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Tutor:
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Resumen

Antecedentes. Dada la innegable necesidad de contar con una infraestructura de res-
puesta de emergencia eficiente, que articule a las instituciones involucradas, con tecnoloǵıa
de punta, en 2012, Ecuador estableció el Servicio Integrado de Seguridad ECU 911. Es
pertinente destacar el modelo de gestión implementado, que articula las instituciones
de respuesta inmediata en todo el territorio nacional. Los bomberos interactúan con
el Ministerio de Gestión de Riesgos, Militares, Polićıa, Salud, Servicios Municipales y
Tránsito, compartiendo esfuerzos, optimizando recursos y brindando un servicio integrado
a la población de 16.5 millones de habitantes. La presente investigación se divide en tres
partes. La primera describe en detalle qué es el Servicio Integrado de Seguridad ECU 911,
sus antecedentes, su modelo de gestión, las instituciones que intervienen,las necesidades
de los usuarios, la plataforma tecnológica actual E-911 que posee, además de los pasos
y recomendaciones a seguir para migrar a un servicio NG-911 de nueva generación de
acuerdo con los avances tecnológicos, y los modelos implementados tanto en Europa como
en América del Norte. La segunda parte trata sobre la representación estad́ıstica, espacial
y temporal de las emergencias atendidas por el ECU 911 en Ecuador, donde se presenta
un análisis de las instituciones, el tipo de eventos que atiende y una manera óptima de
representar los eventos, con el fin de brindar la retroalimentación necesaria al ECU 911
para optimizar sus procesos de planificación y respuesta a emergencias en las que particpan
las siete instituciones articuladas. La tercera parte presenta una nueva aplicación del
análisis de correspondencias múltiple aplicado a las emergencias atendidas por un centro
de atención a emergencias.

Objetivos. Este trabajo está orientado a analizar los aspectos generales del Servicio
Integrado de Seguridad denominado ECU-911 que opera en Ecuador desde 2012. Los
objetivos propuestos son los siguientes. En primer lugar, desarrollar el estado del arte
del servicio ECU-911, sus oŕıgenes, composición, elementos, instituciones coordinadas,
tecnoloǵıas utilizadas, mecanismos de alerta, comunicaciones con las instituciones de
respuesta, almacenamiento de datos, intercambio de información, elementos necesarios
para migrar desde el actual E-911 a los servicios NG-911 de próxima generación conforme
a los estándares internacionales y, por último, la evolución de la tecnoloǵıa. En segundo
lugar, proponer un procedimiento para mapear las emergencias atendidas en el ECU
911, considerando sus caracteŕısticas estad́ısticas, espaciales o temporales, orientadas a
encontrar patrones, tendencias y los parámetros más representativos. Todo esto se orienta
hacia caracterizar las emergencias, las instituciones y obtener valiosa información a fin
de retroalimentar al nivel que planifica la respuesta a emergencias del Servicio Integrado
de Seguridad. En tercer lugar, encontrar las relaciones existentes entre las diferentes
categoŕıas de emergencias registradas y atendidas mediante la aplicación del análisis de
correspondencias múltiples a la información de los eventos atendidos por el centro de
atención a emergencias.

Metodoloǵıa. El presente estudio se ubica en la ciudad de Quito, Ecuador, y recopila
información sobre las emergencias atendidas en las provincias de Pichincha, Napo y Orel-
lana. Es una descripción general que detalla el estado del arte del servicio ECU 911
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de Ecuador, cómo opera, cuáles son los componentes principales y propone diferentes
maneras de procesar, visualizar, clasificar y usar la información almacenada en un centro
de atención a emergencias. La información disponible en la base de datos corresponde
a más de un millón de emergencias atendidas durante el año 2014 por las instituciones
coordinadas por el servicio. El uso de métodos no paramétricos, técnicas de remuestreo
bootstrap, ventanas Parzen y análisis de correspondencia múltiple se aplica para identificar
los patrones caracteŕısticos del conjunto de datos analizados.

Resultados. Se proporciona el primer estado del arte del Servicio Integrado de Seguridad
denominado ECU 911, que especifica las caracteŕısticas del servicio, las instituciones
coordinadas, el modelo de gestión aplicado, el número de centros de atención a emergen-
cias distribuidos en todo el páıs, la tecnoloǵıa utilizada y el desaf́ıo para migrar a un
servicio 911 de nueva generación. Un segundo resultado son las aplicaciones del análisis
estad́ıstico geográfico y temporal para visualizar las caracteŕısticas de las emergencias
atendidas por cada institución, obteniendo datos visuales sobre su comportamiento y car-
acteŕısticas. Finalmente, se proporciona una manera significativa de visualizar las posibles
relaciones entre emergencias e instituciones, utilizando el análisis de correspondencias
múltiples aplicado al servicio de respuesta a emergencias, lo que da como resultado una
manera informativa y estad́ısticamente fundamentada de representar los eventos analizados.

Conclusiones. La presente Tesis proporciona una descripción general del Servicio In-
tegrado de Seguridad ECU 911 implementado en Ecuador desde el año 2012. Se ha
analizado el estado actual de la plataforma E-911 disponible y se han presentado los
desaf́ıos para migrar a un servicio de 911 de próxima generación, todo ello en concordancia
con los ĺıneamientos proporcionados por organizaciones internacionales como la Asociación
Europea de Números de Emergencia y la Asociación Norteamericana de Números de Emer-
gencia. Se han proporcionado además los resultados del análisis estad́ıstico, geográfico y
espacial de las emergencias atendidas por el servicio ECU 911 durante el año 2014 y se
han detallado las caracteŕısticas y el comportamiento de cada institución. Finalmente, se
han proporcionado los resultados de la aplicación de un análisis sencillo y significativo de
correspondencias múltiples, que ha permitido identificar la relación de las emergencias
atendidas y las instituciones de primera respuesta del Servicio Integrado de Seguridad.
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Abstract
Background. Given the undeniable need to have an efficient emergency response in-
frastructure, which can articulate the involved institutions and using state-of-the-art
technology, in 2012 Ecuador set up the Integrated Security Service ECU 911. The imple-
mented management model articulates the response institutions throughout the national
territory. Fire Brigades interact with the Ministry of Risk Management, Military, Police,
Health, Municipal Services, and Transit, thus sharing efforts, optimizing resources and
providing an integrated service to the population of 16.5 million inhabitants in our country.
The present research is divided into three stages. The first one describes in detail what is
the Integrated Security Service ECU 911, its background, management model, intervening
institutions, its current technological platform, in addition to the steps and recommenda-
tions to follow to migrate to a next-generation NG-911 service, all of this aligned with
technological advances, user needs, and implemented models both in Europe and in North
America. The second one deals with the statistical, spatial and temporal representation
of 911 emergencies in Ecuador, where an analysis of the institutions, the type of events
that are attended, and an optimal way of representing the events are presented, in order
to provide feedback to the service managers of the Integrated Security Service ECU 911,
to optimize its planning processes, and to continuously improve the response to events
attended by the seven articulated institutions. The third one introduces a new version of
the multiple correspondence analysis, specifically adapted to be applied to emergencies
attended by a Public Service Answering Point (PSAP).

Objectives. This work is oriented to analyze the general aspects of the Integrated Security
Service named ECU-911 that operates in Ecuador since 2012, and the proposed objectives
in this setting are the following. First, to develop the state-of-the-art of the ECU-911
service, its origins, composition, elements, coordinated institutions, used technologies, alert
mechanisms, communications with the response institutions, data storage, information
sharing, and the elements needed to migrate from the actual enhanced 911 service to a
next-generation 911 services, according to international standards and technology evolution.
Second, to propose a procedure to map the emergencies attended in the ECU 911, consid-
ering their statistical, spatial, and temporal characteristics, and oriented to find patterns,
trends, and the most representative parameters. All of this is targeted to characterize
the emergencies, institutions, and to obtain valuable information to feedback the service
management level aiming to improve the service response. Third, to find informative
relationships among the different categories of registered and attended emergencies by
applying multiple correspondence analysis to the information of the events attended by a
PSAP.

Methodology. The study has been done in the city of Quito, Ecuador, and for its
realization, information has been collected about the emergencies attended in the provinces
of Pichincha, Napo, and Orellana. A general description has been done to detail the
state-of-the-art of the ECU 911 service of Ecuador, how it operates, what are the main
components, and a proposal for different manners to process, visualize, classify, and use
the information stored in the Public Safety Answering Point. The information avail-
able in the database corresponded to more than one million of emergencies attended in
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2014 by the institutions coordinated by the service. The use of non-parametric meth-
ods as bootstrap resampling techniques, Parzen windowing, or multiple correspondence
analysis, has been applied to identify the characteristic patterns of the analyzed set of data.

Results. The first descriptive state-of-the-art of the Integrated Security Service named
ECU 911 is provided herein, together with it specifies the characteristics of the service,
institutions coordinated, the applied management model, the numbers of PSAP distributed
countrywide, the used technology and the challenges to become a next-generation 911
service. A second result is the applications of statistical geographical and temporal analysis
to visualize the characteristics of the emergencies attended by each institution, obtaining
visual data regarding its behaviour and characteristics. Finally, a meaningful manner to
visualize the possible relationships among emergencies and institutions is provided, by
using the multiple correspondence analysis applying to the emergency response service,
resulting in an interesting manner to represent the events.

Conclusions. The present dissertation has provided a general description of the Inte-
grated Security Service ECU 911 implemented in Ecuador since 2012. The actual state
of the Enhanced 911 platform has been analyzed, and the challenges to migrate to a
next-generation 911 service are provided, all in concordance with the lines provided by
international organizations like the European Emergency Number Association and the
American Emergency Number Associations. The results of the statistical geographical
and spatio-temporal analysis of the emergencies attended by the ECU 911 service during
2014 have been provided, detailing the characteristics and behaviour of each institution.
Finally, the results of applying a simple yet meaningful multiple correspondence analysis
have been delivered, allowing to identify the relationship of the emergencies attended and
the institutions of first response of the Integrated Security Service.
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Chapter 1

Introduction

1.1 Justification and Importance

The Integrated Security Service called ECU-911 is a relatively new service implemented in
Ecuador, where the first Public Safety Answering Point (PSAP) started its operations in
2012. A PSAP is a center that coordinates the emergencies attention by different First
Response Institutions (FRIs), e.g., Fire Brigades (FB), Risk Management Secretary (RMS),
Military (M), Police (P), Health Services (HS), Municipal Services (MS), and Transit (T).
Figure 1.1 shows the facilities of the PSAP located in the city of Quito (Ecuador) [1],
covering the provinces of Pichincha, Napo, and Orellana, with an estimated population of
2,912,592 inhabitants [2].

Everyday, thousands of incoming alerts are evaluated by 911 operators, and those that
address the requisites are categorized as emergencies and transferred to the corresponding
FRIs. In order to attend these emergencies, different types of resources would be combined
i.e., institutional, technological, operative, human, procedural, and others. When an
emergency is attended, its related information is collected by the PSAP and saved in
a local Database (DB). The Data Analysis National Direction of the ECU-911 is the
entity responsible of concentrating, storing and handling the information of the service
countrywide.

For an optimal management of the available resources, and due to the increasing

(a) (b)

Figure 1.1: Quito PSAP facilities, (a) incoming alerts attention operative room, and (b)
front view of the PSAP building.

1



2 CHAPTER 1. INTRODUCTION

Figure 1.2: Data are read from the DB, processed (filtered and classified) to transform
it into information, and then analyzed and combined to become knowledge, in order to
feedback the PSAP and to be used to plan resource allocation improving the service.

amount of emergencies attended, an opportune process, analysis, and feedback of the
information is mandatory. Currently, the data available in the PSAP is used to prepare
informative reports only, like the number of alerts received, emergencies attended, resources
moved, and types of events per institution, among others. In this context, it would be
of great importance if, by applying a meticulous deeper analysis of that data, we found
relationships, bias or patterns that give a better understandable idea of the behaviour of
the emergencies attended and FRIs involved. It could be even more interesting if those
relationships could be visualized to facilitate its analysis and comprehension, and that
information converted in knowledge to feedback the integrated security service as an input
to prevent, warn, and improve future emergency responses, as Figure 1.2 shows.

1.2 Research Objectives

This work is oriented to scrutinize the general aspects of the Integrated Security Ser-
vice named ECU-911 that operates in Ecuador since 2012. This service uses a singular
management model, since ECU-911 is responsible for coordinating the emergencies at-
tention countrywide, with branches distributed in 7 zonal PSAPs, 9 local PSAPs, and
10 Decentralized Operative Rooms (DOR), grouping about 3,000 people and 7 FRIs to
serve a country with a population of 16.5 million inhabitants. Every day thousands of
alerts are processed and a similar number of emergencies are attended. As a result of this,
data related to every event is saved in a DB. This information has vital importance to
understand the emergency occurrence and its dynamics. Thus, the research objectives
proposed in this dissertation are:

• To develop the state of the art of the ECU-911 service, its origins, composition,
elements, coordinated institutions, used technologies, alert mechanisms, communica-
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tions with the FRIs, data storage, sharing and the elements needed to migrate from
the actual Enhanced 911 service (E-911) service to a NG-911 services, according
to international standards and technology evolution. This state of the art of the
Integrated Security Service is the starting point for future studies and research in its
different components and constituent elements.

• To develop a procedure to map the emergencies attended in the ECU 911, considering
its statistical, spatial or temporal characteristics, oriented to find patterns, trends and
the most representative parameters. With these results it is possible to characterize
the emergencies and institutions, visualize the events, and obtain valuable information
to share with the PSAP and the institutions management level oriented to improve
the service response based on the feedback information.

• To find informative relationships among the different categories of registered and
attended emergencies by applying multiple correspondence analysis to the information
of the events attended by a PSAP.

In order to motivate each these specific goals, we consider the use of tools described in
this dissertation and explained in the following paragraphs.

First, it is convenient to establish the general aspects and elements of the ECU-911,
its characteristics, components, operation, management model, coordinated institutions,
and the recommended requisites for migrating to a Next Generation 911 service (NG-911).
At this moment, the ECU-911 fulfills 70% of the requisites required to become NG-911,
all of this according to international standards and technological changes. The resulting
review is presented in Chapter 3.

Second, a model to analyze the emergencies attended is required, which allow the man-
agers to go beyond the conventional statistical analysis, given the richness of information
which is undoubtedly within the database of emergencies. Detailed event representations
should be obtained to better visualize and understand the emergency occurrences and
their response services as well. Combining emergencies with seasonal representation,
non-parametric confidence intervals, and geo-located plots, we could find the densest
zones that characterize emergencies and FRIs in specific time periods and their statistical
contribution to the total of events attended. For instance, and as it will be detailed in
Chapter 4, in Figure 1.3(a), we observe a plot of the emergencies attended by all the
FRIs during 2014, in which the points are dispersed over the responsibility area of the
PSAP and they do not provide much useful information to understand the dynamics of
the emergencies. On the other hand, Figure 1.3(b) plots the same number of emergencies,
but now they are ordered by days, weeks, and institutions, providing us with clues of their
dynamics.

Finally, the possibility of visualizing the information related to the emergencies should
also be considered. Deciphering this information to discover possible patterns or rela-
tionships along the emergencies type and response institutions would be a very helpful
feedback to the coordination level of the service. We considered that by applying multiple
correspondence analysis (MCA) it would possible to find informative relationships and
characteristics of the emergencies and the institutions. However, the application of this
method according to its conventional version would have a limited use by the managers,
as the method requires a well-trained statistical background, and it is not always easy
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(a) (b)

(c)

Figure 1.3: Motivation for this dissertation. (a) Blue points represents the emergencies
registered in 2014 in the PSAP of Quito. (b) The same previous emergencies, now ordered
by weeks, days, and FRIs. (c) Visualization of police emergencies registered, public road
scandal (orange) and excess of noise (blue), when multiple correspondence analysis is
applied.
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to interpret. Therefore, we proposed the novel use of a statistical method combining
bootstrap resampling and Parzen Windowing techniques, thus producing very interesting
combinations that allow us to visualize these relations in a statistically principled manner,
while permitting us to group the complex set of events according to trends, significance,
and meaning, and obtain non-conventional plots of the analyzed emergencies and FRIs.
An example of the result is shown in Figure 1.3(c), and the method will be presented and
detailed in Chapter 5.

The importance of this research lies in the novel application of varied procedures to
scrutinize the information, providing alternative manners to visualize the events, recognize
its characteristics, identify possible relationships, draw different types of plots, and obtain
valuable knowledge to feedback the PSAP and its FRIs, all the time considering to improve
the emergency response provided by the service.

1.3 Research Methodology

This dissertation looks for making a general description, the first of this class, of the ECU
911 service of Ecuador, how it operates, what its main components are, and it proposes
different manners to process, visualize, classify, and use the information produced and
stored after the huge number of emergencies that are attended daily. In order to reach
the research objectives summarized in the preceding version, the methodology can be
summarized as follows, according to the three described parts.

1.3.1 Understanding the Emergency Response Service

The first step in this research is to obtain a very clear idea of what is the integrated security
service ECU-911. Other important topics are how that initiative started, to identify their
components, and the elements needed to its operation. On the other hand, the number
of PSAPs and DORs implemented, their coverage area and geographical distribution are
important elements to know as well. In the operative part, the alert mechanism used,
its technological platform, the management model applied, the FRIs coordinated, the
types of emergencies attended, the procedures followed, the data obtained during the
process, and how the information is collected, centralized, and saved, are necessary points
to be analyzed. Additionally, several critical point to be considered are to identify the
current type of technology and to establish the recommended manners to improve and
migrate it, according to the latest technology used in these type of services worldwide, and
while observing standards recommended by the European Emergency Number Association
(EENA) [3] and the North American Emergency Number Association (NENA) [4].

The study was developed in the city of Quito, where it is located the national direction
of the ECU-911 service and the PSAP that covers the provinces of Pichincha, Napo, and
Orellana, with a combined population of 2,912,592 inhabitants [2]. In this PSAP there
are articulated 7 FRIs, and the DB used for this research was composed of 1,078,846
emergencies collected during 2014. The total time spent observing and learning about the
ECU-911 service was 15 months. The components of the service are:

1. The management mode.
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(a) (b)

Figure 1.4: Motivation for event visualization. (a) Yearly distribution of the fire brigades
emergencies. (b) Number of police emergencies registered during February 2014.

2. The alert mechanisms.

3. The PSAP management model.

4. The emergency coordination procedure.

5. Data treatment.

6. The recommendation to migrate from the current enhanced 911 service to a next
generation 911 service [5, 6].

1.3.2 Representation and Visualization of the Emergencies

A second necessary step is to identify new manners of representing and visualizing the
emergencies based on the information contained in the DB, which have about 121 fields
with usable data. We started by analyzing the data contained in each field, selecting those
with relevant information as latitude, longitude, date, time, type of emergency, institution,
province, canton, city, and moved resources.

Using the temporal information, we aimed to plot events in chronological order and
varying the intervals represented, i.e., hourly, daily, weekly, monthly, and yearly. We
conformed groups that contribute with information regarding the represented emergencies.
Figure 1.4(a) shows the number of emergencies attended by fire brigades along a period of
one year, and Figure 1.4(b) plots the total of police emergencies registered in February
2014, organized by weeks and days, as well as light and darkness hours.

By plotting the available geographical information, mainly the latitude and longitude
of each event, and visualizing in a geo-referred map, we would be able to obtain interesting
results regarding their spatial distribution. Figure 1.5(a) shows the emergencies of three
FRIs in the town of Tena during 2014, and Figure 1.5 (b) shows all the emergencies in the
city of Quito and surroundings.

Another group of plots could be obtained combining temporal and geographical infor-
mation with the types of institution and emergencies attended. We aimed to complement
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(a) (b)

Figure 1.5: Motivation for emergency visualization. (a) Scatterplot of police, health
services, and transit emergencies register during the first week of January in the town of
Tena. (b) All the emergencies plotted show their concentration in the city of Quito and
near towns.

(a) (b)

Figure 1.6: Parzen window representation for fire brigades during January 27 which is the
minimum number of emergencies registered, in 2D (a) and in 3D (b) plots.

these results with statistical information and techniques as bootstrap resampling and
Parzen windowing, obtaining interesting plots to understand the behaviour and dynamics
of the emergencies attended by each institution. Figure 1.6 shows the result (to be detailed
in Chapter 3) a Parzen window representation of the emergencies attended by fire brigades
on January 27, 2014. During that day, the lowest number of events for this institution
were reported and attended. It can be seen that the targeted representation in 2D and 3D
will permit us to visualize these events, and it is convenient to give this representation not
only a visual purpose, but also a statistically principled fundamental, as it will be detailed.

1.3.3 Multiple Correspondence Analysis of Events

The third step to be addressed will consist, as previously explained, in creating a statistically
meaningful method to analyze the relationships among different events contained in the
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(a) (b) (c)

Figure 1.7: MCA results diagram of a FRI with five categories or emergencies: (a) Plane
V1-V2; (b) Plane V1-V3, and; (c) Plane V2-V3.

PSAP DB. We started by selecting the FRIs and emergencies types to be analyzed, the
data were then pre-processed by replacing the events with 0s or 1s to form a Burt matrix,
and the low represented events were deleted. Bootstrap resampling techniques were used,
and a Parzen windowing technique was run in combination, in order to provide MCA
with clear cut-off statistical tests. We wanted to obtain significant information and useful
representation of the events grouped in categories with this approach.

This methodology will permit us to visualize the behaviour of the FRIs and selected
emergencies, with the information available in the DB, to find relations or specific charac-
teristics based on the statistical distances among points concentrations (emergencies) or
the distance from the emergencies and the axis, as shown in the example result depicted
in Figure 1.7.

1.4 Thesis Organization and Contributions

This document is a compendium of three articles published in JCR indexed journals,
which are part of the dissertation titled “Analysis, representation and visualization of
emergencies attended by Integrated Security Services”. It was developed for the Doctoral
Program in Information and Communications Technologies at the International Doctorate
School from the Rey Juan Carlos University. The document is composed by six chapters,
organized as is indicated next.

• Chapter 1 introduces the research topic, explains the justification, importance, and
motivation to develop this work, lists the research objectives, the methodology is
described mentioning the content of the three articles that compose this dissertation,
and a brief summary of the document organization is provided as well.

