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Estad́ıstica 7

A handful of critical choices in multilevel modelling . . . . . . . . . . . . . .
Leonardo Grilli and Carla Rampichini

Investigación Operativa 25

Design and Implementation of a Shiny Interactive Web

Application by RStudio for Estimating Data Envelopment

Analysis Efficiency Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Juan Aparicio, Lidia Ortiz and Jesús T. Pastor
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Editorial

Antonio Manuel Rodŕıguez Ch́ıa

Departamento de Estad́ıstica e Investigación Operativa

Universidad de Cádiz

B antonio.rodriguezchia@uca.es

La Teoŕıa de la Localización es una disciplina con entidad propia que

se enmarca en el ámbito de las Matemáticas, aunque mantiene v́ınculos

importantes desde su origen con otras disciplinas como la Ingenieŕıa, la

Economı́a y en particular con la localización industrial. A pesar de que existen

algunos antecedentes en los trabajos clásicos de Fermat, Steiner, Cavalieri y

Sylvester, hoy en d́ıa se considera que el origen de la teoŕıa moderna de

Localización es el libro Teoŕıa de Localización de Industrias del economista

alemán Alfred Weber (1909). Sin embargo, fueron los primeros trabajos de

Hakimi en la pasada década de los 60 los que impulsaron el desarrollo sostenido

de esta área hasta nuestros d́ıas, ver Laporte et al. (2015).

De forma general, un problema de localización consiste en determinar la

posición de uno o más servidores que optimicen alguna medida de efectividad con

respecto a un conjunto de puntos de demanda (usualmente también es necesario

establecer la asignación de los puntos de demanda a los centros de servicios

seleccionados). Cabe resaltar la variedad de contextos en los que se presentan

aplicaciones para los distintos tipos de problemas de localización, aśı como las

implicaciones económicas para el adecuado funcionamiento de las organizaciones

que las decisiones sobre ubicaciones de sus centros de servicios pueden tener.

Estas decisiones pueden ser tanto de tipo estratégico (la localización de servicios

de emergencias, aeropuertos, colegios, ĺıneas de metro, centros de distribución,

vertederos, etc.) como operacional (el número y tamaño de los servicios a ubicar,

la asignación de clientes a centros de servicio, diseño de rutas, compra de

veh́ıculos de reparto, etc.)

La Teoŕıa de Localización tiene un reconocido lugar en el campo

de la investigación cient́ıfica como lo demuestra la existencia de códigos

de identificación del Mathematical Reviews: 90B80 (Discrete location and

assignment) y 90B85 (Continuous location), para la teoŕıa de localización,

y 90C05, 90C10, 90C11, 90C26, 90C27, 90C29 y 90C30 para ámbitos y

metodoloǵıas en Programación Matemática relacionados con la Teoŕıa de

Localización. Por otro lado, a nivel internacional existen grupos de trabajo

➞ 2018 SEIO
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2 A. M. Rodŕıguez Ch́ıa

en localización y materias afines, como EWGLA (Euro Working Group on

Locational Analysis) y VEROLOG (Euro Working Group on Vehicle Routing

and Logistics Optimization) en EURO o la Section on Location Analysis

de INFORMS (SOLA). Además, de forma periódica se realizan congresos

internacionales en temas del área. La periodicidad de los eventos y su número

de participantes, ponen de manifiesto la relevancia y actualidad de estos temas.

ISOLDE (International Symposium on Locational Decisions) es un evento

trienal en el que participan todos los grupos de localización a nivel mundial.

EWGLA organiza un congreso anual. SOLA realiza reuniones coincidiendo con

los congresos de INFORMS.

La constatación de que las aplicaciones reales relacionadas con el análisis de

localización, los modelos planteados y los procedimientos de resolución son cada

vez más complejos ha llevado a un número creciente de investigadores en España

a explorar otras metodoloǵıas y a establecer lazos de comunicación entre ellos.

En este sentido, los investigadores en Teoŕıa de Localización en España están

conectados a través del Grupo de Trabajo de Localización (GELOCA) dentro

de la Sociedad de Estad́ıstica e Investigación Operativa (SEIO) y en la Red

Temática de Localización y Problemas Afines (RedLOCA) subvencionada por

el Ministerio de Economı́a y Competitividad. Aunque, como se puede observar,

GELOCA y RedLOCA son grupos diferentes, gran parte de los investigadores

españoles en localización pertenecen a ambos. A continuación describimos con

un poco más de detalle ambos grupos.

Desde la creación en 1985 del Grupo Europeo de Localización (EURO

Working Group on Locational Analysis -EWGLA-), profesores de distintas

universidades españolas miembros de la Sociedad Española de Estad́ıstica e

Investigación Operativa -SEIO-, veńıan participando en las actividades de dicho

grupo, entre los cuales se encuadran los pioneros de esta disciplina en nuestro

páıs, entre ellos Paco Ramón Fernández, Blas Pelegŕın, Juan Antonio Mesa

y Pepe Moreno, a los que se le unieron posteriormente, Emilio Carrizosa y

Justo Puerto. El aumento, en los sucesivos años, del número de participantes

españoles en ese grupo europeo puso de manifiesto la necesidad de la creación

de un grupo español sobre localización, sentándose las bases para la solicitud de

dicho grupo en el Primer seminario español sobre Teoŕıa de Localización que se

realizó en Sevilla en 1994, ver Puerto (1996). Durante el XXII Congreso de la

SEIO celebrado en Sevilla en Octubre de 1995, se decidió crear formalmente

GELOCA como grupo de trabajo de la SEIO, siendo el primer grupo de

trabajo en constituirse de dicha sociedad. Desde entonces, los coordinadores

de dichos grupos han sido Blas Pelegŕın (1995-2009), Juan Antonio Mesa

(2009-2012) y Antonio M. Rodŕıguez-Ch́ıa (2012-2018), más información en

http://www.seio.es/grupos/geloca/.

Por otro lado, como se comentaba anteriormente, la necesidad de establecer

http://www.seio.es/grupos/geloca/
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lazos de comunicación entre los investigadores en Teoŕıa de Localización nos lleva

a realizar una propuesta de red temática cuyo objetivo primordial es facilitar

el intercambio y la transferencia de conocimiento entre los integrantes de los

distintos grupos de investigación de España en esta temática. Otro objetivo

prioritario es buscar sinergias que permitan incrementar la transferencia de

conocimiento a sectores tecnológicos e industriales, de forma que esta red sea

la plataforma de un equipo cient́ıfico multidisciplinar que permita abordar con

mayores garant́ıas los nuevos desaf́ıos de la sociedad actual y que nos conduzcan

a una investigación de excelencia. En particular desde el 2002, esta red ha

recibido financiación a través de los siguientes proyectos de redes de excelencia,

más información http://redloca.ulpgc.es/:

❼ Análisis de Localizaciones y sus Aplicaciones (BFM2002-10418-E). IP:

Juan Antonio Mesa López-Colmenar.

❼ Análisis y Aplicaciones de Decisiones sobre Localización de Servicios

y Problemas Relacionados (MTM2004-22566-E, MTM2005-24550-E,

MTM2006-27490-E). I.P: Elena Fernández Aréizaga.

❼ Localización y Problemas Afines (MTM2007-30163-E,

MTM2008-02221-E). I.P: IP: Alfredo Maŕın Pérez.

❼ Localización y Problemas Afines (MTM2009-07290-E,

MTM2010-12053-E). IP: Dolores R. Santos Peñate.

❼ Localización y Problemas Afines (MTM2014-53828-REDT,

MTM2016-81874-RED). IP: Antonio Manuel Rodŕıguez Ch́ıa.

Actualmente, la red está compuesta por un total de 119 investigadores

agrupados en torno a siete grupos, cada uno de ellos asociado a una

ĺınea de investigación común en análisis de localización. Estos grupos son

(entre paréntesis los investigadores responsables): Grupo de Diseño de redes

(E. Fernández), Grupo de Localización competitiva (B. Pelegŕın), Grupo

de Localización Continua (A.M. Rodŕıguez-Ch́ıa), Grupo de Localización de

Plantas (A. Maŕın), Grupo de Localización en redes complejas y redes loǵısticas

(J. Puerto), Grupo de Localización en transporte público (J.A. Mesa), Grupo de

Problemas de Rutas, Distribución y Loǵıstica (Á. Corberán), De forma conjunta,

GELOCA y la Red Temática de Localización y Problemas Afines realiza

anualmente un encuentro bajo el t́ıtulo “International Workshop on Locational

Analysis and Related Problems” para fomentar el intercambio cient́ıfico y la

colaboración entre sus investigadores, donde se hacen presentaciones, además

de charlas plenarias impartidas por conferenciantes invitados. A continuación

describimos las ocho ediciones realizadas hasta el momento (anteriormente se

hab́ıan realizados varios seminarios españoles sobre localización de los que se

derivaron dos monograf́ıas, ver Puerto (1996) y Pelegŕın (2005)):

http://redloca.ulpgc.es/
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❼ Sevilla 1-3/02/2010. Conferenciantes: L. Gouveia (U. Lisboa), R.

Cominetti (U. Chile), N. Mladenovic (U. Brunel) y organización forum

titulado“Optimization in practice”Participantes: R. Cominetti (U. Chile),

M. Menezes (ZLC), J. Reche (UM), M. Busatto (IDOM), y M. Quero

(Abengoa Solar).

❼ Las Palmas de Gran Canaria 2-4/02/2011. Conferenciantes: R. Aboolian

(CSU. San Marcos), V. Marianov (UC. Chile), R. Möhring (TU Berlin).

❼ Granada 10-12/05/2012. Conferenciantes: A. Alabert (Vicepresidente de

la Red Española Matemática-Industria), R. Church (U. California), M.

Labbé (U. Libre de Bruselas), M. Laguna (U. Colorado), A. Ollero

(AICIA), S. Voβ (U. Hamburgo).

❼ Málaga 19-21/06/2013. Conferenciantes: M.S. Daskin (U. Michigan), J.

Brimberg (Royal Military College in Kingston), J. Urrutia (U. Nacional

Autónoma de Mexico).

❼ Sevilla 1-3/10/2014. Conferenciantes: M. Labbé (U. Libre de Bruselas), G.

Reinelt (U. Heidelberg), A. Scozzari (U. Studi Niccolo’ Cusano, Roma).

❼ Barcelona 25-27/11/2015. Conferenciantes: M. Fischetti (U. Padova) y M.

Grazia Speranza (U. Brescia).

❼ Málaga 14-16/09/2016. Conferenciantes: J. Leung (The Chinese University

of Hong Kong) y P. Toth (U. Bolonia).

❼ Segovia 25-29/09/2017. Conferenciantes: P. Bonami (U. Marsella/IBM) y

J.F. Campbell (U. Missouri- St. Louis).

Tanto de GELOCA como de la Red Temática de Localización y Problemas

Afines se ha derivado una alta colaboración entre miembros de los diferentes

grupos que las constituyen, aśı como una muy alta productividad cient́ıfica.

Hasta tal punto, que se podŕıa afirmar que la localización es el ámbito de

la Investigación Operativa en nuestro páıs que ha producido más tesis y

publicaciones en los últimos 30 años, y que además ha sido el hilo conductor

que ha fomentado la colaboración e integración de gran parte de la comunidad

nacional de IO. Desde el punto de vista de los resultados cient́ıficos obtenidos

en el periodo 2012-2017, estas colaboraciones pueden resumirse en más de 200

art́ıculos publicados o aceptados en revistas cient́ıficas, la mayoŕıa de ellas

recogidas en el Journal of Citation Reports, con altos ı́ndices de impacto, aśı

como otras publicaciones (libros, caṕıtulos de libros) y numerosas ponencias en

congresos internacionales. Además de una muy alta presencia y visibilidad de

la comunidad de localizadores en ámbitos internacionales. En concreto, algunos

de sus miembros han formado parte del Coordination Board of Euro Working
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Group on Locational Analysis (Coordination Board EWGLA), actualmente, el

profesor S. Garćıa (UE) y en etapas anteriores M. Landete (UMH) y A. Maŕın

(UM), y del Coordination Board of Euro Working Group on Vehicle Routing and

Logistics (Verolog), actualmente el profesor A. Corberán (UV). Otro indicador

de la visibilidad internacional de esta área viene el gran número de eventos

donde la localización ha desempeñado un papel protagonista a través de la

organización de sesiones en esta temática: IFORS 2014 (E. Fernández, UPC),

ORP3 2011 (A.M. Rodŕıguez-Ch́ıa, UCA), IWOR-2008 (A. Alonso, URJC)

o en la organización de eventos exclusivos de localización como el EWGLA

XXIII-2016 (E. Domı́nguez, UMA), EWGLA XVII-2008 (M. Landete, UMH),

ISOLDE X-2005 (J.A. Mesa, US), ver Mesa et al. (2009), EWGLA XII-2000

(D. Serra, UPF), EWGLA X-1998 (B. Pelegŕın, UM), EWGLA VI-1992 (J.A.

Moreno, ULL) o EWGLA III-1988 (F.R. Fernández, US y B. Pelegŕın, UM).

También mencionar la presencia prácticamente constante de miembros de la red

en los comités cient́ıficos de los principales eventos de carácter internacional

relacionados con la localización.

En consecuencia, por los motivos expresados anteriormente, creemos que

la comunidad española del área de Teoŕıa de Localización y Problemas Afines

ha conseguido un reconocido prestigio internacional a través del gran esfuerzo

y dedicación de los investigadores que la componen, pero a su vez tenemos el

reto y el deber de seguir en esta ĺınea prestando especial interés a la formación

de jóvenes investigadores que, indudablemente, son los que mantendrán activa

la investigación en esta área en el futuro.

Agradecimientos: Quisiera agradecer la colaboración en la redacción de este

texto a: M. Albareda, Á. Corberán, A. Maŕın, J.A. Mesa, B. Pelegŕın y J. Puerto.
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Abstract

Multilevel models are a key tool for the analysis of clustered data in a

wide range of fields. The paper discusses a handful of critical choices

in multilevel modelling. Some choices are peculiar of the multilevel

setting, like the specification of the multilevel structure of the model,

cluster-mean centering of the covariates, fixed versus random effects,

and the specification of the distribution of the random effects. The

paper also considers some choices which are more complicated in the

multilevel setting, namely sample size requirements, accounting for the

survey design, and handling missing values. Each issue is briefly outlined,

referring to the current literature for details and further discussion.

Keywords: hierarchical data, mixed effects models, random effects,

variance components.

AMS Subject classifications: 62J05, 62J10.

1. Introduction

Clustered data are often encountered in applied research, e.g. students

nested within schools in cross-section data, and occasions nested within subjects

in panel or longitudinal data. Multilevel models are the main tool for the

analysis of clustered data. Depending on the field, multilevel models are also

known as hierarchical, mixed effects, random effects, random coefficients, or

variance components. Theoretical and practical aspects of multilevel modelling

are presented in several excellent textbooks, including Raudenbush and Bryk

(2002), Goldstein (2011), Snijders and Bosker (2012), Rabe-Hasketh and

Skrondal (2012), Hox et al. (2017). Some alternative methods for clustered

data are discussed by McNeish et al. (2017).

The paper does not intend to systematically review the wide literature on

multilevel models, rather to outline and discuss some critical issues that arise

in their specification.

➞ 2018 SEIO
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To introduce terms and symbols, let us refer to a two-level hierarchy where

level 1 units are indexed by i and level 2 units (clusters) are indexed by j. The

structure can be unbalanced, with clusters of different size nj . In this setting,

the random intercept linear model with one covariate at level 1 and one covariate

at level 2 is

yij = α+ βxij + γzj + uj + eij (1.1)

where yij is the response variable, xij is the level 1 covariate, zj is the level 2

covariate, uj is the level 2 error or random effect, and eij is the level 1 error.

In the base specification, the level 2 errors are independent and identically

distributed (thus homoscedastic) across clusters, with normal distribution:

uj
iid
∼ N(0, σ2

u) (1.2)

The level 1 errors, which are independent of the level 2 errors, are assumed

to be independent and identically distributed (thus homoscedastic) across level

1 units, with normal distribution:

eij
iid
∼ N(0, σ2

e) (1.3)

A further assumption, often not explicitly stated, is the mean independence

of the random effect on the covariates (level 2 exogeneity), namely

E(uj | x1j , x2j , . . . , xnjj , zj) = 0 (1.4)

Exogeneity is needed for unbiased estimation (Ebbes et al. 2004; Kim and Frees,

2007; Grilli and Rampichini, 2011).

Multilevel models are a kind of regression models which are intended to

account for the correlation structure induced by the arrangement of the units.

