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ARTICLE INFO ABSTRACT

Keywords: We propose and study a model that optimizes the response to a mass rescue event in Arctic
OR in dlsas“?r r_ehe_f Alaska. The model contains dynamic logistics decisions for a large-scale maritime evacuation with
Network optimization the objectives of minimizing the impact of the event on the evacuees and the average evacuation

time. Our proposed optimization model considers two interacting networks - the network that
moves evacuees from the location of the event out of the Arctic (e.g., a large city in Alaska such as
Anchorage) and the logistics network that moves relief materials to evacuees during the opera-
tions. We model the concept of deprivation costs by incorporating priority levels capturing the
severeness of evacuees’ current medical situation and the period indicating the amount of time an
evacuee has not received key relief resources. Our model is capable of understanding the best
possible response given the current locations of response resources and is used to assess the
effectiveness of an intuitive heuristic that mimics emergency response decision-making.

1. Introduction

The Crystal Serenity, the largest cruise ship to date to voyage in coastal Arctic waters, sailed between Anchorage, Alaska and New
York City through the Northwest Passage with 1000 passengers and over 600 crew members in August 2016 and 2017 (Waldholz,
2016). In preparation for this event, a tabletop exercise (McNutt, 2016) was organized in collaboration with Crystal Cruises, the
Canadian Coast Guard, Transport Canada, the Department of the Defense (U.S. Air Force) and the U.S. Coast Guard (USCG) in 2016.
This exercise identified gaps in Arctic maritime search and rescue resources and highlighted the impacts of the resource gaps on
evacuees being rescued. The conversations and activities suggested the need for greater attention to Arctic mass rescue operations, and
for greater visibility and coordination of Arctic emergency response. We refer the interested reader to Elmhadhbi et al. (2020) and
Sarma et al. (2020) who highlight the importance of coordination between different emergency responders during disaster response.

Recent changes in Arctic industrial activities, defense and tourism have amplified the need for attention to resource availability and
evacuee impacts during an Arctic mass rescue event (MRE). Longer ice-free summers attract more tourists on expeditions and cruises.
Ship traffic and maritime activity in the region has increased, and will likely continue to increase in the future (Jsthagen, 2020)
without agreements to limit the number of ships entering the region. In 2021, in recognition of these trends, the U.S. Navy and the
USCG, for the first time, issued a joint Arctic strategy that cites expectations for increased Arctic maritime traffic due to commercial
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shipping, natural resource exploration, tourism and military presence (Eckstein, 2021). Increased Arctic maritime traffic occurs in
waters that are largely uncharted because they have never been ice-free in modern times. Only 4.1% of Arctic waters have been charted
using modern multi-beam sonar techniques (National Oceanic & Atmospheric Administration, 2021). Some waters were last surveyed
by Captain Cook using hand-held ropes and lead lines in the 17th century (Hoag, 2016). Risks associated with maritime trade, and
needs to consider personnel evacuation on ships, are therefore significant and rising as maritime traffic increases, uncharted waters are
increasingly ice-free, and the size of passenger vessels is increasing (Statista Research Department, 2020).

Arctic emergency response occurs in a setting that requires balancing activities related to territorial disputes (Schofield and
(Osthagen, 2020); fishing and subsistence economies; endangered species and wildlife habitats; industrial and commercial activity; and
military operations (Allison and Mandler, 2018; Ruskin, 2018; Humpert, 2019). Impacts from these activities can be particularly
significant in remote, seasonably variable, and infrastructure-poor settings with sparse populations such as the Arctic.

The increasing number of visitors to the region is concerning due to the size of Arctic communities. In Arctic Alaska, the largest
community is Utqiagvik (formerly known as Barrow), which has a population of 4,335. The number of people on the Crystal Serenity
was 34.6% of Utgiagvik’s population and would exceed the population of most Arctic communities (see Table 1). Of further concern is
that the health care system in Alaska was not designed for surges resulting from potential Arctic MREs. There are currently 17 trauma
centers in Alaska and only two are Level II (Alaska Department of Health and Social Services, 2018) (Level I handles the highest
emergencies) and are located in Anchorage (700 miles away from Utqiagvik). The only trauma centers in Arctic Alaska are in Nome,
Kotzebue, and Utqiagvik (see Table 1). It is neither reasonable nor desirable for the evacuees to stay in the Arctic Alaska communities
for a long time during a MRE. Communities in the Arctic are not equipped to host a large number of evacuees for an extended period of
time. In essence, responding to a MRE in Arctic Alaska becomes much more difficult than responding to one in the continental United
States since an influx of 1,600 people would significantly strain the infrastructure of Arctic communities.

Maritime response operations require two sets of activities: (i) evacuating people from an affected area to ‘safe zones’ (e.g., in our
case, out of the Arctic), and (ii) providing them with the logistic support (i.e., relief commodities) throughout a period of time. In most
maritime mass rescues, once evacuees in distress are brought to shore, the response is often considered complete since existing
infrastructure typically has the ability to handle the influx of passengers. However, in an Arctic MRE, two steps are required because of
limited Arctic shelter, medical, food, and sanitary infrastructure. Transporting evacuees from the cruise ship out of the Arctic by sea is
neither feasible nor preferred; for example, moving evacuees by sea to Anchorage from the North Slope of Alaska could take more than
10 days, and this assumes the ship could hold and support the evacuees for that length of time. As a result, maritime evacuation during
this type of event comprises two aspects: moving evacuees from the location of the evacuation (e.g., cruise ship) to local Arctic
communities and then out of the Arctic (e.g., into Anchorage, Alaska) and; providing evacuees their basic needs through allocating
resources and equipment. Such an evacuation process was seen most recently in the grounding of the Akademic Ioffe, which ran
aground about 45 miles away from Kugaaruk, Canada (in the Arctic) on August 24, 2018 (Struzik, 2018). The sister ship of the
Akademic Ioffe reached it in 16 hours and brought all passengers to Kugaaruk (Humpert, 2018).

Our study, the first work to model both maritime mass rescue evacuation and logistics support, highlights the impacts and costs of
resource constraints and unavailability, and the impact on evacuees of those resource constraints during an Arctic MRE. Because an
infusion of evacuees in Arctic communities will strain the communities’ existing infrastructure and resources, our model considers the
communities’ capacities to handle the evacuees, given available shelter, medical facilities and airport capacity, as well as system
capabilities to bring resources and equipment into the area to support the evacuees during the Arctic MRE. This work, therefore,
captures the characteristics of an infrastructure-poor setting such as the Arctic, and models the two requirements of MREs (i.e.,
evacuation and logistics suport), which are unique research contributions. It is the first work, to the best of our knowledge, to
quantitatively assess disaster response to Arctic MREs, falling into the broad area of ‘smart” disaster management (Neelam and Sood,
2020), where quantitative tools are used to assess disaster response.

Outside of Arctic Alaska, the situation where there may be two phases of transportation required for an evacuation would arise in
other applications in remote regions, especially when considering tourism. For example, evacuating tourists from sudden onset
wildfires may involve moving them immediately out of the area impacted by the event (e.g., using buses or cars) and then sending them
home from these safe locations using aircraft. A similar situation could arise in popular remote trekking areas (i.e., the Himalayas)
should avalanches occur preventing the trekkers from leaving the remote area. In this case, helicopters may be used to move the
trekkers out of the remote region to local communities prior to sending them home. A major finding of our analysis on Arctic MREs is
that the transportation resources are a major bottleneck in the process, which would also provide insights into these other applications.

In this paper, we propose an integer programming (IP) model to respond to a large-scale MRE in the Arctic. The remainder of this
paper is organized as follows: Section 2 summarizes the related research. Section 3 gives a brief problem description. The details of our
optimization problem are provided in Section 4. We then introduce the solution methodologies in Section 5. Our experimental results
and our findings are shared in Section 6. The paper is summarized and future research is presented in Section 7.

Table 1
Data on communities in Arctic Alaska (see Section F in the Online Appendix for the data sources)
Location Nome Kotzebue Point Hope Point Lay Atqasuk Wainwright Utgiagvik Crystal Serenity
Population Number 3797 3245 692 247 237 584 4335 1600
% of Pop. of Passengers 39.50% 46.22% 216.76% 607.28% 632.92% 34.60% 34.60% —
Trauma Center Status Level IV Level IV — — — — Level IV —
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2. Literature review

An Arctic mass rescue operation is similar to evacuating people from an area either before, during, or after a disaster, with
important distinctions especially since the closest communities to incident sites are relatively small and we still need to move the
evacuees out of the Arctic due to the reasons discussed in Section 1. The following studies are the areas most closely related to our
work.

2.1. Evacuation models with relief distribution

At a high-level in evacuation models, evacuees are transported from an affected area to safe zones, such as shelters, hospitals or
distribution centers, and the required commodities are delivered from major supply centers to support them. While Uster and Dalal
(2017) develop a mixed integer linear programming model with multi-objectives to help the integration of the evacuation process and
relief material distribution after a natural foreseeable disaster (e.g., a hurricane), Stauffer and Kumar (2021) analyze the importance of
taking the disposal cost of unused items into consideration when making initial resource deployment decision before a predictable
disaster. Sabouhi et al. (2019) design an optimization model whose goal is to provide relief commodities to evacuees and transport
them to shelters in the aftermath of a natural disaster, along with making routing and scheduling decision for the vehicles used during
the evacuation. Setiawan et al. (2019) propose three different models to determine the best distribution center locations to obtain the
optimal relief resource deployment after a sudden-onset disaster (e.g., an earthquake). In another study, Li et al. (2020) addresses a
scenario-based hybrid robust and stochastic network design problem to identify the best integrated logistics decisions in terms of relief
commodity and casualty distribution. Shu et al. (2021) propose a network design model making emergency support location and
supply pre-positioning decisions and design a cutting plane algorithm to solve it. Zhong et al. (2020) similarly look at a network design
model and a detailed vehicle routing problem to deliver pre-positioned goods to key distribution points (which could include shelters).

There are several shortcomings of applying this previous work to an Arctic MRE. First, none of these studies consider deprivation
costs, which is critical in post-disaster humanitarian logistics models in order to capture the actual impact of the event on people
(Holguin-Veras et al., 2013). Second, they do not consider the potential to transport relief commodities between the ‘safe zones’ during
the response, which is important in our situation since we can move existing stockpiles between Arctic communities. Third, these
previous studies do not consider moving evacuees out of the ‘safe zones’ (Arctic communities) towards another location (Anchorage)
and measure the time to reach this final location. To the best of our knowledge, our study is the first to consider all these features in an
optimization model for Arctic MREs.

