by Jeffrey Allen McDougall.

_________________________________________________
Luis Daniel Otero, Ph.D.
Associate Professor, Engineering Systems
Committee Chair

_________________________________________________
Jewgeni Dshalalow, Ph.D.
Professor, Mathematical Sciences

_________________________________________________
Munevver Mine Subasi, Ph.D.
Associate Professor, Mathematical Sciences

_________________________________________________
Rodrigo Mesa-Arango, Ph.D.
Assistant Professor, Civil Engineering-Construction Management

_________________________________________________
Ugur Abdulla, Ph.D.
Department Head, Mathematical Sciences

Abstract
Title: The Capacitated Transfer Point Covering Problem (TPCP): Expanding
Delivery Network Coverage with Minimal Resources
Author: Jeffrey Allen McDougall
Committee Chair: Luis Daniel Otero, Ph.D.

Retail delivery services have begun using unmanned systems in attempts to reduce
the time from a customer’s order to when the product arrives at its intended
destination. Utilizing these systems are beneficial to both the customer and retailer,
however they create problems for the dispatchers making decisions about the
delivery. Promised delivery times are now quick enough that orders cannot be
grouped and dispatched at predetermined or cyclic departure times. The limited range
of emerging delivery vehicles, specifically unmanned aerial systems, creates gaps in
last mile retail distribution networks and excludes significant numbers of potential
customers. Distributers must use a two-stage distribution process to increase the
vehicle range and include more potential customers. To address the problems created
by the dynamic arrival of orders in a two-phase distribution network, this research
iii

develops a framework to investigate delivery decisions. It then develops a method to
consolidate orders and determine when they should depart the fulfillment facility.
Finally, it develops a mathematical program to assign and route orders for delivery
in a two-phase distribution network with transfer points. The framework and decision
making approaches are then applied to a realistic delivery situation using a
distribution case study on the eastern coast of the United States and solved using a
commercial simulation and optimization software. The results are analyzed, insights
provided, and areas for future research identified.

iv

Table of Contents
Table of Contents .....................................................................................................v
List of Figures ...........................................................................................................x
List of Tables .......................................................................................................... xi
Acknowledgement ................................................................................................. xii
Dedication ............................................................................................................. xiii
Chapter 1 Background ............................................................................................1
Military Unmanned Systems .......................................................................................... 1
Commercial Unmanned Systems ................................................................................... 5
Retail Purchases and Delivery ....................................................................................... 9
Last-Mile Delivery ......................................................................................................... 10
Amazon’s Future Delivery Network ............................................................................ 11
Delivery by Unmanned Aerial Systems ....................................................................... 14
Two-Stage Delivery Networks ...................................................................................... 15

Chapter 2 Existing Literature and Research Opportunities..............................18
Introduction ................................................................................................................... 18
Location Optimization Problems ................................................................................. 19
Hub Location Problems ................................................................................................ 22
Transfer Point Location Problems .............................................................................. 26
Practical Applications ................................................................................................... 28
Research Focus and Shortcomings .............................................................................. 30

v

Chapter 3 Problem and Objectives ......................................................................34
Problem .......................................................................................................................... 34
Objective - 1: Delivery Network Framework ............................................................. 35
Objective - 2: Package Consolidation .......................................................................... 36
Objective - 3: Package Assignment and Routing ....................................................... 37
Impact and Benefit ........................................................................................................ 37

Chapter 4 Research Approach ..............................................................................41
Delivery Transportation Network ............................................................................... 41
Warehouse Dispatching Process .................................................................................. 42
Receiving and Consolidating Orders ........................................................................... 42
Assignment and Routing Decisions .............................................................................. 43

Chapter 5 Two-Phased Delivery Networks..........................................................45
Conceptual Model ......................................................................................................... 45
Specification Model ....................................................................................................... 46
Fulfillment Center Locations ....................................................................................... 47
Transfer Point Locations .............................................................................................. 48
Delivery Locations ......................................................................................................... 49
Stage One – Road Networks ......................................................................................... 53
Stage Two – Air Corridors ........................................................................................... 53

Chapter 6 Warehouse Dispatching .......................................................................55
Conceptual Framework ................................................................................................ 55
Order Arrival and Grouping ....................................................................................... 56
Order Assignment and Routing ................................................................................... 56

vi

Resourcing Requirements............................................................................................. 57

Chapter 7 Processing and Grouping Orders .......................................................59
Package Consolidation .................................................................................................. 59
Process Concept and Description................................................................................. 60
Specification Model ....................................................................................................... 62
Customer Order Data ................................................................................................... 66
Model Assumptions ....................................................................................................... 68
Model Parameters ......................................................................................................... 70
Computational Model ................................................................................................... 71
Discrete-Event Simulation .......................................................................................... 71
Customer Order Request ............................................................................................. 72
Customer Order Processing......................................................................................... 73
Customer Order Prioritization and Selection .............................................................. 74
Verification and Validation .......................................................................................... 76
Results ............................................................................................................................ 78

Chapter 8 Assignment and Routing Orders ........................................................81
Optimization Model Formulation ................................................................................ 81
Decision Variables ......................................................................................................... 81
Transfer Point Utilization ............................................................................................. 82
Stage Two Delivery Route Utilization ......................................................................... 82
Objective Function ........................................................................................................ 82
Constraints ..................................................................................................................... 84
Single Delivery – Constraint 1 .................................................................................... 84

vii

Utilizes Open Transfer Points – Constraint 2.............................................................. 84
Delivery Time Window – Constraint 3 ....................................................................... 85
UAS Range – Constraint 4 .......................................................................................... 86
Truck Capacity – Constraint 5 .................................................................................... 86
Binary Decision Variables – Constraints 6 and 7 ....................................................... 87
Completed model ........................................................................................................... 87
Optimization Suites ....................................................................................................... 88
Calculations and Results............................................................................................... 90

Chapter 9 Research Contributions .......................................................................96
Dispatching and Delivery Framework ........................................................................ 96
Order Consolidation Tool ............................................................................................. 97
Transfer Point Covering Problem ............................................................................... 97
Real Decision Making Time and Analysis ................................................................... 98
Policy Development Tool .............................................................................................. 98

Chapter 10 Future Research .................................................................................99
Real-World Data Sets.................................................................................................... 99
Investigate Transfer point selection ........................................................................... 100
Multi-Objective Optimization .................................................................................... 101
Integrate Framework Key Activities ......................................................................... 102
Global Queueing and Queueing Network ................................................................. 102
Expanded Delivery Framework ................................................................................. 103
Simulation Complexity ............................................................................................... 104
Resource Requirements .............................................................................................. 105

viii

Stochastic Optimization Models ................................................................................ 106

References .............................................................................................................107

ix

List of Figures
Figure 1 — Military Applications of Unmanned Systems ........................................5
Figure 2 — Civilian applications of Unmanned Systems ..........................................9
Figure 3 — Multimodal Delivery Concept ..............................................................17
Figure 4 — Academic Publications Related to Hub Location Problems .................26
Figure 5 — System of Dispatching Decisions - Conceptual Framework ................35
Figure 6 — Conceptual Two-Phase Distribution Model .........................................46
Figure 7 — Specification Model ..............................................................................47
Figure 8 — Established transfer point locations for consideration ..........................51
Figure 9 — 100 customer orders locations requiring delivery ................................52
Figure 10 — Conceptual Dispatching Process ........................................................55
Figure 11 — Order Grouping...................................................................................59
Figure 12 — Conceptual Model...............................................................................60
Figure 13 — Specification Model ............................................................................63
Figure 14 — Delivery Area .....................................................................................68
Figure 15 — Customer Order Request in Arena ......................................................72
Figure 16 — Customer order Processing in Arena ..................................................74
Figure 17 — Customer Order Prioritization and Selection in Arena .......................76
Figure 18 — Orders Waiting for Dispatch over Time .............................................78

x

List of Tables

Table 1 — Transfer Point Location Problem Literature ..........................................31
Table 2 — Location of Central Pennsylvania Fulfillment Center ...........................48
Table 3 — Location of Central Pennsylvania Fulfillment Center ...........................50
Table 4 — Delivery Costs from Fulfillment Center to Transfer Points. ..................54
Table 5 — Simulation Results from Arena ..............................................................79
Table 6 — Sample Times Between Dispatches .......................................................80
Table 7 — Minimum Required Transfer Points ......................................................92
Table 8 — Longest Delivery Times (Minutes) ........................................................93
Table 9 — Multi-Objective Longest Delivery Times (Minutes) .............................94
Table 10 — Potential Savings in Delivery Times (Minutes) ...................................95

xi

Acknowledgement

I wish to thank my committee members who were more than generous with their
expertise and precious time. A special thanks to Dr. Danny Otero, my committee
chairman for his countless hours of reflecting, reading, encouraging, and most of all
patience throughout the entire process. Thank you Dr. Dshalalow, Dr. Subasi, and
Dr. Mesa-Arango for agreeing to serve on my committee. The guidance, flexibility,
and tolerance provided during this long unique process was not only appreciated, but
truly educational in itself.

xii

Dedication
I dedicate my dissertation work to my loving wife and children. Words cannot
express the importance of your support and understanding during this journey.
Without you, none of this would have been possible.

xiii

1

Chapter 1
Background
Military Unmanned Systems
The last twenty-five years have seen a significant increase in the use of unmanned
aerial systems (UAS). A substantial portion of those advances have been in military
applications attempting to attack enemy resources or gain intelligence about
battlefield activities without placing personnel in harm’s way. Unmanned systems,
however, are not a new concept and their use has been documented in history for the
past two hundred years.
The first recorded use of UAS in a military role occurred early in the eighteenth
century. It was a simple but ingenious application of what was commonly thought of
as a child’s toy. In 1806 the British Naval Officer Lord Thomas Cochrane flew kites
from the deck of the HMS Pallas, a 32-gun frigate, over the French coast. Once the
kites were in position over the French port, propaganda leaflets were dropped in
attempts to influence the population without need for sailors to depart the safety of
the ship [1].
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Less than fifty years later, Austria attempted to use unmanned vehicles in a more
kinetic role on August 22, 1849. The Austrian military forces controlled much of
Italy and had besieged the city of Venice. During the last days of the siege, they
launched the first air raids in history. Interestingly, this air raid was also the first use
of unmanned vehicles having a destructive intent. The Austrians launched some 200
pilotless balloons armed with time delayed bombs, however the overall attack was
labeled as ineffective. Few of the bombs exploded as planned. A change in wind
blew several balloons back over the Austrian lines and many of the explosive devices
detonated early or not at all. This is, by most accounts, the first recorded action of its
type [2].
The next one-hundred years only modest advances were made in unmanned systems
and they did not see frequent use. Numerous obstacles hindered unmanned vehicle
development. Technology had not mature enough for the new system to become
operational and with few exceptions it remained used only in limited experimental
roles. Because leaders did not see the operational benefits of unmanned systems in
action, they lost confidence in it and did not place emphasis on its development or
integration into combat operations.
Unmanned systems also had to compete with other weapons systems, making it
difficult to get funding and research emphasis. Manned aircraft, missiles, and spacebased systems, all competed for dollars as numerous programs emerged with the
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advent of flight. It was also difficult to sell pilotless aircraft to senior military leaders,
who were often pilots. Unmanned systems where an unknown risk compared to
technologies with which they were more familiar. Senior military leaders in decision
making roles also maintained a responsibility to protect the occupation they grew up
in and perceived the system as a threat to jobs. Like many programs, unmanned
systems fell into disfavor and advances slowed when the need and benefits were not
immediately recognizable [3].
The United States’ involvement in the Persian Gulf War renewed interest in
unmanned systems in the early 1990s. As part of the initial offensive in that conflict,
288 Tomahawk cruise missiles were launched from warships in the Persian Gulf.
The unmanned guided attacks allowed precision strikes on the enemy without
endangering pilots, freed up manned aircraft to carry out other bombing missions,
and were effective in poor weather that hampered the use of precision-guided
weapons dropped by airplanes. By the time the Balkans Conflict began later in the
decade, guided missiles had expanded into unmanned reconnaissance vehicles and
military intelligence personnel were regularly incorporating information gained by
unmanned systems into their analyses [4].
Since their initial success, there continues to be a dramatic increase in numbers and
applications of unmanned vehicles on the battlefield. Their success in the Persian
Gulf and the Balkans has proven their effectiveness and benefits. Renewed
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leadership interest coupled with advances in other scientific fields account for the
expansion and of unmanned systems.

