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Resumen: La localizacién de ambulancias, en una determinada 4rea de cobertura, es un
elemento clave para reducir el tiempo de espera de un paciente potencial y la iniciacidon
del servicio de atencién médica en los Servicios Médicos de Emergencia (EMS).
La Investigacién de Operaciones, desarrollando y resolviendo modelos matemdticos
adecuados, ayuda a tomar buenas decisiones en el EMS. Proponemos dos variantes de
un modelo de programacién lineal mixta para localizar vehiculos de flota heterogénea
y apoyar diferentes tipos de servicios en atencién médica de emergencias, teniendo en
cuenta las necesidades operacionales de una empresa de servicios de salud en Colombia.
Los modelos propuestos no coinciden exactamente con ninguno de los encontrados en
la literatura. Los modelos se resuelven con el solver Gurobi y el lenguaje de modelado
AMPL y son validados con éxito con datos histéricos de la empresa en estudio y algunas
estimaciones basadas en fuentes externas. Estos resultados se comparan utilizando
una adaptacién del concepto de Preparednessd de la literatura para la ubicacién de
ambulancias, en lo que respecta a la disposicién del sistema a la demanda esperada. Los
nuevos resultados muestran que la relevancia de cada modelo depende de la priorizacién
de servicios y/o 4reas que la empresa considere.

Palabras clave: Servicios de Emergencia Médica, Logistica Hospitalaria, Localizacién de
ambulancias, Modelos Matemdticos, programacién lineal.

Abstract: Ambulance location, in a certain area of coverage, is a key element in
reducing the waiting time of a potential patient and the initiation a healthcare service
in Emergency Medical Services (EMS). The Operations Research area, developing and
solving adequate mathematical models, helps to make good decisions in EMS. We
propose two variants of a Mixed Integer Linear Programming model for locating
heterogeneous fleet vehicles to support different types of services in emergency medical
care, taking into account the operational requirements of a health care service company
in Colombia. The proposed models do not exactly match any of those found in the
literature. The models are solved with Gurobi solver and the modeling language AMPL
and they are successfully validated with historical data of the company under study and
some estimates based on external sources. These obtained results are compared using
an adaptation of the concept of Preparedness taken from the literature for ambulance
positioning, as regard to measure the readiness of the system to the expected demand.
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The new results show that the relevance of each model depends of the prioritization of
services and/or areas that the company considers.

Keywords: Emergency Medical Services, hospital logistics, ambulance location,
mathematical models, linear programming,

Resumo: A localizacio da ambul4ncia, em uma certa 4rea de cobertura, ¢ um elemento
chave na redugao do tempo de espera de um paciente potencial e na iniciagio de um
servico de satde em Servicos Médicos de Emergéncia (EMS). A 4rea de Pesquisa de
Operagoes, desenvolvendo e resolvendo modelos mateméticos adequados, ajuda a tomar
boas decisées no EMS. Propomos duas variantes de um modelo de Programagao Linear
Inteira Mista para localizar veiculos de frotas heterogéneos para suportar diferentes
tipos de servi¢os em atendimento médico de emergéncia, levando em consideragio os
requisitos operacionais de uma empresa de servigos de satde na Colémbia. Os modelos
propostos nio correspondem exatamente a nenhum dos encontrados na literatura.
Os modelos sio resolvidos com o solucionador Gurobi ¢ a linguagem de modelagem
AMPL e sio validados com dados histéricos da empresa em estudo e algumas estimativas
basecadas em fontes externas. Estes resultados obtidos sio comparados usando uma
adaptagio do conceito de Preparacio extraido da literatura para o posicionamento da
ambulincia, no que se refere & medida da disponibilidade do sistema para a demanda
esperada. Os novos resultados mostram que a relevancia de cada modelo depende da
priorizagio de servigos e / ou dreas que a empresa considere.

Palavras-chave: Servicos médicos de emergéncia, logistica hospitalar, localiza¢io da
ambulincia, modelos matematicos, programacio linear.

1 INTRODUCTION

The main goal of Emergency Medical Services (EMS) is to provide an
early response to emergency calls from users. The design of EMS systems
considers several interconnected strategic decisions, at different levels.
These decisions involve adequate location of emergency vehicles. A rich
literature exists on vehicle location models for EMS systems, considering
different objectives, multiple response time standards, multiple vehicle
types, and multiple vehicle response requirements, in both static and
dynamic environments. These models usually have two objectives:
minimizing the mean response time and maximizing coverage. There are
varied definitions of response time and coverage areas. In this paper,
response time is considered as the time it takes a vehicle to travel from its
location to the area where the service is required (Gendreau et al.,, 1997),
(Toro-Diaz et al., 2013); coverage is defined in terms of a radius (time
units) within which patients shall be reached, considering that a demand
point i is covered by site j if and only if the time between i and j is at most
r where r is a preset coverage standard (Gendreau et al., 1997), (Schmid
and Doerner, 2010).

