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Abstract
Long distances, sparse infrastructure, and adverse environmental conditions make the offshore emergency preparedness

system in the High North a big and yet unsolved challenge. This applies in particular to the personnel transport between
onshore bases and offshore facilities, which is usually conducted by helicopters. One of the issues to be solved is the
sufficient coverage with emergency response units (RUs) in this sparse infrastructure environment. This paper proposes
an answer to this issue by using sound logistical concepts, which involves connecting operations and preparedness. A
mathematical model is introduced that combines a routing and a covering problem. On one hand, the shortest possible
helicopter routes to offshore locations are sought, subject to being within the area covered by the deployed RUs. On
the other hand, those RUs are placed so that a contingent helicopter ditching at any point on the chosen routes can be
handled within given time limits. The combination of routing and covering forms a trade-off, which gives the decision
maker the freedom to balance between the minimization of operational costs related to transport route distances and the
long-term costs from response capacity requirements. A computational method that reduces the time to find a solution
and allows decision makers to solve real life instances is presented. Computational experiments are conducted with the
proposed model, based on prospective production sites in the Barents Sea.
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1. Introduction One of the major issues of future operations in this
area is the safe transportation of personnel. In Norwa;
The Arctic region is estimated to contain 22% of the air transport b helicoppter is the mzin mode to brin peif—’
world’s undiscovered oil and gas resources [22]. This makes Y &

sonnel to offshore installations and back. However, this
mode represents one of the major hazards for offshore per-
7 - sonnel [26]. In the UK, eight accidents in the past 30
ern areas of Norway is expected to see an above average years resulted in 110 fatalities [18]. Five accidents with

HHerease. . ) , 12 fatalities were recorded in Norway during the period of
There are considerable gaps in today’s emergency pre- 19902009 [4]

paredness system of this region. A report by SARINOR,
a project to define future preparedness solutions in North-
ern Norway [9], points out that there is not enough private
or public sector capacity to handle major accidents at sea
that involve 20 or more persons in distress.

To get drilling licenses, operators have to show that
they are able to operate safely, and in a self-reliant man-
ner, i.e. they cannot rely on public preparedness services.
Furthermore, their preparedness system should be able to
handle even large scale incidents. To have offshore pre-
paredness in place can be understood as a ticket-to-trade
for anyone who wants to operate in this area, and to date,
this ticket comes at a high price. This is why the petroleum
industry has to find innovative solutions that ensure safety
while keeping costs at an economically feasible level.

the northern regions attractive for the petroleum industry,
and is one of the reasons why activity at sea in the north-

Figure 1: A ditched helicopter near the Shetland Islands on 22 Oc-
tober 2012. Source: [1].

Future offshore locations in the Arctic region may be
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general, it is in particular posing a problem to the trans-
portation of personnel to these offshore locations. In case
a helicopter needs to make an emergency landing on water
as shown in Figure 1, which is commonly referred to as a
ditching, measures have to be taken to be able to respond
within a reasonable time. Thus, the transport routes need
protection by rescue resources that are able to arrive at
the scene quickly and can carry out the rescue within ac-
ceptable time limits.

In this paper we propose to plan the offshore personnel
transportation system and the offshore preparedness sys-
tem in the Arctic region in a coordinated manner. By plan-
ning transportation routes near to each other, rescue units
(RUs) could be located more efficiently as they would be
able to cover more routes or bigger parts of the routes. In
a sparse infrastructure environment, operations and pre-
paredness could therefore be combined to make safe per-
sonnel transportation possible. We present a mathemati-
cal model which combines covering and routing decisions
to consider these aspects. In practice, this can be used
as a decision support tool that takes both strategic and
tactical decisions into account.

Some aspects of the presented problem have been cov-
ered in the existing scientific literature. Rescue operation
in the Barents Sea was studied by Jacobsen and Gudmes-
tad [12]. They developed the subject of collaboration be-
tween RUs and proposed a rescue scheme for a long-range
flight to a distant offshore location.

Research on covering models for facility location has a
long history. Extensive reviews of this class of problems
were presented by Farahani et al. [10] and, with a particu-
lar focus on emergency response, by Li et al. [14]. The lat-
ter highlighted the importance of the Emergency Medical
Services Act of 1973, which defined a minimum response
time requirement that has been the basis for most of the
models studied afterwards. We take this one step further,
as in the presented problem it is not sufficient to be on site
within a defined timespan, but it is required to have the
necessary capacity to rescue all persons in sea in time.

A better part of facility location and covering models
related to the domain of offshore preparedness is dedicated
to oil spill response. Verma et al. [23], for example, intro-
duced a two-stage stochastic programming model with re-
course for locating oil spill response facilities and deciding
about what types of equipment to keep there.

Asiedu and Rempel [5] presented a coverage-based model
for civilian Search-and-Rescue (SAR). Their multi-objective
model aims to maximize coverage, minimize the number of
RUs, and maximize the backup coverage of SAR incidents.

Akgiin et al. [2] and Rennemo et al. [21] present mod-
els for facility location in emergency preparedness, tak-
ing into account distribution and routing. However, they
mostly consider the disruption risk and the availability of
infrastructure.

Covering models for facility location typically assume
that coverage for a demand point is provided by a single
facility. In our problem, several RUs are allowed to collab-

orate, that is, to conduct the operation together in order
to rescue the persons in sea faster. In that respect this
is a practical application of cooperative covering as intro-
duced and studied by Berman et al. [6, 7, 8]. In this class
of problems each facility sends a signal that decays over
distance. The demand is covered if the aggregated signal
exceeds a given threshold.

