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Abstract

The Arctic has been experiencing significant changes to its climate, thus allowing the emergence of new tourism and industrial
activities. Underdeveloped emergency response capabilities in the region raise concerns regarding managing man-made hazards;
i.e., oil spill and mass rescue incidents. We propose a mathematical optimization model that considers new infrastructure investments
within a limited budget to optimally allocate shared response resources across these different emergency response events. Our case
study focuses on response in Arctic Alaska and helps answer policy questions that could aid decision-makers in the region.
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1. Introduction

The Arctic has been experiencing substantial changes over the past several decades. As the air temperature increases,
sea ice thickness faces a rapid decrease [1]. Maritime-based tourism and industrial activities have been increasing due
to long-lasting ice-free seasons. This trend poses potential risks, as unless proper measures are taken, fundamental
ecological and socio-economic systems in the Arctic will be at a high risk [2]. For example, the Crystal Serenity
sailed for 32 days through the Northwest Passage with over 1600 people in 2016 and 2017 [3]. Due to the remote
nature of the region, mass rescue operations of cruise ships could result in evacuations where the evacuated passengers
outnumber the population of the Arctic community they are moved to. Further, there is interest in expanding oil and
gas exploration activities in the region, including Russia and China recently investing in the region [4].

However, preparedness for emergency response events (ERE) in the Arctic is a major concern [5]. In general, Arctic
ERE, including oil spill (OS) events, which require cleaning up and/or remedying the impacts of the spill, and mass
rescue (MR) events, which require evacuation of ships with a large number of passengers, are likely to happen in the
future and need to be effectively responded to. This is further complicated by unique challenges in the Arctic including
limited infrastructure, long distances between the Arctic villages, and the unpredictable and harsh weather conditions
[6]. Fjortfort and Berg [7] discuss the importance of preparedness to sustain safer maritime and offshore operations in
the Arctic Ocean. Afenyo et al. [8] review risk assessments techniques for oil spills in the Arctic. Further, Wright et
al. [9] discuss the risks associated with oil spill incidents and potential measures to mitigate such risks.

Garrett et al. [10] develop an optimization model for an Arctic ERE which allocates response resources in order
to complete the response tasks required after oil spill incidents. Camur et al. [11] then introduce the first integer
programming (IP) model for a large-scale maritime evacuation that could take place in the Arctic. The model contains
two-phase transportation operations where evacuees are moved off of the cruise ship in distress via rescue ships to the
local Arctic communities and then out of the Arctic via available aircraft. Das et al. [5] optimize the location of oil spill
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response stations to maximize spill coverage in the Canadian Arctic. These previous works do not consider planning
for multiple types of Arctic EREs, which is the main contribution of our work.

In this paper, we contribute to the literature through designing a novel IP model, which integrates OS and MR
events along with infrastructure decisions thereby introducing a planning approach to understand the tradeofts between
planning for OS and MR events in the Arctic. At a high level, our optimization model contains both infrastructure
planning and resource allocation decisions. At a lower level, we evaluate how these decisions perform with respect to
success of OS and MR events and examine the tradeoffs between focusing on one or the other of these events.

2. Problem Definition

Our goal is to make effective investment and resource allocation decisions under restricted budgets to handle multiple
EREs that could take place in the Arctic. We note that investment decisions impact available infrastructure by either
increasing capacity (e.g., increasing the size of a hangar) or introducing a new capability (e.g., lengthening a runway
to allow a larger type of plane to land), similar to Garret et al. [10]. For example, a C130 aircraft could be used both
as a way to deliver OS resources to a community or to pick up stranded evacuees, should the local runway be sufficient
to have it land. As for the allocation decisions, we equip Arctic communities (e.g., Point Hope, Nome) to respond to
EREs by taking purchasing, maintenance, and transportation costs of resources into consideration.

