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Abstract. This article discusses different modelling approaches considered to address
problems related to ambulances' location and relocation as well as dispatching decisions
arising in Emergency Medical Services (EMS) management. Over the past 10 years, a
considerable amount of research has been devoted to this field and specifically, to the
development of strategies that more explicitly take into account the uncertainty and
dynamism inherent to EMS. This article thus reviews the most recent advances related to
EMS management from an operational level standpoint. It briefly reviews early works on
static ambulances' location problems and presents new modelling and solution strategies
proposed to address it. However, it intends to concentrate on relocation strategies and
dispatching rules, and discuss the interaction between these two types of decisions.

Finally, conclusions and perspectives are presented.
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Recent Advances in Emergency Medical Services Management

1. Introduction

Emergency Medical Services (EMS) are critical elements of modern health systems. These organiza-
tions are responsible for the pre-hospital component of health systems, which consists of medical care and
transportation activities performed from the reception of an emergency call to the release of a patient or
its transfer to a hospital. EMS thus play an important role in modern health systems and their ability to
efficiently respond to emergency calls can have a significant impact on patient’s health and recovery.

For most EMS, the process leading to the intervention of a paramedical team consists of the following
steps: (1) reception of an emergency call, (2) call screening, (3) vehicle dispatching, (4) vehicle traveling from
its current location to the emergency site, (5) on-site treatment and, (6) patient’s transportation to a health
facility and/or release. Although EMS’s vehicles may also provide medical transportation for non-urgent
patients, this paper focuses exclusively on emergency response activities. To adequately support this process,
EMS have to mobilize a set of resources (i.e. paramedics, ambulances, emergency medical responders, etc.)
and manage them efficiently. Several questions arise regarding the strategies to be deployed in order to
efficiently provide services. How many units of each resource should be used? How should the ambulance
fleet be managed? Where should the ambulances be located? All such decisions can be classified according
to the classical three decision-making levels: strategic, tactical and operational.

As presented in Figure 1, strategic decisions address, among others things, the location of ambulance
stations and ambulance fleet dimensioning. The tactical level involves decisions such as the location of
the potential standby sites, as well as crew pairing and scheduling. Finally, operational decisions, often
considered in real-time, are concerned with short term decisions such as relocation strategies and dispatching
rules. Dispatching decisions are taken in real-time considering predetermined rules, and there is a clear trend
towards addressing relocation decisions dynamically as well. Real-time fleet management strategies thus
receive an increasing amount of researchers’ attention.

Researchers have studied different aspects of EMS management. Until recently, most works had focused on
strategic and tactical issues, decisions of a static nature. For instance, the static location problem determines
the set of standby sites where ambulances will be positioned while waiting to be dispatched to respond
to emergency calls. Once implemented, the corresponding location plan will remain unchanged, i.e. each
ambulance will return to its designated standby site after completing a mission. Nevertheless, it becomes
clear that it may be beneficial to change ambulances’ locations during a day (i.e. to relocate them) in order to
account for the evolution of the situation faced by EMS. In the last years, a lot of effort has been dedicated to
the development of approaches that more explicitly consider the uncertainty and dynamism inherent to EMS
context, leading to a considerable amount of new models and management strategies. These new models,
particularly the ones devoted to vehicles relocation, have been mainly developed to deal with situations where
ambulances can be deployed on a large set of locations over the territory, which includes, but is not limited,
to hospitals or medical facilities. In this context, the designated standby site of an ambulance can be changed

during a day without involving significant costs or modifications to the system itself.
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Diecision Level Decisions Strategies Models
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Figure 1: Decisions problems related to EMS management

As highlighted in Figure 1, the aim of this survey is to review and discuss the most recent advances in
EMS management from an operational level standpoint. Contrarily to previous surveys (Brotcorne et al.,
2003; Goldberg, 2004), it concentrates on relocation strategies and dispatching decisions, and discusses the
interaction between these two decisions from a practical perspective. It also completes existing reviews by
considering specific location models that weren’t covered in previous surveys, providing a precise, exhaus-
tive and up-to-date picture on the research on location and dispatching decisions. Finally, it contributes
summarizing tables (inspired by the ones in Brotcorne et al. (2003)) to present in a synthetic form all the
models and variants discussed in the paper. The article is organized as follows. Section 2 briefly reviews
early key works on static ambulance location as an anchor to understand the most recent modelling and so-
lution methodologies. Section 3 traces and surveys the development of multi-period and dynamic relocation
strategies considered to tackle the system’s evolution over time. Section 4 presents and discusses dispatching

rules. Section 5 concludes the paper by providing conclusions and perspectives.

2. Static ambulance location

To ensure an adequate service level to the population, EMS use a given number of ambulances located
strategically over the territory they serve. The static ambulance location problem aims to select the standby

sites to use, and the number of ambulances that should be located at each of them while satisfying a set of
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constraints. A location plan thus defines a set of standby sites (i.e. parking lot, ambulance station, hospital,
and so on.) to locate one or more ambulances and assumes that each ambulance will return to its designated
standby site after completing a mission. Three main approaches have been considered so far to address the
location problem: mathematical programming, simulation and queueing theory. As presented in the surveys
of Goldberg (2004) and Bélanger et al. (2012), each of these approaches has its own pros and cons. Simulation
and queueing theory are able to adequately capture the dynamics and uncertainty of EMS, but their use
have commonly been limited to evaluate the performance of a given solution or strategy over a set of different
scenarios. On the other hand, mathematical programming seeks to produce a solution, but doing so generally
requires simplifying assumptions to ensure the development of tractable models.

This survey focuses on the latter approach. We refer the reader to the recent review of Aboueljinane et al.
(2013) for an interesting survey of simulation studies in the context of EMS and to Larson (1974, 1975) for

a description of one of the most used queueing theory based approaches for the evaluation of location plans.

2.1. Early works

As discussed in Brotcorne et al. (2003), many studies have been concerned with the static emergency
vehicle location problem thus resulting in the development of diverse static ambulance location models.
These models can be divided into three main categories following their chronological evolution: (1) single
coverage deterministic models, (2) multiple coverage deterministic models and (3) probabilistic and stochastic
models. Indeed, location models have evolved over the years to integrate more realistic aspects of the problem
such as demand uncertainty, availability of vehicles, traffic congestion, and so on. ReVelle (1989), Marianov
and ReVelle (1995) and Brotcorne et al. (2003) presented interesting surveys of mathematical models applied
to emergency vehicles location. Recently, Basar et al. (2012) proposed a taxonomy for emergency service
location’s problems, which includes a systematic analysis of model characteristics, but did not trace their
evolution nor described them as we do in this survey.

This section summarizes and presents early works that we deem more relevant to the presentation of the
new location and relocation strategies discussed later on. We refer the reader to the surveys listed above for
a more detailed description of these models, their formulation, as well as the methodologies proposed to solve
them. In the first subsection, we recall two seminal mathematical formulations to illustrate and support the
presentation of recent advances and new approaches related to static location.

Before going on with model descriptions, let us introduce the notation that will be used throughout the
paper. Ambulance location models can be defined on a graph G = (V, E) where V.= NUM, N = (v1,...,v5)
and M = (Vn41, ..., Untm) are two vertex sets representing, respectively, demand zones and potential standby
sites, and E = {(v;,v;) : v;,v; € V,i < j} is the edge set. To each edge (v;,v;) € E is associated a travel
time or distance d;;. The population associated with demand zone v; € V is equal to a;. Since most of
the models use the notion of coverage, the sets M; and M/ correspond to the sets of standby sites that can

cover a demand zone v; respectively within a defined time limit S and S’, S” > S. The set N; will rather
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correspond to the set of demand zone that can be reached by a vehicle located in v; within S. Finally, when

the number of ambulances is given, it is equal to P.

2.1.1. Deterministic single coverage models

Toregas et al. (1971) were the first to explicitly formulate the emergency vehicle location problem using
the notion of coverage: a demand zone is said to be covered if and only if it can be reached by at least one
vehicle within a prescribed time or distance frame. The location set covering problem (LSCP), proposed by
Toregas et al. (1971) sought to minimize the number of vehicles such that all zones are adequately covered.
It uses binary variables z; which are equal to 1 if and only if an ambulance is located at v; € M:

LSCP

m

minz Z; (1)
j=1
subject to

d a;>1,i=1,..n, (2)

jEM;
z; €40,1}, j=1,...,m. (3)
In practice, the number of vehicles needed to achieve such a complete coverage can be significant, even
not realistic in practice. Moreover, in many cases, managers are more interested in determining the best
possible usage of their given vehicle fleet. Considering these practical limitations, Church and ReVelle (1974)
formulated the maximal covering location problem (MCLP) that seeks to maximize the population covered
by a vehicle fleet of size P. Denoting y;, a binary variable equal to 1 if and only if demand zone v; is covered
by at least one vehicle within S, this model is formulated as:
MCLP .
max Z a;Y; (4)
i=1

subject to

Z T >y, t=1,..,n, (5)

JEM;
Y aj=P (6)
j=1
zj €{0,1}, j=1,...m, (7)
y; €{0,1}, i=1,...,n. (8)

The MCLP was later studied by Eaton et al. (1985) when selecting the location of ambulances in Austin

(Texas) and by Galvao and ReVelle (1996) who proposed a lagrangean heuristic to improve its resolution.
It is worth noting that both LSCP and MCLP considered only one type of vehicle. In real-life contexts,

it is however common to use more than one type of vehicle. In this regard, Schilling et al. (1979) proposed

three models that aim to maximize the population simultaneously covered by two types of vehicles: tandem
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equipment allocation model (TEAM), multi-objective tandem equipment allocation model (MOTEAM) and
facility-location, equipment-emplacement technique (FLEET).