2.2. Prioritizing victims during a disaster

The concept of effectively prioritizing victims from a disaster has been well-studied. The idea is to quickly triage victims in order to
group them together and prioritize who receives relief commodities. Existing triage methods include START (Elbaih and Alnasser,
2020) and SALT (McKee et al., 2020). Sung and Lee (2016) use a survival probability function to prioritize victims in order to optimize
the transport of victims in ambulances to available hospitals in a mass casualty incident. Liu et al. (2019) develop a multi-objective
optimization model that identifies temporary medical service facility locations and distributes the casualties to those facilities by
taking casualty triage and limited resources into consideration. Rambha et al. (2021) propose a stochastic model to identify the optimal
patient distribution at a hospital after a hurricane where patients are categorized based on risk levels. Finally, Farahani et al. (2020)
survey the operations research literature on mass casualty management and express the importance of on-site triage for successful
disaster management.

The limitations of this previous work is that it does not model how relief commodities allocation decisions can impact the priority
level of the victims (in our case, the evacuees). We believe that modeling the role of deprivation time has on increasing priority levels is
important and, further, will help to better capture the impact of the event on the evacuees.

2.3. Modeling the impact of relief commodities

It is likely that during a large-scale, non-routine event that there will be a surge in demand for relief commodities and therefore, the
allocation of the scarce relief commodities is of utmost important in order to minimize the impact of the event. For example, Rodriguez-
Espindola et al. (2020) propose a multi-objective, stochastic optimization model to mitigate the shortage seen in relief aid, shelter and
healthcare support during the disaster preparedness process. The authors show that shelter allocation decisions play a significant role
to cope with deprivation of relief resources and its impact on evacuees. Li et al. (2018) employ a simulation model to emphasize the
importance of having explicit knowledge of the scarce vaccine inventory at hand in the case of an influenza pandemic. The authors
indicate that enhancing the visibility of inventory levels in vaccines brings several benefits including increasing the vaccine allocation
efficiency and decreasing the impact of the pandemic.

Doan and Shaw (2019) discuss stochastic optimization techniques to allocate scarce relief resources among multiple locations in the
face of multiple, simultaneous disasters. This work highlights the influence of political aspects (e.g., inequities between different
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regions) during resource allocation. Ramirez-Nafarrate et al. (2021) study a location-allocation problem to overcome the trade-off
between insufficient relief resources and limited response time, and provide a heuristic algorithm to solve it. Lastly, we refer the
reader to Ye et al. (2020) who provide an extensive review on successful management of disaster relief inventory.

This previous literature demonstrates that relief allocation plays an important role in the aftermath of a disaster. This is especially
important in the Arctic context since it is expected that existing resources and equipment in Arctic communities will not be able to
support the evacuees and, therefore, we must correctly plan how to allocate resources and equipment from a central hub (such as
Anchorage). It further stresses the importance of dynamically updating our allocations over the duration of the response, factoring in
the planned movements of evacuees out of the Arctic communities.

2.4. Deprivation costs in humanitarian logistics

In our application, the evacuees have demand for relief commodities and it is likely that we will not be able to fulfill all demand.
Holguin-Veras et al. (2013) were the first to argue that deprivation costs should be used instead of simply penalizing unmet demand as
the former better captures the true costs of human suffering. The authors discuss the ethical implications of prioritizing the deprivation
costs of the response as opposed to the logistics cost of the response. A key finding is that the actual estimation of the true parameters of
the deprivation cost is not a primary concern - simply including a deprivation cost function is important. Following up on this work,
Pérez-Rodriguez and Holguin-Veras (2015) propose an innovative mathematical model to address the challenges during inventory
allocation in the aftermath of a disaster based on the notion of welfare economics and deprivation costs. The objective of the model is to
minimize the social cost incurred during the response time and examine a heuristic method to solve this problem. In addition, Yu et al.
(2019) propose a nonlinear integer programming model to measure the performance of resource allocation after a large-scale disaster
by considering three metrics: efficiency, effectiveness, and equity. The authors capture the effectiveness component through depri-
vation costs.

We will incorporate the concept of deprivation cost since it is more suitable and realistic than to penalize unmet demands in a large-
scale disaster. We discretize the deprivation cost function and further consider situations in which fulfilling resource demands does not
eliminate the entire deprivation cost. While the model introduced by Pérez-Rodriguez and Holguin-Veras (2015) has a non-linear and
non-convex objective function, we propose an integer linear programming model (by discretization) having a similar objective
component which aims to minimize the impact of unmet demands on the evacuees.

2.5. Arctic Alaska and emergency response

Any tactical operation performed in Arctic Alaska would face major challenges due to (i) the remoteness of the region, (ii) the lack
of infrastructure throughout the Arctic, and (iii) the difficulty of operating in Arctic conditions. Thus, existing policies and approaches
for a MRE would not be fully applicable and must be adapted to understand an Arctic event. Garrett et al. (2017) create a mixed-integer
linear programming model to understand how to site oil spill response resources to increase response capabilities in Arctic Alaska. The
oil spill response modeling introduced the concepts of follow-up tasks to deal with the likely situation of missing deadlines of certain key
response tasks. This directly models the remoteness of the region where previous research would not be applicable. The researchers
address some policy questions, such as stockpile and infrastructure investments, that can be utilized in long-term planning efforts. We
complement this work by examining a different type of emergency response, namely Arctic MREs. Future work in Arctic emergency
response could consider the role of unmanned vehicles (Aiello et al., 2020), especially given the harsh environments that the response
may be operating in.

2.6. Our contribution

We believe that this is the first work presenting an optimization model designed specifically for an Arctic MRE, which is
increasingly important as maritime activities in the area are projected to increase in the near future. Most importantly, our model and
quantitative analysis can be used to assess gaps in Arctic MRE capabilities and can thus be used to prioritize investments to improve
these capabilities. Beyond these technical contributions, our work is important since it introduces an important area where future
transportation will likely take place due to changes in the Arctic.

Although detailed passenger evacuation aboard vessels has been well-studied (e.g., Hu et al. (2019)), models to assess the gaps in
passenger evacuation in remote and infrastructure-poor settings have received less attention despite its practical importance. In Arctic
workshops and tabletop exercises, emergency response leadership acknowledged that an Arctic MRE would likely not accommodate all
passengers and would overwhelm Arctic villages because of inadequacies in evacuation transport, support logistics, and medical,
berthing, sanitary and housing requirements (Arctic Domain Awareness Center, 2016). Tabletop exercises, such as the Arctic Incident
of National Significance (Arctic Domain Awareness Center, 2016) and Arctic Maritime Horizons Workshop (Arctic Domain Awareness
Center, 2021), help to lay out the challenges of Arctic emergency response. Our work contributes to these exercises since it seeks to
quantify the impact of inadequacies. It also determines the gaps in planning exercises and preparation phases in terms of transportation
and logistics operations and reveals the importance of the role of optimization in emergency response in the Arctic. Therefore, it moves
beyond tabletop exercises and highlights the human costs associated with large-scale disaster response in infrastructure-poor settings:
evacuees will not be evacuated in a timely manner, or at all, and there could be significant strain on local communities.
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3. Problem description and overview of modeling considerations

Arctic mass rescue events (MREs) require moving evacuees from a distressed ship, transporting them to Arctic communities, and
then transporting them out of the Arctic (we focus specifically on moving them to Anchorage) to complete the operations. This needs to
occur while supporting the evacuees as well. Movement within our problem can be represented with a transportation network, an
example of which is in Fig. 1. Note that our modeling process involved observing tabletop planning exercises and discussions with
stakeholders; we refer the interested reader to Section F of the Online Appendix for a discussion of this process.

3.1. Important concepts used in modeling

In order to model the impact of the event on the evacuees, we introduce three important discussions on priority levels of the
evacuees, the relief commodities (classified as either resources or equipment) and their role, and then how to model when evacuees are
deprived of those relief commodities.

3.1.1. Priority level

The priority level of the evacuee is meant to model his/her medical status where a lower priority status is associated with a lower
severity. If the demand (needs) of an evacuee are not fulfilled, then their priority level may increase. Alternatively, the level may
decrease with appropriate medical care (although we note that is not likely to occur during the event given the limitations of health
care facilities and number of medical personnel in Arctic Alaska). We aim to make logistics decisions in order to minimize the
deterioration on evacuees’ existing medical states and transport them to Anchorage as soon as possible in order to provide service
there. It is important to note that having a higher priority level does not necessarily mean that it is best to provide relief commodities to
a person since it may be important to be proactive and to prevent the medical status of the other evacuees from getting worse. Further,
certain relief commodities may only be necessary for certain priority levels. Our proposed modeling will focus on allocating relief
commodities in order to minimize the cumulative impact of the event across all evacuees.

3.1.2. Relief commodities

Relief commodities are defined as items given to evacuees in order to meet their basic needs. Example commodities include food,
water, shelter, and bedding. Based on these examples, it is clear that a finer categorization into resources and equipment is necessary to
capture the differences between consumable and non-consumable commodities. Resources are defined as commodities where the
evacuees will have a recurring demand for them. Equipment can be viewed as a ‘one-time’ demand that, once fulfilled, is satisfied.
Further, equipment will become available once someone assigned the equipment leaves the particular Arctic community, e.g., a bed
can be reassigned to another person. The re-allocation of equipment plays an important role in our model due to i) the limited number
of stock in the region, ii) non-consumability, and iii) the non-transportability of certain equipment.

The demand for resources is likely similar for all priority levels, although missing the demand may result in more severe impacts for
higher priority levels (which we will discuss in the next section) or may result in an evacuee increasing their priority level. However,
the equipment needs for priority levels will change since medical support (via a bed in a medical center) is necessary for the highest
priority level. This fact will complicate our models as the evacuee may be using equipment (e.g., a normal bed) when they enter the
highest priority level and only release the equipment once their new equipment demand is met. We assume equipment demand is
satisfied (except for medical support) while the evacuees are in transit since assets are already equipped to a certain extent.
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Fig. 1. Visualization of a transportation network in Arctic Alaska.
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3.1.3. Modeling the impact of deprivation on the evacuees

The idea of deprivation-based penalty costs (Pérez-Rodriguez and Holguin-Veras, 2015) is to capture the fact that the longer an
evacuee goes without having their basic needs (e.g., food and water) met, the more impactful it is on the evacuee. For instance, a six-
hour lack of water does not have 1/4th impact on a human body compared to having been without water for 24 hours. Hence, the
deprivation cost is computed as an exponential-like function of the discrete deprivation time (Holguin-Veras et al., 2013). Further-
more, note that assuming that met demands fully eliminate the deprivation cost, which implies that all the impact of being without
resources is alleviated, is not realistic. This is discussed in more detail as the hysteretic case in Pérez-Rodriguez and Holguin-Veras
(2015) as well as our Online Appendix (see Section G).