Berman et al. provide cooperative versions of the clas-
sical location problems with a covering objective. Our
problem differs from these in that we combine a coopera-
tive cover location problem with a routing problem, with
the objective to minimize the total route distance. While
the demand points in the classical problems are given, the
chosen routes determine the demand in our problem. Fur-
thermore, our problem involves a set of different resources
with varying properties.

Reducing the risk to personnel involves establishing
measures to prevent accidents, as well as being prepared to
act in the case of an incident. The operations research lit-
erature contains models related to helicopter routing that
alm at reducing risk during operations. Menezes et al. [16]
developed a helicopter routing model that improved travel
safety by reducing the number of offshore landings and the
flight time. Qian et al. [20] proposed a helicopter routing
model with the objective to minimize the expected number
of fatalities.

The rest of this paper is organized as follows: Section 2
describes the terminology used, including explanations of
the response, its phases, and how our understanding of
rescue capacity builds upon that. Section 3 presents a
basic combined routing and covering model, as well as an
extension for serving the installations on round trips. The
real world application of the models is impractical, as the
computational times are too long. Therefore, we develop a
solution method that is described in Section 4. Section 5
presents a series of computational experiments, and our
concluding remarks follow in Section 6.

2. Problem formulation

We consider the following problem: Personnel has to
be transported to and from a number of offshore locations
by helicopters. There are one or more onshore bases which
can be used as points of departure. A full transport heli-
copter generally contains 2 pilots and up to 19 passengers.

In case of a helicopter ditching on the way, the crew
and passengers may have to enter the sea. Due to the en-
vironmental conditions, particularly the low sea temper-
ature, the human body can sustain this immersion only
for a limited time. Dependent on the person’s physiol-
ogy, body protection equipment, and the sea state, this
time limit may vary, but the Norwegian petroleum indus-
try has adopted a requirement that a person in sea should
be rescued within 120 minutes [17]. While this require-
ment is enforced only within a security zone of 500 meters
around an offshore facility, we follow the argument in [12]
that the consequences for a person in sea do not depend on
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whether he or she is within or outside of this security zone.
We therefore assume this limit to be valid for the whole
route, starting from the onshore base to the offshore loca-
tion. Measures have to be taken so that the whole crew can
be rescued within this time limit in the case of a ditching.

Transports can be conducted on several routes at any
time and in parallel, and all routes have to be covered
by sufficient rescue capacity. It is, however, assumed that
only one incident at a time can happen, which is a common
assumption in risk analysis for the petroleum industry that
is backed by its low accident rate [24].

For rescue operations, SAR helicopters and Emergency
Rescue Vessels (ERVs) are used as RUs. An ERV does not
carry out a rescue by itself, but is equipped with a Fast
Rescue Daughter Craft (FRDC), which is launched from
the ERV, proceeds to the incident site, and conducts the
operation. Henceforth, the ERV/FRDC combination will
solely be referred to as an ERV for the sake of convenience.

Each RU has specific performance characteristics that
influence its rescue capability. The location of RUs can
generally be freely decided, but some restrictions may ap-
ply. SAR helicopters are typically restricted to onshore
bases, but sometimes they also may be stationed on off-
shore installations or ERVs.

It would be natural to use, for every offshore location,
the direct route from the nearest onshore base, because
this would minimize the distances traveled. However, in
the case of a limited number of rescue resources, the only
feasible option may be to bundle routes by choosing a com-
mon onshore base, or by using routes that are close to each
other. In this way, RUs can be used more efficiently by
covering several routes at the same time.

There are two interdependent parts of the problem:
The first is to decide, for each offshore location, which
onshore base to use as a starting point, and which route
to follow for personnel transportation. The second is to
decide locations for RUs such that the routes for personnel
transportation are sufficiently covered by rescue capacity.
Routes and RU locations should be chosen such that the
sum of route distances is minimized.

A central part of this problem is the quantification of
the capability to protect the transport routes sufficiently.
For this purpose we define the rescue capacity, ¢, as the
number of people which can be picked up from sea within
a given time limit t™#*, requiring the rescue capacity to
be not less than a minimum level ¢™™ on any point of a
route.

Figure 2 shows the components of an emergency re-
sponse from the viewpoint of one RU and how they relate
to its rescue capacity. The labels above the time line rep-
resent the events taking place, and the lower part shows
the time components of the response as used in our model.
The emergency trigger is the root cause for the need of an
emergency response. This can be, for example, an engine
or gearbox failure that forces the pilots to ditch the he-
licopter. As soon as the distress condition happens, an
emergency call will be dispatched. The rescue coordina-

tion center receiving this call notifies the RU, which will
instantly prepare for departure and start moving to the in-
cident site. As soon as the RU arrives on scene, it can start
to pick up people until the last person is out of the sea. We
define the pick-up rate, p,, as the number of people picked
up per time unit. In the context of a manufacturing en-
vironment this would correspond to the unit production
rate. The last person should be out of sea before the max-
imum time in sea, t™®*, is reached.

The emergency call is commonly the event from which
time related indicators are counted: The mobilization time
is measured from the moment of the emergency call to the
departure of the RU. The travel time is calculated from
the moment an RU leaves its origin until it arrives at the
scene. Finally, the accomplishment time is the time from
arriving at the incident location until the maximum time
in sea is reached.