The main goal of Emergency Medical Services (EMS) is to provide an
early response to emergency calls from users. The design of EMS systems
considers several interconnected strategic decisions, at different levels.
These decisions involve adequate location of emergency vehicles. A rich
literature exists on vehicle location models for EMS systems, considering
different objectives, multiple response time standards, multiple vehicle
types, and multiple vehicle response requirements, in both static and
dynamic environments. These models usually have two objectives:
minimizing the mean response time and maximizing coverage. There are



Pablo Zapata Murillo, et al. VEHICLE LOCATION MODELS FOR EMERGENCY MEDICAL SERVICES. AN APPLICATION FOR A

COLOMBIAN COMPANY

varied definitions of response time and coverage areas. In this paper,
response time is considered as the time it takes a vehicle to travel from its
location to the area where the service is required (Gendreau et al., 1997),
(Toro-Diaz et al., 2013); coverage is defined in terms of a radius (time
units) within which patients shall be reached, considering that a demand
point i is covered by site j if and only if the time between i and j is at most
r where r is a preset coverage standard (Gendreau et al., 1997), (Schmid
and Doerner, 2010).

We present two variants of ambulance location models, considering
both heterogeneous fleet (ambulances are of different types and
capacities) and different types of service (demand), using two strategies
for coverage radius for demand. Although the models take into account
the operational requirements of a health care service company in
Colombia, they may be extensible to other similar companies with EMS
services. The proposed models does not match any of those found in the
literature.

There are different modelling approaches, considered to address
problems related to ambulances’ location arising in EMS (Bélanger
et al., 2015), (Brotcorne et al., 2003), (Goldberg, 2004). In vehicle
location problems, coverage critical is often a key consideration though
approaches vary substantially. Diverse static ambulance location models
can be divided in single coverage deterministic models, multiple
coverage deterministic models and probabilistic and stochastic models.
Representative single coverage deterministic models are the Location
Set Covering Problem (LSCP) (Toregas et al., 1971) and The Maximal
Covering Location Problem (MCLP) (Church and ReVelle, 1974). Both
LSCP and MCLP consider only one type of vehicle and one type of
service. The multiple coverage deterministic models seek to increase the
likelihood of having a demand zone covered, with more than one vehicle
available to cover the zone. There are some representative models of
this type (Daskin and Stern, 1981), (Gendreau et al., 1997), (Hogan
and ReVelle, 1986). The last of the previous models cited (Gendreau et
al., 1997) considers both the concept of double coverage and different
coverage radii (DSM model); in the second (Hogan and ReVelle, 1986)
the BACOP models. Some variants of these models were developed,
including new restrictions or objectives; for example, the refined DSM
model, adding operational costs in the objective function (Suetal., 2015).

Probabilistic and stochastic models consider more accurate
representation of real-life situations. Some representative models in the
literature reviewed are: The MEXCLP model, which maximizes the
expected coverage with deterministic travel times (Daskin, 1983); models
with stochastic travel times (Daskin, 1984), (Goldberg et al., 1990), an
extension of the MCLP with random travel times (Alsalloum and Rand,
2006), a model with probabilistic constraints to consider more explicitly
random service requests (Beraldi et al., 2004). All these previous types of
models consider only one type of vehicle and one type of service.

Three single coverage deterministic models (Schilling et al., 1979)
aim to maximize the population simultaneously covered by two types
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of vehicles; in (ReVelle and Marianov, 1991) is proposed a probabilistic
version of one of the previous models. A covering-type model for two-
tiered EMS systems was proposed (Mandell, 1998), which incorporates
two types of servers with different capabilities and circumstances under
which a service call is adequately served given these two types of servers.