Holguin-Veras et al. (2013) propose a continuous generic deprivation cost function shown in Eq. 1:

y((s‘“) — e(].5031+0.]l72§it) 76(]'503” (1)

where §; is the deprivation time at node i representing an evacuee in time t. We will adapt this idea to account for the length of resource
deprivation (defined as s™), equipment deprivation (defined as s¢), and the priority level adjustment (defined as p). We note that when
the demand of an evacuee for resources are met, we may not decrease s all the way to one in order to capture the hysteretic behavior.

Eq. 2 demonstrates how to compute the deprivation time as a funtion of s and s® and Eq. 3 defines the adapted deprivation cost
function:

s =as;+ (1 —a)s,, 0<axl )
K(p, 5,) = e(30310.1T2p3) _ (15031 .

where a is a non-negative constant which is preferably set as close to 1 to emphasize the importance s" since equipment deprivation is
not nearly as impactful as resource deprivation. During so-called shoulder season MREs, where a lack of access to heat and shelter can
have detrimental health impacts (Mak et al., 2011), we can tune « appropriately.

3.2. Objectives

There are many different criteria that may be used to evaluate the response. First, it is necessary to examine the average evacuation
time of the evacuees through the different ‘stages’ of the response efforts (i.e., off the ship and then out of the Arctic). Second, it is
necessary to understand the impact of the response on the evacuees, which will be measured through the use of deprivation costs.
Third, it may be necessary to understand the variable costs incurred during the response. We now discuss each of these in more detail.

The average evacuation time consists of the time evacuees leave the cruise ship and the time evacuees arrive at Anchorage. Given
the fact that we are evacuating a distressed cruise ship, we will enforce a penalty cost (in terms of time) for evacuees left on the cruise
ship at the end of the response horizon. The evacuees that are left on the cruise ship or in the Arctic communities would still be
evacuated but outside of the ‘desired’ target time of our planning horizon. In addition, we seek to move evacuees out of the Arctic
communities and, therefore, we impose a similar penalty for evacuees in an Arctic community at the end of the response horizon. In
most situations, it is likely that the evacuation time criteria will be quite important since it helps measure when people return to stable
conditions.

During the evacuation, we aim to make sure that evacuees are properly taken care of, as best as possible. With this purpose, we
examine the current status of evacuees in each time period. Modeling the current status of evacuees is conducted by a network called
the “status network” consisting of nodes (p, s, s°) where p represents the priority level, s” represents the time without resources, and s®
represents the time without equipment. Each status is associated with a deprivation cost where higher priority levels and deprivation
times imply higher costs (using Eq. (3))

Based on examining just these two criteria, we have a multi-criteria decision making problem (MCDMP). We refer the reader to
Triantaphyllou (2000) and Chankong and Haimes (2008) for more details and further discussions on MCDMPs. In the MCDMP
evacuation literature, work has used the weighted sum method (Stepanov and Smith, 2009) and the e-constraint method (Jenkins
et al., 2019). In preliminary modeling efforts, we considered the deprivation costs and evacuation times as separate objectives and
explored the efficient frontier between these two objectives using a weighted objective. However, there were only two efficient solu-
tions: (1) the one we present in this paper that focuses on the evacuation objective while doing the best to support the evacuees during
this response and (2) one that evacuees would stay on the ship as long as possible to consume resources/equipment there since it is
well-stocked. The solution (1) found that there was enough time and available air cargo capacity to ‘prep’ the villages for the incoming
evacuees in order to support their basic needs; solution (2) was not practical since there is a desire to move the evacuees off the
distressed ship as quickly as possible, which was confirmed by our partners. In rare events, the evacuation might not begin immediately
upon rescue ships arriving at the incident location since hasty evacuation might cause detrimental cascading events (e.g., during poor
weather). In this case, no evacuation decisions could be made until the poor weather lifted and our model would ‘start’ once these
decisions begin.

In general, passenger vessel evacuation principles and operations are codified in international agreements through the Interna-
tional Maritime Organization (IMO), the branch of the United Nations that regulates global maritime shipping. The IMO Polar Code
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(International Maritime Organization, 2016), which the U.S. is a signatory, defines the international regulations for maritime oper-
ations in the Arctic. The IMO (United Nations (2020)), in their Safety of Life at Sea principle, discusses that human life takes prece-
dence over all other considerations in an evacuation. We have followed this code in examining our modeling process (see Section F of
the Online Appendix).

3.3. Assumptions

We now discuss some of the underlying assumptions within our model. We examine a deterministic planning environment which
implies that the priority levels of evacuees as well as the number of assets involved in the response are known in advance. We assume
that there are deployment times for the assets to model the fact that they may need to prepare to help with the response. We assume
partial allocation amongst evacuees within the same group (in a flow network) and that equipment demand may be met in transit with
the exception of medical equipment demand. We also assume that there is no financial restriction on procurement and transportation
of any resource and equipment (due to an emphasis on effective response). We also assume that there is a location (for example,
Anchorage, Alaska) that has enough resources to fully support evacuees once they arrive there. This means the response for that
evacuee is ‘complete.” As for the cruise ship, we assume that there is an adequate amount of resources and equipment for a certain
amount of time to take care of the evacuees’ needs on board. We lastly assume that we will not distribute resources for consumption
during travel (i.e., in transit).

Transportation and allocation decisions are performed at the end of each time period. Hence, the evacuation event is initiated at t =

1. If the resource demand is not satisfied for an evacuee in a time period, then s” will increase by 1 and may cause a jump’ in priority
level. This assumption is considered realistic since resources to be dispatched (i.e., water and food) have vital importance in terms of
the impact on a human. If s¢ > 1 and equipment demand is not met, then s° will increase by one; however, equipment will not cause an
increase in medical status. If s° = 1, then we have that the evacuee has equipment and, therefore, we can view s® = 1 as an absorbing
state, i.e., your equipment demand will remain satisfied. If resource demand is satisfied, then s” will decrease according to the flow arcs
(Section 3.4) connecting (p,s",s¢) nodes in the status network. If equipment demand is satisfied, then s¢ is set to 1.

There are five decisions that can be implemented for an evacuee in a time period, which determines their status in the next period: i)
an evacuee may receive all the required resources and equipment, ii) an evacuee may receive neither resources nor have its equipment
demand met, iii) an evacuee may only receive the required resources but not have their equipment demand met, iv) an evacuee may
have their equipment demand met but not be provided with resources, or v) an evacuee may be transported to another location - either
a community or Anchorage via an asset. This implies that the equipment demand is satisfied. We create five sets of flow arcs to utilize in
the balance constraints (Section 4.2) in order to model the impact of these situations on the evacuees. In the next section, the flow arcs
designed to model the status of evacuees are introduced. We further explicitly discuss how priority levels might change after each
decision.

3.4. Flow arcs

We design five different sets of flow arcs to understand how the five possible decisions impacting an evacuee (based on resource and
equipment allocation decisions) will impact their status. Remember that each (p,s",s¢) is represented as a node in the status network. An
arc is present between node (p,s’,s¢) and (p,s’,s°) if the decision represented by the corresponding arc set causes a status change from (p,
s",s°) to (p,57,5%). We will use (p,5”,5°) to represent the status change of the evacuee. The first four arc sets are taken into consideration
when an evacuee is in a location. The last one is used when an evacuee travels to another location. In the Online Appendix, we present
an example to provide insights into these networks and discuss the importance of modelling these decisions (see Section A). The sets of
flow arcs are:

1. The Resource Satisfied Set (EXS): When an evacuee receives only the required resources, the EFS is utilized to decide the (p,s",s°)
situation of the evacuee in the following time period. We will always have that p = p (since the priority level cannot increase due to
unmet equipment demand) and 5" < s". If s¢ = 1, then s° = 1. Otherwise, 5° = s¢ + 1.

2. The Equipment Satisfied Set (ESS): The E®SS is utilized when equipment is the only commodity allocated to an evacuee. In this case,
we have that 5° = 1 and s = s" + 1. The priority level, however, may increase by 1, i.e., p<p<p +1 if s” was the last time period
before a priority level jump. There is an exception, though, where if p is the transition priority level (meaning that a person needs
medical support but has yet to be assigned to a medical shelter) than satisfying the equipment demand also has the priority level
jump to a different priority level.

3. Both Resource and Equipment Satisfied Set (E?S): Both resource and equpiment demands are met. In this case, we have that p =
p,s' <s (it may be equal if s = 1), and 5° = 1.

4. Both Resource and Equipment Non-Satisfied Set (EPN%): The worst-case scenario is not being able to allocate any resource and
equipment to an evacuee. The EP™S is utilized to determine the p-s"-s¢ condition of an evacuee if no resource and equipment is
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provided to him. We have thats" =s" + 1,5°
jump.

5. Travel Set (E™): It is unlikely that the evacuees would receive any resources while traveling on rescue ships. Therefore, when an
evacuee is being transported on an asset, the corresponding s” increases based on the travel time. If an evacuee is being transported
from location i to location j via asset a with travel time 7;;, € Z*, then the evacuee’s resource period increases by rj, and
becomess” +7;5, once the evacuee reaches location j. Note that s° keeps increasing only for those who are in either the highest
priority level or transition priority level, since no medical service can be provided on an asset. Lastly, the priority level might go up
if s” reaches the same bound set in the EFSS.

=s° + 1, and p<p<p +1 where p = p +1 if s was the threshold for the priority level

»

An optimization model for Arctic MREs

We present the optimization model for Arctic MREs in this section. Our model and analysis assumes that there is a centralized
decision-maker (or, equivalently, full coordination and awareness by all involved agencies). This is reasonable as we are using it to
assess capability gaps and understand where vulnerabilities exist in potential response efforts. This further means that we do not need
to specifically consider the areas of responsibility for an individual organization.

It is our goal to capture all features of the problem to truly identify gaps’ in response capabilities. In our study, the majority of the
parameters presented in Table 4 (e.g., airport capacities, hosting capacities) can be gathered from existing data sources. With this
regard, we provide a wide range of what-if analysis (see Section 6.3) to understand key factors surrounding policies within Arctic
Alaska. In terms of the deprivation cost function, and its parameters, it is hard to estimate but Holguin-Veras et al. (2013) discuss that
simply including this type of cost function is often sufficient for modeling purposes (as opposed to capturing its exact parameters).

The definitions of sets, variables, and parameters are shown in Table 2, Table 3, and Table 4, respectively. Note that we use C. Ship,
Anc., P. Shelter, and Med. for the cruise ship, Anchorage, portable shelter, and medical support, respectively as abbreviations.