Although relatively simple in their formulation, deterministic single coverage models LSCP and MCLP
lead to a significant number of variants and extensions, playing an important role in the development of
the models that will be discussed hereafter. They also made a valuable contribution by their application in

practice.

2.1.2. Deterministic multiple coverage models

Deterministic single coverage models consider the fact that a vehicle is always available upon reception
of an emergency call. Clearly, this is not always the case in practice. Indeed, a vehicle may not be available
to answer a demand when the time elapsed between the arrival of two consecutive calls from zones covered
by the same vehicle is too short, i.e. the vehicle is still serving the first call when the second call is received.
Solutions determined using single coverage models may not be robust when considered in real-life situations.
To increase the solution’s robustness, multiple coverage models have emerged. These models seek to increase
the likelihood of having a demand zone covered by one available vehicle by increasing the number of vehicles
available to cover the zone. Even if these models are neither probabilistic nor stochastic, they represent
an improvement over single coverage models since they indirectly consider the random nature of emergency
demands through vehicle availability.

Daskin and Stern (1981) was the first to explicitly consider multiple coverage. The hierarchical objective
set covering problem (HOSC) proposed by Daskin and Stern (1981) to locate emergency vehicles in Austin
(Texas) considers not only the first coverage, but all subsequent coverages. First, the HOSC minimizes the
number of vehicles needed to ensure a complete coverage (i.e. that all demand zones are covered at least
once), and secondly, maximizes the number of vehicles that can cover a zone. In this case, each supplementary
vehicle has the same impact on the objective function eventually leading to some perverse effects. Indeed, it
may not seem really interesting in practice to cover a zone with more than two vehicles if the likelihood of
having these two vehicles simultaneously busy is low. Moreover, since the HOSC does not explicitly consider
the population of each demand zone, it will tend to regroup vehicles around zones that can be easily covered,
leaving harder to reach zones covered only once.

Eaton et al. (1986) tried to overcome the weaknesses of the HOSC by considering the population density.
The Dominican ambulance deployment problem (DADP) then seeks to maximize the population that can be
covered by more than one vehicle, each additional vehicle still making the same contribution to the objective
function. It also minimizes the number of vehicles needed to guarantee a complete coverage. In parallel to
the work of Eaton et al. (1986), Hogan and ReVelle (1986) also intended to remedy the drawbacks of the
HOSC by considering the population density, but also by giving a hierarchical importance to the different
coverage levels. Two models are thus formulated for this purpose: backup coverage model 1 (BACOP1) and
backup coverage model 2 (BACOP2). Both models basically seek to maximize the population covered twice,

given a number of vehicles to locate.
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Later, Gendreau et al. (1997) presented the double standard model (DSM) which considers both the
concept of double coverage and different coverage radii. The DSM seeks to determine the location of a fixed
number of vehicles in order to maximize the population covered twice within a prescribed time frame S. The
model should also ensure that at least a proportion of the population is covered within S and that all the
population is covered within S’, S > S. Doerner et al. (2005) applied the DSM to locate ambulances in
Austria. The authors observed that some vehicles are overused in many models, i.e. they covered a large
proportion of the population within the time limit. Such an assignment can be unrealistic in practice. They
thus propose to integrate a penalty term in the objective function to limit the number of inhabitants that can
be assigned to an ambulance. Laporte et al. (2009) reported different applications of the DSM in Canada,
Austria and Belgium. These studies show that the DSM can be used to tackle real-life problems and that
the algorithms developed in such contexts allow to solve the problem efficiently. In a study conducted to
optimize ambulance deployment in Shanghai, China, Su et al. (2015) refined the DSM with a new objective
function that minimizes both the costs of delayed services and the operational costs. They also included, in
this modified formulation of the problem, a constraint that limits ambulances’ workload.

Finally, Storbeck (1982) proposed a flexible formulation based on goal programming to determine ambu-
lance location. The maximal-multiple location covering problem (MMLCP) aims to locate a fixed fleet of
vehicles in order to simultaneously minimize the population that will be left uncovered and maximize the

number of demand zones covered by more than one vehicle.

2.1.83. Probabilistic and stochastic models

Deterministic multiple coverage models were elaborated considering the fact that the robustness of a loca-
tion plan should increase when multiple coverage is ensured. Even if they represent a significant improvement
over single coverage models, they still have their limits. Indeed, ensuring the double coverage does not, in
practice, guarantee a satisfying service level. On the other hand, it may not be necessary to seek double
coverage if the system under study is not congested at all. To overcome these limitations, some authors have
decided to consider more explicitly the different sources of uncertainty. Probabilistic and stochastic models
have been developed to provide a more accurate representation of real-life situations.

The first probabilistic models presented in this section are referred to as expected covering location models.
These models seek to establish the set of vehicle locations that maximizes the expected coverage. As will be
described later on, the expected coverage generally considers the vehicle availability. This is in fact one of
the approaches proposed to address the uncertainty related to service requests. In some cases, the expected
coverage may also consider the travel time stochasticity. As shown in Erkut et al. (2009), considering more
explicitly the uncertainty in location models presents clear advantages.

Daskin (1982, 1983) was among the first to integrate vehicle availability in a maximal coverage location
model. The busy fraction of a vehicle, noted ¢ and defined as the probability that a vehicle is unavailable to
respond to an emergency call, is then considered in the expression of expected coverage. The busy fraction

is assumed to be known and takes the same value for all vehicles, independently of their location. Hence, if a
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demand zone i is covered by k vehicles, the expected covered demand is given by Ej, = a;(1 —¢*) where 1 —¢*
represents the probability that at least one vehicle is available and a; is the number of demands arising from
demand zone i. The maximum expected covering location problem (MEXCLP) presented by Daskin (1982,
1983) thus aimed to locate a given number of vehicles in order to maximize the expected coverage, which
depends on the busy fraction. The MEXCLP was later used by Fujiwara et al. (1987) to locate ambulances in
Bangkok, Thailand. Several extensions of the MEXCLP have also been proposed. Bianchi and Church (1988)
formulated MOFLEET, a MEXCLP variant that independently considers the location of standby sites and
the assignment of vehicles to them. Daskin et al. (1988) proposed a more general version of the MEXCLP
that can handle different coverage levels. A multi-period version of the MEXCLP that will be discussed
hereafter has been developed by Repede and Bernardo (1994). Finally, the MEXCLP is studied by Aytug
and Saydam (2002) who proposed a genetic algorithm to solve it.

The MEXCLP and its variants consider three main assumptions: the busy fraction is known and the
same for all vehicles, the busy fraction is independent of the vehicle location, and each vehicle operates
independently. As mentioned by Batta et al. (1989), these assumptions are generally not met in practice.
Depending on the context, this can lead to a significant gap between the predicted and the actual system’s
performances. To provide a better estimate of the expected coverage, Batta et al. (1989) proposed two
variants of the MEXCLP that allow the relaxation of some of its basic assumptions. Their first model,
the adjusted MEXCLP (AMEXCLP), is very similar to the MEXCLP but it considers in the objective
function a corrective factor from queuing theory (Larson, 1975) that allows to relax the vehicle independency
assumption. In the second model, Batta et al. (1989) proposed the use of the hypercube model (Larson, 1974,
1975) to estimate the expected coverage given a pre-determined location plan. In this case, the relaxation
of the three basic assumptions is allowed as well as the integration of calls that have been placed in queue
in the expected coverage computation. Following the same idea, Galvéo et al. (2005) developed a simulated
annealing heuristic to find an optimal location plan that uses the hypercube model to compute the expected
coverage.

Each model presented so far considers deterministic travel times. In practice, the travel time between
two locations may however vary from one intervention to another due, for instance, to traffic congestion.
Daskin (1987) suggested to determine the location of emergency vehicles, their assignment to demand zones
as well as the route they should follow to reach a demand considering stochastic travel times. In this case,
the expected coverage is expressed as a function of the probability that a vehicle can reach a demand zone
within the prescribed time frame assuming that vehicles are always available. The model proposed by Daskin
(1987) thus maximized the expected coverage while minimizing the average response time in the specific case
where two emergency vehicles must be sent to an emergency call.

Goldberg et al. (1990) proposed a model that pursues similar objectives as those of the MEXCLP and its
variants. This model still determines the location of a given number of vehicles that maximizes the expected

coverage, but now considers stochastic travel times. In addition, dispatching decisions are assumed to be
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based on a preference list, i.e. a list of vehicles sorted with respect to their priority of dispatch. The expected
coverage is thus expressed using the probability that a demand zone can be reached within the time frame,
given the preference list. The probability that a vehicle is busy is assumed to be independent of the system
state and is computed using queueing theory. The model proposed by Goldberg et al. (1990) allows to
compute several performance measures given a set of fixed vehicles locations. It can be used as a descriptive
model or within an optimization framework. Goldberg and Paz (1991) later developed an exchange-based
heuristic that uses the model proposed by Goldberg et al. (1990). The concept of expected coverage is extend
to EMS organizations that use two types of vehicles in Mandell (1988). Finally, Ingolfsson et al. (2008)
proposed a model inspired by the one of Goldberg et al. (1990) but in which the chute time variability is also
considered. The chute time is defined as the time elapsed between the arrival of the call and the dispatching
of a vehicle to the corresponding emergency.