• Chapter 2 provides a general background of the concepts, technological fundamentals,
mathematical analysis, and previous works related to this project. It is mentioned
how this service is considered as a model to be followed in the Latin America region
and it also refers to the international organizations that rule the emergency attention
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services in North America in Europe for similar entities. Additionally, a summary is
provided on the next generation of services. Finally, a note on the fundamentals of
the statistical methods applied to analyze the information is presented.

• Chapter 3: From E-911 to NG-911: Overview and Challenges in Ecuador [7]. This
is the first state-of-the-art document related to the Integrated Security Service. It
describes clearly the reasons that motivate its creation, the unusual management
model, and the alert mechanisms implemented, and we also mention the characteris-
tics of the PSAP and the process to evaluate alerts, and the emergency coordination
procedure, data treatment and service to third parties provided, the recommended
steps to migrate form the current E-911 to the expected NG-911 service. Finally
the challenges to reach this objective are mentioned in a clear and understandable
manner.

• Chapter 4: Statistical, Spatial, and Temporal Mapping of Emergencies in Ecuador [8].
This publication provides an application of different tools to visualize the emergencies
attended. By introducing the reader to the emergency representation model, it
explains how the information contained in the DB of the PSAP is analyzed based on
its temporal, geographical, and spatial occurrence, obtaining very informative visual
and statistically principled representations of the occurrence of the emergencies in
the analyzed PSAP.

• Chapter 5: Multiple Correspondence Analysis of Emergencies Attended by Integrated
Security Services [9]. It summarizes the application of a simple and at the same time
meaningful method to inspect the variety of events attended in a PSAPs. Results re-
veal interesting relations among institutions and emergencies, through representative
multidimensional plots with confidence areas, eigenvalues and eigenvectors plotted.
It also provides relevant and significant information, which permits an interesting
analysis to understand the dynamics of the emergency response procedure.

• Chapter 6 concludes and shows future lines, summarizing the results obtained in
this work and the possible new tasks to be developed to continue with this research.
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Chapter 2

Background

In this chapter, the general concepts, mathematical principles, and related information to
the developed research are included, in order to contribute to understand the background
on which this work was carried out.

2.1 The Integrated Security Service ECU 911

It is necessary to mention that there are no previous works related to the ECU 911
service of Ecuador. The Integrated Security Service was created in 2012, its last DOR
was implemented in 2016, and this work started in 2017. In few words, this dissertation
compiles the first articles written about this service.

Before the ECU 911 started its operations, the emergency institutions worked indepen-
dently. Hence, in order to reach them, it was necessary to dial different specific numbers
assigned. The actual tendency is the use of a three-digit number, easier to remember and
fast to dial. In Figure 2.1 the emergency telephone numbers around the world in 2011
is illustrated. These emergency telephone numbers differed according to the country or
region. Due to the existence of a different emergency number for each emergency service,
the number 112 was introduced in Europe as a common emergency call number in the
1990s, and in the same line, the number 911 was introduced in the American region [10].

In 2012, Ecuador adopted 911 as the unique emergency number and named as ECU
911 the service of immediate and integral response to emergencies. ECU 911 coordinates
the attention of articulated response institutions, for the cases of accidents, disasters, and
emergencies, and FRIs mobilize available resources to provide rapid attention to the public
[1]. National Police, Armed Forces, Fire Brigades, National Transit Commission, Ministry
of Public Health, Ecuadorian Social Security Institute, Risk Management Secretariat,
Ecuadorian Red Cross, and other local agencies in charge of emergency care have joined
forces and resources to provide the best attention through a unique three-digit number.

The 911 number replaces all the previous emergency numbers, i.e., 101, 102, 105, 115,
131, and more, which fragmented the attention in different response institutions, achieving
an articulated cooperation within an Integrated Security Service. With this decision, the
country joins the group of the 31 American countries that adopted 911 as the unique
emergency number nationwide, as it is listed in Table 2.1.

Calls to ECU 911 can be made from any landline or mobile phone, at no cost, 24 hours
a day, 365 days a year. The explicit mission of this service is “To manage in the entire

11
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Figure 2.1: Map of the local emergency telephone numbers around the world in 2011 [10],
note the two tendencies, in blue the 911 for some countries in the Americas region, and in
orange, the 112 for Europe.

Ecuadorian territory, the attention of citizenship emergency situations, reported through
the number 911, and those generated by video surveillance and alarm monitoring, through
the dispatch of specialized response resources belonging to public and private agencies
articulated to the system, with the purpose of contributing, permanently, to the achievement
and maintenance of integral citizen security” [1].

The selection of the 911 number is an effort and contribution to unify the emergency
number in the region. Most of the American countries have adopted or are in process to
implement the 911 as the unique emergency number. In this line, NENA provides crucial
information to support this initiative, and in a similar manner but with different number
for the European Union, EENA works in the same direction. Moreover, both institutions
empower other countries to join these initiatives. The Ecuadorian case becomes a very
interesting example and it is the proof that this model is feasible to be implemented in
a developing country of the Latin American Region obtaining important results, as it is
explained next.

2.1.1 ECU 911 as an International Model

Motivated by the progress and results obtained by the Ecuadorian Integrated Security
Service ECU 911, the Permanent Council of the Organization of American States (OAS)
resolved to organize the International Seminar on Mechanisms and Cooperation Tools on
Emergency Services of the Region, in order to design a continental emergency response
protocol, based on the Ecuadorian management model. This event involves security experts
and representatives of the countries that conform the OAS. The event responds to the need
to have a normative document of hemispherical coverage that facilitates the implementation
of 911 services on a continental scale, in which Ecuador serves as an example for the
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countries of the region to emulate the technical and operational methodology that has been
executed and can consolidate this service. Another purpose of the event is to establish
mechanisms to guide the optimization of the resources available to the emergency services
of the OAS countries and to share the experience of the ECU 911 with the region [11].

Table 2.1: List of American countries that uses the 911 as emergency number.
Ord Region Country
01 Central America Belize
02 Costa Rica
03 Panama
04 Caribbean Antigua and Barbuda
05 Anguilla
06 Aruba
07 British Virgin Islands
08 Grenada
09 Montserrat
10 Navassa Island
11 Saint Kitts and Nevis
12 Saint Lucia
13 Saint Vincent and the Grenadines
14 United States Virgin Islands
15 Barbados
16 Bonaire
17 Cayman Islands
18 Dominican Republic
19 Puerto Rico
20 North America Bermuda
21 Canada
22 Mexico
23 United States of America
24 The Bahamas
25 South America Argentina
26 Bolivia
27 Ecuador
28 Paraguay
29 Peru
30 Uruguay
31 Venezuela

2.1.2 North-American Emergency Number Association

NENA is the name of the association of 911 centers that operate in North America, and
its work is focused on policy, technology, operations, and education related to 911 services.
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The association is divided into 47 chapters across the United States and other countries,
and it has more than 13,000 members.

As a remarkable point, NENA promotes the implementation and use of the 911 for the
American region and the concept of a three-digit emergency communications system in
other regions, this is the case of the 112 emergency number in Europe. Thanks to this
effort, 31 countries listed in Table 2.1 have implemented the 911 as a unique line to report
emergencies, which is relevant to standardize these services in all the continent.

NENA basically coordinates the work of professionals, public leaders, emergency
services, telecommunications industry partners, like-minded public safety associations, and
other stakeholder groups. They give special importance to the development of programs
and initiatives, to facilitate the creation of an IP-based Next Generation 911 system
(NG-911) considering how ICT and wireless technologies have evolved, and at the same
time, the association is developing standards, training procedures, and certifications to
PSAP centers and to other participants involved in the emergency attention procedure [4].

2.1.3 European Emergency Number Association

EENA is a non-governmental organization that contributes to improving the safety and
security of people. This organization includes more than 1500 members which are emergency
services representatives from over 80 countries worldwide. Additionally, their members
include about 100 solution providers, 15 international organizations, 200+ Members of
the European Parliament, and more than 100 researchers. In this platform, persons and
institutions participate who are involved in the public safety community and who aim to
provide a space for collaboration and learning.

On the other hand, and contrary to the Americas, 112 is the European emergency
number, available free of charge, anywhere in the European Union (EU). It coordinates
the emergency response services, including the police, emergency medical services, and
fire brigade. This decision was taken, supported by the fact that a considerable number
of European citizens and foreigners are travelling across the countries of the EU, so the
European Council has mandatorily introduced this common emergency number for all the
28 countries members of the EU, and it was decided to avoid the use of different local
emergency numbers depending on the location.

The 112 is an easy to remember number and it is the only number needed to know
when travelling in the EU and any emergency is presented [3]. The 112 number has the
same concept of the 911 emergency number in other regions of the world.

2.2 Next Generation 911

The advances and changes experienced in ICT in the last two decades have originated
the need to count with last generation systems to access the emergency attention. The
actual system was created based on alerts originated in fixed lines and mobile devices, but
basically oriented to voice alert messages.

The advent of new technologies as wireless communications, social networks, and novel
manners for communicating an event (i.e., text messages, videos, and more, all of this
originated in an IP based platform instead of the traditional mobile cellphone or fixed
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lines) has turned into a problem for the conventional 911 technological platform, which
was conceived to receive alerts in a ‘traditional’ manner, and it never was planned to
receive calls and data from these new and emerging technologies.

As a consequence of this technological evolution, the actual E-911 service needs to be
redesigned and upgraded to an NG-911, and not only that, from now on it is necessary
a detailed planning process to improve the service and add new channels to receive the
alerts and to provide the emergency response service in an adequate manner.

In 2010, an article was published related to the recommendations for implementing NG-
911 components [12]. Associations like NENA in North America, EENA in Europe, and
the Internet Engineering Task Force, have defined the NG-911 services. This classification
corresponds to the upgrades (hardware, software and procedures) needed in the PSAP
technological platforms oriented to receive the alerts generated in different networks,
protocols, and technologies, in order to respond to the fast evolution experienced by the
ICT. The current platform available in the ECU 911 service can be classified as E-911,
waiting for the corresponding upgrade to NG-911.

2.3 Bootstrap Resampling Technique

One of the methods used to analyze the data employed in this thesis is the bootstrap
resampling, which was initially proposed by Bradley Efron [13]. It is a non-parametric
technique that basically reads a group of data, obtains its statistical characteristics, (e.g.,
biases, standard deviations, confidence intervals, and so forth) and creates a set of empirical
data maintaining similar statistical features than the original sample. It permits to infer
the characteristics or behaviour of that resampled information while avoiding to makes
potentially unrealistic assumptions about the underlying populational distribution [14].
This technique does not require any theoretical reformulation, and it is possible to apply
to any statistical parameter that can be computationally calculated. The set of randomly
generated samples are also known as resamples of the population.

Let us consider an original set of data a = {a1, a2, ..., an}, then, by applying the
bootstrap method, it is possible to obtain a simulated resample a∗ = {a∗1, a∗2, ..., a∗n} where
the exponent (∗) is the used notation to represent bootstrapped entities, n is the size of
the original sample, and m is the number of times that the resampling process is done,
normally it can be 100, 500, 1000, or more, as needed. Figure 2.2 illustrates the bootstrap
resampling process [14].

In this dissertation, bootstrap resampling was used to estimate the characteristics of
the emergencies considered to obtain a spatio-temporal representation in Chapter 4 and
to obtain the possible relationship among categories in Chapter 5 by using MCA. In both
chapters, the information contained in the DB refers to the emergencies attended by the
FRIs which have a specific percentage of participation and a non-uniform distribution
among time and location. In order to obtain the needed information for each specific case,
the data must be prepared, which means to obtain a determined number of resamples that
maintaining the statistical characteristics of the original sample. It allows us to handle the
data to be compared and to find useful information in terms of its statistical properties.

A practical example of the application of bootstrap resampling technique is when a
confidence interval (CI) needs to be calculated to find characteristic parameters of the
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Figure 2.2: Graphical representation of the bootstrap resampling method.

data set. Due to the complexity that results on calculating CI from parametric tests, it
turns easier if a non-parametric bootstrap resampling technique is applied.

2.4 Parzen Windows

A non-parametric method that can be used for estimating probability density functions,
was introduced by Emanuel Parzen in 1962 [15]. It is used to estimate a probability density
function p(x) for a specific point p(xi) from a sample p(xn). The method does not require
previous information regarding the underlying distribution. The common application of
this method is to estimate the conditional densities also known as likelihoods.

In Chapter 4, this method is used to identify the bias or the tendency of the represented
points. The idea is to count the number of samples contained in a specific region Rn

or window defined by σ, and by varying the window size, the resulting plot will provide
information about the distribution of the points along the represented area.

Let us note that ~r is the vector which contains the coordinates X and Y for a point,
which will be located on a 2D plane. Considering that a set of events is an event series
of independent and identically distributed observations, then the estimated probability
by Parzen windows is denoted p(~r), and by constraining it to N observed samples, the
empirical probability distribution function is given by:

p̂e(~r|mT ) =
1

N
∆(~r|mT ) (2.1)

where mT is the observation time. Based on this, a kernel can be used as a function to give
a continuously supported estimation of the probability density function. For instance, the
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use of the Gaussian kernel often yields a good-quality estimator by virtue of the Central
Limit Theorem [16], and in this case, the estimated distribution is expressed as

p̂G(~r|mT ) =
1

N(2π)d/2σd

∑

j∈Ii,mT
e−
|~r−~rj |

2

2σ2 (2.2)

where d is the dimensionality of the Gaussian kernel feature space using a common variance
σ2, and this is a free parameter to be chosen according to the observation scale and the
number of events. In Figure 2.3, a set of points is illustrated, by varying the windows, a
resulting plot will be obtained which illustrated in 2D or 3D the tendencies or bias of the
analyzed points.

(a) (b) (c)

Figure 2.3: Set of points plotted, the window size is represented with a red circle for each
case.

This type of plots are very didactic and useful to visualize the points’ distribution in a
defined area, and the height of the peak responds to the density of points founded. By
handing σ, the width of the density estimation may be controlled. Figure 2.4 presents a
graphical explanation of how the density estimation plots the curve based on the number
of points identified and the value of σ.

(a) (b) (c)

Figure 2.4: Parzen windowing, a graphical explanation of the density estimation of
emergencies represented by σ.
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2.5 Kernel Density Estimation

When data need to be statistically analyzed, the nonparametric density estimation is a
highly recommended tool to obtain results as assess the multimodality, skewness, or any
other characteristic in the data distribution. The advantage of this tool relays in the great
flexibility to model a given dataset. The most popular nonparametric approach for this
type of estimator is known as Kernel Density Estimation (KDE) [17], which is used to
estimate the Probability Density Function (pdf) of a random variable, its application is
usually combined with Parzen windowing techniques.

If a group of bi dimensional points (−→r1 ,−→r2 ,...,−→rN) is considered, each one composed by
two coordinates (X and Y ), KDE smooths out the contribution of each point (−→ri ) over
a predefined area around an specific point (−→r ), and it depends on how separated the
considered points are. The estimated density at any point is given by

f̂(−→r ;σ) =
1

N

N∑

i=1

φ(−→r −−→ri ;σ) (2.3)

where φ(−→r −−→ri ;σ) is a Gaussian kernel centered in −→ri and σ is the bandwidth.
Figure 2.5 shows in (a) a 3D Parzen representation of a set of points, and in (b) the

KDE representation of the same set of points is shown. Note that the points concentrations
are accurately represented with narrow peaks, it is obtained by managing σ as is explained
above. The utility of this tool is clearly observed in Chapters 4 and 5.

(a) (b)

Figure 2.5: Set of points represented, (a) with 3D Parzen window, and (b) 3D KDE plot.

2.6 Multiple Correspondence Analysis

MCA is an extension of correspondence analysis (CA) [18], and it is used to analyze the
pattern and types of relationships of various categorical dependent variables. In this line,
it may be considered as a generalization of CA when the analyzed variables are categorical
instead of quantitative [19].

To obtain the MCA, a standard CA must be used on an indicator matrix, whose entries
are 0 or 1. The variance needs to be corrected, and the interpretation of the distance
among the points or concentrations of points distances needs to be adapted. By using
MCA, it is possible to analyze a set of nominal variables which describe an event. Thus,
each nominal variable is composed by several levels named as categories, and are coded as
a binary combination of 0’s and 1’s. For instance, if there are three types of alerts, e.g.,
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yellow, orange, and red, it is one nominal variable with three categories, the pattern for a
yellow alert is (0 0 1), for green is (0 1 0), and for red is (1 0 0), in this manner, only one
column will have the value ‘1’ as a nominal variable.

Let us consider a categorical variable X that contains eight categories as it is shown in
Figure 2.6. By applying CA on X we obtain two sets of factor scores, one for the rows and
another for the columns. The total value obtained from the table is noted as M , which is
the sum of both the rows and the columns of X. To obtain the probability matrix Z, it

Figure 2.6: Diagram of MCA applied to Variable X.

is uses Z = M−1X. And r is the vector of the row totals of Z and c is the vector of the
column totals, and Dc (Dr) is the diagonal matrix of c (r). The factor scores are obtained
with the following singular value decomposition:

D
− 1

2
r (Z − rcT )D

− 1
2

c = P∆QT (2.4)

where ∆ is the diagonal matrix of the singular values, and Λ = ∆2 is the matrix of the
eigenvalues. The row and column factor scores are obtained with the relations:

F = D
− 1

2
r P∆ (2.5)
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G = D
− 1

2
c Q∆ (2.6)

The squared distance (X2) from the rows and columns to their respective barycenter
are obtained with the equations

dr = diag{FF T} (2.7)

dc = diag{GGT} (2.8)

and squared cosine between row i and factor l and between column j and factor l are
obtained as:

Oi,l =
f 2
i,l

d2r,i
(2.9)

Oj,l =
g2j,l
d2c,j

(2.10)

where d2r,i and d2c,j are the i-th element of dr and the j-th element of dc, respectively. The
squared cosines help locating the factors that are important for the given categorical
variable.

The resulting plot of MCA applied to variable X is observed in Figure 2.7. The points
concentrations, its distance form the barycenter, and the distance among them will provide
information about patterns, bias, or any usable relationship. Additionally, it is possible to
calculate the eigenvectors, eigenvalues and its contribution to factor l, which means its
relevance.

Figure 2.7: Diagram of MCA applied to variable X – the concentration points of each
category are visualized.

2.7 Previous Works

Reviewing current literature, and regarding the Integrated Security Service ECU 911, there
are no articles published related to this specific topic. However, it is easy to find works
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that refer to the general problem of emergency response systems and there is another
group of works about how the institutions and countries have been responded to high
magnitude destructive events as tsunamis, hurricanes or earthquakes.

Some of the reviewed articles are related to emergency response systems and the
advantages of applying data analysis to augment its efficient response. A clear example is
provided in [7], where it is explained how the technological solutions used in the Enhanced-
911 platforms support the emergency response. Some data treatment and analysis are
discussed therein, but no real analysis is actually performed. Similarly, Jennex proposed
another model for emergency response systems [20]. He analyzed that the failings and
gaps in the emergency response systems may be prevented with adequate management of
the knowledge related to the emergencies, and with this the author proposes to mitigate
or prevents the impact. Nevertheless, no knowledge management system is proposed or
evaluated therein. A data model is also proposed in [21] and [22] for the management
of dynamic data during emergency response procedures in the Netherlands. The spatio-
temporal models permit to keep the operational and situational information during the
emergency response, but it never has been proven in a situation to analyze or interfering
emergency behaviours. Other authors proposed in their works the analysis of specific
events, as the sentiment analysis during a hurricane [23] or response-time analysis of
subway fire emergencies [24]. Liu et al., in [25] and [26], proposed risk decision analysis
methods based on cumulative prospect theory and fault tree analysis, respectively, to
solve the risk decision-making problem in emergency responses. Previous works have
also proposed a spatio-temporal analysis of emergency alerts. For instance, Jasso et al.
[27] presented a spatio-temporal analysis of call-stream data corresponding to emergency
responses in the State of California. This work points to the possibility of emergency
event detection based on outlier detection. In the same direction, [8] proposed a statistical,
spatial, and temporal analysis of emergency responses by using simple, yet robust and
compact, event representations. For [28], the process of managing emergencies is complex
due to the increasing number of involved parties, people affected, and resources. This
becomes a challenge to decision makers and FRIs. In other words, emergency management
information systems complexity is crucial for improving emergency response effectiveness.
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ABSTRACT For years, emergency attendance institutions in Ecuador worked separately and not all of
them had a 24/7 service, resulting in duplicated efforts, a waste of the scarce resources, and an absence
of generalized technology. In 2012, Ecuador created an Integrated Security Service, called ECU 911,
to address the need of an emergency service articulating all the first response institutions. The ECU 911 relies
on the Enhanced 911 technology, having a countrywide presence. Since then, Ecuador has implemented
16 public-safety answering points and 11 decentralized operative rooms, covering all Ecuadorian territory
and serving to a population of about 17 million people. The overview presented in this paper demonstrates
how the advanced technology supports this newmodel of emergency attention service based on an Enhanced
911 platform. In addition, the achievements and challenges required to become a Next-Generation
911 service are discussed.

INDEX TERMS Enhanced 911, Next-Generation 911, ECU 911, public-safety answering point.

I. INTRODUCTION
Since the mid-20th century, the first generation of 911 ser-
vices have been operating in Canada, United States, Mexico,
and Asia, while the 112 service has operated in Europe. This
first generation of 911 services used the Public Switched
Telephone Network (PSTN) to communicate with the Public-
Safety Answering Points (PSAP), which dispatched the First
Response Institutions (FRIs) such as police, fire brigades,
and emergency medical services (EMS) [1]. With the rapid
growth of cellular communications, the first generation
of 911 services evolved to Enhanced 911 (E-911) [2], incor-
porating and supporting calls from mobile devices. In 1999,
the US government enacted the Wireless Communications
and Public Safety Act, which made mandatory the use
of 911 as a universal emergency number, and the E-911 was
defined as the base technology for handling calls made from
mobile cellphones [3]. In the last 10 years, Information Com-
munication Technologies (ICT) have significantly evolved
with the proliferation of the Internet, mobile data services,

short message services (SMS), smartphones, social media
messaging services like Twitter or Facebook, and Voice over
IP (VoIP). This evolution of the ICT highlighted the need
of rethinking and redesigning the 911 service in order to
accommodate a wide range of data formats, technologies, and
media in a Next-Generation 911 (NG-911) system [4], [5].
This wide range of communication technologies created
new challenges in the integration of hardware, software,
procedures, policies, standards, facilities, knowledge, and
training, and it aims to enable a coordinated and effective
emergency response from the FRIs [5]. Nevertheless, these
new NG-911 components create new opportunities for infor-
mation sharing, multi-media communication, improved ser-
vices, and data back-up for future use as evidence at courts.

