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ABSTRACT

This thesis describes the development and in-depth empirical investigaaon of
method, called BootMark, for bootstrapping the marking up of named entities
in textual documents. The reason for working with documents, as opposed
for instance sentences or phrases, is that the BootMark method is wedcer
with the creation of corpora. The claim made in the thesis is that BootMark
requires a human annotator to manually annotate fewer documents in order to
produce a named entity recognizer with a given performance, than weuld b
needed if the documents forming the basis for the recognizer were randomly
drawn from the same corpus. The intention is then to use the created named en
tity recognizer as a pre-tagger and thus eventually turn the manual annotatio
process into one in which the annotator reviews system-suggested ammsotatio
rather than creating new ones from scratch. The BootMark method cooisists
three phases: (1) Manual annotation of a set of documents; (2) Bauisig

— active machine learning for the purpose of selecting which document to an
notate next; (3) The remaining unannotated documents of the originalscorpu
are marked up using pre-tagging with revision.

Five emerging issues are identified, described and empirically investigated
in the thesis. Their common denominator is that they all depend on the real-
ization of the named entity recognition task, and as such, require the context
of a practical setting in order to be properly addressed. The emergingsiss
are related to: (1) the characteristics of the named entity recognition task and
the base learners used in conjunction with it; (2) the constitution of the set of
documents annotated by the human annotator in phase one in order to start the
bootstrapping process; (3) the active selection of the documents to tnimota
phase two; (4) the monitoring and termination of the active learning carried ou
in phase two, including a new intrinsic stopping criterion for committee-based
active learning; and (5) the applicability of the named entity recognizeteziea
during phase two as a pre-tagger in phase three.

The outcomes of the empirical investigations concerning the emerging is-
sues support the claim made in the thesis. The results also suggest that while
the recognizer produced in phases one and two is as useful forggiegeas
a recognizer created from randomly selected documents, the applicability of
the recognizer as a pre-tagger is best investigated by conducting studgr
involving real annotators working on a real named entity recognition task.






SAMMANFATTNING

Denna avhandling beskriver arbetet med att utveckla ocirdéra en metod,
kallad BootMark, br att marka upp drekomster av namn i textdokument. An-
ledningen till att arbeta med dokumenéibét for, till exempel, meningar eller
fraser,ar att syftet med BootMar#r att producera korpusar. Tesiratt Boot-
Mark tillater en nansklig annoterare att @nka upp &rre dokumentdr att
kunna téna en namnigerdnare till en given prestanda vad som skulle ha
behdvts om namnigerinnaren tnats @ ett slumprassigt urval av dokument
fran samma korpus. Vidair det tinkt att namnigerdnnaren ska aindas

I ett forprocessningssteg i vilkket namnen i de resterande texterna i lerpus
forst marks upp automatiskif att sedan revideras manuella Ba satt ska
annoteringsprocessea ffan att vara baseradatt den ranskliga annoteraren
manuellt n&rker upp namn, till att annoterarerébét tar sélining till huruvida
de automatisktdreslagna annoteringarna lisler andras.

BootMark-metoden beat av tre faser. Derbfsta fasen syftar till att pro-
ducera en liten samling korrekt upginkta dokument att adndas or att starta
fas tv@. Den andra fasen nyttjaa &allad aktiv maskinirdrning ochar nyckeln
till att BootMark kan reducera angden dokument som en @&mdare bebwver
annotera. | den tredje och sista fasen nyttjas den i fakdwvistruerade namn-
igenkannarendr att omvandla annoteringsprocessen till en gransknings-dito.

| samband med beskrivningen av BootMark identifieras fem praktiski-orie
terade fagor vars gemensammamnarear att de kaver ett konkret samman-
hang r att kunna besvaras. De fema@orna or: (1) namnigen&nnings-
uppgiftens och de aftill nyttjade maskinirdrningsmetodernas karakistik,
(2) sammar&ttningen av den @angd dokument som skaarkas upp i fas ett
och ligga till grund br den aktiva irhrningsprocessen i fasiy(3) anandandet
av aktiv maskinirdrning i fas ta, (4) dvervakningen av, och villkoroi att
automatiskt avbryta idrningen i fas t&, inklusive ett nytt intrinsiskt stopp-
villkor for kommitébaserad aktiv idrning samt (5) tikmpbarheten av namn-
igenkannaren somdrprocessor i fas tre.