Improvement in navigation and

communications technologies, along with an increase in satellite bandwidths, allow
unmanned systems to operate almost completely autonomously with instructions and
oversight provided by remote operators thousands of miles away. The improvement
of sensor packages and live video feed back provide decision makers and analysts
real-time mission feedback, enhance their ability to understand what is occurring
within their area of responsibility.
The size of technology has also seen significant reduction. Unmanned aircraft have
decreased in size enough to allow them to be carried and launched by hand. They
have become useful in urban fighting or other types of tactical close-in engagements,
where they can provide the operator valuable information about the enemy. While
intelligence gathering and armed drones get the most attention in the media,
unmanned systems have evolved beyond the role of air reconnaissance and a
weapons platform. Currently, unmanned systems are being developed to move
supplies, remove unexploded ordnance, enhance tactical communications between
units, and provide a forward platform for electronic jamming. Figure 1 displays some
current military applications of unmanned systems.
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Figure 1 — Military Applications of Unmanned Systems

Commercial Unmanned Systems
Until the late 2000s, unmanned vehicles were reserved primarily for military use.
Technology made the operation of unmanned systems outside the government
prohibitive because of cost and size. Most hobbyists and private users were limited
to remote control (RC) models that did not have autonomous capabilities and
required operation within line-of-sight. However, as communications and navigation
technologies improved, the cost of these capabilities decrease and more interest was
expressed in the commercial and private use of UAS.
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In 2007, the Federal Aviation Administration (FAA) in the United States recognized
the problems unmanned aerial vehicles might create to airspace safety. It issued a
policy specifically aimed at controlling the operation of unmanned systems for
commercial use. The policy restricted operation of all commercial unmanned
systems not intended for recreational use unless they were awarded an exemption. It
also required all systems operated by Federal, state, or local government agencies to
obtain a waiver from the FAA. Approved government waivers place limits on
operation in order to ensure its safe use in airspace. Civil and private commercial
operators were allowed waivers, but only for experimentation. These waivers were
issued on a limited basis for flight tests, demonstrations, and training. Delivery of
services or material was strictly forbidden.
On February 2nd, 2012, The United States Government passed the FAA
Modernization and Reform Act of 2012. This act funded the FAA’s budget through
2015 and provided a plan to update national air traffic control policies and
technologies. It specifically encouraged the accelerated development of rules and
regulations dictating the use of unmanned aircraft and set an agency deadline of
September 30, 2015 to establish regulations allowing the use of commercial drones
inside U.S. airspace. The Reform Act was an indicator to business about the future
application of airspace and drones for commercial use. The retail and delivery
industries specifically, were quick to identify the opportunities as they attempted to
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deliver items from the warehouse to a customer’s home in a timely and efficient
manner.
On December 1, 2013, Amazon revealed plans for Amazon Prime Air in an interview
with CBS’s 60 Minutes. Amazon Prime Air plans to use UAS technology to
autonomously fly individual packages to customers within 30 minutes of ordering.
This announcement sparked numerous others to also investigate delivery by UAS.
Other applications for UAS also emerged along a number of concepts to support the
use of unmanned systems.
In 2015, the FAA granted Amazon permission to begin U.S. testing of a prototype
under a waiver to the then regulations. In the interim, Amazon had begun testing at
a Canadian site close to the United States border. The FAA streamlined the process
for obtaining waivers and expedited procedures allowing grants for temporary
waivers for time-sensitive requirements on a case-by-case basis.
While still stringent, changes to the regulations governing commercial UAS
operation have progressed and acted as a catalyst for continued research and
development. The commercial use of UAV technology was legalized by the U.S.
Congress in August of 2016. A few months later, on December 7th, Amazon
successfully delivered a Prime Air parcel to Cambridge, England in efforts to
continue experimentation in countries with less restrictive air traffic control rules.

8

Unmanned systems have already expanded far beyond the military and are
blossoming into a multi-billion-dollar consumer industry despite their heavy
regulation. Amazon and other delivery services are not the only applications of the
new system. Emergency responders and medical teams can deliver medicines,
lifesaving supplies, and medical aid as part of disaster relief effort or to patients in
remote areas. A number of industries are investigating the applications of unmanned
systems. Like the military, civil authorities are exploring potentially uses for the
system as a tool to gather information. Examples include highway traffic monitoring,
search and rescue operations, and surveillance of high risk areas to support domestic
security. Commercial businesses also have the need for data and image collection.
Surveying farm and agriculture, inspecting equipment and infrastructure, and filming
sports and entertainment are just some of the applications for new unmanned
systems. Figure 2 depicts a few of these commercial and non-military applications.
Improvements in technology, changes in regulatory controls, and the incorporation
of unmanned systems into processes that typically required significant human
involvement will change the way the military and civilian population conduct
business. The delivery of retail packages is one commercial application of unmanned
systems currently getting significant media attention. The potential for UAS to
significantly shorten delivery times reinforces new buying habits and expectations
of retail customers.
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Figure 2 — Civilian applications of Unmanned Systems

Retail Purchases and Delivery
Expansion of the internet and advances in electronic communications have
significantly changed how shoppers purchase retail products. Today consumers can
research, compare, and purchase a wide variety of items from the convenience of
their home or place of business. They enjoy the ability to examine similar products
from multiple vendors offering a variety of quality and price using computers and
the internet. Advances in distribution networks have also provided buyers with the
convenience of having purchased items rapidly delivered directly to their front door
saving them time and money.
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Last-Mile Delivery
In supply chain logistic operations, the movement of goods from a fulfillment center
or retail store to their final destination is often referred to the “last-mile” in the supply
chain [5, 6]. Although a “last-mile” delivery service is convenient for the customer,
it creates significant logistical challenges for companies and is typically a source of
high costs in distribution networks. The last-mile is considered one of the most
expensive parts of the supply chains and accounts for 13% up to 75% of the total
supply chain costs [5, 7, 8]. While expensive and complicated, this portion of
delivery is also critical to customer relations and loyalty [9]. Often the delivery over
the last-mile to a customer’s door is the final interaction between retailer and
customer. It also is the only physical link in the online ordering process connecting
companies to clients [10]. A customer’s experience during this segment dominates
the overall perception a client has about a company and influences potential future
sales.
The internet has conditioned e-commerce customers to expect immediate receipt of
information, service, and now merchandise. This expectation has made the logistics
of expedited business-to-customer delivery one of the most important elements of
retail market sales [6, 11]. Corporations that rely on e-commerce transactions have
spent significant time and effort developing strategies to enable delivery of physical
products to customers in hours or minutes rather than days [12].
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An October 2016 e-commerce packaging study by Dotcom Distribution emphasized
the importance of shipping speed to customers shopping on the internet [9]. This
study found that 87% of online shoppers identified timeliness of product delivery as
a key factor in their decision to buy from that company again [9, 13]. The study also
found that 47% of all e-shoppers would pay more for same-day delivery simply
because they wanted their package more quickly and 67% of online shoppers would
pay more if they needed the package by a deadline, such as a birthday or anniversary
[9, 13]. Those numbers increased about 20% for those who shop luxury brands, with
68% of consumers willing to pay extra for an item to arrive as fast as possible and
84% willing to pay more if a deadline was involved [9, 13]. Now that the market has
identified the consumer thirst for shorter times between ordering and having the
product in hand, businesses strive to deliver faster to gain a key competitive edge
[14]. Wired Magazine is predicting the battle for delivering physical products to a
customer’s location, often referred to as the last mile, will emerge as a topic that
defines the competitive edge and becomes a “central drama” in retail logistics [15].

Amazon’s Future Delivery Network
Twenty years after Jeff Bezos sketched out a plan to exploit the then fledgling
internet, the founder of Amazon now has his eye on emerging technology and how
it might revolutionize the delivery of products to a customer’s doorstep [16]. As part
of the relentless effort to reduce the time it takes to deliver a customer’s internet
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order, Amazon has been investing in product delivery strategies in areas outside their
normal range of control. One potential strategy the company is focusing on is the
outbound transportation of products to customers, (i.e., the last-mile) [12]. In a
stunning announcement made during the December, 2013 edition of “60 Minutes,”
Bezos reveled the “Amazon Prime Air” initiative and how in the future customers
should expect to see personalized deliveries made from the air directly to their home
[17].
The broad concept has small-unmanned aircraft carrying merchandise weighting less
than five pounds flying to customers within ten miles of Amazon’s Fulfillment
Centers. Just as remarkable as the unprecedented use of drone technology, but clearly
connected, was the short time between order and delivery. Amazon’s goal is to get
packages into the customer’s hands within 30 minutes or less.
On November 7th, 2013, the FAA published the Roadmap for Integration of Civil
UAS in the National Airspace System (NAS) [18]. The Roadmap maintained the
previous ban on the commercial use of drones pending study and establishment of
regulatory rules. As a result of that Roadmap, the initial set of regulations went into
effect on August 29th, 2016 [19]. While still more restrictive than desired by industry,
the regulations are the first step toward opening the commercial use of drones toward
a broader population on a more economical scale. Amazon hopes for future
regulatory changes to continue to support their plans for home product delivery.

13

While the FAA lifted the commercial delivery ban, challenges remain in the
introductory regulatory that impedes Amazon’s concept of UAS delivery. The most
significant challenge relates to Amazon’s vision of drones having a high degree of
autonomy and utilization of sophisticated “sense and avoid” technology. The FAA
guidelines stipulate each UAS must have a dedicated visual observer keeping the
aircraft close enough to react to unexpected circumstances. The rules also emphasize
no visual observer or operator can be responsible for more than one unmanned
aircraft operation at a time. There remains a significant gap between the current
regulation and Amazon’s concept to operate UAS beyond the line-of-sight of their
remote pilots.
The second grouping of rules found in the regulation, limits where and when couriers
can deliver merchandises. Currently, FAA rules do not allow drones to fly over
anyone who is not directly participating in the operation unless they remain protected
by a covered structure or vehicle. Additionally, the rules disallow nighttime flying
and require a minimum three-mile weather visibility in the areas where the UAS is
operating. As technology continues to evolve and public and regulatory confidence
improves, Amazon hopes many of these restrictions will continue to be relaxed and
allow the implementation of their complete concept.
Even if Amazon can convince the FAA to modify future regulations to align with
Amazon’s proposal, one significant concern that remains is the attempt to reach the
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widest consumer base possible. Parameters of Amazon current model describes its
delivery area as a 20-miles range around each of the fulfillment centers [17]. While
these more than 96 centers in 37 distinct cities are ample to support the current
outbound delivery scheme, the delivery umbrella created in the 10-mile radius drone
concept does not cover a significant portion of the consumer population. If Amazon
increases its range to twenty miles, double its current concept, analysts estimate that
less than a third of the population whom might request Prime Air Delivery would be
within range of existing Amazon's fulfillment centers [20]. Amazon must determine
if it is acceptable to limit the delivery of products by drone, or if they would like to
research ways to extend that range and affect more customers with the new delivery
concept. Potential solutions to this problem already exist but likely will come with
some cost, such as increased delivery time, transportation asset requirements, and
additional research and development.

Delivery by Unmanned Aerial Systems
Recently, several other notable companies have begun investing in the research and
development of techniques to deliver products directly to the consumer using UAS.
Google, DHL, Domino’s, and the Australian Postal Service, to name a few, have
announced research efforts, tests, and in some instances, customer trials of the aerial
delivery concept [21]. The vision is for small-unmanned aircraft to carry
merchandise directly from fulfillment or retail locations to customers; thus,
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providing dedicated and immediate service [22]. This initiative has the potential to
significantly impact e-commerce transactions mainly from the business-to-customer
logistics perspective. Retail and delivery businesses concerned with last mile
distribution recognize benefits gained by the more efficient transportation of
packages, reduction in delivery costs, and expansion of on-time delivery areas to
include remote locations typically not readily accessible by road networks.
Consumers will enjoy the rapid arrival of products to their home or business, the
option to expedite delivery of time-critical items like medication, and share in the
cost savings of delivery. There remain, however, challenges and gaps to be addressed
for successful field implementation of unmanned aerial delivery.

Two-Stage Delivery Networks
One substantial constraint in the UAS delivery strategy is the limited flight range of
the aerial system. Currently, the airframe is limited to a maximum radius of 20 miles.
With this limited range, a significant portion of potential customers would not be
eligible for the service and be required to revert to the longer traditional delivery
process via trucks. For example, using Amazon’s current fulfillment center footprint
(96 fulfillment centers), analysts estimate that only 30% of potential customers
would be eligible for the UAS delivery service due to the 20-mile range limit [20].
Researchers have begun exploring concepts to extend system range and increase the
number of customers who would be eligible for UAS deliveries. One technique being
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considered is a two-stage distribution process. In the first stage of this process,
packages are moved by ground transport trucks to designated transfer points. From
that location, in the second stage, delivery routes are completed using UAS. Trucks
at transfer points act as mobile launch and recovery vehicles for the UAS. Various
prototype UAS-transporting trucks have already been developed. For example,
Workhorse Group Incorporated has developed a delivery system where an UAS –
called HorseFly – travels atop a modified electric van titled WorkHorse [23].
Mercedes-Benz has begun similar work, developing the Vision Van concept [24, 25].
This ground vehicle acts like a commercial distribution hub on wheels carrying two
small drones affixed to its roof for remote deliveries. Figure 3 shows examples of
current ground vehicles and the multimodal concept. Using these methods, UAS
delivery could extend beyond its current range and provide home delivery service by
air to more customers. Important to the concept, however, is the location of the
transfer hub where deliveries change modes from ground transportation to delivery
by UAS.

17

Figure 3 — Multimodal Delivery Concept
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Chapter 2
Existing Literature and Research Opportunities
Introduction
The Neolithic Agricultural Revolution saw civilization transition from a nomadic
lifestyle of hunting and gathering to one of agriculture and settlement [26]. The shift
in lifestyle placed new emphasis on finding the best spot for a permanent homestead,
which influenced the location and growth of villages, towns, and cities [27, 28]. Key
to selecting these locations was the expedient access to essential resources and social
activities including food, water, work, religion, government services, entertainment,
and security [27]. Temples, churches, and pyramids were built as religious and
spiritual centers; theaters, arenas, and tournaments fields were placed to allow access
to entertainment; administration centers such as the Greek Agora and Roman Forum
were established as central places to conduct business and governance; and ports,
castles, and forts provided centralized locations to both protect the people and
respond to security needs as they arose [27]. However, just like today, resources were
limited and decisions had to be made about where to best locate key structures and
services.
Constantine The Great encountered one such decision in the fourth century A.D.
when shrinking resources forced him to reduce his field armies by half while
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preserving the security of a vast empire [29]. Emperor Constantine devised a defensein-depth strategy, locating his four field armies at key positions to quickly respond
to an attack in any of its eight provinces [29]. Using contemporary location methods
and models, ReVelle and Rosing in their paper “Defendens Imperium Romanum: A
Classical Problem in Military Strategy,” assessed Constantine’s problem [30]. Their
resulting solution required less movement of forces in the event of an attack than
Constantine’s approach to the problem. The strategy Constantine developed using’s
only his experience was not optimal; however, it did account for the political
situation and threat environment where as ReVelle and Rosing’s model did not [28].
What is clear is that Constantine understood the importance of location when
implementing his strategy, but at that time he did not have the mathematical tools
available to derive the best solution. It would be over a thousand years before the
formal occurrence of a location problem would appear in literature.