Each model presented in this section aims to maximize the expected coverage by taking into account
the probability that a vehicle can serve a demand zone within a prescribed time frame. Chance-constrained
programming has been considered as a second approach to address the different sources of uncertainty arising
in the emergency vehicle location. Unlike expected coverage models, chance-constrained ones consider the
uncertainty in the formulation of a set of probabilistic constraints that will guarantee the system reliability.
A lower bound on the number of vehicles needed to ensure an adequate coverage of each demand zone is
determined consequently. The methodology used to compute this lower bound varies from one model to
another.

Following this idea, ReVelle and Hogan (1988) formulated the probabilistic location set covering problem
(PLSCP), a probabilistic version of the LSCP. It seeks to minimize the number of vehicles required to
ensure that at least one vehicle is available for each demand with a given level of reliability. In this case,
probabilistic constraints are formulated using zone-specific busy fractions. The busy fraction of a given zone
is then expressed as the ratio between the service time for demands arising in the zone and the availability
of the vehicles that can ensure their coverage. Following the same idea, ReVelle and Hogan (1989) proposed
a probabilistic version of the MCLP called the maximal availability location problem (MALP). The MALP
determines the location of a given number of vehicles that maximizes the population covered by at least
one available vehicle within the prescribed time frame, with a given level of reliability. Two versions of the
MALP have been formulated. These two versions basically differ in the way the busy fraction is expressed.
In the first version, the busy fraction is assumed to be the same for all demand zones. The number of vehicles
required to guarantee the service’s reliability is consequently the same for all demand zones. The second
version rather uses zone-specific busy fractions as in the PLSCP. ReVelle and Marianov (1991) also proposed
a probabilistic version of FLEET referred to as PROFLEET. The model aims to maximize the number of
calls that can be simultaneously covered by two types of vehicles with a given level of reliability. Recently,
Shariat-Mohaymany et al. (2012) exploited the idea of the PLSCP to formulate a model that limits the

demand assigned to each vehicle, in addition to providing a minimum reliability level for each demand zone.
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MALP, PLSCP and PROFLEET assume that busy fractions are vehicle independent. However, this
assumption can, in some cases, impact the busy fraction estimate and consequently, the predicted system
performances. To relax this assumption and thus provide a more accurate estimate of the actual system’s
performances, Marianov and ReVelle (1994, 1996) proposed two models, Q-PLSCP and Q-MALP, that are,
in fact, straightforward extensions of the PLSCP and MALP. In such models, queueing theory is used to
compute the number of vehicles needed to ensure the system’s reliability. More recently, Harewood (2002)
developed a multi-objective variant of the Q-MALP. Galvao et al. (2005) also proposed an extension of the
MALP that uses queueing theory to better represent real-life situations. This model integrates a corrective
factor within the probabilistic constraints formulation that allows the consideration of vehicle-specific busy
fractions rather that zone-specific ones as well as cooperation between vehicles.

Up to now, most of the models proposed considered the availability of vehicles as the main source of
uncertainty. This is in fact a first approach to consider indirectly the uncertainty related to the arrival
of demands. In their model called REL-P, Ball and Lin (1993) decided to consider the random behaviour
of service requests more directly. It is thus assumed that each demand is generated according to a given
probability distribution. They formulated a constraint that limits the probability that the number of calls
arising in a given region and for a given time period is greater than the number of vehicles available to cover
the zone, with a given level of reliability. The objective function of the REL-P minimizes the total cost
incurred to guarantee the service reliability for each demand zone. Borras and Pastor (2002) later proposed
a variant of REL-P that uses a vehicle-specific busy fractions rather than a zone-specific ones as it is the case

in REL-P.

2.2. Recent models and new approaches

Most of the early models indirectly consider the uncertainty related to both demands and travel times.
Many of them also use the coverage to assess the system’s performances. More recently, researchers have
continued to work on the static ambulance location problem with the aim of addressing more explicitly some
of the issues related to the randomness. Alsalloum and Rand (2006) refined the expected coverage definition
to consider random travel times. Beraldi et al. (2004), Beraldi and Bruni (2009) and Zhang and Jiang (2014)
decided to consider more explicitly the assignment of vehicles to emergency demands within a stochastic
framework. This section thus depicts these recent models new approaches.

Similarly to Ball and Lin (1993), Beraldi et al. (2004) studied the vehicle fleet location and dimensioning,
as well as the assignment of vehicles to demand zones. They also intended to consider more explicitly service
requests randomness. They then assumed that each vehicle is able to serve at most a given number of
emergency calls during the planning horizon. The model proposed by Beraldi et al. (2004) is thus closely
related to classical location-allocation models. Nevertheless, it still takes into account that a vehicle is able
to serve an emergency demand if and only if it can reach it within a prescribed time frame. In both their
deterministic and probabilistic models, y; denotes a binary variable equal to 1 if, and only if, the site j is

used, x;;, the number of vehicles located in j that will serve the demand zone i, p;, the limit on the number
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of vehicles that can be located in j, c;;, the cost of allocating a demand zone i to the site j, f;, site j
opening costs. Other variables and parameters have been defined at the beginning of the current section.
The deterministic model corresponding to the problem under study and that serves as the basis for their
probabilistic model is:

n m m

minZZcijxij +ijyj (9)

i=1 j=1 j=1

subject to:

Z Tij > aii=1,..,n, (10)

JjeEM;
Z Tij < pjys,J = 1,...,m, (11)
iEN;
z;; >0, integer,i =1,...,n,j=1,...,m, (12)

This model intends to determine the ambulance standby sites and the assignment of ambulances to demand
zone that minimize the total cost (9), including opening and assignment costs. It should also ensure that
each demand zone is covered by at least one vehicle within a given time frame (10) and that the limit
for the number of vehicles that can be positioned at each standby site is satisfied (11). Nevertheless, the
reliability of EMS systems often relies on their capacity to serve random service requests, which corresponds,
from a mathematical perspective, to the satisfaction of demand related constraints (10). To ensure demand
satisfaction with a given level of reliability, Beraldi et al. (2004) proposed the formulation of probabilistic
constraints. Considering a global reliability level rather than local ones as it is the case with the REL-P, the
probabilistic constraints proposed by Beraldi et al. (2004) can be expressed by:

P(Z ;> G,i=1,...,n) >« (14)

JjeM;

where (; represents the random variable related to the demand placed in . Considering that each demand
follows an independent random distribution, a deterministic equivalent can be formulated, where the prob-
abilistic constraints are replaced by a set of deterministic constraints. The stochastic model proposed by
Beraldi et al. (2004) can thus be formulated in a similar way than its deterministic counterpart where the

constraint (10) is replaced by the set of following constraints:

n ki
Zzaikzik >3 (15)

1=1 k=1
ki
Z zij =1l + Zzik; (16)
JjeEM; k=1
Zik € {0, ].} (17)
where
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8 = In(a) — In(F(1). (19)
i = F\(a) (20)

and where F; is the probability distribution of (;. The reliability of the system is then ensured by the
satisfaction of this set of constraints.

More recently, Alsalloum and Rand (2006) formulated an extension of the MCLP to locate an ambulance
fleet in Riyadh (Saudi Arabia). The MCLP simultaneously integrates the concept of expected coverage
and the formulation of probabilistic constraints, and is concerned with the standby sites selection and the
assignment of vehicles to demand zones. It determines the best standby site selection based on the expected
coverage, as well as the number of vehicles to locate at each of the selected standby sites in a way that
each demand zone can find at least one available vehicle when a demand is placed. In this case, rather than
considering a strictly binary coverage measure, the authors proposed to consider a coverage probability. The
coverage probability denoted F;; is defined as the probability that a demand zone ¢ can be reached by a
vehicle located at a standby site j within a prescribed time frame. This probability is strongly influenced
by the travel time between the demand zone and the standby site considered. According to the authors,
this allows for a better assessment of the expected coverage, especially when the aggregation level is high.
The availability of vehicles is considered through a probabilistic constraints where the minimum number of
vehicles required to achieve a given level of reliability is obtained using queueing theory. To model the MLCP,
some variables and parameters are defined: y;; is a binary variable equal to 1 if, and only if, P;; > p where p
is a predetermined bound and j is the location for which the distance between i and j is the smallest, x;is
a binary variable equal to 1 if, and only if, k vehicles are located in j, A;, the arrival rate of demand placed
in 4, a;, the proportion of demand arising in ¢, and 7, a boundary value on the arrival rate that requires
the addition of a vehicle (from k to k + 1) determined by the means of queueing theory. The proposed goal

programming model is then:
m
min Pody + P Zd} (21)
j=1

subject to:
n

> D aiPiyi; +dy =1, (22)

i=1j=1
Z TRTjk — ZAiyij —df =0,j=1,..,m, (23)
1<k<p; i=1
oy <1, i=1,..m, (24)
j=1
pj
ijk <1, j=1,...m, (25)
k=1
m  Pj
YD wk=P (26)
j=1k=1
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vij, ik € {0,1},i=1,..,n,j=1,...mk=1,..,p;. (27)

More explicitly, this model simultaneously aims to minimize the population that is not expected to be
adequately covered and the number of vehicles to locate. It needs to guarantee that each demand zone can
find at least one vehicle when a demand is placed, that the capacity of each standby site is satisfied, and that
a given number of standby sites are utilized. Py and P; represent the weight related to each objective while
d, and d;' represent the deviation corresponding to each of these objectives. Deviations are computed within
constraint (22) and (23). Finally, constraints (24), (25) and (26) respectively ensure the coverage of each
demand zone, the satisfaction of the capacity constraint of each standby site 7 and the location of exactly
P sites. The authors used the model to determine the optimal location of an ambulance fleet in the city of
Riyadh, in Saudi Arabia.