Thus, after recognizing the need of having a centralized
911 service in Ecuador, the government commissioned a team
to design and implement a nationwide emergency service.
This work explains the implementation of the Ecuadorian
Integrated Security Service, called ECU 911, so that other
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countries and jurisdictions can take advantage of Ecuador’s
experience and insights. The ECU 911 architecture, service,
implementation, management model, and results, are dis-
cussed along the document. The ECU 911model is a working
E-911 based service and has many elements which made it
a viable alternative to migrate to an NG-911 architecture.
Hence, it can be a reference, especially for countries with
limited resources and a wide variety of covered regions.
In addition, the achievements and challenges required to
become an NG-911 service are discussed, allowing us to
emphasize themain points to take into account when an actual
E-911 service is migrated to NG-911. Some technical details
are included in several sections which could be basic concepts
for the expert, but they are expected to help the general reader
to better understand the technology and its related challenges
in this setting.

Thismanuscript is organized as follows. Section II explains
the motivation behind the ECU 911. Section III discusses
the management model and how ICT are integrated into
the ECU 911. Section IV provides a summary of the achieve-
ments of the service in the last five years and the challenges
to migrate to an NG-911 based service. Conclusions and
recommendations for future implementations are provided
in Section V.

II. MOTIVATION FOR ECU 911
Ecuador is a developing country located on the Pacific coast
of South America, where a population of approximately
16.7 million people is spread over 256,370 km2 [6]. For many
years, the FRIs ( e.g., police, fire brigades, and public or pri-
vate health services) worked separately, and each institution
had a different phone number, which also varied from region
to region. Not all the institutionswere available 24/7, and only
the police owned a voice trunking network covering most of
the country regions. In general, the response effort from the
FRIs was redundant, which strained the available resources
and increased the cost by deploying more resources than
necessary. In the case of disasters or large scale emergencies,
there were multiple calls to each institution requesting for
help, which increased the time to respond and was difficult to
coordinate. Land-line and cellular-phone calls were the only
way to request for help in case of an emergency, and new
technologies were not integrated. Although each institution
made a significant effort to provide with the best service to the
community, the lack of coordination and a unified command
was preventing FRIs from performing their duties effectively.

These problems prompted the Ecuadorian Government to
form a multidisciplinary team in order to research how to use
ICTs and develop management models for an E-911 service
in Ecuador, which led to the ECU 911 proposal. This team
visited relevant PSAPs in North America, Europe, and Asia,
in order to design and determine the best possible solution
for Ecuador. During these visits, the team collected relevant
information about procedures, technologies, and successful
cases from the analysis of PSAPs. These cases were care-
fully investigated according to the Ecuadorian realities, such

as socio-economical conditions, the geographic organiza-
tion of the country, already existing institutions, use of new
technologies, penetration of mobile phones and the Inter-
net, use of social networks, and statistics of accidents and
emergencies [7], [8].

The team amalgamated these considerations and proposed
a unique management model, which is illustrated in Fig. 1
and explained in Section III.

III. ECU 911 MANAGEMENT MODEL
The management model of ECU 911 includes the compo-
nents illustrated in Fig. 1 and labeled as follows: 1© alert
mechanisms; 2© characteristics of the PSAPs; 3© emergency
coordination; 4© data treatment; and 5© data services to third
parties. Within this model, several FRIs are considered and
coordinated by the ECU 911, namely, Police, EMS, Fire
Brigades, National Agency of Traffic, Social Security, Red
Cross, Armed Forces, Risk Management Secretary, and some
Municipal Enterprises [9].

It is relevant to highlight that the Integrated Security Ser-
vice has the hierarchical organization depicted in Figure 2.
Basically, it consists of a General Direction, three Technical
Subdirections, seven National Directions, and seven Zonal
Technical Subdirections (one for each regional PSAP). This
organizational structure allows the administration of all the
services to collaborate in a coordinated way, including about
3,000 people countrywide and seven collaborating institu-
tions. The General Direction is responsible for managing the
service and its timely response to emergencies and alerts. The
Technical Subdirection of Doctrine has two main functions:
(i) to train all the staff members regarding with emergency
response; and (ii) to elaborate all the regulation and proce-
dures to attend alerts and emergencies, and to transfer them
to the FRIs. These tasks are executed by the Academics in
Emergencies National Direction and by the Regulators in
Emergency National Direction, respectively.

In addition, the Technical Subdirection of Technology is
responsible for all the technological platform used in the
PSAPs. This last has two subordinated areas. The first one
is the Project and Innovation National Direction, which is
responsible for developing new projects, boosting research,
and implementing those applications that are needed for an
adequate service operation. The second area is the Techno-
logical InfrastructureManagement National Direction, which
ensures the proper functioning of all the technological infras-
tructure deployed to receive alerts and video surveillance,
to communicate and coordinate emergency responses. The
Technical Subdirection of Operations has three main func-
tions: (i) inter-institutional relations, which means the coor-
dination with all the FRIs that are working together under
the centralized coordination of the ECU 911; (ii) control and
coordination of all the operative processes in each PSAP and
countrywide; and (iii) unifying all data, preparing reports,
identifying trends, and preparing summaries aimed at a better
planning of the effective and efficient response to emer-
gencies, according with local and international regulations.
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FIGURE 1. ECU 911 management model, as currently running. The five main components are: 1© alert mechanisms; 2© PSAP characteristics; 3© emergency
coordination; 4© data treatment; and 5© services to third parties. See text for detailed explanation.

FIGURE 2. Organizer of the Integrated Security Service ECU 911. There is one General Direction, three Technical Subdirections, seven National Directions,
and seven Zonal Technical Subdirections (one per each Zonal PSAP countrywide).

These functions are executed by the Inter-Institutional Rela-
tion, Operation, and Data Analysis National Directions,
respectively. Finally, there are seven Zonal Technical Subdi-
rections which manage the operation of the Zonal PSAP and
their subordinated Local PSAP or Decentralized Operative
Rooms (DOR), as explained in Table 1 and seen in Fig. 3.

The following subsections offer an overview on the
specifics of the alert mechanisms, the characteristics of the

PSAPs, the emergency coordination process, and data treat-
ment and available services.

A. ALERT MECHANISMS
Alert mechanisms refer to all the available methods used
to alert to the nearest PSAP in an emergency event.
Based on ICT availability, penetration, and applicabil-
ity, alerts can be made by video cameras, SOS buttons,
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TABLE 1. Hierarchical distribution of the 7 Zonal PSAP, 9 Local PSAP and
11 DOR of the Integrated Security Service ECU 911 in Ecuador.

FIGURE 3. PSAP location in the continental and insular regions of the
country, showing that there are 7 zonal centers, 9 local centers, and
11 decentralized operative rooms [10].

phone calls, and many other tools. Different telecommuni-
cation companies are connected with the ECU 911 centers
over the country. This telecommunication companies con-
centrate and route incoming alerts to the nearest geo-
graphic PSAP located in the user region, in order to
ensure a fast response by dispatching the nearest available
resources.

Alerts contain information related to events, and they are
evaluated to check if they are actually an emergency or not
in terms of established procedures defined by the Technical
Subdirection of Doctrine and the Regulatory in Emergen-
cies National Direction. The main alert mechanisms in the
ECU 911 are described next, and all of them are labeled
as 1© in Fig. 1.

1) LAND LINES
This mechanism includes the calls made through the
PSTN from fixed land-line phones. The information regard-
ing the emergency event is collected with the Auto-
matic Location Identification (ALI) or Automatic Number
Identification (ANI) provided by the telephone company.
This information permits the geolocation of the caller’s
address as additional information while processing the
emergency.

TABLE 2. Technical characteristics of the UIT-T G.655.D optical fiber used
to connect the video surveillance cameras.

2) CAMERAS
There are 4,145 cameras installed in public spaces in different
cities around the country [11]. These cameras usually require
a transmission rate of 3 Mbps for standard video quality and
5 Mbps for high definition video quality. These public space
cameras are complemented with additional cameras, such as
vehicle license-plate readers. Each of these peripheral devices
is connected to the PSAP through an Optical Fiber (OF)
network, by using cables of type ITU-T G.655.D [12]. The
technical characteristics of this OF are described in Table 2.
It is well known that total attenuationA of a given link is given
by

A = αL + αsx + αcy (1)

where α is the attenuation coefficient, L is the link length,
αs is the mean splice loss, x represents the number of splices
in a link, αc is the mean loss of line connectors, and y is
used for number of line connectors in a link (if provided).
The chromatic dispersion of the link (DLink ), given in ps/nm,
is calculated by using

DLink (λ) = LLink [D1550 + S1550(λ− 1550)] (2)

whereD1550 is the chromatic dispersion at 1550 nm and S1550
represents the chromatic dispersion slope. The theoretical
value of A was compared with real Optical Time-Domain
Reflectometer (OTDR) measurements of the installed cam-
eras, as shown in Fig. 4 for one example in a specific link.

For some special events, wireless portable cameras are
installed and connected to the PSAPs via a Long Term
Evolution (LTE) network, which allows rapid field deploy-
ment [13]. The cameras in the LTE network usually operate
at 1 Mbps [14]. Due to the presence of four active volcanoes
in Ecuador, early-alert thermal cameras are installed in high-
risk zones near to Cotopaxi and Tungurahua volcanoes, which
are the most concerning ones [15], [16]. One of these cameras
is specialized in providing temperature information in the
form of a pixel image. This camera is installed in a Cell On
Wheel (COW) solution, and it provides information about
the Cotopaxi crater temperature, which is directly fed to the
Ecuadorian National and Polytechnic Geographical Institute
(IGEPN) so that volcanologists can receive and study such
information on real time.

3) SOS BUTTONS
Up to 500 SOS buttons are installed in public locations to
communicate directly with the PSAPs. In the case of an emer-
gency, the ECU 911 video operator can access the Closed
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FIGURE 4. Practical example of OTDR test of the installed OF, where it is possible to observe the total attenuation A
of 0.625 dB for this 1.373-km link.

Circuit Television (CCTV) videos to identify the type of
emergency and to guide then the FRIs to those locations.
These buttons employ 3G technology to communicate via
Short Message Service (SMS) to an individual server located
at each PSAP. The followed sequence starts when the button
is pressed, and then the system communicates the alert via
SMS to an address. Afterward, the carrier Access Point Name
(APN) receives the connection and message and it routes
the content towards the corresponding PSAP location, by
considering the geographical location where the button is
installed. A similar solution deployed for the e-call infrastruc-
ture is also being applied nowadays. This solution consists
of transmitting complete TCP/IP packages, which ensures a
higher probability of alert arrival since an ACK is received
with TCP protocol. In this second scenario, the button con-
nects directly with a web-service deployed in a redundant
server infrastructure in the PSAP located in Quito. Once the
alert is communicated, the server dispatches the alert to the
respective PSAP.

4) SMARTPHONES
Current smartphone devices can transmit information like
Global Positioning System (GPS) coordinates in addition to
voice calls. When it is necessary to determine the device
location during the emergency, it can be captured in the
PSAP thanks to a terminal installed by each operator. It also
can be mentioned that there exists an application, so-called
ECU 911 Smartphone App, which can be downloaded from
AppStore or PlayStore and installed on any smartphone using
iOS or Android operative systems. With this application,
the user previously enters basic personal information, and in
the case of an emergency, this information is sent to the near-
est PSAP alongwith the approximate geographic coordinates,
which makes possible to dispatch a resource to the location.

Up to 57.6% of Ecuador population owns smartphones with
mobile broadband service [17], and more than 100,000 users
have downloaded this mobile application. Its installation is
strongly advised to tourists who are visiting Ecuador, and
it is useful for international roaming customers since their
locations cannot be obtained automatically from their calls to
the ECU 911 because of the so-called phone-numbermasking
process [18].

5) LOW-END CELLPHONES
A large number of Ecuadorian people still owns low-end
cellphones, constituting 37.2% of the cellular devices, and
which usually do not have GPS data, Wi-Fi interface, or data
transmission options, but rather they only have voice calls
and SMS as communication alternatives [17]. In this case,
the cellphone company must provide the approximate loca-
tion of the caller by using the Base Stations (BS) density
method. This location is obtained by comparing the Received
Power (PR) and the Time of Arrival (ToA) of the cellphone in
at least three BS. These characteristics of radioelectric prop-
agation change proportionally to their distance (d), so that
when the cellphone moves away from a given BS, then
PR decreases according to the well-known ideal free-space
equation [19], expressed as

PR = PT
GTGR
kd2
; (3)

where PT is the power transmitted by the cellphone; GT and
GR are the transmitter and receiver antenna gains, respec-
tively; and k = (4π )2/λ2 is a constant when fixed the
wavelength (λ) of the used frequency. For a more realistic
approximation, it is necessary to consider additional factors
like spatial variations of the used antennas (θ, φ), their polar-
ization depending on spatial variables (α, β), and fast or slow
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fading caused by reflections as external factors. We can
express their relationship as follows,

PR = PT
GT (θ, φ)GR(θ, φ)

kdαLSLF
PM (α, β) (4)

where PM is the polarization mismatch, LS is the shadow
fading, and LF is the fast fading. In order to find the ToA [20],
we assume that (x, y) are the position coordinates of the
cellphone, and that (xi, yi) are the coordinates of the ith BS,
for i = 1, 2, . . . ,M , and where M is the total numbers of
receiving BSs. Distance di between the mobile cellphone and
the ith BS is given by

di =
√
(x − xi)2(y− yi)2, i = 1, 2, . . . ,M (5)

and then the ToA is calculated as ti =
di
c , with c denoting

the speed of light. If disturbances are grouped in ni, then ri
has to be instead considered, which is given by ri = di + ni.
An additional parameter to be considered is the BS density,
which is given by between-BS distance (DBS ). Hence, with
these three parameters (PR, ToA, and DBS ), the location of a
cellphone can be calculated according to the specifications
shown in Table 3. Note that this location procedure is appli-
cable to smartphones with their GPS option disabled.

TABLE 3. Specifications for cellphone location based on BS density.

The Ecuadorian Telecommunication Control and Regula-
tor Agency mandated to service providers the installation of
hardware and software in order to be able to identify the
call locations from low-end cellphones. Before this mandate,
low-end cellphone location was extremely difficult to do, and
E-911 service reliability was strongly jeopardized. Develop-
ing countries like Ecuador must definitively consider how to
obtain the locational information of the users with low-end
cellphones, because the permeation of smartphones may still
take a long time in them due to socio-economical conditions.

6) E-CALLS
E-calls are also referred to as Advanced Automatic Col-
lision Notifications. This system is automatically activated
when the in-vehicle sensors receive signals of a serious
accident or crash [21]. At that moment, a telecommunica-
tions transceiver sends the accident alert information to the
nearest PSAP, and this information can include the time of
the accident, the location of the crashed vehicle, reference
points, or the last-known travel direction. It is possible to acti-
vate this alarm by pushing a button in the car, and this option
is also valid when somebody is witnessing the accident.
In rural roads, this function has been proven to be extremely
useful [22]. According to the European Telecommunications
Standards Institute (ETSI) [23], an E-call carries, by means

of mobile wireless communications networks, a standardized
minimum data set and establishes an audio channel between
the vehicle occupants and the contacted PSAP. The Emer-
gency Service Category value is the 8-bit frame used for
mobile-originated emergency calls to indicate the particular
type of emergency presented, as is shown in Table 4. Specific
flags or discriminators are additionally included, allowing to
distinguish between emergency calls made from mobile ter-
minals and E-calls made from in-vehicle terminals, as well as
to distinguish between manually and automatically triggered
E-calls.

TABLE 4. ETSI Emergency Service Category 8-bit message information
description. This service provides the network with information about
several services invoked by the user equipment.

7) SECURE TRANSPORT PROJECT
The National Transit Agency (ANT in Spanish) aims to
control transit and transportation issues, and hence, it has
been included in the ECU 911 as a Secure Transport Project
(STP) entity. The STP consists of cameras, microphones,
and emergency help buttons that are installed in more than
55,000 buses and taxis over the country. Audio and video
streams from microphones and cameras are recorded in real-
time on ANT servers. When there is an alert in the vehi-
cle or when the help button is pressed, the voice, video stream,
and GPS coordinates are redirected to the nearest PSAP,
where evaluators can assess the emergency with video and
audio feedback from the car in real-time, and then they can
accordingly coordinate the FRIs response. The connections
to the taxis and buses are made through a 3.5G network [24]
using High-Speed Packet Access (HSPA+), which is a fusion
of mobile protocols High-Speed Downlink Packet Access
and High Speed-Uplink Packet Access. Also, the Wideband
Code Division Multiple Access (WCDMA) protocol is used
to carry data at high speeds, allowing mobile operators to
deliver high-bandwidth applications while including video
streaming and data originated from public transport units. The
general characteristics of the components considered for this
project are listed in Table 5.

8) SOCIAL NETWORKS
Social networks are becoming a useful way to communicate
and interact with the ECU 911. However, all the information
displayed in social networks regarding to the Integrated Secu-
rity Service ECU 911 is only informative, and users willing
to report any emergency are encouraged to make it through
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TABLE 5. Elements and technical characteristics of the on-board
equipment for secure transport project.

one of the available standard channels to contact with the
nearest PSAP, or to use the ECU 911 mobile application [18].
In fact, social networks are monitored and followed by a
special group of staffers who handle messages in two ways,
namely, they encourage the caller to get in touch with the
ECU 911 to receive help, and they simultaneously contact
with the respective PSAP about the emergency. The strength
of social networks lies in the ability to communicatemessages
related to safety, traffic and road condition, and natural dis-
asters, to a very large community. Another important use of
social media is to advertise and to promote the ECU 911 ser-
vices, as well as to educate the public about the appropriate
use of its services.

B. PSAP CHARACTERISTICS IN ECU 911
Since 2012, ECU 911 has built 7 zonal PSAPs, 9 local PSAPs,
and 11 DORs. Locations and distribution of these PSAPs
and DORs are illustrated in Fig. 3 over a map of Ecuador
and Galapagos Islands. The characteristics of PSAPs in the
ECU 911 are labeled as 2© in Fig. 1.

PSAPs and DORs are designed to host necessary infras-
tructures, such as facilities, personnel, and the technology
required to handle the coordination of emergencies. From
these locations, FRI resources are dispatched and coordi-
nated during the emergency. Fig. 5 shows the PSAP orga-
nizational model diagram and the elements included in the
emergency attention process. The PSAP organization model
explains the way alerts are received, processed, transferred,
and attended by the participating institutions in a territory,
and it also outlines how the feedback is assembled in order
to improve all these processes. All of these actions are made
using technological platforms, which can receive different
information formats and standards according to the Ecuado-
rian population needs. For instance, the ECU 911 platform
receives more alerts originated in cellphones or land-lines

FIGURE 5. ECU 911 PSAP organization model diagram.

(91.5% combined) than those alerts received by video
surveillance (5.0%) or other mechanisms (3.5%), as shows
us Table 6. This distribution corresponds with the num-
ber of mobile cellphones and land-lines available to the
population [17].

TABLE 6. Emergencies attended, according to the alert mechanism used
to report them to the PSAP.

In the first instance, there is an interface which receives
information through audio and/or video recordings, as well
as the data from incoming alerts. Redundant equipments
are provided to ensure continuous service, such as servers,
visualization hardware, specific supporting software, storage
equipment, or geolocation applications. From here, informa-
tion is routed to dispatchers or surveillance consoles to be
assessed and used in the alert attention process.

In the video surveillance area, there are video analyzers
who observe the cameras located in their sector of respon-
sibility. When analysts detect an abnormal situation, they
immediately alert the institutions and start an emergency
process. At the same time, all the information is saved on
video surveillance servers to be backed up for future use.

Call takers are the first contact person for incoming calls.
These operators evaluate alerts and they determine whether
there is actually an emergency or not. In this evaluation
process, as shown in Fig. 6, they combine information
obtained from other PSAPs, FRIs, video surveillance areas,
training, experience, and existing regulations by using the
ECU 911 platform. All of the aforementioned actions are
made over the ECU 911 technological platform, and the
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FIGURE 6. Schematic of the alert evaluation process. Call takers obtain
information from other PSAPs, FRIs, or video surveillance, and they
combine them with their experience, regulations, procedures, and
training, in order to evaluate the incoming alert.

objective of this platform is to provide the operator with the
necessary information to decrease the evaluation time before
transferring the emergency to the FRIs.

At the dispatching area, members of each institution
allocate resources within a geographical region. Resource
dispatchers collect all the information regarding the emer-
gency and decide which resources are needed to handle the
emergency and whether it is necessary to coordinate with
other PSAPs, or with other institutions. The leading insti-
tution will coordinate with other institutions regarding the
emergency response after the dispatch. The institution which
leads an event is the one that has the most relevance in the
emergency attention. For instance, if it is a fire in a building,
fire brigades will lead the emergency, but not police or health,
even if their units were moved too.

All the data, videos, transferred calls, and communications,
are saved for backup as well as for the analytical process
of the operation after the response. This is done in order to
assess the response quality by measuring the response time
of each instance, and it also allows us to obtain statistical
reports and to feedback the first response crew about possi-
ble improvements in their services, as well as to assess the
response quality with the international standards.

The ECU 911 has its own protocols, standards, regulations,
policies, training processes, and Quality of Service (QoS)
requirements, and all of these elements defined by the Tech-
nical Sub Direction of Doctrine govern the actions of each
of the members. Additionally, Ecuadorian law has provisions
for criminal charges for the leaking of information related to
emergencies.

C. EMERGENCY COORDINATION
When an emergency has been identified and transferred to
its corresponding FRI, the dispatch operator communicates
the emergency to units over the National Trunking Network
(NTN), which covers about 95% of the populated areas in

the Ecuadorian mainland territory as well as the Galapa-
gos Islands, with 75 repetition sites and about 25,000 radio
transceivers. NTN works with APCO-25, which is a suite of
standards for digital radio communications for federal public
safety organizations [25]. The NTN and its infrastructure are
managed by the National Communication Corporation as a
public telecommunication enterprise in Ecuador.

Dispatch operators must communicate with the FRIs
resources in the territory, and they must provide information
such as the type of emergency, priority, or location, and all
the available data for a fast and effective response. They also
follow the progress of the emergency in accordance with the
procedure laid out by ECU 911 and by the institutions.