Location Optimization Problems
While location choices are as old as mankind, it was not until sometime in the 1630s
that the topic was formally seen in literature [28]. It was at this time that Pierre de
Fermat, a French lawyer and mathematician, offered the following challenge to his
colleagues in his essay “Method for the Study of Maxima and Minima” [31-33].
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If there is still someone who considers the success of this method due to
serendipitous chance, he is welcome to try to come across a similar one.
As for those who do not approve of it, I pose to them this problem:
Given three points, find a fourth point such that the sum of its distances
to the three given points be a minimum.
Evagelistica Torricelli, one of Fermat’s students whom later became a distinguished
mathematician most famous for inventing the barometer, eventually developed a
geometric solution to the problem in 1645 [27, 28, 31, 34, 35]. After that, little
activity related to location problems was seen in literature for the next 200 years,
with the most notable exception being a puzzle found in the 1775 printings of the
Ladies Diary and Woman’s Almanack, English magazines largely devoted to
mathematical problems and puzzles [28, 31]. Soon after, in 1826, location related
questions re-emerged when Johann Heinrich von Thünen developed a zoning model
to best allocate crops on the land that surrounds a town. He was soon followed by
James Joseph Sylvester in 1857 when he began searching for the location of the
smallest circle capable of containing a set of points [28].
Most agree, however, that the formal study of location theory began in 1909 when
Alfred Weber considered the optimal placement of a warehouse in order to minimize
the total transportation distance between that location and its customers [34]. Weber
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looked at practical industrial and transportation problems from a mathematical point
of view [27, 28]. This approach fueled the interest of economists, geographers and
regional scientists as businesses began to debate the location of facilities as a way to
improve their profits [27, 34]. Their models tended to focus on locating facilities in
the 2-dimensional plane and use either geometric or exhaustive computational
methods [35]. It was not until 1937 that Endre Weiszfeld, a 16-years-old Hungarian
mathematician, developed a one-point iterative method for solving Weber’s problem
[35]. His method is considered by most to be the earliest true location algorithm. His
work, however, was initially written in French and published in a Japanese journal
of mathematics, making it somewhat elusive to others studying the problem. This
resulted in the rediscovery of the algorithm by William Miehle in 1958, Harold Kuhn
and Robert Kuenne in 1962, and Leon Cooper in 1963 [35-38].
Research interest in location problems was once again sparked in 1964 when S. Louis
Hakimi published his paper expanding the application of the theory to include
switching centers in a communications network and police stations in a highway
system [34, 39]. His work is considered the birth of modern quantitative location
theory known today as the 𝑝 -median problem, which minimizes the weighted
average distance between a set number of supply locations and demand nodes [28].
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Hub Location Problems
In comparison to the rich history of the broader topic of location problems, the study
of the more specific hub location problem is relatively short. Although Hakimi
researched and discussed topics relating to hub location in 1964, papers on this area
of location problems were not published until the 1980s [34]. It was then when the
first paper discussing the application of hub location problems in airlines and airports
was published by Rex Toh and Richard Higgins in 1985 [40]. Soon after in 1986,
Morton O’Kelly published his paper that showed the connection between spatial
interaction models and location theory [41]. Most believe it was O’Kelly’s papers
that presented the first mathematical formulation and solution method to the problem,
and officially started the new research stream focused on hub location [42, 43].
O’Kelly continues to research the problems; however, his foundational contributions
of developing the first quadratic mathematical formulation for hub location problems
remains the most prominent [44]. O’Kelly was joined in the 1990s by James
Campbell, whose many papers prompted many of the multiple emerging
mathematical formulations for hub location problems and then considered
classifying those problems into groups with similar objective functions [44]. After
O’Kelly’s initial works, Campbell research played a major role in completing hub
modeling, and his papers are considered some of the most important in the area of
hub location [34].
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O’Kelly’s initial formulation is referred to as a the single allocation 𝑝-hub median
problem [45]. The academic literature commonly classifies location problems by the
objective they seek. Most agree there are three main categories, labeled mini-sum,
minimax, and covering problems [28]. While other objectives sometimes present
themselves, they most likely are combinations or modified versions of these three
key problems [28]. Of those three, most hub location problems have objectives
identifying them as mini-sum problems [34]. In these kinds of problems, the intent
is to find the median so that the sum of costs can be minimized during the interactions
between the customer or demand nodes and their closest facilities [28]. Problems of
this type are also sometimes said to have a 𝑝 -median objective because they
minimize the average distance in the solution [34]. The second type of problem, the
minimax problem, has an objective that attempts to locate a point so the maximum
cost required to reach any demand points is minimized [28]. When working with
distances, this problem finds the center of the smallest circle enclosing all points, and
is therefore also referred to as a center problem [28]. The first mathematical
formulation of the minimax variation of location problem was first proposed by
Campbell in 1994 [46]. The final type of hub location problem, the covering problem,
was also introduced by Campbell in 1994 [44]. In contrast to the previous objectives,
this problem only implicitly includes the cost or distance between the source location
and the demand points, and is only concerned if that cost exceeds some
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predetermined value [28]. Its objective is to satisfy all demands, in such a way that
the cost of opening facilities is minimized [45].
The most recent survey on hub location problems was presented by Farahani,
Hekmatfar, Arabani, and Nikbakhsh in 2013 [44]. This survey reviews works from
2007 to 2012 and updates the survey presented by Alumur and Kara in 2008 [47].
The paper updates recent literature on the most recent advances in mathematical
models, solution methods, specifications, and applications. The paper also expands
to include literature discussing hub location problems with solution spaces other than
a networked solution space [44]. The paper also takes into account recent trends in
hub location problems and identifies those needing additional research emphasis.
Some areas exhibiting gaps include hubbing effect, research of problems in the planer
space, lack of solution approaches for solving large problems, and multi-criteria
decision making (MCDM) in hub location problems [44].
As an accompanying work to Farahani, et al., Campbell and O’Kelly’s published a
reflection of hub location problems over the past twenty-five years [48]. They did
not intend the paper to provide a comprehensive review of hub location research but
wished to reflect briefly and provide insights on the origins, present status, and
directions for the next 25 years of hub location research [48]. Some areas they
identified as emerging opportunities for research included problems with more
complex and less idealized models; incorporation of variables that challenge
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transportation modes through stochastics, congestion, and competition; and research
that documents the impact of transportation cost discounts.
Both these works build upon some foundational surveys providing snapshots of
literature at the time of their publication. An initial survey on hub location problems
was published by Campbell in 1994 [46]. That same year, O’Kelly and Harvey Miller
provided their first survey on the topic [49]. John Klincewicz presented is review on
the topic in 1998, shortly followed Deborah Bryan and O’Kelly in 1999 [50, 51].
These reviews provided fundamental definitions, classification, mathematical
models, and solution methods being utilized at the time when hub location problems
were still focused on the telecommunication and air transportation industries [48].
Most mirrored the conclusions found in later surveys and indicated the need for
future research in hub location solution methods for more complex models and a
more rigorous and comprehensive understanding of the variables altering the results.
Since the hub location problem was introduced in 1986, there has been an increasing
trend in research about the problem. In the last five years, over 150 peer-reviewed
articles and almost ninety PhD dissertations have been published, as seen in Figure
4. This is nearly a threefold increase from the number of publications seen between
the years 2001 and 2005. There also has been a shift in the focus of research. Before
the year 2000, research focused on the establishment of foundational hub location
frameworks and the initial optimization of those models [34]. It was about that time
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when presumably modeling of hub problems reached maturity [34]. Since then, the
focus has shifted to development of advanced models and solution methods in recent
years [44]. One topic of research emerging in the last 10 years has been the study of
transfer points.

Figure 4 — Academic Publications Related to Hub Location Problems

Transfer Point Location Problems
Given the location of a central facility and a set of demand points, Berman et al. [5254] defined the transfer point location problem (TPLP) as the establishment of a new
location called a “transfer point” which allows combination of services over a portion
of the delivery route. While unit traveling cost from the demand point to the transfer
point does not change, cost along a combined portion of the route from the transfer
point to the facility is reduced by a factor of 𝛼 < 1. Optimization research focuses

27

on finding a location for the transfer point such that cost or distance to all the demand
points through the transfer point is minimized.
In 2007, researchers introduced a model for the TPLP [52]. Here, the authors
proposed a model and method to find the optimal location of a single transfer point
between a single resource facility and a number of demand nodes. This basic TPLP
considers distribution or collection of goods or services between facility and n
demand points. The problem attempts to reduce resources during a portion of the
route to demand points by creating a transfer point and combining individual routes.
The cost to travel along this combined portion of the route, between the facility and
the transfer point is multiplied by a reduction factor of 𝛼 < 1, while the cost of
traveling from the transfer point to the demand point does not change. The model
locates both the facility and a set of transfer points which minimizes the total travel
time for all customers.
Since its introduction, there has been few published papers on the TPLP or its
variants. In [52], the TPLP was formulated using a mini-sum objective and a minimax objective on both a plane and network solution space. In [53], the authors
formulated the problem of location for a single facility and 𝑝 transfer points to serve
a given set of 𝑛 demands. Similarly, to [52], the problem was formulated using minisum and mini-max objectives on both planar and network solution spaces. The
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authors then designed heuristic algorithms for each using a descent approach,
simulated annealing, and tabu search. Those results, however, did not allow them to
determine if any one heuristic was advantageous to the others. In [54], the authors
proposed a heuristic for the problem and provided analysis of input variable;
however, they were not able to develop an exact solution because of the size of the
problems. The authors in [55] have also worked to find solutions to TPLP. Their
paper demonstrated that multiple location transfer point problems with mini-sum and
mini-max objectives can be formulated as 𝑝 -median and 𝑝 -center problems,
respectively. When limiting the number of sourcing facilities to a single location,
they could find optimal solutions using this technique; however, when multiple
facilities were considered, the problem became too large and procedures to determine
upper and lower bounds were needed.

Practical Applications
TPLPs have a wide range of applications. The example frequently referred to in most
TPLP studies is movement of patients to a hospital using helicopters. In this example
injured patients are transferred to a common helicopter pad, acting as the transfer
point, by ground ambulance. The speed the patients can travel by helicopter is greater
than that of the ground ambulance. Because the location of the patients is known and
the enduring nature of the hospital make it fixed, the problem becomes determining
the optimal place to consolidate patients and land the helicopters for transfer. The
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general model would also determine the optimal location of the hospital if it was
temporary in nature or analysis was being conducted prior to establishing a new
facility.
Similarly, the TPLPs could consider locating train stations that lead to a stadium,
shopping mall, or other event assembling large numbers of people. This location
would act as the fixed facility in the model. Passengers would drive by car or walk
to a train station, the transfer point, and ride the much faster train to the centralized
down town venue. The model might also be used to investigate the problem of
locating collection points for recyclable materials in a city. Residents bring their
recyclable material to a collection point where it is transferred to more economical
trucks and then periodically moved to a fixed recycling plant for processing. Finally,
the TPLP can be used to optimally locate several regional warehouses to stock a set
number of stores. Merchandise is transported from a larger central warehouse to the
regional warehouses or transfer points at reduced cost, and from there to the stores
at normal cost. These are just a few examples of how TPLP might be used. The range
of examples remains large with possibilities including portions of many of the
distribution and collection networks used today. Delivery of online purchases by
drones is once such distribution network that will benefit from TPLP research.
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Research Focus and Shortcomings
Table 1 compares relevant research on TPLP to date using common classifications
from accepted location problem taxonomies [34, 41, 44, 56, 57]. The result highlights
the similarities in research, identifies areas currently unexplored, and points to
opportunities for future discovery and improvement in the field. Of the six attributes
compared, five areas were identified as having unexplored areas potentially
containing useful insights. The most common trait used to classify location problems
is the model objective. Objectives for all location problems are variants of the
formulation of mini-max, mini-sum, and covering models [45]. Problems with a
mini-sum objective pursue solutions where the sum of all costs between the facility
and customer are minimized, while those with a mini-max objective minimize the
largest cost between a customer and its assigned facility [45]. In contrast, covering
models do not include the facility-customer movement cost in the objective function;
instead, these costs are considered as constraints and only matter if they exceed a
preset value [28]. The objective in a covering problem is most often to minimize the
number of facilities needed while providing adequate service to all customers. To
date, all TPLP research has focused on problems having mini-sum and/or mini-max
objectives, leaving a gap in TPLP research that focuses on the minimum use of
transfer points. A problem that ensures the requirements of all customers are
sufficiently attended is one of the classical objectives in location modeling and
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referred to as a “covering” problem. Their goal is to minimize the number of
intermediate points while still satisfying some constraint in delivery time or cost. The
objective, formally introduced by Church and ReVelle [58], can be applied to a wide
variety of settings and the wide applicability of the basic coverage framework has
sparked strong interest in the research community. However, of the hundreds of
publications produced on various aspects of coverage models over the last 35 years
none of them discuss transfer points specifically [59]. This dissertation will
specifically address how to minimize the number of assigned transfer points using a
covering problem and develop the transfer point coverage problem (TPCP).
Table 1 — Transfer Point Location Problem Literature

Problem
TPLP [52]
Transfer Point
Location Problem
FTPLP [53]
Facility and Transfer
Point Location Problem
FTPLP [55]
Facility and Transfer
Point Location Problem
MLTP [54]
Multiple Location of
Transfer Point