In addition, Beraldi and Bruni (2009) proposed an ambulance location model that is neither based on
the expected coverage nor on the definition of probabilistic constraints. The model is rather formulated as
a two-stage stochastic program. To the best of our knowledge, this is the first attempt to apply two-stage
stochastic programming to the static ambulance location. Two decisions stages are thus considered: the first
stage selects the location of standby sites, and the second determines the assignment of incoming service
requests to standby sites once the uncertainty about service requests is revealed. Denoting z;, the number of
vehicles located in j, z;, a binary variable equal to 1 if, and only if, the site j is selected, a(w), the random
vector corresponding to demand realization, y;;(w), a binary variable equal to 1 if, and only if, demand zone 4
is assigned to vehicles located in j when a(w) is known, c;, the cost of locating a vehicle in j, f;, the opening
cost of j, d;;, the distance or the cost involved when a demand arising in ¢ is served from site j, Nj, the
set of demand zones that can be covered by the site 7 within the prescribed distance or time frame S and
M;, the set of sites that can ensure the coverage of a demand zone ¢ within S, Beraldi and Bruni’s model is

formulated as follows:

min Y (c;z; + f32) + BwlQ(x, 2, w)] (28)
j=1

T Sijj,j: 1,...,m, (29)

zj € {0,1}, z; integer, j =1,...,m (30)

where

Q(z,z,w) = myinZZdijyij(w), (31)

i=1 j=1
> a(w)ys(w) <aj, j=1,..m, (32)
iEN;
JEM;
yij(w) <z, i=1,..,n, j=1,...,m, (34)
yij(w) € {0, 1}, t=1,...,n, j=1,...,m. (35)
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In particular, the objective function includes two terms: the first one aims to minimize the location costs, and
the second, the recourse action costs, is defined as the cost of serving the demand. The first stage constraints
stipulate that a limited number of vehicles must be located at each standby sites. Meanwhile, the second stage
constraints force the number of vehicles at a given standby site to be sufficient to cover demands assigned
to it, and ensure that each demand is assigned to at least one vehicle once the uncertainty is revealed. Each
demand arising in ¢ must by assigned to vehicles located in j if, and only if, site j is selected (34). The
authors also proposed to integrate probabilistic constraints to the model to ensure the system’s reliability
through demand-related constraints satisfaction. To solve the problem, an exact solution approach as well
as three heuristics have been developed. The solution methodologies are validated using a set of different
size instances, and considering sets of scenarios varying from 10 to 40. Zhang and Jiang (2014) followed
the same idea to formulate an ambulance location model that minimizes operating cost of ambulances and
transportation costs, as well as demands not fulfilled in time. However, they resorted to robust programming
instead of two-stage stochastic programming to address demand uncertainty. The proposed methodology was
validated using historical data from a major city in China, which includes from 30 to 70 candidate stations.

More recently, some researchers have considered the use of simulation tools to better approximate the
expected performance of the system within a simulation-optimization framework. Indeed, simulation offers
an opportunity to evaluate system’s performances without the assumptions needed to adequately elaborate
most of the previous models. Mason (2013) therefore reports the use of a simulation model to evaluate a set
of neighbouring solutions in a local search heuristic that seeks to determine the best possible set of standby
sites for an ambulance fleet. Zhen et al. (2014) also considered the use of simulation to evaluate solutions in
the genetic algorithm developed in their study. In this case, the number of vehicles to assign to each standby
sites whose location has been already fixed must be determined. This methodology was successfully applied

to the context of Shanghai, in China where 80 vehicles and 12 standby sites were considered.

3. Multi-period and dynamic relocation problems

Static ambulances location problems basically aim to select the set of stations or standby points where
vehicles will be waiting between two assignments to emergency calls. Then, a vehicle will be assumed to
return to its home base after its mission’s completion. Under some circumstances, it may however be more
interesting to modify a vehicle’s home base during a day to better consider the evolution of the system
over time. The relocation problem thus consists in relocating available vehicles among potential stations or
standby points to ensure an adequate service to the population. The evolution of the system can be the
result of demand’s pattern fluctuations throughout a day due, for instance, to population’s movements. To
take those fluctuations into account, a workday is divided into several time periods. Different location plans
are established for each time period, then vehicles are moved between periods to reach the next location
plan. This problem is referred to as the multi-period relocation problem. The evolution of the system can

also be the result of system state’s variations. For instance, when some vehicles are responding to emergency
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demands, the system has to operate with a reduced vehicle fleet. Considering this fact, the system state
is assumed to vary as the number of available vehicles will evolve through ambulance dispatches and ends
of mission. Vehicles will then be relocated when the system changes and requires it in order to maintain
a proper service level. In this case, since relocation decisions depend on the system’s state, the problem is
referred to as the dynamic relocation problem.

Both multi-period and dynamic ambulance relocation problems are in fact closely related to their static
counterpart. Nevertheless, relocation problems have some characteristics of their own. First of all, the static
ambulance location problem is generally considered at the tactical level. The relocation problem is rather
considered at the operational level and, in some cases, even solved in real-time. Indeed, EMS managers
often have to make very quick decisions when it comes to dispatching and relocation decisions to ensure a
proper service level. In addition to the decision-making level difference, relocation problems usually include
a set of practical constraints that aims to ensure the system stability, which is not the case in static location
problems. Upper bound on the number of relocated vehicles or on the traveled distance can then be taken
into account. In this manner, the trade-off between service level and relocation costs can be considered.

In the past few years, a lot of attention has been devoted to the development of approaches to solve both
the multi-period and the dynamic relocation problems, and new studies continue to appear regularly. Indeed,
as shown in Bélanger et al. (2014), in many cases, a better service level can be achieved using more flexible
management strategies such as relocation. In this section, we trace the evolution of these approaches from

the early ones to the most recents, and discuss their respective particularities and characteristics.

3.1. Multi-period relocation models

When addressing the ambulance location problem arising in Louisville (Kentucky), Repede and Bernardo
(1994) observed that the location models proposed so far did not consider demand variations over time.
However, in the case of Louisville as in many other contexts, demand patterns may vary according to the
time period. Repede and Bernardo (1994) therefore formulated the maximal expected coverage location model
with time variation (TIMEXCLP), a multi-period variant of the MEXLCP. To the best of our knowledge,
the TIMEXCLP is the first multi-period ambulance relocation model. As in the MEXCLP, the TIMEXCLP
maximizes the expected coverage, but also considers variations in the demand patterns and the number of
available vehicles with respect to the time periods. However, it did not explicitly account for relocation
costs between periods, which makes the TIMEXCLP a straightforward extension of the MEXCLP. Both
formulations are thus very similar, except for a time index added to adequately address the different time
periods. The TIMEXCLP is solved only once a priori (i.e. before operating the system), and selected location
plans are applied according to the time period. Cost between periods, which includes start-up and relocation
cost, was recently been included in the work of van den Berg and Aardal (2015).

More than a decade after Repede and Bernardo (1994), Rajagopalan et al. (2008) proposed a multi-period
variant of the PLSCP called the dynamic available coverage location model (DACL). The DACL seeks the

minimum number of vehicles required to guarantee the coverage of each demand zone, with a given level of
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reliability and considering several time periods. A corrective factor is also included in the formulation of the
probabilistic constraints to ensure the system’s reliability, which is not the case in the PLSCP. As in the
TIMEXCLP, the DACL did not integrate any constraints that take into account the relocation of vehicles
between periods. A reactive tabu search metaheuristic is proposed by Rajagopalan et al. (2008) to solve this
problem. Later, Saydam et al. (2013) extended the DACL to also consider the minimization of the number
of relocated vehicles between periods. The metaheuristic developed by Rajagopalan et al. (2008) was then
adapted to address this new objective. In both contexts, location plans are computed once a priori for all
periods and applied when needed.

