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ABSTRACT

This article has the general objective to build an App for cell phone called "papayita
App" to allow farmers papaya to implement a diagnostic tool that serves to improve
agricultural production processes. To make this work we were consulted two papaya
farmers in the village of La Ruana municipality of Buenavista, Michoacan, México.
The App is based on four major nutritional problems that arose during the process
of production of papaya in this region: 1) Intoxication boron, 2) Fito toxicity nitrogen,
3) deficiency of potassium, 4) Calcium deficiency .In the analysis of technological
maturity we were evaluated: 1) Methodology 2) Culture, 3) Innovation, 4) Customer
Centric and 5) Technology. As part of the methodology the MIT App Inventor 2 Beta
program was used is an application development environment for Android devices.
The results obtained in the mobile App was generated for any type of cell with an

Android operating system.

Keywords: Agricultural Producers Papaya, App, Technology Implementation.

RESUMEN

Este articulo tiene como objetivo general construir una App para el teléfono celular
denominada “Papayita App” que permita a los productores agricolas de papaya
poder implementar una herramienta diagnéstico que sirva para mejorar sus
procesos de produccion agricola. La App se sustenta en cuatro de los principales

problemas de nutricibn que se presentaron durante el proceso de produccién de
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papaya en esta region: 1) Intoxicacion por boro, 2) Fito toxicidad por nitrégeno, 3)
Deficiencia de potasio, 4) Deficiencia de calcio. En el andlisis de la madurez
tecnologica se evalué: 1) Metodologia, 2) Cultura, 3) Innovacion, 4) Customer
Centric y 5) Tecnologia. Como parte de la metodologia se utilizé el programa MIT
App Inventor 2 Beta es un entorno de desarrollo de aplicaciones para dispositivos
Android. En los resultados obtenidos se gener6 la App movil para cualquier tipo de

celular que opere con un sistema Android.

Palabras clave: Productores Agricolas de Papaya, App, Implementacion de

Tecnologias.

REVISION DE LITERATURA
Para poder comprender cual es el uso de las Tecnologias de la Informacion y

Comunicacion (TIC) en el proceso de la produccion agricola se puede definir como:

“El conjunto de herramientas, soportes y canales desarrollados y sustentados por
las tecnologias (telecomunicaciones, informatica, programas, computadores e
internet) que permiten la adquisicion, produccién, almacenamiento, tratamiento,
comunicacion, registro y presentacion de informaciones, en forma de voz, imagenes
y datos, contenidos en sefales de naturaleza acustica, dptica o electromagnética a
fin de mejorar la calidad de vida de las personas” (Avila, 2012, 222).

De acuerdo con investigaciones de los autores Botsiou y Dagdilelis (2013) en paises
como Grecia la infiltracion de las nuevas tecnologias en el sector agricola es un
hecho, y constituyen una herramienta de informacion y de gestion de las empresas
agricolas. Mientras que en paises como China el sector agricola durante las ultimas
tres décadas, ha sido transformado de lo tradicional a la practica moderna a traves
de la implementacion efectiva de las TIC (Zhang, Wang, y Duan 2015; 17). Las TIC
juegan un papel fundamental en las empresas agropecuarias en América Latina.

Sus principales usos son para la toma de decisiones productivas (Zapata, 2012, 6).



La innovacion tecnologica es uno de los factores esenciales para aumentar la
productividad necesaria para alcanzar un crecimiento econdmico sostenido
(Martinez y Porcelli, 2015, 5).

Los autores Ekuobase y Olutayo, (2016) describieron que en el siglo XXI, las TIC
se convierten en un activo estratégico de las organizaciones para ofrecer servicios
innovadores y conseguir una ventaja competitiva sostenible y la importancia de la
innovacion basada en las TIC en la mejora de la productividad y la competitividad
que es enorme.

La agricultura es una actividad importante para el crecimiento econémico de los
paises en desarrollo (Gonzéalez, Rendén, Sangerman, Cruz y Diaz, 2015, 175). A
nivel mundial ha sido influida por el nuevo paradigma tecnoldgico; por lo que se ha
favorecido con los enormes avances de la introduccion de los recursos informaticos
(Pérez, Martinez, Lépez y Rendodn, 2016, 11). La ciencia agrondmicay la agricultura
ha ganado recientemente popularidad como un medio de gestién de la produccion
de cultivos (Fujimoto, Satow y Kishimoto, 2016, 1). El desarrollo de las TIC en la
agricultura debe estar enfocado en el pequefio productor (Espinel, 2012, 10). Sin
embargo, el sector de la agricultura se ha vuelto cada vez mas dependiente de la
informacion, lo que requiere una amplia gama de informacion cientifica y técnica
para la toma de decisiones eficaz (Ali y Kumar, 2016, 149).

Para los autores Pérez Martinez, Lopez y Renddn, (2016) la adopcion de
innovaciones se relaciona con el uso de tecnologia que permite crear un potencial
productivo y mejora de la competitividad. En la agricultura, la adopcién de la
innovacion se ha intentado contabilizar de diversas formas, sin embargo, en la
mayoria de los casos se ha realizado a partir de conteos simples de innovaciones

realizadas.

Las TIC son una herramienta para el acceso y la organizacion del conocimiento
disponible para los agricultores (Jiménez, Rendoén, Toledo y Aranda, 2016, 3064) y
Su uso puede ser un apoyo a los agricultores para aumentar su produccién,

contribuyen a la agricultura "inteligente”, mas eficiente y sostenible (Salampasis y



Theodoridis, 2013; 2) ademas de la disminucién en los tiempos para toma de
decisiones gracias a alertas climaticas y controles de plagas (Zapata, 2012, 6).

Los servicios de informacion para los agricultores a nivel nacional y regional son un
nuevo y prometedor campo de la investigacion y su aplicacion en el campo
emergente de la agricultura electronica es para apoyar a los agricultores y las
comunidades agricolas a mejorar la productividad agricola y la sostenibilidad
(Zhang et al., 2015, 2).

Bajo el contexto de la produccion agricola de papaya es necesario conocer que
durante el afio 2014 en el municipio de Buenavista, se sembraron 132 ha y
produjeron 2,426.73 t (SAGARPA, 2016).

METODOLOGIA

Este estudio se realiza en cinco etapas principales que se describen: 1) propuesta
de lainvestigacién donde se construyen los objetivos y preguntas de investigacion,
2) disefio de la investigacion donde se determinan las variables directas e
indirectas y se determiné su naturaleza. Se centra en una investigacion a)
exploratoria, este tipo de estudios se realiza cuando el objetivo es examinar un tema
o problema de investigacion poco estudiado (Hernandez, Fernandez y Bapista,
2014, 91) b) no experimental de tipo c) cuantitativa su principal objetivo es examinar,
medir y evaluar (Argibay, 2009, 19) d) campo e) transeccional debido a que
recolecta datos en un solo momento, en un tiempo Unico (Hernandez et al., 2014,
154) y f) descriptiva por qué parte de una investigacion exploratoria (Cazau, 2006,
26), se refiere a la descripcion de algun objeto, sujeto, fendmeno, acepta como
perfectamente valida y original la descripcién de alguna variacion o modificaciéon de

algo ya descrito (Salinas, 2010, 18).

3) Evaluacién de la aplicacion de las TIC en el proceso de produccion agricola de
papaya maradol roja se hizo un diagnéstico del analisis de nivel de la madurez digital
de dos productores de papaya en la localidad de La Ruana, municipio de Buenavista
Tomatlan, Michoacan, utilizando como herramienta la pagina web

https://www.paradigmadigital.com/dtma/ Digital Transformation Maturity
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Assessment (DTMA) Evaluacion de la madurez de la transformacion digital, una
medicion amplia y objetiva del nivel de madurez digital que ésta compuesta por
cinco vectores 1) Metodologia, 2) Cultura, 3) Innovacion, 4) Customer Centric y 5)
Tecnologia. Con el objetivo de conocer el uso de las TIC dentro del proceso de
cultivo de papaya maradol dentro de esta region.

El andlisis de los cinco vectores visualiza que es bajo, los dos productores agricolas
tienen sus habilidades digitales muy poco desarrolladas, carecen de cultura sobre
el uso de las TIC y de conocimiento explicito, tienen como visién producir, pierden
la relacion con el cliente y conocen de manera general la adopcion de las

innovaciones tecnoldgicas en su cultivo, pero no se implementan (Figura 1).

Figura 1. Grafico de la aplicacion de
las TIC en el proceso de produccién
agricola de papaya maradol roja

La propuesta de mejora del nivel de madurez tecnoldgica consiste en implementar
la App mévil desarrollada, mediante las variables detectadas como problemas en el
proceso de produccion agricola y la evaluacion de la madurez tecnoldgica. Por
consiguiente esta tecnologia digital es estratégica, contribuye de forma directa en el
proceso de produccion agricola de papaya.

La etapa 4) Modelo metodolégico analizé cuéles son las variables de tipo
fitosanitarias que influyen de manera directa en el proceso de produccion de
papaya. De acuerdo a un diagnostico obtenido por el método de la observacion
llevando un registro sistémico de recoleccion de datos sobre bitacoras de
prevencion y control de las plagas y enfermedades con mayor incidencia del cultivo
en dos huertos de productores agricolas de La Ruana, municipio de Buenavista
Tomatlan, Michoacan. Las variables registradas son: 1) Intoxicacién por boro, 2)

Fito toxicidad por nitrogeno, 3) Deficiencia de potasio, 4) Deficiencia de calcio.



5) Construccion de la App movil en esta etapa a partir de estas cinco variables
se desarrolla la App moévil de diagndstico que se utiliz6 en el disefio, y su
construccion. Para el disefio de la aplicacion movil se utilizé el programa MIT App
Inventor 2 Beta es un entorno de desarrollo de aplicaciones para dispositivos
Android en el cual se trabajo en la construccion del proyecto desde el Disefiador y
los Bloques para enviarse a un celular y hacer las pruebas piloto y final

correspondientes de su funcionamiento.

Desarrollo de la metodologia para la App moévil de diagndstico en papaya maradol

roja (Figura 2).

(1) Propuesta de la investigacion
Factibilidad de la investigacion

-

(2) Disefio de la investigacion
Variables

-

(3) Evaluacion de la aplicacion de las TIC en el proceso de produccion
agricola de papaya maradol roja
Diagnostico

.

(4) Modelo metodolégico
Método de observacion

-

(5) Construccion de la App mévil
Proyecto en App Inventor “Nutri-App papayita”
Disefiador
Bloques
Descarga en el celular
Fase de prueba
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Fuente: Elaboracion propia 2016

Figura 2. Descripcién de la metodologia para la construccion de la App movil.

RESULTADOS
Construccién de la App mévil. La construccién de aplicacion movil se realizé en el
programa MIT App Inventor 2 Beta, para poder construir la App de Android se

utilizaron dos fases: Disefiador y Bloques. El proyecto se denomin6 “Nutri App



Papayita” En la primera fase la pantalla inicial que se utilizé es el Disefiador. A partir
de aqui se seleccionaron del menu Paleta los objetos que se necesitaron para
colocarlos en el Visor. En la ventana de Componentes aparecen de forma vertical
todos los objetos que se seleccionaron en la ventana de Visor y en la columna de
Propiedades se seleccionaron las caracteristicas del mend que se encuentra en él
Visor. En esta fase se colocaron todos los objetos en el Visor para que en la segunda
fase asignar todas las funciones. En la segunda fase se utilizé los Blogues esta
interface esta compuesta por una columna de Bloques y una ventana con el Visor.
En los Bloques se encuentran los integrados y los objetos que se agregaron en el
Disefiador, estos a su vez se agregaron a la ventana de Visor, se trabajé con los
bloques por medio de una Condicién, Logica y Texto (Figura 3).