In some cases, fire brigades of rural municipalities do not
have NTN coverage and they use their own VHF/UHF radio
systems, which are connected to respective PSAPs by Radio
over IP (RoIP) nodes [26]. This connection permits a com-
munication link between fire brigades with ECU 911 PSAPs,
and when necessary, with third-party institutions in order to
coordinate their participation. The emergency coordination is
labeled as 3© in Fig. 1.

If an emergency requires the involvement of EMS and vic-
tims need to be hospitalized, then the health console operator
coordinates the bed availability and the needed specialists
with the hospitals nearby, while the ambulance is carrying
the victim. Likewise, social security and/or private health
insurance coverage are coordinated to ensure the required
service and care. This service is advantageous in cases where
there are multiple victims who need to be moved to more than
one hospital, and it also helps to prioritize injuries.

Whenever a PSAP is out of operation due to severe phys-
ical or technological damage to its infrastructure, there are
procedures and protocols to re-route the calls from this
PSAP region to other PSAPs. This re-routing is done hierar-
chically among PSAPs to support the emergency calls of the
affected area. The PSAPs loadmust continuously be reviewed
in order to prevent service interruption when power outages,
big emergencies, or natural disasters occur.

D. DATA SERVICES AND THIRD PARTIES
All the information regarding video surveillance, calls,
alerts, attended emergencies, and dispatched resources by the
ECU 911, is stored on a local Data Base (DB) at each
PSAP facility. In this process, the first instance is written to
a temporary server. If video and call records are not used
for any process, they are deleted after a given time period.
If the information is required for any purpose, then it is
permanently saved on another permanent-storage server to be
used in the future. According to the existing laws, the data on
the permanent storage must be preserved for years.

DBs of the PSAPs are interconnected via an optical fiber
network, which allows them to share the stored information in
a Centralized Data Warehouse (DWH) managed by the ECU
911 Data Analysis National Direction. By using the DWH,
ECU 911 can analyze the reports about global or specific
emergencies in the country. It can also share information with
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FRIs for backup, and it can review the information in order to
improve operations [27]. The statistical information is shared
with other ministries for security purposes, and it follows all
the necessary information privacy policies, procedures, and
laws. Each of these is illustrated as Data Treatment section
in Fig. 1 labeled as 4©.

ECU 911 also considers media to allow data services to
third parties. The Automatic Information Delivery Service–
Prosecution Function (SAEI-FJ in Spanish) is a critical infor-
mation sharing application implemented by the ECU 911.
It permits the collected and stored video and audio files to
be used as evidence in courts for legal cases [28]. There
are SAEI-FJ servers in each PSAP, and those servers can be
accessed upon requests by Justice Officials. This procedure
ensures the confidentiality of the materials while preventing
the information manipulation. The data service for third par-
ties is marked as 5© in Fig. 1. This service is an initiative to
share ECU 911 data with other public institutions, but only
Justice cooperation is implemented at this moment.

IV. FROM E-911 TO NG-911
As the technology continues to evolve, VoIP applications
become most popular, social networks continue winning
adepts, and more smartphones are being used. With this
background, the need to migrate from the current E-911 ser-
vice to an NG-911 service in Ecuador is more evident than
ever, allowing the alerts originated in VoIP devices to be
received and processed by a PSAP. Therefore, it is necessary
to identify the existing technology and procedures that can be
considered as a part of the next generation services, andwhich
features are necessary to develop, include, and implement for
this purpose. We next provide a summary about the interna-
tional reference for the NG-911, which provide the context
to clearly identify the current achievements in this direction,
and the challenges that are to be faced by ECU 911 in order
to pave this way.

A. INTERNATIONAL NG-911 REFERENCE
Probably the most relevant international NG-911 refer-
ence is the North-American Emergency Number Association
(NENA). It is well known that NENA is at the forefront of
all emergency communications, policy, technology, opera-
tions, and education issues, with a wide international pres-
ence that includes more than 11,000 members in the United
States and other countries. All of these countries promote
the implementation and awareness of the 911 as three-digit
emergency communications systems [29]. At the same time,
NENA proposes a ten-point baseline set of requirements
which are oriented to consider a service as NG-911 [30],
i.e., the organization needs to have raised or gained access
to the following media:

1) An Emergency Service IP network (ESInet), which is
an emergency system that allows any communication
device from any network to make an emergency call
based on IP protocol [31].

2) A Geographic Information System (GIS), which is a
data creation to support DB regarding to authoritative
NG-911 validation which gives the ability to control
call routing below and associated management tools.

3) Caller location capabilities, which refers to the publi-
cation of authoritative NG-911 validation-related DBs
for use by Originating Service Providers (OSPs) and by
Location DB providers. This allows to prevalidate civic
addresses, in replacement of Master Street Address
Guide (MSAG), and it is supported by a Location Val-
idation Function (LVF) and a Location for Information
Server (LIS) functionalities.

4) Capabilities for state and regional routing, which con-
sists of the publication of authoritative NG-911 routing
data at state and regional levels. This functionality
provides support for legacy originating services via
gateways, ( e.g., access to traditional ALI DBs).

5) A geospatial IP control subsystem, which is related
with the geospatial controlled IP software call rout-
ing functions, namely, the Emergency Call Routing
Function (ECRF) and the Emergency Services Routing
Proxy (ESRP).

6) Call policy routing capabilities, which is the ability
to control call routing based upon a Policy Routing
Function (PRF) with standardized methods in order to
define, build, and control policy rules.

7) Data acquisition capabilities, which refer to additional
data acquisition systems after call delivery in order to
facilitate the call processing by the call-taker or by
other public safety entities.

8) Call transfer capabilities, which consists of the support
to the transfer of calls with accumulated call-taker notes
and extended data, as well as the existence of an access
key to such data to any authorized entity interconnected
by ESInets.

9) Interconnection capabilities, which is the ability to
interconnect with other NG-911 systems and to interact
with existing and traditional E-911 systems.

10) System monitoring, which is related to the support for
system monitoring, logging, or discrepancy reporting
that is necessary to support troubleshooting, ongoing
operation, and maintenance.

B. ACHIEVEMENTS OF ECU 911
In this subsection, we summarize several of the achievements
and projects that the Integrated Security Service ECU 911 of
Ecuador has implemented, and they can be considered as
the starting point for an NG-911 service. Thus, in relation
to the ten points indicated by NENA, Table 7 shows the
state of those features in the actual ECU 911 infrastructure.
Additional features that can be found in the ECU 911 are
mentioned in the following paragraphs.

1) CENTRALIZED COORDINATION
ECU 911 has a singular organization model that coordinates
the work of up to seven different institutions under a general
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TABLE 7. Summary of the NENA NG-911 requirements with ECU 911 achievements and observations.

direction, that allows a centralized response under standard
procedures which permit an effective response and efficient
usage of the scarce resources. This unusual management
model has attracted the interest of similar emergency services
from other Latin American countries where each institution
operates separately, and they had been mentioned the interest
in reply the Ecuadorian model.

2) INTERNATIONAL CERTIFICATION
The implemented management model and the operational
emergency response process allowed to the ECU 911 to
receive the European Emergency Number Association’s Cer-
tification (EENA) in 2016 [32]. One of the most important
factors considered was the continuity of the service despite
the earthquake of April 2016 [10], occurred during the certi-
fication process, in which some PSAPs were affected and got
out of service, and the calls were redirected to other centers,
using the protocols implemented to redirect and support calls
in these cases.

3) SCALABILITY
From February 2012 to December 2016, more than 62million
calls were received, and about 10.4 million events became
coordinated as emergencies. Table 8 shows detailed statis-
tics by year which are consistently increasing due to the
incorporation of new PSAPs as well as peoples’ trust to the
ECU 911 services.

TABLE 8. Alerts received and emergencies attended by the
ECU 911 service from 2012 to 2016.

4) INTEGRATION
According to the information available in the DB, 72%
of the received alerts were made from cellphones, either
low-end or smartphones, 20% were made from land-lines,
3.8% were detected by video surveillance cameras,

0.2% originated from SOS buttons, and 4% were reported
through other means. The way in which alerts are reported
to a PSAPs has a direct relationship with the availability
of telecommunications services and new technologies in
Ecuadors population.

5) LEGAL FACILITATION
ECU 911 information can be shared with the prosecutors via
two methods. The first method is if the prosecutor requests
information by using the SAEI-FJ platform. The second
method is initiated by ECU 911 if the event recorded has
criminal or legal consequences. For example, if any ECU
911 video surveillance camera captures criminal activity,
the video is sent to the prosecutor. As of December 2015,
up to 19,342 files were sent to prosecutors. Out of these,
1,953 were sent by ECU 911 operators after detecting an
illegal activity.

6) ACCESSIBILITY
ECU 911 has developed an application for smartphones as
mentioned in Section III. Thus, the user introduces personal
basic information (including preexisting or special health
conditions), and have the option to contact the nearest PSAP
in the case of an emergency. Call-takers may acquire auto-
matically all the personal information and the geographical
location of the device at the moment that the alert message is
sent. With this information, the emergency process starts and
the response institutions may be dispatched, according to the
type of emergency.

7) PREVENTION
With an early alert system for tsunamis and dams was imple-
mented in 93 points of the country (81 for tsunamis and
12 for dams). This project integrates monitoring of rivers
and the Pacific Ocean’s level and use the information of
buoys (Deep-ocean Assessment and Reporting of Tsunamis -
DART), radars, seismic, hydrological stations and accelerom-
eters, all of these was integrated in a monitoring and control
platform under the control of an inter-institutional network
based on the telecommunications networks used by the ECU
911 (Optical fiber, National Trunking Network, satellite and
cellular). When an increase of the water level is detected,

VOLUME 6, 2018 42587

33



D. Corral-De-Witt et al.: From E-911 to NG-911: Overview and Challenges in Ecuador

an early alert will send, allowing the population to move to
safe zones and refugees. An interactive system of cameras,
megaphones, solar panels, and batteries were mounted on
these infrastructures and materialize the points, all the time
the activity is monitored by the respective PSAP. A similar
system was installed to monitoring volcanoes in eruption
process, like Cotopaxi, Tungurahua, and Reventador.

8) RESPONSE TIME REDUCTION
The average response time of the FRIs for 2016 is shown
in Table 9, it is given in minutes and seconds. For its cal-
culation were considered the median time of emergencies
registered in rural areas and in urban areas [10].

TABLE 9. Average response time registered for 2016.

C. UPCOMING CHALLENGES
In the current technological scenario, it is important to start
considering and adapting new technologies to improve emer-
gency relief services provided by the institution. In particular,
it should be considered the increasing number of smartphones
that are operational in Ecuador right now. Table 10 shows the
telecommunications statistics of AdvancedMobile Service in
Ecuador, actualized to 2017 [33]. Thus, the following main
challenges must be examined:

TABLE 10. Advanced mobile service in Ecuador by providers, showing the
number of active lines for voice, voice/Internet, Internet, and data. All are
distributed in a population of 16,776,977 inhabitants, resulting in an
87.33% density.

1) ESInet
The challenge consists of migrating the actual network to
an ESInet, hence introducing the capabilities to receive alert
calls originated in a VoIP network, and to route them to the
corresponding PSAP. To achieve this objective, it is neces-
sary to use the Session Initiation Protocol (SIP), a packet-
based signaling method which allows calls attached to audio,
video, or text files. For the routing of VoIP-based emergency
calls, a signaling protocol must be used, so-called Location to
Service Translation (LoST) protocol, which maps the callers
location to the PSAP by using the Uniform Resource Identi-
fier (URI) to resolve the IP address of a specific PSAP to be
routed [31]. Figure 7 shows the elements of the ESInet [30],
and the required elements for its functionality are next listed:

FIGURE 7. Elements of the ESInet.

• Location validation function (LVF).
• Location information server (LIS).
• Emergency call routing function (ECRF).
• Emergency services routing proxy (ESRP).
• Border control function (BCF).
• Legacy network gateway (LNG).
• Multimedia and data servers.
• A physical network for IP communication.
• Legacy PSAP gateway (LPG).

With these elements working together, a call initiated in any
VoIP network will be attached to the IP address of the nearest
access node and to its geographic coordinates, in order to
provide the approximated caller’s location.

2) IMAGE ANALYSIS SOFTWARE
Another challenge is to successfully adapt image analysis
software to the video vigilance platform [34]. Considering
that most cameras of ECU 911 are Pan-Tilt-Zoom, the solu-
tion will have to be implemented for such ambiance. As a first
approximation, this could be done by using current image
analysis algorithms and applying them at a specific time,
since they do not work on video feeds where the camera lens
is moving. These specific times would be fixed-lens positions
on an area of interest and only do a specific analysis during
that time. During these short time lapses, algorithms could be
running for face recognition [35], for detection of abandoned
objects at terminals, or for identifying people in threating
positions at bank entrances, for example. Currently, one of
the techniques of Machine Learning (ML) or Artificial Intel-
ligence (AI) that best solves these tasks is Deep Learning,
in particular, convolutional neural networks [36]. However,
it is necessary to use Graphics Processing Units (GPU) to
face their high computational cost. Since these tasks would
have to be applied in real time or quasi-real time for the
different installed cameras, a previous study has to be done
to determine which is the best configuration in terms of cost-
benefit to configure an AI cluster which allows to solve this
issue, whose configuration parameters can be, for instance,
the number and type of GPU, memory, or using hybrid multi-
core CPU/GPU clusters [37].
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3) BUSINESS INTELLIGENCE
An approach to business intelligence with service for emer-
gency relief as an objective is another technological challenge
to reach the status of NG-911. Through business intelligence
tools such as Data Warehouses, machine learning processes,
and data mining, it would be possible to achieve automatic
and time-situation adaptive hot maps [38].

4) BIG DATA ANALYSIS
Another challenge is to take advantage of current and future
data, which would be analyzed with big data techniques [39],
and the results fed to conventional ML algorithm with two
purposes. First, to have a tool by which people would be
able to generate an alert to a PSAP through social media,
allowing messages to reach a bot or PSAP account to attend
any emergency announced by these feeds, andwhere pictures,
videos, voice messages, and text would aid the Emergency
dispatcher person. Second, to achieve a computer based sys-
tem providing basic answering questions to all emergency
alerters through AI, and from the gathered information gen-
erate a ticket which would be passed to the dispatching
module. Basic questions would be provided to the alerter
through a computer synthesized voice, in case that at any
time the computer is not enough to attend such emergency,
a person would take action. Since it is sometimes necessary
to jointly treat all these data and they are heterogeneous
in nature, it would be desirable to be able to efficiently
process this data by using map-reduce techniques [40]. The
application of statistical techniques and ML adapted to the
map-reduce paradigm allows us to efficiently obtain useful
spatio-temporal visualizations that help themanager to under-
stand the data [27]. This type of heterogeneous data can lead
to efficiency problems in structured databases. To solve this,
a distributed file system or NoSQL database can be used,
on which these map-reduce technologies can be efficiently
applied. Given that a DataWarehouse is already available and
the possibility of using a hybrid multicore CPU/GPU cluster
is being evaluated, it would be interesting to integrate all these
solutions [41].

The mentioned challenges will contribute to an effective
ECU 911’s migration towards an NG-911 service.

V. CONCLUSIONS
ECU 911 is designed to include E-911 ICTs and possibly
integrate future systems. Its objective is to save lives by
unifying and coordinating FRIs to increase efficiency and
effectiveness of the response. The management model and
information flow architecture allow the ECU 911 to receive
alerts from different devices, formats, and technologies.
In this model, each PSAP serves a self-contained territory
and responds to emergencies in a coordinated manner with
its FRIs. In the ECU 911 design, the country socioeconomic
realities, available technologies, and telecommunications ser-
vice accessibility levels were considered and reflected in
the management model. Currently, there are 16 PSAPs and

11 DORs distributed countrywide, which have responded to
more than 10 million emergencies since 2012.

Other Latin American countries such as Peru, Colombia,
Venezuela, Paraguay, and Bolivia, have approached to reply
the uncommon centralized management model, in their own
emergencies attention services. With resolution number 27 of
the Andean Parliament, it was recommended to the mem-
ber countries of this international organization, to consider
the management model of ECU 911 to be replicated in the
Andean Region [42]. Overall results show that it is a valuable
investment and service model for Ecuador and its citizens.
In addition, NENA has been proposed a minimal baseline
of ten points, oriented to consider a service as NG-911. The
ECU 911 of Ecuador has been accomplishing an important
percentage of the basic requirements and is walking to an
NG-911 service. It is necessary to work in some spe-
cific points as an ESInet that allows to receive alerts from
IP devices and route them to the respective PSAP, caller
location, state and regional routing, and geospatial IP control.

The points implemented in the actual E-911 service in
Ecuador are: (i) a GIS platform; (ii) a data acquisition system
which allows to obtain the information and communicate
it between FRIs while the emergency is attended; (iii) call
transfer functionality that allows the interaction between call-
takers, excepting the calls originated over an IP network
(i.e., Skype); (iv) interconnection network that allows the
actual architecture of the service interact with all the
PSAP countrywide, due to all of them have the same technol-
ogy; and (v) a system monitoring platform which had been
implemented in the actual management model.

All of these features let us conclude that the actual
E-911 service in Ecuador has about 70% of the NENA base-
line accomplished, and additionally, it has been implemented
other services, not necessarily included in the mentioned
list, however, they positively contribute to the migration
to NG-911 services in Ecuador.
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Abstract: A public safety answering point (PSAP) receives alerts and attends to emergencies that occur
in its responsibility area. The analysis of the events related to a PSAP can give us relevant information
in order to manage them and to improve the performance of the first response institutions (FRIs)
associated to every PSAP. However, current emergency systems are growing dramatically in terms of
information heterogeneity and the volume of attended requests. In this work, we propose a system for
statistical, spatial, and temporal analysis of incidences registered in a PSAP by using simple, yet robust
and compact, event representations. The selected and designed temporal analysis tools include
seasonal representations and nonparametric confidence intervals (CIs), which dissociate the main
seasonal components and the transients. The spatial analysis tools include a straightforward event
location over Google Maps and the detection of heat zones by means of bidimensional geographic
Parzen windows with automatic width control in terms of the scales and the number of events in
the region of interest. Finally, statistical representations are used for jointly analyzing temporal and
spatial data in terms of the “time–space slices”. We analyzed the total number of emergencies that
were attended during 2014 by seven FRIs articulated in a PSAP at the Ecuadorian 911 Integrated
Security Service. Characteristic weekly patterns were observed in institutions such as the police,
health, and transit services, whereas annual patterns were observed in firefighter events. Spatial and
spatiotemporal analysis showed some expected patterns together with nontrivial differences among
different services, to be taken into account for resource management. The proposed analysis allows
for a flexible analysis by combining statistical, spatial and temporal information, and it provides
911 service managers with useful and operative information.

Keywords: spatial–temporal analysis; emergency alerts; public safety answering point; first response institutions

1. Introduction

Since the 1950s, emergency services have been operating in North America mostly through a
unique three-digit number (e.g., 911) for easy memorization, allowing anyone at anytime to contact a
call-taker located in a public safety answering point (PSAP). A PSAP is a facility at which emergency
calls are received under the responsibility of a public authority [1]. From this facility, a diversity of
first response institutions (FRIs) can be coordinated and dispatched, according to the type of reported
emergency. Among the main FRIs, we can find police, medical services, or fire brigades. The first
generation of 911 services used the public switched telephone network (PSTN) to receive alert calls
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in the PSAPs [2]. When cellular communications arrived, these services evolved to enhanced 911
(E-911), with the aim of incorporating and supporting calls made from mobile devices, which have
different operation schemes and protocols relative to landlines [3]. The latest technological advances in
communications have generated next-generation 911 (NG-911) services, which have enabled the use of
Internet protocols for transmitting voice, video, and text messages for emergency communications [4].
These new emergency response services are operating in many countries around the world, including
the Integrated Security Service ECU 911 (where ECU is an abbreviation for Ecuador), which began its
operations in this country in 2012.

All of these emergency services handle a large amount of information with complex geographical and
temporal heterogeneities. The information stored in event databases (DBs) at each PSAP has mostly
been used for generating numerical reports of events attended by each FRI in a descriptive form.
However, it becomes clearer every day that many more benefits can be obtained by exploiting the
dynamically stored data in order to provide service managers with efficient tools for analyzing the
complex event dynamics and their interactions, rather than limiting ourselves to summary reports [5].
Thus, it seems possible to increase the quality and efficiency of the stored-data analysis by combining
statistical, spatial, and temporal information for a better understanding of the attended emergencies,
for generating useful reports, and for improving resource management [6–8]. This analysis will increase
the response capacity of the FRIs, optimizing available resources, shortening response times, and helping
to plan the response to similar events in the future on the basis of the analysis of historical data [9].

Therefore, this work proposes an analysis system to scrutinize the available information regarding
emergencies attended by a PSAP. We used a set of techniques for the simple and effective representation
of emergency events using statistical, temporal, and geographical analysis. The implemented model
was oriented to obtain a statistical and spatial–temporal characterization of the continuous operation
of FRIs. We designed the system and developed a case study by using the information of more than
1 million emergencies attended during 2014 by the E-911 PSAP of Quito, Ecuador. The selected and
designed temporal analysis tools included seasonal representations and nonparametric confidence
intervals (CIs), which allowed us to dissociate the main temporal components from transients.
The spatial analysis tools included a straightforward event location over Google Maps and the detection
of heat zones by means of bidimensional geographic Parzen windows with automatic width control in
terms of scales and the number of events in a region of interest. Finally, statistical representations are
used for jointly analyzing time and space in terms of the “time–space slices”.

This paper is organized as follows. Section 2 describes the emergency representation model and
the operation of a PSAP. In Section 3, the behaviors of different FRIs are described, several examples of
the emergencies attended during 2014 are analyzed, and the main results are explained and discussed.
Finally, conclusions and future work are presented in Section 4.

2. Emergency Representation Model

This section starts by describing the operation of the Ecuadorian 911 service in order to give a better
understanding of the requirements and needs of this type of system. After this system description,
we present an equation notation for event sets, and we use it to represent the seasonal evolution and
the nonparametric CIs on the temporal representation. Then, the well-known Parzen window model is
used to support the geographical representation of each event set. Finally, a representation is provided
for the straightforward statistical visualization of joint temporal and spatial event density, given by
spatial–temporal slices of the Parzen windows.