Bagar et al. (2011) considered the problem of determining where and when ambulance stations should be
open over a multi-period planning horizon. More precisely, the multi-period backup double covering model
(MPBDCM) proposed by Bagar et al. (2011) is a multi-period combination of BACOP and DSM. It aims
to determine which stations to use at each period so that the population covered by two distinct stations is
maximized for all periods. The main difference between the MPBDCM and previous multi-period relocation
problems is that it considers that, when a station is open at one period, it must remain open until the end
of the planning horizon. This can be justified when the station status changes involve significant costs or
inconveniences. It also allows to consider longer time periods. To adequately formulate the MPBDCM, the
following variables and parameters need to be defined. Denoting x;;, a binary variable equal to 1 if, and
only if, site j is used at period ¢, u;, a binary variable equal to 1 if demand zone i is covered two times
respectively within S and S’ at period ¢, and considering p;, a parameter denoting the maximum number of
sites that can be used at period ¢ and a;;, the population of demand zone i at period ¢, the MPBDCM is:
MPBDCM

T
max Z z”: Airlis (36)

t=1 i=1
subject to:
ijt S Dt t= 17"'7T7 (37)
j=1

> ap—ue >0, i=1,.,n, t=1,.,T, (38)

jeM;
S wp—2uy >0, i=1,.,n, t=1,..T, (39)

jEM!
Tjt — Tjt—1 > 0, j = ].7...7WL7 t= ]., ...,T, (40)
Tjt, Uit € {0, 1}, i=1,..,n, 7=1..m, t=1,..T. (41)

The MPBDCM seeks to maximize the population covered twice within S and S’ respectively (36). It must
also ensure that the maximum number of stations used at each period is respected (37), that each demand
zone is adequately covered (38) (39), and that a station remain open until the end of the planning horizon
once it has been open (40). To solve this model, Basar et al. (2011) developed a tabu search metaheuristic,

and applied it in the case of the city of Istanbul, Turkey.
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Finally, Schmid and Doerner (2010) presented the multi-period double standard model (mDSM), a multi-
period extension of the DSM. The mDSM differs from its static counterpart by the fact that it now considers
the travel time variation between periods due, for instance, to traffic congestion. Indeed, the authors observe
that in many cases, travel times may vary significantly throughout a day. However, only a few models
address this issue, which can lead to an inadequate estimation of the system’s performance. To overcome this
drawback, Schmid and Doerner (2010) proposed the mDSM that considers period dependent travel times. A
set of locations from which a demand zone can be reached within a time frame is then defined for each period.
Nevertheless, the number of available vehicles, the capacity of potential standby sites as well as the demand
patterns remain the same over the entire planning horizon. The mDSM is thus relatively similar to the DSM
besides the fact that it integrates a penalty term in the objective function to limit the number of relocated
vehicles between periods. Moreover, it considers a limit on the number of demands that a vehicle can serve,
which was not the case in the first version of the DSM. This constraint is integrated in the DSM only in
Doerner et al. (2005). Schmid and Doerner (2010) proposed a variable neighbourhood search metaheuristic
to solve the mDSM, then used it to address the ambulance location problem encountered in Vienna, Austria.

The different models presented so far considered that the demand, as well as the number of available
vehicles and travel times, may vary throughout a day. Although they may offer a better representation of real-
life situations, they do not allow to consider explicitly the system’s state changes following vehicle dispatches

or ends of missions. To deal with these situations, the dynamic relocation must rather be considered.

3.2. Dynamic relocation models

The first ambulance relocation model that explicitly accounts for EMS dynamic nature has been proposed
by Gendreau et al. (2001). The ambulance relocation problem (RP!) is based on the DSM proposed by the
same authors. The RP? still maximizes the population covered by at least two vehicles within the prescribed
time frame, but simultaneously intends to minimize relocation costs. For this purpose, the objective function
includes a penalty term that takes into account the relocation history of vehicles. This penalty term aims to
avoid too long and round-trips, as well as to move the same ambulance repeatedly, and is updated each time
a relocation is performed. Denoting u;, a binary variable that is equal to 1 if the demand zone i is covered at
least twice, xj; a binary variable equal to 1 if, and only if, the vehicle % is located in j, and M},, the penalty
term related to the relocation of vehicle k from its current location to location j at time ¢, the RP! function

is formulated as follows:

n m p
maXZaiui — ZZM;kxjk (42)
i=1

j=1k=1

Moreover, considering y; a binary equal to 1 if, and only if, demand zone i is covered at least once, the set

of constraints is:

p
DN a1 i=1,..n, (43)

JjeEM] k=1

Zn:aiyi > Oézn:du (44)
i=1 i=1
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p
Z ijk 2 Yi + uq, 1= ]-7 ey T2, (45)

JEM; k=1
yizui7 i:l,...,n7 (46)
=1 k=1,..,p, (47)

j=1

P

ijk <pj, j=1,...,m, (48)

k=1
yi,u; €{0,1}i=1,...,n, (49)
zjr€{0,1}, j=1,..mk=1,...,p. (50)

In practice, the RP?! should be solved each time a vehicle is dispatched to an emergency call. However, in EMS
contexts, relocation decisions must generally be made in real-time, and the computational time needed to solve
such a relocation problem may be too long to consider each time a vehicle is dispatched to a call. To overcome
this difficulty, the authors proposed to take advantage of the time available between two calls to determine
the relocation plan associated with each possible dispatching decision. This way, when the identity of the
dispatched vehicle becomes known, the corresponding relocation plan can be applied directly. Therefore,
since the RP? must be solved for each possible dispatching decisions, an efficient solution methodology is
required. The authors thus proposed a tabu search metaheuristic inspired by the one proposed to solve the
DSM (Gendreau et al., 1997). In addition, they proposed the use of parallel computing to solve the different
relocation problems in a timely manner. The proposed methodology has been successfully tested on the data
of Montreal, Canada. Moeini et al. (2013) recently extended the RP! to integrate different requirements in
terms of coverage, i.e. only some of the demand zones will really benefit from double coverage. As mentioned
by the authors, the development of such a model is justified in the context of the study carry out in Val-
de-Marne (a county in France) where the intensity of emergency service demands is quite low. In this case,
approximately 20 to 30 calls per day required the dispatch of one of the 8 ambulances used to provide the
service.

Gendreau et al. (2006) proposed another dynamic relocation model that is particularly relevant to physi-
cian’s cars location that they named the maximal expected relocation problem (MECRP). The proposed
approach intended to determine the appropriate relocation plan for each possible system’s states, defined as
the number of available physician cars. Such an approach is possible since the number of physician’s cars is
relatively small. Therefore, the MECRP aims to maximize the expected coverage for all possible system’s
states. It also includes a limit on the number of vehicles that can possibly be relocated between states.
Denoting x;x, a binary variable equal to 1 if, and only if, a vehicle located in j at state k, y;x, a binary
variable equal to 1 if, and only if, demand zone i is covered by at least one vehicle at state k, u;x, a binary
variable equal to 1 if, and only if, the location j is no longer used when the system goes from state k to state

k + 1, and g, the probability of reaching state k, k = 0, ..., P where P is the total number of vehicles, the
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MECRP is formulated as follows:

P n
maXZ ZaiQkyik (51>

k=1 1=1
subject to:
> @ik =y, i=1,...,n, k=0,.., P, (52)
JEM;
ijk =k k=1,.., P, (53)
j=1
Tjk = Tjk+1 < Ughs (54)
> upp <ap, k=1,.,P—1, (55)
j=1
zjr € {0,1},u, € {0,1}, j=1,..,m, k=1,..., P, (56)
yir €{0,1}, i=1,...,n, k=1,..,P. (57)

It is worth noting that MECRP constraints are similar to those formulated in the MCLP. Nevertheless,
constraints must be added to control the number of vehicles relocated between states. The MECRP is thus
solved only once a priori, and the relocation plan corresponding to each state will be applied when needed.
This model is solved and validated by the means of CPLEX using the data of Montreal, Canada. Maleki
et al. (2014) formulated two models that specify the movements of ambulances from hospitals to stations and
from stations to other stations, using the output of the MECRP. They applied this methodology to locate
ambulances in four districts of Isfahan, Iran.

Andersson and Véarbrand (2007) proposed a dynamic ambulance relocation model that differs from the
one of Gendreau et al. (2001) by the way it assesses the system’s performance. Indeed, this model considers
the preparedness measure, defined as the capacity of the system to answer future demands, rather than a
coverage measure as in most of the previous models. The preparedness of a given demand zone 4 considers
a;, a weight that mirrors the demand for ambulance in the zone (here the population), K;, a given number of
vehicles that will be used in the computation of the preparedness of the zone (generally the closest vehicles),
t¥ the travel time for each considered vehicle k to the zone i, and 7*, a contribution factor of each considered
vehicle. Considering these parameters, the demand zone i preparedness, g;, is given by the following equation:

k

1 K ¥
Qizgztj (58)
b k=1

K3

In practice, the level of preparedness for each demand zone is verified regularly, and the relocation of vehicles
is launched when it drops below a predetermined value. To determine the best relocation plans, the authors
proposed to solve a model that they referred to as DYNAROC. This model seeks to minimize the maximal
travel time required to perform the relocation, i.e. for any of the relocated ambulances. As it was done in the

RP!, DYNAROC includes a set of practical constraints that limit relocation travel times and the number of

18 CIRRELT-2015-28



Recent Advances in Emergency Medical Services Management

relocated vehicles. Moreover, a limit is considered on the level of preparedness to achieve for each demand
zone after a relocation. Denoting x?, a binary variable equal to 1 if, and only if, the vehicle & is relocated to
a standby site in zone i, Ng, the set of zones that can be reach by the vehicle k within a prescribed delay S,

and P42, a parameter denoting the maximal number of relocated vehicles, DYNAROC is:

min 2z (59)
subject to:
2> Y taf, k=1,..P, (60)
1€ Ng
doab <1, k=1,..P (61)
1EN}
P
Z Z .Z‘f < Pmaxa (62)
k=1i€Ny
K;
1 «— vk
- w5~ = Omin, 1=1, ey T2, (63)
a; ; th(zt, .., 2k)
ahef{0,1}, i=1,...,n k=1,.,P (64)

To solve this model, the authors proposed a tree-search heuristic, and then tested it using the data from
Stockholm, Sweden.