For an RU, r, the available time, t"#*, is reduced by the
mobilization time of the RU, t™°P!| and the travel time to
the accident scene. The remainder is the accomplishment
time, in which it can pick up people at a rate p,., until the
time limit t™2* or its physical capacity — the maximum
number of persons on board of the RU — denoted as ¢]"**
is reached. The rescue capacity, c,i;, of an RU 7 placed
at location ¢ with respect to a potential ditching location
j at a distance d;; and an RU velocity v, can therefore be
expressed as

o dy
rij = maxc{0, min{el"™, (1 — ot — Sy 33 (1)
T

Figure 3 shows the capacity function for an increas-
ing d;; for two types of RUs. Their parameters are given
in Table 1. The SAR helicopter is able to pick up a
full helicopter crew, that is, it has a physical capacity of
cgiR = 21. The rescue capacity is limited by the physical
capacity as long as d;; < 98, at which point the travel
time is 42 minutes, leaving 63 minutes of accomplishment
time during which 21 people can be rescued. For longer
distances, the rescue capacity is limited by the accomplish-
ment time, and the capacity decreases with increasing dis-
tance until reaching 0 at d;; = 245. The ERV is able to
pick up 23 persons at d;; = 0. As the physical capacity of
the ERV is higher and the speed is lower, the rescue capac-
ity decreases immediately from the origin with increasing
dij;.

Table 1: Assumed parameters for calculating the rescue capacity of
SAR helicopter and ERV.

SAR helicopter ERV
¢™?X (persons) 21 24
£mobt (minutes) 15 5
v (knots) 140 30
p,r (persons per minute) 1/3 /5

The required rescue capacity does not necessarily need
to be fulfilled by a single resource, and RUs can collaborate
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Figure 2: Time components of a response, and their key drivers.
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Figure 3: Capacity function over distance.

following the idea of Jacobsen and Gudmestad [12]. In this
case, cach RU at the incident site is able to pick up people
at its individual pick-up rate. That is, at the incident
site people will be picked up by a set of RUs, R, at a
collaborative pick-up rate of

pcoll _ Z Dr. (2)

reR

This is assumed to be valid when only a few RUs are col-
laborating, such that no interference effects occur.

As the travel time for each RU is different, the collabo-
rative pick-up rate will vary over time. Figure 4 shows an
example where two ERVs and one SAR helicopter collab-
orate to rescue 21 persons. From the arrival of the SAR
helicopter at ¢ = 40 the pick-up rate is 1/3 persons per
minute. ERV 1 arrives at ¢ = 60. From this moment, both
the SAR helicopter and ERV 1 are operating on site, and
people are picked up at a rate of p°°! = 1/3 + 1/5 persons
per minute. As ERV 2 arrives at ¢t = 80, the three RUs are
picking up people at a combined rate of p®°!' = 1/34-2/5. At
t = 103 the physical capacity limit of the SAR helicopter
is reached and it has to cease picking up people. Thus, the
collaborative pick-up rate decreases to p®! = 2/5 persons
per minute, as only the ERVs are in operation.

In Equation (1) the rescue capacity is already adjusted

coll

p
ERV 2
0.8 arrives
ERV 1
0.6 SAR arrives
helicopter
0.4 + i |
arrives SAR
0.2+ helicopter
full
0 : : : >t
20 40 60 80 100 120

Figure 4: Example of how the collaborative pick-up rate is changing
during a rescue operation.

for the individual mobilization and travel times of the RUs
as well as their physical capacity limits. The capacity of
collaborating RUs can therefore be calculated by simply
adding up their individual rescue capacities.

If the required rescue capacity is fulfilled at every point
within an area, the area is considered to be safe. A corridor
is, in this paper, defined as a contiguous safe area through
which one or more transport routes can pass. This is illus-
trated in Figure 5. In the case of Figure 5a there is plenty
of rescue capacity available, particularly because the SAR
helicopter can be freely placed. A very broad corridor
makes it possible to serve each installation from its near-
est onshore base using direct routes, that is, the helicopter
can travel in a straight line from the onshore base to the
offshore location. If the position of the SAR helicopter
location is restricted to onshore base B1, as in Figure 5b,
then the remaining freely placeable ERVs can barely create
a corridor that includes both installations and B1. Hence,
bundling the transport routes is the only option available
given the limited rescue capacity. The route to installation
L2 has to start from B as well, since the limited resources
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cannot cover both B! and B2. Neither LI nor L2 can be
reached by a direct route anymore.

The actual range of influence for each RU is bigger than
the corridors indicated in Figure 5b, as areas with a rescue
capacity below 21 are not shown. If the full capacity range
is shown, as in Figure 5c, it can be seen that the rescue
capacity of the SAR helicopter has a range that extends
well beyond the area where it is able to rescue all people
by itself. Even if its capacity does not suffice to rescue 21
people anymore, it still can contribute to locations further
away to reach the capacity collaboratively. Thus, for ex-
ample, safe areas around the ERVs do have a different size
in Figure 5b, as some of them are still within the area of
influence of the SAR helicopter.

Understanding the capacity decline over distance and
the aggregation of response capacity by collaboration en-
ables us to establish corridors which are protected in a
sufficient way. Moreover, if the requirement of establish-
ing transport routes a priori is given up, the definition
of such corridors can be left to a model which positions
response resources and decides about transport routes at
the same time. This is advantageous as, with limited re-
sponse resources, routes can be bundled into corridors such
that one corridor can serve different routes simultaneously.
The RUs may then be placed in a more effective way. This
idea leads us to the formulation of the combined routing
and covering problem (CRCP).