Facility to
Transfer Point
Discount

Demand

Topology

Minisum
Minimax

𝛼<1

Homogeneous

Minisum
Minimax

𝛼<1

Minisum
Minisum
Minimax

Objective

Arc or Hub
Capacity

Solution

Plane
Network

Uncapacitated

Exact

Homogeneous

Network

Uncapacitated

Heuristic

𝛼<1

Homogeneous

Network

Uncapacitated

Exact

𝛼<1

Homogeneous

Plane
Network

Uncapacitated

Heuristic

Research focused on minimizing facility-customer movement costs leads to the
second common trait found among TPLP studies. Each study in Table 1 investigates
problems where 𝛼 < 1; that is, when the cost associated with movement between the
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facility and transfer point creates some reduction in cost by combining routes. When
using both mini-max and mini-sum objective functions to minimize travel, a value
for 𝛼 ≥ 1 creates no economic advantage and was therefore not studied. However,
when investigating models where the objective is to find the minimal transfer points
required to satisfy or cover all demands, it is reasonable to investigate cases where
merging routes will incur additional travel costs in order to reduce those points.
Studies investigating 𝛼 ≥ 1 may be useful as transfer point research matures and
investigates problems having objectives that focus on covering demand with minimal
transfer points.
The third trait often used to categorize location problems is the nature of the demands
found in the model. Inspecting TPLP research found all models assumed
homogeneous demands. None of the studies accounted for dissimilar requirements
that might alter how those products are distributed and then impact the location of
either the transfer point or the facility. As more robust models are developed,
investigating this aspect of the problem may prove useful.
Location problems are commonly studied on several topologies (e.g. tree, network,
planar) [44]. Current TPLP literature focuses on models where solutions occur in
networked and planar domains. A networked solution domain allows candidate
transfer points to occur at discrete locations on an established arrangement of nodes
and connections. A planar domain allows solutions to occur continuously in two-
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dimensional space that generally represents deliveries at any location within the
delivery area. While each of these solution domain spaces were looked at
individually in previous TPLP studies, they are not explored if they occur
simultaneously (e.g., selection of transfer points must be on a road network, while
the location of demands may occur at any location on the plane). Exploring models
that incorporate more than one topology might uncover insights to how two or more
solution spaces interact. This study looks at networked and planar solution spaces
simultaneously as trucks navigate a road network during the first phase of delivery
and then transition to the less constrained planar domain during the second phase.
Finally, the current research makes no mention regarding the impacts due to limited
capacity. In each case, the models assume no issues will arise either at the transfer
point along the arcs connecting it to either the demand points or the facility. Limiting
movement through transfer points by either of these constraints could significantly
change results and should be investigated.
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Chapter 3
Problem and Objectives
Problem
Retail companies providing delivery service to customers are in the business of
making money. A key way to increase profits without raising prices is to reduce the
resources required to deliver the product. Proper assigning and routing packages in
a business-to-customer distribution network minimizes both the number of delivery
vehicles required and the amount of time those vehicles are busy delivering packages
on their routes. Dispatchers, however, must ensure the timely delivery of each order
to its destination to meet customer expectations. As companies explore two-stage
delivery networks, delivery dispatchers must know how to optimally identify
departure times, group packages, and determine the best consolidated transfer
locations to efficiently manage this system. This task becomes more complex as the
scale of the problem increases and number of possible solutions multiplies. Large
two-stage delivery problems require a tool to assist dispatchers as they make
decisions to optimize the use of resources. The dynamic arrival of order requests
further complicates the process as companies attempt to shorten order wait times and
move away from fixed cyclic departure times. Orders cannot be batched without
consideration of possible routes and times customers made their initial requests.
Therefore, research is needed that will help determine how dynamically arriving
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orders are best consolidated and dispatched for delivery in a two-phase distribution
network with transfer points.

Objective - 1: Delivery Network Framework
Before a package can depart the fulfillment center for delivery, there are a number
of decisions that must be made. To understand how each of these decisions interact
with each other and the system as a whole, a framework must be established to
represent the delivery process. This framework investigates the process a customer’s
order undergoes from initial receipt of a request until the delivery reaches its final
destination. Figure 5 provides a graphic representation of an initial framework.

Figure 5 — System of Dispatching Decisions - Conceptual Framework

The first objective of this research is to develop a framework that reasonably
represents the key actions a customer’s order undergoes while at the fulfillment
center. It focuses on actions that involve dispatching decisions. These actions,
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especially the decision, should be as distinct as possible. Isolating each decision
allows them to be investigated separately and in its most simple terms. However,
rarely will one decision not have consequences on others, and when this happens,
those impacts must be recognized.
Activities not requiring decisions are also included in this framework as they provide
needed information about the process. These are kept to a minimum and purposely
does not attempt to replicate all actions, variables, and parameters. The framework
is kept as simple as possible –including only the minimum information needed—to
make it scalable and allow for the later addition of actions, processes, and decisions.

Objective - 2: Package Consolidation
The second objective is to determine how and when to consolidate orders for
dispatching. Once a customer makes a request for a product, the delivery process
begins. One of the first decisions made is how to consolidate orders so they can be
assigned to trucks and routed. Because customer orders are arriving dynamically, it
must also be determined when to consolidate orders. The timing of the consolidation
is important because customers have expectations regarding their order arrival.
Consolidation decisions must know what criteria will determine an order inclusion
in a group, what generates the consolidation of a group of orders, and how many
orders will be included in that group.
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Objective - 3: Package Assignment and Routing
The third objective is to determine how orders are assigned to trucks and routed to
their final destination. After orders are consolidated, all the orders in this new group
are assigned to trucks that follow prescribed routes to their assigned transfer points.
Truck assignment and routing is made by determining what is the optimal transfer
point for each order, assigned to stage-one truck, and what is the fastest routing in
order to recover both ground and air resources.

Impact and Benefit
The main purpose of the proposed research is to develop a framework for product
delivery in a multimodal transportation network and then develop decision tools for
their optimal delivery. These tools will consolidate dynamically arriving orders, and
then optimally route groups of orders to customers during the last-mile of delivery.
The framework focuses on assignment and routing decisions made at the fulfillment
center. Facts informing these decisions, however, are collected from the entire
delivery network beginning when the order is received and concluding when it
arrives at its final destination.
Conducting this research has many benefits. Developing a two-phase delivery
network provides a means to expand the availability of UAS delivery to a broader
customer base. The two-phase delivery network allows aerial systems to deliver
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orders further distances from the fulfillment center by shifting their launch point to
transfer points closer to customers. This approach supplements the current limited
range of UAS with ground transportation and extends the reach of delivery. Other
alternatives to reach more customers include increasing UAS capabilities and
investing in additional warehouses locations and their associated inventories.
Analysis of these alternatives would determine which was most cost effective.
The research provides a delivery solution that minimizes the cost of delivery in a
two-stage delivery network. It does this by optimally assigning and routing orders
through a minimum set of transfer points. These costs are minimized in a number of
ways. First, it finds the minimum number of trucks and aerial systems needed to
deliver any one group of customer orders. Second, it minimizes the time vehicles are
away from the fulfillment center by directing vehicles along the fastest route.
Decreasing this time also decreases operating cost including fuel, vehicle wear, and
employee operator time. Third, as multiple groups of trucks conduct overlapping
simultaneous deliveries, the optimal assignment and routing of resources reduces the
overall need for vehicle inventory at the fulfillment center.
The relative cost savings created by optimally assigning and routing orders have
many potential uses that are beneficial to the delivery company. Savings in shipping
cost directly impacts the profitability of a company. Savings can also be passed back
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to customers in the form of reduced shipping costs. Furthermore, customer savings
may increase profits for a company by drawing more business.
The study provides decision makers with additional tools to assist in the processing
of dynamically arriving customer orders at fulfillment centers. It develops techniques
to consolidate orders at appropriate times and in sufficient numbers to provide the
flexibility to the assignment and routing process, while ensuring that customer
expectations are met. The assignment and routing process checks constraints and
removes options that are unreasonable based on system and network limitations. An
optimal combination of the remaining options is then found. Providing automated or
semi-automated tools to dispatchers, speeds overall processing times by streamlining
routine choices and providing analysis of key trade-offs to decision-makers. A
decrease in processing times can be used to reduce the risk of not meeting customer
expectations, allow for the early arrival of orders, or allow time for more orders to
arrive, thus, providing additional delivery options and combinations.
Utilizing a two-stage delivery network is not as advantageous as direct delivery from
the fulfillment center to the customer. However, it may be the most cost effective
alternative in light of the current UAS capability limitations. A dedicated vehicle in
the initial phase of delivery is a very effective but inefficient technique for delivery.
Consolidating stage-one vehicle traffic reduces the cost and resources needed for
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delivery. It also reduces congestion, pollution, and risk of accident on road networks
leading to transfer points.
Utilizing a two-stage delivery network disperses UAS launch locations away from
the fulfillment centers. In the concept’s framework, a portion of customer orders
would be moved to transfer points and the aerial systems launched from there. The
addition of multiple transfer points located away from the fulfillment center would
reduce congestion in the air corridors traffic. This dispersion of flight paths would
reduce the potential for accidents, lower noise levels, and decrease the need for
significant air traffic control.
Delivery of merchandise is just one application that might benefit from the extension
of UAS range using the multimodal technique. Similar research can be used to
determine the best location to position launch and recover sites when using drones
to conduct deliver facility inspections, aerial photography, crop or wildlife
evaluations and traffic surveillance. Applications also exist beyond commercial
delivery and include delivery of emergency supplies in a disaster area or the rapid
deployment of medical equipment or medicines.
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Chapter 4
Research Approach
This research’s goal is to determine how dynamically arriving orders are best
consolidated and dispatched for delivery in a two-phase distribution network with
transfer points. Three steps guide the study as it develops techniques to best deliver
customer orders to their final destination in a timely manner. The first step examines
and develops frameworks for the delivery transportation network and warehouse
dispatching process. Understanding the frameworks, how they can be separated, and
the key interactions between them, are foundational to the remaining two research
steps. The third step creates a method to consolidate orders into groups. The last step
uses those groups and assign orders to trucks and routes to their final destination
utilizing optimal transfer points.

Delivery Transportation Network
Research begins by investigating the two-stage commercial delivery network. The
proposed staged network is one alternative to extending the delivery range of
vehicles with limited capability. The understanding of the fundamental elements of
the conceptual network is improved by applying specific data from a delivery
network in eastern Pennsylvania. Using the geographic data from this region along
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with the emerging system capabilities of UAS and ground vehicles helps properly
shape a representation of a two-staged delivery network using unmanned systems.

Warehouse Dispatching Process
Locations, routes, and the capabilities of the vehicles making up the delivery network
provide essential data that inform decision makers as they attempt to optimally
deliver orders and meet customer expectations. Planning and delivery decisions,
however, are made relatively early in the during dispatching sequence. The
dispatching process is more easily understood and analyzed when it is broken into
its key elements. A framework subdividing the dispatching process must be
developed that can utilized existing techniques in a logical fashion. Study of each
elements individually and analysis of how they interact provides insights about
decision making process and possible methods to enhance performance of the twostage delivery network based upon those decisions.

Receiving and Consolidating Orders
A customer requests for a product arrives at the warehouse with essential information
needed to make its delivery possible. The product purchased, requested delivery
location, time the order was made, and expected time the customer should expect the
order to arrive are all key pieces of information for dispatchers. This order
information when incorporated with additional key information about the delivery
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network provide numerous consolidation, assignment, and routing options. Each of
these options, however must be checked against a set of constraints to ensure its
feasibility. Because delivery time is a major factor in the decision process and
because the orders are arriving at the fulfillment center in a dynamic fashion, orders
must be treated individually with each having its own set of distinct parameters.
Orders must all be proper processed to provide dispatchers key pieces of information
about each of them as they are received. This processing occurs in a receiving area
where orders are initially accepted and attributes are updated based on the changing
transportation network. The most important change being the passing of time. Using
that information, decisions are made about how and when orders should be grouped
for dispatching. Consolidating orders for dispatching considers its relative priority,
and some critical time that triggers the quantity of orders to delivery, a dispatching
event.

Assignment and Routing Decisions
Once orders are grouped and the decision to assign and route vehicles has been made,
it is beneficial to the company to use the minimum resources to transport the
deliveries. Using the minimum resources implies not only the least number of
vehicles, but using those vehicles for the least amount of time so they can be reused
in future deliveries. Therefore, a mathematical model must be formulated to select
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optimal transfer points to minimize the use of resources. The model also needs to
investigate how to reduce the time needed for deliveries to a minimum.
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Chapter 5
Two-Phased Delivery Networks
Conceptual Model
Amazon has established a robust distribution network attempting to shorten the time
between customer ordering and the ultimate delivery of a product to its final location.
Currently, Amazon’s network consists of over 96 fulfillment centers in North
America. The city of Carlisle, Pennsylvania is the home of three of those fulfillment
centers maintaining almost 2.5 million square feet of warehouse space used for both
maintaining inventory and processing orders. The fulfillment centers in Carlisle
provide a case study from which realistic specifications can be drawn to further study
optimal placement of transfer points in a two-stage distribution system. A two-stage
distribution network is being considered as a method to extend the range of a UAS
from fulfillment centers. In the first stage of this process, packages are moved by
ground transport trucks to designated transfer points. From that location, in the
second stage, delivery routes are completed using UAS. Trucks at transfer points act
as mobile launch and recovery vehicles for the UAS. Figure 6 provides a graphical
representation of the general delivery concept.
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Figure 6 — Conceptual Two-Phase Distribution Model

Specification Model
The problem can be specified using a graph, 𝐺 = (𝑉, 𝐸), where nodes represent
locations of the fulfillment center, transfer points, and customers. The arcs of the
graph represent links between the fulfillment center and transfer points in the first
stage of the delivery; and links between transfer points and customers in the second
stage. Each type of node and arc is discussed briefly in the following sections. An
overview of the specification model is shown in Figure 7.
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Figure 7 — Specification Model

Fulfillment Center Locations
One of the largest fulfillment centers currently owned by Amazon was opened in
August 2010 and is located just west of Carlisle. This single center maintains just
over 1.2 million square feet of floor space and sits adjacent to a second Amazon
fulfillment center maintaining 700 thousand square feet of floor space. Amazon,
along with several other distribution companies, select Carlisle as a distribution hub
to take advantage of the proximity to several major cities and the road networks on
the eastern coast of the United States. Its location also benefits from the intersection
of several established road and rail exchanges providing access to high-speed routes
linking multiple warehouses across the nation and providing road access to suitable
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transfer points. This study investigates customer orders requiring delivery occurring
east of the Carlisle fulfillment center. The large size of the fulfillment center permits
significant inventory and assumes sourcing orders from that inventory will account
for no delay. Details on the location of the fulfillment center in Carlisle are listed in
Table 2.
Table 2 — Location of Central Pennsylvania Fulfillment Center

Description
Main Warehouse
Amazon Fulfillment Center
Carlisle, PA

Latitude/
Longitude
N 40° 10' 30.43"
W 77° 13' 52.97"

MGRS
18TUK 10009 49581

Transfer Point Locations
Transfer points are the locations where in-transit orders switch from the first stage of
delivery to the second stage. This is also the point where deliveries change their mode
of transportation. Initially customer orders move by trucks carrying multiple UAS
and their respective packages. In the second stage, individual UAS depart from the
trucks and carry their delivery to each customer’s final location. Transfer locations
are prearranged by Amazon and relatively permanent. Prior coordination with the
land owner and launch site analysis ensure each location sufficiently meets safety
and logistic requirements. Using the fulfillment facility as a circle’s center, the
closest transfer points are located along the edge of a circle having a radius of 10
miles from warehouse. Additional transfer points are located along the edge of circles
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having radii increasing at 10 mile intervals. To ensure lateral coverage of the delivery
area, the number of transfer points increases at a rate proportional to the distance
from the fulfillment center. Using the circle as a guide, final placement of transfer
points is made accounting for access to improved road networks, any hazards that
might imped takeoff and landing of aircraft, and allowing the broadest coverage of
the delivery area.
Table 3 provides detailed information about each transfer point location selected in
this case study. Figure 8 visually shows the location of transfer points east of the
Carlisle fulfillment center. Using as few transfer points as possible benefits the
delivery company by reducing expenses and risks incurred during the first phase of
delivery.