For the OS incidents, our model, inspired by [10], aims to minimize the total weighted completion time of each task
which are required to respond an OS incident. If a task cannot be completed by its deadline, the model takes the
follow-up task into consideration in order to complete it by the end of the response time periods. If neither task can be
completed due to the lack of resources, the model penalizes the uncompleted tasks.

For the MR incidents, we focus on large-scale maritime incidents where the goal is to take evacuees off of a cruise ship
and transport them to the communities located around shore. They then are brought to Anchorage since evacuees are
tourists visiting the Arctic and cannot stay in the communities for a long time without straining local systems. Note
that we do not consider any relief commodity allocation during MR event since the Camur et al. [11] found that the
true bottleneck is the transportation decisions during an Arctic MR event.

‘We have a multi-objective optimization problem where the objective components are different metrics for OS and MR
response. We implement the weighted sum approach to analyze the trade-off between the different components.

3. Model Overview
In this section, we first introduce Tables 1, 2, and 3 which illustrate set, variable, and parameter definitions, respectively.
We then introduce our innovative IP, discussing the objective function together with the related constraints.

Set  Definition Set  Definition

(0] Infrastructure design options g Sea resources where IS C I

OB Capability design options where OB C O I€ Combination of sea and air resources

OCF  Capacity design options where O°F O J Response sites

E°  Oil spill incidents J Locations where J' = JU “Cruise ship (CS)”

E™  Mass rescue events
1 Resources
A Air resources where 4 C 1

Response time periods (in six-hour time buckets)
Tasks where L; C L represents initial tasks
Task pairs

NN »

Table 1: Definition of sets

Objective Function
minwgo (Y, Y watie+ Y, Y ISI(1 = Tye = Te)) +wim Y Y (Weres Tresse + Wyt Tovise)

lELeEE® (11 l)ePecE® SESecE™
The objective aims to minimize the weighted pieces of the penalties incurred due to delays or failures in responding
to OS incidents and the number of evacuees remaining on a stranded ship and in Arctic communities across the set of
potential MR events. Note that we incorporate a user-defined weight vector w where n corresponds to OS tasks and
MR tasks including transporting evacuees off of the ship (i.e., “CS"") and from the Arctic villages (i.e., “Vil").

Infrastructure Planning Decisions
ZZIOQIJ = Coj 7‘0] +A0]) o€ 0CP7j eJ (1 ZZsz] > CUjBoj oc OCij eJ 2

iel iel
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Variable Definition

e whether initial task /; € L is completed for OS incident e € E°

Tye whether follow-up task /, € L where (1,/;) € P is completed for OS incident e € E°

Tle completion time of task / € L for OS incident ¢ € E°

5; Jles whether resource i € [ is transported from response site j € J for task [ € L for OS incident e € E° ins € §
Xijle amount of resource i € I is transported from response site j € J for task I € L for OS incident e € E°
Xijse whether resource i € I€ is located in location j € J' in s € S to be used in MR event e € E™

Zijse whether resource i € I€ stays in location j € J' in s € S during MR event e € E"

Y jkse whether resource i € I€ departs from location j € J to reach location k € J' in s € S during MR e € E™
Tjse number of evacuees who stay in location j € J' in response time period s € S in MR event e € E™

Sijkse number of evacuees carried by resource i € I€ from location j € J' to k € J' in s € S in MR event ¢ € E™
Qij amount of resource i € I in response site j € J

0;j amount of resource i € I purchased in response site j € J

Oijk amount of resource i € / transported from response site j € J to response site k € J

Boj whether infrastructure capability option 0 € O already exists or is constructed in response site j € J
Aoj amount of infrastructure capacity option 0 € OF constructed in response site j € J

K;j whether any infrastructural development is taken place in response site j € J

Table 2: Definition of variables

Constraints (1)-(2) imply that the size of resources for an infrastructure design option at a response site cannot exceed
the capacity designated for that option. A capacity infrastructure includes its initial capacity and the increased capacity
via investments. Meanwhile, a capability infrastructure option is determined by a binary decision variable stating if it
is readily available, either pre-existing or to be constructed.