3. Mathematical model

This section describes a mathematical model of the
CRCP. In the basic model we assume that outbound and
inbound flights follow the same paths, implying that all
installations are served directly. In terms of expected fa-
talities this would always be the best solution [19]. Instead
of direct flights to and from offshore locations, helicopters
can fly round-trips to several offshore locations, hence in-
and outbound paths may differ from each other. This sit-
uation is handled by a model extension, which we present
in Section 3.2.

3.1. Basic model

Let R be a set of RUs, and S, the set of nodes where
a resource 7 € R can be placed. Let B be a set of starting
nodes such as onshore bases, and £ a set of destination
nodes such as offshore locations. Furthermore, let N be
the set of nodes which can lie on paths that connect the
starting and destination nodes. Let K be the set of arcs
that represent the possible options to go from one node to
another, and d;; the distance between node ¢ and node j
for all arcs (¢,j) € K. For each destination node, a path
from an arbitrary starting node must be created. A valid
set of paths is any subset of arcs from K that provides
end-to-end connections for each destination node, [ € L,
from a starting node, b € B. Every node on the path has
to be covered by a given minimum rescue capacity, ¢™".

Let c,i; be the capacity of resource r placed at node 7 to
conduct the rescue at node j. This capacity is calculated
in a pre-processing step using Equation (1).

The binary variable w; is 1 if node j needs to be cov-
ered, and 0 otherwise. Furthermore, the binary decision
variable x;;; equals 1 if the arc (4, j) € K is selected for the
path to [ € £, and 0 otherwise. Finally, .; is a binary de-
cision variable that equals 1 if resource r € R is placed at
node i € S,, and 0 otherwise. The CRCP can be written
as follows:

min Z dijx”j, (3)
(i,5)ERIEL
s.t. Z Yri = 1» re Ra (4)
1€S,.
Z Ty = 1, lel, (5)
(b,j)EK|bEB
Z Tiij — Z zijk = 0, jeN,leL,
(i,)eK (3,k)eK
(6)
Z T =1, le C, (7)
(i,l)eK
Z Z:L‘lbj < wb|£|, be B, (8)
(bj)eK el
Do > my <wilLl, jENUL,
(i,j)eK 1L
9)
Z Z YriCrij = ijmin, jE NULU B,
TERIES,
(10)
7317] c {07 1}7 l S £7 (7/»7) € ’Cv
(11)
yri €{0,1}, reR,i €S,
(12)
w; € {0,1}, jeNULUB.
(13)

The objective (3) is to minimize the total length of the
paths selected to reach the offshore locations. Constraints
(4) restrict every resource to be positioned at exactly one
node in S,. Constraints (5) ensure that every path to a
destination [ € L starts at exactly one starting node in
b € B. The balance constraints (6) enforce that, for every
node and path, the number of ingoing arcs is equal to the
number of outgoing arcs. Constraints (7) state that each
destination node should have exactly one incoming arc.

According to constraints (8) and (9), every node that
lies on a path must be covered by RUs. These are the
essential constraints that connect the operational aspect
to the emergency preparedness. If the left hand side (LHS)
is 0, that is, node j is not used by any path, w; may take
the value 0, indicating that the node does not need to be
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Figure 5: Illustration of example solutions showing the routes to two offshore locations, with the requirement to rescue 21 people at any point
of these routes. The shaded areas show the cumulative capacity at each point according to the attached color bars, with black showing the

minimum capacity, and increasing capacity as the shading gets lighter.

covered. However, if the node is used by at least one path,
that is, the LHS is greater than 0, w; needs to take a value
greater than 0 as well. The LHS can be at a maximum of
|L|, which happens if node j is part of every path. As
wj is a binary variable, it needs to be multiplied with |L|,
such that the right hand side can be greater or equal to
the LHS. Variables x;;; are to be defined for each route,
while w; are not. Any node that needs coverage because of
one route is therefore also covered for all other routes that
use this node. Furthermore, nearby nodes can be covered
by the same RUs if they are within range. Because of
this feature it is beneficial to bundle routes as described,
if sufficient rescue capacity is an issue.

As for the capacity part, constraints (10) define a min-
imum required capacity for every node that needs cov-
erage. This capacity can be fulfilled by the sum of the
capacities of RUs covering this node. Constraints (9) and
(10) together ensure that any path runs within a corridor.
Constraints (11)—(13) define the domains of the variables.

3.2. Extension for round trips

The presented model can be modified to account for
round-trips when serving the installations. This requires
that the assignment of offshore locations to the tours, the
onshore bases used, and the sequence of offshore locations
visited are specified manually. A model such as the one
presented in [20], which finds tours that minimize the pilot
and passenger risk, could support these decisions.

Round-trips can be modeled by duplicating offshore lo-
cations as starting nodes and onshore bases as destination
nodes for each tour. Then a set of tuples (b,1) € P has to
be formed that defines the legs of the tours, where b € B
is the starting node and [ € £ the destination node. By
adding the following constraints to the model, the start-
ing node for each destination can be restricted to the one
specified in P:

Z Tip; = 1,

(b,7)eEK

(b,1) e P. (14)

4. Solution methods

While the described mathematical model can be im-
plemented directly, this is not efficient enough for prac-
tical use. An optimal — or even feasible — solution can
often not be found within reasonable time for realistic in-
stances. Furthermore, with the introduced formulation of
the CRCP it is hard to detect infeasibility with a given
number of resources, or to find out how many RUs are
needed to achieve feasibility.