Location-allocation approaches have been used to improve efficiency
of EMS in Colombia. A study based on the DSM model (Céspedes et al.,
2009) was developed to address the problem of location and relocation of
ambulances in the city of Bogota. A location model (Villegas et al., 2012)
was developed to determine the number of needed vehicles to assist the
calls reported to a single number of emergency. This model was based on
the MEXCLP model, maximizing population coverage while considering
one type of vehicle and one type of service. A methodology, based on
Linear Programming and Simulation, was proposed (Ortega et al., 2007)
to locate and determine the area of mobility of vehicles in Bogota for
the prehospital care sector, with a homogeneous fleet. In the first model
(Alsalloum and Rand, 2006) it is considered the 3 types of service of the
company, but it is reduced to a homogeneous fleet (simplification that
does not agree with the way the company operates); the problem is solved
separately for two time slots in the day, considered low and high demand.
The second model implemented (Singer and Donoso, 2008) uses queuing
theory, and also it considers homogeneous fleet and exclude one of the
type of service of the company.

Many of the mentioned models are Multi-Objective Optimization
Models (MOOP), and different techniques exist to solve them. AMOOP
is often solved using a weighted-sum approach. In the weighted-sum
method, the optimal solutions depend of the weights assigned to the
different objective functions, including normalization factors in some
cases. In real applications reviewed is not considered how the weighting
factors were obtained.

In ambulance logistics, preparedness has been used since a long time,
as a qualitative measure, of evaluating the ability of ambulances to
attend potential patients at present and in the future, in a swift and
efficient manner. This concept can have different meanings, depending
on the experience, personality, etc., of the ambulance controllers.
New algorithms were formulated for the ambulance dispatch and the
dynamic ambulance relocation problems, using a quantitative definition
of preparedness (Andersson and Virbrand, 2007). The implementation
of the preparedness measure used includes a list of the closest ambulances
for each zone, sorted according to the expected travel time. The decision
about which ambulance is dispatched depends also of the level of
prioritization of the call (in their implementation there are 3 levels of
prioritization).

The main contribution of this paper is to formulate some variants of
the DSM and mDSM models considering:

i Different types of vehicle and types of service (demand).

it Maximum number of calls of each type of service which can be cover
by a vehicle in each period.
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i In both models the demand, availability of vehicles and travel times
vary over a time horizon, penalizing the number of relocated vehicles
between periods. The travel times consider both traffic congestion and
type of service.

i A weighted-sum approach in the Multi-Objective Optimization
Models considered. It is shown, in a real context, how the weighting
factors are determined.

These models take into account the operational requirements of a
health care service company in Colombia, and some other elements to
give a satisfactory representation of real-life situations, in a tactical level of
decision-making. According with the related work exposed, these models
have not been considered up to now. Also, a definition of Preparedness
is proposed to identify if there are some models better than others,
considering maximize the preparedness, according with the definition

proposed.
2 METHODOLOGY

Currently, the vehicles are located taking into account the experience of
planningstaff, possible locations and historical demand data according to
three parameters: type of service, part of the city that should be covered
and different periods of time in the day. This process doesn't guarantee
the best decisions. There are some basic assumptions, derived from the
features and operational rules of the company object of study.

1. Three types of services are considered: two types of medical
emergency (here called emergency and urgency, according to the "degree
of urgency") and home visit. The emergency is a situation in which
the physical, functional or psychological integrity of the individual may
compromise the patient's life, necessitating immediate attention in order
to preserve life. Urgency is a situation that presents no risk to the life or
integrity of the patient, but that requires prompt attention, to not worsen
the condition. In this paper the transfer, a fourth type of service of the
company, is not considered.

2. A maximum response time is established for each type of service. The
services are ordered in increasing order, according the maximum response
time allowed: emergency, urgency, home visit.

3. The fleet has 3 types of vehicles with different capacities care. These
capacities refer to the types of services they can attend. The type of vehicle
with larger capacity can attend all types of service; the type of vehicle
with smaller capacity can attend only one type of service, home visits.
The lower-capacity vehicles could provide temporary support to other
services, until a suitable vehicle is available.

4. The average time of a vehicle, between its location and the patient
location, depends on: the distance between the two places, if the traffic
congestion is high or low and the service type. An emergency, or urgency,
needs to activate the sirens of ambulances so that travel time is reduced.

5. There are restrictions on the number of vehicles that can be located
in a position, both by number as by type of vehicle. At each location point
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there should be no more than two vehicles and they should be of different
types.

6. The company has clustered the city in 5 zones, according to
a previous study developed. If a zone is covered by a location, it
is assumed that the whole population in this region is covered by
this location. However, a new more favorable zoning for the vehicles
localization is proposed in the implementation of the models (Section of
Computational Experiments).