In a similar way that what was done in Gendreau et al. (2006) for physician’s cars location, Nair and
Miller-Hooks (2009) presented a location-relocation model that considers the evolution of the system’s state
over time. In this case, the system’s state at a given time is defined by the incoming call probability
distributions, the number of available vehicles and the travel time within the road network at that particular
time. The multi-objective model proposed by Nair and Miller-Hooks (2009) includes two objectives that
maximize the double coverage and minimize location-relocation costs respectively. Denoting R, the set of all
possible system’s states, |R| = "maz, Uir, a binary variable equal to 1 if, and only if, the demand zone i is
covered by at least two vehicles within a prescribed delay at state r, p;., the probability that a call arising
from demand zone ¢ at state r, x;., a binary variable equal to 1 if, and only if, a vehicle is located in j a
state 7, cjr, the cost associated with such location, w;-[/, a binary variable that is set to 1 if a vehicle is
relocated in j to | when the system’s state goes from r to r’, R ;[l, the cost of such relocation, and PP/,
the probability of going from state r to 7/, these two objectives are:

Tmax M
Z; = max Z Zpiruir (65)
r=1 i=1
Tmaz T Tmaz Tmax M M
TN ShOTINEL Sl 503 oY B T o5
r=1 i=1 r=1,r#r’ r'=1 j=1 =1

The model’ constraints are very similar to the ones of the DSM (Gendreau et al., 1997) and similar models,

but adapted to consider the studied context. In the same way as it was done for the MECRP, the model is
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solved once a priori to establish a relocation plan for each possible system’s state. Results obtained using the
data of the city of Montreal, Canada, show that the use of such strategy can improve system’s performances
by 1.3 % to 6.4 % according to the number of available vehicles.

As opposed to previous models, in the work of Maxwell et al. (2009), dynamic programming is considered
to formulate the dynamic ambulance relocation problem. The problem studied by the authors is however
limited to the relocation of vehicles that just completed their mission. From a human resources standpoint,
it allows to reduce the inconveniences related to relocation. Moreover, from a mathematical standpoint, it
significantly reduces the number of possible decisions. When a vehicle completes a mission, the relocation
problem considered consists in determining its next standby site such that the number of calls that can be
reached within a given time frame is maximized. More precisely, the optimality equation seeks the policy that
minimizes the discounted total expected cost given an initial state, where the cost is defined as the number of
calls that cannot be reached in a timely manner. The model uses s, the system’s state defined according to
the current time and event, to a vector A that describes each vehicle’s state, and to a vector C that describes
each call’s state, X (s), the set of all feasible decisions at state s, c¢(sg,Zk, Sk+1), the transition cost from
state si to state sgy1 given a decision xy, f(s,x,w(s,x)), the transfer function that depends on the system’s
state, the decision made and random elements w(s, z), a, a fixed discounted factor with « € [0,1] and 7(s)
the time at which the system visits state s. The policy that minimizes the discounted total expected cost

given an initial state s can be determined by computing the value function through the optimality equation:

J(s) = min {Ele(s, 2, f(s, 2, w(s,2))) + a7V o0 =7 g (£ (5,0, w(s,2)))] | (67)
z€X(s)

It is worth noting that in this case, the cardinality of the X(s) is relatively small since only one vehicle is
eligible for relocation. The transition cost allows to compute the number of calls that will be reached beyond
the time frame: c(sk, Tk, Sg+1) is equal to 1 if the next event e(sgy1) is of the form ambulance i arrives at scene
of call j, and if the corresponding call is urgent and the time frame is exceed and 0, otherwise. Nonetheless,
the evaluation of the corresponding value function is still a challenging task. Indeed, the high dimensionality
of the state variable leads to a large number of possible values of the system’s state. Classical dynamic
programming algorithms cannot be directly applied. To overcome this situation, the authors proposed the
use of approximate dynamic programming. The new challenge thus consists in selecting the right value
for the parameters needed to determine an adequate approximation of the value function. When such a
good approximation is found, the optimal policy can be identified by enumerating each possible decision and
evaluating the corresponding expected value using Monte Carlo simulation. Results of this study show that
the optimal policy allows for an improvement of approximately 4 % over a myopic policy, i.e. returning the
vehicle to its home base. In this case, the data used comes from Edmonton, Canada. Moreover, they show
that the system’s performances can be improved by considering more frequent relocations and involving more
vehicles in the relocation process as it was done in previous models. Consequently, computational time would
increase significantly.

Schmid (2012) also used dynamic programming to formulate the dynamic ambulance relocation problem.

20 CIRRELT-2015-28



Recent Advances in Emergency Medical Services Management

As in the case of Maxwell et al. (2009), relocations decisions are considered when a vehicle completes its
mission and the only vehicle involved in the relocation process is the newly idle one. In the particular context
of the study, relocating idle/free vehicles is prohibited by law. The problem addressed in Schmid (2012)
has been developed to support both relocation and dispatching decisions. Its objective is to minimize the
average response time over a finite planning horizon, while considering the variation of the travel times and
demand density with respect to time. The Bellman equation associated with this problem is then formulated
as follows:

Vi(St) = H;itIl(C(St, ry) + E{Vi11(Se41(Se, 2, Wit1))}), (68)

where S; denotes the state of the system at time ¢, i.e. the demand’s state and the vehicle state, x, a decision
taken at time ¢, Wy, the information that is revealed for time ¢ — 1 to ¢, and ¢(S, ), the contribution of
a decision x; taken when the system’s state is S; in the response time computation. Decisions are made
according to a policy X[ (S) that returns a decision vector x; that is feasible at state S;. The optimal policy
is thus minimized, given a discounted factor 7, the sum of the expected response times over the planning

horizon T using:

T
grneiﬁlE;’YtCt(St’Xf(St)) (69)
As in Maxwell et al. (2009), approximate dynamic programming has been considered to determine the optimal
policy. Results obtained based on the data of Vienna, Austria, showed that the optimal policy allows for a
13% average response time improvement over myopic policies, which consist in always dispatching the nearest
vehicle to a call and returning the vehicle to its home base.

Naoum-Sawaya and Elhedhli (2013) addressed the dynamic ambulance relocation problem by means of
a two-stage stochastic programming approach. They considered the first stage decisions to be the ones
concerned with vehicle location, and the second stage decisions as the ones concerned with the assignment of
vehicles to emergency demands, upon actual reception of the emergency demands. To formulate the problem,
the authors used ¢, the vehicle k relocation cost, A, the cost incurred when a demand is not served within
the prescribed delay, ps, the probability associated with scenario s € S, the set of scenarios, |S| = Smaz,
o, the percentage of calls that should be reached within the prescribed delay, P;, the maximum number of
vehicles that can be located in j, Dy, the total number of demands and U(t), the set of periods ¢’ € T where
a vehicle is considered to be unavailable after its assignment to a call, and denote Jy;, a parameter equal to
1 if, and only if, the location of vehicle k to j implies a relocation, 0, otherwise, a;.s, a parameter equal to 1
if, and only if, a demand received in t of scenario s can be reached within the prescribed delay from station
J, 0, otherwise, 71;;, a parameter equal to 1 if, and only if, a vehicle k can reach j before the beginning of
period t, 0, otherwise, and 45, a parameter equal to 1 if, and only if, a demand is received at the period ¢ of
scenario s, 0, otherwise. They also use the following variables: yy; is a binary variable equal to 1 if, and only

if, vehicle k is located in j, and zy;s, a binary variable equal to 1 if, and only if, a vehicle k is dispatched to
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a demand placed in ¢ of scenario s. The problem is then formulated as follows:

P m Smaz T P
min > > ebkiyk A D e Y (1= Y Thes) (70)
k=1j=1 s=1  t=1 k=1
subject to:
Thts — 3 (Mkjt@iesyes) <0, k=1, P, t =1,..,T, s=1,..., Smaa, (71)
j=1
Ts+ Y, Thes <L k=1,..,P t=1,.,T, s=1,..., Smax, (72)
t'eU(t)
P
Zxkts <s, t=1,...,T, s=1,..., S, (73)
k=1
P
Zykj < Pja Jj=1..,m, (74)
k=1
P T Smax
Z Z Tits = ADyot, (75)
k=1t=1 s=1
ki € {0,1} 2pes € {0,1}, k=1, P, j=1,.om, t=1,...T, s=1,.... Spraa- (76)

The objective function of the two-stage program consists firstly in minimizing the number of relocated
vehicles and secondly, the number of demands that cannot be served within the prescribed delay (70). A
vehicle is assumed to be able to adequately serve a demand if, and only if, it is waiting at a standby site
located within a given time frame of the demand (71). After being dispatched to a call, a vehicle is assumed
to remain unavailable for a given time period (72). In addition, the model ensures that at most one vehicle
is dispatched to each demand (73), that the capacity of each site is satisfied (74), and that at least a given
percentage of the demands is served within a prescribed time frame (75). The model proposed by Naoum-
Sawaya and Elhedhli (2013) has been applied to the case of the EMS operating in Waterloo, Canada. It was
solved with CPLEX, considering 50 scenarios and a planning horizon of 2 hours divided into 120 one-minute
periods. In this case, the computation time is relatively short, around 40 seconds for the instances considered.