2.1. Operation of a PSAP at ECU 911

According to the management model developed for the ECU 911, each PSAP has a specific
coverage area. During normal operation, all the alert calls are routed by the PSTN or cellular
network to the nearest PSAP, at which evaluation groups receive and analyze the content of every
alert; when it does not proceed, the call is saved for its posterior classification and processing. If the
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alert proceeds, it is automatically turned into an emergency and is transferred to the corresponding
FRI. Then, the dispatching evaluator of the particular institution decides which resources will be
moved to attend the emergency and whether it is necessary to coordinate with other FIRs, according
to the emergency’s relevance and affectation. This operation process is summarized in Figure 1a.
The received alerts can originate from landline calls, cellphone calls, emergency buttons, reports from
a member of a FRI, or detection by a surveillance camera evaluator.

(a)

(b)

Figure 1. Overview of a public safety answering point (PSAP): (a) basic operation; (b) proposed model.
DB: database; FRIs: first response institutions.

A relevant point in an emergency system description is the percentage of the participation of
each FRI in the total number of emergencies attended in a PSAP. For the case of Quito, Ecuador,
this information can be readily obtained from the statistics section of the ECU 911 Website [10]. As we
can see in Table 1, from more than 1 million emergencies registered during 2014, the group including
police, health, and transit services represented 92% of the emergencies. On the other hand, fire brigades,
municipal services, risk management secretaries (RMSs), and military forces only represented the
remaining 8%. The Integrated Security Service has created a dictionary that defines 121 variables used
to characterize the attended emergencies. Filtering the information contained in these variables, it is
possible to identify very specific events, details, and any other important information regarding with
the emergency.

Thus, the proposed event analysis system is illustrated in Figure 1b. The information of all the
attended emergencies is saved in an SQL DB at each PSAP. For this work, a report of the emergencies
attended by the PSAP in Quito was downloaded in a CSV file. Using Matlab R© software (version 2017b,
The Mathworks, Nattic, MA, USA, 2017), we organized the emergencies according to the parameters
that we wanted to analyze in a .mat file. Temporal, geographical, and statistical analyses were
developed and combined in order to model the behavior of each FRI. The results of this analysis could
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be subsequently used to send feedback to the PSAP managers, aiming to improve the response of
the FRIs.

Table 1. Percentage of emergencies attended during 2014 by the first response institutions (FRIs) of the
public safety answering point (PSAP) in Quito, Ecuador.

Institution Percentage

Police 64.2
Health services 15.0

Transit 12.8
Fire brigades 3.0

Municipal services 2.8
Military forces 1.3

Risk management secretaries 0.9

The information regarding any emergency contains a register with times associated to all the
instances produced in the PSAP (i.e., the time when the alert arrives, when it is transferred to the FRI,
when the resource is dispatched, when the resource arrives at the event site, and when the emergency
is closed with a report of results). With this information, it is possible to map the events within a given
geographical region by chronological order and filter the emergencies by the year, month, day, or even
hour. This analysis allows managers to understand the temporal behavior of the emergencies attended
by each FRI. Examples of this kind of representation are illustrated in Figure 2, where it is possible to
identify the emergencies that occurred during the third week of January, and they are represented by
days and hours next to their map localizations.

(a) (b)

(c) (d)

Figure 2. Emergencies registered during January, 2014. Number of events as a function of time during
the first and third weeks (a,c); grouped by hours, and their scatterplots (b,d).
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2.2. Temporal Event Analysis

From a mathematical point of view, we have a set of N observed events for all the institutions,
and each event has been registered at time tj, j = 1, . . . , N. We denote by j ∈ Ii the subset
of events corresponding to the ith institution, where i = 1, . . . , L, and L is the total number of
institutions. According to this, and considering that each event occurs at a specific time and in a
specific geographical location, we denote an event as δ(t− tj,~r−~rj), where δ(t,~r) denotes the bivariate
Dirac delta function [11]. Its first argument accounts for the time evolution, while the second accounts
for the geographical location of each event. We note that~r denotes the coordinate vector of an event
in general terms, which will be on the earth’s surface, specifying the place of the event’s occurrence
and expressed in some adequate coordinate system. Thus, the original event series is given by the
accumulation of shifted bivariate deltas:

f (t,~r) =
N

∑
j=1

δ(t− tj,~r−~rj) (1)

whereas the set of events for the ith institution can be expressed as

fi(t,~r) = ∑
j∈Ii

δ(t− tj,~r−~rj) (2)

where j ∈ Ii denotes the set of indices belonging to the ith institution in the system. We can obtain an
expression for the time evolution of the event series in M intervals, for the ith institution, by establishing
a time interval width T and a spatial integration domain Γ(~r). This is

∆i(t|T) =
M

∑
m=1

gi,T,~r(m)δ(t−mT) (3)

where

gi,T,~r(m) =
∫ mT+T/2

mT−T/2

∫∫

Γ(~r)
fi(t,~r) d~r dt (4)

and gi,T,~r(m) is thus obtained as the number of events available in the dataset in the time period m
(m = 1, . . . , M) and in the spatial domain Γ(~r) when an observation time width T is used.

With this simple event description in the temporal domain, time averages can be obtained and
estimated from the available set of observations through

∆̄i(t|T) = E[∆i(t|T)] (5)

We note that E denotes here the theoretical statistical expectation; however, it is not available in
our problem. Instead, we constrain ourselves to working with the empirical distribution implicitly
when we consider events, and this empirical distribution, as given by the delta summations, is used to
give an estimation of this value by obtaining the empirical average of the event sets in convenient time
intervals of interest.

A CI would be highly desirable for the estimated time averages, but in general these are not easy
to calculate from parametric tests, as far as a priori distributions (such as Gaussianity) will likely not
always be a reasonable assumption. To overcome this situation, we propose using a nonparametric
estimation technique based on bootstrap resampling techniques [12,13]. A bootstrap resample of a
given list of events is obtained by generating a new list of events from sampling with replacement of
the original list, yielding:

f ∗(t,~r, b) =
N

∑
j∗=1

δ(t− tj∗ ,~r−~rj∗) (6)

where the asterisk ∗ indicates the usual notation in bootstrap resampling for statistical elements
coming from the plug-in principle and resampling process, to distinguish them from the empirical or
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theoretical statistical elements; tj∗ are the resampled event times, hence appearing zero, one, or several
times in the resample; and b indicates the number of resamples that we are building. After resample b
is built, a bootstrap replication can be built for any of the described elements of temporal evolution,
by virtue of the plug-in principle [12], and then we can estimate:

∆̄∗i (t|T, b) = E[∆∗i (t|T)] (7)

Now, if we denote the distribution of the time average as p∆̄i
(∆̄i), we can repeat the resampling

and replication process b = 1, . . . , B times, and the histogram of the replication can be used to give an
estimate of this distribution, which can be denoted as p∗̄∆i

(∆̄i), such that CIs can be readily obtained by
simply using ordered statistics.

2.3. Geographical Event Analysis

For the geographical analysis, the information required in the~r argument consists of longitude and
latitude, and these correspond to the geographical coordinates taken from the alert phone call by one
of the following methods: (1) Automatic number identification and automatic location identification
for land lines; (2) GPS-based positioning for smart phones; (3) Calculated geolocation for low-end
cellphones. This initial location may vary from the real coordinates, and when the FRIs arrive at the
event site, they can verify to keep or update it. All this information is saved in the corresponding
PSAP’s DBs.

By using these geographical coordinates, the emergencies can be plotted over Google Maps in
order to observe their distribution in a specific geographical zone. Figure 2b shows an example of the
emergencies attended in a single day using blue points to denote their location~rj in terms of scatter.
It can be seen that the spatial information is richer in regions where the events tend to concentrate.
The point representation only provides us with a scatter representation of the geographical dynamics
of the events. The notation now for this event series is given by

∆i(~r|mT) = ∑
j∈Ii,mT

δ(t− tj,~r−~rj) (8)

where j ∈ Ii,mT is the subset of indexes for which events take place in the ith institution during time
period (mT − T/2, mT + T/2).

This empirical function gives us a scatter of points with an approximation of the spatial
distribution. However, its scatter plot is not detailed enough to generate heat maps. In other words,
we need a representation based on probability density functions (PDFs) maintaining the nonparametric
characteristic of the empirical distribution. To yield an easy-to-plot statistical representation,
we propose to use Parzen windows in our system.

2.3.1. Parzen Windows

In 1962, Parzen introduced a nonparametric method that can be used for estimating PDFs [14].
In our case, if we consider that the set of events is an event series of independent and identically
distributed observations, then the estimated probability by Parzen windows is denoted p(~r), and by
constraining it to N observed samples, we have that the empirical probability distribution function is
given by

p̂e(~r|mT) =
1
N

∆(~r|mT) (9)

Now, we can use a kernel function to give a continuously supported estimation of the PDF.
For instance, the use of the Gaussian kernel often yields a good-quality estimator by virtue of the
central limit theorem [15], and in this case, the estimated distribution is expressed as

p̂G(~r|mT) =
1

N(2π)d/2σd ∑
j∈Ii,mT

e−
|~r−~rj |2

2σ2 (10)
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where d is the dimensionality of the Gaussian kernel feature space using a common variance σ2; this is
a free parameter to be chosen according to the observation scale and the number of events.

At this point, we can define the space slices for a specific time. However, we give an example in
one dimension in order to better understand this proposal. For a one-dimensional and single-mode
random variable x, with known distribution fX(x), we can define its CI, with confidence level (CL)
1− α, in terms of the area integrated by the portion of fX(x) larger than a given threshold u, as follows.
The CI (xl , xh) is the set of points fulfilling

∫ xb

xa
f (x| f ≥ u) dx = 1− α (11)

which can be readily extended to multimodal distributions. We define the limiting points as those
accounting for the boundary in the x domain that ensure that the CL is 1− α when integrating the
distribution function when it is larger than a threshold. Thus, we can define the space slice ξ(T, α) as
the set of points in the spatial domain for which the estimated density function integrates 1− α of its
area, for the events in a given period of time; that is,

ξ(T, α) =~rξ

∣∣∣∣∣
∫

D(~rξ )
p̂G(~r, T| p̂G ≥ u) d~r = 1− α (12)

where D(~rξ) denotes the bidimensional domain enclosed by the boundary points in a path given
by~rξ [16].

We can think of a Parzen window density estimation in our problem as a data interpolation
technique that uses the emergency’s coordinates (i.e., latitude and longitude) to estimate a PDF [14].
This way, it allows us to graph a bidimensional surface with its higher amplitudes over the densest
area of the represented events. We can define a CL, for example, 40% or 20%, as shown in Figure 3,
and visualize the resulting contour where the plane P intercepts the PDF’s generated surface.

(a)

(b) (c)

Figure 3. A confidence level (CL) visualization shows the contour that results from the intersection
of the Parzen solid representation and the settled horizontal plane, as seen in (a); (b,c) contour
visualization for CL = 40% and CL = 20%.
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2.3.2. Short-Scale Adjustment of the Parzen Width

The previous subsection has described the use of Parzen windows to estimate the density function
of events, for which we have to decide the value of the represented bandwidth. At a global observation
scale, for example, the whole city, the method is robust for empirical methods of determining
the bandwidth, as the samples contain a large number of events. For this reason, a heuristic
criterion for bandwidth of about 0.01 can been used for exploration from a city representation scale.
However, we would like to be able to work at different observation scales, in order to scrutinize
further details in different regions of interest. For this purpose, we use two elements. First, a system of
geographical representation yields the required flexibility in the support or our framework. Using
Google Maps, we represented the emergencies on an adequate scale that allowed us to identify
relevant details, such as the street names and sectors. Second, the option to work at different scales of
observation depends on how the bandwidth is set, particularly if there are multimodalities. This last
element is further developed next.

Botev et al. [17] proposed a purely data-driven algorithm to determine the bandwidth of Parzen
windows, which avoids the use of any arbitrary reference rule and is particularly suitable for auto
adjusting the bandwidth at different scales in our system. This method introduces an adaptive kernel
density estimation (KDE) method based on the smoothing properties of the linear diffusion process.
This method is known as Parzen kernel density deviation via diffusion (Parzen–KDD, for short). The use
of Parzen–KDD allows for a better representation of Parzen windows in narrow scales and provides
this with accuracy when locating small sets of events, as illustrated in Figure 4d.

(a) (b)

(c) (d)

Figure 4. Overview of emergency events in the city of Quito during 6 December, as represented by
their Parzen estimation for (a) police; (b) health; and (c) transit services, using a global width for all of
these; (d) representation of event density using Parzen kernel density deviation via diffusion (KDD)
for police on a short scale over Mariscal town.

We consider a KDE, given by
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f̂ (~r; σ) =
1
N

N

∑
i=1

φ(~r,~ri; σ) (13)

where φ(~r,~ri; σ) = 1√
2πσ

e−(~r−~ri)
2/(2σ2) is a Gaussian kernel with center location ~ri and scale σ,

also known as the bandwidth.
In order to calculate the bandwidth in higher dimensions, it is necessary to know the asymptotically

optimal squared bandwidth (σ∗), which is given by

σ∗ = (2πN(ψ0,2 + ψ2,0 + ψ1,1))
−1/6 (14)

where ψ is a twice continuously differentiable function ψ(1) = 0 and ψ′′(x) > 0 for all x ∈ R. In order
to estimate all ψi,j for which i + j = k and 0 ≤ k ≤ 2, the method uses established formulas for k ≥ 3.
The function γ(σ) is defined as

γ(σ) =
(
2πN(ψ̂0,2 + ψ̂2,0 + ψ̂1,1)

)−1/6 (15)

where ψ̂ is the viable plug-in estimator derived from

ψi,j =
∫∫ (

∂(i+j)

∂~ri
x∂~rj

y
f (~r)

)2

d~r (16)

By solving Equation (15), it is possible to find σx and σy for the Gaussian kernel [17], and these
have the form

1
2πσyσx

e
−
(

(~ri
x−~r

j
x)

2

2σ2
x
− ((~ri

y−~r
j
y)

2

2σ2
y

)

(17)

Then, the squared bandwidth can be calculated with the following expressions:

σx =


 ψ̂3/4

2,0

4πNψ̂3/4
0,2 (ψ̂1,1 +

√
ψ̂2,0ψ̂0,2)



−1/6

(18)

σy =


 ψ̂3/4

0,2

4πNψ̂3/4
2,0 (ψ̂1,1 +

√
ψ̂2,0ψ̂0,2)



−1/6

(19)

These equations are the basis for the Parzen–KDD method.

3. Experiments and Results

The information saved in the DB used contained 121 variables, and these were obtained from the
incoming alert calls converted into emergencies and attended by their corresponding PSAP, as shown
in Figure 1. All the registered events were stored without any order or predefined pattern, but the
geographical coordinates and several time references are available. To give an idea of the amount and
quality of the available data in this DB, there were about 1,078,000 registered emergencies in the Quito
PSAP only for 2014, and each event had valid information recorded in at least 50 of the 121 variables.
These events were used as the basis for building and testing the system, providing us with the three
described types of analytics and visualization, namely, temporal, geographical, and spatiotemporal.

3.1. Results of Temporal Analysis

In the temporal domain, spectral analysis allowed us to recognize different periodical behaviors
for each institution. By using the periodogram, we could determine or discard the near-periodical
nature of these signals, which is a good indicator of seasonality in a data series [18]. Two examples
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of spectral analysis can be observed in Figure 5, where the fundamental period (T0) of the analyzed
signals could be obtained by taking into account the presence of a harmonic structure and then
identifying its fundamental frequency. As seen in Figure 5a, there is a fundamental peak at the
frequency corresponding to T0 = 7.01 days, which means that the near-periodic pattern clearly
repeated every week in the short-time periodic institution (STPI) services. On the other hand, Figure 5b
shows a fundamental frequency peak corresponding to T0 = 12.01 months, which clearly indicates the
near-periodicity pattern of 1 year for the long-term periodic institution (LTPI) service.

(a) (b)

Figure 5. Spectral analysis of short-time periodic institution (STPI) (a) and long-term periodic institution
(LTPI) (b) examples. The narrowband spectrum in both cases and the clear presence of harmonics
highlight the periodic and seasonal character of these institutions.

According to the above observed temporal distributions of the registered events, we noted that
the FRIs in Quito could be divided into three categories, as described next.

First, STPIs are those with a characteristic near-periodic behavior in short observation time
intervals, that is, a week or a month. Police, health, and transit services can be included into this first
category. Figure 6a illustrates the number of emergencies for these institutions over 2014, and Figure 6b
details the month of March represented on a daily basis over the month. We can observe that Mondays
usually exhibited the lowest number of events. The number of emergencies continued to increase
during the other weekdays, and it reached the maximum values on weekends. Specifically, Saturday
was most often the day when the peak of emergencies could be observed. This trend continued
during the month and throughout the year. By comparing the plots of these three institutions, we can
observe a similar behavior in terms of emergency peaks being coincident in similar days for this
institution group.

(a) (b)

Figure 6. Cont.
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(c) (d)

(e) (f)

Figure 6. Emergencies registered during 2014, grouped by temporal visual trends: (a,b) police, health,
and transit services; (c,d) fire brigade; (e,f) risk management secretary (RMS), military, and municipal
services.

Second, LTPIs are those with a near-periodic behavior during extended time intervals, in our
case, a year. Figure 6c illustrates the emergencies corresponding to fire brigades over the years 2013
to 2016. In Figure 6d, four years are shown overlapping, and a characteristic pattern with a similar
number of events can be observed during the first and last months of each year. In the third trimester,
a dramatic increase in the number of emergencies can be seen, which was due to the summer season
and its associated wildfire increase, according to [19]. The unusual peak of emergencies in April of
2016 corresponded to an earthquake of 5.9 degrees on the Ritcher scale that affected the country [20].

Finally, non-time periodic institutions (NTPIs) are those whose graphical representation or Fourier
transform do not exhibit any periodic behavior, but rather they seem to be completely random and
unrelated in terms of number of events. In our DB, RMS, military, and municipal services were
included in this category. In Figure 6e we can see the emergencies that were attended during 2014 by
these services, and Figure 6f shows March of 2014 represented with monthly and weekly scales.

Given the near-periodicity present in both STPIs and LTPIs, it is useful to obtain their statistical
temporal description, as given by the bootstrap CIs, trends, and outlier events (OEs). An OE is any
observation outside of 1.5 times the interquartile range (IQR) over quartile Q3 and below quartile
Q1 [21]. The time intervals considered for this analysis can be hourly, daily, weekly, monthly, or yearly.
Emergencies recorded during 2014 were analyzed by overlapping the 52 weeks of the year. The results
are depicted for police services in Figure 7a, for health services in Figure 7b, and for transit services in
Figure 7c. The OEs are clearly seen as located outside of the dashed lines, and the CI is represented
as the gray area. This temporal summary representation can be very helpful to support the manager
analysis of the near-periodic behavior and to systematically analyze the OE, hence supporting the
resource allocation by emergency managers of each institution. In all the cases, the CI confirmed this
behavior in the analyzed institutions. For STPI, Saturdays registered the maximum peak of reported
emergencies, and Mondays registered the lowest number. These three institutions had a similar weekly
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pattern. Figure 7d shows the characteristics of the LTPI, where 4 years were considered, from 2013 to
2016. The CI confirmed the behavior related with summer, forest fires and its yearly periodicity.

(a) (b)

(c) (d)

Figure 7. Temporal representation of the confidence interval (CI) of events during 2014, for police (a);
health (b); and transit (c) services; as well as fire brigade events over 4 years, from 2013 to 2016 (d).
Dashed lines are the criterion used to identify the OE, and gray areas are used to characterize the
repeating patterns and subsequent resource allocation by managers.

An hourly representation of the police events was further scrutinized, as seen in Figure 8, to show
an example of short-term analysis. In this case, we overlapped the 365 days of the year, and these
were divided into 24 h periods. This allowed us to identify the time interval of the day in which
the number of events reached their maximum and minimum. We represented separately the yearly
average of emergencies attended during weekdays versus weekends. In all the cases, we see that from
midnight to 06h00, there was a dramatic decrement in the number of emergencies; during daylight
hours, the number of events started to gradually rise, and from 18h00 to midnight the events reached
their peak values. Once again, we see that the nights of weekends clearly registered the maximum
number of attended emergencies. We note that, in this case, there was an overlap between 8 and 16 h,
indicating that these hours were equally intense for all the days of the week in terms of police events.

3.2. Geographical and Spatiotemporal Analysis

As previously explained, two available variables in our DB were latitude and longitude of the
emergency events. With this information, it was possible to geolocate these on a map for visual and
numerical analysis of the geographical characterization of the FRIs under study. Although these
types of geographical phenomena analyses and visualizations are being deeply studied [22,23],
heatmap visualizations based on KDE approaches are one of the most widely applied solutions [24,25].
This popularity is due to their easy-to-modify character, in order to create efficient and scalable
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versions for different types of data, such as data streams [26,27] or big data [28–30]. For this reason,
heatmap visualizations based on improved KDE methods have been used in a wide range of application
fields, including traffic data visualization [31], emotional heatmaps [32], sentiment analysis [33–35],
or human dynamics in social networks [36], among others. However, although level sets [23] and density
pruning techniques [29] are studied for visualization, to the best of our knowledge, three-dimensional
(3D) spatiotemporal visualization, as in Figure 9, has not been exploited to date, whereas it can be very
useful to locate different spatiotemporal events in the same management panel.

Figure 8. Police emergencies by hours during 2014. Average of the 365 days of the year and their
confidence intervals (CIs) are represented. Weekdays versus weekends emergencies can be seen with
their variations.

Figure 9. Spatiotemporal emergency slices for police during December (only 11 nonconsecutive days
are illustrated for better visualization on page). It is easy to notice with this representation the variations
in the geographical concentration of events during the month and its concentration over different
regions of the city.

In our system, the geographical representation was made over Google Maps, which can be
readily handled with a publicly available function (plot_google_map.m) that uses an API (Application
Programming Interface) developed by the same company [37]. The map coordinates were stored in
the WGS84 reference system [38]. These geographical coordinates were used to search an image of a
bidimensional map to place the emergencies as visible points, as observed in Figure 2b. The map scale
could be settled to adapt the represented area according to the search criteria for the analyzed events.
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Once the emergencies were placed over a reference map, we needed to identify the densest
locations and represent these to create a heat map. With this purpose, a Parzen representation was
applied, and some example results can be observed in Figure 4, where darker red areas correspond to
a higher event density. In this case, a fixed bandwidth was used to yield a global (city-scale) view of
emergencies in police, health, and transit services. We note that there is a noticeable similarity on the
support for these three services, but the heat peaks are not always the same, as was the case for the time
series peaks. For instance, police has a trimodal representation supported along the city, whereas health
has a bimodal distribution, partially corresponding to that of the police, but with narrower main modes.
On the other hand, transit events are distributed with strong multimodality, and their heat noticeably
extends to the south-east, corresponding with one of the main roads that connects the city of Quito with
the towns of Monjas, Conocoto and Sangolquí. In Figure 4d, we can observe Mariscal town on a short
scale. In this case, by using Parzen–KDD, we could easily identify the points of higher concentration of
police events. This accuracy is very useful when the responder institutions are planning the distribution
of their units across the city for a faster response or to prevent incidents in the future.