In any regression model the researcher has to make several choices concerning

the explanatory variables, the functional form, the distribution of the errors, and

so on. The complex nature of a multilevel model complicates the usual choices

and it entails further peculiar choices. The simple random intercept linear model

(1.1) can be extended in many ways to accommodate more complex structures,

for example by adding further random effects (nested or crossed), by relaxing

the level 1 or level 2 homoscedasticity assumptions, by changing the errors

distributions. For the sake of simplicity, the discussion of the critical choices in

multilevel modelling is exemplified with reference to the linear case. However,

the main issues are conceptually similar in non-linear multilevel models.

The rest of the paper is organized as follows. Sections 2-5 discuss choices

which are peculiar to the multilevel setting: specifying the multilevel structure

of the model, cluster-mean centering of the covariates, fixed versus random

effects, and specification of the distribution of the random effects. Sections 6-8
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consider choices which are more complicated in the multilevel setting: sample

size requirements, accounting for the survey design, and handling missing values.

2. Specification of the multilevel structure of the model

There is a wide range of possible multilevel structures. The simplest

structure is nested, also known as hierarchical. In a two-level structure level,

1 units are nested into level 2 units (clusters). A key remark is that in a

multilevel structure the concept of unit is wide: a unit can be a physical

entity (an individual, a mice, a product), an organization (a firm, a school),

a social institution (a family, a cattle), a geographic area. In addition, a

unit can be a measurement, thus panel data models and multivariate models

can be interpreted as instances of multilevel models. For example, panel or

longitudinal data can be seen as two-level nested data with occasions at level

1 and individuals at level 2; a similar idea applies to multivariate data such as

questionnaire surveys, where items are level 1 units and individuals are level 2

units. Panel and multivariate data are peculiar instances of multilevel models

since level 1 units are not exchangeable: for example, questionnaire items i and

i′ are not exchangeable, contrary to students i and i′. In addition, in panel data

occasions are ordered in time, a feature that motivates peculiar modelling choices

such as autocorrelated residuals (e.g. Skrondal and Rabe-Hesketh, 2008).

Multilevel models can be extended to accommodate nested structures with

3 or more levels by adding random effects at each level. Sometimes the

phenomenon under study has a hierarchical structure with many levels, for

example, in education it is common to encounter five-level structures (student,

class, school, district, geographic area). In principle, one could account for

all levels by adding corresponding random effects to the model. However,

the inclusion of all the possible levels is not always advisable: indeed, more

complex structures give a finer representation of the phenomenon, but they

entail problems in estimation, especially for levels with few units (see Section

6). In general, to reduce the number of levels it is preferable to discard higher

levels than omit intermediate levels. For example, in a study on peer-effects

the class level must be considered, while the school level could be omitted. In

general, ignoring top hierarchical levels inflates the variance component at the

highest level of the specified model; indeed, this variance component collects all

the sources of variance at higher levels (Tranmer and Steel, 2001). To adjust

for the correlation between classes of the same school it is possible to use robust

standard errors for clustered observations (Rabe-Hesketh and Skrondal, 2006),

with the caveat that this correction has a poor performance when the number

of schools is small (Cameron and Miller, 2015). When the number of top level

units is small, an alternative approach is to use fixed effects at that level, even if

this approach precludes the introduction of covariates at top level (see Section
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4).

Multilevel models can also deal with non-hierarchical structures. Two

important cases are cross-classified and multiple-membership structures.

Cross-classified multilevel models are useful when level 1 units are classified

by two non-nested factors (Browne et al., 2001), for example students classified

by school and neighbourhood (Leckie, 2009). A simple linear additive

cross-classified model is

yijk = α+ βxijk + uj + uk + eijk (2.1)

where yijk is the response of student i, belonging to school j and neighbourhood

k. In model (2.1) it is assumed that the random effects uj and uk are

independent with zero means and distinct variances. Cross-classified models

are useful also in longitudinal studies where units can change their group

membership over time, e.g. repeated measures of student achievement classified

by student and school. In such a case, the level 1 unit is the occasion (wave),

while the classification factors are the student and the school (Luo and Kwok,

2012).

In multiple membership models each level 1 unit may belong to more than

one cluster (e.g. because it moved across the clusters), consequently the random

effects enter the model through weights reflecting the hypothesized contribution

of each cluster to the outcome of the level 1 unit (Browne et al., 2001). For

example, suppose that in a school cycle of 5 years a student spent 4 years in

school A and then moved to school B, where she took a final examination for

assessing the progress during the whole cycle. It is clearly unfair to ascribe the

progress of such a student only to school B, as in a standard multilevel model

(Goldstein et al., 2007). Instead, it is reasonable to assume that the progress

of such a student is due to school A for 4/5 and to school B for 1/5, though

the values of those weights are questionable (Wolff Smith and Beretvas, 2014).

Recently, multiple membership models are used to analyse social network data,

where individuals may belong to several subgroups (e.g. Tranmer et al., 2014,

2016).

Special considerations are needed in repeated cross-sectional surveys, such

as repeated surveys on countries, where a country appears at all surveys, while

sampled individuals within the country are different. The model can be specified

in many ways, for example: (i) a three-level model with individuals nested

within survey, and surveys nested within country, or (ii) a cross-classified model

with individuals cross-classified by country and survey. The implications of

different specifications are discussed in Schmidt-Catran and Fairbrother (2016).

To summarize, the structure to be used in the analysis mainly depends on

the aim of the research and on the sampling design. For most purposes a simple

structure with 2 or 3 levels is appropriate. As usual in statistical modelling, it
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is advisable to keep the model as simple as possible: as remarked by DiPrete

and Forristal (1994), the imagination of the researchers “can easily outrun the

capacity of the data, the computer, and current optimization techniques to

provide robust estimates”.

3. Cluster mean centering of the covariates

When data have a hierarchical structure, a level 1 covariate can vary both

within and between clusters. In general, a covariate xij can be written as:

xij = (xij − xj) + xj

where xj = (1/nj)
∑nj

i=1 xij is the cluster mean. The deviation from the cluster

mean (xij − xj) varies only within clusters, whereas the cluster mean xj varies

only between clusters. Consequently, the variance of xij is decomposed into the

sum of level 1 and at level 2 variances.

The two components (xij − xj) and xj may have a different effect on the

response yij . In order to disentangle such effects, these two components must

be inserted as distinct covariates into the model. Since the within component is

the raw covariate centered with respect to the cluster mean, this kind of model

specification is known as cluster mean centering.

To sketch the issue, let us consider a two-level linear model with a single

continuous covariate xij ,

yij = α+ βwithin(xij − xj) + βbetweenxj + uj + eij (3.1)

The within and between effects are conceptually different. The within effect

βwithin is the slope in the regression of (yij − yj) on (xij − xj), i.e. the effect at

the individual level. On the other hand, the between effect βbetween is the slope

in the regression of yj on xj , i.e. the effect at the cluster level. The difference

δ = βbetween − βwithin is the so called contextual effect, which can be directly

estimated if model (3.1) is reparametrized as follows:

yij = α+ βwithinxij + δxj + uj + eij (3.2)

The contextual effect δ summarizes the effect of the context on the individual,

which is of central interest in fields such as epidemiology and education.

If the contextual effect δ is not null, but the cluster mean xj is omitted from

model (3.2), the model is wrongly specified and the regression coefficient of xij is

not interpretable. This can be seen as a problem of level 2 endogeneity: indeed,

in such a case the covariate xij is correlated with the random effect uj (Ebbes

et al., 2004; Kim and Frees, 2007; Grilli and Rampichini, 2011).

In model (3.2) the estimator of the within-effect βwithin is unbiased, while
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the estimator of the contextual effect δ could still be biased if the cluster mean

xj is correlated with the random effect uj . If the researcher is interested in the

estimation of the contextual effect δ, a possible solution is the use of instrumental

variables (Castellano et al., 2014). Otherwise, the researcher interested solely

in the estimation of the within effect βwithin can fit model (3.1) or model (3.2),

interpreting only βwithin and ignoring the other regression coefficients. The same

estimate of βwithin can be obtained by fitting a model with only the centered

covariate (e.g. Raudenbush and Bryk, 2002):

yij = α+ βwithin(xij − xj) + uj + eij (3.3)

Note that models (3.1) and (3.2) give the same estimate of the cluster variance

σ2
u, while model (3.3) yields a higher estimate, since the between-component of

the covariate is absorbed by the random effect uj .

Cluster mean centering is discussed in many textbooks and papers (e.g.

Paccagnella, 2006; Enders and Tofighi, 2007). This issue is still source of

misunderstandings, e.g. Kelley et al. (2017) and the related comment by Bell

et al. (2017).

4. Fixed versus random effects

The random effect uj in model (1.1) is a random variable representing

unobserved factors acting at level 2 (similarly, eij represents unobserved factors

acting at level 1). Alternatively, unobserved factors acting at level 2 can be

treated as unknown fixed quantities, i.e. fixed effects: in such a case the random

variable uj is replaced by a set of parameters, say α1, . . . , αJ , where J is the

number of clusters.

The main problem with the random effect approach is the risk of

misspecification: indeed, a wrong specification of the conditional distribution

of the random effect given the covariates may yield biased inferences. It is

therefore crucial to check the assumptions on the random effect and possibly

adopt alternative specifications (Snijders and Berkhof, 2008; Drikvandi et al.,

2017). For example, the correlation of the random effect with a level 1 covariate

can be solved by introducing the corresponding cluster mean (see Section 3).

Nonetheless, the analyst can never be sure that the adopted specification is

correct.

The fixed effects approach eliminates the mentioned risk of misspecification

because there is no need to specify a probability distribution, nor to assume

that the effects are uncorrelated with the covariates (exogeneity). A noteworthy

feature is that the fixed effects αj absorb all the between variation: consequently,

the covariates can only explain the within variation, thus the regression

coefficients are the within effects, regardless of cluster mean centering.
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However, the fixed effects approach has several drawbacks. First, it

does not allow to include cluster-level covariates: the technical reason is

perfect collinearity, while an intuitive explanation is that the fixed effects fully

account for the between-cluster variability, so there is no scope for cluster-level

explanatory variables. In many fields, the main research question is to find

out factors explaining the role of the context on the individual outcome, e.g.

how teaching style affects pupil achievement. In this case, the impossibility to

include cluster-level covariates is a serious limitation, precluding to answer the

research question.

Another drawback of the fixed effects approach is the incidental parameter

problem arising in non-linear models, yielding inconsistent estimators of all the

parameters (e.g. Wooldridge, 2010). A possible solution is given by conditional

maximum likelihood, which is used for example in the conditional logit model.

Skrondal and Rabe-Hesketh (2014) discuss the conditional logit model in the

framework of panel data, showing that it gives consistent estimators even for

some non-ignorable missing data mechanisms.

In some applications, the researcher is interested in predicting cluster-specific

effects, e.g. effectiveness of schools or hospitals. In those situations, the random

effects model is preferable since it allows to rely on empirical Bayes (shrunken)

residuals to make efficient predictions of cluster-specific effects, especially for

small clusters (Snijders and Bosker, 2012).

Another point in favour of random effects is that they allow many extensions

that are impossible or tricky with the fixed effects approach, such as spatially

correlated effects or slopes varying across clusters (Bell and Jones, 2015).

A final consideration in the choice between fixed and random effects pertains

to the kind of desired inference. In fact, fixed effects are used for inference on the

clusters in the data. On the other hand, random effects allow to make inference

on a population of clusters, assuming that the clusters in the data are a random

sample from such a population (Snijders and Bosker, 2012). Nonetheless, it may

be reasonable to use random effects even if the data include all the clusters of

the population (e.g. all the European countries) since random effects yield a

more parsimonious description of the observed variability among clusters.

5. Specification of the distribution of the random effects

In a two-level setting, the standard assumptions for the distribution of the

random effects are: (i) independence across clusters; (ii) identical distribution

across clusters; (iii) normal distribution. If those assumptions are tenable,

model estimation and interpretation are straightforward. However, there are

situations where one or more of these assumptions are not reasonable, so they

should be relaxed.

In some settings, the assumption that the random effects are independent
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across clusters is questionable, for example when the clusters are adjacent

geographic areas. Indeed, in fields such as disease mapping (Besag et al., 1991)

and small area estimation (Rao, 2003) the models have spatially correlated

random effects. In the literature on multilevel models, correlated random effects

are uncommon. Nonetheless, Browne and Goldstein (2010) considered multilevel

models where the higher-level random effects are linked by a suitable correlation

structure to be estimated. This is relevant in educational effectiveness, where

the performances of nearby schools may be correlated.

The assumption that the random effects have identical distribution across

clusters implies constant cluster variance (homoscedasticity), which is too

restrictive in some settings. Heteroscedasticity across strata of clusters (e.g.

private vs public schools) is handled by stratum-specific random effects (Sani

and Grilli, 2011). Heteroscedasticity depending on continuous covariates can

be specified by adding random coefficients to level 2 covariates (Snijders and

Bosker 2012, Sect. 8.2), or by specifying a linear model for the logarithm of the

cluster variance, as in the mixed location scale model of Hedeker et al. (2012).

The assumption of normal distribution for the random effects can be

overcome in several ways ranging from two extremes: (i) a continuous

parametric non-normal distribution, and (ii) an arbitrary discrete distribution

with locations and masses to be estimated. For a review see Grilli and

Rampichini (2015).

Random effects with a discrete distribution are useful especially for three

purposes: (i) checking the shape of the distribution of the random effects

and identifying level 2 outliers (i.e. clusters with an extreme value of the

random effect); (ii) relaxing the parametric assumption on the distribution

of the random effects; and (iii) classifying the clusters, e.g. classifying the

schools according to their effectiveness, or the individuals according to their

time patterns.

From a different perspective, a model with random effects having a discrete

distribution can be interpreted as a latent class multilevel model (Vermunt,

2003), where the clusters are assumed to belong to latent classes with common

unobserved components. In this framework, the choice of the number of latent

classes is a difficult task (Lukociene et al., 2010). A promising procedure to

classify clusters with data-driven selection of the number of classes is represented

by Dirichlet process mixtures (Heinzl and Tutz, 2013). An alternative approach

to select the number of classes is based on regularization techniques (Tutz and

Oelker, 2016).

In the context of repeated measures, discrete random effects or latent classes

are the core of Growth Mixture Models (Muthén, 2004; Palardy and Vermunt,

2010) and Latent Markov Models (Bartolucci et al., 2011).
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6. Sample size requirements

A multilevel model requires enough level 2 units (clusters) in order to obtain

accurate estimates. The minimum depends on the type of model (linear vs

non-linear, random intercept vs random slope), on the average size of the clusters

and on the true parameter values. Ten clusters may be enough in a favourable

situation, like a linear random intercept model with only level 1 covariates

estimated on a data set with large clusters. However, the case study at hand is

often far from this favourable situation. Note that the number of clusters poses

a limitation on the number of cluster-level covariates: for example, a model

with 8 cluster-level covariates fitted on a sample with 10 clusters has 2 degrees

of freedom at the cluster level, yielding inaccurate estimates of cluster-level

parameters.

The sample size requirements are different depending on the target of

inference. The less demanding target is to get accurate point estimates of level

1 regression coefficients: in favourable situations 10 clusters of size 2 may be

enough. More clusters (say 30 or 50) are needed for accurate estimation of

variance components and standard errors. The requirement is higher for models

with random slopes. These results are showed e.g. in Bell et al. (2012) and the

references therein. For non-linear models (e.g. binary responses) more clusters

are needed for accurate inference (e.g. Schoeneberger, 2016).

In cross-country surveys the sample size (citizens) is large, but the number

of clusters (countries) is small. This case has received attention in the recent

literature (Stegmueller, 2013; Bryan and Jenkins, 2015).

To deal with few clusters in the frequentist context, inference for the

linear model can be adjusted using restricted maximum likelihood estimation

(REML) with a Kenward-Roger correction (McNeish, 2017). Otherwise, a

straightforward solution is to specify a fixed effects model, with the limitations

highlighted in Section 4.

An alternative approach to handle few clusters is to fit a random effects

model with Bayesian methods, which do not rely on asymptotics (Browne and

Draper, 2006). The Bayesian approach is powerful, yielding accurate estimates

even for a small number of clusters and properly accounting for all the sources

of uncertainty. However, it entails computational difficulties and it requires a

difficult choice of the priors of the parameters describing the distribution of

the random effects (Gelman, 2006; Grilli et al. 2015). The comparison of

the performance of different approaches dealing with few clusters is the issue of

several studies (e.g. Stegmueller, 2013; Elff et al., 2016; McNeish and Stapleton,

2016).

The cluster size is less relevant than the number of clusters (McNeish, 2014).