Therefore we developed an alternative solution method,
presented in Section 4.1, which makes real life instances
solvable by decomposing the problem. As a second alter-
native we formulate a goal programming model, presented
in Section 4.2. While the goal programming model may
provide solutions that are not feasible for the original prob-
lem, it could be used for cases where full coverage is not
required.

4.1. Three-pass method

We now present a 3-pass method, which starts with
a modified version of the model, CRCP"™, to obtain a
feasible solution to the original problem. This approach
follows the advice of [13] to obtain an initial solution by
solving an auxiliary problem. This may provide a better
starting point than the solver heuristics and improve the
cutoff value faster. The modified model always has fea-
sible solutions and maximizes the degree of coverage for
all paths used. We introduce the variables g;, which de-
note the coverage gap at node j, and define the model as

follows:
> 9
jENULUB

min (15)
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s.t. (4) -9,
Z Z YriCrij + gj > wic™™ jENULUDB,
reR €S,
(16)
g9; 20, jeENULUB.
(17)

The new objective (15) minimizes the coverage gap over
all nodes instead of total distance. Constraints (4)-(9) can
be adopted without change from the CRCP formulation.
Constraints (16) replace constraints (10), allowing a gap g;
in the capacity requirement, and constraints (17) restrict
g; to the non-negative domain.

Even if in this model distance is not minimized, it can-
not grow infinitely, because any path must be within the
covered area in order to keep the value of the objective
function low. However, the paths within these areas can
be quite long and intricate. Furthermore, they can contain
superfluous sub-cycles within the covered area. This model
will seek a configuration where all paths between starting
and destination nodes can be fully covered. While for rich
coverage capacity scenarios (i.e. scenarios with much more
capacity available than needed) many such solutions can
exist, in cases of sparse capacity, the feasible space will be
small.

A solution where » .\, ,59; = 0 is also a feasible
solution to the CRCP. This fact can be used to achieve
speed improvements for the CRCP model. Our solution
method is depicted in Figure 6. The stages are defined as
follows:

Pass 1: The CRCP?*® is solved to optimality. If the
objective function value of this solution is 0, then the paths
between starting and destination nodes can be fully cov-
ered. If the problem cannot be solved to an objective
function value of 0, then the CRCP is infeasible. In this
case more rescue capacity needs to be introduced either
by adding more RUs or by adjusting the parameters of
existing RUs.

Pass 2: The RU positions of Pass 1 are fed into the
CRCP, fixed, and the model is solved. This minimizes
the sum of path distances, eliminates sub-cycles, and is a
heuristic solution to the CRCP which is particularly good
for sparse capacity scenarios.

Pass 3: The original model is solved, with no fixed
variables, starting with the solution to Pass 2. This can
further improve the solution to the CRCP or solve the
problem to optimality.

A comparison of computational times during the three
passes can be found in Table 3 for three different instances.
The advantage of this 3-pass method is that it keeps com-
putational time low for both rich and sparse coverage ca-
pacity scenarios, while providing optimal to good solutions
in all cases: If there is a lot of capacity, Pass 1 and 2 may
not generate a good solution considering the CRCP objec-
tive of minimizing overall path distances. However, these
two stages are solved quickly and Pass 3 will still have the

Pass 1

Load and
solve CRCPP™
/! no CRCP in-
//' feasible

|
| solution

Add rescue
capacity

| yes

| Load CRCP

\ and fix y,.;,
“‘ r € R,
" i €S,
(RU positions)

Pass 2

Solve CRCP

,
,/ solution

ll Unfix Yriy
| r € R,
| i € S,
\ (RU positions)

Pass 3

Solve CRCP

Figure 6: Flow diagram of 3-pass method.

freedom to find an improved or optimal solution to the
problem. As capacity decreases, Pass 1 will find one of the
feasible solutions of the CRCP, but as the feasible space is
smaller, the chance of having a good solution to the CRCP
increases. Furthermore, the solution can be still improved
in Pass 3.

4.2. Goal programming model

In order to test the computational performance of our
3-pass method we also consider a goal programming for-
mulation of the problem, CRCP2°Y | as follows: We define
M as a constant that denotes the penalty for the coverage

gap.

min Z dijx; + M Z 9j» (18)
(i,5)eK,leL JENULUB
s.t. (4) — (9), (11) — (13), (16), (17).

The objective (18) is to minimize the sum of route dis-
tances and the incurred penalty by insufficiently covered
nodes.

While this model will always have feasible solutions,
the resulting optimal solution may be infeasible for the
original problem. This is because g; is a real number that
can be arbitrarily small. No matter how big M is chosen, it
may be possible in this model to accept a certain penalty
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to obtain a smaller sum of route lengths. However, for
problems where a lack of coverage is acceptable, this model
would be a helpful alternative.

5. Computational experiments

In order to illustrate the features and characteristics
of the model, we present a range of computational experi-
ments. These were conducted on an Amazon Elastic Cloud
Compute instance of type r3.large, which features an In-
tel Xeon E5-2670 v2 (Ivy Bridge) Processor with 2 virtual
CPUs and 15 GB of memory [3]. Gurobi Optimizer in
version 5.6.3 was used as the solver for the MIP model.