Delivery Locations
Customer orders east of Carlisle fall into three delivery categories. The first are those
within a 20-mile radius of the fulfillment center. These deliveries do not exceed the
range limitations of UAS leaving directly from the warehouse and therefore do not
require delivery using the two-stage distribution system. The second delivery
category corresponds to orders located so far from the fulfillment center that they
cannot be delivered within the established time window even with the two-stage
methodology.
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Table 3 — Location of Central Pennsylvania Fulfillment Center

Radius Description

Latitude/Longitude

MGRS

N 40° 12' 2.95"
W 77° 2' 52.08"

18TUK 25707 52057

N 40° 19' 18.70"
W 76° 53' 30.74"

18TUK 39266 65199

N 40° 2' 39.50"
W 76° 54' 35.55"

18TUK 37073 34422

N 40° 21' 13.58"
W 76° 44' 8.30"

18TUK 52610 68469

N 40° 10' 38.04"
W 76° 40' 9.83"

18TUK 57866 48764

N 39° 59' 13.97"
W 76° 43' 0.17"

18TUK 53430 27749

N 40° 24' 21.18"
W 76° 32' 12.83"

18TUK 69588 73941

N 40° 17' 4.80"
W 76° 28' 4.56"

18TUK 75217 60386

N 40° 7' 25.29"
W 76° 28' 18.23"

18TUK 74598 42524

N 39° 53' 32.94"
W 76° 35' 43.21"

18TUK 63605 17042

N 40° 32' 3.55"
W 76° 25' 58.04"

18TUK 78654 88050

N 40° 22' 12.79"
W 76° 19' 56.42"

18TUK 86886 69701

N 40° 13' 21.76"
Esbenshade's Garden Center
W 76° 16' 23.63"
Lititz, PA

18TUK 91670 53254

Transfer Point 1

10

Keystone Petroleum
Mechanicsburg, PA
Transfer Point 2

20

Mack Sales and Services
Harrisburg, PA
Transfer Point 3

20

Lebarron's Auto Salvage
Dover, PA
Transfer Point 4

30

UPS Supply Solutions
Harrisburg, PA
Transfer Point 5

30

Zeager Bros, Inc
Middletown, PA
Transfer Point 6

30

Harley Davidson
York, PA
Transfer Point 7

40

JP Donmoyer Trucking
Annville, PA
Transfer Point 8

40

Terre Hill Concrete
Lebanon, PA
Transfer Point 9

40

Associated Builders
Manheim, PA
Transfer Point 10

40

Dawn Food Products
Red Lion, PA
Transfer Point 11

50

Pilot Travel Center
Pine Grove, PA
Transfer Point 12

50

Arthouse's Nursery
Myerstown, PA
Transfer Point 13

50

Transfer Point 14

50

Brook Lawn Farm Market
Lancaster, PA
Transfer Point 15

50

Jordan Bros Farm
Airville, PA

N 40° 5' 18.60"
W 76° 18' 17.39"

18TUK 88762 38395

N 39° 50' 9.92"
W 76° 24' 40.64"

18TUK 79243 10517
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Figure 8 — Established transfer point locations for consideration

The physical distance of travel and UAS speed limitations, make the timely delivery
of orders impossible regardless of resourcing. The third and final set of deliveries are
those of interest. Those deliveries require the two-stage distribution network. A box
east of Carlisle was established to capture orders that meet this third criteria. Within
this area, individual orders occur randomly and are uniformly distributed. Customer
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order locations originate within the geographic area and are identified using the
Military Grid Reference System (MGRS), a geo-coordinate derivation of the
Universal Transverse Mercator (UTM) grid system. The area from which orders may
originate and an example set of one-hundred customer orders is shown in the Figure
9. Each iteration of deliveries investigated a new set of one-hundred orders.

Figure 9 — 100 customer orders locations requiring delivery
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Stage One – Road Networks
The first stage of delivery occurs by truck traveling over established road networks.
Distance and time from the Carlisle fulfillment center to each transfer point is
calculated using the Customizable Route Planning (CRP) tool found in Microsoft’s
Bing Maps [60]. This tool finds the fastest route along the road network accounting
for congestion, maximum allowable speeds, and driving conditions. Using 𝑗 as an
index, the cost to move from the fulfillment center to each transfer point is found and
represented by 𝜏𝑗 . These costs are shown in Table 4.

Stage Two – Air Corridors
Once orders depart transfer points, delivery occurs to individual customer order
locations using a UAS traveling along an air corridor. With few exceptions, flight
patterns between the transfer point and order destinations are assumed to be in a
straight line. The distance from each transfer point, 𝑗, and each customer’s location,
𝑘, is signified by 𝑑𝑗𝑘 and determined using the Euclidean metric. A cost matrix, 𝐷 =
𝑑𝑗𝑘 , then captures all possible distances in the second stage of delivery.
Parameter 𝜏𝑗𝑘 represents the travel time from the transfer point to customer order
locations. Time along this portion of the route is calculated using the distance cost
matrix, 𝐷, and multiplying by the average flight speed. A new cost matrix 𝛵 = 𝜏𝑗𝑘
represents travel time in minutes. In this example, the average UAS speed during
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flight is assumed to be 50 mph. This average speed accounts for take-off, landing,
and error caused by route deviations.
Table 4 — Delivery Costs from Fulfillment Center to Transfer Points.

Description
Transfer Point 1
Keystone Petroleum
Transfer Point 2
Mack Sales and Services
Transfer Point 3
Lebarron's Auto Salvage
Transfer Point 4
UPS Supply Solutions
Transfer Point 5
Zeager Bros, Inc
Transfer Point 6
Harley Davidson
Transfer Point 7
JP Donmoyer Trucking
Transfer Point 8
Terre Hill Concrete
Transfer Point 9
Associated Builders
Transfer Point 10
Dawn Food Products
Transfer Point 11
Pilot Travel Center
Transfer Point 12
Arthouse's Nursery
Transfer Point 13
Esbenshade's Garden Center
Transfer Point 14
Brook Lawn Farm Market
Transfer Point 15
Jordan Bros Farm

Road
Distance

Road
Travel Time

11 miles

𝜏1 = 18 minutes

24 miles

𝜏2 = 26 minutes

24 miles

𝜏3 = 40 minutes

34 miles

𝜏4 = 35 minutes

39 miles

𝜏5 = 42 minutes

45 miles

𝜏6 = 48 minutes

45 miles

𝜏7 = 45 minutes

47 miles

𝜏8 = 58 minutes

51 miles

𝜏9 = 51 minutes

54 miles

𝜏10 = 67 minutes

57 miles

𝜏11 = 54 minutes

64 miles

𝜏12 = 68 minutes

62 miles

𝜏13 = 67 minutes

62 miles

𝜏14 = 65 minutes

65 miles

𝜏15 = 79 minutes
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Chapter 6
Warehouse Dispatching
Conceptual Framework

Figure 10 — Conceptual Dispatching Process

Having a clear understanding of the decision process used to dispatch vehicles is as
important at the model of the delivery routes once orders leave the fulfilment center.
Transit times and locations of transfer points provide key information to decision
makers, but dispatching choices must be made prior to the loading and departure of
any vehicle. Conceptually, dispatching operations can be broken into three distinct
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events prior to the loading and departure of orders from the warehouse. Figure 5
provides a visual representation of the dispatching process.

Order Arrival and Grouping
Upon arrival customer requests are accumulated, key information is collected, and
dispatchers begin making decisions about how the customer requests will be fulfilled.
The continuous arrival of requests requires dispatchers to not only look at orders
individually, but start making decisions about how they relate to each other. A
priority list is developed based on the number of remaining feasible delivery options,
time remaining until the order was promised to arrive at its destination, or any
number of other critical pieces of information linked to each order. From this priority
list, the dispatcher groups a set quantity of orders when a dispatching trigger or
threshold is reached. These groups of orders are then sent to the next element of the
dispatching process and assigned trucks and routes.

Order Assignment and Routing
Once orders arrive to this element of the dispatching process, they are divided into
truck size sets. In the previous grouping procedure, truck capacity was only used in
attempts to fill each truck to capacity. In the assignment portion of the process, the
orders are assigned to specific trucks destined for specific transfer points. In some
cases, because of constraints created by the capability or capacity of the delivery
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vehicles, additional trucks may have to be used. The primary goal during this phase
is to use as few trucks as possible. Once that goal is achieved, dispatchers attempt to
route vehicles in a manner that returns resources as quickly as possible to the
fulfillment center so they can be returned to the resource fleet and become available
for future work.

Resourcing Requirements
Management of resources is an essential element of the dispatching process. A
shortage of delivery trucks or UAS might create substantial delays in the delivery
time of customer orders as they wait for delivery resources to become available. This
makes the secondary goal of minimizing the time needed for delivery to become as
important to the dispatcher as it is to the customer. Dispatchers and warehouse
managers must balance the cost of additional vehicles that may remain idle against
the potential of being without delivery resources if orders unexpectedly surge, or if
there are multiple orders requiring delivery to long distance areas from the fulfilment
center. After grouping and assigning routes to orders, historical data capturing the
number of vehicles dispatched and the time the resources were consumed provide
important data to inform decisions about fleet size, the standard number of aerial
systems carried on each truck, and at what level of vehicle operator manning will be
maintained. How vehicles are dispatched indirectly influence number of resources in
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the field at any one time and how long those resources will be unavailable for future
assignments.
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Chapter 7
Processing and Grouping Orders
Package Consolidation
Internet shopping allows customers to submit orders to retail centers continuously
throughout the day. As customer requests are received, they are administratively
processed and the associated merchandise is retrieved from inventory. The product
is then boxed and packaged for shipment. Before dispatchers can assign orders to
vehicles and delivery routes, they must be consolidated into groups. Figure 11 shows
the grouping process from the framework described in Chapter 6.

Figure 11 — Order Grouping
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Process Concept and Description
Conceptually, the processes of grouping orders can be described by four main
procedures or phases. As orders progress through each phase more information is
added to ultimately determine the best grouping. A conceptual model or graphic
representation of the of the package consolidation process is seen in Figure 12. Each
phase is represented by blocks with a short description of activities and examples of
additional information provided. During the “Request” phase information about the
order itself is gathered. The “Process” phase merges the order information with
information about the transportation network. In the “Priorities” phase the previously
gathered information is compared with other currently available orders. Finally, the
“Select” phase inspects all orders in currently ready for departure and picks those for
grouping after specific condition has been met.

Figure 12 — Conceptual Model
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Orders arrive in the “Request” phase. Customers place orders with the retailer using
a variety of means, including websites, email, phone, and third-party agents.
However, regardless of how received, each request provides the fulfillment center
the same basic data needed to satisfy a customer’s request. Initially all the data
collected about the order pertains only to the order itself and does not capture how
the individual order interacts with the delivery network or other orders being placed.
Besides billing information, fulfillment centers are interested in the characteristics of
the purchased product (i.e., size and weight) and data associated with its delivery
location and time.
Individual orders then enter the “Process” phase. In this phase, information
previously gathered about orders is fused with information about the delivery
network. Merging this information allows decision makers at the fulfillment center
to determine possible routing solutions and estimate the time needed to utilize them.
By knowing when each order arrived, when the customer expects the delivery to
arrive, and the travel times required for routes; allow dispatchers to determine which
routes are feasible at what time in the future orders must depart to use them.
Accumulating information and understanding how each new order interacts with the
delivery network, then allows it to be compared with other customer orders awaiting
delivery. During the “Prioritize” phase key attributes of each order are used to
develop an ordered list. The list is updated every time a customer submits a new
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order and information about each order is continuously updated as gets closer to its
expected time of delivery.
Finally, during the “Select” phase orders are grouped and sent forward for vehicle
assignment and routing. Selecting orders for a group involves two separate decisions.
First some threshold or trigger must be met indicating the requirement for the
creation of a group. Second, the number of order to be included in the group must be
determined. Proper timing and sizing of groups creates a balance between
dispatching flexibility later in the framework and the risk of not meeting customer
expectation.

Specification Model
Figure 13 is the specification model for the order consolidation process. The model
shows ten stages in the model where key activities occur. The specification model
expands the concepts described previously and gives needed to replicate the order
consolidation process. Description of each stage include required inputs to the model,
equations used to manipulate entity attributes, and any actions or decision required
during that stage.


Stage 1: A customer request initiates the process. In this stage, basic
information about the order is collected. This model does not collect a
detailed description of the product requested. It does, however, collect data

63

about the order impacting its transportation. The time the order was received,
expected delivery time, and desired delivery location are determined. These
attributes are linked to each order for future reference.

Figure 13 — Specification Model



Stage 2: As orders initially arrive they are screened to ensure they are suited
for delivery using the two-phased delivery network. Orders closer than 20
miles of the fulfilment center are within UAS range and can be delivered
directly from the warehouse. Orders that are more than 50 miles exceed
beyond the predetermined delivery area and are so far from the fulfillment
center that they cannot be delivered within the established time window even
using the two-stage methodology. Orders passing this screening criteria
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continue in the model; all others are rejected and required to use alternate
delivery means.


Stage 3: This stage begins to investigates how orders interrelate with the
delivery network. Routes from the fulfilment center’s location of to the
order’s final destination are calculated through each transfer point. The time
required to traverse each route is also determined. Using these times and the
expected delivery time, the latest time an order can depart the fulfillment
center is determined for each route.