Mason (2013) presented a dynamic ambulance relocation problem that is in many ways similar to the
one proposed by Gendreau et al. (2001). This model, called the real-time multi-view generalized-cover
repositioning model (RtMvGcRM), is implemented within an EMS management software called Optima
Live. This software provides EMS managers with real-time relocation recommendations. The RtMvGcRM
aims to determine the location of available vehicles such that the service quality is maximized and relocation
costs (i.e. round-trips as well as too frequent and long trips) are minimized. In a similar way as it was done
in Gendreau et al. (2001), a penalty term has been integrated into the objective function to minimize the
relocations costs. No solution strategy or application context is explicitly given in Mason (2013).

Finally, Jagtenberg et al. (2015) proposed a dynamic version of the MEXCLP (Daskin, 1983) to address a
real-time relocation problem with the goal of minimizing the expected fraction of late arrivals. However, such

as in Maxwell et al. (2009) and Schmid (2012), they assumed that an vehicle is only allowed to be relocated
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at the end of a mission. Results obtained for the region of Utrecht, the Netherlands, showed that, despite
its simplicity, the proposed relocation policy results in a significant decrease in the fraction of late arrivals,
from 9.5% to 7.9%, when compared to the static policy where each vehicle always returns to its home base.

The relocation of vehicles seeks to maintain an adequate service level considering the evolution of the
system over time, which was not taken into account when dealing with the static location. Clearly, relocation
decisions are dynamic responses to the actual realization of the demand, which could not be tackled by
static models. However, relocation generates movements that produce undesirable consequences from both
economical and managerial standpoints. To better assess the behaviour of the system in pseudo-realistic
contexts, relocation strategies can be evaluated using simulation. In fact, this was done for most of the
models presented in this section, as well as in Bélanger et al. (2014), where an empirical comparison of
several relocation strategies has been conducted. More recently, Aboueljinane et al. (2014) used simulation
in an optimization scheme to determine the best possible multi-period relocation plans in the context of a
French department emergency medical service. Following their experiments, many authors concluded that
relocation can help maintaining an adequate service level and that the established mechanisms allowed to
achieve it with limited efforts. Besides, most authors also pointed out the necessity of developing efficient
solution approaches to support real-time decision-making, which was not such an important issue in the static

case.

4. Dispatching decisions

Dispatching rules are used to determine which vehicle to assign to an emergency call. Clearly, dispatching
decisions can have a significant impact on response times, and thus greatly affect the system’s performances.
They can also impact the system’s capacity to adequately serve future demands. Indeed, a degradation of the
coverage in a given region can be expected when a vehicle located in that particular region is dispatched to a
call. On the other hand, the relocation of vehicles can help reduce such a coverage degradation. Dispatching
rules and relocation strategies are thus closely related. For these reasons, we present some of the works
related to dispatching decisions we deem to be the most relevant to the purpose of this survey.

When an emergency call is received, a vehicle must be dispatched. Such a decision must be made as
quickly as possible to avoid unnecessary delay, and to ensure that the vehicle will arrive at the emergency
scene in a timely fashion. In most contexts, the nearest vehicle is assigned to the emergency. Indeed, this
strategy is greatly accepted in the practice for several reasons. First of all, it is easy to implement, but
more importantly, it ensures a rapid intervention for the most urgent calls. In most EMS, the nearest vehicle
strategy is adopted for the most urgent cases, but also for the less prioritized ones. However, although this
strategy intends to minimize the response time to reach a call, it does not consider the impact of vehicles’
non-availability on the capacity of the system to adequately serve future demands. Based on this observation,
some authors proposed that other dispatching strategies should be considered for less prioritized calls (but

still needing an immediate service) taking into account the impact on future system’s performances while
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ensuring that each call can be served within a proper time limit.

Within their integrated management tool, Gendreau et al. (2001) proposed to select among all available
vehicles that can reach the emergency scene within a prescribed time frame, the one whose dispatch will
minimize relocation costs. In this case, they proposed to compute the relocation plan corresponding to each
possible dispatching decisions using the time elapsed between the reception of two consecutive calls. Then,
when an emergency call is received, the vehicle to assign to the call is selected considering the relocation plan
associated with each possible decisions. Andersson and Varbrand (2007) also studied dispatching decisions.
They suggested to select among all available vehicles that can reach the call within a prescribed time frame,
the one whose dispatch will cause the smallest preparedness degradation. A simple heuristic has been
developed to select the best vehicle to assign to a call following this rule. Schmid (2012) was able to show
that the nearest vehicle strategy may not be the best to adopt when the level of priority allows to deviate from
this rule. Indeed, according to the results reported in Schmid (2012) based on the dynamic programming
model she proposed, better dispatching rules coupled with good repositioning strategies can lead to the
improvement of system performances. Finally, Toro-Diaz et al. (2013) proposed a model that combines
location and dispatching decisions. In this case, dispatching decisions are taken according to fixed preference
lists. Their results showed that, given the context under study, both the minimization of response time and
the maximization of coverage can be achieved using the nearest vehicle strategy. Nevertheless, joint location
and dispatching decisions can find better solutions when other performance indicators are considered, e.g.
solution fairness.

In our opinion, dispatching decisions could also be determined considering other objectives, e.g. to balance
workload, or practical issues such as lunch and coffee breaks, or ends of shifts. In this way, when several
vehicles are available within the time frame, the vehicle with the smallest workload or the one that does not
have any break or end of shift planned in a near future can be selected. It seems that such considerations
are taken into account in practice in some sort of way. However, to do so, the information or at least an
estimation of information related to the workload, the planned activities and the location of vehicles must

be known in real-time.

5. Conclusion and perspectives

Ambulance location and relocation decisions can have a significant impact on the service provided to
the population. As it was possible to note, different modelling and solution approaches have been proposed
to support such decisions. Over the years, location models have evolved to represent the context under
study more accurately and, more importantly, the different sources of uncertainty. Approaches from the
integration of multiple coverage to the use of stochastic programming have been proposed for this purpose.
Since the early 1990s, some researchers have also been interested in the multi-period and dynamic relocation
of emergency vehicles, which consider the evolution of the system over time. Different strategies have thus

been developed to integrate changes in the system, but also to limit relocation costs. Several dispatching
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rules have also been proposed in order to better account for the system capacity to serve future demands.

Although ongoing efforts have been deployed over the years to solve both location and relocation problems,
different research avenues still need to be explored. Firstly, even if researchers have demonstrated clear interest
in capturing the uncertainty and dynamism inherent to these problems, a limited number of contributions
has been made to this day, and there is still room left for the development of more sophisticated dynamic and
stochastic approaches. This therefore confirms predictions made in Brotcorne et al. (2003) who anticipated
a growing interest in dynamic models and predicted the use of stochastic programming with recourse for the
development of such models. This leads us to believe that these research avenues are still relevant. Secondly,
the growing size of the problems under study, as well as the consideration of stochastic programming, also
make us believe that future efforts need to be devoted to the development of more efficient solving methods.
Thirdly, the increasing presence of new technologies allows for the use of real-time information about the
system that may be more closely considered in the decision-making process, such as workload or the time
elapsed since the beginning of an intervention. It is worth noting that, in practice, dispatchers seem to
consider such information when dealing with dispatching or relocation decisions, but this is not reflected in
any of the previous models. Certainly, this may be due to the difficulty of handling the required data in
real-time. However, we believe that it should be considered more formally in decision support tool proposal.
Finally, we think that dispatching rules and relocations strategies are closely related. This relationship should
be more carefully analyzed, through simulation for instance.

More importantly, from this analysis we observe a growing collaboration between researchers and practi-
tioners. Indeed, many recent studies have been conducted based on real-life cases. This collaboration allows
practitioners to benefit from the theoretical and methodological knowledge of researchers on the one hand
and, on the other hand, researchers to better understand the context, main concerns, difficulties and limita-
tions from a practical perspective. In our opinion, this new trend, where a closer relation between researchers
and practitioners is the core of the solution search process, needs to be continued and reinforced. Despite
the challenging aspects, this will ensure that implementable solutions taking into account managerial aspects
other than only the response time or coverage measure will be found. In the end, everyone should benefit
from such a collaboration, including, of course, the population.

It is clear from this analysis that a lot of work has been done to support the complex decision-making
process faced by EMS, mainly from the location and relocation standpoint, but in our opinion, it remains
to be done in this register. For this reason, we strongly believe that EMS management still lead to really
interesting and relevant research opportunities, as it is the case for most problems related to the health

systems management.
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Church and ReVelle (1974)

Schilling et al. (1979)

Storbeck (1982)

Eaton et al. (1985)

Hogan and ReVelle (1986)

Galvao and ReVelle (1996)

Gendreau et al. (1997)

Doerner et al. (2005)

Su et al. (2015)

A.1 Min. number of vehicles

A.2 Max. demand covered once

A.3 Max. demand covered more than once «
A.4 Max. demand covered twice

A.5 Min. delayed services and operational cost

B. Covering constraints

»| Toregas et al. (1971)

<!