Se descargd la App en el celular para la primera prueba, se realizaron varias
pruebas posteriores para verificar el funcionamiento correcto en un equipo movil

Samsung J7 (Figura 4).
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Figura 3. Construccién de la aplicaciéon  Figura 4. Aplicacion maévil “Nutri App
movil Papayita App por medio de papayita” funcionando en un equipo
blogues. movil Samsung J 7.

Esta aplicacion implica el uso de cualquier dispositivo moévil avanzado con sistema
operativo Android a través del usuario y contactar al asesor técnico especialista en
papaya para dar el apoyo técnico requerido en el momento adecuado y en cualquier
etapa fenoldgica que se encuentre el cultivo. Para poder operar la aplicacion se
requiere descargarla e instalar en un dispositivo movil avanzado. Una vez instalada,
en la pantalla principal aparecen los cuatro problemas de nutriciébn en forma de
preguntas, de los cuales el productor agricola debe contestar de acuerdo a lo que

observoé en su cultivo, escribir un numero en el casillero de color blanco de acuerdo



al nimero de problemas que se presentan. Finalmente oprimir en el boton
Diagnosticar Mi Cultivo Ahoral... en seguida aparece la pantalla con el diagndstico

de sugerencias.

CONCLUSIONES

Esta App movil permite al productor agricola informarse a tiempo si su cultivo
necesita de apoyo técnico de nutricién sin necesidad de estar conectado a una red
de internet. Con el uso de las TIC el productor cuenta con un elemento clave de
informacion asi como una herramienta de transferencia de conocimiento que se
reflejara sin duda en su proceso de produccién agricola de papaya. En cambio el
asesor técnico también puede utilizar esta herramienta para llegar a atender las
necesidades de servicio que le demanden. Es recomendable trazar una estrategia
donde se involucre esta aplicacion de este medio de comunicacion efectiva entre
las mismas fuentes de informacion de los productores agricolas, redes sociales y
los mismos técnicos que prestan el servicio.

Los equipos celulares se utilizan por los dos productores agricolas para la
comunicacién e interaccion con otros productores, pero aunado a esto se debe
complementar con aplicaciones como la desarrollada si realmente el productor
agricola quiere ser mas eficiente en su produccién y mas competitivo. Por otra parte
el nivel de madurez tecnoldgica que mostraron es bajo por consiguiente se debe
alfabetizar digitalmente al productor agricola, aunque puede ser que un factor

limitante sea la falta interés en el uso de las TIC.
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Resumen— La presente investigacion consiste en un analisis de las tecnologias de informacién y comunicacién para
ofertar educacion continua a través de e-learning, el cual esta orientado a un modelo de disefio instruccional para cursos
en linea que el docente puede implementar utilizando la plataforma moodle. La propuesta deja claro como disefar un
curso en linea desde la introduccién, planeacion, estructura, hasta la bibliografia y recursos del mismo. La investigacion
sirve como un medio para que el docente desempeiie actividades relacionadas con el ambito educativo. Por ultimo se
propone aplicar el disefio instruccional, asi como promover y apoyar investigaciones de este tipo, utilizando las
tecnologias de informacion y comunicacién.

Palabras clave— disefio instruccional, e-learning, tics, proporcione cuatro o cinco palabras que serviran para
identificar el tema de su ponencia, separadas por comas.

Introduccion

En la presente investigacion se detectd un problema, el cual esta relacionado con el analisis de las
tecnologias de informacién y comunicacién para ofertar educacion a distancia, se plantea un escenario social
en el que las tic tienen un protagonismo marcado en todos los ambitos, principalmente la educacién. El
amplio desarrollo del mundo tecnoldgico y de las comunicaciones hace posible la aparicién de nuevas formas
educativas, entre las que se encuentra el e-learning en educacién continua.

Esta investigacion explora en profundidad este contexto del e-learning para llegar al objetivo de la
investigacion. Se repasan algunas teorias sobre temas tales como: teorias educativas, que permiten conocer el
proceso de aprendizaje y como fue evolucionando la educacion; teorias sobre la educacién a distancia, la cual
trata de distintas formas de educacion utilizando medios electronicos, y sobre plataformas virtuales. Se realiza
una trabajo de campo en donde se obtiene un universo de estudio, la determinacion de la muestra, el disefio de
un instrumento, asi como su viabilidad y factibilidad, se hace el andlisis e interpretacion de la informacion
obtenida del trabajo de campo, se presenta las conclusiones del trabajo de campo, asi como las conclusiones
generales y recomendaciones, se presenta la bibliografia consultada y anexos.

Descripcion del Método

La investigacion es de tipo Cuasi experimental, la cual consiste en probar si hay relaciones causales sin tener
pleno control. En esta el investigador no tiene control total sobre el criterio empleado para asignar
participantes a grupos. La descriptiva en histérica proporciona una imagen de los sucesos que estan
ocurriendo o que han ocurrido en el pasado.

Para cumplir con los objetivos de la investigacion se determind el siguiente método:



Inicio

v

1.- Investigacion Documental

v

2.- Técnicas de Investigacion de Campo.

v

3.- Recopilacion de la informacion.

v

4.- Analisis de la informacion obtenida.

v

5.- Interpretacion de la informacién obtenida

v

6.- Comprobacién o rechazo de la hipotesis planteada

v

7.- Conclusiones y recomendaciones

v

8.- Reporte final de investigacion

v

9.- Publicacién del reporte final

Figura 1.- Secuencia Metodologica
Modelo de e-Learning.

Con la intencién de facilitar la creacion efectiva de ambientes e-learning para diversos estudiantes, Khan
(2005) desarrollé un modelo de e-learning. Este modelo sefiala los factores a considerar durante el proceso de
disefio de un programa learning. Muchos de ellos son interdependientes, a la vez que estan sistematicamente
interrelacionados.

La educacion virtual se define como una institucion basada en la educacién formal de aprendizaje donde el
grupo se separa y los sistemas de telecomunicaciones interactivos se utilizan para conectar los estudiantes, los
recursos y los instructores (Simonson, 2003), es la combinacion de dos factores tiempo y lugar.

En ocasiones “El titulo de Maestro no debe darse sino al que sabe ensefiar, esto es, al que ensefia a aprender,
no al que manda a aprender, o indica lo que se ha de aprender, ni al que aconseja que se aprenda. EI Maestro
que sabe dar las primeras instrucciones, sigue ensefiando virtualmente todo lo que se aprende después, porque
ensefio a aprender.”



Tanto la ensefianza presencial como la ensefianza a distancia o en linea requieren planificacion y
organizacion. En particular, la ensefianza a distancia, bien sea de manera sincrénica o asincrénica, requiere un
mayor énfasis en la fase inicial de planificacion es decir, el disefio instruccional.

Las tecnologias de la informacion y la comunicacion (TIC) pueden contribuir al acceso universal a la
educacidn, la igualdad en la instruccién, el ejercicio de la ensefianza y el aprendizaje de calidad y el desarrollo
profesional de los docentes, asi como a la gestién direccion y administracion mas eficientes del sistema
educativo.

Modelos de disefio instruccional

De acuerdo con Siemens (2002), un modelo es una representacion de hechos reales y, como tal, debe ser
utilizada s6lo en la medida en que es manejable para la situacion o tarea en particular. Los modelos de disefio
instruccional que se conocen, surgieron a partir de adaptaciones a los anteriores, de la disponibilidad y acceso
a la tecnologia y de las propuestas de varios tedricos de utilizarla para los procesos de ensefianza aprendizaje,
y facilitar el desarrollo de la instruccion. Estos modelos tienen el objetivo de orientar hacia el disefio y
presentacion de contenidos educativos y sus correspondientes actividades de aprendizaje y evaluacion.
Algunos modelos de disefio instruccional son orientados a la tecnologia educativa y desarrollo de procesos
genéricos, estos modelos tienen orientacion conductista. Otros estan orientados a los conceptos de disefio de
aprendizaje o teorias pedagogicas, tienen orientacion hacia el constructivismo y el cognoscitivismo.

Los modelos de disefio instruccional ademas de tener un disefio instruccional, o sea trabajar en la parte del
disefio, debe considerar la planeacion de los cursos que se desean implementar. Se considera que el disefio
instruccional comprende desde el anlisis hasta la puesta en marcha del recurso, incluyendo la modalidad
educativa como agente diferenciador.

Todo ello requiere una guia puntual para gestionar el conocimiento, intervenir en los procesos de ensefianza
aprendizaje evaluacion de la educacion a distancia y provocar un aprendizaje significativo. Es precisamente
en la parte de la gestion del conocimiento a distancia que surgen las modalidades sobre el aprendizaje que
Holmes y Gardner (2006), Bonk y Graham (2005), Moreno (2012), Gimeno (2004) y Santamaria (2009),
respectivamente, describen como:

E- learning: aprendizaje a través de medios electronicos.

B-learning (blended learning): modalidad mixta o semipresencial de estudios que incluye tanto al e-learning
como formacion presencial.

M-learning: aprendizaje a través de tecnologia movil.

U-learning: aprendizaje por medio de la tecnologia digital dominada por la computacién ubicua, conocida
también como inteligencia ambiental.

S-learning: aprendizaje por medio de las redes sociales y comunidades virtuales.

Comentarios Finales
Resultados

Aplicacién del instrumento utilizando la escala tipo Likert y la forma de obtener las puntuaciones en esta
investigacion

La forma de obtener las puntuaciones en la escala tipo Likert fue sumando los valores alcanzados en cada
pregunta. Se utilizé la forma basica de aplicar la escala tipo Likert, se le entreg6 la encuesta a la persona que
lo respondio, creando su opinion respecto a cada categoria en el espacio que mejor describe su juicio.
Encuesta

Se llevaron a cabo las encuestas, para lo cual se les solicito a un grupo de docentes que trabajan en el ITESZ
den respuesta de acuerdo a su criterio.

La aplicacion del instrumento tuvo un tiempo de duracion para responderlo de 15 a 20 minutos; debido a que
tiene que revisar informacion técnica para contestar adecuadamente.



Recoleccion de datos

Se llevo a cabo la recoleccion de datos para saber la viabilidad del instrumento. Una vez que se selecciond el
disefio de investigacion apropiado y la muestra adecuada de acuerdo con el problema de estudio e hipdtesis, la
siguiente etapa consiste en recolectar los datos pertinentes sobre las variables y dimensiones involucradas,
esto es seleccionar el instrumento de medicion de los disponibles en el estudio, aplicar ese instrumento de
medicion y preparar las mediciones obtenidas.

Confiabilidad del instrumento

La confiabilidad del instrumento de medicién que se ha aplicado, ha sido a través del método del Alfa de
Cronbach, el cual requiere una sola administracion del instrumento de medicién y produce valores que oscilan
entre 1y 0. Simplemente se aplica la medicion y se calcula el coeficiente, si el valor es superior a 0.8 son
considerados aceptables, para esta investigacion el resultado del alfa de Cronbach fue de 0.96. La férmula
utilizada es la siguiente:

k > vi

(= ——|1——
k—1 vt

Donde:

x=alfa de Cronbach

K= nlmero de items

Vi= varianza de cada item

V1= varianza del total

Los datos obtenidos fueron calculados en Excel 2010 quedando de la siguiente forma:

Numerador = 54,1034

Denominador = 836,1204

n= 29
n-1= 28
k= 1

El resultado al aplicar la formula es

0,96

Con este resultado se demuestra la confiabilidad del instrumento de acuerdo al coeficiente de determinacion
aplicado en la investigacion.