Stage 4: Each possible route an order can take to its final destination is then
checked for feasibility. This stage examines the order location in relation to
the transfer point and total travel time to ensure the route allows delivery
within the specifications. If either of these constraints are violated the route
is rejected for use.



Stage 5: All feasible routes are then compared. The route having the latest
departure time while still meeting customer expectations is identified. The
time associated with this route becomes a critical attribute for the order. Any
departure occurring after this time ensures a late delivery and is
unacceptable.
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Stage 6: The model then places the customer order in a prioritized list of all
customer requests currently needing delivery. The list gives priority to the
next occurring latest departure time. As additional orders arrive the ordered
list is updated. This ensures priority is given to the next customer order in
danger of not departing on its route to ensure timely delivery.



Stage 7: In this stage orders are held in the prioritized list until conditions
create a signal to group some or all orders available for delivery. This
element of the process monitors the order with the next occurring latest
departure time (i.e., the priority order) and compares that time with the
simulation time. Once the latest departure time is reached, it triggers the
need to create a group of orders.



Stage 8: Once the trigger to create a group is received, the model begins to
build a consolidated group using truck capacity as an increment. If the
number of orders awaiting delivery is less than a full truck all orders will be
included in the group. Otherwise, only enough orders to fill a truck are
selected from the list.



Stage 9: After the initial increment of orders is removed from the list, the
number of remaining available orders is checked to determine if enough exist
to fill another truck. If there are enough, an additional increment is added to
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the group and the updated list is rechecked using the same methodology.
This continues until an insufficient number of orders exist to fill a truck. At
that time the orders remaining in the prioritized list, if any, are held again
until the trigger described in stage 7 is reached.


Stage 10: This stage sends a consolidated group of orders to dispatchers for
vehicle assignment and routing.

Customer Order Data
In most simulations, the word "entity" is a generic term used to denote any person,
object, or thing, whose movement through the system causes change in the state of
the system. Every entity possesses some unique characteristics referred to as
attributes. The data set required for this model is based around the customer request
for delivery of a product or their order. Each order has two key attributes. The first
is the time the customer initially requests the product or makes the order. The second
is the location to which the customer desires the product delivered.
Retail stores and delivery companies are often guarded about releasing customer
order information. This is to protect customer privacy and maintain proprietary
information that might provide competitors advantage. Restrictions on associated
information made a working database difficult to obtain. Common distributions were
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used to develop attributes associated with each order as an alternative to working
data.
The first parameter needed for each order is to determine at what time it arrives. To
replicate customer order arrival times, order interarrival times are given an
exponential distribution with a mean of 1/𝜆. They are independent of each other and
the parameter 𝜆 is the arrival rate per minute. For this case study, it was assumed that
a new order arrived each minute. These interarrival times are then used to calculate
the arrival time of each order based upon the last.
Once the orders arrive from the customer, additional information is gathered. The
second attribute needed for each order is the requested delivery location. Each order
entity is assigned a geographic location using Military Grid Reference System
(MGRS), a geo-coordinate derivation of the Universal Transverse Mercator (UTM)
grid system. Orders request delivery to locations between 18TUK 42000 00000 at
the southwestern corner of the delivery area to 18TUK 99999 99999 in the
northeastern corner. This 58-km wide by 100-km tall zone provides coverage to just
under 2,100 square miles. A graphical representation showing the case study delivery
area was described earlier in the discussion of the conceptual and specification
model. That area is shown in Figure 12.
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Figure 14 — Delivery Area

Random order locations were determined using a uniform distribution along both
horizontally and vertically. Easting coordinates ranged between 42000 and 99999.
Northing coordinates from 00000 to 99999. These combined to create a MGRS grid
location.

Model Assumptions
Development of the two-phase delivery specification model uncovered a number of
assumptions needed to continue research. Some assumptions were required because
the development of delivery networks utilizing UAS in is still very immature. Data
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and system parameters are not yet available for study. Other assumptions were made
to simplify the initial model. As research continues in the future each of these
assumptions should be questioned to determine if they are valid or if they have
significant impact on research outcome. Listed here are the key assumptions.


Fulfillment center have adequate inventory to immediately satisfy the
requirements of customers; there are no constraints on product availability



The fulfillment center has sufficient number of vehicles (trucks and UAS) to
resource all deliveries



Road network travel costs (distance and time calculations) determined using
commercial mapping tools are accurate and constant



Weather, traffic, accident, and construction do not impact travel times along
ground and air routes



Each transport truck holds a fixed number of UAS and they maintain 100%
operational readiness



15 transfer points are available in the delivery area and the selected are semipermanent due to authorized usage agreements
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Transfer points and customer delivery locations are not constrained either by
air-space or land usage



UAS travel using a direct path from transfer point to delivery location;
distance determined using the Euclidean metric



Average UAS airspeed of 50 mph and accounts for take-off, landing, and any
route deviations



All customer orders weigh less than 5 lbs. and are deliverable by UAS

Model Parameters
The decision that consolidate and group orders occurs before the requested products
departs the warehouse. However, as previously discussed, how the orders interact
with the delivery network is important to grouping decisions. Chapter 5 provides a
detailed description of two-phased delivery network and the parameters defined in
the case study used for this dissertation. Using the same parameters throughout the
framework allows outcomes from the order grouping process to be used in the
optimal routing process with consistent results.
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Computational Model
Discrete-Event Simulation
A discrete-event simulation (DES) is used to reasonably replicate the behavior of
customer orders from the time they are received until the time they are assigned a
vehicle for delivery to the customer. DES is a method of simulating the behavior and
performance of a real-life process, facility or system. It models the operation of a
system as a discrete sequence of events in time. Each event occurs at a particular
instant in time and marks a change of state in the system [61]. Between consecutive
events, there are no significant changes in the system and the simulation directly
jumps from the end of one to the next in sequence. Arena, a Rockwell Automation
product, is one such software package used for DES and was used in this study. Arena
is used by companies engaged in simulating business processes. In Arena, the user
builds an experiment model by placing modules that represent processes or logic.
Connector lines are used to join these modules together and to specify the flow of
entities. While modules have specific actions relative to entities, flow, and timing,
the precise representation of each module and entity relative to real-life objects is
subject to the modeler. Statistical data, such as wait times and queue lengths, can be
recorded and further analyzed or used in other applications.
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Customer Order Request
The delivery zone describe above is designed to focus on the deliveries requiring the
two-stage distribution network. There may exist orders in this zone that fall within a
20-mile arc of the fulfillment center. These deliveries do not exceed the range
limitations of UAS leaving directly from the warehouse and do not require delivery
using the two-stage distribution system. Orders in the zone may also be located
beyond the range from the fulfillment center that cannot be delivered within the
established time window even using the two-stage methodology. The physical
distance and speed limitations make timely delivery impossible regardless of
resourcing. Each order is initially checked to ensure it falls between a 20-mile and
50-mile arc from the fulfillment center. Those orders that do not are rejected for
delivery using the two-stage method. Figure 15 shows the modules used in Arena to
replicate the arrival of orders, assign them attributes, and screen them.

Figure 15 — Customer Order Request in Arena
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Customer Order Processing
Once an order passes the initial screening, a number of attributes are assigned that
providing decision makers information about how the order relates to each potential
transfer point in time and space. The distance between an order and each transfer
point is checked and points located beyond the 20-mile range of the UAS are rejected
and flagged. Additionally, the required travel time from the fulfillment center
through each transfer point to the delivery location is calculated. This travel time
combines stage-one transit time on the road networks and the stage-two transit times
along air corridors. Routes that exceed the minimum delivery time are also flagged
as infeasible. As a final check, customer orders that do not have any feasible solution
for delivery are rejected and processed using alternate means.
As customer place orders and they arrive at the fulfillment center for processing, the
originating time or creation time is captured as an attribute linked to each order.
Using the order creation time, the maximum deliver time allowed, and the travel time
along each potential route; a latest departure time can be established for each transfer
point. Those transfer points with latest departure times in the past are not feasible
and flagged as such. The latest departure time for each transfer point is captured so
as time passes decision makers can identify orders having less feasible option for
delivery. Additionally, the latest departure time having the maximum value is
identified. This critical departure time signifies the point at which an order must
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depart the fulfillment center to meet customer expectations. The Arena modules used
to process orders is shown in Figure 16.

Figure 16 — Customer order Processing in Arena

Customer Order Prioritization and Selection
Once each order is assigned its attributes relating the delivery network to the order,
the it is held until the dispatcher chooses it for grouping. As each order arrives its
attributes are quickly calculated. Based on how those attributes compare to other
orders, the customer’s request is placed in a prioritized list. Orders receiving the
highest priority are those with the next occurring latest departure time. This value is
the latest time an order can depart the fulfillment center and still arrive as expected
by the customer. Inspecting all the available orders they are placed in mini-max
priority. Therefore, looking at every order’s maximum latest departure time the
single order having the minimum value will have first priority.
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The order with the next required departure time also serves as a trigger for the
grouping and dispatching decision. Once this critical time is reached the next
grouping of orders is released. At that time truck assignments and routing decisions
are made to delivery orders to customers in a timely manner. While all orders except
the first have slack time before they must leave, the priority listing continues to select
those with the least slack allowing more time to pass until the next critical event
causes a dispatching decision. This extra time allows the arrival of more order
requests before the commitment of resources and provides the decision makers with
more options to fill trucks and deliver orders in an optimal manner.
Once the decision is made to dispatch vehicles, dispatchers must determine how
many orders to include in the dispatch grouping. Smaller groupings decrease slack
time; however, they also provide less options for dispatchers as they attempt to
optimally load and route orders to the customer’s location. In order to provide the
most flexibility in assignment and routing, all available orders were sent once the
critical departure time of the priority order was reached. In attempts to minimize the
number of partially loaded trucks, the grouping of orders were always multiples of
the trucks maximum capacity. The only exception to this policy is when the trigger
to dispatch vehicles is reached and there are not enough orders for a single truck. In
this case the required delivery time of the critical order take priority over the desire
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for fully loaded trucks. Arena modules implementing order prioritization and
selection are shown in Figure 17.

Figure 17 — Customer Order Prioritization and Selection in Arena

Verification and Validation
Model verification and validation are critical in the development of a simulation
model. Unfortunately, there is no set of specific tests that can easily be applied to
determine the “correctness” of a model. Every simulation project presents unique
challenges to its model construction, verification, and validation [62]. The
verification and validation process not only ensures your model performs as intended
and sufficiently represents reality, it is a way to ensure those using your model in the
future have confidence in your work.
Verification focuses on ensuring that the simulation or computer representation of
the system characterizes the conceptual model sufficiently [61]. The primary
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techniques used to determine that the model has been programmed correctly are
structured walkthroughs and traces [62]. As the entire model was developed, each
module of the computation model was developed sequentially. During this
construction, as each additional module was incorporated, checks were conducted to
ensure results were consistent with expected results. In many cases module results
were verified using alternate techniques (i.e., hand calculations and spreadsheets).
Similar techniques were used to trace orders through the order consolidation process
once the simulation model was complete.
Model validation checks if the results from the computational model match what is
reality or observed in the field [61]. A frequently used approach to determine whether
a simulation model is valid, is to use the judgement of the development team. Using
this approach a subjective decision can be made based on the results of the various
evaluations conducted as part of the model development process [62]. One evaluation
compared results from the simulation with similar process found and ensured the
results were not unreasonable. The underlying logic was reviewed and then the
results from the simulation were compared with the input to ensure they seemed
practical. Additionally, the results from the simulation were examined after testing
the model with extreme inputs. The model responded properly and provided
plausible outputs.
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Results
As entities are move through the workflow defined in Arena, they program collects
and maintains information on each of them. It also maintains statistical data, such as
cycle time and queue length, at each of the modules. This study focused on the
consolidation of orders and the groups of them that are sent forward for truck
assignment and routing. It was interested in when would be sent and how big those
groups would be.

Figure 18 — Orders Waiting for Dispatch over Time

Figure 19 shows the number of orders awaiting dispatch at the fulfillment center over
time. Each iteration monitored orders in the queue for five-days. Peaks on the graph
represents time when trigger when orders are grouped and sent for assignment and
routing. The first 24 hours, indicated in the shaded area to the left, is the time allowed
for the simulation to reach normal stabile conditions.
The simulation was run 10 iterations with each processing a new set of orders. The
results from the iterations are shown in Table 5. The results showed that on average
a group of 24.4 orders would be dispatched every 57.8 minutes. It also showed that
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groups could be as large as 72 orders and in some cases, be required to depart as soon
as 37.7 minutes after the previous group.
Table 5 — Simulation Results from Arena

This information is helpful to dispatchers and resource managers at the distribution
location. It indicates that they should be prepared to deploy vehicles approximately
every 40 minutes. It also shows that in some cases dispatching might not occur for
more than 70 minutes.
Investigating group size provides insight about truck requirements for any one group.
On average groups require 5 truck when each truck can carry a maximum of five
orders. When groups reach maximum values, 15 trucks might be required to satisfy
assignment and routing requirements. It is important to note that these resource
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requirements only satisfy the need for a single group. Often groups of dispatched
vehicles will overlap requiring the fulfillment center to maintain a large quantity of
trucks and UAS. Analysis of the assignment and routing process is required to make
inferences about those numbers.
Table 6 shows times between the dispatching of groups during a 24-hour period. This
sample is consistent with the results seen in Table 5 and shows how the departure of
groups vary even over a short about of time.
Table 6 — Sample Times Between Dispatches

Dispatch
Number

Time
Lapsed

Dispatch
Number

Time
Lapsed

0
1
2
3
4
5
6
7
8
9
10
11

00:00.00
01:03.51
00:54.24
01:02.49
01:09.25
01:09.17
00:57.11
01:15.37
01:16.55
01:03.04
01:06.42
01:03.08

12
13
14
15
16
17
18
19
20
21
22
23

01:18.56
01:09.22
01:00.04
01:16.26
00:53.74
00:53.96
00:45.67
01:00.42
01:01.06
01:01.83
00:53.84
00:54.65
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Chapter 8
Assignment and Routing Orders
Optimization Model Formulation
This section describes the proscriptive mathematical programming model used load
and dispatch delivery vehicles. More specifically, the following subsections describe
the decision variables, objective function, and constraints used to find optimal
vehicle routing.