2.1 Problem formulation

In order to consider an acceptable representation of different real
situations of our vehicle location problem, in a tactical level of decision-
making, we extend the DSM model in several ways:

i One or two coverage standards defined, but each coverage radius
differs depending of the type of service.

i Demand variations, availability of vehicles and traffic congestion
in different time periods is considered, as well as it is avoided or
minimized the unnecessary changes in the location of vehicles between
two consecutive periods.

i Considerations to handle the probability that a vehicle is unavailable
to respond to an emergency call.

The different time periods considered, are defined from 24 periods of
one hour each. A period is composed for those consecutive time periods
in which the available fleet is identical, and there are not significant
differences in service demands and travel times, based on historical traffic
congestion. To determine the number of vehicles that can satisfy the
demand for each type of service in each area, two factors are considered:
the demand for each type of service in the area, and an estimate of the
maximum number of calls of each service which can be satisfied by a
vehicle in the period considered. The average time of a vehicle, between its
location and the patient location, depends on: the distance between the
two places, if the traffic congestion is high or low and the service type.

The objective function is a weighted function of two objectives defined:
maximize the demand coverage and minimizing the relocation of vehicles
between periods. The relative importance of each of the terms of the
objective function is defined using the AHP method (Saaty, 2008) and
validated with expert judgment of the company staff. A normalization
process of the different functions considered should be made, because
they have different measurement units.

Two variants of a model are proposed, taking into account the previous
considerations. In the Model 1 a fixed time period and two coverage
standards are defined. The total demand must be covered by at least
an ambulance located within the largest radius of coverage. The total
demand covered one time and twice, within the small radius of coverage, is
maximized with different weighting factors. The Model 2 only considers
a radius of coverage and ensures that all demand is covered at least once,
but not necessarily within the radius considered. The objective function
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differs from Model 1 that it incorporates minimizing the total travel time
of the demand not covered in the radius considered.

2.1.1 Mathematical formulation of The Model 1

I: Set of potential vehicle locations. I = {1, ...,n}.

J: Set of demand points (zones). J = {1, ...,m}.

5: Types of service provided by the system, 5 = {1, ..., g}

K: Types of vehicles available in the system to provide services, of different capacities_
K={1,...p}

K,: Types of vehicles that can attend the service 5, 55, K, K, Fse5 .

According to the current system operating company, ¢ = p = 3, K, = {1}, K, = {1,2},
Ky = {1,2,3}.

i: Index for the potential vehicle sites

Jj: Index for demand points

k, s: Indices for vehicle type and service type, respectively.

r!: Maximum time a vehicle may take to cover a service of type 5 within the r1 time units
r2: Maximum time a vehicle may take to cover a service of type s within the r2 time units,
= r'f

U2 Average time it takes a vehicle from i to j to cover a service of type 5

d;s: Demand of the service of type 5 in zone j

.- Number of vehicles available of type k

yi'f‘_: Number of vehicles of type k, located at i in the previous period.

@, - Maximum number of service calls of type s \\1hich can be cover by a vehicle in the time
period considered.

54, 54, 537 Weights in the objective function.

n4, n,- Normalization factors in the objective function.

1}15 ={iglu, < 7'} The set of locations { that can cover with radius 1 the service type s

in the zone j

1
Notations to describe the model:

Variables:

x),ls - 1 1f the type of service s for the zone j 1s covered by at least one vehicle in the radius 1. 0 otherwise

xf‘: 1 if the type of service s for the zone j 15 covered by at least two vehicles in the radms 1, 0 otherwise

A 11f in this period there 1s located at least one vehicle of type k. but any in the previous period: 0 otherwise
Vi Number of vehicles type k located in i

Wy - Number of vehicles of type k relocated 1n i, respect to the previous period

E;,.- Number of vehicles of type k located in i, but not in the previous period in nowhere

L;,: Number of vehicles type k that were placed in the previous period and are removed in this period

The formulation is:

Maximize z = 5y 1y Z,‘e; zsss dj;x,.-]} +samy Zje;zses djsxﬁs — S3 My ererea'Wax (1)

2
Variables:
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Z;E;}.BSZL-EK, Vie = i_f Vie], seS (2)
Z;EJ;SZL-EJ{, Yie 2 I;-l_; + xf; VjEJ, 5ES (3)
Xjy = xj, Vj€EJ, SES (4
ZierVix = P vk eK (5)
v €1 Viel, KkEK (6)
Tiepny Vie < 1 Vi€l (7)
Zrepn Ve = 1 Viel (8)
Zreqiay Vie = 2 Viel (9
Z:Ef(}’zk - }’,-};L-) = Zier Eir) — Ly, Yk EK (10)
Yie — Vi < wie + Ege Viel, keX (11)
Tier B < prdy vkeK (12)
Ly < (1 A) Zier v, vk EK (13)
Xy X0 A e {0,1} WiEJ],SES (14)
Yikr Euger Ly Wy € ZF Viel keK (15)
3
subject to:

The objective function (1) maximizes the total demand covered in
the radius 1 (with simple and double coverage), while penalizing the
relocation of vehicles of the previous period to the current. Constraints
of type (2) ensure that the number of vehicles located to cover each
service type in each area, in the second radius, should be at least the
minimum number of vehicles required in each area for that service type.
Type restrictions (3) ensure that, for each area and each service type, there
must be at least one (two) vehicle (s) to cover the demand at least once
(twice), considering the first radius. Type restrictions (4) ensure that a
service in an area is covered at least twice only if it is covered at least once.
Type restrictions (5) ensure that the total number located of vehicles,
of each type, shouldn't exceed the available number. Restrictions of type
(6) ensure that each potential location should have at most one vehicle
of each type. Constraints of type (7) to (9) impose conditions for the
maximum number of vehicles located in each place, taking into account
different combinations of types of vehicles considered.

The restrictions (10) to (13) refer to the entry, exit and relocation of
vehicles in the system between two consecutive periods. Type restrictions
(10) ensure that the difference between the vehicles placed in this period
and those who were placed in the previous period corresponds to the
vehicles that are incorporated or ceasing to be used in the current period.
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The restrictions (11), whatever the type of vehicle and potential location
point considered, impose that the number of vehicles that can be added
should be at most the number of vehicles relocated in that point, plus the
vehicles entering to the system at this point and period. Constraints (12)
ensure that the maximum number of vehicles of each type that can enter
to the system in the period is the amount available of such vehicles for this
period. Constraints (13) ensure that the maximum number of vehicles of
each type that can leave the system in this period is equal to the number
of such vehicles located in the previous period. Constraints (14) and (15)
define the domain of the variables.

2.1.2 Mathematical formulation of The Model 2

Variables, sets and parameters defined in Model 1 are remained, except
the parameters related to the second radius of coverage (rs2 and Ijs2).
This model has two new variables, integer and binary, respectively. Two
new weighting and normalization factors in the objective function are
necessary, denoted and , respectively. The formulation is:

=.: Number of vehicles located in to cover the demand of service type s
of zone, outside the coverage radius considered, 0 otherwise.

n.=1 if at least a vehicle is located in to cover the service type of the
zone , outside the coverage radius considered, 0 otherwise.
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T, Tner, Yoe T Zier 25 = 2 ViE€J SES (17)
E;E;}!SZJ:ER, Vie = X,.l; + st ViEe], s€ES (18)
xjy = xj; YjE], SES (19)
Zkek, Vik = Zijs Vi€l jEJ, SES (20)
byjs e, Pic = Zijs Viel, jEJ], sES (21)
E:E;};sbu-g =0 YiejJ, sES (22)
Ziet Ve < P vk eK (23)
yie =1 Vi€l keK (24)
Zke{l.f}yik <1 Viel (25)
Eke{:.s}}'m <1 Viel (26)
Eke{m}}'m =2 Viel (27)
Zaef()’zk - }ﬂ-};‘-) = (Zier Ep) — Ly, vk EK (28)
Vi — YV S wy + E Yiel, kEK (29)
Zier B € oAy vkeK (30)
Ly < (1—4;) Zier ¥iy vk eK (31)

2

Zijs 1 Vine i Lip Wi € z*

e {0,1} Viel €], kEK, sES (32)
viel, jE], kek, sES (33)
4
subject to:

The objective function, in relation to Model 1, only has added the
minimization of the total travel time in the satisfaction of the demand
not covered in the radius considered. The constraints of type (17) are
equivalent to the restrictions of type (2) in Model 1; only new vehicles are
added, those which cover services outside the coverage area considered.
Also, the set Ijs2 is replaced by Ijs1, because the model considers only one
radius of coverage. Restrictions (18), (19), (23) to (31) are respectively
restrictions (3) to (13) of Model 1.