Sets R, B and L are the RUs, onshore bases, and off-
shore installations respectively. The sets N/, S, and K are
built as illustrated in Figure 7: First, N is obtained by

Airport
Installation
Envelope
Convex hull
Grid point
Arc

Figure 7: Illustration of the area discretization, grid point reduction,
and generation of arcs to Moore neighbourhood.

discretizing the area in which the transport helicopter can
move. This area is defined as the envelope of all bases and
offshore locations. The bounds are used to generate a grid
of equidistant points with a spacing of s97°¢. The number
of points in this grid can then be reduced by consider-
ing the following: With sufficient rescue capacity at each
point, the best solution would be the shortest direct paths
between a base and an offshore location. These paths lie
either directly on one line segment of the convex hull poly-
gon, or within the convex hull. If an RU is removed, given
that for all RUs capacity is non-increasing over distance
and there is still a feasible solution to the problem, paths
need to be placed closer to each other in order to provide
sufficient coverage with the remaining RUs. In an optimal
solution RUs and paths must therefore lie on or within the
convex hull. Grid points that lie outside of the convex hull,
including a buffer of s97*¢ to account for the discretization,
are therefore discarded. The set S, is the union of B, L,
and N for ERVs and equal to B for SAR helicopters.

The set K is formed by generating arcs to nodes in
the Moore neighbourhood (all nodes within a Chebyshev
distance of the grid spacing) for each node in BUL U N.
As a consequence, the arcs on the paths can only follow
eight directions. This has implications on the minimum
distance that can be achieved, as paths cannot follow a di-
rect trail from one node to another non-neighbouring node.
Increasing the neighbourhood to a Chebyshev distance of
multiples of the grid spacing will increase the freedom in
shaping paths. However, it will also relax the capacity re-
quirements, since nodes in the grid could be skipped. We
argue that it is more important to have a more fine-grained
capacity requirement on the path and chose therefore to
stay at a Chebyshev distance of s97*¢. Our understanding
of the model is that the routing part opens up the op-
portunity to adapt paths in such a way as to conform to
the emergency capacity requirement and believe that eight
directions are sufficient for this task.

5.1. Test instances

At the time of writing there is only one petroleum re-
lated production facility in place in the Norwegian part
of the Barents Sea where offshore personnel is required:
Goliat commenced operations in autumn 2015 and pro-
duces both oil and gas. However, this field is placed only
40 nautical miles from the shore. A second field, Snghvit,
is producing gas. This is a subsea installation, which is
placed at the bottom of the seabed. The extracted gas is
transported to the shore via a pipeline and thus does not
require offshore personnel.

No other concrete projects have been initiated yet. We
therefore created instances with remotely located, poten-
tial production sites as shown in Table 2. Helicopter base
B1 and B2 are existing airports in this area. Installa-
tion L1 is placed within the Wisting Central field, which
is the northernmost oil discovery on the Norwegian conti-
nental shelf. Installation L2 marks the north-easternmost
location which could come into consideration in a possi-
ble future licensing round. Installation L3§ is located in
the Johan Castberg field, where considerable oil and gas
resources have been found. These sites delimit the area
where the remaining installations L4—-L8 are randomly
placed.

For the computational experiments we created three
instances that differ from each other in the number of in-
stallations: Instance 1 contains installations L1-L3, In-
stance 2 contains L1-L4, and Instance 3 contains L1-L8.
We use five ERVs and one SAR helicopter as RUs and
set the minimum capacity requirement, ¢™™, to 21 unless
otherwise stated. The RUs characteristics are chosen as
specified in Table 1. The assumptions for the pick-up rate
and mobilization time are taken from Vinnem [25]. Speed
assumptions are based on the technical specifications of a
Super Puma EC 225 SAR helicopter, and a Norsafe Munin
1200 Daughter Craft, which is assumed to be the FRDC
with which the ERV is equipped. Wind and wave con-
ditions can influence the named parameters. Therefore,
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Table 2: Coordinates of airports and installations used in the test
instances. Latitude and longitude are given in decimal degrees.

Name  Latitude  Longitude Comment
B1 70.701319  23.768302 Hammerfest

B2 70.854502  29.090389 Berlevag

L1 73.491134  24.232358 Wisting central

L2 74.500000
L3 72.494341
L4 73.059785
L5 73.125947
L6 71.584579
L7 72.922906
L8 73.721696

37.000000
20.347568
32.654140
23.496317
25.442689
23.044665
34.261504

Extreme remote

Johan Castberg

Random placement
Random placement
Random placement
Random placement
Random placement

we chose the values for this deterministic model conserva-
tively. The SAR helicopter can be located only at onshore
bases. B1, B2, and L1-L3 define the convex hull of all
these instances. In most of the tests we used a grid spac-
ing 597 of 10 km which results in 1315 grid points within
the convex hull.

5.2. Computational performance

Figure 8 illustrates solutions using the 3-pass method
for Instance 2. After the first pass (8a) the RU locations
are part of a feasible solution to the CRCP, as the objec-
tive value is 0. However, the paths clearly show that the
solution is non-optimal for the final CRCP, featuring sub-
cycles and unnecessary detours. After Pass 2, the CRCP
with fixed RU locations from Pass 1 is solved to optimality
(8b). This solution is further improved in Pass 3 (8c).

Q(ﬁé@(_7 ik,
(c) Pass 3

(a) Pass 1

(b) Pass 2

Figure 8: Illustrations of solutions to Instance 2 after each pass of
the 3-pass method.