Decision Variables
Two interrelated decisions must be made by dispatchers as they identify the best
delivery schedule for an existing set of customer orders. The first decision is to
determine which transfer points to open. The second decision is to determine which
customer orders to route through each of the transfer points. To arrive at an optimal
solution, these two decisions must be made in conjunction with each other. Ignoring
the impact of one when making the other could lead to an infeasible or less than
optimal solution. These decisions are represented by the following two decision
variables.
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Transfer Point Utilization
𝑌𝑗 denotes if transfer point (𝑗) is opened or closed. The decision is represented as a
binary variable for the set of transfer points, signified by 𝑇 and indexed by the
variable 𝑗. In the Carlisle example, we have established fifteen transfer points from
which to choose and therefore 𝑇 = 15 and 𝑗 = (1, 2, . . . , 𝑇).

𝑌𝑗 = {

1:

𝑖𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 (𝑗) 𝑖𝑠 𝑜𝑝𝑒𝑛

0:

𝑖𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 (𝑗) 𝑖𝑠 𝑐𝑙𝑜𝑠𝑒𝑑

(1)

Stage Two Delivery Route Utilization
Similar to transfer point utilization, 𝑋𝑗𝑘 indicates if a system travels from transfer
point (𝑗) and delivers to customer order location (𝑘). Like the previous decision this
choice is binary for the combination of all routes between the transfer points in 𝑇 and
orders locations in 𝑁. In our example one hundred orders must be dispatched and
therefore 𝑁 = 100 and 𝑘 = (1, 2, . . . , 𝑁).

𝑋𝑗𝑘 = {

1:

𝑖𝑓 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑚𝑎𝑑𝑒 𝑓𝑟𝑜𝑚 (𝑗) 𝑡𝑜 (𝑘)

0:

𝑖𝑓 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑛𝑜𝑡 𝑚𝑎𝑑𝑒 𝑓𝑟𝑜𝑚 (𝑗) 𝑡𝑜 (𝑘)

(2)

Objective Function
Dispatchers responsible for scheduling deliveries are ever mindful of the customer’s
expectation for delivery within an assured time window. In previous studies on
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TPLP, objective functions have been focused on minimization of that travel costs.
The transfer point covering problem (TPCP), however, minimizes the number of
transfer points required to make deliveries. The problem accounts for the promised
delivery time by using constraints and research on this type of problem was not found
in published literature.
Minimizing the number of transfer points benefits the delivery company as it
manages resources. Reducing the number of transfer points lessens the number of
trucks needed during the initial stage of delivery. The requirement for less trucks
allows delivery companies to maintain smaller fleets reducing sunk purchasing and
maintenance costs. It also places less vehicles on the road network where they run
the risk of delays caused by traffic congestion. Additionally, utilizing the minimum
number of transfer points loads transport trucks to their highest feasible capacity.
This potentially reduces trucks traveling at less-than-truckload (LTL) capacity and
helps eliminate wasted opportunities for limited resources.
The dispatcher’s objective therefore is to use the least amount of transfer points to
deliver all orders in a timely manner. Using the binary decision variable 𝑌𝑗 to indicate
if a transfer point is utilized, the objective function is mathematically represented in
(3).

84
𝑇

𝑚𝑖𝑛 (z) = 𝑚𝑖𝑛 (transfer points) = 𝑚𝑖𝑛 ∑ 𝑌𝑗

(3)

𝑗=1

Constraints
Several conditions must be accounted for to ensure the model and the solution it
provides represents realistic behavior, does not exceed the capabilities of the
distribution network, and allows dependent variables to act as indicators of only true
or false decisions. These conditions are described using the following seven
constraints.

Single Delivery – Constraint 1
Equation (4) ensures each customer location can only receive delivery from one
transfer point by only allowing one route open to each customer location. Each order
location must be checked and therefore creates 𝑁 constraints.
𝑇

∑ 𝑋𝑗𝑘 = 1

(𝑘 = 1, 2, … , 𝑁)

(4)

𝑗=1

Utilizes Open Transfer Points – Constraint 2
The second constraint checks each transfer point to determine if it is open. If a
transfer point is closed, (5) ensures no deliveries from that location will be allowed.
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Potential air routes used between transfer points and order locations in the second
stage of delivery are checked creating a total of 𝑇 𝑥 𝑁 constraints.

𝑋𝑗𝑘 ≤ 𝑌𝑗

𝑗 = 1, 2, … , 𝑇;
(
)
𝑘 = 1, 2, … , 𝑁

(5)

Delivery Time Window – Constraint 3
The third constraint ensures deliveries are only made using routes that allow arrival
within the predesignated time window. Amazon initially set the benchmark for UAS
delivery at thirty minutes when delivering directly from fulfillment centers [8]. An
additional 90 minutes allows for truck movement along road networks using the twophase concept. This two hour on-time delivery promise has become the new industry
goal as retailers enable shipments to be delivered in hours rather than days [6].
Parameter 𝛽 represents the allowable maximum transportation cost in time (minutes)
and is the maximum time guaranteed by companies from the initial ordering of a
product to delivery. For this case study 𝛽 = 120 minutes or the two hours set as the
industry goal. Parameter 𝛽 is often referred to as the covering threshold or covering
radius in classical covering models. This threshold is checked against the time
required for each route to the customer location in (6). As in the last constraint, every
possible route must be checked creating 𝑇 𝑥 𝑁 constraints.
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𝑋𝑗𝑘 (𝜏𝑗 + 𝜏𝑗𝑘 ) ≤ 𝛽

𝑗 = 1, 2, … , 𝑇;
(
)
𝑘 = 1, 2, … , 𝑁

(6)

UAS Range – Constraint 4
The fourth constraint checks the distance of the customer’s order to from each
transfer point and ensures it is not beyond the range of the UAS. The range of the
vehicle is currently 20 miles and signified by 𝛾. All potential routes between transfer
points and order locations must be checked and there are 𝑇 𝑥 𝑁 constraints.

𝑑𝑗𝑘 𝑋𝑗𝑘 ≤ 𝛾

𝑗 = 1, 2, … , 𝑇;
(
)
𝑘 = 1, 2, … , 𝑁

(7)

Truck Capacity – Constraint 5
This constraint considers the capacity of trucks moving from the fulfillment center
to the transfer point. While packages are relatively small each truck can only move
a finite number of UAS. Trucks within the model are homogeneous and their capacity
is represented by 𝜔. This constraint checks each transfer point and ensures no more
than 𝜔 systems can fly from that location, thus ensuring only that number are
delivered to transfer point 𝑗. Each transfer point must be checked and therefore 𝑇
constraints of this type are included in the model.
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𝑁

(𝑗 = 1, 2, … , 𝑇)

∑ 𝑋𝑗𝑘 ≤ ω

(8)

𝑘=1

Binary Decision Variables – Constraints 6 and 7
The constraints found in (9) and (10) establish our decision variables, 𝑌𝑗 and 𝑋𝑗𝑘 as
binary variables.
𝑌𝑗 ∈ {0,1}

(𝑗 = 1, 2, … , 𝑇)

(9)

𝑋𝑗𝑘 ∈ {0,1}

𝑗 = 1, 2, … , 𝑇;
(
)
𝑘 = 1, 2, … , 𝑁

(10)

Completed model
Combining the objective function and the constraints results in the following
prescriptive or optimization model.
Objective:
𝑇

𝑚𝑖𝑛 (z) = 𝑚𝑖𝑛 ∑ 𝑌𝑗
𝑗=1

(3)
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Subject to:
𝑇

∑ 𝑋𝑗𝑘 = 1

(𝑘 = 1, 2, … , 𝑁)

(4)

𝑗=1

𝑋𝑗𝑘 ≤ 𝑌𝑗

(

𝑗 = 1, 2, … , 𝑇;
)
𝑘 = 1, 2, … , 𝑁

(5)

𝑋𝑗𝑘 (𝜏𝑗 + 𝜏𝑗𝑘 ) ≤ 𝛽

(

𝑗 = 1, 2, … , 𝑇;
)
𝑘 = 1, 2, … , 𝑁

(6)

𝑑𝑗𝑘 𝑋𝑗𝑘 ≤ 𝛾

(

𝑗 = 1, 2, … , 𝑇;
)
𝑘 = 1, 2, … , 𝑁

(7)

𝑁

(𝑗 = 1, 2, … , 𝑇)

(8)

𝑌𝑗 ∈ {0,1}

(𝑗 = 1, 2, … , 𝑇)

(9)

𝑋𝑗𝑘 ∈ {0,1}

(

∑ 𝑋𝑗𝑘 ≤ ω
𝑘=1

𝑗 = 1, 2, … , 𝑇;
)
𝑘 = 1, 2, … , 𝑁

(10)

Optimization Suites
Several companies have developed computer software to assist in the modeling and
solving of optimization problems. These tools solve all major types of mathematical
programing problems and interface with a wide variety of programming languages.
Most software companies offer limited versions of their product for trial use,
however a rental agreement or license is required for commercial use and access to
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the unconstrained product. Some companies provide full-featured licenses for the
academic community conducting classes or research in math programing or
optimization.
One software package that has more recently arrived on the market is Gurobi
Optimizer. The Gurobi Company originated in 2008 and derives its name from the
first letters of each of its founders, Zonghau Gu, Ed Rothberg and Bob Bixby [63].
Along with backgrounds in Research, Computer Science and Industrial Engineering
they were all key players in the development of CPLEX, another optimization
package originally created in 1988 and now owned by IBM [64].
Gurobi Optimizer pairs the most recently developed software architectures and the
implementations of the latest algorithms to create solvers for the following
optimization problems [63]:


linear programming,



mixed-integer linear programming,



mixed-integer quadratic programming,



quadratic programming,



quadratically constrained programming, and



mixed-integer quadratically constrained programming.
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Gurobi is not its own modeling language. Instead it is a set of application
programming interfaces or subroutines that can be referenced from whatever
programming language you are using. The software supports interfaces with Objectoriented interfaces, Matrix-oriented interfaces, and links to standard modeling
languages [63]. It also links to Microsoft Excel through their Analytic Solver.
For this case study, Java code was written utilizing Gurobi solvers. The results of the
program provided optimal dispatching decisions for each set of customer orders
using the transfer point cover problem found in (3)-(10).
By using Java and the Gurobi applications several improvements were made to the
originally formulated mathematical program. Changes to the basic TPLP allowed
multiple trucks to make deliveries thru each transfer point. An iterative technique
also allowed the model to investigate how the problem can find optimal solutions
that satisfy multiple objectives.

Calculations and Results
Gurobi provides academic users a full version of their optimization tool without limit
on the number of variables or constraints. Access to the full version of the software
allowed assessment of one hundred customer orders as they were routed through
fifteen potential transfer point. Therefore, 𝑇 = 15 transfer points and 𝑁 = 100
customer orders. These parameters produced 3𝑁𝑇 + 𝑇 + 𝑁 or 4615 constraints. The
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model was run for ten repetitions, each using a new set of random customer orders.
During each iteration, the Java program and Gurobi interface assessed the minimum
number of transfer points required. It also provided an output listing of the transfer
points to be utilized, what orders would be assigned to trucks going to each transfer
point, and the time required for each order to arrive at its destination.
Various truck capacities, 𝜔, were also investigated using the ten sets of customer
orders. During the first phase of the delivery route, trucks able to carry 7, 10, 15, 20,
25, 30, 35, 40, 45, and 50 aerial systems were used to determine the best delivery
strategy. Table 5 shows the least number of transfer points required to make timely
deliveries as the truck capacity changed. The left hand “limit’ column indicates the
minimum number of trucks needed if travel cost constraints are relaxed and only the
truck capacity constraint was imposed. The highlighted results in Table 5 show
where the number of required transfer points exceeded the unconstrained “limit”
number and identify solutions constrained by delivery time or range. In most cases,
regardless of truck capacity, dispatchers require four or more transfer points to make
deliveries within required time windows.
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Table 7 — Minimum Required Transfer Points

Truck Capacity

Iteration
limit
15
10
7
5
4
4
3
3
3
2

7
10
15
20
25
30
35
40
45
50

1
15
10
7
5
4
4
4
4
4
4

2
15

3
15

4
15

5
15

6
15

7
15

8
15

9
15

10
15

10
7
5
4
4
4
4
4
4

10
7
5
4
4
4
4
4
4

10
7
5
4
4
4
4
4
4

10
7
5
5
5

10
7
5
5
4
4
4
4
4

10
7
5
4
4
4
4
4
4

10
7
5
5
4
4
4
4
4

10
7
5
5
4
4
4
4
4

10
7
5
4
4
4
4
4
4

5
5
5
5

The results also show that developing trucks with capacity of more than 35 orders
provides no advantage in decreasing required transfer points. This TPCP, however,
did not allow for multiple trucks to utilize the same transfer point. No more than one
truck can use each transfer point during any repetition. Therefore, advantages in
transfer point assignments might occur at higher truck capacities if multiple trucks
are assigned to the same transfer point. The time required to delivery each order was
also collected using the model developed with Java and Gurobi. The longest delivery
time in each iteration is shown in table 6. All solutions fell well below the 2-hour
(120 minute) threshold introduced in the initial model. In all cases, customer orders
arrived almost 20 minutes prior to the required delivery time. This 20-minute slack
might be used to reduce the model delivery time threshold, expand the delivery
footprint by expanding the area from orders are taken, or be maintained to mitigate
risks of hazards that might occur along transportation routes.
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Table 8 — Longest Delivery Times (Minutes)

Truck Capacity

Iteration
7
10
15
20
25
30
35
40
45
50

1
2
97.7 101.0
101.2 101.4
90.0 102.9
90.9 102.0
92.0 102.9
90.0 102.9
90.0 102.9
90.0 102.9
90.5 102.9
90.5 102.9