Modelo de Disefio instruccional. (Modelo D-I-ITESZ).

Para ofrecer educacién continua a través de e-learning, es necesario contar con un disefio instruccional bien
estructurado. Mientras mejor estructurado se encuentre el disefio instruccional de un curso, mejor serd la
eficiencia en la educacion. Por tal motivo se debe capacitar a los docentes para poder implementar un disefio
instruccional y de esta forma subir sus cursos.



En un disefio instruccional de e-learning existe una interaccion paso a paso en los materiales de estudio. Asi
mismo, existe una evaluacion momento a momento acerca del impacto de los materiales educacionales sobre

los procesos de construccién de conocimientos por parte del estudiante en linea.
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Figura 2.- Modelo D-I-ITESZ

Al seguir cada una de las etapas del modelo se pueden subir cursos a la plataforma virtual y de esta forma
utilizar el disefio instruccional para dar educacién continua a través de e-learning. La figura anterior fue
realizada en un software llamado mind manager.

Conclusiones

Se concluye que es viable la investigacion debido a que las variables que se consideraron en este estudio son
las que con mayor frecuencia se mencionan en el Marco Te6rico, ademas de haber efectuado la jerarquizacion
analitica para conocer el peso especifico que presentaba cada una de ellas. Al hacer la aplicacion de las
variables, a través del instrumento en el objeto de estudio, se consigui6 el resultado del alfa de cronbach de
96%, siendo este el coeficiente de correlacion. Y con base en las medidas de tendencia central y variabilidad
de todas las variables que se aplicaron se obtuvo que: mas del 50% de los docentes estan por encima de la
mediana. En promedio, los docentes se ubican en 104. (Se considera muy bien).

Se dio respuesta a la pregunta de investigacion al informar de que manera se puede ofertar educacion
continua, y esto es mediante el disefio instruccional. Se cumplié el objetivo de la investigacién al llevar a cabo
el anélisis para ofrecer educacion continua a través de e-learning y desarrollar el modelo de disefio
instruccional.



Por ultimo se presenta un modelo de disefio instruccional que permite al docente desarrollar cursos en linea
con todos los elementos para que el aprendizaje sea significativo. En el modelo de disefio instruccional se
emplean diferentes factores los cuales se deben considerar paso a paso para dar inicio a la apertura del curso
en linea, tales factores como: seleccionar la plataforma a utilizar, definir la estructura que se dara al curso,
plantear los objetivos, la orientacién basada en competencias, planeacion, evaluacion, entre otros.
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information they have been able w colles. When & node
recoives & Alwr from & nelghbaor, It mes che sddtion opor-
REloD 10 merge 1S currens logleal Informeaton wich the
o In the recetved Alver. Addisonelly, nodos uso
the degradation operlon 1o Implomens a probabillsue form
-:t'scﬁnﬁlnwl'udilhnmrmumnhnu:wd.mnn-
ually los as ko grows swle and as 5 1s belng
from whe plece where b was genoraved.
Pmmrmﬂm rom eack nelghbor, nodes com-
Ul & abllicy of reschl deszinasion O chrough
flm. pn.n.wulu.hi.n: rEghbnr Tn'h?n--;ndlm dofined by s
probahilivies arn further used wo deseminacs dai peckews In
R SLOMO-CAITY. [ashion wo vhelr imended desuine-
wons. A ghven dma parkes will be forwanded w o nelghbor
when the pobabilliy of reaching les Inended descinacion
phi= & consuam chreshold, 1s larger than the probabllng of
the currom node.  This way, rfuﬂnu:-mdwl.rnnﬂml.r
1o those roglons of the novwork where i I8 morn lkdy 1o
find chotir imended desipacion. Plowse now thar based on
the probabilizles assigned o nodes, many ocher omwarding
can be deflned.
In whe followling soruions, we prasens. more dewalled descrip-
wions of the proposed operators and of the way the proba-
bilisles of resching a destinacion are compueed.

1.1} Filer Operations
A Connding Ploom Fiilier F 1s an wrray of mocouncers thas
can take values from 0w e Civen a fther ¥, F|| denoes the
walue of the r4h coumer (with z & 0, ..., m - 1) comained
In tha Alter. Wo use F& o denow che s of overy fler
composod of m eouncors with enpeeity £ Wo also denown
the empay flwer ss Fp, whoro all councers sre set o 0. The
whroe aperacions deflned over vhe filiers are as follows.
The inserd 1on Is usad o add che idensigy of & node
imo & Countleg, Bloom fher. I cakes as perameters & fluer
F and cho idemtfier @ & ADDH of & nodo (where ADDR 1s
the 3 of pode iemifiers In the movwork) and resurm a
ter that comalms the omiy a. To Insen vhe on-

wny a Iz a fAlkor ¥, denoved ps ¥ 4 a, the value of k Indo-
pendent hash henetions (hy : ADDR — (0...m — 1} with
1 [1...k}) 8 ealoslaced wooban the Indexes of k councers
thas Iiﬂhulnuunhumhn-nfn]nl.hhw.hdmnpmum
deflned by F 4 @ resols in Flhglo)| - ewich i [1... &
Nowe 'I.]:I.EIJ:IH DRerELIon dﬂuﬁm‘ul lrnm.'l.hlrndl.:hnn] !ht-
sartlon opermion defined for Coundng Bloom Fllsers where
she couners are Incrememed In coo uni.

The degmdalion oporauion 18 &n unary operacion vhes con-
s In docromenting in n.:lng!ﬁ unh che welue of esch counver

with Is operacion Is denmed by
%.:__ S L In and Is deflned the Algorichm 1.
-ﬁm&m opermilon |5 used w sicunclons where

some of the Informauon comalned Im a fAleer 15 los; cither
borase I b3 growlng sile or bocamse T 1s Informackon tha
s being propagrued sway from e place i was gonoravod.

Aigorim 1 5, (F)
fara ﬂ—hm—!dﬂ-
if Fh] =
l-hla—ll'h]—l. ith & prolakili Frade
amnad i T S
amd for

The hird operation 1s whe binary oddildon opersuion which
Is dencaed by & Ff e =+ Fa. This openslon combines
the valuo of two flcors F; and F; following the Algorithm 2

Algorithm 2 Addiion(Fy, F}

Fll-lr.ulrﬂ.IL-
forl=0—-m—

Falll e { T, E511)
amd for

meture Fy

33  Probahilistic Soft State

Enrh nodet will koep vwo Ahers whac svore s own wiolog-
tenl Informeacion, nnmclﬁl-"'n:udi".'. ¥ 18 conscam throagh
dme end Is deflned i, wheress FY 1s vime dependem
and 1is coment ¢ because of the wpdaes recetved from
nelghboring nodes and from m periodical degradedon pro-
comm. When & node § recoives & Blier ¥} from s nelghbor
J. v updaces the welue of s own Ahar ' according wo
Eq. {1). Phnmul.huln? 1) whe Aher rocolved Bom
nalghbar 3 1s firs ot the kes of Informaudon
ard then added m-lluﬂluru[ node 1. A
nodo § swores In cho suroetuee A cho hmmmm m
from: all of ns oolghbaors.

B Ape B8R (1

The Alcor F7 1= periodically dogredaed according w Eg. (2)
BS A why 1o Im 1 & form &= soft atage. Tho
of probabllisic sofe saie s smilar w che
of Weak Siate propmsed In [2] in the senso thas boch provide

ahllisiie hims tha locauion of vhe desunacions.
Inllke Weak State cha s based on googrphic Informasion,
the probabilisic sofu stme proposed In chis work 1s srisly
besed oo vopologlesd | uﬁ:\m:z.:m Moroover, the probahilis-
v sofi s bos Lnlll‘wupmlmmrnbn:nmnll.
mruﬂmfmthl.:ﬁm‘nﬂmhhmullmguuthﬁ
also &8 11 18 disseminmed away from she plece where Ik was
genemued.

Bt e ag, L FeF 2}
ahill n dosinacion Lh:ujlg node ©
ﬁ-Eq (& probabilly assigned v cack

nudu Iz the neework & procisely cthe one they defines che
probabiliste grediens mmod w reach the desinacons. Now
thea under ki schome, tho probabiliy of reaching node o
through lusoll s alwms 1.
s E
e et 3
34 Protocol Description

Durprmmluﬂmd In;md'unnqwd
the mre -:\ppcrnmhl.l-m]l;'m
wach owher. Tl'nm_.pmu

s BLF: Conains filler F7 which condenses che: wpolog-
Ieal Informsasion eollocied by node .

« BUV: Army of packo iomifiees. Tt s wsod o publish
tho == of messages sored wu chis nodo.

» REQ: Armay of packos idematfiers. Sor of mossages re-
guesnad by this node




» DAT: Mossagp chas comalns a sm of dma packes.

Fm:;r node 'hnmd.eu'l.l MULF cOnain-
Ing his own n of iy sonds. As
shown In hm recopikan of & MLy
from nﬂ"fmﬂ;ﬂn i mupm mP:Jp&.\u I.umn:;E;‘J'm =]
means of Eq. (1} and o compane che now dell ba-
Biltien throgh moda 1 by meams of Eg. (2}, Then node
i ndds the Mentfloms of the dma pndml with doslnacion
1, such chac tho d liey i mode § 18 groaer
M\hdnhtwpmh lln-n-&l]imnt]nwhnkl
e 1Urhmlhnltnﬂnpwhldihmlnnmu
message w0 J. This way, che packms lsod In Lywe are such
whai cheir desinacions are morn lkely vo be reachod chrough
i than through j.

Algoriihm 3 Aloom Filer Mossgn
whes myLp = soeeived from j de:
Lo +— &

=y
e M :—'Im.E "EFER; do
¥ e mdertination

Fliig

prn Fvwi PP e E
1 _‘“_
P'}D" ]‘:-r. r'|-:-lr:I“

i:l'prfgpf{l‘.l’-\lp&]n

Eamy — logg Y |
ar

1 than

As deseribed by ahe psoudocode of Algorithm 4, when
node i rocclws uhe mery, I eronnes & now Dt Lesy
whas consains ihe pockeus In Lge whas have nos boen
recoived 5o far. Then, nodo i sends & mosage mgpg back

w0 J roquisiing the mesages in L.

‘Algoeithm 4 Summary Wemge
wimn mapy = recoved rom § do:
Lormg + [
fior | mey  Le dio
il my § BUF FER; then
Eoroy i Lrog 1L) [y |
und &

amd '-'hl'.nlq]

When nodo J roccives the [ Lpey, It sends & mossngo
muaT bark w0 § comalning overy dmpniﬂmgmnﬂbr
!T‘I'Lllnuhnm.nbuumulnh COTESRCIEVE Ty
operuuons. Lastly, when mode o rocetves the dacn
I pesses w0 upper leyer thoso peckews which re In
w0 the node lesoll and swros vhe ochors In ks imernal boffor.
This lwer srtlon can slo be ston &8 & serles of Fagoeall)
l\:\pl'ﬁl.'llllﬂ.

every nodo f 1o cho nessorck
Ium wf‘hgmudﬁq (2} This
nnd.-l-lm.'ﬂm losn s T Ing de=l-
mnuhnl1 \hmmmﬁwﬂmndlw .
PRrion.