As described in Section 2, the spatiotemporal analysis results from the combined analysis of
spatial and temporal information of the emergencies registered in our DB. This combination allows us
to better understand the occurrence of emergencies associated to each FRI. In other words, when we
represent each confidence area in terms of 3D coordinates (latitude, longitude, and time), it is possible
to obtain a useful visualization of the events [39]. In Figure 9, we represent the 95% confidence areas
for each day in December 2014 (only 11 days are represented for ease of visualization on paper),
corresponding to the police emergencies in the city of Quito. We note the temporal variations in the
position of the slices with time, as well as the changes in shape and area. It is noteworthy to emphasize
that this kind of variation remains hidden if we only scrutinize the temporal representations of the
number of events.

In order to further analyze STPIs and LTPIs, we compared the geographical Parzen estimation
during the day of the maximum and minimum number of emergencies in 2014 and for each FRI.
For the police service, the maximum peak of events was registered on Saturday 6 December,
with 3090 emergencies, and the minimum was on Thursday 2 January, with 630 emergencies,
as illustrated in Figure 10a. We note that this represents a noticeable number of emergencies, even for
the minimum peak. The same figure depicts the Parzen distribution both in a red gradient over the
map and its corresponding bidimensional PDF, for better visualization purposes. It is interesting to
note that regions with intense activity for this service tended to be quite similar, as seen in the heat
maps; however, their relative intensity was different over these days, which is more evident in the PDF
representation. This points out that the modal regions with police activity were repetitive, whereas the
intensity within these regions tended to be different over different time periods.

(a)

Figure 10. Cont.
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(b) (c)

(d) (e)

Figure 10. Analysis of police emergencies. (a) Events during 2014, with maximum and minimum
peaks; (b,c) Parzen distribution in red gradient over the map and bidimensional probability density
function (PDF) representation for maximum peak on December 6; (d,e) The same for minimum peak
on 2 January.

For health services, the maximum peak of events was registered on Wednesday 1 January,
with 1437 emergencies, and the minimum was on Wednesday 6 August, with 307 emergencies.
Figure 11 shows a similar representation for these, making evident that in this case the dynamics were
different, as far as some modal regions were repeated (in the south and along roads to the east and
south-east), but other modal areas were very different, which was made more evident in the PDF
representations. Therefore, health emergencies were more variable in terms of their geographical
support, and not only in the intensity of events.

(a)

Figure 11. Cont.
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(b) (c)

(d) (e)

Figure 11. Analysis of health emergencies. (a) Events during 2014, with maximum and minimum
peaks; (b,c) Parzen distribution in red gradient over the map and bidimensional probability density
function (PDF) representation for maximum peak on 1 January; (d,e) The same for minimum peak on
6 August.

For transit services, the maximum peak was on Saturday 20 December, with 1177 emergencies,
and the minimum was on Thursday 2 January, with 199 emergencies, as Figure 12a shows.
On weekends, transit emergencies were distributed in a wider area that included sectors and small
towns around Quito, compared to the weekdays. The visible distribution modes allowed us to identify
concentrations in Carcelen (A), Tanda (B), Luluncoto (C), Conocoto (D), and Sangolquí (E), which
correspond to the city periphery (see Figure 12b). During weekdays, transit emergencies were mainly
concentrated in the urban area of the city, as clearly seen in Figure 12c.

(a)

Figure 12. Cont.

55



Appl. Sci. 2018, 8, 199 17 of 22

(b) (c)

Figure 12. Analysis of transit emergencies. (a) Events during 2014, with maximum and minimum
peaks; Typical Parzen distribution (red gradient over the map) of transit emergencies registered on a
weekend (b); and on weekdays (c) of a week in December.

For fire brigades, the maximum peak of events was registered on Sunday 21 September,
with 1618 emergencies, and the minimum was on Monday 27 January, with 36 emergencies, as is illustrated
in Figure 13a. In Figure 13b, it is easy to identify two main event concentrations located in Carretas (A) and
Tumbaco (B) towns. Figure 13c shows the 3D Parzen distribution over the map. These peaks of events are
highlighted as the most visible. Finally, Figure 13d,e shows Parzen–KDD representations for the maximum
peaks registered. Carretas (A) and Tumbaco (B) emergencies can be observed in this order. It can be seen
that the geographical representation was often found to be very useful to accurately locate the emergencies
reported to a PSAP and similar surveillance systems [19,40].

(a)

(b) (c)

Figure 13. Cont.
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(d) (e)

Figure 13. Analysis of fire brigade emergencies. (a) Events during 2014, with maximum and minimum
peaks; (b,c) Parzen distribution in red gradient over the map and bidimensional probability density
function (PDF); (d,e) Parzen kernel density deviation via diffusion (KDD) representations for maximum
peaks, circled in red, during 21 September. Parzen–KDD permits us to visualize in short scale the exact
location of events on the sectors of Carretas (A) and Tumbaco (B), respectively.

The PSAP of Quito covers three provinces, namely, Pichincha, Napo, and Orellana, and their
respective capitals are Quito (2,644,145 inhabitants), Tena (74,158 inhabitants), and El Coca
(88,106 inhabitants). The largest number of emergencies were concentrated in the Quito metropolitan
district and its near towns. Their combined population is close to the 3 million persons. Napo and
Orellana are two of the six Amazonic provinces of the country. The Amazonic region represents almost
the 45% of the total surface of the country; less than 5% of the Ecuadorian population are living in it.
This nonuniform demographic distribution explains the lower density of emergencies registered in the
other two provinces when we compare these with Quito. In Figure 14a, we can observe the cities of
(A) Quito, (B) Napo, and (C) El Coca. It is easy to note the concentration of events registered along
January 2014. Figure 14b,c illustrates the cities of Tena and El Coca, respectively. In these cities, most of
events were registered in the urban parts. The surrounding territory is essentially tropical jungle with
prevailing high temperatures and humidity, very low highways, and a number of protected areas
and national parks. If we add this to the low density of the population, we can easily explain the low
number of events registered in both provinces compared with Quito. Nevertheless, this represents
highly different event dynamics in these regions, which also needs to be adequately characterized in
time and space and in statistical terms, for its adequate management.

(a) (b) (c)

Figure 14. Scatterplot of the emergencies registered during January 2014 in (a) the three main cities of
the provinces covered by the public safety answering point (PSAP); (b) Tena, the capital of Napo; and
(c) El Coca, the capital of Orellana.
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4. Discussion and Conclusions

The unprecedented growth in the amount of data related with 911 events has increased the
need for agile processing and visualization. When large amounts of data are available, even simple
statistical, temporal, and geographical descriptions are necessary and strongly informative. In this work,
we propose a system for temporal analysis, including seasonal representations and nonparametric
CIs, together with spatial representations, including heat maps, in terms of Parzen estimations.
In the case study of 911 events in Quito, temporal analysis allowed us to divide the FRIs into
three groups according to the periodicity of the registered events, namely, STPIs, LTPIs, and NTPIs.
More than 1 million emergencies were analyzed for this research in terms of relatively simple statistical
descriptions. For periodically behaved institutions, seasonal patterns were identified separately from
trends and atypical events. From the geographical-analysis point of view, the emergencies could
be readily seen over a referenced Google Map, and their spatial dynamics could be observed and
quantified; moreover, FRIs could be scrutinized from different scales.

The proposed system can be used to provide 911 managers with statistical, spatial, and temporal
analysis of the emergencies registered in a PSAP. The temporal and geographical visualization is a
necessary tool, but we would like to stress that the proposed system is not just a visualization tool.
Statistical processing provides us with powerful analysis tools and relevant information, which cannot
fully be extracted from raw data, as in Figure 2. The use of bootstrap resampling and Parzen windowing
is quite an operative statistical approach to these data, as far as these nonparametric methods are
easy to use in order to deal with statistical tests and density estimations under conditions for which
the underlying statistical distributions cannot be assumed as known. The efficient management of
resources requires an agile and natural time–space representation supporting system and an adequate
statistical analysis to convert the set of events into meaningful and solidly estimated dynamics.
Whereas some of the results presented here can seem trivial (i.e., a larger number of events in the
weekend), a solid quantification is the basis for establishing resource allocation. From this point,
we can move now towards the design of systems used for resource allocation, by combining the
resource information with the quantified data model, as well as towards more advanced and improved
estimation and data processing tools. For instance, more advanced data analysis algorithms, prediction
systems, or parametric statistical analysis can now be pursued. The role from the other recorded
variables in the DB certainly remains to be exploited. Moreover, data quality considerations are also to
be taken into account, as is usual in problems based on storing large amounts of data.

In fact, by using the information obtained with the developed tool, the institutions do not depend
only on the empirical experience of the dispatchers. Usually, this kind of experience takes several
months to be learned for people that work in the dispatching area. The spatial dynamics for each FRI
are even more complicated in terms of being abstracted by the dispatchers. We note that the present
work does not only present a temporal representation of the emergencies, but also a geographical
representation in which “hot points” can be identified. Hence, through our proposal, the occurrence of
different emergency types at different locations can be characterized, hence allowing the saving of time
when resources are preallocated according to the type and approximate number of expected events.
Moreover, economical resources can be saved when units for emergency attendance are not constantly
moved or travel only short distances. This is also very relevant when an opportune response may save
lives as a result of a technical planning method. For instance, knowing the concentration of crimes
against the property, police units may be placed in fixed or mobile stations close to these hot areas,
which allows for a fast response if an emergency is reported. This will definitively increase the security
of these zones, and this is also considered as a dissuasive element to illicit actions.

Future work includes the detailed analysis of specific emergency types attended by each institution
and its statistical behavior with time. All of this is oriented to planning the distribution of resources on
territory for an efficient future response to the occurrence of the studied emergencies, for example,
the occurrence of car accidents during holidays on a specific highway. Knowing the distribution of
these events, it will be possible to obtain the road safety risk evaluation [41] and plan the location
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of resources for the next periods of time, looking to minimize the response time or, in the best case,
preventing the occurrence of the referred events.
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Abstract: A public safety answering point (PSAP) receives thousands of security alerts and attends a
similar number of emergencies every day, and all the information related to those events is saved to
be post-processed and scrutinized. Visualization and interpretation of emergency data can provide
fundamental feedback to the first-response institutions, to managers planning resource distributions,
and to all the instances participating in the emergency-response cycle. This paper develops the
application of multiple correspondence analysis (MCA) of emergency responses in a PSAP, with
the objective of finding informative relationships among the different categories of registered and
attended events. We propose a simple yet statistically meaningful method to scrutinize the variety
of events and recorded information in conventional PSAPs. For this purpose, MCA is made on the
categorical features of the available report forms, and a statistical description is achieved from it by
combining bootstrap resampling and Parzen windowing, in order to provide the user with the most
relevant factors, their significance, and a meaningful representation of the event grouping trends
in a given database. We analyzed the case of the 911-emergency database from Quito, Ecuador,
which includes 1,078,846 events during 2014. Individual analysis of the first-response institutions
showed that there are groups with very related categories, whereas their joint analysis showed
significant relationships among several types of events. This was the case for fire brigades, military,
and municipal services attending large-scale forest fires, where they work in a combined way.
Independence could be established among actions in other categories, which was the case for specific
police events (as drug selling and distribution) or fire brigades events (as fire threats). We also
showed that a very low number of factors can be enough to accurately represent the dynamics of
frequent events.

Keywords: public-safety answering point; first-response institutions; multiple correspondence
analysis; ECU-911; Parzen windows; bootstrap resampling

1. Introduction

In order to improve a centralized and opportune emergency response [1], Ecuador created in 2012
the integrated security service, named ECU-911 [2]. Within its structure, a Public Safety Answering
Point (PSAP) is a center in which emergency alerts are received and processed. If an alert is classified
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as an actual emergency by the PSAP, some of the First Response Institutions (FRIs), i.e., fire brigades,
police, health services, transit agency, and others, will dispatch their units to attend that event. In this
case, FRIs and emergency units work under centralized coordination and permanent feedback all
the time. In addition, information from all emergencies received by a PSAP is saved on a centralized
Data Base (DB). On the other hand, data analysis capabilities are a crucial component of the standard
model of Emergency Response Systems [3]. Knowledge management is an additional factor which
uses information from previous experiences to improve emergency responses, their procedures, and
their normative [4]. However, when reviewing the information from the DB in integrated security
services, we often find descriptions based on a mixture of quantitative and categorical variables. In the
first case, it is feasible to apply statistical techniques to obtain the information that we need to feedback
to the FRIs. In the second case, the use of traditional statistical tools and techniques could become hard
and complex.

Some previous works have already tackled the problem of emergency response systems and
how data analysis can help to improve them. For instance, an overview was presented in [2]
of how technology can support several new models of emergency attention services based on
Enhanced-911 platforms. The idea of data treatment and analysis is also discussed therein, but no real
analysis is actually performed. In the same line, Jennex proposed a model for emergency response
systems [4]. This work suggested that there are failings in emergency response systems that knowledge
management could prevent, or at least mitigate. However, no knowledge management system is
proposed or evaluated therein. Moreover, a data model is also proposed in [5,6] for the management of
dynamic data during emergency response procedures in the Netherlands. Their spatio-temporal model
allows to maintain operational and situational information in emergency response, but the model was
never proven as an input for analyzing or inferring emergency behaviours. There are some other works
oriented to specific analyses of emergency responses, like sentiment analysis during a hurricane [7]
or response-time analysis of subway fire emergencies [8]. Liu et al., in [9,10], proposed risk decision
analysis methods based on cumulative prospect theory and fault tree analysis, respectively, to solve
the risk decision-making problem in emergency responses. Emergency evacuation from barrier lake
downstream villages and H1N1 infectious diseases, respectively, illustrated the proposed methods.
Unlike these specific analyses, our interest is oriented to emergencies reported by a 911-like service,
looking for a more general and simpler approach. Previous works have also proposed spatio-temporal
analysis of emergency alerts. For instance, Jasso et al. [11] presented a spatio-temporal analysis of
call-stream data corresponding to emergency responses in the State of California. This work points
to the possibility of emergency event detection based on outlier detection. In the same direction, [12]
proposed a statistical, spatial, and temporal analysis of emergency responses by using simple, yet
robust and compact, event representations.

In order to reach a better understanding of the existing qualitative information, we propose here
a method that, while maintaining its simplicity, allows us to obtain statistically meaningful results
and to support the managers to inspect the emergencies attended by FRIs, through the analysis of
the reports routinely stored in the PSAP DB. By applying Multiple Correspondence Analysis (MCA)
techniques to the FRIs considered as grouping variables, and to the emergencies attended as categories,
we hypothesize here that we can obtain even an improved statistical description if we combine them
with bootstrap resampling techniques and Parzen windowing. A precedent of this type of principled
analysis was proposed in our previous contribution in [12], which allowed to systematically obtain
statistical, temporal, and spatial information for emergency events. In this setting, we now obtain
relevant information, its statistical significance, and intuitive 3D representations of the trends and
relationships of the information taken from the DB, which is compatible with a rigorous statistical
background and description of the characteristics of the events. We scrutinized the usefulness of the
proposed method in the analysis of patterns and similarities in the events recorded in the city of Quito
(Ecuador). Our analysis paid attention to different FRIs, either individually or jointly considered,
and to a comprehensive set including most of the relevant emergency categories in the ECU-911 DB
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that were stored during 2014. Note that the proposal in [12] for statistical, spatial, and temporal
analysis of emergency responses is then extended here by making use of multiple correspondence
analysis, to complete our knowledge and to figure out relationships among events, besides their
spatio-temporal performance.

The rest of the manuscript is organized as follows. Section 2 explains the motivation for this
research. Section 3 discusses the MCA analysis used in our study. Section 4 explains the origin and
characteristics of the DB used for this research. Section 5 specifies the DB reading procedure and its
graphical analysis. Section 6 provides a summary of the main results obtained using MCA and its
statistical extension with bootstrap resampling and Parzen windowing. The most relevant results are
discussed in Section 7. Conclusions and recommendations for future implementations are presented in
Section 8.

2. Motivation

In order to explain the emergency response cycle, let us start defining an emergency as a high-stress
situation that requires organizations to respond in a different way from their usual operational
procedures [4,13]. Figure 1 shows a diagram of the FRI activity level along time. We can clearly identify
four phases and five decision points that characterize an emergency [4]. During the Situational Analysis
(SA) phase, the alert mechanisms of a PSAP are prepared to receive alerts. Once an alert becomes into
an emergency, an Initiating Event (IE) point occurs in t1, the emergency information is transferred to
the FRI dispatcher, and the Initiation Response (IR) phase begins. In t2 or Control Event (CE) point, the
Emergency Response (ER) phase starts, and the FRI activity increases due to the resources moved and
deployed to the affected area. In t3 or Restoration Event (RE) point, the emergency is under control
and part of the displaced units return to their operational bases. Only the strictly required FRIs remain
operative and supporting the affected area during this Restoration Response (RR) phase. Finally, in t4
or Normalizing Event (NE) point, all units return to its normal activities, and the emergency response
cycle automatically restarts with a new SA phase. At any time of the emergency, and according to the
circumstances, it is possible to finish it by jumping directly to the Termination Event (TE) point, and
for that reason, this point is not vertically located in the plot timeline. All the analyzed emergencies
occur during ER and RR phases of the represented figure, and they are subsequently assigned to a set
of possible categories taking place in the mentioned phases.

Figure 1. Representation of the First Response Institution (FRI) activity level along time when an
emergency is detected. Activity level has four phases (Situational Analysis (SA), Initiation Response
(IR), Emergency Response (ER), Restoration Response (RR)) and five decision points (Initiating Event
(IE), Control Event (CE), Restoration Event (RE), Normalizing Event (NE), Termination Event (TE)) [4].

The PSAP-attended emergencies are daily saved in a local DB from which a centralized Data
Warehouse consolidates the information countrywide [2]. By using suitable statistical techniques, this
information could be analyzed in order to obtain relevant feedback for all the service and articulated
institutions, and this information will undoubtedly be of capital importance to feedback the institutions
involved in the emergency response process. This analysis will permit us to understand how emergency
processes work and to visualize how the FRIs operate for each type of emergencies that they attend.
In this direction, we propose the use of MCA applied to FRIs, emergencies, and categories that are
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recorded in the emergency forms, in order to find out the possible relations among them with an
easy-to-handle, yet statistically rigorous system. MCA is often used with other well-defined and
well-known analysis purposes in marketing sciences, notwithstanding that with this unusual and
novel application of MCA, we expect to find additional judging elements to evaluate the general
results of FRIs in the emergency response field.

3. MCA Statistical Characterization

Due to the amount of information stored in the DB, it is necessary to find techniques that simplify
the visualization of the events, especially if an emergency has the participation of more than one
FRI. In this paper, we propose the use of an extended MCA in the emergencies attended for a PSAP,
which allows straightforward 2D and 3D visualizations of the events, their relationships, and their
statistical variability. MCA is a variation of Correspondence Analysis (CA) that permits us to observe
and analyze the relationship among several categorical (and to some extent mutually dependent)
variables [14]. CA is an exploratory multivariate technique for graphical and numerical analysis
that can be used with almost any data matrix with non-negative entries, but it is most widely used
when studying contingency tables or count tables [15]. Specifically, MCA can be used when several
categorical variables are considered and when they are organized as a matrix with entries given by
zeros and ones, this binary code representing the values that a set of categorical variables adopts for a
set of their measurements in a population of individuals.

In order to better understand the applied procedure, we present the following two subsections.
First, a summary is given on the matrix fundamentals of MCA for categories, which presents the basic
elements of the method used in the present work. Second, the principles of the Bootstrap resampling
techniques are briefly presented, which provide us with the joint distribution of different categories in
the MCA case. After that, Parzen windowing is used to characterize the multidimensional confidence
area, yielding a tool that is similar to the confidence interval applied in a unidimensional analysis, but
here allowing us to visualize the different categories and when they can be significantly differentiated
or statistically overlapped in a multidimensional probabilistic space.

3.1. Matrix Fundamentals of MCA

Let us consider the number of FRIs as kn categorical variables, so that each of them has Jkn

categories, with Jk1 + Jk2 + . . . + JkN = J. There are I emergencies registered in the DB, and the I × J
indicator matrix is denoted by X. By applying CA on X we obtain two sets of factor scores, one for
the rows and another for the columns. The total obtained from the table is noted as M, which is the
sum of both the rows and the columns of the X matrix. To obtain the probability matrix Z, we use Z =
M−1X. On the other hand, r is the vector of the row totals of Z and c is the vector of the column totals,
and Dc (Dr) is the diagonal matrix of c (r). The factor scores are obtained with the following singular
value decomposition:

Dr
− 1

2 (Z− rcT)Dc
− 1

2 = P∆QT (1)

where ∆ is the diagonal matrix of the singular values, and Λ = ∆2 is the matrix of the eigenvalues. The
row and column factor scores are obtained with the relations,

F = Dr
− 1

2 P∆ (2)

G = Dc
− 1

2 Q∆ (3)

The squared distance (X2) from the rows and columns to their respective barycenter are obtained
with the equations

dr = diag{FFT} (4)

dc = diag{GGT} (5)
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and squared cosine between row i and factor l and between column j and factor l are obtained as:

Oi,l =
f 2

i,l

d2
r,i

(6)

Oj,l =
g2

j,l

d2
c,j

(7)

where d2
r,i and d2

c,j are the i-th element of dr and the j-th element of dc, respectively. The squared
cosines help locating the factors that are important for a given categorical variable. The contributions
of row i to factor l and of column j to factor l are calculated with

ti,l =
f 2

i,l

λl
(8)

t j,l =
g2

j,l

λl
(9)

where λl are the eigenvalues obtained form the indicator matrix. These contributions help us to
identify the observations or variables that are important for a given factor.

By using the transition formula, the supplementary or illustrative elements can be projected onto
the factors. Let us consider iT

sup as an illustrative row and jT
sup as an illustrative column to be projected.