Utfallet av experimenten &tler tesen. Fas ett ochétvBootMark bidrar till
att reducera den éamgd dokument en @&msklig annoterare békier marka upp
for att téana en namnige@nare med prestanda s@nlika bra eller fattre
an en namnigerdnnare sondr tranad [ ett slumprassigt urval av dokument
fran samma korpus.



iv Sammanfattning

Resultaten tyder ockspa attaven om namnigerdnnaren som skapats i fas
ett och taar lika lamplig att an@anda i ett drprocessningssteg som en namn-
igenkannare skapad genonaiing [ slumpnassigt utvalda dokument $or
dess amplighet undefgkas genom arandarstudier i vilka riktiga arandare
tar sig an en riktig namnige@kningsuppgift.
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INTRODUCTION

Information extraction is the process of analyzing unrestricted text with the
purpose of excerpting information about pre-specified types of entities,
events in which the entities are engaged, and the relationships between entities
and events. The state-of-the-art of information extraction methods is mani-
fested in the construction of extraction systems that are accurate, anmlist
fast enough to be deployed outside the realms of the research labaratorie
where they are developed. Still, some important challenges remain to be dealt
with before such systems may become widely used. One challenge is that of
adapting information extraction systems to handle new tasks and operate on
new domains. For instance, a system that works well in a particular setting,
such as the extraction of management succession information from nesvs wir
texts, is unlikely to work at all when faced with the task of extracting interac-
tions between proteins from biomedical texts.

The heart of the problem lies in the fact that, at present, full text utetets
ing cannot be carried out by means of computers. In an attempt to circtimven
this problem, we typically specify, in advance, what pieces and types of in-
formation are of interest. Thus, our efforts can be concentrated @trocting
theories, methods and techniques for finding and processing what isduktice
satisfy a prototypical need for information with respect to the domain at.hand
The key to information extraction is the information need; a well-specified
need allows us to focus on the parts of the information that satisfy the need,
while the rest can be ignored. Herein lies a tension. On the one handificspe
and unambiguously defined information need is a prerequisite for stfigcess
information extraction. On the other hand, this very specificity of the informa-
tion need definition causes problems in adapting and constructing information
extraction systems; any piece of information that falls outside a given defi-
nition of an information need will not be recognized by the system, simply
because it does not look for such pieces.

Partly to accommodate the necessary specificity, information needs are of-
ten defined in terms of examples of what should be covered by the information
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extraction system fulfilling the need. Thus, the creation of state-of-thie-ar
formation extraction systems has come to rely increasingly on methods for
automatically learning from examples. Such training examples are often pro-
vided to a machine learner in the form of a body of texts, a corpus, that has
been annotated so as to make explicit the parts and types of the corptis cons
tuting the focus of the information extraction task at hand. The assumption in
the research community seems to be that the annotation of data, which is later
used for machine learning, is better than manually writing rules. Nevertheless
the question of why we should opt for the annotation of what is important in
a text, instead of directly addressing that knowledge by means of explicitly
written rules remains one which clearly deserves a moment of contemplation.
Addressing the issues pertaining to the creation of information extractien sys
tems at the level of data instead of at the system’s level directly arguably has
several pivotal advantages. Decoupling the characteristics of thengyalata
and the extraction system induced from the data facilitates, for instance, fu
ture extensions of the data by adding further details concerning alremaynk
information, or the re-creation of information extraction systems based on a
novel machine learning technique that was not known at the time the data was
collected and annotated.

In an investigation concerning the marking-up of data versus the manual
construction of a system, Ngai and Yarowsky (2000) contrast annotaith
rule writing for the task of base noun phrase chunking; the recognitionmf
recursive noun phrases in text. They air a voice in favor of annotatiegrale
writing. Their investigation compares an annotation process based oe activ
machine learning (introduced in chapter 4) for selecting the sentences to be
annotated, with the process of manually specifying rules. Ngai and ¥asow
find that base noun phrase chunkers learned from the annotatedutia¢s- o
forms the chunkers based on manually constructed rules, even whaidemn
ing the human effort spent. They point out that annotating data has a numbe
of advantages over writing rules:

e Annotation-based learning can continue over a long period of time; the
decisions needed to be made by the annotator concern information ap-
pearing in a relatively local context. Writing rules, on the other hand,
requires the human to be aware of all potential rule interdependencies.
Over time, the latter task may take precedence and obscure an initially
transparent view of the task through the rules.

e The efforts of several annotators are easier to combine, than are the
efforts of several rule writers. Given that the annotators use the same
annotation guidelines, their relative performance may be measured and
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corrective actions can be taken accordingly. The local contexts of the
annotation decisions allow for isolation of hard cases and their deferral
to, for instance, external reviewers. Rule interdependencies on tée oth
hand, may cause the combination of rule sets to result in a set exhibiting
undesired side effects when applied.

e Constructing rules require more of the human involved in terms of lin-
guistic knowledge, familiarity with the language in which to specify the
rules, and an eye for rule dependencies.

e Creating annotations facilitates data re-use. An annotated corpus can be
used by learning schemes other than the initially envisioned ones, and
the performance of a system may thus be improved without altering the
mark-up in the underlying data.