[+ 1s Imporam w0 polng o shas In the prosence of aise

posiuves, daca packms can bo disseminamd cownrds rogions

of the nevwork thee do no comaln vhe desuineion, howeser,
this will noa i the proposed rounlng e mlo
dissemiingie the packms wwards the wnee posicive, namely,
wwards abe Imended desuinadon. mw a fals
postilve doos Ineresse che eose of delivering o packes, 1t
does now prevent she dasa packm fom reaching s descina-
don. o che wors, cese, our proposed will bohawe
llkz & pum epidemic disseminasion prowseol bue wish the
exra overhead Indweod by mxchanging che Bloom flurs.

4. EXFERIMENTAL RESULTS
In this soedon, wo prosens. che resules of o series of stm-

ularion experiments the p-u'fm‘u.n.nmct'l.hupm—
pmndprmnuﬂnplmn'ﬂrﬁ' Epidemie rouing pro-
weal. We solorsed F bocmmo Ik has bocome & de
Jmalo bascline for compariscas of routlng pro-

weols for mermbiencly conneced nevworks and because
hoth n:nm.l}ﬂ-nc&pumumk:hﬂ dEmeminace dua packms

from sourens o Inacions. The laccer allow us wo high-
ligin the performancs gains chealned by dimeminasing dua
E‘hﬂmbmﬁimr@mcfbghnmmklﬂnh
18 likely w0 find vhe dsunmion. Hoch prococols use vhe same
il drop policy wo diseard dum packocs when a doe guens
hes reschod s maximem capaciey, and che same Hello in-
werval of 1 sscond.  For che , the wlums
usad for che degradacion tmaerval, whe degradacion probahil-
16y [pasgraga} and vhe s chreshold were band- . How-
o, o furshor sonshivicy analysls revoalod the per-
formanes of the prowoeol & Gidy Insorsiive o modeme
variatkons [05%} of theso valum. We dectded w use rel-
Nrn]_l’ln‘lﬂ]]ﬂlm[.llhml" G4 couniers) wo charnruorne

tho performanee of the propossd prowcenl under relackedy
high probabilivies of flse postcves. For all the experimems,
we usad che N32 simudasor version 2.34 |1).

Wo designed wwo s of muperimems.  The frs ooe 1s
Inwended w0 evaluase the performanes of the prococols In

MANET scenarios whorn nodes aro sparsoly sproed around
a simulasion area and move the random way-
poimt mobllity medel. In tbe seeond se of exporimencs, wo

embmie the performance of the prowenls Ina VANET seo-
narin whore podos move the swoet layoun of tha
ey of Mursn in Spain which s shown In Fygere 1. For the
w0 sois of 15 wo e packes dellvery racio, end-to-
ond delsy and el overhoad s porformenen mecries. The
resilis In all che aro the of 20 in-
Aepeniom. e whts 8 e vl f S0

4.1 MANET Scenario

For the MANET scomario, we deflned & soc of vhroe ax-
w0 mmess the Impacs of different warishlos ower
the porformance of the proceol. In Experimom
1, wu wvary the amoum of wrafiz Injected Inwo the ovwork
o evulume che offomivensss of the w dellver duma
packats before they have wo be dropped a the dass quenes.
In Experiment 2, we docresse the node donsicy so chac cha
nesworks borome more disconmectoed, and In i
nmﬁhmthidnmnfdmhmmduwmoﬂhw e
uhjmndlmmnu!mmﬂmnm:ﬁulmuf
the proposed thm v srcuramly roflecs the wpological
changes Invo the counting Bloom Alwers. Tho dewils abom
the walues of the simdaclon paramewers thes are feed across
tho thron experimoms are shown in Thblo 1.



Dopramdacbcn fmmareas 3 e
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Teble 1: Simulacion covironmom.

Tahblc 2 shows the specifle wolus of whe parumoens thac
are varied 1o each experimem. The eclumn of referemes val-
ues corresponds Lo tlren}umcflhu variabls thas are fed
during & ghven axp

Figures 2, 3 i.nd 4 p:rm the simulsion resules for the
mpﬂamdstmd-nr:hnhrmdlﬂmmmm Faor all the
exparimonts, tho ond-poims of the dace fows wore seleewed
ar rendom using a uniform probabilicy discribeicn. Figure
2 shows the resulus i I, where we Increass the
amoazm of vraffie Injorwed 1m0 the nevwork by Incressing cho
mumbar of coneurrom datn Aows from 10 w20, g, 2 como-
spands vo the resulis of Experimem 2, where we
mﬂnd hﬁ-u: mnnn:nm the mumber of nodes and

mdon wren. Lemly, Figure 4 shows

\}Erm}uufl- i 3, where we reduce vhe mobil
of the nodos By Ineroasing the paus time from 10 5
10 40 s

[ Fxporiment | ¥alam | Haleronca valus |
T O S fows | T |
S0 < 3k
a 00 < Ik TR0 R
A0y = S0k
1 T ]

Tahk = Speciic paramaers for each exporimens.

wrding packot dolvery reaato, from Figures i an}
ﬂ]ﬂnﬂﬁ:l:l 'lEﬂ_nn observe thas the prnpnmif:uumml:l l:lzl -
ouperforms Epidemic by consiswemly delivering more d.nu
kats. The Inferior raclo aseained by
demic 15 caused by & rapld saiursidon of the boffers of
nodes. On the ocher band, whe propmed slgoricthm ool
propegaues packms wownrds chose reglons of the novworn
where b Is more lkdy w fnd che desunsston and hence
It doos nou wese bulfor space of nodos chac wre losnued
Far from he Incendod destinacions (s Figure 2(a)).
Ehrnmm:z- of Incressing waffie load, |:I:I[1 behawior :h[ul;Iu
by che proposed prowoeol s s . When the wral-
fle Incroases, whe packes delivery maclo & redoced boeause
more packews arn being dEseminased seroms the novwork
and kenen, more packms hewve w be d &t the dma
queisa. Onm the ochor hend, when tho node densicy 1s In-
croasnd (s Figero 3{e)), mode wnd wo mose cach ochor
more ofien and henen, the wpologieal nformacion regard-
Ing the desinacons a8 fasier across the nevwork.
Under uhis sisumclon, the probabllisic grediens are mooe
cloarly defloed and tho disserinsaton of the peckeis wends
o b more [ocused vowards the destinasions. [v 1s also m-
portam to palnt o chas whon the nmwork: bocomes moen
connectad, the sequence of SUV-EUV-AEQ-DAT m =
also borcmos morn coscly. Moo, we Illl.g
pearance of the broadess: suoem m.nnr rrndm
simultanecusly eogage In SUV- ]L'l.'l.' exchanges with a
node sransmizeing & BLF packoe. Lesily, Figere 4(a) shows
thet tho owo puilc'itmd.: mre faarly Inscnsicive wo o :ldIEH
onn vlues used for che pause tmo. Those resshs ndicacn
muundwthmdlum tho probabilisie sofi macn usod
by ehe proposed prowseol . capable of keaping up with the

L'aJ experiencad by che nevwork.
urding 1.-n-md delay, rrnrn Figures 2{h}, 3{b} and

&{h) wo A ulﬂn'\e\}u.l: the pr presceal desrly our-
performs Epldemic by comsenently arusining smaller doloys.
This was also an oporied reswh bocaese Eptldemic = a
bruse foree sohmlon thar uses &ll pesthle pachs wo reach
the lmended deslnacions b vhes wod eo sacurse cho doaa
quenes. mech faser.  Morerver, & dealled analysis of the
simulatkon treces rovealed chas the delay aueined by Epl-
demic 13 also due wo whe fee vhes mos of vhe packews woon
dellvored 1o desuinaulkons tha kappenod w be relachvely doso
1o thoir conresponding scurcos. The lser concrmse with the
proposad proocol thas s able o deliver packess w desil-
nautons that are locaved for awny fom che sourcos, or In
differcoe nevwork pardclons

Lasily, from Figures ![-c]I A=) mnd 4fc} we can nmice
thas cthe mora com Induced by the prmocal by
pericdically wransmining comming [ Illl:-n:r: Is cloarly
omwelghed by che dma overhoad Inducod by I-:‘.npldmlc while
dissemineing daa packoes cownrds reglons of tho novwork
tha do not conein the imendod desunsuionm.
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Tahble 2: Vohicle Aow puramevers for the VANET seennria.

4.2 VANET Scemaric

In whis scenario, wo evaluse the performance of the pro-
tocols whon nodes move following the mroet lorows of cthe
ehy of Murcia, Spain (Figure 1) Wo wmed che SUMO sim-
ullls.mcn I urban |'|I:|I:|nl.|.|i:|I 18] m]gwm wraces of
wwo types of vehicks, namaoly, ssra snd buses, which daffor
cn];rmrmhllll_rpnmmm:l.d:ulmdmum?nWUm
spoed, and skee. For chis 15 wi use the same st of
wvalues for ahe simulatlon paremocens as deseribed In Table
I, and vary che vehicle densliy by incroasing vhe number of
wehicles encering the stmulsston ares per socond &s shown
in the firs columm of Tabde 8. The socond columm of Te
ble ¥ cormesponds wo the mumber of diferens vehide Aows
in he scenario. In SUMO), & fow defines che e s which
wehicles enser the sconario, umllulhﬂrl._r [zar or bus)
n.nd:hnmuml.hu;riﬂhl' Rounms are d In werms of &
soquencs of suroes Incersecsions. The fourth eolumm of Teble
2 promenus wn astimace of tho aversge number of amho vo-
higes In ahe smulmion srea. This wioe & & hmeclon of e
wehide arrivel rase and, the wme vehicles remaln aeslve on
the simulacion, whick ds oo che longrh of whe rouos
followed by cho wohlcles, che behawior of che somaphor
nndnhl?nﬂ:n:qmﬁod’nhumdmmk. mmi
MANET seonario, che ond-potms of the CHH dawa Rows aro
seloried uniformly s random from che wehicles corremly In
the smwhcion. The dewils of the whicle flow paramesers
are shown In Table 4.

Figure & prosens. the resslis of thess experimenis. From
:EG E{q) and (b)), we can ohserve vhas the proposad algo-

consknentdy parforms similar or betver chan Epldemic
In worms of m dellvery min, end-to-ond delay and 1o-
1al ower . Our proposal dellvers bovween B% and TH
mare than Epidemic, oven In shuatioos whern tha
probabiliy of fals postciees in cho eounting Bloom Ahers s
quite high due wo the large mumber of amive vehicls In the
stmuluion and cho rolacve small sk of cho Aloers (32 coun-
ners). Under vhis shuaclon, our prowceal Bobnves similar wo
Epidomie Eorausn i also wond w discminaco dan
wownrds reglomns of the nevwork thas do nou consan che dis-
umneioa but o fmise postuve. Figuro 6b) shows char 1o theso
experimencs the to-end mmﬂtp'\h-prwmd
prowocal 1s y bever dhan whar of Ej
son again, Is the faes our provoeol indoes dmm]xﬂi
which reduems the waliing vimes as che daa quenes.

Lasly, Figure 6{c) shows vhe vmal overboad indwced by
whe two prococols. As In the case of the MANET sconario,
the prosocol Incurs In fur les overbosd Borquse of
the mduced com of disemioaing ooly wwards reglons of
whe neswork whern 1s i3 lkely co find the dessipacions. This
I woe aven o this sconano whern the probabilny of fulse

pslidve & high.