We compared the runtime of the direct solution method
to CRCP&°¥ and the 3-pass method. We let the solver run
until either a time limit of 5 hours is reached or the opti-
mality gap becomes less than 1%. The solver was started
with 10 different random seeds, from 0 to 9, in order to
obtain robust results that allow us to make conclusions
about the computational performance of the three meth-
ods. For Gurobi this is possible by using the parameter
Seed [11]. The runtime of the MIP solver shows a re-
markable variability in computational time dependent on
the chosen random seed, which can be observed frequently
with MIP solvers [15]. By default, the Gurobi MIP solver
balances the goals of finding feasible solutions and proving
optimality. However, it provides the parameter MIPFocus

to control this behavior. For the direct method we tried
to set this parameter to prioritize obtaining a feasible so-
lution, as this method had often problems in finding one.
We found that it is better to leave this parameter in the
default setting. For the 3-pass method, however, it turned
out beneficial for Pass 3 to focus on the best objective
bound.

Table 3 shows the computational time required for each
run of the three methods. The results indicate an advan-
tage of the 3-pass method over the direct method and the
goal model. The solver found for the goal model the same
best values as obtained with the other two methods, ex-
cept for the random seed s = 4 for Instance 1 and s = 6
for Instance 3, where the penalties for insufficiently cov-
ered nodes could not be reduced to 0. This method en-
countered sometimes difficulties with improving the lower
bounds. This may be subject to the weaker model formu-
lation due to elastic variables [13]. For Instance 1 none of
the methods performed to full satisfaction. Two out of ten
times the direct method did not lead to a feasible solution.
For the goal model the solver did not succeed in reducing
the optimality gap below 14.1%. The 3-pass method al-
ways found a feasible solution, but could not reduce the
optimality gap below 1% within the 5 hour limit.

At this time it is still difficult to estimate the size of
a real life instance. However, the oil and gas industry
has successfully established four areas on the Norwegian
continental shelf where maritime and air rescue resources
are shared in order to use the available capacity in a more
effective way [17, 25]. Three of these areas contain 5 fields
and one area contains 9 fields, which lets us assume that
a real life instance may involve 5-10 destinations. The
influence of the number of installations on the runtime
for Pass 1 and Pass 3 is shown in Figure 9. Instance 1
was used as a baseline. The additional installations L4—
L8 were added one at a time, in such a sequence that 4
installations are equal to Instance 2 and 8 installations
are equal to Instance 3. As they are located within the
already existing safe area of the solution to Instance 1, no
more resources are needed to cover them. This ensures
comparability. The value for Pass 3 with 3 installations
(Instance 1) is not shown as the solver terminated after 5
hours with an optimality gap of 10.3%.

The choice of the grid spacing has several implications
for the model. With a bigger grid spacing, less points on
the path need to be covered, which can make a solution
too optimistic. On the other hand, the available capacity
could be undervalued, as the possibilities to place RUs are
more restricted using such a grid. The grid spacing also
influences the problem size, as the number of variables and
constraints increases with smaller grid spacing. Figure 10
shows the spacing on the x-axis and the resulting compu-
tational time for Pass 1 and Pass 3 of Instance 2 on the
logarithmic y-axis. The plot for Pass 3 does not include
the values for 6, 7 and 13 km as they terminated after 5
hours with an optimality gap of 1.56%, 1.26%, and 1.37%
respectively.
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Table 3: Speed comparison of direct method, goal programming
model and 3-pass method. The random seed is denoted by s. The
runtime in minutes to the first feasible solution is denoted by t/. The
runtime in minutes until the objective value is proven to be within
1% of optimality is denoted by t*. The column gap shows the rela-
tive optimality gap in percent. NaN denotes runs where no feasible
solution could be found within the time limit. The rows Avg and
Med denote the arithmetic mean and the median respectively.

Direct Goal 3-pass
s ! t* gap t* gap tf t* gap
Instance 1 (Best value: 1273866.80)
0 NaN 300 NaN 300 14.1 2 302 10.3
1 49 300 14.1 300 14.1 1 301 14.1
2 9 300 14.1 300 14.1 1 301 1.2
3 9 300 14.1 300 14.1 4 304 1.4
4 2 300 14.1 300 97.2 4 304 13.7
5 6 300 14.1 300 14.1 1 301 14.1
6 22 300 14.1 300 14.1 5 305 14.1
7 3 300 14.1 300 14.1 1 301 1.4
8 NaN 300 NaN 300 14.1 6 306 13.9
9 2 300 14.1 300 14.1 1 301 1.4
Avg > 13 > 300 > 300 3 > 303
Med >7 > 300 > 300 1 > 301
Instance 2 (Best value: 1571662.67)
0 3 8 0 207 1 4 16 0.7
1 14 15 0.6 8 1 7 45 0.9
2 2 175 0 300 1.1 1 23 1
3 4 8 0 47 1 5 12 1
4 8 10 1 95 0.9 2 10 0
5 8 112 1 152 1 2 7 1
6 201 201 0.9 300 1.1 1 230 1
7 8 300 1.1 9 0 1 22 1
8 157 157 0.1 300 11.3 33 46 1
9 56 300 11.4 143 0.9 1 19 0.8
Avg 46 > 129 > 156 6 43
Med 8 > 134 > 148 2 20
Instance 3 (Best value: 2784471.31)
0 3 11 0.6 125 0.6 14 37 0.6
1 22 22 0 69 0.6 6 40 0.6
2 10 10 0 26 0.6 11 17 0
3 196 196 0.5 300 11.4 9 22 0.6
4 3 13 0.6 164 0.6 6 181 0.5
5 9 19 0.6 60 0.6 13 47 0.6
6 151 164 0.6 300 94.3 9 27 0.6
7 3 7 0.6 14 0.6 3 14 0.6
8 2 99 0.6 18 0.6 7 20 0.6
9 4 14 0.6 141 0.6 6 44 0
Avg 40 62 > 122 8 45
Med 7 20 > 97 8 32
25
20| |
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Figure 9: Number of offshore locations vs. runtime.
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Figure 10: Grid spacing vs. runtime.