Z Z b()j(l - a(}j)B()j + Z Z b(}jA()j < B (3)
0€0CB jeJ 0€0CP jeJ
Constraint (3) ensures that the investments on the infrastructure design options do not exceed the total budget. The
binary parameter «,; indicates the existence of a capability option. If o,; = 1, B,; is unrestricted by (3), allowing
the model to use the infrastructure. If o,; = 0, the model evaluates the feasibility of constructing this option by (3).
Inventory Decisions
Qij+ Y Cijk=Vij+0i;+ Y ou; i€l jel 4) Y Y (@l0ij+ Y afu0ij+ Qi) <A (5)

kel kel i€l jeJ kel

In Constraint (4), we ensure that the total of resource i € I at a response site j € J and what is sent elsewhere from
the site is equal to the initial inventory, purchases, and transport from other areas. Constraint (5) ensures that total
purchasing, transportation, and maintenance cost incurred across all response sites stay within the allocated budget.

Qil Spill Response Decisions

Xijie < rite Y ijies €1, jEJIELe€E (6) Y Y wie<Qiy i€l jed @)
SES ecE? el

Constraint (6) states that a resource i € I cannot be deployed from a response site j € J for task / € L in incident e € E°

without a preceding transportation decision. Further, Constraint (7) limits the total resources transported for all tasks

to the available inventory at site j € J.

Y'Y Sijies<u; jeJ€E’sES (8) Y (mije+s—1)8ijies <t i€l jelleLeckE’ 9)
iellel SES

Constraint (8) limits the total mobilization decisions across resources/tasks at each site per time period of the response
to an incident. Constraint (9) helps to determine a task’s completion time.

Te Sdhenlle I ELI,EGEO (10) lee> (dlle+l)nlze (llaZZ) EP,EGEO (11)

Constraint (10) ensures that deadlines are met for initial tasks. If an initial task misses its deadline, Constraint (11)

checks if the follow-up task can be done within the response time.
T+ T <1 (li,h) € PecE’ (12)

We also make sure that at most one task in each pair is completed through Constraints (12).
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Parameter Definition

A total budget for the resource planning (i.e., transportation, purchasing, and maintenance)

B total budget for the infrastructural developments

Oy whether infrastructure capability option 0 € OP is available in response site j € J

Aoj the amount of infrastructure capacity option 0 € O¢F available in response site j € J

boj expansion cost of infrastructure design option o € O in response site j € J

Coj total available capacity of infrastructure capacity option o € OF in response site j € J

Vij the initial amount of resource i € [ in inventory in response site j € J

Zio the size of resource i € [ for infrastructure design option 0 € O

a}- the purchasing cost of resource i € / in response site j € J

a?/.k the transportation cost of resource i € I from response site j € J to response site k € J

a;; the maintenance cost of resource i € / in response site j € J

Mjje response time period taken to transport resource i € I from response site j € J for OS incident e € E°
IT; jx response time period taken to transport resource i € I from location j € J' to location k € J’
dje deadline of task / € L required for OS incident e € E°

Tile the amount of resource i € I required to complete task / € L for OS incident e € E°

Ve the number of evacuees on the cruise ship in MR event ¢ € E™

uj the upper bound on the number of mobilization decisions that can be performed in a site j € J
D; passenger capacity of resource i € I€

Y hosting capacity of response site j € J with respect to number of evacuees

w}E weight assigned to emergency response events OS and MR

Table 3: Definition of parameters

Y Xijie > rinemye i€lli€Lie€E° (13) Y Xijie > rineme i€1,(l1,h) € Pe € E° (14)
JjeJ jeJ

Constraints (13) and (14) ensure that the required resources for completing either an initial task /; or a follow-up task
I, in pairs (I1,l) € P for each OS incident e € E° are transported.