Parnmmsisr Valun
Fucioin peor Tow T
Frcect e B 13 byies
Thate rae | T ko7

Table 4: Parnmmers for VANET data fows

5 CONCLUSIONS

In shis paper, we propmsed & new prowocol for noming
In Incermbiently connecied moblle novworks chas uses the
eoneepe of probobiliabe sale w asslgn w every node o

mmfm 'u;q'rc\:d' resching any desiinacion. The
pmlm]:llhunmﬁm\ulld.uﬂrndln;mof:hmmnf
counting Bloom Ahers vhes condensa whe wopologiesl infor-
mation thae nodes have mmolleceed from ochor oodes as choy
menve &nid chat 15 =od w0 compane che probabilices of resch-
;g the desuineatons. These probabilicles reflecs vhe amoum
Informauon nodes heve regerding cho differens dasting-

wons. To model the process in which nodes sequire and
| eopological Informacion, we deflned o novel cperadons
avor eounting Bloom fluwers, namely, vhe Bmary om op-
erntkon and tho wnary lon, Theo addiuon
operation 18 used wo reflezt the sequisition of new Informa-
wan, s the unery opermion s used oo roflees che los of

Informacion, either because 16 1s gesiing smale or borauss 1
Is bolng away from ihe place where & was
ernpod. Then, nodes use SUCRICEY

Tollows whe gradioms defined by chese probabilivies w reach
the Inwended destinacions.
The proposed schemo hes tho advancage of esablishing
ahllisile gradiencs simalwnoosly for all che descina-
ﬂ Ths GE:-“I'III with provioeas proposals thes requice
the dissemizacion of toorol Informaslon D every dasting-
won node, which 18 oot sealable. Inothe proposed scheme,
nods mxchange consuns-stee “hello™ mesags
with q:-un-h-nl'; noghbom. Thorofore, the provocol’s net-
wark complexicy Is cormant In womes of che nowork sten.
Momeover, the p scheme has cho ed thar I
eombings In & smplk woy tho concopes of of on-
eounier and hop distence wwards the desinaciom. When
the nmwork 1s eonneeved, che probabiliscle gradieows anesim-
ller o the credisonal gradiencs basod on dimanecms, ban
when the nessaork 1s pﬂ.nll.hn:d?'l.hng;rniﬂ are stmilar w
thise thar compue & of encounter hased on the
ume nodos lnst mes. This way, the proposed algorickm man
work In mone general ssenarios chan previous prococols thas
mi:hu the “soclal behavior” of nodes
the prosenen of false postclyos in che Bloom Alcers, dema
peckees can be dissominsed wowands regioms of the nowwork
thas do noe n\:\mﬂn:hndmlnnﬂm Bowver, this will no

m \hﬁpmd dtnm:l.m‘m the pack-
dm'.lnn.unn We ohsorvod his stro-

mm:h?ﬂhﬂm-hm&mwhlmgunmﬁm
of podas, vhe probabilly of klse poslive & quisa bigh
The resules of & dewatled simulnzion-besed

umalyss showed char the proposed algornbhm 15 o viable
shernuuve for rouming In bmh tmormicescly connoceod
MANETs and VANETs. Tho proposod prosoocl consis-
wenily omperformed the Epldemic rousing prowvoeal In boch
MANET und YANET seonarics



[T

(R

|

Pkl Dulbvry 9 atin
=
-
Erut b0 by

3 (L] E A L 3 1=
el b A R (m iy 45 R

WA TRIVE S
I G B

(0] - - . - . TS - . - -
ben [~ 1 e |- ]
=l g ]
LU it S 5 E-mw "-}—-'i—i-
- N - p— i
- "\‘\ -
B Nt ] F ol j
k]S < AN =
o = ok i 1 3 _
- t= ] = - 3 p L t- 3 = 41

VIR KAV ey S R

B Poformanse of the provorols In . VANET stonario with Incressing node densivy. () Packer deltvery rase. (B)

Figrra
End-w-end delay. (2] Towal overhoad.

6. ACKNOWLEDGMENTS

Work partially sponsored by che UC MEXUS-DONACYT
program, and by che Mexiean Kaclooal Polysechme Insdune

{IPH).

T. REFEREMCES
[1] The Network Stmulsior, we-2.54.
UG Aas B and A A Aboussid. Wk
Il.l.ll roulizg for llrp-:lh dymmic networks., [EEEACM
"_B]Il], om wp (T ), 18(6):1450- 1463,

1% A, Eskhsulesmanisn, H. I.ml.ﬂd.l'l. ¥enksinmmani.
DTN rouling s n 3 bl S OO M
Corepul. Comme. firn, mqmm A, T

H] N. Eoesrar, K. D!lqhh[ E—muﬂlﬂﬂu.:ﬁi:
and 1-M. Bonnin. Besting proioocl o echicular
ioleraat dem: A b i
Covemumcatios, §5 141158, HI14.

|5] 1. Boicn, 1. Garcis-l il , mnd KO0 k
Coambimeg oe-dermand aad cpporissisis mulisg or
i:iﬂ'nu“ conmecied metworka. Ad Moo Nohearks,
{1200 - 208 3000

6] . Hroder mnd B Adi b, Neotwowk wpplostions of
blem Alise: A mervey. belcrnci Mathcomaiacs,
14435 B09, 004,

[r] ¥. Cas mnd X. Sen. Aculng in deluy,fdi sob=um
nelwarks: A buzomony, and challe EEE
Corenumeah e Surveys B ! AE-&ry, A

18l T. Chokeatid sed 3. Pkl Am my with
low mmmmags mchange o e 1. mwarke

m!hﬁm-lﬂﬁhuﬂm!n deby tnkmnt

nllll.'!n'l Iuﬁumdrrq’ll:lﬂ'ﬂ'ﬂqfrrmﬂ
Archateriures, anad Proiocols

o & , SICCOMM 04, pagm =
148 lEE: Marw ¥ork, NV, l.IE'I. 4. ACM.

v P23 H. Qi Y. W M. Mustomcm, L. B Poh, sed
. Huan'n. 7 .L:nn‘rmngbrwddlnil
tackng: doxigs mzd parly sxpa=encos with

sebranet. SICOPE Oper. Sprl. fee, I0[E)96- 107, Ox

e

Ly o H:rI.J-'n'n.'J' Exdmann, M. Boleisch, sad 1. Biches.
Fiorent 4 weed applications of ELIMO -
Simulutine of Urban MObilsy. inicnabonal foesal Os

s e -

Advances m e anal Meassremends, B[RL4):178-1
HIET ! =
I3 F. Limnd ¥. Wang. H:rtlnsnnhﬂ.‘ul.lrldh::_r\cl’h
A - JEEE Volnmier T doy M mg
J-12-22, ‘M0,
13 . Ll::hr.n..l'l. I}n--. umd Tk &I-Hn Probabiletic
k. SGM CHELE
H'-nﬁ.-Eh_-.L oo, Fien,, T[15:00-00, July 300%
141 A. Aeiskards, 0. Morar, 5. EuL'_..E.E:‘uh axd
FL Seeinmetz Chir: Bloom Slter reatieg with gresdes]
in mp e tree—strectumd wirchss sensor networks with
ile sodon. [z (EEE Pricrsboned Tem on a
World of Wordcas, Mobals omd Mubtecdio ¥ciaorin
WoWkdaki], m‘imL 3, [EFE, M.
16| M. Sarels, & E T Aers, AL El}-:-'k_fl
[ thn' _lJ e l'nrn-.r:lnu sl in hleam
Alier-based mukicw. af EEEE INFOTOM
BT pege 22400, TEEE, W11

Ilﬂ‘r M. &lﬂ.‘J'.'I H‘-—IPF‘lrlh.lﬂ.l}:qug:

amﬂm it 113, 2M

Lk T

Kl _H g, LE{1):TT HIOE.

[1E T. Spysupoulkes, K. P-H.Iﬂ-.l.ﬂd‘n E.H.#nlw*-.
Elfficiem ruzting in izte bk
:-I.'luh.Thln . ii G'H"l'l-m.

14578,

Il!HE\.'Thrhrr-‘l:'RH:r-l" k u,lndl\'_'u Th’:f

_|F-:Ltl-:£|1hunillni for dmirbaubed EE
Camrmnucatons & Tatmale 14(1): 3! LS, "...'Illi
P A. Vabsisl and I Bedier. Epidemic muting e

Wdhmﬁrnﬁ.'{'ﬁhmﬂ]m
nrsily, M0
1] K. “-.I:PT.B F. Bami, F- M
E.ID.Tq;ln. mnﬁlnq-mrd:":f‘ldhc:wu-h
mtworks. [EEE Journad an Sclocied Arcas =
Camrsnucabons, J{H): 1558|558, 300
3 Z. Zhang. Beouting in mlermitiestly soenocted medbile ad

be networks med delay iolernt sstworke: overvew wod
chalenps [EEE Cosnwneahons Survepe 5 Talonal,
Byl 2008,

23 EL Zheng snd J. Wa. Up-and-down resting m smchils
enmie secisl mebyorks wiltk Bloom-Sker-bead binie
f=fernatacmal

T e Syrpern o Gy of

Service (TWaS) 201, pugr






} Hewristics (2017) 73:149_ 366 @ -
DOE 101007 107320179345

When a worse approximation factor gives better
performance: a 3-approximation algorithm
for the vertex k-center problem

Jesus Garcia-Diaz! ) . Jairo Sanchez-Hernandez! -
Ricardo Menchaca-Mendez! . Rolando Menchaca-Mendez!

Received: 15 kaly 2005 ! Kevissd: 11 March 2007 Accepted: 22 June 2007 /
Fublizhed caline: 1 July 2017

2 Springer Science+Hosiness Medio, [LLC 2007

Abstract The vertex k-center selection problem is a well known NP-Hard minimiza-
tion problem that can not be solved in polvnomial time within a ¢ < 2 approximation
factor, unless P = NP Even though there are algorithms that achieve this 2-
approximation bound. they perfiorm poorly on most benchmarks compared to some
heuristic algorithms. This seems to happen because the 2-approximation algorithms
take, at every step, very conservative decisions in order to keep the approximation
guarantee. In this paper we propose an algorithm that exploits the same structural
properties of the problem that the 2-approximation algorithms use, but in a more
relaxed manner. Instead of taking the decision that guarantees a 2-approximation, our
algorithm takes the best decision near the one that puarantees the 2-approximation.
This results in an algorithm with a worse approximation factor (8 3-approximation],
but that cutperforms all the previously known approximation algorithms on the most
well known benchmarks for the problem, namely, the pmed instances from OR-Lib
(Beasly in ] Oper Res Soc 4101 1): 10659-1072, 19940} and some instances from TSP-Lib
iReinelt in ORSA J Comput 3:376-384, 1991). However, the @{n*) running time of
this algorithm becomes unpractical as the input grows. In order to imiprove its running
time, we modified this algorithm obtaining a 1'Jl[r:3 log a) hewristic that outperforms
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not oaly all the previously known approximation algorithms, but all the polynomial
heuristics proposed up to date.

Keywords k-Center problem - Approximation algogithm - Dominating set -
Polvnomial time heuristic

1 Intreduction

The vertex k-center problem {Hakimi 1964 is a well known MP-Hard minimization
problem that is defined as follows. Given a complete undirected graph & = (¥, E)
with edge costs satisfying the triangle inequality, and a positive integer &; find a subsat
O = V of centers, with |C] = k&, that minimizes the ohjective function r({) =
maxpe ¥ [d{w, O3], where dir, C) is defined as the cost of the cheapest edge from a
vertex v to the vertices in C.