Clusters of size 2 are usually enough for a linear random intercept model;

even clusters with a single unit are not an issue, as long as they are not too
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many (say more than a half). However, small clusters worsen cluster-specific

inferences, for example, the precision of Empirical Bayes predictions of random

effects. Moreover, data with small clusters carry limited information on the

variance-covariance structure at level 2, so random slopes are likely to be not

significant.

The design of multilevel studies requires several choices, depending on the

inferential target and the available budget (Snijders and Bosker, 2012, ch. 11).

The main objective is to determine the sample size needed at each hierarchical

level to have sufficient power and precision for the effects of interest. The optimal

allocation of sample units is complicated by the fact that sampling level 1 units

within an already selected cluster is usually less expensive than sampling in

a new cluster. Special considerations arise in case of multilevel randomized

studies, where randomization can be applied at the individual level or at the

cluster level (Moerbeek and Teerenstra, 2016).

7. Accounting for the survey design

Multilevel data are often collected through complex survey designs with

stratification and multi-stage sampling. The question is whether the model

specification or the estimation procedure should explicitly account for the

survey design. A first consideration pertains the type of desired inference:

descriptive inference deals with estimation and testing of descriptive parameters

of the surveyed population (e.g. the proportion of pupils who fail a specific

test in math), whereas analytic inference deals with estimation and testing

relationships among variables without reference to the surveyed population –

the aim is to generalize to a larger population, which may be hypothetical and

is usually rather vaguely defined (e.g. a study on peer effects does not refer

to a precisely defined population). Statistical modelling, including multilevel

modelling, aims at analytic inference, which requires a model-based approach

rather than a design-based approach: therefore, the sampling design needs to

be taken into account only to the extent it affects model fitting (mainly, point

estimates and standard errors).

In a model-based approach the sampling design is a nuisance that can be

accommodated in several ways: (i) by the model, i.e. the stages of sampling

define the hierarchical levels having random effects, and the design variables

enter as covariates; (ii) by the estimation algorithm, i.e. any unit is weighted

by the inverse of the inclusion probability, separately for each hierarchical level;

(iii) by the standard errors, i.e. robust (sandwich) estimators of the standard

errors are exploited to account for clustering and stratification.

Approach (i) is in principle straightforward, but a model fully accounting

for the sampling design may become unduly complicated. Therefore, it can

be convenient to account for the sampling design by the estimation algorithm
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(weighting) and/or by robust standard errors. In practice, hybrid approaches

are feasible: for example, a stratified three-stage design can be accommodated

by a two-level random intercept model fitted by weighted estimation, with

robust standard errors accounting for stratification and top-level clustering

(Rabe-Hesketh and Skrondal, 2006). The consequences of ignoring stratification

and clustering are investigated by Stapleton and Kang (2016).

It is worth to note that weighted estimation in multilevel modelling requires

knowledge of the inclusion probabilities at each hierarchical level, e.g. for a

two-level model of pupils within schools it is necessary to know the inclusion

probability of each school and the inclusion probability of each pupil conditional

on the school being sampled.

The use of sampling weights affects the properties of the estimators in two

conflicting ways: reduction of the bias and inflation of the variance. Ignoring the

sampling weights yield biased estimates only if the survey design is informative,

namely the inclusion probabilities are related to the model errors. On the other

hand, the variance usually increases for most parameters (the increase tends to

be large if the weights are highly variable). In practice, it is difficult to decide

if weighting is convenient. A preliminary step is the analysis of the sampling

design and the data to find clues of possible biases. Then it is recommended to

compare weighted and unweighted estimates: a formal test (global or separately

for each parameter) can be derived following the principle of the Hausman

test, though the test may be unreliable due to the difficulty in the estimation

of the covariance matrix of the weighted estimator. Alternatively, weighted

and unweighted estimates can be compared with indexes of informativeness

(Asparouhov, 2006; Grilli et al., 2016).

A final warning is that weighted estimators work poorly with a low number

of clusters at the top level (Primary Sampling Units), say less than 30. In

those situations also cluster-robust standard errors are likely to be unsatisfactory

(Cameron and Miller, 2015). When clusters have large sizes, like in cross-country

research, a solution could be a two-step approach (Achen, 2005) where weighted

estimation is performed separately for each cluster.

A thorough treatment of weighting in multilevel modelling, covering both

theoretical and technical issues, is in Chapter 14 of Snijders and Bosker (2012).

8. Handling missing values

In applied research missing values are a common issue. The naif approach

of using only the observed data (listwise deletion) is not advisable for two main

reasons: (i) listwise deletion reduces the sample size, and thus the statistical

power, and (ii) listwise deletion yields biased estimates unless the missing

mechanism is MCAR (Missing Completely At Random), namely the probability

of a missing value does not depend on the complete data (Seaman et al., 2013).
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In most applications it is reasonable to assume that the missing mechanism

is MAR (Missing At Random), i.e. conditionally on the observed data the

probability of a missing value does not depend on the unobserved data (Seaman

et al., 2013). In such a case, the main approaches to deal with missing values

are full information maximum likelihood (FIML) and multiple imputation (MI).

The FIML approach is theoretically appealing, but it is feasible only in special

situations. On the other hand, the MI approach is very flexible and it can be

effectively generalized to a wide range of situations.

Multilevel analysis raises special issues. In particular, missing values on the

covariates can be both at level 1 and at level 2, and missing values can alter

the variance components and the correlations. Multiple imputation has been

extended to the multilevel setting to deal with these special issues, following

two main approaches: joint modelling and fully conditional specification (FCS),

also known as multivariate imputation by chained equations (MICE). See

Snijders and Bosker (2012), van Buuren (2012), Carpenter and Kenward (2013),

Goldstein et al. (2014), Mistler and Enders (2017), Enders et al. (2017). The

performances of several approaches are compared by Grund et al. (2018).

Other methods to deal with missing values in the multilevel framework

include MI through latent class models (Vidotto et al., 2015) and the full

Bayesian approach (Erler et al., 2016).
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Abstract

In this paper we describe a Shiny interactive Web application (Chang

et al., 2017) by RStudio (RStudio Team, 2015) which is used to

estimate technical efficiency through Data Envelopment Analysis (DEA),

a technique widely used by engineers and operation research practitioners.

The Shiny interactive Web application is based on a unified method for

computing the scores of a wide family of efficiency measures (Pastor et

al., 2012), which greatly reduces the number of lines of the program code.

Additionally, and in contrast to conventional software, the application

allows easily implement new efficiency measures through a module that

could be of interest for theoretical researchers.

Keywords: Data Envelopment Analysis, software, efficiency measures,

Shiny, RStudio.

AMS Subject classifications: 90B30.

1. Introduction

Data Envelopment Analysis (DEA) is a non-parametric methodology based

on Mathematical Programming for the assessment of relative efficiency of a set

of decision making units (DMUs) that use several inputs to produce several

outputs. DEA models generally provide both efficiency measures for each of

the assessed DMUs and information on the targets that have been used in

the efficiency assessment in the case of inefficient DMUs. In recent times,

DEA has grown into a powerful quantitative tool for measuring and evaluating

performance. In fact, this technique has been successfully applied to a multitude

of different entities engaged in a wide variety of activities: banking, health care,

education, sports, etc [see 13].
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As expected, a broad range of commercial and non-commercial software

packages devoted to DEA have been released for researchers and practitioners at

the same time as the interest in this technique has been growing [see 5, 40, 19, 1].

Indeed, there are many alternatives to be used: Banxia [4], DEA Solver Pro [16],

OnFront [18], DEAP [12], EMS [33] and PIM-DEA [34] to name but a few. At

R [30] and RStudio [32] there are a number of specific packages developed for

the resolution of efficiency measures: Benchmarking Package [7], FEAR Package

[40], nonparaeff Package [25], etc. There is even free software available online,

such as Data Envelopment Analysis Online Software (DEAOS) [6] that can

be used for the resolution of some basic models such as the radial measures

(CCR and BCC) and some additive models, or such as DEA Solver online

[21]. Nowadays, software is no longer an impediment to the use of DEA into

the decision support system and benchmarking process of firms. Nevertheless,

although most of the existing DEA software provide an enormous compendium

of models and have interesting features, they do not permit new DEA models

and measures to be explored in an easy way.

In this paper we describe the design and implementation of an application

devoted to estimate technical efficiency from a dataset by means of DEA

measures, so that it allows the users to check new (previously non-defined) DEA

efficiency measures. This application, called DEAShiny, is based on a method

that calculates technical inefficiency scores through the resolution of a common

structure shared by a more widespread family of DEA efficiency measures [see

26], unlike current packages that may be implemented by each model through a

specific code. This method allows basic efficiency models and certain additional

methods to be solved that cannot be calculated by existing software at the

present time.

In order to develop the new application, and particularly for the calculation

of all efficiency measures, we have programmed a single function in R code,

thereby reducing considerably the lines of code of any necessary programming,

and, furthermore, we have made use of the Shiny package, created by

RStudio, allowing us to convert the programmed function into an interactive

web application. On the other hand, for the creation of the application,

only knowledge of programming in code R is needed, knowledge of the web

development itself not being necessary, in other words, no knowledge of HTML

or JavaScript is required. The application can therefore be used on common

browsers without having to install other software on the user’s computer.

Regarding the originality of our work, we emphasize three points. First, as

far as we are aware, there is no DEA application or package developed through

Shiny. Second, the application that will be shown later in the text is based on the

implementation of a general and common structure that encompasses most of

the traditional DEA measures. Third, through the new application, it is possible
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to check novel DEA measures through a specific module for researchers.

The remainder of the paper is organized as follows: In Section 2, the method

proposed by [26] is briefly described and existing approaches for defining a

unified framework for DEA measures are outlined. Section 3 deals with the

fundamentals and development of DEAShiny. In Section 4 and 5, we provide

both a description and examples of the use of the module defined for research

proposes. Finally, in Section 6 we provide some conclusions.

2. A unified method to compute the efficiency scores in

DEA

In this section we present a recently appeared common scheme to model

most of DEA measures [see 26], called the loss distance function. This general

framework will be used as a base for implementing the corresponding measures in

the application software. In this section, we also outline the existing approaches

that have defined a unified structure for DEA and compare them with respect

to the approach by [26].

The main characteristics of the loss distance function proposed by [26] may

be summarized as follows. First, it is flexible enough to encompass the most

usual efficiency measures in DEA: the radial DEA models (CCR and BCC, input

and output oriented), the directional distance function, the weighted additive

model, the input and output Russell measures, the Enhanced Russell Graph

measure and, even, other more recent approaches such as the shadow profit

maximization model by [31]. Second, it is not difficult to derive new DEA

efficiency measures from the loss distance function simply by changing a set

of normalization constraints defined on the shadow prices. And, finally, the

loss distance function has a simple dual relationship with respect to the profit

function [see 27] and also may be related to the cost function and the revenue

function depending on the selected orientation of the model [see 2].

Regarding the rationale of the approach by [26], the loss distance function

is inspired in the Debreu’s famous coefficient of resource utilization [17]. In

particular, the Debreu notion that has most influenced this approach is the

”loss function”, a precursor of the well-known coefficient of resource utilization.

This concept is a shadow money metric measure of the distance from an actual

allocation to a set of optimal allocations.

To measure this loss, [17] suggested using the shadow prices related to the

(convex) reference technology. Accordingly, the corresponding minimization

problem is Minzpz(z0 − z), with z0 a vector representing the actual allocation

of resources, z a vector belonging to the set of optimal allocations and pz one

of the shadow price vectors of z. It is well known that shadow price vector

pz is not unique, being affected by an arbitrary positive scalar. The influence

of this scalar means that the objective function may be driven to zero by an
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appropriate scaling of all elements of pz. In order to bypass this weakness, one

possibility consists in dividing the objective function by a price index as pzz0
or, equivalently, solving Minz{pz(z0 − z) : pzz0 = 1}. Debreu proved that an

optimal solution to the last minimization problem is z∗ = ρz0, where the scalar

ρ ≤ 1 is the Debreu coefficient of resource utilization.

Before briefly reviewing the definition and main characteristics of the loss

distance function, let us introduce some notation of interest. On the one

hand, a vector of m inputs is denoted by X = (x1, ..., xm) and a vector of

s outputs is denoted by Y = (y1, ..., ys). On the other hand, a vector of m

input prices is denoted by c = (c1, ..., cm) and a vector of s output prices is

denoted by p = (p1, ..., ps). Let Rh
+ be the non-negative Euclidean h-orthant.

For x, u ∈ Rh
+ with h > 1 we denote x ≤ u ⇔ xk≤ uk, k ∈ {1, ..., h}, x <

u ⇔ xk < uk, k ∈ {1, ..., h}. In general, the production technology is defined

as the set T = {(x, y) : x ∈ Rm
+ \ {0m}, y ∈ Rs

+\ {0s}, x can produce y}.

Additionally, in a DEA framework we usually assume that the data, inputs

and outputs, corresponding to n Decision Making Units (DMUs) have been

observed. So, we suppose that DMUj consumes xj = (x1j , ..., xmj) ǫR
m
+

amounts of inputs for the production of yj = (y1j , ..., ysj) ∈ Rs
+ amounts of

outputs. The relative efficiency of each DMU is assessed with reference to T,

which is empirically constructed in DEA from the observations by assuming

several postulates [see 3]. Nevertheless, not all input-output vectors belonging

to T are technically efficient. In order to measure efficiency it is necessary to

compare actual performance with a subset of the boundary of T defined as

∂(T ) = {(x, y) ∈ T : (−u, v) > (−x, y) ⇒ (u, v) /∈ T}. The set ∂(T ) is known

in the literature as the weakly efficient frontier of the reference technology.

Now we are ready to show the formal definition of the loss distance function

inspired by the Debreu loss minimization problem.

Definition 1 [26]. Given (x0, y0) ∈ Rm+s
+ and LNC, a set of linear constraints

on the shadow prices, the loss distance function L(x0, y0;LNC) is defined as

the optimal value of the following minimization model.

L(x0, y0;LNC) := Min
∑m

i=1 ci(x, y)(xi0 − xi) +
∑s

r=1 pr(x, y)(yr − yr0)

s.t.(x, y) ∈ ∂(T ), (c(x, y), p(x, y)) ∈ Q(x, y)

LNC(c(x, y), p(x, y))
(2.1)

where Q(x, y) is the set of all shadow prices of (x, y) ∈ ∂(T )1.

1A particular element of the set Q(x, y) is denoted as
(c1(x, y), . . . , cm(x, y), p1(x, y), . . . , ps(x, y)).
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In a DEA context, [26] have proved that (2.1) can be reformulated as the

following standard Linear Program.

L(x0, y0;LNC) = Min α− (
∑s

r=1 pryr0 −
∑m

i=1 cixi0)

s.t.
∑s

r=1 pryrj −
∑m

i=1 cixij − α ≤ 0, ∀j

LNC(c, p, α)

c ≥ 0m, p ≥ 0s

(2.2)

In (2.2), LNC(c, p, α) denotes a set of linear normalization constraints defined

on the shadow prices of the problem and α. The value of α at optimum, denoted

as α∗, may be interpreted as (shadow) profit since α∗ corresponds to the profit

function at the optimal shadow prices c∗ and p∗ [27]. In this way, the goal

of (2.2) is minimizing the difference between the profit function and the profit

at the assessed point (x0, y0), evaluated through shadow prices that satisfy the

corresponding linear normalization constraints LNC(p, c, α). In other words,

the optimal value of (2.2) measures a loss that can be understood as technical

inefficiency in Production Theory.

Regarding the linear normalization constraints, they play a key role in this

approach and may be defined explicitly as:

LNC(c, p, α) = {(c, p, α) ∈ Rm×Rs×R : (Mc | Mp | Mα)(c, p, α) ≥ b}, (2.3)

where Mc is a matrix with size l ×m, Mp is a matrix with size l × s, Mα is a

matrix with size l× 1, b is a matrix with size l× 1 and l denotes the number of

normalization constraints.

[26] specifically proved that the flexibility of the loss distance function allows

encompassing the most usual efficiency measures in DEA. Indeed, it is possible to

generate each measure by simply changing the linear normalization constraints.

In order to show this, it first must be noted that most of the existing DEA

efficiency or inefficiency measures were originally defined through optimization

programs in the quantity space. However, by duality, all of them either have

a common structure in the (shadow) price space as given by (2.2) or can be

equivalently computed through the loss distance function. In both cases, the

only difference among the measures is the set of normalization constraints. For

example, Mc =

(

x10 ... xm0

−x10 ... −xm0

)

, Mp = 02×s, Mα = 02×1 and b =

(

1

−1

)

corresponds to the input-oriented BCC model since, in this case, (2.2) would be

equivalent to:
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L(x0, y0; cx0 = 1) = Min α− (
∑s

r=1 pryr0 −
∑m

i=1 cixi0)

s.t.
∑s

r=1 pryrj −
∑m

i=1 cixij − α ≤ 0, ∀j

cx0 = 1

c ≥ 0m, p ≥ 0s

(2.4)

It is therefore not hard to prove that the loss distance function in (2.4)

measures the technical inefficiency associated with the input-oriented BCC

model: L(x0, y0; cx0 = 1) = 1 − θ∗, where θ∗is the score associated to the

BCC.