Mass Rescue Response Decisions

Y Xijoen)e <Qij i€l jEJ e cE" (15) Y Xoje<1 i€ll:icl€seSecE” (16)
i'el! jer

Constraints (15) make sure that air and sea resources starting in a MR event do not exceed the current inventory in
any response site. For certain types of high-value assets, such as aircraft, our modeling approach limits the number
of them purchased and creates variables for each potential purchase in order to track how they are used in MR events.
Constraint (16) implies air and sea resource cannot be in multiple locations within the same response time period.

Xijse =Zijse+ Y Yijkse 1 E€I:i€l€jes€S ecEm (17)
keJ’

Constraint (17) ensures that in a response time period, every air and sea resource either remains in its current location or travels to
another location.

Xirjse = Zij(s—1)e + Y Yijs—Tig)e @ €1 1i€ I€jet ses\{1},ecE™ (18)
keJ':s—Tly;>1

Constraint (18) implies that for an air/sea resource to be at location j in response time period s, the model requires either a stay
decision at s — 1 or a transportation decision from location k at s — ITy;.

Fijrse < @i¥ijpse i€1C,jET KET sES e € E" (19) Tij=cs)(s=1)e =Ve €¢€E" (20)
The number of evacuees transported by resource i cannot exceed its passenger capacity as enforced by Constraint (19). Constraint
(20) initializes the number of evacuees to be rescued from the cruise ship in MR event e € E™.

Tise+ Y. Y fijkse <O Jj€J s€S,ecE” 1)
iel€keJ'
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Constraint (21) makes sure that the hosting capacity of a response site is not violated at any response time period. We also restrict
the usage of rotary wing air resources only to operate between the cruise ship and the response sites.

Tjse + Z Z fijkse = 7T/‘(sfl)e + Z Z fikj(sfﬂ,ﬂkj)e VAS ]/,S € S\ {1},8 cE" (22)

iclC kel iclC kel

Constraint (22) balances the number of evacuees staying and arriving at location j at time s, with the RHS representing those
transported from other locations and the LHS including those staying and departing from ;.

4. Computational Experiments

In this section, we discuss the computational experiments. Our experiments were conducted using the Java API and CPLEX version
22.1.1 on a computer equipped with an Intel Core 17-8550U CPU at 1.80 GHz and 8.0 GB of RAM. In total, we consider six OS
events and four MR events. The response sites are selected within six communities (i.e., Anchorage, Nome, Kotzebue, Point Hope,
Wainwright, and Utqiagvik). The evacuees hosting capacities are set to equivalent to 10% of the population of the community.

We present the locations of the response sites along with the OS and MR events in Figure 1. Note that four different transportation
assets (two types of vessels and two types of aircraft) were considered for both OS and MR events. However, more distinct resources
are required for OS events. We refer the reader to [10] and [11] for more details regarding the datasets that we built off of. Overall,
we set up three scenarios using different weights for the OS and MR events in the objective function. The goal is to understand how
infrastructure and inventory decisions change as the importance of OS and MR events varies.

MR1 *053 * o5,
A @ Utgiagvik

MR2 A‘AL:JSA ®Wainwright X 051

Obj. Weights (OS:MR) A Py
1:1  100:1 1:100 ISR Polt Hope cxg '
Runtime 505 2484 942 "N oo
Opt. Gap 1% 1% 1% @itome
Last evac. departure 6 11 6
Evac. time to Anc. 13 16 12
# of failed OS task pairs | 23 18 22 o Cities
% OS Events
Table 4: The summary of computational experiments A MR Events

Figure 1: Selected OS and MR events in the region

During our experiments, we set a time limit of 1,800 seconds and an optimality gap limit of 1%. The summary of computational
experiments is presented in Table 4. We show the total run time, the optimality gap, the last time period when an evacuee leaves the
cruise ship among all three scenarios, the last time period when an evacuee enters Anchorage the three MR events, and the number
of OS task pairs that failed to be completed within the given time limit across the OS events.