3
94.3
100.0
100.2
90.3
88.9
89.3
88.6
88.4
88.4
88.4

4
101.4
101.4
89.8
91.7
89.8
90.3
90.3
89.8
90.5
90.3

5
97.0
98.4
101.5
99.8
99.0
99.0
101.5
101.5
101.5
101.5

6
100.5
93.5
99.5
99.6
99.6
103.0
102.2
103.0
103.0
103.0

7
100.8
103.2
103.2
102.3
102.3
102.3
102.3
102.5
102.5
102.5

8
102.3
102.2
102.4
102.3
100.1
102.4
102.4
102.4
102.4
102.4

9
10
102.4 99.3
96.4 101.4
102.0 102.8
102.0 89.3
102.0 90.8
102.4 90.8
102.4 89.3
102.4 90.8
102.4 90.8
102.4 90.8

Table 6 shows that the longest delivery times in each iteration does not consistently
improve or worsen as truck capacity changes. It also shows that solutions in each
iteration often share a common longest delivery time even though truck capacity and
routing assignments change. Investigating where times vary reinforces the covering
model’s primary objective. The model is designed to find the minimal transfer points
required using the upper time limit as a constraint and not an objective. It does not
consider the cost of travel, unless it exceeds this pre-established constraint. However,
in some cases, it is possible to find a faster time to complete deliveries using the
minimal number of transfer points. To do this, the model was run iteratively,
reducing the allowable maximum transportation time, 𝛽, below the previous longest
delivery time. This process was continued until additional transfer points were
required or there is no longer a feasible covering solution. The last feasible solution
then becomes a result satisfying minimum transfer points and minimum time of
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delivery. Table 7 shows the updated results after using the above approach. The
highlighted cells are delivery times that might be improved more, but only at the cost
of increasing the required transfer points.
Table 9 — Multi-Objective Longest Delivery Times (Minutes)

Truck Capacity

Iteration
7
10
15
20
25
30
35
40
45
50

1
90.3
89.5
90.0
90.9
92.0
90.0
90.0
90.0
90.5
90.5

2
93.1
93.1
93.1
98.5
101.9
100.4
100.4
100.4
100.4
100.4

3
88.1
87.7
87.2
87.4
87.6
87.1
87.6
87.1
87.1
87.1

4
90.0
89.2
89.8
90.3
89.8
90.3
90.3
89.8
90.5
90.3

5
94.2
94.2
94.2
97.0
95.1
95.1
95.1
95.1
95.1
95.1

6
93.5
93.5
94.0
94.0
94.0
99.6
99.6
99.6
99.6
99.6

7
96.5
96.7
96.5
96.2
102.3
96.7
96.7
96.7
96.7
96.7

8
94.3
94.3
94.3
98.9
94.3
100.1
100.1
100.1
100.1
100.1

9
95.1
95.1
94.8
98.6
95.1
100.7
100.7
100.7
100.7
100.7

10
85.0
86.1
85.4
85.3
85.9
85.9
86.2
86.2
86.2
86.2

Table 8 compares the original TPCP model with the iterative approach. The table
shows the potential time savings when the iterative approach is used to reduce the
longest delivery time. The iterative process reduces the longest delivery time in over
80% of the samples. Where improvements could be made, the iterative process saved
an average of over five minutes in travel time. This savings accounted for a reduction
of 5% of the average longest delivery time.
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Table 10 — Potential Savings in Delivery Times (Minutes)

Truck Capacity

Iteration
7
10
15
20
25
30
35
40
45
50

1
7.4
11.7
-

2
7.9
8.3
9.8
3.5
1.0
2.5
2.5
2.5
2.5
2.5

3
4
6.2 11.4
12.3 12.2
13.0
2.9 1.4
1.3
2.2
1.0
1.3
1.3
1.3
-

5
2.8
4.2
7.3
2.8
3.9
3.9
6.4
6.4
6.4
6.4

6
7.0
5.5
5.6
5.6
3.4
2.6
3.4
3.4
3.4

7
4.3
6.5
6.7
6.1
5.6
5.6
5.8
5.8
5.8

8
8.0
7.9
8.1
3.4
5.8
2.3
2.3
2.3
2.3
2.3

9
7.3
1.3
7.2
3.4
6.9
1.7
1.7
1.7
1.7
1.7

10
14.3
15.3
17.4
4.0
4.9
4.9
3.1
4.6
4.6
4.6
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Chapter 9
Research Contributions
This research investigated the dynamic arrival of customer orders and how they are
delivered to their destinations using a two-stage delivery network. It developed a
framework to represent important characteristics of the process and identified key
decisions made by dispatchers. A procedure was created to priorities and consolidate
orders, and a mathematical program was developed to optimally assign and route
those orders through a minimum number of transfer point locations. The framework
was then applied to a real-world case study to replicating delivery of retail orders
using UAS a two-stage delivery network. This research offers contributions in the
following five areas.

Dispatching and Delivery Framework
This research investigated how dynamically arriving customer orders are optimally
routed on a two-stage delivery network. It developed a framework to address and
analyze the decision process at fulfillment centers. The foundational framework is
scalable and allows researchers to investigate sub-process in distinct areas before
linking them together to study the system as a whole.
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Order Consolidation Tool
A simulation tool was created that consolidated dynamically arriving customer
orders into groups based each order’s relative priority. The tool also monitored
characteristics of each order and calculated how those changed based on its
relationship to the dispatching and delivery framework. The simulation prioritizes,
determines the number of orders for each group and delays dispatching decisions
until critical departure times to allow for the arrival of additional orders. Delaying
the departure time allowed dispatchers to increase possible combinations and
increase flexibility in the system.

Transfer Point Covering Problem
This paper investigates the capacitated transfer point covering problem which has,
until now, been unstudied. The research formulated a mathematical programming
model to provide an optimal solution. The model is then applied to a realistic delivery
situation using a distribution case study on the eastern coast of the United States and
solved using a commercial optimization software. It further developed a technique
to solve Transfer Point Location Problems with multiple objectives (covering and
mini-max) using and iterative approach to apply more stringent constraints. Finally,
the transfer point covering problem introduced a method to for multiple utilization
of transfer points in the same solution.
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Real Decision Making Time and Analysis
Consolidating the framework, the consolidation tool, and the transfer point cover
program provides a real-time decision making tool for dispatchers in warehouses and
fulfillment centers. Given the proper information it will assist in implementation of
set organizational policies on the grouping, assigning, and routing of continuously
arriving orders at a fulfillment center.

Policy Development Tool
Similarly, the research creates a tool that assists in the analyze of dispatching policies
and long term resourcing decisions. Historical data can test new policies and
determine how they might benefit or impair deliveries. The framework and tools can
also help set resourcing numbers of transportation assets. These might include the
capacity of trucks, number of trucks, size of transfer points and number and location
of transfer points.
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Chapter 10
Future Research
The study used a computer simulation and optimization tools to find a solution to
minimize the number of transfer points and trucks needed to make all deliveries
required in a predetermined time window. The analysis of the results provided
insights about each model, however, several unexplored topics remain and provide
the opportunity for future study in areas relating to optimizing transfer points with
the goal of minimizing their number.

Real-World Data Sets
The geography around the Amazon fulfillment centers in Carlisle, Pennsylvania was
used to provide specifications about the road routes, transfer point, and the costs
associated with them. Data about customer orders, however, was not available from
delivery companies. Order locations in this model arrived from random locations in
the potential delivery area using a uniform distribution. Data derived from actual
retail or delivery companies would be a useful addition to the study. Using this
location data would allow examination of how high density order areas might impact
delivery decisions and may influence the capacity of trucks used during phase-one
of the delivery process. Actual customer order history also allows the model to
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investigate the impact of surge and lulls in order interarrival times due to cyclic and
seasonal trends.

Investigate Transfer point selection
A set of potential prearranged transfer points was provided for the optimization
model to select from as it identified optimal routes. These transfer points were
distributed along road networks throughout the delivery area and attempted to
provide uniform coverage to customers. Future studies are needed to determine the
best to distribute and locate transfer points in the delivery area. Selecting,
coordinating, and purchasing the right to use land create additional cost for
distributors. These costs are committed regardless if the location is selected for use
or not. Tools assisting in site selection prior to establishing transfer points ensure the
best utilization of resources and to minimize costs incurred to the company as they
set up distribution networks. Exploring models saturated with virtual transfer points
might provide decision makers with insight about the best transfer point distribution
prior to committing money for them to go unused. Analysis of transfer point
utilization patterns would provide insights into best practices for site identification
and selection. Results may show the uniform distribution is not as cost-effective as
clustering or banding transfer points throughout the delivery area. It may also show
correlation to the road networks, system range, or the density of customer orders
locations.
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Multi-Objective Optimization
One objective of this research was to deliver customer orders using the minimum
number transfer points. Investigating the results of the optimization problem often
found that multiple solutions existed. While all these solutions used the same number
of transfer points, each of them assigned and routed trucks differently and these
differences could often widely vary the amount to time vehicles were away from the
fulfillment center and available for future work. To minimize both the number of
transfer points used and minimize the delivery time, an iterative technique was used.
This approach reduces resources requirements by limiting both the number and the
time of trucks are on the road. Incorporating other goals into covering problems
seems logical and this lead us to developing this approach.
Problems having not only one, but multiple, often conflicting, criteria are referred
to as multi-objective optimization problems. Such problems can arise in practically
every field of science, engineering and business, and the need for efficient and
reliable solution methods is increasing as they become in more demand. Instead of a
single optimal solution, multi-objective optimization results in a number of solutions
with different trade-offs among criteria, also known as Pareto optimal or efficient
solutions [65, 66]. Investigating two-stage delivery networks investigates potential
advantages and may help policy makers provide additional preference information
and to identify the most satisfactory solution.
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Integrate Framework Key Activities
The framework developed to represent the ordering and delivery of a product
identified distinct key activities to investigate as customer orders were requested,
processed, and delivered. The prioritization and consolidation of dynamically
arriving orders was addressed using a computer simulation. The assignment of those
orders and then routing of trucks was determined using a mathematical model and
optimization software. In a real-world fulfillment center the handoff of information
used to dispatching would be an integrated process. In the representation used in this
research it was fragmented by the lack of integration between the simulation and
optimization tools.
As each iteration of the dispatching process was performed the results from the
simulation required extensive hand manipulation in order to use them as input to the
optimization software. Developing interfaces to seamlessly integrate the two
activities allows the rapid passing of information and determination of results. If
implemented as a tool for making dispatching decisions reducing the wait for results
and additional data processing requirement is key.

Global Queueing and Queueing Network
As orders are received, consolidate, assigned, routed, and then delivered they enter a
number of procedures that delay their progress as they wait for a decision or handling.
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Often each of these delays create queues and are looked at as independent events. As
the complexity of the system is increased and multiple groups of orders are
simultaneously processed situations can arise where bottlenecks or spillovers from
one queue can affect other queues and disrupt they system as a whole causing delay
[67]. Investigating the framework used to describe the delivery network and how

global queuing or queuing network issues impact it will help identify potential
challenges as they delivery network becomes more complex and interrelated.

Expanded Delivery Framework
The framework developed for this research focused on the dynamic arrival of orders,
how orders would be consolidated, and then the assignment and routing of those
grouped orders for final delivery. The simplified framework contained many
assumptions and generalizations about related processes to focus on these three areas.
While the framework does not address these outside processes, it provides a
foundation to which additional process can be easily added.
Adding additional process has benefits beyond creating a more realistic and robust
model. A more detailed model tests the generalizations and assumptions used,
ensures those are valid, and assists in the verification and validation of the
framework. In some cases, it may be determined the previously omitted process has
significant impact and may be a required addition. Expanding the delivery
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framework also allows analysts to investigate other areas in the delivery network and
how those interact with the system as a whole. In some cases, a more details model
provides nothing more than reassurance to the customer by building confidence in in
the work by showing completeness.

Simulation Complexity
Just as the framework has opportunities for expansion, the existing key areas
investigated do not account for a number parameters. The math programing model
used for the assignment and routing of orders is very simple representation of the real
world. Congestion along ground and air routes should be modeled to replicate more
realistic traffic patterns. Impact of order weight, weather, and regulatory restrictions
might also impact optimal solutions and should be considered. Adding these
additional parameters to a mathematical model makes conceptualization more
difficult, increases the number of needed constraints, and complicates model
interactions. Simulation may offer additional flexibility in model formulation and
permits more realism to be achieved since most simulation models use logical
arithmetic operations performed in a prearranged sequence and do not require
defining the problem exclusively in analytic terms [68]. When uncertainties are an
important characteristic of the decision, the use simulations can prove particularly
useful. The development of an acceptable simulation provides an alternate solution
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method for larger problems that provides users with the ability to deal with
complicated models of correspondingly complicated networks [61].

Resource Requirements
As previously mentioned, retail delivery companies strive to minimize the use of
resources to deliver orders to customers. The covering problem proposed in this
research finds the minimum number of transfer points and vehicles required to make
deliveries for a group of consolidated orders. It does this by assuming no limitation
or constraint on the number of transport trucks and UAS available. As additional
orders arrive and new groups of orders are dispatched, multiple sets of trucks and
aerial systems are required. Maintain an unlimited number of vehicles for dispatching
is not cost effective. Additional study to determine the number of vehicles to
maintain in the motor pool is important to business as they attempt to maintain a low
inventory of resources.
Similarly, maintaining a large number of potential transfer points incurs a cost for
delivery companies. The appropriate size and number of transfer points is as
important as the location of them. Further research in this area helps companies
minimize the cost of coordinating and reserving the land needed for these transfer
points.
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Stochastic Optimization Models
A deterministic model has the property that the sequence of events remains invariant
each time the scenario is executed. Even though this study ran multiple iterations of
orders having variable order locations and interarrival times, it was essential
deterministic in nature. Classical deterministic optimization assumes that perfect
information is available and does not about for the uncertainty of predicting the
future. Therefore, investigating transfer point location placement using a stochastic
model warrants investigation.
Stochastic optimization is a technique for minimizing or maximizing an objective
function when randomness is present in the model. Over the last few decades these
methods have become essential tools for science, engineering, and business.
Randomness usually enters the problem in two ways: through the objective function
or the constraint set [69-71].
There is significant opportunity to introduce randomness into the mathematical
programing model’s constraint set. As an example, variations in travel time along
ground networks and air corridors based on can change significantly based on
weather; route congestion due to high traffic volumes, accidents or route
construction; or differences in the weight of a customer’s order.
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