The value r(C) is known as the covering rading of the solotion O, and the vertex
k-center problem can be rephrased as the problem of finding a subset of at most &
centers with minimum covering radius. Solving the k-center problem to optimality or
within any approximation factor p < 2 is MP-Hard (Garey and Johnson 197%; Kariv
and Hakimi 1979; Hochbaum and Shmows 1985, Gonzalez 1985) .

It is imporiant to point out that the problem of finding a set of centers of size at
most & with minimum covering radias, is also an NP-Hard minimization problem
ewven if the optimal covering radius is known ahead of time. To see this, note that
the optimal covering radius most be equal to the length of one of the edges of the
input graph, and hence, by running a pelynomial algorithm that solves the k-center
problem when the optimal covering radius is known, using the at most l[ﬂI —a)f2
differant edge lengths, and picking the best solution, would solve the ventex k-center
problem in polynomial time. In fact, the vertex -center problem with known optimal
covering radius is related to the Minimom 5Set Covering and Minimom Dominating
Set problems which are also well known NP-Hard problems. The vertex k-center with
known optimal covering radius problem can be stated as the problem of finding a
Dxominating Set of size at most £, over a pruned version of the original graph where
the edges with cost greater than the optimal size are removed. Many heuristics, axact
algorithms, and the approximation algorithm we present in this paper make extensive
use of these relationships.

The vertex k-center problem has many practical applications, mainly in the area
of facility location. Among others, we can mention applications to the location of
dighetes attention units (Pacheco and Casadoe 2005) and to bicycle stations (Kaveh
and Masr 2011} Given its practical importance, the vertex &-center problem has been
approached with a wide variety of algonthmic tools. Minieka (19700 was the first to
propose a hewuristic (long considered inefficient ) for the &-center problem based on its
relationship with the 52t Covering problem. Later, Gonzalez {1985), Hochbaom and
Shmoys (1985) and Dryer and Frieze (1985} independently proposed two polynomial
2-approximation algorithms. The algonthm by Gonzalez, and by Dver and Frieze is
a greedy-like farthest point algorithm. and the algorthm by Hochbaum and Shmovs
i5 based on the parametric pruning technigue and the relationship between the k-
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center problem and the Dominating Sat problem. Some vears later, Mladenovil et al.
(2000} proposed a set of Tabu Search and Variable Meighborhood Search algorithms
that were able to generate the best-known solutions within reasonable time for what
would became the main benchmark data sets for the comparison of algorithms for
the verex E-center problem (some instances from OR-Lib and TSP-Lib). Shortly
after, a set of exact algorithms inspired by Minieka's idea were developed by Daskin
(2000, [han and Pinar {2001}, and Elloumi et al. {2004). Through experimentation,
these exact algonthms proved to be practical since for some instances they converged
quickly to the optimal solution; for some other instances they didn’t converge. but
generated near optimal solutions within a reasonable amount of ime. On the other
hand. the vertex k-center problem has alse been addressed through other heuristic and
metaheuristic methods, such as Scatter Search (Pacheco and Casado 2005), Genetic
Memetic Algorithms (Pullan 200£), Bee Colony Optimization { Davidowic et al. 2001,
Harmony Search (Kaveh and Masr 201 1), and Structore-driven Bandomization ({Garcia
et al. 2001 5). Among the heuristic approaches. the pure greedy algorithm (Gr) stands
as the most natural and simple, yet inefficient method according to most ex perimental
results, while the Scoring { 5cr) algorithm, which is based on the relationship between
the k-center problem and the Dominating Set problem, stands among the best (Mihelid
and Robit 2005; Rana and Garg 2008).

1.1 Approximation algorithms

Approximation algorithms provide solutions for MP-Hard optimization problems that
are guarantesd o be within a p-approximation factor. In the case of a minimization
problem, such as the veriex k-center problem, a p-approximation algorithm produces
a solution of value at most @ - O PT for every instance, where O PT is the value of
the optimal solution. Many authors believe that approximation algorithms with good
approximation factors will perform well in practice because they take advantage of
knowledge about the structure of the problem in order to keep the approximation
guarantee {Vazirani 2001; Hochbaum 1997) The hope is that the solotions provided
by the approximation algorithm will reach the g-approximation factor only on a few
pathological instances. Even if the interest is in generating optimal solutions, the
approximation algorthms can serve as guidance for the design of better heuristics.
For the case of the vertex k-center problem, the Z-approximation algorithms pro-
posed so far operate in a greedy like fashion. For instance, Shmoys (1995) showed
that if the optimal covering radius r is known, then an algorithm that bailds a solution
by selecting vertices as centers one at a time, such that the distance of the selected
vertex to the corrent partial solution is larger than 2r, results in a 2-approximation
solution. Moreover, if the previous procedure does not produce a solation of car-
dinality at most &, then it implies that the proposed covering radius r was in fact
smaller than the optimal. This becomes the basis of a binary search over the covering
radius r for the 2-approximation HS algorthm (Hochbaum and Shmoyvs 1985). The
algorithm by Gonzalez eliminates the need of performing a binary search by notic-
ing that always picking the farthest veriex to the current partial solution suffices to
guarantee that the distance from the selected vertex 1o the partial solution is larger
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than 2 times the optimal covering radius (1985). However, the experimental results
reported by Miheli and Robié (2005), and Rana and Garg (200E). as well as those
reported in this paper seem to indicate that forcing the next center to be at a distance
greater than 2r from the curment partial solution is sometimes too conservative and
makes the algorithms miss the selection of centers that look promising at a local level.
For instance, vertices with many non-dominated neighbors at a distance smaller than
r from it, which are located at a more convenient distance from the current partial
solution, which might be smaller than 2r. Our hypothesis is that relaxing the farthest-
vertex mule will allow the algorthm to search for solutions that are actually close to
the optimal and not just settle for finding a 2-approximation. To test this hypothesis,
in this paper we propose a new approximation algorithm that rather than selecting the
farthest vertex to the cument partial solution, selects as center a vertex that is close
to the farthest vertex -at a distance not greater than r- and which is locally optimal
in terms of the number of non-dominated neighboring vertices also at a distance not
greater than r. This new way of selecting the next center results in an algorithm with a
wiorse gpproximation factor—a 3-approximation—hat that outperforms the previously
known 2-approximation algorithms over the most representative benchmarks from the
literature. However. the @ {n*) running time of this algorithm becomes unpractical as
the input grows; so, in order o improve its moning time, we modified this algorithm
obiaining a competitive and more efficient 1'.I|'|:r12 log m) heuristic. All the tests were
made over the most well known benchmarks for the problem, i.e. the pmed instances
from OR-Lib {Beasly 1991 and some instances from TSP-Lib (Reinelt 1991).

The remainder of this paper is organized as follows. In Sect. 2 we describe our
J-approximation algorithm for the veriex k-center problem. In Sect. 3 we introduce a
madification to this algorithm that produces a more efficient heuristic. In Sect. 4 we
show that the proposed 3-approximation algorithm is correct. In Sect. 5 we show the
result of applying the 3-approximation algorithm and its heuristic version to the most
well known benchmarks for the vertex b-center problem, and how it compares with
the most successful polyvnomial algorithms. Lastly, Sect. & presents our concluding
remarks.

2 A J-approximation algorithom

In this section we present what we have called the Critical Domirating Sef procedure
(Fig. 1), which serves as the core procedure for the proposed 3-approximation algo-
rithm and its hewristic versions. As shown by Lemma 1, if the Critical Dominating
Set procedure receives as input a covering radius r < r*, then it returmns a solution of
size smaller than or equal to 3r*, where r* is the optimal size for the vertex k-center
problem. Since the costs of the edges in the input graph are all feasible covering radiuas,
one of them being the optimal one, we can just nun the Critical Dominating Sei pro-
cedure with all these values as input, and by retuming the best found solution we get
a J-approximation algorithm.

The aim of the Critical Deminating Set procedure is to generate a Dominating Sat
of size k for the pruned input graph &, which is a copy of the input graph & where
all the edges of cost greater than r are removed. This procedure works greedily by
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it | P DusS;
1 | oo oo
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Fig. 1 The Crficm Deominating Ser heuristic

selecting as center a vertex that belongs to a set of promising vertices, named critical
neighbors, and that has 8 maximal Score. For every venex v = V', the Score list
stores the number of vertices, non-dominated by the current partial solotion C. that
would be dominated by the solution if veriex 1» were added to it. A crifical neighbor
is & vertex located within the one-hop neighborhood of the critical vertex fi in &
( fi incloded). A critical vertex, as defined by Mladenovi et al. (20040), is the verex
whose distance from any given solution is maximal, and hence, the vertex that defines
the size of amy given solution. For the case of the Critical Dominating Set procedure,
thie critical wertex comesponds to the farthest vertex from every current partial solution
. Therefore, by selecting as center a veriex within the one-hop neighborhood of the
critical vertex (v = N{ i)\ fi). the algorithm is more likely to reduce the size of the
current partial solution. The purpose of this greedy strategy is (o simultaneously make
progress from the perspective of the vertex k-center selection problem by reducing the
siza F(C) of the current partial selution, and from the perspective of the dominating
set problem by reducing the number of non-dominated vertices. Since C is the empty
set at the first iteration {i = 1), the venex i is selected at rmndom.

By running the Critical Domingting Set procedure over the up to ler1 —n}2 feasible
covering radius, we get 8 3-approximation algorithm that we called CD5. Accord-
ing to our experiments, the CDS algonthm outperforms all the previously known
2-approximation algorithms and heuristics with polynomial unning time.

Because of its {{n*) complexity, the CDS algorithm becomes unpractical as the
input size grows. So, in order to reduce its time complexity, we can perform a binary
searchover the set of feasible covering radios. This way we still have a very competitive
heuristic algorithm bot with a significantly smaller time complexity. This is detniled
in the following section.
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Input: An undirocwst graph G« (V, £}, an mwoger k, and an ordered list of the
wolgh of the m odges of G W(€1), W), ..., Wem ) Whare wieq) < weg, 1)

Output: A sm ol vertos CC V, |C] ~ &

1 Ngh e m |

2 low.-1;

S while high — fow > 1 do

t miad « [(Kigh + fow)/2] :

1 ' o Crudeal Dominating Sex(G, k wie g .4)) |

¢ C - BeaSolutton(C, V)

7 | M) — BemSzer(C),r(C)) ;

L] If #(C) < w(Cmeg) then

9 | high— mida;

10 also

11 | dow « mid ;

12 axt

13 end

14 roturn C;

Fig.2 A Oin® log n) heuristic for the vertex k-center problem

3 An efficient heuristic

Instead of trying with all the up to (n? — n);2 feasible covering radius, the heuristic
algorithm presented in this section is based on the binary search described at Fig. 2 that
assumes that the covering radius obtained by the Critical Dominating Set procedure
(Fig. 1) is the best covening radius achievable for a given input pruned graph. This
way, if the covering radius r(C) obtained by the Critical Dominating Set procedure is
smaller than or equal to the current pruning parameter w{€y;4), then it concludes that
the optimum is in fact smaller than or equal to w(emi4) and continues the search on the
interval [w{elow ). wiemid)). Otherwise, it concludes that the optimum is larger than
w(emid) and hence that it is located on the interval (w(emid). w(ehiph)]. Although this
search does not give any approximation guarantee because the Critical Dominating Set
procedure does not necessarily returns a Dominating Set. it has a better performance
than most of the approximation algorithms and polynomial heuristics on most of the
well known benchmarks and at considerable lower time cost.