In the same way, the matrices Mc = 02×m, Mp =

(

y10 ... ys0
−y10 ... −ys0

)

,

Mα = 02×1 and b =

(

1

−1

)

generate the output-oriented BCC model since

they are related to the normalization constraint py0 = 1. On the other hand,

the directional distance function under Variable Returns to Scale (VRS) using

as a reference vector (g−, g+) can be rewritten through (2.4) resorting to the

matrices Mc =

(

g−1 ... g−m
−g−1 ... −g−m

)

, Mp =

(

g+1 ... g+s
−g+1 ... −g+s

)

, Mα = 02×1 and

b =

(

1

−1

)

.

Regarding the weighted additive model under VRS with a vector of weights

(w−, w+), it can be generated from Mc =



























1 0 · · · 0

0 1 · · · 0
...

...
. . .

...

0 0 · · · 1

0 0 · · · 0
...

...
. . .

...

0 0 · · · 0



























(m+s)×m

,

Mp =



























0 0 · · · 0
...

...
. . .

...

0 0 · · · 0

1 0 · · · 0

0 1 · · · 0
...

...
. . .

...

0 0 · · · 1



























(m×s)×s

, Mα = 0(m×s)×1 and b =























w−

1
...

w−
s

w+
1
...

w+
m























(m+s)×1

.

Under VRS, the input-oriented Russell measure is linked to Mc = Im×m,
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Mp = 0m×s, Mα = 0m×1 and b =







1/(mx10)
...

1/(mxm0)







m×1

, where Im×m

denotes the identity matrix of order m, and the output-oriented Russell

measure is associated to Mc = 0s×m, Mp = Is×s, Mα = 0s×1

and b =







1/(sy10)
...

1/(sys0)







s×1

. Again, assuming VRS, the Enhanced

Russell Graph is generated from a more complex set of matrices:

Mc =



























1 0 · · · 0

0 1 · · · 0
...

...
. . .

...

0 0 · · · 1

x10/(sy10) x20/(sy10) · · · xm0/(sy10)
...

...
. . .

...

x10/(sys0) x20/(sys0) · · · xm0/(sys0)



























(m+s)×m

,

Mp =



























0 0 · · · 0
...

...
. . .

...

0 0 · · · 0

(1− 1
s
) −y20/(sy10) · · · −ys0/(sy10)

−y10/(sy20) (1− 1
s
) · · · −ys0/(sy20)

...
...

. . .
...

−y10/(sys0) −y20/(sys0) · · · (1− 1
s
)



























(m+s)×s

Mα =























0
...

0

1/(sy10)
...

1/(sys0)























(m+s)×1

and b =























1/(mx10)
...

1/(mxm0)

1/(sy10)
...

1/(sys0)























(m+s)×1

.

[31] recently introduced the shadow profit maximization measure, which can

be characterized by means of

Mc =









x10 · · · xm0

−x10 · · · −xm0

0 · · · 0

0 · · · 0









, Mp =









0 · · · 0

0 · · · 0

y10 · · · ys0
−y10 · · · −ys0









,
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Mα = 04×1 and b =









1

−1

1

−1









.

Finally, so far, all the aforementioned measures have been modelled assuming

VRS. In this respect, it is worth mentioning that the loss distance function

may easily incorporate alternative returns to scale to the approach. To do so,

specifically for Non-increasing Returns to Scale (NIRS) we have to add to the

normalization constraints the restriction α ≥ 0, for Non-decreasing Returns to

Scale (NDRS) the restriction α ≤ 0 and, finally, for Constant Returns to Scale

(CRS) α = 0 [see 15]. Let us now show a well-known example: the modeling

of the input-oriented CCR model [11]. In this particular case, the matrices to

be used would be Mc =









x10 · · · xm0

−x10 · · · −xm0

0 · · · 0

0 · · · 0









, Mp = 04×s, Mα =









0

0

1

−1









and

b =









1

−1

0

0









, which implies the couple of constraints cx0 = 1 and α = 0.

In addition, and as a plus of the flexibility of the approach, it is not hard

to derive new DEA efficiency measures from the loss distance function through

new normalization constraints. In other words, it is possible to define novel

DEA measures playing with the dimensions and the elements of the matrices

Mc, Mp, Mα and b. We will further examine this point and show an example

in Section 4.

We now turn to describing alternative approaches that have tried to

encompass most DEA efficiency measures through a general framework.

Chronologically, the first attempt to introduce a common structure for DEA

models was the paper by [41], which was subsequently utilized for obtaining

the efficient surfaces of the production possibility set in [42] and for analyzing

the properties of the K-cones in [39]. Particularly, [41] introduced a generalized

DEA model with three binary parameters to give a unification of different radial

measures. Following this same line of research, [38] extended the approach

by [41] resorting to bi-objective optimization and allowing equiproportionally

increasing outputs and equiproportionally decreasing inputs simultaneously.

On the other hand, [43] introduced an approach based on the augmented

Tchebyshev scalarizing function that includes the CCR model [11], the BCC

model [3] and the FDH model [37]. Finally, [20] formulated a general DEA

model employing scalarizing functions known from Multi-Criteria Decision

Making, which fundamentally aggregates input and output slacks. In particular,
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[20] suggested using three specific aggregation rules through the additive,

the maximin and ε-maximin functions. One advantage of Kleine’s approach

is that it encompasses a wide set of different DEA inefficiency measures.

However, in contrast to the Pastor et al.’s model, a common drawback of the

aforementioned approaches is that they do not include the Enhanced Russell

Graph measure [29], also known as Slacks-Based Measures [36], which has

attracted an increasing interest of DEA researchers in the last decade. Also,

unlike [26], the implementation of a method like that introduced by Kleine

would require programming not one but several models, one for each type of

aggregation rule. For these reasons, we resort to the approach by [26] in order

to develop the application.

3. The description of DEAShiny

In this section, we show the fundamentals of the developed software. The

application can be accessed through the URL: http://deashiny.umh.es. It is a

user-friendly application that allows evaluating data with DEA models without

a deep understanding of their mathematical details. The software has been

developed to be flexible enough for satisfying other different users’ needs, like

for example the possibility of trying new inefficiency models. Anyway, one of

the main goals of this project was to develop the first specific application for

DEA measures based on Shiny. DEAShiny covers the basic models of DEA and

extensions including CCR, BCC, Russell measures, Enhanced Russell Graph (or,

equivalently, Slacks-Based Measure), Directional Distance Functions, Weighted

Additive Models, and more, under Variable Returns to Scale (VRS), constant

(CRS), non-increasing returns to scale (NIRS) and non-decreasing returns to

scale (NDRS).

For the development of the application, we have programmed ”the loss

distance function” [26] in R code and we have used the Shiny software created by

RStudio, in order to convert the aforementioned function into a straightforward

user-friendly web application.

All Shiny applications have two components or basic scripts: a script whose

function is to generate the user interface, known as ui.R (see Figure 1), which

forms the aspect of the web application and a server script called server.R, that

contains all the instructions that we want the application to carry out (see Figure

2). Apart from these two basic scripts, the model (2.2) has been programmed in

a third script, which allows the application, internally, to calculate the different

inefficiency measures (see Figure 3). All linear programming models that we

have developed in R code have the structure shown in (2.2), that is, they have a

same objective function and a first set of constraints, adding in the programming

the matrices Mc, Mp and Mα, specific to each of the models.

http://deashiny.umh.es/
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Figure 1: Basic components of Shiny, ui.R file.

Figure 2: Basic components of Shiny, server.R file.
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Figure 3: Basic components of Shiny, file containing ”the loss distance
function”.

Figure 4: Data set file.

In this way, the normalization constraints LNC(c, p, α) can be implemented

to each DEA measure in a specific way. Once the models are programmed in R

code, we turned to the LpSolveAPI package [22] for solving them.

Regarding the interface description, DEAShiny is a straightforward

user-friendly application where the reading of the data set is carried out from

”.xls” or ”.xlsx” files, that can be generated automatically from, for example,

Microsoft Excel. As shown in Figure 4, in the first row of the data file, we

must enter the names of the inputs and outputs and in the first column we must

indicate the names of the DMUs.

We access the application interface through its URL (See Figure 5). On the

left of the interface, we enter the number of inputs and outputs of the data set,

as well as the number of DMUs. At the bottom, we select the DEA model with

which we want to obtain the inefficiency measure, as well as the orientation
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Figure 5: User interface.

(input, output, or non-oriented) and the indication of returns to scale (variable,

constant, non-increasing and non-decreasing).

The right hand side of the user interface contains different tabs that show

the results obtained on technical inefficiency according to the previously selected

model, as well as the results of the multipliers and the intensity variables

(lambdas). The results are shown through very flexible tables that allow

inefficiency scores to be sorted, and the results of either a few or all DMUs

to be shown as well as allowing the score of a specific DMU to be found.

In addition to the usual measures of DEA models, the DEAShiny application

has developed a module that enables new efficiency measures to be implemented

for researchers, a feature that we will describe in detail in Section 5.

4. Numerical example

In this section we show how the application works through implementing

a particular DEA model, the Bounded Adjusted Measure (BAM) [14, 28], as

an example. This model fits within the weighted additive models [23]. For

this purpose, we use a sample taken from the year 2005 of 22 hospitals in the

Valencian Community, an autonomous region located on the east coast of Spain

[24].

We take into account 2 inputs and 3 outputs. As inputs, we consider the

number of employees and the number of beds in each hospital and the outputs

will be the number of hospital admissions, the number of emergencies and the

number of outpatients. We analyze the data assuming variable returns to scale.

The data set is shown in Table 1.
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Figure 6: Building a ”.xls” or ”.xlsx” file for the numerical example.
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Hospital Employees Beds Admissions Emergencies Outpatients

1 1,282 297 14,189 65,579 28,135

2 2,442 564 23,923 162,310 59,819

3 952 237 12,584 67,959 65,906

4 1,518 457 21,927 114,289 55,152

5 709 140 9,021 43,450 27,200

6 994 266 13,414 65,072 24,498

7 842 191 10,633 56,507 39,123

8 1,353 282 20,195 101,821 121,539

9 1,103 360 17,618 83,613 32,021

10 422 98 4,708 24,789 27,502

11 1,008 202 10,930 51,612 31,836

12 507 143 7,105 32,348 36,154

13 2,114 519 24,876 133,381 50,275

14 3,240 812 33,058 148,291 73,983

15 1,981 570 20,515 85,917 47,648

16 1,162 352 17,120 78,402 44,289

17 2,375 571 25,245 144,774 62,356

18 6,763 1337 50,570 209,249 97,833

19 1,091 234 12,608 53,502 24,921

20 805 242 3,674 8,581 31,080

21 1,218 352 16,598 75,403 44,090

22 1,039 277 10,824 42,874 31,664
Table 1: Data set

The first step for calculating the inefficiency measure is building the ”.xls”

or ”.xlsx” file. We build the structure for the data set, in this case, through

Microsoft Excel. In the first column we enter the names of the 22 hospitals

and in the first row we enter the names of the inputs, followed by the names of

the outputs (without indicating whether the variables are inputs or outputs), as

shown in Figure 6. Once the file is designed, it is saved with the ”.xls” or ”.xlsx”

extension, and then the file is closed. Then, in the application, in the upper left

hand corner, we click on the button to select the corresponding data file. The

data read by the system, if the file has been set up correctly, will appear on the

right hand side of the interface in the ”Data” tab (see Figure 7).

Before calculating the inefficiency measure, we must let the application know

the number of inputs, outputs and DMUs that we have and the type of model

we wish to solve. In our case, on the left hand side, we will indicate that we

have 2 inputs, 3 outputs and 22 DMUs. From this moment on, we can now

solve the inefficiency measure that we want. In the lower left hand corner, we

will select, in this case the BAM model through a drop-down tab. We will then
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Figure 7: Viewing the data of the numerical example and indication of the
number of inputs, outputs and DMUs

indicate that we are going to work under a variable returns to scale and with

the last drop-down tab, we will indicate that it is a non-oriented model (see

Figure 8). On clicking ”Calculate” in the lower left hand corner, the inefficiency

for the 22 hospitals of the selected model will be automatically solved, and

the results will be shown in the tabs for ”Inefficiency results”, ”Multipliers” and

”Lambdas”on the right hand side of the interface. Figure 9 shows the inefficiency

results from our example. It can be observed, for example, that hospital 1 has

an inefficiency score of 0.285, hospital 2 has an inefficiency of 0, and so on. In

order to view the results more easily, we have sorted the hospitals by inefficiency

scores, from highest to lowest (see Figure 10), establishing that hospital 15 is

the DMU with the highest inefficiency score, followed by hospitals 20 and 22. In

Figure 11 the results of the multipliers are shown (shadow prices). The results

of the intensity variables are shown for all DMUs in the ”lambdas” tab on the

interface. If we were interested in the values of the intensity variables for a

particular DMU, the tables incorporated in the application allow the user to

carry out a specific search. For example, to ascertain the results corresponding

to hospital 21, we would search for the DMU using the ”Search” option and the

results for this DMU would appear individually (see Figure 12). According to

the results shown, this hospital should, in order to improve its inefficiency score,

compare itself to a combination of hospitals 8 (0.85) and 10 (0.15).
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Figure 8: Display from the model for the numerical example.

Figure 9: Inefficiency scores from the numerical example.
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Figure 10: Inefficiency scores from the example in order

Figure 11: Results of the multipliers in the numerical example.
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Figure 12: Results of the lambdas from the numerical example.

5. The research module

In this section, we describe the research module, a component of the

developed application for DEA. This part of the software may be seen as novel in

the sense that the existing DEA packages do not present a similar functionality.

In particular, this module allows checking the performance of new inefficiency

measures in DEA.

The notation for all relevant elements and parameters in the module is the

following:

l: Number of normalization constraints

k: Index of the normalization constraints (k = 1, . . . , l)

βc
ik: Coefficient corresponding to variable ci for constraint k (i = 1, . . . ,m, k =

1, . . . , l)

βp
rk: Coefficient corresponding to variable pr for constraint k (r = 1, . . . , s, k =

1, . . . , l)

βα
k : Coefficient corresponding to variable α for constraint k (k = 1, . . . , l)

βRHS
k : Right hand side of constraint k

The application generates the matrices Mc, Mp, Mα and b as in (2.3).

By default the inequalities in (2.3) are of type ”≥” and it is necessary to

undertake some additional steps in the case of normalization constraints of

type ”≤” and ”=”.

In particular, constraints like
∑m

i=1 β
c
ikci+

∑s
r=1 β

p
rkpr+βα

k α = βRHS
k can be

easily rewritten as two ”≥” conditions:
∑m

i=1 β
c
ikci+

∑s
r=1 β

p
rkpr+βα

k α ≥ βRHS
k

and −
∑m

i=1 β
c
ikci−

∑s
r=1 β

p
rkpr−βα

k α ≥ −βRHS
k . On the other hand, a condition
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as
∑m

i=1 β
c
ikci +

∑s
r=1 β

p
rkpr + βα

k α ≤ βRHS
k may be equivalently expressed as

−
∑m

i=1 β
c
ikci −

∑s
r=1 β

p
rkpr − βα

k α ≥ −βRHS
k . Once Mc, Mp, Mα and b have

been created, the module solves (2.2) using the linear normalizations constraints

defined by the user.

To end this section, we next show how to implement an unknown DEA

inefficiency measure through the research module. Let Rh
++ be the strictly

positive Euclidean h-orthant. Let (g−, g+) ∈ Rm
++ × Rs

++be a reference

vector. The directional distance function [8] is associated with the (unique)

normalization constraint: cg− + pg+ = 1. A non-explored possible variation of

this condition would be using two constraints as cg− = 1 and pg+ = 1 instead of

only one mixing input and output shadow prices. This alternative defines a new

inefficiency measure that has not been implemented in existing DEA package so

far.

For the new inefficiency measure, the number of normalization constraints

is l = 2. The type of the first constraint is ”=”, and subsequently the user

will have to introduce the coefficients of this first condition in the file ”.xls” or

”.xlsx”: βc
i1 = g−i , i = 1, . . . ,m, βp

r1 = 0, r = 1, . . . , s, βα
1 = 0 and βRHS

1 = 1.