Table 2
Set definitions

Set Definition

oA Transportation assets (fixed-wing aircraft, large and small ships)

o Planes (fixed-wing aircraft)

CR Consumable resources (water, food)

RE Reusable equipment (portable shelters, sleeping bags, medical support)

T Time periods

S Periods representing the amount of time passed without access to resources

S Periods representing the amount of time passed without access to equipment

C Locations (the cruise ship, communities and Anchorage)

Vv Communities

P Priority levels

7" Set of nodes where each node is represented by priority level p € P and periods s" € §,s¢ € $¢

ERSS Set of arcs showing the transitions between each pair of node u = (p,-,s]f.,si) and node v = (py, s}, s5) where u,v € 7, for satisfied resource and
non-satisfied equipment demands

EESS Set of arcs showing the transitions between each pair of node u = (pi,s]fﬁsi) and node v = (py, s}, s) where u,v € 7, for non-satisfied resource
and satisfied equipment demands

EBSS Set of arcs showing the transitions between each pair of node u = (pl,s}'-.,si) and node v = (py, s}, s;) where u,v € 7, for satisfied resource and
equipment demands

EBNS Set of arcs showing the transitions between each pair of node u = (pi,sj'-ﬁsi) and node v = (py, s}, s5) where u,v € 7, for non-satisfied resource
and equipment demands

E'S Set of arcs showing the transitions between each pair of node u = (p;, 5], s;) and node v = (P, S}, 55) where u,v € 77, in 7 time periods of transit

ARSN(p, 57 5 The set of arcs ARV (p, 5" 5¢) = {(p,s" s )| ((p,5",s¢), (p, 5", 5¢)) € ERSS}

)
ABN(p,s7,5%) The set of arcs A™SN(p,s", s

ABSN(p s 5¢) The set of arcs AP (p, ", s¢
)

) = ( ) )
s9) ={@ " )@ 57 ,5%), (0, 5,5%)) € BB}
) ={E s (@57 ,5), (p,57,5%)) € EPSS}
ABNN(p, 57 5 The set of arcs ANN(p,s",s¢) = {(p s s ) [((0 57,59, (p,s7,5°)) € EBNS}
AMN(p,s",s%) The path set A™(p,s™,5°) = {(p',s" ,s )| (©',5",5¢), (p,5",5%)) € EPS whered((p,s™,5°'), (p,s",s%)) = 7} states that 3 paths of length
from (p',s” ,s¢') to (p,s",s%)




M.C. Camur et al. Transportation Research Part E 152 (2021) 102368

Table 3
Variable definitions
Variable  Definition
I; the amount of resource r € CR in locationi € C at time t € T
Beir the amount of equipment e € RE in locationi € C at timete T
Grijat the amount of resource r € CR sent from location i € C to location j € C via asset a € .«/ at time t € T
hejjar the amount of equipment e € RE sent from location i € C to location j € C via asset a € ./ at time t € T
fosseija the number of people in priority p € P with periods s € S, s¢ € S¢ sent from location i € C to location j € C via asset a € .«/ at time t € T
Kait whether asset a € .+ is in location i € C at time t € T. If a is in i, then Xy = 1, Xy = 0 otherwise
Zair whether asset a € ./ stays in location i € C at time t € T. If a stays in i, then Zg; = 1, Zg; = O otherwise
Y whether asset a € .«/ leaves location i € C at time t € T heading towards location j € C. If a departs, then Yy = 1, Yq5 = O otherwise
Deipsrset the amount of equipment e € RE in location i € C used for people in priority p € P with periods s" € §",s° € S at time t € T
Kripsset the amount of resource r € CR in location i € C used for people in priority p € P with periods s” € §",s° € S¢ at time t € T
Qpyseit the number of people in priority p € P with periods s € ", s¢ € S° who require resource and equipment in location i € C at time t € T
BSpyseit the number of people in priority p € P with periodss” € S",s° € S¢ whose resource and equipment demand is met in location i € C at time t € T
BNpgseit the number of people in priority p € P with periodss” € S",s° € S¢ whose resource and equipment demand is not met in location i € C at time t € T
ESpyseit the number of people in priority p € P with periods s” € §",s¢ € S¢ whose resource demand is not met, while equipment demand is met in locationi € C
attimete T
RSpyrseic the number of people in priority p € P with periodss” € S",s° € S¢ whose resource demand is met while equipment demand is not met in locationi € C at
timete T
Table 4
Parameter definitions
Parameter Definition
anp the amount of resource r € CR required to satisfy an evacuee’s demand in priority p € P
Ceop the amount of equipment e € RE required to satisfy a evacuee’s demand in priority p € P
Pri the amount of resource r € CR positioned in location i € C at time t =1
Eoi the amount of equipment e € RE positioned in location i € C at time t = 1
Vps'sei the number of evacuees in priority p € P with periods s” € §",s¢ € S¢ being in location i € C at time t =1
Ha the maximum cargo capacity of asset a € ./
Y the maximum passenger capacity of asset a € ./
Tai whether location i € C is the closest location to asset a € .o/ at time t = 1.
Q, the travel time of asset a € .«/ to the closest location
Oqi whether asset a € ./ can land on location i € C. If a can land, then 6, = 1,6, = 0 otherwise
Taij the travel time of asset a € ./ from location i € C to location j € C
wr the weight of one unit resource r € CR
e the weight of one unit equipment e € RE
Pi the ground capacity of locationi e C
Kps'se deprivation cost for a person in priority p € P with periods s” € §",s¢ € S°
Dpsrseijt cumulative in-transit deprivation cost for an evacuee in priority p € P with periods s” € §",s¢ € S¢ traveling from
location i € C to location j € C which takes [ time unit
9; the available capacity of location i € C to host evacuees
Yi the available capacity of public spaces in location i € C
Pinax the transition priority level in which an evacuee needs medical support but has yet to be assigned to a medical facility
tim the earliest time period when an evacuee can be in the transition priority
Pmax the highest priority level
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4.1. Objective function

The objective function of our mass rescue operation model is:

minimize : (@D)]

§ § E § E pr’s" st’s"[t + § § § § 5 § § Fps"s“{/r,,(,ﬁ)s’ s¢ijat

PEPSTESTSCES | C\ €T pEP €S s €Se i€C jeC ac/ t€T

“Anc.”
+ E g E E 2|T|Qpyrseifr) + g E E 3|T|Qpyse<c.ship™7) +
pEP s"eS s¢ eS¢ ieV PEP sTeSTs¢ €8¢
§ § § § § § (t + Ti“Anc,”a)fm’s"i“Anc"m + § § § § § § prs’.x"“C.Ship"/'al
pEP s" €S s¢eSe i€C ac./ 1€T pEP s"e€STs¢eS jeC ac/ 1€T

The objective function has six components. The first two components examine the total deprivation costs associated with evacuees in
each location excluding Anchorage and in transit, respectively. The following two components help to drive evacuees, if possible, to
Anchorage and off of the cruise ship, respectively, by incurring penalties for those that remain in the communities or on the cruise ship
at the end of the planning horizon. The fifth component is focused on the total evacuation time of evacuees arriving in Anchorage while
the sixth component is focused on the total evacuation time of moving people off of the cruise ship.

4.2. Constraints

We present the constraints based on two categories: those on how we use the assets to move evacuees and resources and those
modeling the allocation decisions and their impact on the status on the evacuees.

4.2.1. Asset constraints

The asset constraints presented in this section are grouped into two categories. The first one are capacity-based constraints and the
second one focuses on initial assignments and routing of the assets.

Capacity constraints

> tcheu+ D 0oy Va €/ Vi€ CNjECTIET @

€CRE\ reCR
“Med”

Constraint (2) ensures that the total weight of resources and equipment carried by a plane does not exceed its capacity. Medical support
is not considered due to fact we assume it cannot be transported.

DS fwciu<Wa¥uy Vae S NieCNjeCVET 3

peP s’ ES seese
Constraint (3) ensures that an asset cannot carry more evacuees than its passenger capacity.

> Xu<¢y VieCVieT @

acs/*

Constraint (4) guarantees that the number of planes landing at an airport does not violate the airport capacity in a location (i.e., the
communities and Anchorage) during a time period.
Positioning and travel constraints

> Xu=0 Vaec.,VieC o)
1eT:1<Q,
ng[:Q“ = Tai Ya € QL/, VieC (6)

Constraints (5) and (6) make the initial assignment of each asset by taking the deployment times into consideration. This ensures that
the asset goes to the closet (acceptable) community to prepare for deployment.

> Xu<l Vae o/ Vel -

i€C
Constraint (7) implies that an asset can be located at most in one location during a time period.

Y.i<6; VYac s/ NieCNjeCNteT ®)
Constraint (8) prevents an asset from landing at locations not meeting its required specifications.

10
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X =Za+ Y Yay Va€ 7/ Ni€CNteT 9)

jec
Constraint (9) ensures that in each time period, an asset either stays in its location or travels to another one.

Xair = Zaio-1) + D _Yajia—cyy Va € 9,¥i € CVt € T\{1} 1o

jec

Constraint (10) ensures that if an asset is at a location in t then either asset a stayed in location i at time ¢t —1 or asset a left location j at
time t —7g;; to arrive at location i.

4.2.2. Resource and equipment allocation and its impact on the status of the evacuees

The constraints introduced in this section capture the resource and equipment allocation decisions to the evacuees and the in-
fluence of this allocation on their status.

Resource and equipment balance constraints

Lty = = DD Kupewio) ¥r€CRYi€ C an

PEP s"ESTs¢ €S

Constraint (11) initiates the resource inventories in each location at t = 1. Note that no transportation decision is conducted during the
first time period. This is because each asset takes at least one time unit to be assigned to the initial locations (i.e., deployment time).

Buet) = &= 3D > Deprer) Ve € RE\{*P.Shelter”}, Vi € C 12)

pEP sTES" s ESe

B“P.Shelter"i(l:l) =¥; + &p shetteri — ZZZD"P-Shelter"rm"s"(1:l> vieC (13)

PpEP sTES s¢ eS¢

Constraints (12) and (13) position equipment in each location at t = 1, including incorporating the public spaces located into each
community into their ‘shelter’ inventory level (Constraint (13)).

Irzt + ZZ ZKrlps Tser + Zzgn]ar = r!t 1) + Zzgr]m(t Taji) vr € CR Vi € C vt € T\{l} (14)

PpEP sTeS s¢ eS¢ JjeC ac/ JjeC ac/

Constraint (14) is the resource inventory balance equation. At time t, the inventory level in each location is equal to the amount of the
resources remaining from the previous time period and the resources transported from other locations. Furthermore, resources in the
current location can be carried to the other locations at time t and can be distributed to the evacuees.