Constraints (20) - (22), associated with new variables, are new in this
model. Constraints (20) limit the number of vehicles to cover a service
in an area, outside the coverage radius, from a given location, taking
into account the total number of vehicles available. Constraints (21) are
logical, which imposes restrictions on the maximum number of vehicles
to attend outside the radio coverage only if the related new decision
variable takes the value 1. The restrictions (22) ensure that, for any type of
service, and any demand point, the potential vehicle locations to attend
that demand point and type of service, in the radius of coverage, will not
have vehicles to attend that demand point and type of service, outside of
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the radius of coverage. Constraints (32) and (33) define the domain of
the variables.

2.2 Normalization and weighting in the objective functions of the proposed
models

The objective functions in the proposed models are weighted functions
of some objectives defined. The weightings play an important role
in ensuring the consistency of optimal solutions with the preferences
expressed by decision makers, when a multi-objective function is
transformed to a single-objective one with the weighted sum method.
On the other hand, the normalization of objective functions are required
when these functions are represented by various measure units. The
proposed models consider various functions with different priorities.
Moreover, their values are expressed in different units of measurement,
whose ranges of domain are different; for example, demand (expressed
in average number of calls) and number of vehicles relocated from one
period to other.

The method used to normalize the different terms of the objective
function in the proposed models is a variation of a method using the
ideal or utopian solution (zideal) and Nadir (znadir) (Grodzevich and
Romanko, 2006). Then, each term is represented on a scale between zero
and one or very near to one.

The AHP method is the procedure used to obtain the weighting
coefficients sl, s2 and s3 in the objective functions of the proposed
models, and is contextualized to the case study. The Analytic Hierarchy
Process (AHP) tool (Saaty, 2008) aids to the decision makers to set
priorities. Each function of the weighted objective function is considered
an alternative for the AHP. The set of evaluation criteria considered are:

e Cost: Refers to the economic costs of relocation of a vehicle or
the security risk in each location. One of them is used according to the
objectives outlined in the proposed models. For example, for the objective
"penalization for relocation” is considered an economic cost, in the case of
objectives "simple coverage” and "double coverage"” is considered the risk.

e Response time.

e Coverage: Coverage level of demand within range one time.

For Model 1, the three objectives (single coverage, double coverage
and the penalization for relocation) are evaluated under the three criteria
described. The relocation of vehicles for each period allows flexibility to
the system and be adaptable to: changes in expected demand, changes in
available fleet and in travel times that may be affected by different traffic
conditions during the day in the city. However, the costs can increase
by relocating vehicles frequently; for that reason, the penalization for
relocation is higher when compared to the other two objectives taking
into account the criterion of cost. The single coverage secks to maximize
the cover demand at least by a vehicle in the first radius of coverage; then,
this objective has greater weight than the relocation under the criterion
of response time. The double coverage can produce a high concentration
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of vehicles in one spot to cover only some areas with high demand,
affecting response time and service provision in other areas; for that
reason, the simple coverage is preferable when the response time and
coverage criterion are considered.

Model 2 include a fourth objective, the penalization of travel times
to an area where the demand is out of the radius considered. This
penalization favors the response time, however, this goal is not more
important than the simple coverage within the radius considered because
the models seek first that the demand can be covered within that radius.

In the validation of the models the comparative evaluation of the
alternatives, respect to the criteria defined, was made taking into account
the opinion of the staff of the company. The final results, after the AHP
method was completed, are the weights shown in Table 1.

table 1
Weighting factors in the objective functions of the Model 1 and Model
Objective Model 1 hflodel 2
stmple coverage 0,58 0,448
Double coverage 0,30 0,16
Penalization due to relocation 0,12 0,00

Taotal travel titne for demand not covered in

radins 1

0,29
Source: Author.
2.3 Computational experiments

Fourteen scenarios (instances) were considered for Models 1 and 2, one
for each period of a day. The models were programmed in AMPL and the
Gurobi solver is used with the tool Neos Server.

Twenty one potential points in the city to locate their vehicles, at
any time of day; these points satisfy the security and parking conditions.
The demand to each type of service may be significantly different in two
areas with different characteristics. For example, there are residential areas
with a high number of affiliate where demand for home visits is high. In
other areas, where universities and companies are concentrated, there are
corporate members who are interested to protect their employees against
possible emergencies or urgencies in the workday. Emergencies have lower
expected demand and represent less than 1% of the system care. The city
communes, which are areas where the city is administratively divided.
The centroid for each commune is determined taking into account its
geography and the expected demand in their neighborhoods. The possible
location points and demand areas, with their centroids, are showed in
Figure 1.
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Figure 1

Geographical location of each vehicle type in the city for the Period 10, according Model 1 (left) and Model 2 (right).