After that, the user will have to introduce the parameters corresponding to the

second, and last, normalization constraints of type ”=”: βc
i2 = 0, i = 1, . . . ,m,

βp
r2 = g+r , r = 1, . . . , s, βα

2 = 0 and βRHS
2 = 1. Finally, the program defines the

matrices Mc =









g−1 · · · g−m
−g−1 · · · −g−m
0 · · · 0

0 · · · 0









, Mp =









0 · · · 0

0 · · · 0

g+1 · · · g+s
−g+1 · · · −g+s









, Mα = 04×1

and b =









1

−1

1

−1









, and solve model (2.2), showing the corresponding solution.

Going back to the numerical example in the previous section, we are going to

estimate the new introduced inefficiency measure, a variation of the traditional

directional distance function, considering a benchmark vector as g−i = x̄i, i =

1, . . . ,m, and g+r = ȳr, r = 1, . . . , s, using the arithmetic means of the inputs

and outputs.

In DEAShiny the researcher must enter the set of normalization constraints

by means of a ”.xls” or ”.xlsx” file, in this case through Microsoft Excel, with

the coefficients of the constraints and the independent term as shown in Figure

13.
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Figure 13: Set of constraints from the numerical example with a benchmark
vector g−i = x̄i and g+r = ȳr.

Figure 14: The research tool.

Once the constraints file is designed, it is saved with a ”.xls” or ”.xlsx”

extension, and the file is then closed. Next, in the application, in the

”Constraints defined by user”tab, we click on the button to select the constraints

file. The coefficients of the constraints will appear on the interface (see Figure

14).
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Figure 15: Inefficiency scores obtained using the research tool.

Once the file is read, the ”Research tool” option is selected from the menu

on the left hand side and we click on ”Calculate” (shown previously in Figure 8)

and the application will show the new results of the inefficiency scores (in the

”Inefficiency” tab, see Figure 15), as well as the rest of the results (multipliers

and intensity variables) provided the corresponding label is activated.

6. Conclusions

DEAShiny is an on-line application founded on Shiny of RStudio that

permits solving most traditional technical inefficiency DEA measures in an easy

way. Unlike any currently available package for estimating productivity and

efficiency, it is based on a general and common structure shared by the majority

of linear and linearizable DEA efficiency models, what has avoided creating a

different code for each implemented measure. Additionally, for researchers, we

believe that DEAShiny will be a useful tool, allowing one to estimate technical

inefficiency for new measures that have not been designed before.

As for future work, the current version of the application does not

include commands to compute DEA estimates of cost, revenue, and profit

efficiency, Malmquist indices and various decompositions. Moreover, models

with restricted multipliers should be taken into account in later versions, like
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for example the Assurance Region (AR) model [35] and the Cone-Ratio (CR)

method [10]. Nevertheless, since both AR and CR models transform the

original radial models by adding constraints based on coefficients and multipliers

(shadow prices), these added restrictions could be implemented by the research

module of DEAShiny.

Acknowledgement

We would like to express our gratitude to the Spanish Ministry for

Economy and Competitiveness for supporting this research through grant

MTM2013-43903-P.

References
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Abstract

Being tourism one of the most important industries in Spain, a

proper tourism statistics system is needed. The Hotel Occupancy Survey

disseminates monthly data about the main variables and benefits from

administrative Tourism Registers. The frame variables include the hotel

classification in stars, used to stratify and to sample, and the number

of bed-places, used as an auxiliary calibrating variable to estimate the

number of travellers and overnight stays. Improvements in quality involve

using an e-questionnaire and XML files obtained automatically from the

hotel management system. This, and new challenges, like the use of Big

Data or the standardization of statistical process, enhances the quality.

Keywords: tourism, administrative register, multi-mode data collection,

electronic data collection.

AMS Subject classifications: 62D05, 91-06.

1. Introduction

1.1. Tourism in figures in Spain

The World Tourism Organisation (UNWTO) defines tourism as “a social,

cultural and economic phenomenon related to the movement of people to places

outside their usual place of residence, pleasure being the usual motivation”

(UNWTO, 2008). Tourism is one of the most powerful global industries and

one of the greatest contributors to employment 1, development, wealth and

quality of life.

In Spain the value of tourism activity reached in 2012 10.9% of GDP.

This sector was responsible for over a tenth of Spain’s total output and

1http://www.ine.es/jaxi/menu.do?type=pcaxis&path=%2Ft35%2Fp011&file=inebase&L=

1
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employment. In 2015 the number of arrivals of international tourists was

68.2 million visitors, spending 56.5 billion dollars. This ranks Spain third

both in International Tourist Arrivals and in International Tourism Receipts

according to the UNWTO Barometer 2. All this provides an overview of the

high importance of tourism in the Spanish economy, importance also present in

many other European countries.

However, tourism can also bring with it problems and threats like seasonality
3, the use or abuse of natural resources, job insecurity, etc. These problems affect

countries all over Europe, so the European Economic and Social Committee

is promoting policies that focus on creating a new European tourism model.

To design such adequate policies, high-quality statistics are essential, as they

provide an accurate picture of the real situation.

1.2. The Hotel Occupancy Survey

The Hotel Occupancy Survey (HOS) 4 is a survey carried out by INE Spain

according to the Regulation 692/2011 5 with the main objective of providing

data on two aspects:

❼ On the demand side, by giving information on guests, overnight stays

and average stay, broken down by country of residence, category of

establishments and destination.

❼ On the supply side, by estimating number of open establishments,

bed-places and bedrooms, as well as occupancy rates and personnel

employed by category.

The statistical units of analysis are hotel establishments included in the

corresponding administrative register of Tourist Boards (ARTB) of the 17

Spanish Autonomous Communities (SACs). SACs are NUTS-2 6 regions within

the European Statistical System. Hotel establishments are classified according

to their category (gold and silver) and, within these, by their number of stars.

The category of establishments is assigned by the SAC Tourism Office.

The complete HOS frame includes around 18.000 establishments. The

periodicity of the survey is monthly and the sample varies from 9.000 units

in winter to 11.000 units in summer. The sampling design is a stratified simple

random sampling design where strata are defined by the frame variables (i)

2http://mkt.unwto.org/es/barometer
3http://ec.europa.eu/eurostat/statistics-explained/index.php/Seasonality_in_

the_tourist_accommodation_sector and http://ec.europa.eu/growth/tools-databases/

newsroom/cf/itemdetail.cfm?item_id=8336
4http://www.ine.es/jaxi/menu.do?type=pcaxis&path=%2Ft11%2Fe162eoh&file=

inebase&L=1
5http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:192:0017:

0032:EN:PDF
6http://ec.europa.eu/eurostat/web/nuts/overview

http://mkt.unwto.org/es/barometer
http://ec.europa.eu/eurostat/statistics-explained/index.php/Seasonality_in_
http://ec.europa.eu/growth/tools-databases/
http://www.ine.es/jaxi/menu.do?type=pcaxis&path=%2Ft11%2Fe162eoh&file=
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ
http://ec.europa.eu/eurostat/web/nuts/overview
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establishment category and (ii) NUTS-3 regions (provinces). Some categories,

like 4- and 5-star hotels, are exhaustive, as they represent more than 50% of the

total overnight stays. Others, like silver 1-star hotels, are sampled to minimise

the overall response burden over this subpopulations. The remaining categories

are exhaustive or sampled depending on the number of establishments in the

frame. The sampled establishments remain in the sample for a maximum of

four years.

The questionnaire collects data about seven consecutive days within the

reference month. In this week-long questionnaire data about the number of

travellers, overnight stays, occupied bedrooms, personnel and prices are collected

for each weekday broken down by SAC or country of residence in the case

of travellers and overnight stays and by type of guests in the case of prices.

There are two week-long questionnaires, depending on the category of the

establishment and the differences are that in the 3-, 4- and 5- star hotels

questionnaire there is (i) a larger list of countries of residence and (ii) a wider

breakdown of the occupied bedrooms.

Due to limitations in the estimation procedures arising from using week-long

data for a full month of reference (imputation for the rest of the days is

compulsory), a month-long questionnaire was put in place. The main differences

between both questionnaires are:

1. Only 3-, 4- and 5-star hotels are requested to fill in this month-long

questionnaire.

2. The daily breakdown is suppressed and only monthly totals are requested.

As we shall explain below, both the daily breakdown and month-long

coverage of data have been merged in a single questionnaire collected through

electronic data reporting (EDR) in the form of automatically generated XML

files. Not only do we gain in information detail for a better accuracy but also

we reduce response burden and increase cost efficiency. All questionnaires can

be accessed at the HOS website.

2. The Spanish ARTB and the HOS

The HOS takes advantage of the ARTB in several ways, in particular

increasing the quality of both the survey frame and the estimates and also

minimizing the response burden.

2.1. The Spanish ARTB and the frame population

The ARTB constitute the original frame of the survey. The ARTB in Spain

are managed by the SACs. In 2006 the Directive 2006/123 7 on services in

7http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32006L0123&from=

en

http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX
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the internal market was launched with the aim of eliminating barriers to the

development of service activities and the reduction of administrative burden.

This directive was adopted by all SACs and it had several implications in

the field of tourism. One of them is that before starting a hotel documents

demonstrating that the requirements of the current legislation are fulfilled are

to be provided to the Public Administration.

The main consequence of this Directive, for statistical purposes, is the fact

that when one hotel opens for the first time, all the information about the

establishment has already been provided in the previous step and is already

included in the corresponding SAC’s Tourism Register. Once the hotel starts,

a tourism inspector confirms the information provided about capacity and

category. Any alteration in the initial values will be reflected in the ARTB.

If the conditions for granting the authorization are no longer fulfilled, the

Administration will withdraw this authorization, which will be reflected in the

Register.

INE Spain has an agreement with all SACs entailing the submission to

INE of a list with a periodicity ranging from monthly to biannual depending

on the SAC. This list includes newly opened establishments, recently closed

establishments (not seasonally or occasionally, but due to withdrawal of the

authorization or final closure) and those having any alteration in the frame

variables. The information sent in those lists includes the identification variables

of the hotel (name, address, location, municipality, telephone, tax number, etc.)

as well as the capacity (number of bedrooms and bed-places) and the category

(type and number of stars). All this information nurtures the survey frame and

enables INE to obtain a monthly sample changing from one month to another

due to the inclusion of new establishments and the removal of closed ones.

The quality of the ARTB is manifest inasmuch as (i) the high coverage rate

derived from the legal mandate to report to the SCA before starting a hotel

establishment; (ii) the possibility of INE Spain to influence upon the Registers’

variables and their quality.

2.2. The Spanish ARTB and the estimators

The population of analysis is the set of open hotel establishments across

the Spanish national territory. The population aggregates to estimate are the

monthly total number of travellers, of overnight stays, of occupied bedrooms,

of staff members and the average daily rates. The ARTB include a preliminary

variable δreg.open flagging each establishment as open or closed in the reference

month. This frame variable is used to optimize cost efficiency by submitting the

questionnaire only to open establishments. During the data collection field work,

unanticipated closures must be taken into account in the estimation procedure

by flagging those units closed according to the field work. We denote this by

the flagging variable δfld.open.
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The role played by the ARTB can be explicitly viewed as following. All

estimators are ratio estimators calibrated by the total number of bed-places in

(reg)open establishments in the frame population UF for each stratum h. The

estimated number of any variable y in each stratum Uh (we drop out any time

reference for case of notation) is given by

Ŷ rat
h =

P reg.open
UF,h

P̂HT,◦
Uh

· Ŷ HT,◦
Uh

, (2.1)

where

❼ P reg.open
UF,h

is the total number of bed-P laces in open establishments in the

frame population for stratum h and is given by:

P reg.open
UF,h

=
∑

k∈UF,h

δreg.openk · pk, (2.2)

pk being the number of bed-places for establishment k according to the

ARTB or according to the field work in case of lack of coincidence.

❼ P̂HT,◦
Uh

is the Horvitz-Thompson estimator using synthetic values p◦k (see

below) for the total number of bed-places in stratum h and is given by:

P̂HT,◦
Uh

=
∑

k∈sh

ωk · p◦k, (2.3)

ωk denoting the sampling weights (ωk = nh

Nh
∀k ∈ Uh).

❼ Ŷ HT,◦
Uh

is the Horvitz-Thompson estimator using synthetic values y◦k (see

below) for the total number of variable y in stratum h and is given by:

Ŷ HT,◦
Uh

=
∑

k∈sh

ωk · y◦k. (2.4)

Notice the use of the information provided by the ARTB to calibrate the

estimation and thus to reduce the variance of estimators in comparison to direct

expansion estimators.

To complete the view on the estimators letting us appreciate the quality

improvement introduced by the extended questionnaire, we include details about

how the synthetic values are chosen for both the month-partial and month-full

data collected modes.

For the month-partial data collected mode through the week-long

questionnaire (corresponding to strata involving gold and silver 1- and 2- star
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establishments), the synthetic values for the number of bed-places are given by:

p◦k = δresp.week
k · pk, (2.5)

δresp.week
k flagging each establishment as answering or not the week-long

questionnaire.

For any other arbitrary variable y, they are given by:

y◦k = δfld.openk · δresp.week
k ·

D

7
· yweek

k , (2.6)

where D stands for the number of days of the reference month and yweek denotes

the total of variable y for the reference week collected in the questionnaire.

For the month-full data collected mode using also the month-long

questionnaire (corresponding to strata involving 3-, 4- and 5- star

establishments), the synthetic values for the number of bed-places are given

by:

p◦k = δresp.month
k · pk, (2.7)

δresp.month
k flagging each establishment as answering or not the month-long

questionnaire.

For any other arbitrary variable y, they are given by:

y◦k = δfld.openk · δresp.month
k · ymonth

k , (2.8)

where ymonth denotes the total of variable y for the reference month collected

in the questionnaire.

Notice the difference: in equations (2.6) we are assuming that the

establishment remains open/closed during all the reference month in the

same terms as during the data-collected week; whereas in equations (2.8) no

assumption is made, since it is taken from the data themselves.

3. EDR through automatically generated XML files

Given the quality improvement entailed by having detailed data along all

the reference month, INE Spain decided to use an EDR collection mode,

in particular, through the use of XML files automatically generated in the

hotelsâ➾➋ management systems.

Nowadays, almost every hotel and similar establishment have installed

management package software in their check desks, where the main data of

guests are recorded as they check in. These databases contain the necessary

information about the visitors, which by means of a light-weight software

application can feed an ex profeso automatically generated XML file. This

file can be sent to the NSI by web service or being uploaded into the NSI’s
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website by the establishments, which by just “pressing a button” can fulfill their

statistical obligations.

Since May 2008, in Spain the hotels included in the HOS sample can submit

the statistical information using such an XML file. This file contains arrivals,

departures and overnight stays broken down by country of residence for each day

of the reference month. The list of countries included is the ISO-3166-1 alpha

3 list of the UN 8, which comprises around 250 countries, dependent territories

and special areas of geographical interest. Therefore, as shown in the preceding

section, no hypotheses have to be made and more accurate estimators can be

obtained.

Values collected through EDR reduce the need for imputation to construct

synthetic values, which turn out to be (2.6) for gold and silver 1- and 2- star

establishments not using the XML file and (2.8) for those using it.

Thus the detailed estimator for each stratum h for the monthly total of
variable y and strata h involving gold and silver 1- and 2- star establishments
is given by:

Ŷ
rat
h =

∑

k∈UF,h
δ
reg.open

k
· pk

∑

k∈snonXML
h

ωk · δ
fld.open

k
· δ

resp.week

k
· pk +

∑

k∈sXML
h

ωk · δ
fld.open

k
· δ

resp.XML

k
· pk

·







∑

k∈snonXML
h

ωk · δ
fld.open

k
· δ

resp.week

k
·
D

7
· y

week
k +

∑

k∈sXML
h

ωk · δ
fld.open

k
· δ

resp.XML

k
· y

month
k







(3.1)

where the sample s is divided into subsamples sXML and sNoXML attending to

the collection mode of their units.

For strata h involving 3-, 4- and 5- star establishments this estimator is given

by:

Ŷ rat
h =

∑

k∈UF,h
δreg.openk · pk

∑

k∈sh
ωk · δfld.openk · δresp.month

k · pk
·
∑

k∈sh

ωk·δ
fld.open
k ·δresp.month

k ·ymonth
k .

(3.2)

The automated data collection system has several advantages:

(i) non-excessive response burden, (ii) better timeliness, (iii) higher

cost-effectiveness, (iv) improved editing and validation procedures (because

checking rules for editing are effective before data enter the NSI’s system) and

better accuracy.