B.i: + ZZZDeim’x"t + Zzheijm = B.ii-1) + Zzhejia(t—mj,) + Z ZZZI;; (s=1)ija(i—1) T+ Z ZZZ}CF;M,-Y«U,I<,_])

PEP STEsT sest eC acw eC ac pePy e’ jeC acs SeSTseese jeC act
{pmax Py}
YNBSS, iyt DD ES, iy Ve€ RE\{*Med"},Vi € C,Vi € T\{1} (15)
sTeSTseese sTeSTseese
Benearic + ZZZD"Med."ips’x“r = BMedri—1 + ZZprnms’ (r=njja-1) Vi € C,Vt € T\{1} (16)
PeP sTesT sest SresT jeC act

Constraints (15) and (16) are an equipment inventory balance equations similar to Constraint (14). However, since equipment is
considered non-consumable, the equipment of those who depart the location during the previous time period become available at time
t. Further, recall that those in the transition priority (i.e., p,,) will release their ‘normal’ equipment once they are assigned the
medical support necessary for their priority level (e.g., they will move from a bed to a bed in the medical center). Further, as mentioned
previously, medical support is only provided in medical centers, which are non-transportable. Hence, an individual equipment balance
constraints (see Constraint (16)) is generated for medical support.

B-p shelter "+ZZ ZD ‘P.Shelter”ips’ rsert Z ZZBSpS' s¢=1) it Z ZZES;): se=1 "+ZZB Proax8" St

PpEPsTES s eS¢ PeP)  s"ESsEse PeP)  sTESsES” sTesrseese

{pmax /rmM} {pmax /’,,,Ad

+Y N RS, L 2r ViECYET 17)

STESTseEse

Constraint (17) ensures that public spaces are not transported to other communities by ensuring that the total capacity of a location
never goes down the true capacity. In particular, the left hand side of the constraint sums up the inventory of shelter at location i
carrying over into the next period, the amount of shelter assigned in t, the amount of people in normal priority levels (not Py or p,,.)
that currently have shelter (s¢ = 1), and the amount of people at p,, . that are currently using the normal shelter. The constraint ensures

this summation is great than or equal to the capacity of public space.
Evacuees balance constraints

11
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Qpysiret = Upgi ¥p € P,Vs" € §'Vs* € Vi€ C (18)

Constraint (18) assigns the initial populations in each location. Clearly, the ship is the only location where evacuees are located at t =
1. We further constrain the number of evacuees that can be in an Arctic community at a particular time:

DD Q< VieCVreT (19)

PEP STEST s €S

We now describe the constraints governing the transitions of the evacuees into different statuses both out of and into different time
periods. We first present the constraints where s° = 1, i.e., the equipment demand has already been met for all priorities besides the
transition priority (p,

max

Opor(se=1jit = BSpr(se—tyic + ESprie—ji + | 3 fowiemtiijar P € P\{Ppa}, ¥ €S, Vi€ C, V1 €T (20
JjeC acs/

Qp_yr(.\e:]),'; = Z BS)}’S’ s¢ i(r—1) + Z ESp/:’ s¢ i(t—1) Vp € P\{pmax}% Vs" € Ser € C7 vt € T\{l} (21)
i) e

Constraint (20) implies that after receiving the required equipment, evacuees either stay in s¢ = 1 by continuing to “receive equip-
ment” (i.e., once equipment demand is met, no extra allocation decision is done after the first assignment) or they move to another
location. Constraint (21) states that evacuees can be in the absorbing equipment state if and only if they receive the required equipment
(i.e., BSpgseir and ESpge;r) during the previous time period. As mentioned before, evacuees cannot arrive at a location with s* = 1 and,
therefore, transportation decisions are not included in Constraints ((20)—(21)). We now turn our attention to the constraints for s* # 1
and all priorities besides the transition priority (p,,,).

Qpveit = BSpyseis + BNy + ESpyrcis + RSprsn 30> oo Y € P\{p . V5" € 87,95 € S\{1},Vi € C, Vi € T (22)
JjeC ac/
Operecin = BN, iyt RS,/ /i +;; Z 1 atny TPEP P} V" €8V €8°\ {1}, Vie CvreT\{1}
r/ L/‘» r, L, c acys )/ s', \" )e
Arm\‘v et % ,i’/ey‘\(,,\‘r © ! A'rv (s 5
(23)

Constraint (22) indicates that any of the five allocation and/or transportation decisions can be made for evacuees withp # p, . and
s¢ # 1: they can have both their demands satisfied, BS,s i, they can have neither demands satisfied, BNpy;, the can have just their
equipment demand satisfied, ESpy;;, they can have just their resource demand satisfied, RSps i, Or they can be transported out of i,
fpsrseijar- Constraint (23) captures how evacuees can end up in location i at time t with a particular status wherep # p,.and s*>2: they
can have both demands unsatisfied, they can have just their resource demand satisfied, or they can arrive from another location. We
now present the constraints governing the behavior of evacuees with the transition priority level, p, .

_ g T r e e ; .
Oy i =BSy i TBNy oy T RSy i HESy it E E fo o seia Vs" € 8", Vs¢ € §6,Vie C,Vr € T\{1, ..., fim} 24)
JEC acs/
— i . r T e e
O i = BN, et RS, iy T ES ey Vi€ECVIE T\{L,....,tim},Vs" € §",Vs° € §
o 5 e ¥ 5 € )e 0 e
ABNN (pnay” 7€) ARSN (pinax” o7 5€) AESN (pmuay” 7 s5€)

(25)

The first difference is that once equipment demand is met in the transition priority level, then we move the evacuee into the highest
demand level (recall that the transition priority level is meant to represent an evacuee who already has ‘normal’ equipment demand
met but then requires ‘normal plus medical’ equipment demand). The second difference in these constraints is that no evacuee can
reach a location in a transition priority thus altering Constraint (25). There are two reasons for this: i) equipment demand of evacuees
in normal priority levels is satisfied in transit, ii) evacuees in transition priority getting on an asset transition to the highest priority
level due to releasing the current equipment being held. One can arrive into the status by having their equipment demand satisfied if
they were making the jump to the transition priority level.
Allocating resources and equipment to demand constraints

Qyp(BSpyrseir + RSpyrseir) = Kipiryse VD € P\{p;m}, r€CR,Vs € S"Vs¢ e S\{1},Vie C,Vt €T (26)
ApBSperisemyt = Kipitsr o=ty ¥p € P\{Pps }, V5" € 8", € CR,Vi € C (27)

Constraints (26) and (27) connect the satisfied flow decisions for resources and equipment, respectively, to evacuees in location i at
time t with a certain status to the allocation decisions made for evacuees in that location at that time with that status. Note that since

12
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Constraint (27) is created for those who are in s = 1, it does not contain the RS component since the equipment demand is satisfied for
those with s¢ = 1.

a, (BS, eyt RSy o) =Ky oo Vre€CRYVs €5,V €8,Vie C,Vt € T\{1, ... tiim} (28)
Cot (BSy e T ES) i) =Dy oo, Ve €RENs" €8 Vs € 5,Vie C,Vre T\{1,...,tim} (29

Constraints (28) and (29) connect the satisfied flow decisions for resources and equipment, respectively, to evacuees in a location at a
time ¢ in a certain status in the transition priority level to the amount that is allocated to evacuees at that status in transition priority
level at that location at that time.

Cop(BSpirsrse + ESpisrse) = Deigsep VP € P\{p’max},Vs" €S8 \Vs¢ € S°\{1},Ye e RE\Ni€e C,Nt €T (30)

Constraint (30) ensures that equipment is allocated to satisfy the demand of those evacuees who will have their equipment demands
satisfied in location i at time t. The last constraints focus on variable restrictions.

Liits Teity Krips sets Deips st &rijats Reijars Josrseijat» Qpsrseit BSpsrseits BN psrseivs ESpgrseits RSpgrseirs Mija, Wiy € £ Vr € CR,Ve € RE,Vi € C,¥p
EPVs €8S Vs* €S Nac. A/ NET (31

Xits Zaits Yy € {0,1} Vae o/ Yie C,Vje C,VreT (32)

5. Overview of solution methodologies

The mathematical model is a large-scale IP that has characteristics similar to problems in evacuation and resource allocation. It is,
therefore, important to recognize that solving our model directly with a commercial solver may be time-prohibitive and that
customized solution approaches may be necessary. We describe two heuristic approaches for identifying quality solutions quickly. As
shown in the Online Appendix, solving the IP using a warm-start heuristic solution outperforms solving the IP directly (see Section E).

5.1. Conservative One-by-One Heuristic (COBOH)

We approach the problem by asking the following question: How can the model be solved if we consider the problem through a
practitioner’s eyes?. The focus would likely be on the allocating assets to move the evacuees around and then using availability capacity
to bring relief commodities when possible. A practitioner naturally would carry the evacuees to the closest available villages via the
available ships in a greedy manner. The practitioner would use the planes to transport everyone to Anchorage. In other words, first a
ship carries a certain amount of evacuees to a village, then a plane takes action and carries the evacuees to Anchorage at some point
later in time. This pair of operations can be repeated in an iterative way by taking all the capacity constraints into consideration.

This heuristic focuses on the transportation decisions only and we then optimize the resource allocation decisions with fixed
transportation decisions. In other words, we look at the best possible use of the response resources once we know when we planned on
evacuating passengers from the cruise ship to the villages and the villages to Anchorage. Therefore, we are examining best possible
resource allocation decisions whereas, in practice, triage and rationing may be implemented to make these decisions. The insight that
we expect to obtain from the heuristic approach is: i) when we really need an OR model for an Arctic MRE, and ii) the benefits of
applying the complex model to determine the response decisions rather than focusing solely on the transportation decisions. The
pseudocode of the heuristic can be found in the Online Appendix (see Section D). Here, we focus on explaining the heuristic in an
informal way.

Each asset is assigned to the initial location by taking the deployment times into consideration. As a second step, all available ships
are routed towards the cruise ship to assist with the evacuation. We then start our iterative method and examine the ship and plane sets
in sequence.

For every ship, we calculate the maximum number of evacuees that can be transported to each village, which is reachable from the
cruise ship, together with the earliest arrival time. A higher ratio implies that we can carry more evacuees within a shorter time period
to a village. Each ship links with one village which has the highest ratio for that ship. The amount of evacuees that can be carried to a
village depends on the hosting capacity of a village, the passenger capacity of the ship, and the number of evacuees currently at the
village. Once every ship is associated with a village, we pick the ship with the earliest arrival time. In the case of a tie, we prefer the ship
with the higher ratio.

We then proceed to make a transportation decision for a plane. Each plane is examined one by one and a similar analysis is
conducted with slight changes. We compute the last minimum number of positive population within the total evacuation time horizon
for every village after the earliest possible departure time. The calculation of the minimum number of evacuees that can be transported
from a village is a significant step since it ensures feasibility with respect to the population numbers in the locations.