<!

% X Daskin and Stern (1981)

ol

s

% % Eaton et al. (1986)

s

B.1 Each demand (zone) at least once within S
B.2 Each demand (zone) at least once within S’
B.2 o of demand (zone) at least once within S

C. Standby site constraints

A

A

fola]

C.1 At most one per site

C.2 At most p; per site

C.4 Tandem location

C.3 Limited number of sites to use

D. Ambulances

D.1 One type of vehicle

D.2 Two types of vehicles

D.3 Given number of vehicles

D.4 Limited number of demands per vehicle
D.5 Limited workload per vehicle

E. Solution strategy

A

Xl

F.1 Branch and bound
F.2 Branch and cut

F.2 Greedy heuristic

F.3 Lagrangean heuristic
F.4 Heuristic method
F.5 Tabu search

F.6 Ant colony algorithm
F.7 Not presented

F. Region of interest

sl

G.1 New York City, NY
G.2 Austin, TX

G.3 Baltimore City, MD
G.4 Dominican Republic
G.5 Montreal, Canada
G.6 Austrian provinces
G.7 Shanghai, China

Table Al: Summary of deterministic models (single and multiple coverage)
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Daskin (1982, 1983)
Fujiwara et al. (1987)
Bianchi and Church (1988)
Batta et al. (1989)
Goldberg et al. (1990)
Goldberg and Paz (1991)
Mandell (1988)

A. Objectives

Aytug and Saydam (2002)

Galvao et al. (2005)

A.1 Min. number of vehicles
A.2 Max. expected covered demand X
A.3 Max. demand covered with reliability «
A.4 Min. uncovered demand X
A.5 Min. costs

B. Covering constraints

b
X
e
A
H

~

b

B.1 Each demand (zone) with a reliability «
B.2 Each demand (zone) at least once

C. Standby site constraints

C.1 At most one per site X
C.2 At most p; per site
C.3 Limited number of sites to use X

D. Ambulances

D.1 One type of vehicle X X X X X X
D.2 Two types of vehicles

D.3 Given number of vehicles

D.4 Lower bound computed for each zone

Iolel

E. Uncertainty

1 Vehicle availability

1.1 System-wide busy fraction X X X

1.2 Zone-specific busy fraction

1.8 Considered using queutng theory X
E.2 Travel time

E.3 Demand realization

E.
E.
E.
E.

A
Il

F. Solution strategy

F.1 Branch and bound
F.2 Heuristic method
F.3 Descent method
F.4 Iterative method X

F.5 Exchange-based heuristic X
F.6 Genetic algorithm
F.7 Simulated annealing
F.8 CPLEX X

G. Region of interest

R
sl
il

G.1 Bangkok, Thailand X
G.2 Tucson, AZ X X

Table A2: Summary of probabilistic models (expected coverage models)
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A. Objectives

Recent Advances in Emergency Medical Services Management

ReVelle (1989)

ReVelle and Marianov (1991)

Ball and Lin (1993)

Marianov and ReVelle (1996)

Harewood (2002)

Galvao et al. (2005)

Shariat-Mohaymany et al. (2012)

A.1 Min. number of vehicles

A.2 Max. expected covered demand

A.3 Max. demand covered with reliability «
A.4 Min. uncovered demand

A.5 Min. costs

B. Covering constraints

%| ReVelle and Hogan (1988)

%| Marianov and ReVelle (1994)

B.1 Each demand (zone) with a reliability «
B.2 Each demand (zone) at least once

C. Standby site constraints

C.1 At most one per site
C.2 At most p; per site
C.3 Limited number of sites to use

D. Ambulances

D.1 One type of vehicle

D.2 Two types of vehicles

D.3 Given number of vehicles

D.4 Lower bound computed for each zone

ol

KR

ol

ko]

ool

b

1

1

.1.2 Zone-specific busy fraction

1.3 Considered using queuing theory
1
1

E.2 Travel time
E.3 Demand realization

F. Solution strategy

ol

F.1 Branch and bound
F.2 LINDO

F.3 Heuristic method
F.4 Simulated annealing

G. Region of interest

G.1 Barbados
G.2 Tehran, Iran

Table A3: Summary of probabilistic models (Chance-constrained models)
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Recent Advances in Emergency Medical Services Management

Beraldi et al. (2004)
Beraldi and Bruni (2009)
Zhang and Jiang (2014)

A. Objectives

A.1 Min. number of vehicles

A.2 Max. expected covered demand

A.3 Max. demand covered with reliability o
A.4 Min. uncovered demand

A.5 Min. costs X X

B. Covering constraints
B.1 Each demand (zone) with a reliability a | X
B.2 Each demand (zone) at least once X

»| Alsalloum and Rand (2006)

s
kel

C. Standby site constraints
C.1 At most one per site

C.2 At most p; per site X
C.3 Limited number of sites to use

R

D. Ambulances
D.1 One type of vehicle X X X
D.2 Two types of vehicles

D.3 Given number of vehicles
D.4 Lower bound computed for each zone X

E. Uncertainty

E.1 Vehicle availability

E.1.1 System-wide busy fraction
E.1.2 Zone-specific busy fraction
E.1.3 Considered using queuing theory X
E.1.4 Corrective factor
E.2 Travel time

E.3 Demand realization X X X

F. Solution strategy
F.1 CPLEX X X
F.2 Exact method

F.3 Heuristic method
F.4 Not presented X

G. Region of interest
G.1 Riyadh, Saudi Arabia
G.2 A city in China

ol

ol

Table A4: Summary of new approaches

34 CIRRELT-2015-28



Recent Advances in Emergency Medical Services Management

CIRRELT-2015-28

A. Objectives

Repede and Bernardo (1994)

Schmid and Doerner (2010)

Basar et al. (2011)

Saydam et al. (2013)

van den Berg and Aardal (2015)

A.1 Min. number of sites/vehicles

A.2 Max. expected covered demand
A.3 Max. demand covered twice

A.4 Min. number of relocated vehicles
A.5 Min. relocation costs

B. Covering constraints

<

»| Rajagopalan et al. (2008)

i

s

X

B.1 Each demand (zone) with a reliability o
B.2 Each demand (zone) at least once
B.3 a of demand (zone) at least once

C. Standby site constraints

C.1 At most one per site
C.2 At most p; per site
C.3 Limited number of sites to use

D. Ambulances

D.1 One type of vehicle

D.2 Given number of vehicles

D.3 Limited number of demands per vehicle
D.4 Lower bound computed for each zone

E. Time-dependent

sle

KK A

sl

Xl

E.1 Demand

E.2 Travel time

E.3 Number of vehicles/sites
E.4 Busy fraction

F. Solution strategy

KA A

Iekalals

F.1 Tabu Search

F.2 Variable neighborhood search
F.3 CPLEX

F.4 Not presented

G. Region of interest

G.1 Louisville, KY

G.2 Mecklenburg County, NC
G.3 Istanbul, Turkey

G.4 Vienna, Austria

G.5 Amsterdam, The Netherlands

Table A5: Summary of multi-period models
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Recent Advances in Emergency Medical Services Management

A. Objectives

Gendreau et al. (2001)

»| Gendreau et al. (2006)

Andersson and Viarbrand (2007)

Nair and Miller-Hooks (2009)

Maxwell et al. (2009)

Schmid (2012)

Naoum-Sawaya and Elhedhli (2013)

Moeini et al. (2013)
Jagtenberg et al. (2015)

Mason (2013)

A.1 Max. expected covered demand

A.2 Max. demand covered twice

A.3 Min. number of relocated vehicles

A.4 Min. relocation costs

A.5 Min. travel time to perform relocation

A.6 Min. number of calls that cannot be reached in time
A.7 Min. average response time

B. Covering constraints

>

B.1 Each demand (zone) at least once in S or S’
B.2 o of demand (zone) at least once in S

C. Standby site constraints

A

A

C.1 At most one per site
C.2 At most p; per site

D. Ambulances

ol

D.1 One type of vehicle
D.2 Given number of vehicles
E. Relocation constraints

Ielel

folel

folel

folal

folal

oA

A

Ielal
Ielel

E.1 At most one vehicle relocated
E.2 At most rs vehicles relocated
E.3 To reach a given service level

F. State-dependent

F.1 Demand or call rate

F.2 Travel time

F.3 Number of vehicles/sites
F.4 Relocation costs/impact

G. Solution strategy

sle

[k ols

[elols

A

F.1 Tree-search heuristic

F.2 Tabu Search

F.3 Approximate dynamic programming
F.4 Monte Carlo simulation

F.5 CPLEX

F.6 Not presented

H. Region of interest

sl

G.1 Montreal, Canada

G.2 Stockholm, Sweden

G.3 Edmonton, Canada

G.4 Vienna, Austria

G.5 Waterloo, Canada

G.6 Val-de-Marne county, France
G.7 Utrecht region, The Netherlands

Table A6: Summary of dynamic models
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