To begin with, all scenarios were solved with a 1% optimality gap in under five minutes. This is because the number of OS and
MR events was chosen to be relatively small to obtain preliminary results. Further, the number of response sites is limited by
the relatively small number of Arctic communities. Since the model imposes a high penalty for leaving evacuees stranded on the
cruise ship, which is logical given the utmost importance of human life, we observe that the outcomes for both the equal-weighted
objective value and the weight biased towards MR events yield similar results. This indicates that further increasing the weights of
the objective component related to the MREs is not expected to alter the modeling decisions drastically.

However, when the significance of OS events is increased, the model requires nearly three times as long to achieve the final result
compared to other experiments. Our insight is that because OS events demand a range of resources, including dispersant materials
and skimmer systems, it challenges the model to make better infrastructure investment and inventory management decisions. Even
though the importance of MR events is increased in the third experiment, the number of failed task pairs decreases by one. While
fewer tasks fail, the completion times increase since we aim to minimize the weighted completion times.

Note that in the first and third experiments, it takes six time periods to evacuate all evacuees from the cruise ships, and twelve to
thirteen time periods until all evacuees are transported to Anchorage via available aircraft, where there are enough resources to
accommodate them. However, when weighing OS response heavily, we reduce the number of failed task pairs at the expense of
delaying the rescue of evacuees. As the time taken to rescue all evacuees from the cruise ships increases from six to eleven time
periods, the time to transport all evacuees from the cruise ship to Anchorage increases to sixteen time periods (see Table 4).

Upon examining the failure rates in responses to both MR and OS events, it becomes apparent that certain response sites are more
critical than others. For MR events, incident location ‘MR4’ consistently experiences the most delays during evacuation. This
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outcome is anticipated due to the clustering of other MR locations around Wainwright and Point Hope. On the other hand, incident
locations ‘OS1’ and ‘OS2’ carry the highest rate of uncompleted OS task pairs. This can be explained due to the presence of a
single response site (i.e., Utqiagvik), which is the only location that can be reached in a timely manner for those incident locations.

It is crucial to emphasize the criticality of shared infrastructure and resources between MR and OS events. We observe a competition
for these limited resources, particularly by the competition for vessels (i.e., offshore and nearshore vessels). Despite solely one pair
of OS tasks requiring the use of the same type of MR vessels, this pair experiences the highest failure rate. This is because of the
model’s inherent prioritization of evacuation which results in leaving barely enough vessels available for OS tasks requiring those.

Furthermore, it becomes evident that purchasing decisions are heavily influenced by the weighting of the objective function. A bias
towards MR objectives results in increased resource acquisitions in Point Hope, Nome, and Wainwright. Conversely, an OS-biased
objective function tends to favor resource purchasing and transportation in Wainwright, Utqiagvik, and Kotzebue. In fact, vessels
become the most frequently purchased resources in this scenario with the objective of enhancing the success rate of OS tasks.

Another important observation is that the infrastructure investments show a tendency towards Wainwright in all scenarios, which
is followed by Kotzebue and Utqgiagvik in the case of OS-biased objective, and by Point Hope and Nome in the case of MR-biased
objective. The common infrastructure needed in Wainwright are typically boat launch, harbor, refueling facilities, gravel pad, and
conex containers.

Analyzing asset purchases and movements reveals the critical importance of Wainwright, Point Hope, and Nome. It is important for
policy makers to ensure the sufficient acquisition of resources, and infrastructure investment in these locations, given their significant
roles in both MR and OS events. Such proactive measures are essential to minimize human and environmental costs in the Arctic.
However, this presents potential logistical challenges due to the relatively low populations of Wainwright and Point Hope.

5. Conclusions

This paper has introduced a multi-objective optimization problem that helps plan investments into Arctic ERE, specifically focusing
on OS [10] and MR events [11]. The model is capable of identifying important locations for investment, as well as understanding
the potential impacts of OS and MR events. There are several future research directions. First, a review of our analysis should
be done by Arctic domain experts to understand the impact of such investments on the communities. Second, advanced solution
techniques should be investigated to solve the problem at scale, with an eye towards advanced Arctic ERE across the entire region.
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