It is also considered:

1. Fourteen time periods, constructed from 24 periods of one hour each
one, where the data of consecutive periods don't vary (vehicles) or are
similar (demand and travel times).

2. Maximum times of displacement of vehicles to cover each service,
determined by the company. These times allow defining the two coverage
radii for each type of service in order to cover the demand.

3. The first coverage radius corresponds to the compliance times
specified by the company for each service. At present these times are
fulfilled in a low percentage of calls. The coverage radius 2 should ensure
that all demand can be covered in this radio under the current conditions
of mobility in the city and the limitations of the company. In Model 2
only is used the coverage radius 1.

4. The average time of a vehicle between two locations of the
city is based on information from Google Maps with some variations
incorporated depending on the service type and the time of day. Google
Maps information defines the standard travel times (Service type and
traffic level are the two factors considered in the variations of the travel
times). Two levels of traffic are determined, the first corresponds to a
normal level which not significantly alter the standard travel times, the
second corresponds to a high level (peak time) which increases travel
times. These variations were quantified in factors affecting standard travel
times.

5. Demand data were determined using historical data provided by the
company, and classified by communes, type of service and period of the
day: number expected of calls of each service in each area and in each

period of the day (Figure 2)
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6. The maximum number of calls of each service type that can be
covered by a vehicle in a period is calculated using the average time of each
service, which begins with the displacement of the vehicle to cover the
service, and it ends when the service is completed.

Behavior of the average demand per type of service and penod of

20 time in the day
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Figure 2

Behavior of the average demand and by type of service and time (upper) and area (lower).

3 RESULTS

The Table 2 (Table 3) shows the obtained results for Model 1 (Model
2): period (Column 1), the optimum value of the objective function
(Column 2), the percentage of demand areas covered with single coverage
(Columns 3-5) and with double coverage (Columns 6-8) for each service.
The Column 9 shows the number of located vehicles (first number) and
available vehicles (second number). The number of vehicles relocated in
each period over the previous period is shown in the last column. Service
types are denoted as EMG (emergency), URG (urgent) and HV (home
visit). The Period 10 is selected in some analysis since it is one of the four
periods of the day where the entire fleet is available, and being also the
period with a significantly greater level of demand for all services.
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Table 2
Results of Model 1.

Op. Simple coverage  Double coverage Located/AvailableRelocated
value EMG URG HV EMG URG HV  velicles vehicles
0,614 30,0 444 778 00 548 27,8313
0,712 12,5 46,7 88,9 00 46,7 50,0355
0,584 0,0 11,8 72,2 0.0 0,0 4443873
0,762 0,0 23,5 B33 0.0 0,0 46671212
0,816 0,0 50,0 944 0,0 16,7 83,0 11/13
0,81540,0 444 944 0.0 16,7 83,9 13/13
0825333 444 0944 0.0 167 8331111
0,822 50,0 444 944 0.0 16,7 72,2 10/10
0,824 20,0 444 944 0.0 167 8331111
0,777 0,0 333 B33 0,0 0,0 64,7 15/13
0,825 28,6 444 944 0.0 16,7 83,9 13/13
0,827 50,0 47,1 944 0.0 59 B30 10/10
0,780 25,0 50,0 88,92 00 6,3 5564/
0,846 25,0 47,1 B89 0.0 59 44455

o o O - - O O O — — O w o O

Source: Author.

Table 3
Results of Model 2.

Op. Simple coverage  Double coverage Located/AvailableRelocated

value EMG URG HY EMG URG HV  wehicles wehicles

04454000 444 778 00 548 27,833
0,509 12,5 46,7 88,2 0,0 4,7 50,055
0,489 20,0 294 722 00 00 27,8848
0,548 125 353 835 00 00 55061212
0,584 66,7 55,6 944 00 506 8331213
0,581 40,0 556 944 0.0 5,6 83,0 13/13
0582444 556 944 00 5,6 8891111
0,578 100 55,6 944 00 5,6 83,310/10
0,577 60,0 55,6 944 00 5.6 8891111
0,5659,1 389 833 00 00 4111313
0,586 57,1 55,6 944 00 5.6 8801313
0,582 750 47,1 944 0.0 59 72,2100
0,539 75,0 56,3 88,2 0.0 4,3 4444/
0,529 50,0 52,9 8353 0,0 59 44455

o - o o o o o oo o o — oo

Source: Author.