The number of evacuees that can be carried by the plane is set as the minimum of population amount in terms of evacuees and the
passenger capacity of the plane. Then, we essentially proceed in the same way as the ship portion of the heuristic except that we also
examine the airport capacities and make sure that the constraint related to airport capacities is not violated. If a plane cannot be
associated with any village, then there is no way to utilize the plane for the remainder of the horizon. In this case, we make an idle
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transportation decision for that plane. The asset either stays in its current location or moves to another location while checking the
airport capacity.

If a ship or a plane reaches the end of the time horizon, we eliminate the corresponding asset from consideration. The iterative
method is continued until both the ship and plane sets become empty implying that there is no more transportation decisions required
or all evacuees arrive in Anchorage. Once the heuristic is over, we obtain a full set of transportation variables. We refer to this heuristic
as the one-by-one heuristic since we are allocating assets individually, in what is essentially a greedy manner.

5.2. Optimizing Transportation Heuristic (OTH)

In the second method, we focus on optimizing just the transportation decisions focusing on the evacuation first and then optimizing
support decisions based on these ‘greedy’ evacuation decisions. In particular, we move all the transportation variables related to the
assets and evacuees (i.e., Xgjj, Yqijr, and fpsejjor) into an optimization problem and ignore the ones related to the relief materials (i.e., grjar
and hg;j,;). With this conversion, we intend to optimize the transportation decisions. We first define two new variables shown in Table 5
that focus on the number of people in a location and/or being transported and we ‘remove’ the f,sjio: variables since they are dictated
by relief/support decisions.

We rearrange the last four components of the Objective Function (1) and update the correlated constraints. Then, the new modified
evacuation IP (EvacIP) focusing on evacuation can be represented as:

(EvaclP) : IndXZZZ(l + TirAne"a) i Ancar + ZZZ(I)m”C.smp'm + ZZ|T‘W1'\T\ + 3[TIw-csnipir (33)

i€C acA teT JEC acA teT [19%
st my <Y, Y, Ya€ANie CNjeCVteT (34)
Wigmt) = 3 3 Y Wi Vi€ C (35)
PpEP sTESTs¢ESe
Wit Y > mu<9 Vie CVteT (36)

jeC acA

wi + szﬁm = Wig-1) + szjid(r—n,ﬂ) vieCvreT

jeC aca jeC aca (37)
(4) = (5)=(6) = (7) = (8) = (9) — (10) = (32)
wy €EZNi€ C,NteT (38)
Mjy €Z, Vi€ CNjeCNacANteT. (39

Note that Constraints (34), (35) and (36) replace Constraints (3), (18), and (20), respectively and play the same role. The left hand side
of Constraint (37) captures the number of evacuees staying and leaving location i at time t. The right hand side of the constraint
determines; i) how many evacuees stayed in location i at time t —1, and ii) how many evacuees left other locations to arrive at i at time
t —Tgji.

In particular, EvacIP answers the following question: What happens when we prefer to focus on the evacuation decisions without
worrying about distributing any relief sources? We then use the model as a heuristic approach and warm start the original IP model via the
partial solution obtained through this EvacIP.

6. Computational study: Data set description and baseline analysis

The objective of our computational study is to analyze different potential response events in Arctic Alaska and obtain insights into
policy questions by applying our novel MRE model. All the experiments are conducted in the Optimization Programming Language
(OPL) using CPLEX 12.8.1 as the IP solver on an Dell machine with an Intel Core i7-8700 CPU at 3.20 GHz, 64 GB Ram.

6.1. Case study description

In this section, we discuss the data collected for our case study. We utilize online sources that are publicly available from in-
stitutions operating in Arctic Alaska. We have discussed the application and data with experts from the region. The case studies were

Table 5
New variables defined.
Variable Definition
Wit the number of people staying in locationi € C attimete T
Mijgr the number of people leaving location i € C to go to location j € C at timet € T
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also created based on discussions with District 17 of the USCG, although the data and model have yet to be fully verified and validated
with them.

We separate our test cases into five incident locations. The purpose is to identify the areas where there are ‘capability gaps’ for
MREs from Anchorage through the Northwest Passage. The largest cruise ship that has entered the region is the Crystal Serenity
(Waldholz, 2016) and have used its planned route shown in Fig. 2 for selecting five incident locations. We are interested in the region
starting from the Bering Strait, through the Chukchi Sea, and into the Beaufort Sea. The number of evacuation time periods is set equal
to sixteen and there are three priority levels where we assume that 65%, 25% and 10% of the evacuees are at level 1, 2, and 3. We
consider MREs where there are 800, 1200, and 1600 people on the cruise ship.

In our data, Utgiagvik, Nome, Kotzebue, Point Hope, Point Lay, and Wainwright are the communities where the evacuees can be
used in an Arctic MRE. Note that Point Hope, Point Lay, and Wainwright are relatively small (i.e., ones that have a population of fewer
than 1000 people) but are included since they are located in the North Slope Borough, which has a robust emergency management
department (Brooks, 2020). Each community has an airport implying that it is feasible to take off and land there via certain planes
(Federal Aviation Administration, 2019). It would be inappropriate for large planes to use airports in the small villages due to their
short runways. For instance, Point Hope, Point Lay, and Wainwright each have a single runway of no longer than 4,500 feet (GCR,
2017), which does not fit the normal requirements of landing the HC-130H or Boeing 737-700. Communities also have a number of
small boats and vehicles that can be used for local transport (i.e., to shuttle evacuees from offshore ships to shore or helping to move
from the shore to the airport). Since there is no capacity issue regarding such local transportation operations, we do not model them.
We also consider the potential use of the inland community of Atqasuk as a pre-positioning site for resources and equipment. Each
community has a carrying capacity standing for the number of evacuees that can be hosted, which is set equal to 40% of its population
(see Table 6).

The distance between each location is calculated by Google Maps in miles. Travel routes are separated into two categories: i) sea
distance (i.e., travel that accounts for the shoreline) and ii) air distance. Discussions with USCG suggested that transportation directly
from the cruise ship to Anchorage is undesirable since (1) the ships that the evacuees would be moved to (including sister ships) are not
designed for passenger travel and (2) it could take a significant amount of time to reach Anchorage from the Arctic via the sea. To
obtain the number of time periods travel requires, we calculate the travel time between two locations via each asset by [.(distance)/(6 x
cruise speed)]. We assume there are 6 hours per time period.

The available assets play an important role in transportation and logistics operations. Examining various tabletop exercises (Coast
Guard News, 2016; McNutt, 2016) have led us to incorporate a set of available assets owned by USCG, Alaska Air National Guard
(AANG), North Slope Borough (NSB), U.S. Air Force (USAF), and the commercial airlines operating in the region (i.e., Alaska Airlines
and Ravn Alaska).

Moving all evacuees directly out of the Arctic (where evacuees can be supported), or even into a single Arctic community, is not
practical since existing infrastructure and transportation assets may not be capable of providing sufficient support or it may not be
desirable to have evacuees on those assets for long periods of time. While planes are utilized to transfer people from the communities to
Anchorage, as well as to deliver commodities to the communities, rescue ships are only used to carry people from the cruise ship to the
communities. As a result, cargo capacity of ships are set as zero. Aircraft are not considered in the operation of taking people off the
cruise ship. Note that helicopters are not specifically modeled in the set of air assets, although they would play an important role in the
response in transporting high-priority evacuees off the cruise ship, possibly lightering passengers from the cruise ship to rescue ships,
and moving responders onto the ship (see Harila (2019)). The main reason for not including helicopters is that they would be used in
conjunction with rescue ships except in cases of extreme medical duress.
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Fig. 2. Incident locations selected on the Crystal Serenity’s planned routes (Waldholz, 2016).
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Table 6

Populations and capacities in locations
Location Nome Kotzebue Point Hope Point Lay Atqasuk Wainwright Utqiagvik Anchorage
Num. of People 3,841 3,266 709 269 244 584 4,438 294,356
Carrying Capacity 1,536 1,306 283 107 97 233 1,775 )
Airport Capacity 3 3 1 1 1 1 3 5

Since military and commercial assets require mobilization time, we assume that planes owned by USAF and commercial airlines
will be available to support the MRE within 24 hours of the event. USCG, AANG, and NSB’s assets tend to be dedicated to this type of
emergency more than USAF and commercial airlines.

Given the assumptions mentioned, we include relevant planes that we believe would be available for the response (see Table 7). In
our baseline experiment, we have examined the length of the runway required for each plane to land and have disallowed the landing
of large planes, such as the HC 130H, Lockheed HC-130, and Boeing 737-700 in the small villages (Point Lay, Point Hope, and
Wainwright). This restriction will be lifted in certain analyses, which would represent investments to the runways of these small
villages. However, we do note that who pays the costs associated with the response is a question outside the scope of this paper (i.e., the
cruise ship company or its insurance may pay the costs of the response back to the federal government). We will create scenarios in a
way that only a subset of these assets are ready to use to observe the impact of different asset types. For ships, the passenger capacity is
set as the maximum number of crew members allowed on board. For each plane, we use 60% of its cargo capacity to ensure that no
problem is faced during loading resources and/or equipment without looking at the detailed packing plan.

We now discuss some remaining assumptions used when creating this data set. We focus on situations where ships are the only asset
type that can carry evacuees from a cruise ship to the communities, because planes cannot land on ships. We assume evacuees need
equipment such as shelter (either in ‘public space’, such as a school or portable shelter) and sleeping bags. Public space is different than
a portable shelter since it cannot be transported. We further assume that the time to refuel an asset is sufficiently small compared to the
travel time of the asset and, therefore, does not need to be accounted for in our model.

Assets are assigned to the closest locations, which is assumed to be known a priori, when the rescue event is initiated. The majority
of the planes are located around Anchorage and Kodiak with a few exceptions. For instance, the Learjet 31A type aircraft is often
positioned in Utqiagvik (Griner, 2013) and will be deployed there. These initial locations for the planes are kept the same regardless of
the incident area throughout our analysis. On the other hand, since Coast Guard ships are actively used for normal operations, we
prefer not to fix a location to ships. Ships are deployed to their initial locations based on the incident area meaning that initial locations
may vary across instances. For example, data for the incidents can capture the case where certain ships (e.g., sister ship(s)) ‘move’ with
the cruise ship in order to respond to an incident.