4. Forthcoming challenges

Several challenges related to the improvement of the quality in the HOS will

be faced in the next years.

8http://unstats.un.org/unsd/tradekb/Knowledgebase/Country-Code

http://unstats.un.org/unsd/tradekb/Knowledgebase/Country-Code
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4.1. New e-questionnaire

As part of the modernization of editing strategies, a new e-questionnaire

has been launched. This e-questionnaire incorporates edits with parameters

computed specifically for each variable and each unit (say, validation intervals

built using both the individual historic and cross-sectional values of each

variable). This more efficient, though computationally demanding, editing

strategy has already been implemented in five short-term monthly business

statistics, having reduced respondents’ recontact rates by up to 20 percentage

points upon their sample sizes.

4.2. Big Data

INE Spain, as a request from the hotel sector, calculates and publishes

monthly Indicators on the Profitability of the Hotel Sector. These indicators are

the Average Daily Rate (ADR) and the Revenue per Available Room (RevPAR),

and together with the Bedroom Occupancy Rate, constitute an important source

of information for hotel establishments, which enables them to evaluate their

pricing policy or revenue management. A challenge ahead lies on the possibility

of scraping the web to massively download these data. However, so far, risks of

representativeness and other methodological problems remain to be solved.

5. Conclusion

Both the use of ARTB and the automatic data collection mode through EDR

in the form of XML files clearly aligns with several principles of the European

Statistics Code of Practice 9.

However, the implementation of this automatic data collection scheme

through XML files generated at the respondents’ information systems has to

face some difficulties. Firstly, this scheme needs the installation of a light-weight

software application in these systems and some reticence is common among

respondents. Secondly, the development and deployment of this application may

require an initial expenditure, thus the debate about whom (either respondents

or NSIs) should take care of this burden rightfully arises. This points, as many

Big Data sources of information, towards a new paradigm of private-public

partnership within official statistics.

Based upon the former analysis, we firmly believe that a modernised and

industrialised statistical production system must follow this avenue.

9http://ec.europa.eu/eurostat/documents/3859598/5921861/KS-32-11-955-EN.PDF/

5fa1ebc6-90bb-43fa-888f-dde032471e15

http://ec.europa.eu/eurostat/documents/3859598/5921861/KS-32-11-955-EN.PDF/
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Universitat Politècnica de València
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Abstract

In this work we reflect, from a educational point of view, about

the concept of probabilistic independence and its connection with the

concept of functional dependence. From several illustrative examples,

that treat to highlight intuitions based on pure probabilistic properties, we

found that the geometrical interpretation associated to classical coordinate

systems, in two and three dimensions, allows us to guess the nice

connection between functional dependent random variables which are also

probabilistically independent.

Keywords: random variable, exact probability density function, random

variable transformation technique, geometrical transformations.

AMS Subject classifications: 62E15, 97K60.

1. Motivación

Por una parte, desde el punto de visto formativo universitario, en el contexto

de un curso de Cálculo, comúnmente se trabaja con el concepto de dependencia

funcional considerando ésta como la existencia de relaciones matemáticas

exactas entre las variables involucradas en el estudio o formulación de un modelo

matemático. Por otra parte, en un curso de Probabilidad, cuando se consideran

dos o más variables aleatorias (vs.as.), aparece el concepto de independencia

probabiĺıstica, que desempeña un papel clave para establecer importantes

resultados probabiĺısticos, como por ejemplo el archiconocido Teorema Central

del Ĺımite. Cuando no se presenta independencia probabiĺıstica, se habla de

dependencia probabiĺıstica (o estad́ıstica). En ese caso, es bien sabido que

el coeficiente de correlación proporciona una medida de la intensidad de la

dependencia estad́ıstica lineal entre dos vs.as.

➞ 2018 SEIO
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El objetivo de este trabajo es reflexionar sobre estos conceptos, que pensamos

son de gran interés formativo, y mostrar cómo la interpretación geométrica

puede ayudar a comprender algunos resultados probabiĺısticos que, presentados

sin la intución geométrica, pero (como se suele hacer) con todo el rigor

matemático, pueden pasar desapercibidos.

A lo largo del trabajo y con objeto de no alargar innecesariamente la

exposición, se asumirá que el lector está familiarizado con el concepto de espacio

de probabilidad, función de masa y de densidad de probabilidad de una v.a. y

de un vector aleatorio, concepto y caracterización de independencia de sucesos y

de vs.as., etc. En cualquier caso, estos resultados pueden encontrarse en textos

de iniciación a la Teoŕıa de la Probabilidad, como por ejemplo, en el fabuloso

libro de DeGroot (1988).

Empecemos con un sencillo ejemplo que nos servirá para poner en valor

las ideas docentes que se pretenden trabajar en este art́ıculo. Consideremos las

siguientes vs.as. Y1 e Y2 definidas en un espacio de probabilidad (Ω,F ,P) en

términos de una v.a. X con distribución normal estándar

Y1 = X, Y2 = X2, X ∼ N(0; 1).

Claramente Y1 e Y2 son funcionalmente dependientes, ya que Y2 = (Y1)
2.

También son vs.as. probabiĺısticamente dependientes, dado que si consideramos

los sucesos

A1 = {ω ∈ Ω : Y1(ω) ∈ [−1, 1]}, A2 = {ω ∈ Ω : Y2(ω) ∈ [0, 1]},

claramente A1 = A2 y, además

P[A1 ∩A2] = P[A1] > P[A1]P[A2],

ya que P[A2] ∈]0, 1[.

Este ejemplo también sirve para ver, como es bien sabido, que la incorrelación

(o covarianza nula) no implica la independencia. En efecto, la covarianza es nula:

C[Y1, Y2] = C[X,X2] = E[X3]− E[X]E[X2] = 0,

ya que, al ser X simétrica respecto del origen claramente E[X3] = E[X] = 0.

No obstante, aunque no es el caso del ejemplo anterior porque Y2 = X2 no es

gaussiana (obsérvese que solo toma valores no negativos), es sencillo probar que

la incorrelación de dos vs.as. gaussianas implica la independencia estad́ıstica, el

desarrollo de la prueba se puede encontrar en la página 288 de DeGroot (1988).

Bajo el contexto del desarrollo anterior, y a nivel docente, nos planteamos

varias cuestiones que creemos tienen interés formativo, y que tratan de dirigir

un trabajo exploratorio en el aula para abundar en la relación entre dependencia
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funcional e independencia probabiĺıstica.

C1 ¿Podemos encontrar ejemplos de vs.as. funcionalmente

dependientes que son probabiĺısticamente independientes?

La respuesta a la cuestión C1 es afirmativa, como se puede observar en la

página 30 de Soong (1973) (Ejercicio propuesto 2.3). En efecto, dadas las vs.as.

dicotómicas independientes X e Y definidas por



















P [{ω ∈ Ω : X(ω) = +1}] = P [{ω ∈ Ω : Y (ω) = +1}] =
1

2
,

P [{ω ∈ Ω : X(ω) = −1}] = P [{ω ∈ Ω : Y (ω) = −1}] =
1

2
,

si se considera las vs.as.

Y1 = X, Y2 = XY, (1.1)

es sencillo comprobar que

P [Y1 = ±1, Y2 = ±1] =
1

4
= P [Y1 = ±1]P [Y2 = ±1] . (1.2)

Por lo tanto, Y1 e Y2 son vs.as. independientes, y sin embargo, Y1 e Y2

dependen funcionalmente, Y2 = Y1 Y . La comprobación del primer caso de (1.2)

se obtiene directamente del siguiente razonamiento:

P [Y1 = +1, Y2 = +1] = P [X = +1, XY = +1] = P [X = +1, Y = +1]

= P [X = +1]P [Y = +1] =
1

2
×

1

2
=

1

4
,

y

P [Y1 = +1]P [Y2 = +1] = P [X = +1]P [XY = +1]

= P [X = +1] (P [X = +1, Y = +1] + P [X = −1, Y = −1])

= P [X = +1] (P [X = +1]P [Y = +1] + P [X = −1]P [Y = −1])

=
1

2

(

1

2
×

1

2
+

1

2
×

1

2

)

=
1

4
.

El resto de casos de (1.2) se comprueban análogamente.

Para construir la respuesta a la cuestión C1 se ha utilizado la hipótesis

de independencia de las vs.as. X e Y . Cabe entonces plantearse si es posible

encontrar un ejemplo donde las vs.as. X e Y no son probabiĺısticamente
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independientes, i.e., se trata de dar respuesta a la siguiente cuestión

C2 ¿Podemos encontrar ejemplos de vs.as. funcionalmente

dependientes (de vs.as no necesariamente independientes)

que sean probabiĺısticamente independientes?

De nuevo, puede comprobarse que la respuesta a la cuestiónC2 es afirmativa.

En la página 30 de Soong (1973) (Ejercicio propuesto 2.4) se proporciona el

siguiente ejemplo:

Y1 = X + Y, Y2 = X − Y, (1.3)

siendo X e Y vs.as. gaussianas idénticamente distribuidas. La clave de este

ejemplo se basa en la propiedad distintiva, ya mencionada anteriormente, de la

que gozan únicamente las vs.as. gaussianas para las cuales la correlación nula

equivale a la independencia probabiĺıstica, lo cual sucede en este caso

E[Y1 Y2]− E[Y1]E[Y2] = E[(X + Y ) (X − Y )]− E[X + Y ]E[X − Y ]

= E[X2]− E[Y 2]− (E[X] + E[Y ]) (E[X]− E[Y ])

= 0− (E[X] + E[Y ])× 0,

donde se ha utilizado que al ser X e Y vs.as. idénticametne distribuidas,

E[X2] = E[Y 2] y E[X] = E[Y ].

La cuestión anterior motiva la búsqueda de una nueva respuesta que no

involucre vs.as. gaussianas. Esto nos condujo a la siguiente cuestión:

C3 ¿Podemos encontrar ejemplos de vs.as. funcionalmente

dependientes (de vs.as no necesariamente ni independientes

ni gaussianas) que sean probabiĺısticamente independientes?

Trabajando este tipo de cuestiones en el aula, encontramos en la página

270 de Quesada y Garćıa (1988), el siguiente ejercicio (el cual se enuncia

literalmente), y que nos proporciona una respuesta afirmativa a la cuestión C3:

Ejercicio 1.1. Sea (X,Y ) una v.a. bidimensional uniformemente distribuida

en el ćırculo unidad. Sean las vs.as.

Z = +
√

X2 + Y 2, U = arctan

(

Y

X

)

. (1.4)
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Probar que Z y U son dos vs.as. independientes.

Este es por tanto un ejemplo de dos vs.as. Z y U que son funcionalmente

dependientes, de dos vs.as.X e Y que no son probabiĺısticamente independientes

ni gaussianas, de modo que Z y U son probabiĺısticamente independientes. La

resolución de este ejercicio se detalla en las páginas 270–272, Quesada y Garćıa

(1988) y se basa en la aplicación del siguiente resultado, que será utilizado

posteriormente en estas páginas.

Teorema 1.1 (Transformación de Variables Aleatorias, Soong (1973)).

Consideremos U = (U1, . . . , Un)
⊤ y V = (V1, . . . , Vn)

⊤ dos vectores aleatorios

n-dimensionales absolutamente continuos. Sea g : R
n → R

n la biyección

determinista que transforma U en V, es decir, V = g(U). Asumiendo que

g es continua en U y tiene derivadas parciales continuas con respecto a cada

Ui, 1 ≤ i ≤ n. Si fU(u) es la función de densidad de probabilidad (f.d.p.) de

U y h = g−1 = (h1(v1, . . . , vn), . . . , hn(v1, . . . , vn))
⊤ representa la inversa de

g = (g1(u1, . . . , un), . . . , gn(u1, . . . , un))
⊤, entonces la f.d.p. de V viene dada

por

fV(v) = fU (h(v)) |J | , (1.5)

donde |J | es el valor absoluto del Jacobiano de la transformación h, i.e.,

J = det

(

∂hT

∂v

)

= det









∂h1(v1,...,vn)
∂v1

· · · ∂hn(v1,...,vn)
∂v1

...
. . .

...
∂h1(v1,...,vn)

∂vn
· · · ∂hn(v1,...,vn)

∂vn









. (1.6)

Una versión más general de este resultado puede encontrarse en la página

53 de Casella y Berger (2002).

Es interesante señalar que este resultado juega un papel clave en numerosas

investigaciones. En particular, aqúı destacamos la emergente Teoŕıa del Caos

Polinomial, la cual está teniendo un gran impacto en la resolución de ecuaciones

diferenciales aleatorias y la obtención de las principales propiedades estad́ısticas

del proceso estocástico solución, como la media, la varianza o la f.d.p. Algunos

ejemplos recientes en esta ĺınea de trabajo pueden verse en Chen-Charpentier

et al. (2015), Cortés et al. (2017), Xiu y Karniadakis (2002) y Xiu (2010).

La exposición de las ideas anteriores nos condujo a reflexionar más sobre

el resultado expuesto en el Ejercicio 1. Observemos que la transformación

que se propone es precisamente la transformación geométrica de coordenadas

cartesianas a coordenadas polares. Si bien la independencia probabiĺıstica de las

vs.as. Y1 e Y2 definidas en (1.1) y en (1.3) se basa en propiedades particulares

de las vs.as. X e Y a partir de las cuales se han definido Y1 e Y2 (en el primer

caso la independencia y en el segundo la normalidad de X e Y ), no encontramos

otras razones que nos ayuden a intuir los resultados. Sin embargo, -y esta es
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la principal razón en la que se inspira este trabajo- la respuesta al Ejercicio

1 nos llevó a preguntarnos si la intución geométrica del hecho de que cuando

llevamos a cabo la transformación a coordenadas polares, el radio y el ángulo

(es decir, Z y U en (1.4), respectivamente) son claramente independientes en

el sentido geométrico, permite intuir la independencia probabiĺıstica de Z y U .

Para arrojar luz a esta cuestión nos plantemos si esta propiedad sigue siendo

cierta con otras transformaciones geométricas involucrando coordenadas. Lo que

sigue de este art́ıculo, pretende investigar, en base a la intuición geométrica, si

el resultado que se establece en el Ejercicio 1 para un sistema de coordenadas

polares en el plano, puede también extenderse a otros sistemas de coordenadas

tanto en el plano como en el espacio. Analizaremos algunos de los sistemas

de coordenadas más importantes, sin pretender con ello realizar un estudio

exhaustivo de todos los tipos posibles de sistemas coordenados.

Para realizar el posterior análisis, se aplicará el siguiente resultado

que proporciona una caracterización de cuándo n vs.as., X1, . . . , Xn, son

probabiĺısticamente independientes. Esto sucede si y sólo si

fX1,...,Xn
(x1, . . . , xn) = fX1

(x1)fX2
(x2) · · · fXn

(xn), ∀(x1, . . . , xn) ∈ R
n,

(1.7)

siendo fX1,...,Xn
la f.d.p. conjunta del vector aleatorio (X1, . . . , Xn) y fXi

las

f.d.p. marginales de Xi, i = 1, . . . , n.

2. Explorando algunos sistemas de coordenadas

En este apartado estudiamos si la intución geométrica anteriormente

desvelada para las coordenadas polares se mantedrá para otros sistemas

de coordenadas. En particular, se estudian las coordenadas eĺıpticas,

generalizando con ello las coordenadas polares, aśı como los casos de las

coordenadas tridimensionales elipsoidales -que contienen como caso particular

las coordenadas esféricas- y las coordenadas ciĺındricas.

Es importante señalar que en el análisis que sigue no se pretende agotar el

estudio de todas las posibilidades de sistemas de coordenadas. En este sentido,

y como se acaba de subrayar, se han elegido sistemas que generalizan algunos

de los sistemas de coordenadas estándar. Finalmente, es conveniente advertir al

lector que el análisis que sigue es sistemático per se, lo cual es una ventaja desde

el punto de visto docente, ya que permite extender el estudio a otros sistemas

de coordenadas en el aula.

2.1. Coordenadas eĺıpticas

Generalizando las coordenadas polares, obtenemos las coordenadas eĺıpticas

definidas por (r, ϕ), que se obtienen de la composición de una transformación

a polares, siendo r > 0 el radio y ϕ ∈ (0, 2π) el ángulo, seguida de una
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dilatación, a, según el eje de abscisas x y un factor b según el eje de ordenadas

y. Las coordenadas eĺıpticas pueden ser obtenidas en función de las coordenadas

cartesianas, (x, y) mediante la siguiente transformación:

r =

√

(x

a

)2

+
(y

b

)2

, ϕ = arctan
(a y

b x

)

.