Their coordinates fsup and gsup are obtained as

fsup = (iT
sup1)iT

supG∆−1 (10)

gsup = (jT
sup1)jT

supF∆−1 (11)

By applying CA to the indicator matrix, the factor scores are provided for the rows and the
columns. However, these factor scores need to be re-scaled for MCA. The J × J table given by
B = XTX is the so-called Burt Matrix associated to X. This table is relevant in MCA because using
CA on the Burt matrix gives the same factors as the analysis of X but it is often computationally
easier to calculate. The Burt matrix also plays an important theoretical role, because the eigenvalues
obtained from its analysis give a better approximation of the inertia explained by the factors than the
eigenvalues of X [14].

When analyzing the MCA results, it is necessary to use different mathematical elements to evaluate
them and reach conclusive results. The most frequently used metrics are briefly explained next [16].
Inertia is an information measure that shows the data dispersion around the gravity centre. Total inertia
stands for the inertia of all the variables and categories analyzed, and it is necessary to represent
the presence or absence of the events in the DB with ones and zeros, respectively. Relative inertia
is the inertia of each variable in each dimension, it needs to be normalized between 0 and 1, and it
represents all the information of a variable in all the dimensions. It can also be seen as the contribution
of each variable. Eigenvalues represent the relative relevance of each dimension to the total inertia
associated to their specific directions as multivariate vectors. We usually find the highest eigenvalue
in the first direction, and they decrease in the following direction. Eigenvalues and accumulated
inertia are parameters often used to select the dimensions to be included in the MCA result. The
final objective of using MCA is to reduce the number of dimensions to represent the majority of
the information contained in the Burt matrix and to represent them with the minimum number of
dimensions as possible.

3.2. Bootstrap Resampling and Parzen Windowing

We analyzed the statistical distribution of the projection of each column in the previous MCA
formulation, which corresponded to the categories of the events contained in the DB. By using
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Bootstrap resampling techniques, we can obtain a cloud of points that implicitly contain their empirical
distribution in the projected space, and the subsequent generation of confidence regions through
Parzen windows allows the compact representation of those regions. In this way, regions of confidence
that overlap will indicate significant statistical relationship among those categories analyzed, and
regions of confidence not overlapping each will point towards independent event categories.

A Bootstrap resample of a given list of statistical measurements [17,18] is obtained by generating
a new list of measurements from sampling with replacement of the original list [19]. In this case, if the
operator yielding the coordinates of the projection of an illustrative column from the data matrix is
denoted by Γ, we can write it as follows:

gsup = Γ(X) (12)

We can also denote its corresponding column eigenvalue as v, and denote by Θ the operator
yielding it from the data matrix, i.e.,

v = Θ(X) (13)

Now we denote the resampled data matrix X∗ as the result of sampling with repetitions its rows
up to I times, so that it has the same size as the original data matrix. A bootstrap replication of a
statistical measurement is obtained by calculating that measurement on the resampled population,
instead of the original one, so that we can resample at a given iteration both the projection of a column
and the eigenvector,

g∗sup(b) = Γ(X∗(b)) (14)

v∗(b) = Θ(X∗(b)) (15)

where asterisk ∗ indicates the usual notation in Bootstrap resampling for statistical elements coming
from the plug-in principle and resampling process, to distinguish them from the empirical or theoretical
statistical elements. Note that the resampled data matrix contains rows of the original ones appearing
zero, one, or several times. In the previous equations, b indicates the number of resamples that we are
building. After resample b is built, a Bootstrap replication can be built for the statistical distribution of
any of the described statistical elements [12,17]. The resampling and replication processes are repeated
B times (typically B = 50, 100, 200, or 500 times), which provides an estimation of the empirical
distribution function of the statistical element. This procedure can be extended to all the eigenvectors
and to all the categories, which allows us to determine their empirical distribution. It is easy to
construct confidence intervals for the eigenvectors, as will be seen in the next section. However, the
multidimensional distribution of different projected categories is given by a set of point clouds, one
cloud per category, which can not be readily visualized in this form.

In 1962, Parzen introduced a non-parametric method that can be used for estimating probability
density functions [20,21]. In our case, we can consider that a subset of three projected categories
(denoted compactly as R∗(b) = (g∗m,sup(b), g∗n,sup(b), g∗o,sup(b))) is an event series of independent and
identically distributed observations, then the empirical probability density function is

pE(R∗) =
B

∑
b=1

δ(R− R∗(b)) (16)

We can use a kernel function to give a continuously supported estimation of the probability
density function. For instance, the use of the Gaussian kernel often yields a good-quality estimator by
virtue of the Central Limit Theorem [22,23], and in this case, the estimated distribution is expressed as

p̂G(R∗) = pE(R∗) ∗ G(R∗) (17)
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where ∗ denotes the multidimensional convolution operator, and G(R∗) denotes the multidimensional
Gaussian kernel, using a common variance σ2 for all the dimensions and scaled to integrate unity.
This kernel width is a free parameter to be chosen according to the observation scale and the number
of events. After we have built the Parzen density estimator, we can determine the ellipsoid volume
that contains 95% of the point cloud provided by the Bootstrap resampling process.

3.3. Toy Example of Proposed Modified MCA

In this section, we present a toy example in order to illustrate the basic elements of the adapted
MCA and to give an idea of its theoretical background. Let us assume that we have three categorical
variables (FRIs) with two categories each (attended emergencies). In total there are 6 categories that
can be present in the same case, either individually or jointly. The generation of a toy example is done
by assigning a probability of occurrence to each category, considering both individually and jointly
among them in order to observe mutual dependences. For simplicity, the probability of individual
occurrence for each variable is the same, and we set it as

P(Vi = catij) = 0.155, ∀i, j (18)

whereas the joint-occurrence probability between pairs of categories is set to observe higher and lower
probabilities, as follows,

P(V2 = cat2B, V1 = cat1B) = 0.0275 (19)

P(V2 = cat2B, V3 = cat3B) = 0.0275 (20)

and

P(V1 = cat1A, V1 = cat1B) = 0.005 (21)

P(V1 = cat1A, V3 = cat3A) = 0.005 (22)

In order to show the effect of new occurrences on the obtained eigenvectors, we propose to
scrutinize two different situations. In Case 1 we introduce the next occurrence,

P(V1 = cat1B, V2 = cat2B, V3 = cat3B) = 0.005 (Case 1) (23)

which reinforces the simultaneous occurrence of the three members of the group created in
Equations (19) and (20). In Case 2, we introduce the following type of occurrence,

P(V1 = cat1A, V2 = cat2A) = 0.005 (Case 2) (24)

and hence we create the second group of low probability by including one of the categories in the
first group.

Figure 2 shows an schematic of these tree different configurations and the results when using the
proposed bootstrapping and Parzen techniques on the eigenvectors obtained from MCA. It can be
observed that the group with larger occurrence probability (categories with points in green, red, and
blue) overlap between them. Specifically, cat2B (red points) is the linkage with the other two categories,
and for this reason cat3B (green points) does not overlap cat1B (blue points). In Case 1, where the
occurrence is joint among these three categories, we can check that they actually overlap, regardless
of their low probability. We can also check that despite the categories in blue and green points have
the same joint probabilities with the category in red points, the blue one is not so much overlapped
as the green one. This is due to the existence of a non-null occurrence between this category and the
dark blue.

70 CHAPTER 5. MULTIPLE CORRESPONDENCE ANALYSIS



Appl. Sci. 2019, 9, 1396 8 of 24

0.8
-0.6

-0.4

-0.2

0.6

0

0.2

v3

0.4

0.6

0.40

0.8

v2

0.2

v1

00.5 -0.2-0.41

-0.8

-0.6

-0.4

-0.2

0

0.2

v3

0.4

0.5

v2

0

-0.5 0.6

v1

0.40.20-0.2-0.4

(a) Original (b)

0.8
-0.6

-0.4

-0.2

0.6

0

0.2

v3

0.4

0.6

0.4

0.8

0

v2

0.2

v1

00.5 -0.2-0.41

(c) Case 1 (d)

-0.8

-0.6

-0.4

-0.2

0

0.2

v3

0.4

0.5

v2

0

-0.5 0.6

v1

0.40.20-0.2-0.4

(e) Case 2 (f)

Figure 2. Schemes of the three situations to be scrutinized in the toy example (a,c,d), where Vi with
i = 1, . . . , 6 is the ith variable and catij with i = 1, . . . , 6 and j ∈ {A, B} the jjl category corresponding
to the ith variable. The joint probability of occurrence is shown with a line of different thickness
according to its value. The individual probabilities are obviated, as they are equiprobable. In (b,d,f)
the projections of the original vectors onto the three most significant eigenvectors are depicted together
with their Bootstrap-Parzen confidence regions for each category.
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In order to further scrutinize this separation effect of the variable in blue points, in Case 2 we can
check that the category in blue asterisks tends to be about the center of the newly created group, whose
members are the categories with asterisks and with blue points. Moreover, the category with blue
points slightly separates apart from the categories with points, and it slightly closes to the category in
blue asterisks.

Figure 3a shows the analysis of the bootstrapped eigenvectors in terms of their confidence
intervals. Vertical red lines correspond to those categories affecting (with a 95% confidence interval) to
eigenvector vi, ∀i = 1, . . . , 6. As can be seen, the first two situations (Original and Case 1) are strongly
similar, with some difference in eigenvector v3, where in Case 1 the category 1B does not seem to affect
that much to said eigenvector.

(a)

1 2 3 4 5 6
Eigenvalue
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Case 1
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(b) (c)

Figure 3. Details of the toy example. (a) Analysis of the obtained eigenvectors in the three cases
of the toy example and their bootstrap confidence intervals. (b) Eigenvalues for the three cases.
(c) Projections of the different occurrences on the eigenvectors. The 6 lines represent the 6 dimensions of
the eigenvectors, which cross through each of the categories taking place individually and represented
by points and asterisks. Crossed triangles represent the joint occurrences of categories represented
by their colors. These joint occurrences are in the subspace delimited by the lines from each of the
involved categories in the linear combination of said categories.

Note that the visualization of the eigenvectors in Figure 2b,d,f only used the three first eigenvectors.
These are the most significant ones, as we can check in the eigenvalue plots on Figure 3b, where the
eigenvalue profiles are very similar in the three cases. Figure 3c shows the projection of each of the
different occurrences in the database of the Original case onto the obtained eigenvectors. Though those
categories with red, green, and blue points (which belong to the highest-occurrence group) are closer
among them, it is hard to get useful information from the database. One of the reasons is that there are
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so many new combinations as types of joint occurrence can be present, which can generate a dramatic
growing of the representation complexity, which makes this kind of representation little practical.
This reinforces the hypothesis that it is more useful to visualize the bootstrapped eigenvectors than the
projections of the data onto the obtained eigenvectors.

4. Emergency DB

In this research, we used information from the DB of events occurred during 2014 in the city
of Quito attended by the ECU-911 service, consisting of 1,078,846 emergencies distributed in time
as shown in Table 1. The DB is composed of 121 fields with entries provided during the emergency
attention process. To better group this information, we considered two types of variables according
to their kind of information. First, operative information refers to the emergency details like alert
mechanism, the identity of involved persons, type of emergency, locations, time, date, province, moved
resources, or contacted PSAPs, among others. On the other hand, control information is used for
internal control and quality of service (QoS) purposes inside the Integrated Security Services or in the
respective Institution. Here we can find internal codes, times of transfer, assigned dispatch, time of
arrival to the event, time of emergency close, a summary of used resources, and others. In our case,
the variables are the First Response Institutions (FRIs), namely, Fire Brigades (FB), Risk Management
Secretary (RMS), Military (M), Police (P), Health Services (HS), Municipal Services (MS), and Transit
(T). Their categories are given by any of the 127 possible events attended by FRIs along time. Table 3
shows the categories when ordered according to their percentage of occurrence. Note at this point that
the Categories (C) are given here by the specific type of emergencies attended by each FRI, for instance,
fire brigades has 15 categories, as can be observed in Table 2.

Table 1. Emergencies attended by the Public Safety Answering Point (PSAP) of Quito in 2014.

Order Month Emergencies

1 January 74,358
2 February 70,010
3 March 88,119
4 April 86,192
5 May 91,265
6 June 84,627
7 July 89,300
8 August 98,531
9 September 99,878

10 October 94,322
11 November 93,897
12 December 108,347

Total 1,078,846

We applied a data prepossessing stage to filter the valid data before applying MCA. One should
note that an event could be reported for more than one alert call, in other words, several institutions
could be required to be dispatched in order to attend a specific emergency. Table 4 shows the
participation of emergencies attended by each FRI during 2014. Police had a higher participation
percentage, followed by Health Services and Transit, Fire Brigades comes next, and with significantly
lower participation, they are followed by Municipal Services, Military, and Risk Management Secretary.

From the seven FRIs coordinated by our PSAP, we considered its participation percentage as
shown in Table 4, the information detailed in Table 3, and the results of temporal analysis described
in [12]. This allowed us to divide the institutions into two groups. The first group, with four FRIs
and 95% of the emergencies registered, included Police (45 event categories), Health Services (41),
Transit (13), and Fire Brigades (3). The second group, with three FRIs representing 5% of the events,
included Municipal Services (8), Military (2), and Risk Management Secretary (3). Starting from this
taxonomy, we analyzed the relationships inside each FRI, among institutions, and among categories.
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It is important to note that 94 categories had participation below 1% of the total number of the studied
events, and some of these categories did not register any event. The information presented in Table 3
allows us to set a percentage of occurrence in order to scrutinize only the representative categories for
each case.

Table 2. Categories or specific emergencies considered in the Data Base (DB) for Fire Brigades and its
percentage of occurrence.

Order Specific Emergency or Category Occurrence

1 Structural Fires 24.63%
2 Fire Rescue 18.12%
3 Rescue 17.69%
4 Forest Fires 12.86%
5 Gas Leaks 9.71%
6 Floods 5.99%
7 Open Department 3.93%
8 Hazardous Material 3.20%
9 Vehicular Fire 2.68%

10 Personal or Accident Material 0.39%
11 Close Hydrant 0.33%
12 Unit crashed 0.17%
13 Vehicular 0.17%
14 Water supply 0.09%
15 Domiciles 0.04%

Table 3. Categories (C) ordered by their percentage of participation in each First Response
Institution (FRI).

FRIs C ≥ 30% 30% > C ≥ 20% 20% > C ≥ 10% 10% > C ≥ 5% 5%> C ≥ 1% 1% > C Total

FB – 1 3 2 3 6 15
RMS – – – – – 3 3

M – – – – – 2 2
P 1 – 1 4 7 32 45

HS 1 1 2 1 – 36 41
MS – – – – – 8 8
T 1 – 2 1 2 7 13

# Cat. 3 2 8 8 12 94 127
Total% 31.78% 3.99% 20.06% 21.29% 12.70% 10.18% - - -
Cum.% 31.78% 35.77% 55.83% 77.13% 89.82% 100% - - -

5. Statistical and Graphical Interpretation

Figure 4 illustrates the procedure designed to obtain MCA and its operative and statistical
representations from the event DB. A specific time period is read (e.g., a month) and then we select
those variables of our interest. Data preprocessing starts by replacing the event name contained
in the DB with a binary code to be used in MCA. It is convenient to set a minimum percentage of
participation to hide unnecessary or low represented categories of events, given that keeping the most
representative categories yields more statistically accurate results. As explained, the data matrix is
resampled, yielding a cloud of replicated projections of the categories on the eigenvector space, and
with this data, confidence regions are estimated by using Parzen windowing techniques as explained.
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Figure 4. Flowchart of the extended Multiple Correspondence Analysis (MCA) applied to the
emergency Data Base (DB).

For better making our visual analysis, the results are presented in three different types of
representations, as explained next for the case example of fire-brigade events in Figure 5. We have
filtered the number of categories represented, in such a way that those with participation below 0.1%
of the total were hidden, thus leaving only six categories. Panel (a) depicts a diagram of six normalized
eigenvalues, which represent the relevance of the information contained by each eigenvector. Note
that in this case, values above 0.9 provide more relevant information than the others, but it is not easy
to establish a threshold. Panel (b) is a graphical representation of the obtained projection directions,
constrained in this case to be 6. The use of bootstrap resampling allows us to determine which
categories are relevant for each factor (vertical red lines in these subpanels). We can interpret each
eigenvector as a factor combining the weighted presence of the different categories. Panel (c) shows
the joint projections of the categories on the three first directions, together with the point cloud yielded
by bootstrap resampling and the confidence regions yielded by Parzen windowing. We immediately
note the bootstrapped concentrations, which in some cases are well defined, and in other cases,
they spread out without any recognizable pattern. Nevertheless, some of the confidence regions are
clearly separated from the others, indicating their independence, and others overlap with neighbours,
indicating their mutual statistical dependence.

Based on these types of plots, it is necessary to define the minimum criteria to select the most
representative eigenvectors, which we set to the following: (i) The point concentration located in the
positive or negative plane has to be at least 0.1 units separated from 0; (ii) The width of the confidence
area has to be equal or narrower than 0.3 units; and (iii) The corresponding eigenvalue has to be equal
or larger than 0.9 units. When we address these criteria, the selected eigenvectors will be the ones that
best represent the analyzed categories.
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(a) (b) (c)

Figure 5. Example of reading the results from extended MCA in fire brigades: (a) Eigenvalues represent
the importance of each eigenvector. (b) Eigenvectors and their confidence intervals, where the x-axis
represents the number of categories included in the data matrix, and the y-axis is the amplitude of
that category in the projected subspace. (c) Joint representation of the projected categories and their
confidence areas, with respect to three eigenvectors, and their paired view projections.

For a better understanding of the method, here we show the paired views of the projected
categories with the first three eigenvectors, as shown in Figure 6. For the first dimension, we use
the two plots that contain projection v1, so that these are v1− v2 and v1− v3. In both 2D views,
a vertical red line is traced to separate the negative and the positive regions. Then we locate the
category concentrations following their order of participation in the eigenvector. Starting with category
1 (Rescue), the blue concentrations are located in the negative side of v1− v2 and v1− v3 projections,
hence, a blue arrow is traced simultaneously from both projections to the eigenvector plot located
below. The head of two arrows intersects on the first projected category, and it verifies that it is located
in the negative region of the eigenvector, which is marked with number 1 on the horizontal axis. We
complete this procedure with the five remaining categories to obtain the remaining panels.

(a)

Figure 6. Cont.
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(b)

(c)

Figure 6. Fire-brigade categories and relation between paired projected categories plots and their
eigenvectors: (a) Detail on eigenvector v1, and projected categories in terms of v1 and v2 (left), and of
v1 and v3 (right); (b) Detail on eigenvector v2, and projected categories in terms of v1 and v2 (left) and
v2 and v3 (right); (c) Detail on eigenvector v3, and projected categories in terms of v1 and v3 (left) and
of v2 and v3 (right).

6. Experimental Results

In this section, we present the results of applying the extended MCA to the FRI information,
according to specific grouping parameters for the institutions. As reported in Table 4, when the
participation of each FRI in the emergency attention is ordered, Police has the majority presence with
64.2%, Health Services 15%, Transit 12.8%, Fire Brigades 3%, Municipal Services 2.8%, Military 1.3%,
and Risk Management Secretary 0.9%. By comparing this information with Table 3 we obtain four
main FRI combinations to be scrutinized with detail, as illustrated in Table 5: (i) One FRI at a time
to find possible relations among its own categories (we did not consider here RMS, M, and MS); (ii)
Groups of FRIs, to observe if there are relations between institutions and categories; (iii) The analysis
of the most represented FRIs, to find any relationship or general patterns in then; and (iv) The analysis
of the least represented FRIs, to find any relationship or informative patterns in them.
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Table 4. Percentage of emergencies attended during 2014, and the number of categories per each FRI in
Quito PSAP.

Order FRIs Participation Categories

1st Police 64.2% 45
2nd Health Services 15.0% 41
3rd Transit 12.8% 13
4th Fire Brigades 3.0% 15
5th Municipal Services 2.8% 8
6th Military 1.3% 2
7th Risk Management Secretary 0.9% 3

Total 100.0% 127

Table 5. FRIs combination to obtain Multiple Correspondence Analysis (MCA) results.

FB RMS M P HS MS T

(i) - - (i) (i) - (i)
(ii) - - (ii) (ii) - (ii)
(iii) - - (iii) (iii) - (iii)
(iv) (iv) (iv) - - (iv) -

6.1. Individual FRI Analysis

For this type of analysis, each FRI was analyzed separately to find possible relations among its
own categories. In this section, we work with the categories or specific emergencies that are detailed
in Table 6. Additionally, the categories considered for Military are only three: “Internal defense”,
“External defense”, and “Others”. For Municipal Services, seven basic services are considered, i.e.,
Electric Power, Cleaning and Cleanliness, Potable Water, Sewer system, Other Typification of Cleaning,
Parks and Gardens, and Public Works. From all of them, we only used the category “Potable water”.

Table 6. Categories used in the experimental results, ordered by FRIs.

Fire Brigades Police Health Services Transit

1 Rescue Consumption/Drug Sale Disease Crashes
2 Gas Leak Public Road Scandal Accidental Poisoning Collisions
3 Structural Fire Suspicious Person Traumatism NT Vehicle Bad Parked
4 Fire Conatus Family Brawl Other NT Accidents Vehicular Congestion
5 Forest Fire Person Requesting Help Traffic Accidents NT Hit by a Car
6 Open Dept. Excess of Noise Fallen Same Height Motorcycle Accident
7 Floods Police Guard Violation Damaged Vehicle
8 Hazardous Materials Non Typified Complaint Exposure to Cold Overturned Car
9 Vehicular Fires Theft Run over by a Car Closed Way

10 Close Hydrant Capture Bulletin Wounded Head Traffic Light damaged
11 Pers./Mat. Accident Escort of Values Convulsion Fall of a Passenger

6.1.1. Fire Brigades

In Figure 7a, six emergencies attended by the fire brigades are illustrated. Observing the
eigenvectors plot (first column), and applying the selection criteria described above, it is easy to note
that the 1st, 2nd, and 3rd dimensions are the best ones describing the selected categories. Using the
first one, we observe concentrations that are well defined and not too spread out. The 3D plot (second
column) allows us to visualize all the categories plotted together, whereas in the 2D plot of the selected
eigenvectors (third column) we observe concentration of three categories with enough separation
between them to interpret them as independent events, and they correspond to ‘rescue’, ‘gas leak’, and
‘open department’. We also observe three overlapped categories with their concentrations circled in
red, and they are structural fire, fire threats, and forest fire, making evident a relationship between the
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three represented types of fire. Observing the eigenvalues plot (fourth column), we clearly note the
relevance of the eigenvector presented, in this case, the 6th eigenvector accomplishes with selection
criteria (i) and (ii), but it fails in (iii) because it has a zero eigenvalue, and its relevance is null.