Regarding the Model 1: The average time run for each period was 0,02
seconds. The highest value of the objective function is recorded in the
Period 14 where coverage is relatively high and vehicles aren't relocated.
However, in the Period 12 the coverage is highest, this happen because the
demand in Period 14 is higher than in Period 12. In Period 5 two vehicles
aren't used due to: the restriction about the number of vehicle of the same
type in the same location, and the restriction of compliance times defined
by the first coverage radius. Emergencies are generally the services less
covered in the first coverage radius, due to the few vehicles that can assist
this service type and demanding compliance times. Only in Periods 8 and
12 the percentage of single coverage for emergencies is, in proportion to
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the areas where this service is demanded, higher than percentages of single
coverage for urgencies, because of the few areas where it is expected that
an emergency can appear. Home visits have greater coverage within first
radius, due to having the highest number of qualified vehicles to attend
this service and compliance times greater for coverage within that radius.

Figure 1 shows the geographical location of each vehicle type in the city
for the Period 10, according the Models. Also, possible location points
and demand areas with their centroids are showed.

Regarding the Model 2: The run time of this model in all the periods
is less than 1 second. The objective function differs from Model 1,
therefore the optimal values of both models are not comparable. Vehicles
are relocated less than in Model 1, due to the absence of the second
radius coverage that forcing to cover the total demand within that radius.
The solutions of this model show, considering all periods, higher single
coverage of emergencies and urgencies than Model 1. The dispersion of
vehicles is greater in Model 2, to favor single coverage. This does not
mean that the emergency services will be covered in more areas in absolute
terms, but in proportion to the areas number in which (at least) one call
service is expected.

3.1 Preparedness

In the context of our work the preparedness of an area j (j«) for a service
s (s=5) is defined as:
by = :TZ EEEIJ:‘-‘_‘S EkEKS i}rik (S’j

If the demand for a service in an area is high, the level of Preparedness
will be disfavored. If the travel time of vehicles located to cover a service
type in an area is shorter, the level of Preparedness will be higher.

The definition of Preparedness proposed is used to identify if there are
some models better than others, considering maximize the Preparedness,
according with the definition proposed in (34), for care areas and types
of services, with instances from the case study. The set of locations that
can cover with radius 2 the service type in the zone ( ) applies just for
Model 1, because these have two radius; in the case of Model 2 is replaced
for the set of locations that can cover with the only radius considered (z2 ).
Figure 3 show the performance of the Preparedness level in each area for
each model in the Period 10, for the three types of services: Home visit
(Upper), Urgency (Middle) and Emergency (Lower).
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Figure 3
Figure 3. Preparedness levels in the Period 10 for home visit service
(upper), urgency service (middle), emergency service (lower).

The cumulative value of preparedness in the Period 10 are 566,7
(Model 1) and 537,5 (Model 2). According to this, Model 1 is the best;
however, in the rest of the periods the locations of vehicles change and
the levels of preparedness may be different.

The Model 2 has better preparedness level than the Model 1 for
Urgencies in 8 areas, for home visits in 9 areas and for emergencies in 6
areas. Levels of Preparedness in emergency services are higher than in the
other services, in both models. The lack of expected demand of emergency
services, favors the readiness of the system to offer this service. Although
the home visits service has a greater number of vehicles available, levels
of Preparedness are significantly lower compared to the urgency and
emergency services, due to the expected high demand for this service.

4 CONCLUSIONS AND FUTURE WORK

Two variants of a model of Integer Linear Programming, are proposed to
optimize the ambulance locations of a company of pre-hospital care in the
city of Cali, Colombia. The proposed models do not match any of those
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found in the literature, according to the extensive review made about
ambulance location problems and some of its applications to some EMS.
The AHP method was the tool selected to determine the appropriate
weights for each term in the objective function, based on expert judgment.
The validation of the models were made with historical data of the
company and some estimates based on external sources. The results show
favorable arguments to improve decision-making in this process by the
company.

A Preparedness function is defined (from a formulation for dispatch
of vehicles) to compare the models, as regard to measure the readiness
of the system to the expected demand. The results of the models
implementation with real data of the company are used. These new results
show that the relevance of each model depends of the prioritization of
services and/or areas that the company considers. For example, if the
priority of the system is the home visit service, according this analysis, the
Model 4 is the best fit.

Two other models were developed, versions multi-period of Models 1
and 2, respectively, which didn’t are considered in this paper. A future
work is the development of a probabilistic variant of the formulated
models, which could improve the quality of solutions. The Preparedness
definition proposed in this paper could be used to propose a dynamic
relocation model; the level of Preparedness could indicate at what
moment vehicles should be relocated to maintain quality of the service.
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