A continuación, consideremos la elipse centrada en el origen (0, 0) y de semiejes

a y b, que denotaremos por E(a, b). Sea el vector aleatorio U = (X,Y )

uniformemente distribuido sobre la elipse E(a, b), es decir U = (X,Y ) ∼

Un(E(a, b)), cuya f.d.p. conjunta viene dada por

fU(x, y) =











1

π a b
, (x, y) ∈ E(a, b),

0, en otro caso.

(2.1)

Aplicamos el Teorema 1.1 tomando U = (X,Y ), V = (R,ϕ) y g : R2 → R
2 la

siguiente biyección (obsérvese que utilizamos la notación estándar y distinguimos

entre R y r para diferenciar el rol de v.a. y de escalar, respectivamente, que

desempeña en cada contexto):

r = g1(x, y) =

√

(x

a

)2

+
(y

b

)2

,

ϕ = g2(x, y) = arctan
(a y

b x

)

,

cuya transformación inversa h = g−1 es

x = h1(r, ϕ) = a r cos (ϕ),

y = h2(r, ϕ) = b r sin (ϕ).

El Jacobiano de esta transformación está dado por

J = det

(

a cos (ϕ) −a r sin (ϕ)

b sin (ϕ) b r cos (ϕ)

)

= a b r > 0.

Aśı, aplicando el Teorema 1.1 obtenemos la f.d.p. conjunta del vector aleatorio

V = (R,ϕ) en función de la f.d.p. conjunta del vector U = (X,Y ) dada en (2.1),

fR,ϕ(r, ϕ) = fX,Y (a r cos (ϕ), b r sin (ϕ)) a b r

=

{ r

π
, 0 < r < 1, 0 < ϕ < 2π,

0, en otro caso.

(2.2)
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Para ver la independencia estad́ıstica de las dos vs.as., R y ϕ, cuyos dominios

denotaremos por D(R) y D(ϕ), respectivamente, obtenemos las marginales a

partir de (2.2):

❼ Marginal de R

fR(r) =

∫

D(ϕ)

fR,ϕ(r, ϕ) dϕ =

∫ 2π

0

r

π
dϕ = 2r.

❼ Marginal de ϕ

fϕ(ϕ) =

∫

D(R)

fR,ϕ(r, ϕ) dr =

∫ 1

0

r

π
dr =

1

2π
.

Como podemos observar, el producto de las marginales da como resultado la

f.d.p. conjunta (2.2), por lo tanto se cumple la condición de independencia

probabiĺıstica dada en (1.7).

2.2. Coordenadas elipsoidales

En Geometŕıa, se definen las coordenadas elipsoidales (r, ϕ, θ), siendo el

radio r > 0 y los ángulos ϕ ∈ (0, 2π), θ ∈ (0, π), en función de las coordenadas

cartesianas espaciales (x, y, z) mediante la siguiente transformación:

r =

√

(x

a

)2

+
(y

b

)2

+
(z

c

)2

,

ϕ = arctan
(a y

b x

)

,

θ = arccos





z

c

√

(

x
a

)2
+

(

y
b

)2
+

(

z
c

)2



 .

A continuación, consideremos el elipsoide centrado en el origen (0, 0, 0) y de

semiejes a, b y c, que denotaremos por E(a, b, c). Sea el vector aleatorio U =

(X,Y, Z) uniformemente distribuido sobre el elipsoide E(a, b, c), es decir, U =

(X,Y, Z) ∼ Un(E(a, b, c)) cuya f.d.p. conjunta está dada por

fU(x, y, z) =











3

4π a b c
, (x, y, z) ∈ E(a, b, c),

0, en otro caso.

(2.3)
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Con la notación del Teorema 1.1, sean U = (X,Y, Z), V = (R,ϕ, θ) y g : R3 →

R
3 la siguiente biyección:

r = g1(x, y, z) =

√

(x

a

)2

+
(y

b

)2

+
(z

c

)2

,

ϕ = g2(x, y, z) = arctan
(a y

b x

)

,

θ = g3(x, y, z) = arccos





z

c

√

(

x
a

)2
+
(

y
b

)2
+

(

z
c

)2



 ,

cuya transformación inversa h = g−1 es

x = h1(r, ϕ, θ) = a r cos (ϕ) sin (θ),

y = h2(r, ϕ, θ) = b r sin (ϕ) sin (θ),

z = h3(r, ϕ, θ) = c r cos (θ).

El Jacobiano de esta transformación está dado por

J = det





a cos (ϕ) sin (θ) −a r sin (ϕ) sin (θ) a r cos (ϕ) cos (θ)

b sin (ϕ) sin (θ) b r cos (ϕ) sin (θ) b r sinϕ cos (θ)

c cos (θ) 0 −c r sin θ





= −a b c r2 sin (θ),

donde |J | = a b c r2 sin (θ) > 0 ya que θ ∈ (0, π). Aśı, aplicando el Teorema 1.1

obtenemos la f.d.p. conjunta del vector aleatorio V = (R,ϕ, θ) en función de la

f.d.p. conjunta del vector U = (X,Y, Z) dada en (2.3),

fR,ϕ,θ(r, ϕ, θ) = fX,Y,Z (a r cos (ϕ) sin (θ), b r sin (ϕ) sin (θ), c r cos (θ)) abc r2 sin (θ),

=







3r2 sin (θ)

4π
, 0 < r < 1, 0 < ϕ < 2π, 0 < θ < π ,

0, en otro caso.

(2.4)

Para ver la independencia estad́ıstica de las tres vs.as., R, ϕ y θ, necesitamos

conocer el valor de las densidades marginales, las cuales vamos a calcular a partir

de (2.4):

❼ Marginal de R

fR(r) =

∫

D(ϕ)

∫

D(θ)

fR,ϕ,θ(r, ϕ, θ) dθ dϕ =

∫ 2π

0

∫ π

0

3r2 sin (θ)

4π
dθ dϕ = 3r2.
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❼ Marginal de ϕ

fϕ(ϕ) =

∫

D(R)

∫

D(θ)

fR,ϕ,θ(r, ϕ, θ) dθ dr =

∫ 1

0

∫ π

0

3r2 sin (θ)

4π
dθ dr =

1

2π
.

❼ Marginal de θ

fθ(θ) =

∫

D(R)

∫

D(ϕ)

fR,ϕ,θ(r, ϕ, θ) dϕ dr =

∫ 1

0

∫ 2π

0

3r2 sin (θ)

4π
dϕ dr =

sin (θ)

2
.

Como podemos observar, el producto de las tres marginales da como resultado

la f.d.p. conjunta (2.4), por lo tanto se cumple la condición de independencia

probabiĺıstica dada en (1.7). Finalmente, cabe señalar que el estudio anterior

para coordenadas elipsoidales engloba el correspondiente análisis para las

coordenadas esféricas, ya que, estas se obtienen en el caso particular en que

a = b = c.

2.3. Coordenadas ciĺındricas

Las coordenadas ciĺındricas son una generalización en el espacio

tridimensional del sistema de coordenadores polares del plano. Cada punto P

del espacio se representa mediante la terna (r, ϕ, ẑ), siendo r > 0 la coordenada

radial, definida como la distancia del punto P al eje Z, ϕ ∈ (0, 2π) es el ángulo

que forma con el eje X la proyección del radio vector sobre el plano XY y ẑ

es la altura del punto P al plano XY . Es bien sabido que la relación entre las

coordenadas ciĺındricas y las coordenadas cartesianas (x, y, z) está dada por la

siguiente transformación:

r =
√

x2 + y2,

ϕ = arctan
(y

x

)

,

ẑ = z.

Al igual que en el caso anterior, vamos a definirU = (X,Y, Z) un vector aleatorio

uniformemente distribuido en el cilindro recto generado por la circunferencia de

centro 0 = (0, 0, 0), radio unidad y altura h > 0, C(0; 1;h), es decir, U =

(X,Y, Z) ∼ Un(C(0; 1;h)). Su f.d.p. conjunta está dada por

fX,Y,Z(x, y, z) =











1

hπ
, (x, y, z) ∈ C(0; 1;h),

0, en otro caso.

(2.5)
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Sean U = (X,Y, Z), V = (R,ϕ, Z ′) y g : R3 → R
3 la siguiente biyección

r = g1(x, y, z) =
√

x2 + y2,

ϕ = g2(x, y, z) = arctan
(y

x

)

,

ẑ = g3(x, y, z) = z.

Obtenemos la transformación inversa h = g−1

x = h1(r, ϕ, ẑ) = r cos (ϕ),

y = h2(r, ϕ, ẑ) = r sin (ϕ),

z = h3(r, ϕ, ẑ) = ẑ,

cuyo Jacobiano está dado por

J = det





cos (ϕ) −r sin (ϕ) 0

sin (ϕ) r cos (ϕ) 0

0 0 1



 = r > 0.

Aśı, aplicando el Teorema 1.1 obtenemos la f.d.p. conjunta del vector aleatorio

V = (R,ϕ, ẑ) en términos de la f.d.p. de U = (X,Y, Z) dada en (2.5)

fR,ϕ,Ẑ(r, ϕ, ẑ) = fX,Y,Z (r cos (ϕ), r sin (ϕ), ẑ) r

=











r

hπ
, 0 < r < 1, 0 < ϕ < 2π, 0 < ẑ < h,

0, en otro caso.

(2.6)

Para estudiar la independencia estad́ıstica de las tres vs.as. R, ϕ y Z ′, a

continuación calcularemos las marginales:

❼ Marginal de R

fR(r) =

∫

D(ϕ)

∫

D(Ẑ)

fR,ϕ,Ẑ(r, ϕ, ẑ) dẑ dϕ =

∫ 2π

0

∫ h

0

r

hπ
dẑ dϕ = 2r.

❼ Marginal de ϕ

fϕ(ϕ) =

∫

D(R)

∫

D(Ẑ)

fR,ϕ,ẑ(r, ϕ, ẑ) dẑ dr =

∫ 1

0

∫ h

0

r

hπ
dẑ dr =

1

2π
.

❼ Marginal de Z ′

fẐ(ẑ) =

∫

D(R)

∫

D(ϕ)

fR,ϕ,Ẑ(r, ϕ, ẑ) dϕ dr =

∫ 1

0

∫ 2π

0

r

hπ
dϕ dr =

1

h
.
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Podemos comprobar que el producto de las tres marginales es la f.d.p. conjunta

(2.6), por lo tanto se cumple la condición de independencia probabiĺıstica (1.7).

3. Conclusiones

La principal aportación de este trabajo ha sido estudiar el rol que desempeña

la intuición geométrica en la conexión entre los conceptos de dependencia

probabiĺıstica y funcional en el marco de la Teoŕıa de la Probabilidad. Cuando

se transita de la teoŕıa determinista a la teoŕıa probabiĺıstica, conceptualmente

es sorprendente que podamos encontrar variables aleatorias independientes

a pesar de que resulten de la transformación funcional de otras variables

aleatorias dependientes. Para arrojar luz sobre esta cuestión, en el trabajo

hemos analizado diferentes ejemplos basados en transformaciones geométricas

que definen importantes sistemas de coordenadas (polares y eĺıpticas en el

plano, y elipsoidales y ciĺındricas en el espacio) que permiten comprender

mejor, gracias a la interpretación geométrica, los resultados anaĺıticos sobre

independencia probabiĺıstica de transformaciones funcionales de variables

aleatorias dependientes.
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Valencia en el año 2015. Obtuvo el t́ıtulo de Máster en Investigación matemática
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Abstract

This paper consists of the reflections of the authors on their

participation in a discussion at the young researchers roundtable organised

as part of the 3rd Biostatnet General Meeting in Santiago de Compostela,

in January 2017 with a focus on three current topics in Biostatistics and

the points of views of early career researchers; reproducibility as a means

to ensure quality of research, research visibility as a way to get our work

heard, and diversity as an end in itself. Overall, the three topics were

considered by both the participants (i.e., the authors) and the audience

as areas of current interest requiring a major focus by all institutions and

individuals.

Keywords: Diversity, Reproducibility, Research Visits, Visibility, Young

Researchers, Women in Biostatistics.

AMS Subject classifications: 92B05, 92B15, 97M20, 97M60, 62P10, 97R30.

Introduction

Since its creation, Biostatnet has actively encouraged the participation

of young researchers ([1]). As part of the 3rd Biostatnet General Meeting

held in Santiago in January 2017, a time slot was allowed for discussion

of topics of special interest and relevance to early-career members of the

network. A roundtable was organised covering the following subjects: Firstly,

reproducibility as the cornerstone for modern, high quality, statistical research.

Secondly, professional visibility and how the network’s internodal research visits

encourage it. Thirdly, diversity with a focus on women in Biostatistics 1.

Roundtable

0.1. Reproducibility

Reproducibility and replicability

According to the American Statistical Association guidelines ([2]), “a study

is reproducible if you can take the original data and the computer code used to

analyze the data and reproduce all of the numerical findings from the study”and

replicability“is the act of repeating an entire study, independently of the original

investigator without the use of original data (but generally using the same

methods)”. Other authors argue that there is still certain confusion between

these two terms because they are used to refer to different concepts by different

people in different fields ([3]). For the purpose of this paper we will focus on

reproducibility and ways to make research in Biostatistics more reproducible.

1Although we would have loved to discuss all areas of diversity, given time constraints we
focused on gender diversity.
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Reproducible research

Over the past few years there has been a storm on Twitter (see Figure

1 for a visual summary of some of the terms that have been associated to

the topic) and other online media ([4]). In addition, events worldwide have

addressed the importance of reproducibility and actively encouraged its practice

(e.g., OpenCon Berlin 2016, reproducibility hack held in Berlin). In Spain,

examples include a talk by Miguel ángel Mart́ınez Beneito, member of the

node VALENCIA-VABAR at the Fundación para el Fomento de la Investigación

Sanitaria y Biomédica de la Comunitat Valenciana (FISABIO) last year and his

course on reproducible research in R and RStudio co-organised by the Spanish

Biometric Society and (SEB) and the Spanish Society of Epidemiology (SEE).

Increasingly, this subject is also being incorporated to degree syllabus; for

instance, the MSc in Omics Data Analysis from the University of Vic which

includes teaching tools for the reproducibility of big data analysis.

Figure 1: Wordcloud resulting from the most recent 106 tweets including
#reproducibility.

However, there are also downsides to reproducibility. It is argued by some

authors ([5]) that ensuring it is necessary but it is far from sufficient. For

instance, you generally will not include all those variables you finally did not

use in your analysis; you will not document the whole process because that would

simply be too time-consuming. One could also argue that we risk focusing too

much on scrutinising data quality and methods used, whilst ignoring the actual

conclusions of very relevant pieces of work.

While we acknowledge the perils of doing reproducible research, we believe

it is important for science, and particularly like the flexible definition by [6]

of a gradient of reproducibility. This concept, based on the “spectrum of

reproducibility” in computational science first introduced by [7] is explained



76 P. Cacheiro et. al.

in Figure 2, whereby some researchers produce fully reproducible research,

while others struggle to achieve a 100% reproducibility perhaps due to external

constraints on the data, but still manage to share the code allowing fellow

researchers to replicate the study to some degree and check if their conclusions

are applicable to similar data. We should aim to achieve as high a percentage of

reproducibility as possible, both in our own personal interest and in the interest

of our collaborators and other colleagues. Progressively, it should become an

inherent part of the scientific process2.

Figure 2: Gradient of reproducibility as defined and represented by ([6])

Open science

Despite limitations and disagreements about the extent to which

reproducible research can or should be achieved, it is without doubt that

science is becoming evermore open. Miguel Branco gave his perspective as

a biologist on the topic with a particular focus on the importance of open

science and open access resources. With the need to integrate, store and

share huge amounts of data (often at the request of journals) generated in

many areas of research (e.g., Next Generation Sequencing, catalogues of marine

and terrestrial species around the world, etc.) comes the need for tools that

simplify the process. Resources such as Github allow storage of both code

and data. rOpenSci develops R-based tools to facilitate access to open data

and open science in general. Tools for cooperative working (e.g., Open Science

Framework or Authorea) and preprint repositories (e.g., arXiv.org, bioRxiv.org)

allow peer-review from the very beginning (see also [8]). Open licences

including Creative Commons, ensure work can be reused by others, providing

proper attribution. Although this might sound imposing to start with and it

2R code used to produce the figures in this article is available at freshbiostats.wordpress.
com/r-code-repository .
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inevitably requires an extra effort (particularly at the early stages; [6]), it

can potentially increase the impact of your work and promote its recognition

amongst the scientific community. Additionally, it is a requirement in some

research fields. For instance in macroecology and metagenomics, there is a need

to integrate data from international projects, collected by many scientists, and

at global scales. The sharing of summary statistics from aggregated data (clearly

exemplified in the field of genomics) is also of inestimable value for the clinical

research community.