4 Analysis

In this section we present a theorem that shows the comrectness of the proposed 3-
approximation algorithm. Definition | presents the notation used in the proofs.

Definition 1

C* = an optimal solution
r(C*) = thesize of C*

C; = apartial solution with only i elements
fi = the farthest vertex from a partial solution C;_
c" = the closest center ¢ € C* to vertex f;

N(ﬁ) = the set of vertices connected to f; (critical neighbors)
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Lemma 1 {fr issmaller than or equal to the aptional size r* = r(C*), then the Critical
Dominating Set procedure refurns a selution O of covering radius r(C) = 3r*.

Proof First, if during any of the & iterations of the Critical Dominating Se procedure,
the farthest veriex is at a distance less than or equal to 3r*, then all vertices are at a
distance less than or equal to 3r* from the comrent solution and hence, the algonthm
returns A solution with covering rdios r{C) < 3r%.

Mow, for the rest of the proof we will assume that during all the iterations of the
Critical Dominating Set procedure, the farthest vertex is af a distance larger than 3r*
from the current solution. The overall description of this pant of the proof is as follows.
We have to show that the center ¢; selected by the Crifical Dominating Sef procedure
during the ith iteration covers within a radius of 3r*, all the vertices covered by the
vertex r:“e in the optimal solotion C*. Then, we show that the centers r:“I considerad
during tf[e k iterations of the algorithm are different, consegquently. that a]'llrtbe k centers
of the optimal solution have a vertex in the generated solution that is responsible of
covering their vertices within a 3r* radius and therefore, that the Critical Dominating
Set procedure retums a solution with covering radius r{C) = 3r*.

First, we show that the center ¢; selected at iteration i, is at distance less than or
equal to Zr* [rumllmceuterr:j—l & C* which is the closest to ;. The distance J1 fi, r:}a}
is less than or equal to r® because ;. is the closest center in the optimal solution C*
to f7, and the distance J{ fi, i) is less than or equal to r* because cj is in the critical
neighborhood of f; (c; & NG W 5. therefore, by using the triangle ineguality we
zet

dici, € ) = d(fi.ci) +d{fi.cp) =2t (1

Using the triangle inequality again, we see that the distance between any verex v

at distance less than r* from the |:=E|1len:_‘|}e is at o distance less than 3r* from the center
¢ selected by the algorithm.

Voe Vidv.cp) =r, dig,v) =d(cf.a)+div,.cp) = 3 i2)

Mow, we proceed by contradiction to show that all the centers I'.'}'I covered dur-
ing the k iterations of the algorithm are different. Suppose that the center -r“r Was
already covered at an iteration j < i, L., r.‘rlal-r‘j.r = r:l.I. From Eg. { 1) we know that
dicj. E}JI} < 2r* and from the assumption that -r‘j-r is the closest optimal center to
i we also have that d{_ﬁ,cﬁ} < r*. Using the triangle inequality and the previous
eguations we get

d(cj. fi) = dicj. c}) +dic}. fi) <3 (3)

O the other hand, by assumption we also know that a{C;_1, i) = 3r* and there-

fore that d{cj. f;) = 3r*, contradicting Eg. {3}

Theorem 1 By maning the Critical Dominating Set procediure with all the up o
l[JIII — 0}/ 2 feasible covering radins we pet a 3-approvimaled solufion.

Proof Since centers are selected from the set of vertices, the size of any solution must
be agual to the cost of an edge of the complete undirected input graph. Mow, since at
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least one of the up to (n% — n),/2 feasible covering radius is smaller than or egual o the
optimal covering rdius, then, by Lemma | the Critical Dominating Seif will retum a
J-approximated solution. O

4.1 Time complexity

The Critical Dominating Set procedure (Fig. 1) starts by running the 8ot il eneck Graph
subroutine, which removes the edges with cost greater than a given value r from the
input graph. Since there are at most {nz — n),/2 edges, the complexity of this subrou-
tine is ﬂ'{ni}. The &ef Depree subroutine computes the degree of every veriex on the
pruned graph &, which takes ﬂ{nz]- steps. AL the next iterations. finding f; (line 97,
vy {line 10, and the set ¥ (line 11) can be done in r steps. Then, the Score of the
neighbors of each vertex v & & 1s updated (line 14). The overall complexity of the
k repetitions of the cycle that goes from line 12 to 16 is ﬂ'{nz]. becawse through the
k iterations of the algorthm, each vertex appears only once in some of the k sats §
(thanks to line 16, which insens § into £¥). Thas, the overall complexity of the whole
Critical Dominating Set procedure is &{n?).

By running the Critical Dominating Set procedure with the upto (a2 —n)/ 2 feasible
covering radius, we get a 3-approximation algorithm of complexity & n"']. The binary
search defined by Fig. 2 is performed over an ordered set of up to (0~ — /)2 valwes;
thus, it performs the Critical Dominaring 5t procedure Oflog a) times, petting an
overtll complexity of G{.n:l log ). Motice that, although this last algorithm requires
an ordered set of edges at the beginning, that does not affect its complexity, because
this ordering can be done in @{n? log ) steps.

5 Experimental resulis

In this section we present the resulis of a seres of experiments where we evaluate the
performance of the proposed 3(n%) 3-approximation algorithm, and its @ {n? log x)
heuristic wersion, against that of what we consider a representative sample of approx-
imation algorithms and heuristics for the vertex E-center problem. The experiments
were performed over some de facte standard benchmark data sets for this problem
(Daskin 2000 Mladenowil et al. 2000; [lhan and Pinar 2001; Elloumi et al. 2004
Miheli€ and Robi 2005; Pacheco and Casado 2005; Rana and Garg 2008; Pullan
2008; Davidowvic et al. 7011; Kaveh and Masr 20011

O of the most used data sets for the comparison of the ex perimental approximation
factor of algorithms for the vertex k-center problem is the pmed data set from the OR-
Lib library {Beasly 19900 The pmed data set consists of 40 undirected graphs with
a number of vertices ranging from 100 to 900, values of & ranging from 5 to 200
and edpe costs that respect a non-euclidean metric. An imporant characteristic of this
data set is that the optimal solotions are known (Traskin 2000; [lhan and Pinar 20010;
Ellowmi et al. 2004). The second data st was obtained by selecting 40 relatively small
instances from the TSP-Lik library. This set consists of 40 undirected graphs with a
number of vertices ranging from 200 to 657, values of & ranging from 5 to 40 and edge
costs that respect an euclidean metric. The optimal solutions for the 40 small TSP-
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Lib instances are not known; however, some exact and metaheuristic algorithms have
been tested over them, which provide a reliable set of best-known solutions {Pullan
200E; Ilhan and Pinar 2001}). We also performed tests on the instances w1060, ul 817,
and pch3038 from TSP-Lib, which respect an euclidean medric, and have 1060, 1817,
and 303 vertices, respectively; the values of & were on the range from 10 to 150
for ul060 and wlf17, and on the range from 10 to 500 for pcb3038. The optimal
sclutions for these instances are not known: however, as in the previous case, some
exact and metahewristic algorithms have been tested over them providing a reliable sat
of best-known solutions (Mladenovi€ et al. 2000 TThan and Pinar 2000 ; Pullan 2008}

The polynomial algorthms wsed in these experiments were the pure greedy Gr
algorithm; the Gr+ algonthm, which is the Gr algorthm repeated a1 times with a dif-
ferent initial center; the 2-approximation Gon algorithm {Gonzalez 1985); the Gon+
algorithm, which is the Gon algorthm repeated n times with a different initial center;
the 2-approximation HS algorthm (Hochbaum and Shmoys 1985); the Scr algorithm
(Miheli€ and Robit 2005y the proposed ﬂ[n"‘} approximation algorithm (named
CDE), its 15||{.|'|:1 log r) heuristic version CDSh (Fig. 2), and the CISh+ variant, which
is the CI5h heoristic with the Critical Dowminaling Set algorithm repeated nn times,
selacting every time a different vertex as initial center. Even though CDE, CT¥Sh+ and
Sor are polynomial-time algorithms, their complexity becomes unpractical on large
instances; because of that, we did not test CID5 and Scr over the ul(60, ul 817 and
pcb3038 instances, and CDSh+ owver the pch30GE instance. The source code of the
algorithms used in these experiments is available from hitps:Y github.com jesgadiaz!
vertex-k-center.

Table | shows the mean and standard deviation of the experimental approximation
factors obtained by the described heuristics and approximation algorthms for the
vertex k-center problem when tested over the pmed and the small TSP-Lib instances.
Table 2 shows the same metrics for the u 1060, and wl£17 instances. Table 3 shows the
same metrics for the pch3038 instance from TSP-Lib. As shown in the tables, in all
thie tests, the CD&, CDER, and COSh+ algorithms cutperformed the 2-approximated
Cron and HS algorithms.

Table 4 shows the detailed results regarding the size of the solutions found by
each tested algorithm over the pered instances. The best results were obtained by the
CDE, CI5h, and CD5h+ algorithms, all of them outperforming the Scr algorithm,
which is considered one of the best heuristics for the vertex k-center problem with an
overill experimental approximation factor of 1.055 and standard deviation of 0.038
over the pmed instances from OR-Lib. We would like to highlight the fact that the CTS,
CDSh, and CDSh+ algorithms got near optimal solutions in €@ (n*). 0(” log n). and
ﬂ{53 log m) steps, respectively. OF course, the most practical algorithm is the CDER
with a complexity of 1'.'.|'|:r12 log /), an overall experimental approximation factor of
1,035 and standard dewviation of 0.031. It is also interesting to see how the CDEb+
algorithm outperforms the 3-approximation CDE algorithm in both, execution time
and quality of the geperated solutions, getting an overall experimental approximation
factorof 1.015 and standard deviation of (U023, showing how imporiant is the selection
of the first center. Table 4 also shows that CDSh, C15, and CDER+ found 12, 24, and
26 optimal solutions out of 40
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Table I Mean end standend
devistion of o represeniaive se
of hewristics and spprooimation
algorithms for the versx
k-center problem iesied over the
pmed instzences. from OR-Lib
and over 2 small instances from
TEP-Lik

Tablel Mean end siendend
devistion of o represeniaive sel
of hewristics and spproovimation
algorithms for the versx
k-center problem iesied over the
ul 060 and wl E1T instances from
TSP Lib

€1 Springer

Algorithm u o Complexity
i instances from (8L-Lib
fir 1702 {1556 Chikat)
HS 1.532 0175 Din? log m)
ir+ 1.512 1543 hika
3on 1500 013 Chikn)
GGont+ 1303 N hikat)
Ser 1055 003 i
Ik 1.035 0031 in? log w)
s 1030 0037 iy
CDEh+ 1015 001 in log m)
40 xmail instances from TSP-Lik
fir 1306 1.965 hikat)
Gir+ 1.713 D607 ika)
ion 1.356 1051 Chika)
HS 1.318 0108 Din? log m)
GGont+ .71 1068 hikat)
C1)zh 1124 0065 iat loga)
Ser 1078 1050 i)
s 1042 003 i
CD8h+ 1.035 0035 Din? log m)
Algorithm u o Complexity
ul ) instance
fir 3366 .53 Chika)
HE 1.420 0.055 iat loga)
ion 1342 1055 hika
Gont 1.7133 1041 ika’y
T15h 1161 1055 in? log w)
CDEh+ 1.08% 0026 in log w)
ulB17 instance
0r 3504 0473 ika’y
HS 1.354 0064 Din? log w)
CGon 1356 064 ikn)
GGont+ .74 a4 hikat)
C1)zh 1178 0059 iat loga)
CDEh+ 1.11% 0061 in log m)
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s