6.1.2. Police

In Figure 7b, 11 categories attended by the police are illustrated. In the eigenvectors panel,
we observe that the 1st and 2nd dimensions describe mostly these categories, and we select the
first one because it accomplishes all the selection criteria. In the 3D plot, we observe the categories
plotted together. In the 2D view, we observe two categories isolated, corresponding to capture
bulletin and escort of values. The other nine categories appear overlapped (circled in red), and
they are ‘consumption and drug sale’, ‘public road scandal’, ‘suspicious person’, ‘family brawl’,
‘person requesting help’, ‘excess of noise’, ‘police guard’, ‘non typified complain’, and ‘theft’. We can
observe the eigenvalues that bring information about the relevance of the eigenvectors. By using
this information, we can observe the result of the service escort of valuables provided. The users
ask for this service when they need to move money or goods from or to a financial institution when
they receive the escort and it acts as a dissuasive element. Supporting this is the fact that events of
suspicious person or theft are located in concentrations very separated from the concentration of this
service, which verifies its effectiveness.

(a) Fire Brigades

(b) Police

(c) Health Services

(d) Transit

Figure 7. Individual MCA results of fire brigades, police, health service, and transit. See text for
detailed explanation.
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6.1.3. Health Services

In Figure 7c, 8 categories are illustrated. We note that the 1st eigenvector is the one that best
describes those categories according to the selection criteria. In the v1 plot (third column), we observe
three categories that are separated, and these correspond to ‘disease’, ‘accidental poisoning’, and
‘traffic accident’. We also see 5 categories that are grouped together (circled in red), and these are
‘traumatism’, ‘other non-traffic incidents’, ‘fallen from height’, ‘violation’, and ‘exposure to cold’.
This spatial distribution allows us to infer the relations among some of these 6 overlapped categories.
Observing the eigenvalues plot, we note that only four eigenvectors are above 0.9, so the fifth and
sixth eigenvectors are not representative as selection criteria, as indicated by criteria (iii).

6.1.4. Transit

In Figure 7d, 9 transit categories are illustrated. Observing the eigenvectors plot, the 1st dimension
is the best one describing the selected categories according to the selection criteria. In the v1 plot, we
note three isolated categories, and these are ‘crashes’, ‘bad-parked vehicle’, and ‘closed way’. The other
6 overlapped categories (circled in red) are ‘collisions’, ‘vehicular congestion’, ‘hit by a car’, ‘motorcycle
accident’, ‘damaged vehicle’, and ‘overturned car’. We can observe some relation among some of these
6 overlapped categories, and it is interesting that damaged vehicle is the category with the largest
spread. Observing the eigenvalues plot, we see that only four eigenvectors are relevant, as their value
is above 0.9, and the other two have reduced incidence.

6.2. Combined FRIs Analysis

To analyze the information of institutions combined by pairs, we set a threshold to visualize the
categories from both FRIs according to their participation. In Figure 8, we observe four columns of
plots, and they correspond to the first eigenvector (first column), 3D plots of the complete categories
(second column), the plot of the overlapped categories (third column), and the plot of the unrelated
categories (fourth column). The eigenvalues plot was omitted.

6.2.1. Police and Health Services

In Figure 8a, we observe the first eigenvector (which is the most representative one), and 16
categories are plotted together (11 of police and 5 of health services). The four related categories are
family brawl (P), person requesting help (P), theft (P), and traumatism (HS). We clearly note that
in those 3 police events, there are usually people involved and health services attend to the victims
affected with traumatisms in most cases. The less related categories are consumption and drug sale
(P), capture bulletin (P), escort of values (P), and traffic accident (HS), which is consistent with the
different nature of those events.

6.2.2. Police and Transit

In this case, we obtain 14 categories (11 from police and 3 from transit), as illustrated in Figure 8b.
Seven related categories are public road scandal (P), suspicious person (P), person requesting for
help (P), non-typified complain (P), crashes (T), bad-parked vehicle (T), and vehicular congestion (T).
The less related categories are consumption and drug sale (1), capture bulletin (P), escort of values (P),
and crashes (T).

6.2.3. Police and Fire Brigades

In this case, we found 15 categories (14 from police and 1 from fire brigades), as seen in Figure 8c.
Related categories are consumption and drug sale (P), public road scandal (P), suspicious person
(P), family brawl (P), person requesting help (P), excess of noise (P), police guard (P), non typified
complain (P), theft at home (P), theft (P), gun abuse (P) and fire threat (FB). The less related categories
are missing people (P), capture bulletin (P), escort valuables (P), and fire threat (FB). Due to the very
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low of participation of fire brigades in relation with police, only one category of FB appears as related
but with very low incidence.

(a) Police - Health Services

(b) Police - Transit

(c) Police - Fire Brigades

(d) Health Services - Transit

(e) Health Services - Fire Brigades

(f) Transit - Fire Brigades

Figure 8. MCA results of paired combinations for fire brigades, police, health service, and transit. Each
row shows the first eigenvector, a general 3D plot, a 3D plot of the related categories, and a 3D pot of
the unrelated categories (eigenvalue plot is omitted).

6.2.4. Health Services and Transit

In this case, we obtain 8 categories (5 from health services and 3 from transit), as seen in Figure 8d.
Related categories are traffic accident (HS) and crashed (T), reflecting a logical closer relation. The less
relates categories are disease (HS), traumatism (HS), traffic accident (HS), bad-parked vehicle (T), and
vehicular congestion (T).
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6.2.5. Health Services and Fire Brigades

We obtain 11 categories (6 of health services and 5 of fire brigades), as seen in Figure 8e. Related
categories are traumatism (HS), other non-traffic incidents (HS), traffic accident (HS), fallen from the
same height (HS), rescue (FB), and forest fire (FB). The less related categories are accidental poisoning
(HS) and structural fire (FB).

6.2.6. Transit and Fire Brigades

We obtain 11 categories (7 of transit and 4 of fire brigades), as seen in Figure 8f illustrates. Related
categories are hit by a car (T), motorcycle accident (T), overturned car (T), and rescue (FB), which is
logic because in a traffic accident, usually the fire brigades attend and cut the metal structure of the car
to rescue the survivors. The less related categories are crashes (T), bad-parked (T) vehicle, vehicular
congestion (T), and structural fire (FB).

We also analyzed the combination of FRIs in a group of three, including health services, transit,
and fire brigades. Figure 9a shows the first 6 eigenvectors of the categories, and by applying the
selection criteria, the first one is the most representative. Panel (b) shows the 3D plot of 12 categories
(5 of health services, 6 of transit, and 1 of fire brigades). Panel (c) depicts two well-differentiated
concentrations, where the left one shows a relation between traffic accidents (HS), crashes (T), hit by
a car (T), and motorcycle accident (T). In a separate concentration are the points corresponding to
fire threat (FB). This distribution is logical and follows the nature of the events of transit and how
they are known to be related, whereas hand fire threat does not have any relation with the other four
overlapped categories.

(a) (b)

(d) (c)

Figure 9. Combined emergencies of health services, transit, and fire brigades: (a) Eigenvectors;
(b) All the visible categories; (c) Only five categories visible, with two concentrations well defined
(health services and transit) separated from fire brigades; (d) Eigenvalues and relative relevance of
the eigenvectors.

We observed a combination of a group of four FRIs, including fire brigades, risk management
secretary, military, and municipal services. In Figure 10a we can observe the eigenvectors, and
according to our selection criteria, any of these eigenvectors is representative for this group of categories.
In Panel (b) we have 3 groups of events overlapped. When a forest fire of big dimensions overpasses
the operative capacity of fire brigades, armed forces (Military) are called to move personnel, vehicles,
and aircrafts, and at the same time, potable water service (Municipal Services) is alerted as well to
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provide the liquid needed to recharge the bambi-bucket (big capacity recipient) attached to helicopters
and tank trucks.

(a) (b)

(c) (d)

Figure 10. Categories of fire brigades, risk management secretary, military, and municipal services.
(a) Eigenvalues of the FRIs analyzed, according to the selection criteria, none of the dimensions are used
to describe this group of categories. (b) All the categories plotted together. (c) Events concentrations
of three FRIs, when a forest fire overpasses the capacity of fire brigades, then military forces move
personnel, vehicles, or aircraft, and municipal services coordinate the water supply for helicopters and
tank trucks. (d) The eigenvalues plot shows us the relative relevance of each dimension in MCA.

7. Discussing the Results

The information saved in the DB can be cataloged as data, and by filtering it, we obtain information
usable to prepare reports. If we apply one or more types of analysis, i.e., multiple correspondence,
spatio-temporal or statistical [12], we obtain knowledge that characterizes the FRIs, the emergencies,
their geographical location, the temporal distribution, and periodical behaviour. If this information is
given as feedback to the PSAP, the decision level could implement different actions oriented to warn,
prevent, relocate resources, modify procedures, or combine resources, all of them oriented to improve
the emergency services response, as can be observed in Figure 11.

In the above-mentioned cases, feedback can be considered as an additional element to be taken
into account when implementing actions oriented to prevent or to improve the emergency response.
In this setting, MCA results are used to identify relationships among emergencies. As an example,
let us consider Police and its two specific categories: suspicious person and theft. We observe that
these two emergencies are closely related, according to Figure 12, because in most cases, the sighting
of suspicious persons has been followed with theft reports. This phenomenon could be considered to
modify the response procedures or to relocate police units when this type of alerts arrive at a PSAP.
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Figure 11. If the data saved in the DB are processed, they become information, and by applying
different types of analysis it can be transformed into knowledge to give feedback to the management,
so that the PSAP can take actions oriented to warn the users, to prevent accidents, or to improve the
response in case of emergency.

Figure 12. Plots of Police emergencies, the suspicious persons reported are represented in yellow
points, and theft reported are represented with orange stars. By analyzing the information shown in the
3D and 2D plots, we infer that the two types of plotted emergencies are very closely related. With this
information in mind, decision makers of this institution would consider dispatching personnel when
they receive a report of suspicious persons, to prevent the commission crimes against the property or
those in which the lives of the involved citizens may be threatened.

When combined institutions are analyzed, emergencies or categories as a person asking for help
(police) are represented with green points, transit accident (health services) with brown triangles, and
crashes (transit) with yellow stars can be noted to have a close relation, as shown and explained in
Figure 13. The concentrated group of persons asking for help is located close to crashes with a similar
spreading, and both emergencies are close to transit accidents attended. If this is an usually related
behaviour, when a PSAP receives an alert of any of these type of emergencies, it is possible to modify
the procedures to attend them under specific conditions as time or geographical location taken when
we apply the analysis proposed in [12], and then those taken actions may result in relocated resources,
combined resources, or starting a preventive procedure to warn the divers when vehicles are moving
under specific conditions, i.e., a holiday, long weekend, local regional event, or similar ones.

By analyzing health services categories as plotted in Figure 14, we can observe traffic accidents
and traumatism represented with blue and yellow points, respectively. Note that most of the attended
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traffic accidents have a significant relation with traumatisms. If we observe the upper yellow-point
concentration, we deduce that there are also reported traumatisms which did not necessarily involve
traffic events. In this line, we probably need to re-categorize those events of traumatism implied
in transit accidents to differentiate them from those categories of traumatism detected in non-traffic
accidents. In few words, this can modify the procedures to save accurate information to refine this
type of post-processing analysis.

The described information in the last three analyzed cases represent a clear set of examples of
how the managers and decision takers of the Integrated Security Service and the FRIs can use the
feedbacked information obtained from the different types of analysis, including the adapted MCA
herein and the spatio-temporal or statistical analysis detailed in [12]. In doing so, they can plan the
strategy to face new alerts and emergencies, all the time pointing to warn, and prevent or reduce the
impact of the different accidents and incidents that originate the alerts.

Figure 13. Representation of person asking for help (police) in green points, traffic accidents (health
services) with brown triangles, and crashes (transit) with yellow stars. The three categories or
emergencies plotted appear close one to another in both 3D and 2D plots. This distribution of
emergencies and the overlapped elliptical shapes lead us to infer that these categories or emergencies
types are significantly related.

Figure 14. Representation of health services emergencies related to traffic accidents in blue, and with
traumatism events in yellow. We observe that most of the traffic accidents are related to traumatism
reported, but not all the traumatism events are related to traffic.
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8. Conclusions

In this paper, we applied an extended version of MCA to visualize data consisting of a group
of variables and their categories, applied to the Integrated Security Service of Ecuador. We used it
to reduce the less-represented directions and to extract information about the related categories and
institutions. By using bootstrap techniques, results are inferred by adding statistical information to
the analysis made, and finally, the use of Parzen windowing allows us to see ellipsoid or irregular
shapes on the 3D plots to identify possible relations with the similar categories. By applying this
extended MCA, we obtained three types of graphics, including projected categories showing their
spatial distribution, and based on this, we found the existence or absence of relations among the
plotted categories. A second product obtained was the eigenvector confidence bands, and using the
information displayed on it we can determine which categories are to be considered as relevant. Finally,
we observed the eigenvalues plot, which explains the incidence level of each direction.

With these tools, we can identify the most related categories inside a given FRI, and among
different FRIs. Extensive analysis and comparisons can be obtained starting from a simple group
of categories or comparing a whole set of them. Not only is the analysis process visually intuitive
and operative, hence representing a valuable tool for the emergency managers, but it is also based
on solid statistical principles under the visualization interface, thanks to the use of non-parametric
statistical techniques.
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Chapter 6

Conclusions and Future Work

In this final chapter we present the conclusions from the results of the presented articles
and their contribution to successfully reach the proposed objectives of this Dissertation.
Several possible future works are also provided.

6.1 Conclusions

As mentioned in Chapter 1, the general objective of this Doctoral Dissertation was to
develop a general description of the ISS ECU 911 of Ecuador, providing: (i) The state of
the art of the mentioned service, considering its main characteristics and used technological
platforms; (ii) Different ways of visualizing the emergencies occurrence, based on their
statistical, geographical, and spatio-temporal features, and; (iii) A different yet trustworthy
way of visualizing interdependences among emergencies and institutions by using the MCA
of the emergencies attended by the Integrated Security Service.

The conclusions and relevant contributions of each of the above-mentioned objectives
are summarized below.

Overview of the ECU 911 Service in Ecuador

This dissertation has yielded the first descriptive overview of the Integrated Security
Service named ECU 911 and its sui generis management model that integrates several
FRIs, i.e., fire brigades, risk management secretariat, military, police, health services,
municipal services, and transit. Before the integrated security service started its operation
2012, the mentioned institutions worked by separately, resulting in duplicated efforts and
a waste of the scarce resources, with a lack of generalized technology.

The service has currently 16 PSAPs and 11 DORs distributed countrywide. The original
design supports E-911 ICTs which has the option to integrate systems and receive alerts
from different alerts mechanism, such as fixed lines, mobile cellphone devices, surveillance
cameras, SOS buttons, E-calls, or secure transport messages. A detailed explanation of
these alerts mechanisms has been provided.

The incoming alerts are evaluated, converted into emergencies, and transferred to the
correspondent FRI, which moves the needed resources to attend the events, in order of
alert priority (i.e., red, orange, yellow, and blue), the first ones corresponding to those
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emergencies in which human lives are in risk, and the last ones those that do no require
an urgent response.

Emergency coordination refers to how the national trunking network is used to com-
municate the units involved in an emergency response, which is a critical factor, especially
if two or more different institutions are working together to attend an event. A lesson
sadly learned after nine-eleven events in which the World Trade Center in New York was
destroyed after being impacted by two hijacked airplanes, were fire brigades members
died when they did not were contacted by police officers or national guard members that
observed the structure of the buildings to collapse. Additional initiatives are included
here, as the RoIP, in order to integrate fire brigades communications system to the main
network used.

An explanation has been given about how the data related to alerts, emergencies,
and operational procedures are saved in local DB, and about how they are unified in a
national DWH to be subsequently processed and analyzed to obtain information oriented
to improve procedures and response.

With the goal of migrating the actual technological platform considered as E-911,
international associations as NENA have proposed the basic requirements to consider a
service as NG-911. In this setting, the ECU 911 has been accomplishing an important
percentage of the requirements to materialize this migration. Some specific points must be
developed to reach this important goal, as implementing a network with the capability to
receive alerts from devices that uses voice over IP services (VoIP), the option to integrate
in the existing GIS the location of mobile cellphones that have not data plans or those low
end devices, the option of being alerted of an emergency through social networks u other
IP based apps, automatic location of incoming alerts supported by a Location Validation
Function (LVF), and a Location for Information Server (LIS) functionalities.

In contrast, the entity has implemented additional services, which are not considered
in the list proposed by NENA, but with a positive contribution to the desired migration to
an NG-911 service. The most important fact is that third countries and Organization of
American States have considered the ISS implemented in Ecuador to be worth to replicate
as a model to follow in the Andean Region [11, 29]

Statistical, Spatial, and Temporal Mapping Emergencies

In Chapter 4, more than 1 million emergencies were analyzed to find an adequate way
of visualizing the events in an easy, understandable, and simple representations. If each
PSAP, all the information related to alerts and emergencies attended in its DB is saved,
and it is practically mandatory the application of different and new tools to visualize the
enormous amount of stored data. In order to process this huge amount of data, the use of
a simple but meaningful combination of statistical, temporal, and geographical tools has
been proven to be very helpful and to provide capital information.

The statistical processing permits the use of robust analysis tools, and with this, it is
feasible to obtain relevant information from available DBs. Non-parametric techniques as
bootstrap resampling and Parzen windowing are easy to apply, and they allow an operative
statistical approach of these data, hence obtaining density estimations for fast and accurate
visualization of the represented information. Spatial information provides a relevant idea
of how the emergencies are physically distributed in the geographical responsibility area
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of the PSAP. Temporal analysis provides information of the occurrence of events along
a time period of interest, e.g., daily, weekly, monthly, or even yearly. The combination
of the information above mentioned results in an interesting manner to represent and
visualize the events related to emergencies in a PSAP. In our case, the proposed temporal
analysis included detailed seasonal results delimited by confidence intervals which could be
combined with the spatial distribution of the emergencies, thus obtaining heat maps and
visualizations that are supported by the Parzen estimations of the represented events. It
permits to categorize the FRIs according to its time periodicity and to identifying seasonal
patterns, with typical and atypical occurrences.

The resulting combined plots are represented on a set of geo-located maps, and they
also give the possibility to change the scale in order to obtain more detailed information
of the emergency location. All of these visualizations are complemented with statistical
analyses. In the ISS, the efficient and opportune management of resources requires a
flexible and easy to understand spatio-temporal representation system, supported by
an adequate statistical analysis to convert the saved events into meaningful and solidly
estimated visualization of the event dynamics.

Multiple Correspondence Analysis of Attended Emergencies

In order to complement the information obtained from the emergency analysis above
explained, the relationships among events and FRIs has been scrutinized, by using an
extended version of MCA to obtain relevant visualizations again with a statistically
principled basement. In this setting, the presented work has made operative the possibility
to visualize the data of a group of FRIs, here known as variables, and their corresponding
emergencies or categories. MCA is naturally able to reduce the less represented directions
and to extract relevant information relating institutions and emergencies. With the use of
bootstrap resampling techniques, statistical information is added, and by subsequently
applying Parzen Windowing, confidence regions can be identified and particular features
are observed and permit to determine relationships among said represented categories and
variables.

Three types of representations can be obtained when MCA is applied. First, the
projected categories showing their spatial distribution in 2D and 3D plots, and based on
this, it is easy to find the existence or absence of relations among the plotted categories.
Second, the eigenvector confidence bands, which provide us with information to determine
which categories may be considered as of relevant importance. Finally, the eigenvalues plot,
which provides clues about the incidence level of each direction or factor. By identifying
the most and less related categories, and inside a FRI or among two or more FRIs, valuable
information can be obtained that can be used by the emergency managers to characterize
FRIs and emergencies attended by a PSAP, thanks to the use of non-parametric statistical
techniques. A detailed application example has been provide of how to use MCA, enforced
with graphics and didactic examples, as well as the individual analysis of the FRIs and
their emergencies in the studied PSAP. Paired institutions have been analyzed as well,
and the study has reached the joint analysis of three or more combined institutions.

This novel representation of the emergencies attended provides useful knowledge of
which may be feedback to the management level of the ISS as judging elements to improve
the response, to warn the users, and to prevent accidents based on the existing analyzed
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events.

6.2 Future Work

As future lines, we consider to integrate all the proposed options with the available
information provided by a PSAP and to start to build a complete procedure to analyze and
feedback the service with information obtained from the process in real time, when possible,
and to post-analyze it in any case. This system will provide a constant information flow
to help the managers and institutions in the planning, allocation of resources, warning,
and prevention of incidents and accidents, all of them based on the previously processed
information. This could be named as the Emergency Intelligence System of ECU 911.

An important task is to standardize all the elements that are to be part of the ISS. In this
setting, it is relevant to find inter-operable hardware devices to allow their incorporation
to the operative platform, cameras, monitors, wall screens, remote controls, and in general
all the used hardware, in order to avoid the dependence of a unique external provider.

It can be also relevant to implement a library or inventory of all the software developed
to upgrade and operate the service, and to transfer the code of all the developed versions
to operate the service. The creation and training of a software development group that
responds to the ISS of all the software applications is a necessary task to address.

For this envisioned system to be real, it will be also required to create a Research,
Development, and Innovation (R+D+I) unit to test new applications, technologies, or
local development to be used in the service, either as pilots or directly to operations.

It would be advantageous and innovative to create the PSAP-School, an operative
practice school aimed to train new operators and personnel from the FRIs who start to
work in the ISS. This would be an operative parallel room that receives the alerts and
calls, and it would be part of the emergency attention process with didactic purposes,
oriented to create the basic experience in the new members of the PSAP crew.

Finally, it should be highly desirable to conform the ECU-911 Research Group, a
non-profit entity oriented to provide solutions to the real operative needs of the ISS. It
could be composed by universities and colleges, researchers, professionals of different fields
related to the emergency response, non-governmental organizations, academia, and other
social actors that are able to contribute to the development of the risk management,
prevention solutions, and emergency responses, with a strong root on the information
management systems.
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