One example illustrating the impact of open data in research is the UK

Biobank, a major open resource for health researchers intended to promote

the investigation of a wide range of diseases. This is a standardized collection

of clinical and genomic data for 500.000 individuals. The number of ongoing

projects and published results cover a broad range of disorders including cancer,

dementia, heart disease, diabetes and depression. Clinical trial data are also

particularly relevant, and since January 2013 the British Medical Journal “will

no longer publish research papers on drug trials unless all the clinical data

on what happened to the patients is made available to anyone who wants to

see it.” ([9]). A recent article reviewed the major pharmaceutical companies’

commitments to share summary results and clinical study reports among other

data ([10]). The European Federation of Statisticians in the Pharmaceutical

Industry (EFSPI) and the UK Statisticians in the Pharmaceutical Industry

(PSI) have a joint working group to address the challenges of sharing patient

data to support medical research ([11]). Health related data are also particularly

sensitive, and are a good example of the legal and ethical concerns that should

be taken into consideration regarding sensitive personal data (medical records,

genomic profiles) or digital epidemiology in the context of public health. Thus,

ensuring compliance with ethical policies, adequate informed consents and data

use agreements are essential when sharing information and collaboratively using

data ([12]).

Open data and open science are undoubtedly means to minimise duplication

of work and to accelerate research. A closely related concept enabling a fast an

effective dissemination of research outcomes is that of visibility.

0.2. Visibility

Visibility in Biostatistics

In addition to open access, social media has the potential to increase the

visibility of both researchers and their research ([13]), particularly for young

researchers for whom other more formal channels of communication might be

less easy to access, and who would benefit from greater self-promotion ([14]).

We understand by academic visibility the recognition of research that can

be ensured by making it easily accessible so it can be noticed, used and
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cited, and ultimately have a higher impact than it would do sitting on

a desk. Non-traditional methods of evaluating this scholarly impact (e.g.,

altmetrics; [15]) have also become commonplace and provide researchers with

an instantaneous measurement of the potential influence of their work beyond

the traditional science citation count and journal impact factors, even if the

accuracy of any of these metrics is debatable ([16]).

Marta Bofill, member of the node Catalunya-BIO, described best practice

to properly manage a professional online profile and what the potential risks

of too much exposure are. In an attempt to answer the question “how to

(successfully) become visible?” various platforms to extend scientific reach were

highlighted in the roundtable. These included; attending professional meetings

(e.g., conferences, courses, seminars), being active members of societies and

multidisciplinary networks such as Biostatnet, and publishing work in journals

while also using more informal means of dissemination (e.g., blogs), and linking

to research in social media (e.g., Twitter or Linkedin). In sum, by networking,

collaborating, and sharing knowledge and outputs virtually, you will enhance

your academic presence. While some researchers still oppose to the idea of

personal visibility through these social media tools, it is generally agreed that

a greater visibility of the research is potentially associated to greater outreach

and impact.

Within the network, an initiative that together with the biennial young

researchers conference JEDE 3 has had a big impact on the visibility at the

country level of early-career researchers and their work, is an annual scheme for

academic visits in the different nodes.

Biostatnet academic visits for young researchers

This initiative aiming to encourage networking and knowledge transfer

between the different nodes, reflects well the integrative nature of Biostatnet

and allows for the specialisation of early-career researchers in areas that they

might not have dealt with before (see Appendix A for a summary of the

Biostatnet nodes specialisation list) and gives them an oversight of the way

different departments and nodes work.

Danilo Alvares and Elena Lázaro, members of the node Valencia-VABAR,

summarised their very positive experiences and encouraged other members to

apply in the next edition. A question was asked during the discussion as to

whether these visits could be longer (at the moment, funding is limited to 5

days including accommodation, subsistence, and travel expenses) to encourage

deeper collaboration. It was concluded that even when the length of the stays

could be greater, the main objective is to initiate a collaboration and as such

these are very successful visits. A proof of the success of these visits is the

3Its last edition JEDE IV took place in Salamanca in July 2017: https://jede2017.usal.
es/. Also related, it is worth highlighting the “Stat war” initiative.

https://jede2017.usal/
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increasing number of collaborative works in terms of scientific publications

and/or communications in conferences among members of the different nodes

(see Appendix A for some examples).

Visibility -along with reproducibility- are two ways to improve the quality

of our research, but no less important is to ensure an inclusive research

environment. Thus, equality and diversity are key aspects to establish a positive

and successful one, and as such it was considered an important topic to discuss

in the roundtable.

0.3. Women in Biostatistics

Visibility of women in Biostatistics and other areas of research is improving

and being celebrated ([17]). While major advances in the areas of Statistics

and Biostatistics in particular have been often associated to male figureheads

such as Fisher, Student, or Kaplan, progressively the names of female reputed

statisticians such as Florence Nightingale, Gertrude Mary Cox, Janet Norwood,

Janet Lane-Claypon, Frances Wood and Enid Charles, are becoming more and

more recognizable (a summary of their achievements can be found in Appendix

B).

Bridging the gender gap

This topic has been also ubiquitous on social media lately, partly due

to a women-only job advert from the University of Melbourne ([18]) as a

necessary step due to lack of representation in Maths and Statistics, according

to the School’s head. International efforts to give greater visibility to women

in science include the interactive tool “Women in Science” produced by

the UNESCO Institute for Statistics (available at http://uis.unesco.org/

apps/visualisations/women-in-science). This tool allows exploration and

visualisation of the gender gap during career progression. Other activities to

promote positively the involvement of women in Statistics and other skills

including generic programming or the use of R software, are the yearly Women

in Statistics and Data Science Conference, the “R ladies” groups, and initiatives

such as the Twitter #womeninSTEM hashtag and @GirlsWhoCode profile

encouraging girls to learn to code from a very young age. In Spain, the

blog “Mujeres con ciencia” run by the “Programa de Cátedra de Cultura

Cient́ıfica” University of the Basque Country is also worth mentioning as a

window showcasing the impressive scientific work done by women nowadays

and in the past.

Irantzu Barrio, member of the node Basque Country, gave a personal account

of her own experience. While she initially found herself in a department where

there was a clear majority of female colleagues, with time she has interacted

and worked for and with male colleagues and has not found any issues in doing

so.

http://uis.unesco.org/
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Female biostatisticians in Spain

Following the exceptional work of Susie Bayarri (see Appendix B for further

details on her achievements) and other pioneers in the field, the number of

figurehead female statisticians in Spain is increasing. Although there are not

official numbers for biostatisticians and it is a difficult task to estimate them

given the wide spectrum of activities that could be framed within the job, we can

gauge the percentages of women working in the area by looking at the different

professional associations and networks.

In Biostatnet, we have a 50-50 split male/female amongst the PIs while

the percentages vary across the different nodes (see Figure 3). In other

Spanish societies the percentages are also promising. In the Spanish Society

of Epidemiology (SEE) approximately 58% of affiliated members are women (as

per October 2017; for further information see [19]). This percentage is 50.9% in

the Spanish Biometric Society (SEB) and 39% in the Spanish and Operations

Research Society (SEIO) (as per October 2017) 4. In comparison to the UK

Royal Statistical Society which had 30% female membership in March 2018 out

of the 6,194 members with their gender recorded (125 with gender unknown; for

further information read [20]).

Figure 3: Biostatnet gender distribution as per data available in January 2017
on Biostatnet website.

However, it is a fact that the number of women in positions of power

4The presidential board highlighted that while these number are low, great efforts are being
made in order to achieve gender equality and to encourage female members to become more
involved in the organization of activities as well as taking responsibilities in executive roles.
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across the universities and other scientific institutions is still not high enough.

According to the [20] report “Cient́ıficas en Cifras 2015” in 2015 there was

only a female chancellor and 79% of the full professors were men in Spanish

public universities. Additionally, there were no women directing any public

research body in Spain. This biased distribution could in part be explained by

a persistent under representation of women in high profile journals ([21]).

Future

While the scissors plot is still far from closing (see Figure 4), given the figures

above, one would hope that the glass ceiling is slowly being broken 5. Arantza

Urkaregi, member of the node Basque Country, discussed this in February 2017

at an event framed within the celebration of the International Day of Women and

Girls in Science ([23]). According to Urkaregi, specific commissions within the

University of the Basque Country have been created striving for gender equality,

and this is hopefully happening in many other institutions across the country.

It was generally agreed by those involved in our roundtable that Biostatnet

is playing a very important role in doing so too. However, even while the

percentages in Spanish Biostatistics Societies are encouraging these may not be

necessarily representative of the overall reality of the field of research in Spain

regarding leadership positions.

In UK, in addition to generic nation-wide initiatives such as Athena Swan,

efforts are being made by specific institutions. The National Institute of Health

(NIH) has a Working Group dedicated to“consider barriers for women in science

and to develop innovative strategies to promote entry, recruitment, retention,

and sustained advancement of women in biomedical and research careers”. In

Spain and in the specific area of Statistics, it is notable that the SEIO has a

specific Commision for Women in Statistics and Operational Research ( [24])

It was generally agreed that, in line with the opinion of the great majority

of researchers “encouraging greater diversity is not only the right thing to do:

it allows scientific organizations to derive an ‘innovation dividend’ that leads to

smarter, more creative teams, hence opening the door to new discoveries” ([25]).

Conclusions

Overall, the roundtable was a great opportunity to discuss and reflect on

areas of current improvement in Statistics that are making our development

as researchers an easier, fairer and more fulfilling journey. We would like to

finish this article with a quote from Gauss on Sophie Germain’s successful

research on prime numbers after learning her identity: “When a person of the sex

which, according to our customs and prejudices, must encounter infinitely more

5In the CSIC report “Informe Mujeres Investigadoras 2017” (available at http://www.csic.
es/mujeres-y-ciencia) they highlight for instance a glass ceiling index for the institution of
1.44 which is below the European average of 1.80 (according to She Figures 2015).

http://www.csic/
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Figure 4: Scissors shaped trend of the distribution of women and men in Spanish
public bodies and universities (data from [21]). The higher the grades (left to
right) the greater the gap.

difficulties than men . . . succeeds nevertheless in surmounting these obstacles

and penetrating the most obscure parts of number theory, then without doubt

she must have the noblest courage, quite extraordinary talents and superior

genius” ([26]). It is certainly our firm conviction that gender diversity means

better science, and that a piece of research that is shareable and reproducible

can only result in increased quality. In addition, by making it visible, we create

opportunities for new collaborations and achieve a broader impact and outreach.
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Vicente Núñez, and Pere Puig) for their support and to the audience in

this roundtable for their useful input. We would also like to thank Prof.

Mario Cortina Borja for introducing us to the fascinating lives of Frances

Wood, Enid Charles and many other fascinating female statisticians, and F.
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Núñez V., and Puig P. (2012). BioStatNet: an interdisciplinary Biostatistics

network. BEIO, 28, 1, 185-200.

[2] ASA (2017). Reproducible Research Recommendations.

Available at: http://www.amstat.org/asa/files/pdfs/

POL-ReproducibleResearchRecommendations.pdf

[3] Patil, P., Peng, R. D., and Leek, J. (2016). A statistical definition for

reproducibility and replicability. Available at: https://www.biorxiv.

org/content/early/2016/07/29/066803.

[4] Reddit (2017). Reproducibility project AMA. Available at:

https://www.reddit.com/r/science/comments/5rtmt5/science_

ama_series_were_the_reproducibility/.

[5] Simply Statistics (2012) Podcast #2. Available at:. https://www.youtube.

com/watch?v=xLc3r6mj-ps.

[6] Rodŕıguez-Sánchez, F., Pérez-Luque, A.J., Bartomeus, I. and Varela, S.
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models with parametric and non-parametric specifications of the baseline

hazard function. Oral communication presented at the Bayes Pharma

conference.
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Appendix A. Biostatnet nodes specialisation

Collaboration across nodes is commonplace in the network including;

projects, conference contributions (e.g., [27]; Nodes Valencia-VABAR &

Catalunya-BIO) and journal papers (e.g., [28]; Nodes Páıs Vasco & Galicia).

Appendix B. Remarkable female staticians and pioneers

in research in the life sciences.

Florence Nightingale (1820-1910) was a pioneer in the practice of nursing

and in the visual presentation of information and statistical graphics (polar

area diagrams). Her work and determination contributed significantly to the

improvement of healthcare practice. In 1859, she was elected the first female

member of the Royal Statistical Society (RSS). She later became an honorary

member of the American Statistical Association (ASA).

Janet Lane-Claypon (1877-1967) was the first woman to receive a research

grant from the British Medical Society. She made important contributions to

the field of epidemiology improving the use of Statistics with her efforts.

Frances Wood (1883-1919) was a medical statistician with a brief yet

meteoric career including work on cancer mortality, . She is considered a

trail-blazer for women in Statistics. In 1913 she was elected Fellow of the RSS,

in 1915 she became the first female member of the Council of the RSS, and in
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1917 she was again the first women to join the RSS Executive Committee ([29]).

Enid Charles (1894-1972) was a pioneer in the fields of demography

and population Statistics, working on fertility rates and nuptiality for the

Dominion Bureau of Statistics in Canada. She worked as a Regional Adviser in

Epidemiology and Health Statistics and as a Population Statistics Consultant

for the World Health Organization in Singapore and New Delhi ([30]).

Jimena Fernández de la Vega (1895-1984) was a Spanish geneticist with

broad international research and training experience mainly in Germany. She

was the director of the Sección de Genética y Constitución de la Facultad de

Medicina de Madrid from its foundation ([31]).

Gertrude Mary Cox (1900-1978) was a statistician from the USA with

an expertise in experimental design who was also recognised for closing the gap

between theorists and applied researchers. She was a founder member of the

International Biometric Society and in 1949 she became the first woman elected

into the International Statistical Institute. In 1956 she was elected President of

the ASA while in 1975 she was elected to the National Academy of Sciences.

Florence Nightingale David (1909-1993) was an English statistician who

made important contributions to combinatorics. She won the first Elizabeth L.

Scott Award in 1992 for dismantling barriers for women in Statistics.

Elizabeth Leonard Scott (1917–1988) was an American statistician

working at the interface between astronomy and statistics. From her position at

the University of California, Berkely, she actively fought to achieve equal rights

for women in academia and science.

Stella Vivian Cunliffe (1917–2012) was a British statistician who was the

first woman to preside the RSS. She was also the first woman to become Director

of Statistics at the Home Office.

Janet Norwood (1923-2015) was the first woman to become a member

of the US Bureau of Labor Statistics. She made important contributions

to Government Statistics, mainly related to consumer price index and

unemployment. In 1989 she was elected president of the ASA.

Susie Bayarri (1956-2014) is considered one of the most prominent

Bayesian statisticians in the world. Susie made major contributions to both the

theory and methodology of Bayesian Statistics, helping it become the prominent

part of the scientific landscape that it is today. Her long-term interests

were selection models and weighted distributions; objective Bayesian methods;

Bayesian analysis of queueing systems; Bayesian robustness; model criticism

and p-values; model uncertainty and multiple comparisons; and calibration

and validation of complex computer models. Susie had major leadership

roles, including serving as President of the International Society for Bayesian

Analysis (ISBA) in 1998 and Presidenta de la Sociedad Española de Biometŕıa

(2001-2003), as well as principal investigator of the Biostatnet project. She also
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received numerous honors, including being elected Fellow of the ASA in 1997,

elected to the International Statistical Institute in 1997, elected Fellow of the

IMS in 2008 and, in a bittersweet ceremony during the World Conference of

ISBA in July, 2014, was in the first elected class of ISBA Fellows ([32]).
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currently has a postdoctoral position in the Department of Biostatistics at the

Harvard T.H. Chan School of Public Health (USA) and his research is focused on

Bayesian Survival Analysis for Health Policy Research, but he are also interested

in joint models for longitudinal and time-to-event data, Bayesian approaches to

computational methods, longitudinal models, statistical modelling, statistical

methods in epidemiology, biostatistical analysis, methods for the analysis of

observational data, and machine learning.

Irantzu Barrio holds a degree in Mathematics and a master’s degree in

Mathematical Modelling, Statistics and Computing by the University of the

Basque Country. She finished her PhD in mathematics in 2015. Since 2012

she works as an assistant professor at the Department of Applied Mathematics,

Statistics and Operations Research at the University of the Basque Country.

Additionally, Irantzu is a research member of the Biostit research group and

the Health Services Research on Chronic Patients Network (REDISSEC).



90 P. Cacheiro et. al.

Marta Bofill Roig holds a degree in Mathematics from the University of

Barcelona (UB) and an MSc in Biostatistics from the Universitat Politècnica de
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