5.3. Effect of rescue capacily requirements on transport
routes

Figure 11 shows optimal solutions for Instance 2 with
varying rescue capacity requirements. With a requirement
of ¢™in = 19 the offshore locations L1, L2 and L/ can be
reached in a direct way from the nearest helicopter base,
while the route from B to L& needs a detour. This de-
tour gets larger with ¢™® = 20, but B is still preferred
as the onshore base. With ¢™" = 21, all flights depart
from B2. This is mostly because the SAR helicopter can-
not cover the capacity requirement of routes departing
from the other helicopter base any more, and there are
not enough ERVs that can assist near the shore to fulfill
the capacity requirement. If the requirement is increased
to ¢™i = 22, the physical capacity of the SAR helicopter
is an issue. Big areas that have been safe with a lower
requirement can no longer be covered by using only the
helicopter. However, with one additional ERV, a corridor
to all installations can be created, allowing routes with
approximately the same total distance as for ¢™" = 21.

The objective function value of the first pass gives an
indication of how much of the path is uncovered. This is
illustrated in Table 4, where the CRCP?*® was solved iter-
atively using Instance 3, adding one more RU before each
run. The maximum computational time was set to one
hour. A solution where all routes could be covered suffi-
ciently was only found after adding six RUs (one helicopter
and five ERVs) and for this case the computational time
was 3 minutes. Due to the time limit, a feasible solution
with less resources cannot be excluded.

5.4. Round trips

Section 3.2 presented an extension to the basic model
that allowed the use of round trips. An example solution
to Instance 2 with round trips is shown in Figure 12. The
legs are in this case defined as follows: P = {(B2°, L19),
(L1%,13%), (L3Y, B2Y), (B2°, L49), (141, 1.2°), (L2', B2?)},
where the superscript n denotes the n-th copy of the node.
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1395 km

. Total distance
1519 km (+8.91%)
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(a) ™" =19

o Total distance
1572 km (+3.47%)
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o Total distance
1570 km

+1 ERV

(d) ¢™im =22

Figure 11: Transport routes dependent on minimum rescue capacity
¢™ Total distance is the sum of paths from onshore base to off-
shore location. Percentage value denotes the total distance increase
related to ¢™i™ — 1.

Table 4: Capacity gap as resources are added.

Addidtionally
Added Capacity covered
resource gap capacity
SAR Helicopter 542.29 -
ERV1 368.06 174.23
ERV2 169.46 198.60
ERV3 52.22 117.24
ERV4 13.02 39.20
ERV5 0.00 13.02

11

Note also, that the onshore base only needs to be dupli-
cated as a destination node, but not as a starting node.
This method for round-trips works for the basic model de-
scribed in Section 3, but also for the solution methods in
Section 4, when the additional constraints are added.

v

Figure 12: Illustration of a solution to Instance 2 where helicopters
transporting personnel follow round trips to visit the offshore instal-
lations.

6. Concluding remarks

Logistical concepts and terminologies find their way
into emergency preparedness. For a long time prepared-
ness planning was driven by response time. This paper
shows how this measure can be extended into response ca-
pacity. We defined a problem related to safe personnel
transport to offshore locations by helicopter and showed
how available rescue capacity can be used efficiently by
planning emergency preparedness and operations in a com-
bined way.

We presented a mathematical model of this problem.
As directly solving the model is inefficient, we developed
a 3-pass method that shows an advantage over the direct
approach and makes the problem solvable for real life in-
stances.

Using the presented method, we conducted computa-
tional experiments. We showed a mutual interdependence
between operations and preparedness. Planning both as-
pects jointly opens the opportunity to bundle demand.
Consequently, resources can be used in a more efficient
way. This is especially useful in environments with sparse
infrastructure and long distances, as it allows establishing
preparedness systems that would otherwise not be possi-
ble. However, the mutual interdependence between oper-
ations and preparedness leads to a trade-off, where a re-
duction in the preparedness resources leads to an increase
of the total travel distance.
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The combined routing and covering problem, together
with the presented solution method, can be used in sev-
eral ways. Among other things, it allows one to assess,
how many and which types of RUs are needed, or what
technical characteristics these RUs should have. Moreover,
the model can be of help in assessing operational issues,
such as the maximum number of personnel on board of
the helicopter, which onshore bases to use for personnel
transports, or how new offshore locations will affect the
system.

We see several new directions to extend the work. Han-
dling the time components of a response as probability
distributions instead of expected values would be of inter-
est. Furthermore, meteorological data may be considered,
as wind and wave height influences the response. Finally,
we see some potential to improve the solution method by
iteratively solving the problem and adjusting the grid af-
ter each run to make it more fine grained around areas of
interest.
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