The stock levels of available resources and equipment in each location are illustrated in Section B of the Online Appendix. We
assume that the cruise ship would have enough supplies to satisfy all evacuees’ demands for the first six time periods of the response.
We assume that no resource can be taken out from the ship when an evacuee is placed on a ship. Equipment demand will be satisfied
while the evacuees are on the ship. Given the relative population sizes of Utqiagvik, Kotzebue and Nome, we assume that there is some
level of water and food that can be used in the MRE. In addition, as a result of having Level 4 Trauma Centers, there is medical support
in Utqiagvik, Nome, and Kotzebue. We assume a large stockpile in Anchorage for all the commodity types. Public facilities (e.g.,
churches, sport centers etc.) could be utilized in response events in lieu of portable shelters and will be included in our analysis. We also
note that the level of resources available in Anchorage are at least an order of magnitude larger than those available in the villages and,
therefore, for the purposes of modeling the MRE, we do not need to capture allocation decisions there.

Please see Section B in the Online Appendix for tables describing: i) the initial deployments locations for ships according to the
incident area, ii) details around resources and equipment and how they impact the evacuees, and iii) the flow networks designed for
the evacuation balance constraints.

Table 7

List of assets (see Section F in the Online Appendix for the data sources)
Asset Type Owner Available Num.  Num. in Basline  Passenger Cap. Cargo Cap. (Ibs)  Cruise Speed (mi.)
HC 130H Aircraft USCG 2 2 92 51,000 374
Lockheed HC-130  Aircraft AANG 1 1 20 30,000 251
Learjet 31A Aircraft NSB 2 2 6 2,000 441
Boeing 737-700 Aircraft Alaska Air. 1 1 124 16,505 460
Beechcraft 1900C Aircraft Ravn Alaska 1 1 12 2,030 250
WLB 206 Buoy Tender USCG 1 1 86 0 17.3
WLB 212 Buoy Tender USCG 1 1 86 0 17.3
WLM 175 Buoy Tender USCG 1 1 24 0 13.8
282 WMEC Endurance Cutter USCG 1 1 99 0 13.8
378 WHEC Endurance Cutter USCG 1 1 160 0 12.7
154 WPC Fast Response Cutter ~ USCG 2 1 24 0 32.2
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6.2. Baseline experiment

During our experiments, we set a time limit of 60 minutes. If the solution method does not converge to the optimal solution within
the time limit, the best solution obtained by then together with its optimality gap is reported. Lastly, for each experiment, we examine a
total of fifteen different scenarios consisting of five different incident locations along with three different levels of evacuees. We start
our discussion with a baseline experiment where we assume that there is a sufficient set of resources and conditions (e.g., travel times)
are in an ideal setting. We will vary certain parameters from this baseline (e.g., when planes are available) in examining critical aspects
of the response. For this baseline, we consider only a subset of the previously described assets during the response (see Table 7).

We discuss the computational performance of various approaches to solve the problem in the Online Appendix (see Section E). Of
note, warm-starting CPLEX with either heuristic significantly outperforms directly solving the model. Further, the intuitive COBOH
results in solutions with gaps well over 10%, thus indicating the importance of using optimization to examine response efforts. Based
on this analysis, we will conduct the remaining experiments by warm-starting the IP with the solution identified by OTH.

We now provide detailed analysis on the baseline experiment. Fig. 3 depicts the objective values for each scenario. The total
average evacuation time is computed as the sum of the average time to leave the cruise ship and the average time to arrive at
Anchorage. Recall that lower objectives indicate a more ‘successful’ response since we are focusing on minimizing the total of
evacuation time and the impact on the evacuees.

It is important to mention that the model is able to successfully complete the response event in all the scenarios except Incident 1-
1600 and Incident 3-1600. The reason for the failure in Incident 1-1600 lies behind the fact that the travel times from Incident 1 to the
closest communities of Kotzebue and Nome are longer compared to the other incident areas. In fact, the model does not transport any
evacuee to other communities (see Fig. 4) since there exist sufficient hosting and airport capacities in both communities. As for
Incident 3, since large planes, which comprise 87% of the total capacity provided by all the planes, cannot be utilized in the small
villages, the model transports a number of evacuees to the farther communities (e.g., Kotzebue and Utqiagvik). This results in higher
travel times when using ships which also causes another negative impact since it takes more time to evacuate people from the cruise
ship.

Further, we observe high penalty costs due to leaving some evacuees in the villages in Incident 3 when there are 1200 and 1600
passengers. The shorter runways in the airports prevent the use of large planes from landing in the small villages close to Incident 3,
thus delaying transport of evacuees or causing them to go to large villages far away from the incident location. For instance, the
number of evacuees who cannot not make it to Anchorage and have to stay in Point Hope and Point Lay by the end of the rescue
operation is equal to 200 and 267 for 1200 and 1600 passengers, respectively. These people would not stay in these villages indefi-
nitely but there are significant penalties for them being there at the end of the horizon.

Overall, the transportation decisions have the greatest influence on the objective. When evacuating people from the incident and
from the local communities is delayed, it not only increases the total evacuation time, but it exponentially increases the total depri-
vation costs due to the limited amount of available resources. However, the bottleneck is the transportation decisions concerning
passengers. We observed that the planes are able to move resources and equipment into the villages at or before the time evacuees
arrive into the village and, therefore, the ‘arrival time’ into the village has the most impact on deprivation costs. Therefore, resources
and equipment enter the Arctic quickly enough in support of a rescue operation. Although we did not specifically model the concept of
an Arctic fulfillment package, our results show that if these packages are the quickest way to provide resources and equipment, then
they play an important role in the response.

It can be seen that the worst response performances are observed in Incidents 1 and 3. This clearly indicates that there exists a
strong correlation between the closeness of the incident area to the local communities and the capacities. Even though we have plenty
of capacity around Incident 1, as a result of long travel distances, the evacuees suffer and the rescue event is challenging. While we
have close communities located around Incident 3, these small villages have limitations on how they can be used during the response
(e.g., the types of planes that can land there). Hence, the rescue event is still challenging.

Another significant finding is that the response to Incident 4 is slightly worse than the response to Incident 5 in each scenario (i.e.,
800, 1200, and 1600 passengers). This is somewhat counter-intuitive in the sense that Incident 4 could more easily take advantage of
Point Lay, Wainwright and Utgiagvik. However, the response to Incident 5 performs better since the incident is closer to the larger
community of Utqiagvik.
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Fig. 3. Objective values in the baseline experiment.
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Fig. 4. The villages used in the baseline experiment.

Lastly, we provide the list of the villages used in each incident location in Fig. 4, where each column shows the villages together
with the number of evacuees transported there. Overall, Utqiagvik and Kotzebue are important large communities and Point Hope
stands as a significant small community.

Managerial insights: It would be important to either increase the number of ships around Nome and Kotzebue or locate ships that
improve upon capacity or speed in order to address the ‘response gap’ in this area. It could also be quite useful to incorporate some
infrastructure developments in small villages to be able to utilize larger aircraft and/or host more evacuees. In our remaining analysis,
we will focus on the impacts of such decisions.

6.3. ‘What If’ analysis

In this section, we focus on examining various what-if scenarios that alter the data associated with our baseline experiment to
understand key issues around response capabilities. Our experiments address: (i) the improvement in response when new infra-
structure is developed in the Arctic, (ii) the impact on response when it faces challenges (e.g., weather), and (iii) situations that
combine (i) and (ii).

6.3.1. Experiment 1: Improving infrastructure in the Arctic

There may be opportunities to invest in improving infrastructure in order to increase the ‘slack’ in these systems so that they may be
able to better handle emergency response. We look to answer the following question: “How much positive effect may be seen when airport
and hosting capacities are increased and the runway lengths are upgraded in the small villages?”. Here, the airport and hosting capacities are
increased by one and 20%, respectively, and runways lengths are upgraded in order to land any type of aircraft.

First, we point out that the investments that are proposed for the small villages did not improve the response for Incidents 1 and 5
(see Fig. 5). Reaching the small villages still takes the same amount of time via the ships. Hence, utilizing the closest villages, which are
known to have high capacities, under the baseline is still preferred. For example, although Wainwright has improved its capabilities,
Utqiagvik still has significant response capacity and we use it as the center of the response in Incident 5.

We do see an improvement of between 15%-25% and 30%-45% in response capabilities for Incidents 2 and 3, respectively (see
Fig. 5). For Incident 2, while on average 84% of the evacuees are transported to Kotzebue in the baseline experiment, this ratio drops
sharply to 7% in Experiment 1. Point Hope becomes a more appealing location to move the evacuees since there are major infra-
structural improvements in the small villages. We observe a significant decrease in the deprivation costs during travel (see Fig. 6). This
is because all the ships can reach the cruise ship from Point Hope within one time period while it takes, on average, 1.8 periods to reach
Kotzebue. We observe a very similar pattern in Incident 3 and the model no longer transports any evacuee to Utqiagvik. Further,
improvements in the objective value in Incident 3 occur due to the fact that no evacuee is left in the villages as a result of the im-
provements to the airports.

As for Incident 4, Wainwright becomes nearly as important as Utgiagvik by hosting roughly half of the total evacuees. As a result,
the total average evacuation time and the deprivation costs for commodities decrease. Yet, we observe only a 3.5% decline on average
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Fig. 5. The total objective values in the baseline experiment and Experiment 1.
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in terms of the total objective. We believe that the reason behind such a small decrease is the fact that though Wainwright is highly
utilized, it takes longer time to reach Wainwright compared to Utqiagvik from the cruise ship. For example, while we do not observe
any deprivation costs during travel in the baseline experiment in Incident 4, this trend changes in Experiment 1.

Managerial insights: We believe that infrastructure investments in terms of both improving the runways and increasing the hosting
capacities in Point Hope and Wainwright would be quite beneficial. Both communities could play an important role in different in-
cidents due to their central locations in areas between larger Arctic communities. However, our results suggest that additional
infrastructure investment in some communities may have limited benefit, as incidents close to Nome, Kotzebue, and Utqiagvik are
responded to better than those incidents in more remote areas.

6.3.2. Experiment 2: Restricting the air transportation as a result of the bad weather conditions

We ask the following question: “What is the (negative) impact to response capabilities when air operations are impacted by weather
conditions?”. To answer this, we introduce a new constraint such that no flight is operated between t = 1 and ¢t = 8, which helps to
model a storm that would ground air operations.

We provide a comparison of the objective values with the baseline experiment in Fig. 7. When air operations are restricted as a
result of bad weather conditions seen in the region, the model fails to bring everyone to Anchorage when there are 1600 passengers in
every incident, which is why there is a high penalty cost due to leaving some evacuees in the villages. In addition, the model leaves 57
more evacuees in the cruise ship in Incident 3 when there are 1600 passengers. It is worth mentioning that airport restrictions in the
small villages create a bottleneck and remain tight after the air operations are started. Therefore, this indicates that investments to
improve the airports in the small villages would be quite beneficial in a response.