Table} Mean and standerd

devisfion of o represeniative st Algorithm [ o Complexity
of hearistics and spproximation -
algoeithms for the veriex peb303% instance X
k-cenler problem iesied over the Gr 4 5665 1535 (Fikn*)
pch3038 irstence from TSPLib Hs 1447 0,100 El'[n:Jug )
3on 1327 1.074 rkn)
Gon+ 1.736 0026 k)
CT05h 1176 1037 Crin? lng )
Tabled Hesulix obtained by each tested algorithm over the paed inedences firom OF-Lib
Insiance m k T Gr+ (won Gon+ HE  Sor CISh CDS  CDShs
preed] I 5 12T 137 133 193 155 IT3 133 1@ 1T 13
preed? 1 10 od 117 1l 16 117 130 18 1oe 12 1 s
preedd 1 10 o3 118 10& 141 124 142 @4 od ] 05
preedd 10 20 T4 127 52 oE a2 114 &3 EL T3 TE
pmeds 10 3 48 1M TR T 62 TE 4R 4B 48 4%
proedis 5 84 1M B 10 98 112 90 25 B4 B4
preed ! 10 i Bl Ll I BS o7 M &7 iy iy
proed® b L. 55 73 T2 Er 71 T3 EL 0 57 56
peed W0 40 3 OT3 & 5T 40 % W 38 B
predll WM 67 MW 56 3@ 3 M 3N W
peedll 300 5 i ] il a9z 1] T4 fil fl 54 34
peedl2 300 10 51 ) 36 T ol 7 53 52 52 5l
peedld 300 3 35 fd 52 5 44 57 k1] w a7 k1)
peedld 300 i 54 4t » 3 42 i x o s
predld 30 10 18 42 40 M 013 il 18 I8 JER T
predl 400 50 47 52 47 &8 52 & 4 4 F A
preedl? 400 10 5 449 43 546 48 55 41 k-l B K]
peedl® 400 40 ] 50 42 40 30 45 3l i 19 19
peedl® 400 BO 18 3 il I 7 0 F. | 1% 19 19
preed20 400 133 13 2 ko 19 17 o 14 14 13 13
peed?l 500 5 40 48 42 52 45 =M @
peed2 500 10 i 47 43 54 47 5 40 n 13 1a
peedd 500 50 1 k1] 35 M 12 35 F. | 13 13 13
peedld 500 100 1% 42 i1 n 21 e 1 16 16 16 15
pred?s SN 167 11 7115 15 L E O nm o1
preeddt &0 5 ] 45 k] 5l 43 50 4] g x =
preaddT &0 10 i1 34 15 42 1] 44 i3 1 73 73
peed?® &0 G0 1B 3@ 017 W™ 15 b S T I8 I8
pred?d &0 120 13 3 M 7 1R 7 1l I3 1313
peeddl S0 XM @ Fa') X 14 13 15 10 1o 3 ¥
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Instance n k  OPT Gr Gr+ Gom Gons HS So CDSh  CDS  CDShe
pmeddl 0 5 30 33 M 45 3 W 3 3 M 3
pmedd2 0 ID0 W 35 32 43 I M4 M W m 1
pmeddd 0 0 15 X M 15 01 % 17T 16 6 16
pmeddd 700 140 11 m oIT O W ouou U |
pmedds B0 5 30 3 M 3T M W 3 3 |
pmedds B0 10 27 W49 M O ® 8 M 1%
pmedd7 B0 BD 15 X X M 1 LT TR '3 [T T
pmedd® 000 5 20 33 3 43 3 ¥ O® » m 1
pmedd® 000 1D W 0OM W OIT MW 0I5 M M n n
pmeddD GO0 0D 13 0 0® 2@ 1 1% M 4 M 4 M4

The hest found soletions are highlighted, and the optimal solutions are underlined

Tahle 5 shows the detailed results regarding the size of the solutions found by each
tested algorithm over the small TSP-Lib instances. For this set, the CD5h algorithm
was surpassed in guality of the generated solutions by the Scr algorithm. However,
this difference was only of 4.6%, and the lower complexity of CISh still makes it a
good option. The best results were found by CI¥S and CI¥Sh+. As well as in the other
tests, the CI¥5h+ algonthm outperformed the CDE algorithm in both, execution time
and guality of the generated solutions, geiting an overall experimental approximation
factorof 1.055 and standard deviation of 0L039. For this set of instances, CDSh, CTS,
and CI¥Sh+ found 1. 9. and 12 best-known solutions out of 0.

Table & shows the detailed results regarding the size of the solutions found by each
tested algorithm over the w1060 instance. For this instance, the CI¥S algorithm and the
Scr algorithm were not tested, because theircomplexity of I'J{n" | becomes unpractical
with the number of vertices. The best resulis for these tests were obtained by CDER
and CD&h+, with an overall average experimental approcimation factor of 1,161, and
1,089, respectively, and standard deviation of (0055, and 0.026, respectivelv.

Table 7 shows the detailed results regarding the size of the solutions found by each
tested algorithm over the w1817 instance. For this instance, the C1E algorithm and the
Scr algorithm were not tested, because their mnning time becomes unpractical. The
best resulis fior these tests were obtained by CDER and CDSh+, with an overall average
experimental approximation factor of 1.178, and 1.119, respectively, and standard
deviation of (U059, and 0,061, respectively.

Lazily, Table & shows the detailed results regarding the size of the solutions found
by each tested algorithm over the pch3038 instance. For this instance, the CDS, Scr
and CI¥Sh+ algorithms were not tested, becawnse their running time becomes unprac-
tical. The C[%h algorithm had the best results with an overall avernge experimental
approximation factor of 1.176 and a standard deviation of 0.037.
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Table T Hesulis obiained by each esied algorithm over the ul 817 instance From TSP-Lib

Instance n k BES Gr Cron Gon+ H5 CIEh CDShs
EY 1817 10 45791 141740 G156 HME3] 59506 53REL 4TI
EY IB1T 20 L e 450,55 15920 39502 3ITTED Ml
EY IB1T 30 240,95 Gan.12 353020 W62 33RB6 30253 1E3AT
ul2I7 1817 40 20 AE 25344 ZR3.0E IS5 1M1 15047 1384l
EY IB1T 50 1891 T 6 251.44 IE4A2 255326 IIB4RE MY
EY IB1T &0 162 .65 G644 ZI6.54 76 21708 15833 19343
ulBI7T IB1T 7O 14E.11 61799 198.37 18490 21552 |1B11&6 1TTS0
ul2I7 1817 &0 1368 517.07 179.62 16332 19637  161&4 151240
EY IB1T &0 12954 47125 170,38 16065 17959 4810 148549
EY 1817 100 127 43844 16261 15238 16703 14366 13TT
ulBI7T IB1T 110 10925 15879 152.41 14800 16263 13677 1S
ul2I7 1817 12 10778 35019 14E.10 13677 15450 117001 1299
EY IB1T 13 10775 INTE 13679 12950 14609 11655 1814

ulBIT 1817 140  D01.61 0585 136,77 12701 14600 10778 10T.Té
ulBIT 1817 150 10159 183.95 129.50 126599 14608 10776 16T.T4

The best found soletions ane highlighted

Table 8 Hesulis obiined by each ested algorithm over the pch3038 instence from TSP-Lib

Instance n k BES Gr (Gon Crcarrt H5 CIxsh
pch3038 s 10 T26.54 146020 108257 E0.W 062,55 BTT.TO
pch3038 s i 293,04 1390.32 G981 575 651.77 58I N3
pch3038 s x 333 1345 39 525.75 50231 534.35 494 41
pch3033 3% 40 336.42 1276.27 474.04 42604 453,00 405 6
pch3038 s 5 24982 1217.16 415339 36600 3750 B4l
pch3038 s L] 206.63 T14.19 7374 258 62 25685 13872
pch3038 s 150 16477 G017 21339 N2 E2 23138 19547
pch3033 3% b L] 140.% G217 184.45 174.04 196,36 L6 TH
pch3038 s 250 12278 G017 16263 15541 15607 146 50
pch3038 s L] 115.15 G017 145.67 13928 172.1% 12780
pch3038 s 50 104.81 G017 128.97 12491 156.00 119592
pch3033 IE 400 7.5l 69,27 120.93 115,82 153,65 11244
pch3038 s 450 BE.56 G017 11503 113.53 14288 103 12
pch3038 s L] B5.00 G017 10754 104,92 133.46 05 T

The hest found soletinns ane highlighted

6 Conclusions

In this paper we presented an algorithm. named CDS, with non-optimal approxima-
tion factor that achieves better practical results than the known optimal approcimation
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factor algorithms for the vertex k-center selection problem. At first, this may seem
counterintuitive, however we argued that the optimal approximation algorithms pro-
posed so far for the vertex k-center selection problem make conservative decisions that
can affect the guality of the generated solutions in order to keep the approcimation
guarantees. In the case of the vertex k-center selection problem, the optimal approxi-
mation algorithms always chose the next center as one that is at a distance at least two
times the optimal covering radins {2r) from the current solution even though there
may be options for centers that would cover many vertices bot at distance slightly
smaller than 2r. Unlike those algorithms, our CD% algorithm tries to find good partial
sclutions that are close to the farthest vertex to the current solution. This hurts the
approximation factor, but gives better resulis in practice. Since the ﬂ'[n"} complexity
of C1& becomes unpractical as the input grows, we also defined the CIEh heuristic
version of CD&, which has a more practical complexity of @{n?lognr) and in many
cases outperforms the most expensive CDS algorithm. From COSh, we also defined
the CD5h+ heuristic, which is the CDSh heuristic repeated o times, selecting every
time a different veriex as initial center. All of our proposed algorithms follow a greedy
approach by selecting the centers of the solution through a hierarchical optimization
of two objective functions: covering radius and number of dominated vertices.

We observed through extensive experimentation that CDER+ outperforms CTH5,
even though CD5h does not give any approximation guarantee. Such behavior agrees
with our hypothesis that taking conservative decisions can affect the guality of the
generated solutions in order to keep the approximation guarantees.

We believe the same idea can be applied to other MP-Hard optimization problems,
thus, even if there are knoamn optimal approximation algorthms for a problem there
is still room for improvement. Perhaps these new algorithms will be the resuli of
combining approximation algorithms and heuristics. In fact, the CDS, C5h, and
CD&h+ algorithms are examples of these intoitions because they exploit different
ideas taken from the previous work on the vertex k-center problem, such as parametric
pruning (Hochbaoum and Shmoys 1985), a farthest-point heunstic {(Gonzaler |985;
Dryer and Frieze 1985), and the relationship between the verex k-center problem and
the Dominating Set problem (Mihelié and Robié 2005).

Lastly, it is important to remark that the proposed CDE, CDSR, and CDSh+ algo-
rithms outperformed not only the previously known 2-approcimation Gon and HS
algorithms, bt also the Scr algorithm, which is considered one of the best polynomial
hieunistics for solving the vertex k-center problem {Mihelié and Fobié 2005; Rana and
Crarg 2008
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