Restricting the air transportation has another negative impact since we can no longer move resources and equipment into villages.
This results in a significant increase in the deprivation costs for commodities in every scenario (i.e., 63% on average). For instance, the
deprivation cost increases more than five times in Incident 5-1600 (e.g., from 2000.83 to 10,620.59). This helps to indicate that
resource and equipment stockpiles are not sufficient to support evacuees for long periods of time without replenishment.

In terms of the impact on response capabilities, Fig. 8 provides the increase in the objective functions across all incidents from the
baseline to this particular situation. We can view large gaps as significantly decreasing response capabilities. Incidents 4 and 5 are most
impacted in terms of an increase to the objective. This is because we were able to evacuate people quickly through Utgiagvik for these
incidents in the baseline but since the planes are now grounded, we now need to have evacuees wait in this community. Incident 3
experiences the relative smallest increase. This is due to the fact that the arrival times into the villages from the distressed ship were a
significant part of the objectives and this does not change as air operations are grounded. We observe that the percentage increase
decreases in a linear way in Incidents 1,2 and 3 while the number of passengers are increasing. Meanwhile, the objective value rises
approximately half in Incident 3 and the response becomes nearly identical with Incident 1 in terms of the objective values.

Managerial insights: It could be useful to stockpile more relief commodities to be used during an emergency response event in larger
villages including both Kotzebue and Utqiagvik when infrastructure development is not possible. The response tends to favor utilizing
larger villages to transport evacuees. Hence, if an infrastructure improvement is not possible in the region, then holding extra relief
commodities in larger villages would be preferred as an alternative in order to ensure longer support for evacuees as they arrive into
the larger communities or as resources are transported to the smaller communities where evacuees may be.

6.3.3. Experiment 3: Decreasing the speed of ships due to navigating with sea ice

Weather conditions do not only cause problems in the air operations but also ships traveling in the sea. In particular, there may be
sea ice in and around the ships as they travel in the Arctic. The USCG owns polar-class icebreakers should ships become iced-in.
Navigation in the uncertain conditions surrounding sea ice may also reduce the speed at which ships can travel. We, therefore,
examine the response under conditions where the ship travel times would increase to move between the cruise ship and the villages. In
this case, the travel time of each ship is increased by one. One important observation in this case is that the model fails to evacuate
everyone from the cruise ship in all the incident locations with 1600 passengers as shown in Fig. 9. Note that the model does not utilize
a different transportation path for the evacuees in any of the incidents and use the same villages as presented in Fig. 4, but may leave
more evacuees in the cruise ship.

The impact to response capabilities can be explained by examining the number of ‘tours’ that are made from the cruise ship to the
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Fig. 6. The deprivation costs incurred during travel in the baseline experiment and Experiment 1.
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Fig. 7. The total objective values in the baseline experiment and Experiment 2.
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villages by ships. We define a tour as the travel from a village to cruise ship and from cruise ship to a village for a ship. Fig. 10 compares
the number of tours under the baseline and this experiment with 1200 and 1600 passengers. Note that the number of tours does not
really change with 800 passengers due to the available total passenger capacity provided by the ships. Under Experiment 3, the total
number of tours made by the ships ends up significantly decreasing from their baseline when there are 1600 evacuees for Incidents 1,2,
and 3 (i.e., 35% decrease) and slightly decreases for Incidents 4 and 5. In these cases, we no longer have the capacity to evacuate
everyone from the cruise ship within the planning horizon.

Furthermore, Incident 2 and 4 are negatively impacted as a result of the evacuees who are left in the villages. For instance, the
number of evacuees sent to Point Hope increases by around 40% with 1200 and 1600 passengers compared to the baseline experiment
in Incident 2. Since the ship speeds are decreased, the model sends more evacuees to Point Hope due to its closeness to the incident area
(i.e., Incident 2) in spite of its limitations. As for Incident 4, the number of the evacuees sent to Wainwright doubles when there are
1600 passengers. It is worth mentioning that no hosting capacity of a village is fully utilized here, confirming that the airport limi-
tations are the bottleneck (not hosting capacity) of the small villages.

Managerial insights: We have identified that a larger number of ships may need to be present in challenging navigation conditions
(which causes its own problems) in order to achieve the same response as our baseline experiments. In addition, increasing airport
capacities in terms of upgrading the runways is more critical than investing in the hosting capacities. Therefore, our results suggest
airport improvements as a critical aspect of potentially improving emergency response.

6.3.4. Experiment 4: Increasing infrastructure in small villages and decreasing the speed of ships

We now examine if improving the infrastructure systems in the small villages improve response capabilities (similar to Experiment
1) when ships are moving slower than their ideal speed (similar to Experiment 3). We will increase the airport capacities by one,
improve the length of their runways, and decrease the speed of ships by one time unit. We will then determine the improvement in
response capabilities from Experiment 3 from the infrastructure improvements. We do not see any improvement in response capa-
bilities from Experiment 3 for Incidents 1 and 5 (see Fig. 11), since almost all evacuees in these incidents are routed through Nome,
Kotzebue, and Utgiagvik. We see slight improvements in response capabilities in Incident 4 and major improvements in Incidents 2 and
3 (on average a 5.84%, 20.66% and 24.12% decrease, respectively), which are similar to the ones from the baseline to Experiment 1.

The impact of the extra airport capacity together with the upgraded runways is twofold. First, the model completely changes the
transportation path for the evacuees in Incidents 2, 3 and 4. For example, while there are evacuees transported to Kotzebue and
Utqgiagvik in Incident 3, all the evacuees left the cruise ship are transported only to Point Hope and Point Lay with Experiment 4.
Second, in Incident 4, although it does not change the number of evacuees left in the cruise ship, it decreases the number of evacuees (i.
e., from 184 to 24) that cannot make it out of the Arctic due to the improvements in Wainwright.

We emphasize that Point Hope is the key village for both Incidents 2 and 3. When improving the airport infrastructure in Pont Hope,
the model no longer uses Kotzebue and Utqiagvik in Incident 3. More evacuees are carried to Point Hope in Incident 2 while Kotzebue is
less used.
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Fig. 9. The number of evacuees stayed in the cruise ship at |T| in the baseline experiment and Exp. 3.
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Fig. 11. The total objective values in Experiment 3 and Experiment 4.

Managerial insights: This experiment reveals that airport investments in Point Hope would likely be important (depending on their
feasibility) in improving response capabilities in the face of challenging situations. Thus, we believe that Point Hope could be the key
location in the entire region for the infrastructure investments.

6.3.5. Experiment 5:Increasing the number of evacuees in higher priority levels

Here, we increase the number of evacuees in Priority 2 (i.e., 35% of the total evacuees), and decrease in Priority 1 (i.e., 55% of the
total evacuees). Our goal is to test whether a) transportation decisions would change, and b) logistic decisions would experience major
changes. In this analysis, the core transportation decisions remain the same and, therefore, the evacuation portion of the objective
remains the same. Therefore, priority is still given to this piece of the MRE. As expected, we do see a slight increase in deprivation costs
since more evacuees are at a higher priority level. The only major increase occurs in Incident 3 (e.g., an increase of 11% for the
deprivation costs when evacuating 1600 people). This is because the evacuees stay longer in the Arctic and the penalty from the change
to the priority levels in this experiment accumulates.

Managerial insights: Although each air asset uses its maximum capacity, enough relief commodities cannot be carried when the
priority levels have shifted. Hence, improving the infrastructure in one of the small villages and/or pre-positioning relief commodities
might be an effective solution for such scenario.

7. Conclusion

In this study, we have focused on how to respond to a MRE in Arctic Alaska. Our contributions are that we propose a novel IP model
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whose main objective is to evacuate people from the distressed ship to the local villages around the Arctic and then transport them out
of the Arctic while minimizing the negative impact of the event on them. We conduct extensive analysis of potential MREs along the
route the Crystal Serenity traveled through Arctic Alaska. Our work helps to focus on concerns about Arctic MREs that are increasingly
likely to occur given the shift in Arctic maritime transportation and tourism.

The human costs we identify and the emergency response gaps that are modeled are capable of assessing situations broader than the
U.S. Arctic and impact all Arctic nations to varying degrees. This work helps to make a case that optimization models can help to
address operational gaps for Arctic MREs, where these gaps have been practically recognized but not modeled previous to our efforts.
Our paper models the tradeoffs that policy makers, regulators and transportation logistics professionals must consider as trans-
portation in remote and infrastructure-poor settings increases due to climate and ecosystem changes.

Highlights obtained from our computational analysis are as follows. The accidents occurring around Nome and Kotzebue (Incidents
1 and 2) had a major issue that not everyone would be able to evacuate from the cruise ship within a reasonable evacuation horizon due
to the long distances between the incident and Arctic villages. This is due both to the speed which ships can travel and the number of
ships involved in the response. Therefore, in order to mitigate this vulnerability, it is suggested that additional ships are made available
to respond to an incident in this area (near the Bering Strait). In addition, the response capabilities for these incidents are the least
sensitive to both infrastructure improvements and challenges in the response.

The most impactful change in improving response capabilities for Incident 2 is in improving airport capacity and upgrading the
runway of Point Hope since it is closer to Incident 2 than Kotzebue but has significantly fewer people. In addition, this investment
would help the response to Incident 3. When infrastructure investments are made in the small villages, evacuees no longer travel to
communities further away from the incident and Point Hope plays the central role during the rescue operation. One recommendation
to help improve response capabilities in the Arctic would be to invest in the necessary capabilities to have Point Hope (or a similar
village in the area) play a more significant role in the response. Note that Point Hope may not be the only option (it was in our case
study since it is in the North Slope Borough) for these potential upgrades. Wales sits at the smallest part of the Bering Strait and could
also significantly impact response capabilities.

We further observed how critical the village of Utqiagvik (the largest village in Arctic Alaska) was in responding to MREs. The
response to Incidents 4 and 5 route the majority of evacuees through this village (although for Incident 4, it collaborates with
Wainwright in the response). These experiments indicate that the ‘ground’ capacity of Utqiagvik is sufficient to move evacuees through
it during the response. We do assume that larger ships are relatively close to the incidents when they occur, which helps to indicate that
these should be in the area while the cruise ship travels through it.

In terms of future work, it will be critical to understand the practical feasibility of the optimized responses. Although the model was
built based on discussions with subject matter experts, the output of the model has not been carefully vetted with both those involved
in the response and those that represent the villages that would be impacted. This type of vetting may lead to the discovery that certain
core assumptions in the model should be updated. Community buy-into the optimization model will allow for its practical deployment.
Further, we can improve upon this work by modeling how infrastructure investments should be made across Arctic Alaska to best
improve our overall response capabilities. It is our long-term goal to build such infrastructure investment models that not only account
for response capabilities but also capture the benefits (or negative impacts) of the infrastructure development on the communities
which it is built.
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