Ngai and Yarowsky (2000) also point out that based on their empirlrste
vations, rule writing tends to result in systems exhibiting more variance than
the corresponding systems created by training on annotated text.

Although the above discussion on annotation versus rule writing may por-
tray the task of annotation as a rather simple one, it should be pointed out that
this is not necessarily the case. Depending on the task, marking up linguistic
content in text may be quite complex. The comprehensiveness of avaitable a
notation guidelines may serve as indicators of the complexity of the annotation
task. For instance, a seemingly simple task such as the detection and recogni-
tion of entity mentionsin English text, as outlined in the context of Automatic
Content Extraction (Linguistic Data Consortium 2008), is accompanied by a
document spanning more than 70 pages devoted solely to the mark-up of five
classes of entities; persons, organizations, geographical/social/politital e
ties, locations, and facilities.

Another way of illustrating the difficulties with annotating linguistic phe-
nomena is by looking at the agreement (or lack thereof) between human an-
notators operating on the same task and texts. The inter-annotator agreemen
for a given task is of particular interest since the agreement providagpthe
per bound on the performance expected by an annotation system irfdured
the marked-up data. That is, a system that is created by means of machine
learning will, at best, perform as good as the examples from which thensyste
was learned. Generally, the more complex structures to mark up, the lower the
inter-annotator agreement scores.

1The annotation guidelines by the Linguistic Data Consortium (2008) defirentity to
be “... an object or set of objects in the world”. Named entity recognitiandsre sub-task in
information extraction, and as such it is further elaborated on in chapter 2
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Furthermore, while annotation may facilitate the re-use of data, it does not
mean that data re-use is guaranteed to be successful. For instantkatiates
been selected and annotated to fit the characteristics of a particular machine
learning algorithm may not at all be useful in conjunction with a different
learning algorithm (this matter is discussed in section 5.6). That said, the issue
of difficulty in producing high quality annotated data has been raised. A major
bottleneck in machine learning is the acquisition of data from which to learn;
this is an impediment due to the requirement of large resources in terms of
time and human expertise when domain experts are to mark up data as needed
in the learning process. Thus, obtaining good training data is a challenge in its
own right.

This thesis describes the development of a method — BootMark — for the

acquisition of annotated data from which to learn named entity recognizers.
Names constitute references to real-world entities that participate in events,
and are engaged in relations to other entities. As such, names provide viable
ways of obtaining handles to information that may fit a given extraction task.
If the acquisition of marked-up texts could be made easier, in some respect,
we would be one step closer towards making information extraction available
to a broader public. It is within this context that the present thesis should be
understood.

1.1 Thesis

| present a method for bootstrapping the annotation process of named enti-
ties in textual documents. The method, called BootMark, is focused on the
creation of annotated data, as opposed to the creation of classifiersjeand
application of the method thus primarily results in a corpus of marked up tex-
tual documents. BootMark requires a human annotator to manually mark-up
fewer documents in order to produce a hamed entity recognizer with a given
performance, than would be needed if the documents forming the base for th
recognizer were randomly drawn from the same corpus.

1.2 Method and organization of the dissertation

Part | contains the background needed to understand the rest of seetalis
tion. Named entity recognition is introduced in chapter 2. The necessafy con
cepts in machine learning are presented in chapter 3, followed by an iegtens
literature survey of active machine learning with a focus on applications in
computational linguistics in chapter 4, and a survey of support for atioota
processes in chapter 5.



1.2 Method and organization of the dissertatiob

Part Il constitutes the core of the dissertation. Chapter 6 introduces and
elaborates on a three-phase method called BootMark for bootstrappiag-the
notation of named entities in textual documents. In the process of describing
BootMark, five issues emerge that need to be empirically tested in order to as-
sess the plausibility of the BootMark method. These emerging issues are the
subject matter of part Ill. Chapter 6 concludes part Il by relating thetBark
method to existing work.

Part IIl provides an account of the empirical work conducted, alteel#o
the set of emerging issues outlined in part Il. Chapter 7 introduces amiexp
mental setting in which the major concerns raised in part Il pertaining to the
plausibility of the proposed annotation method are empirically tested.

Chapter 8 describes the first set of experiments, related to the firstiamerg
issues outlined in chapter 6. The goal of the experiments is to provide a base
line for experiments to come. This is accomplished by an investigation of the
characteristics of a number of base learners with respect to their trainthg a
testing time, as well as their accuracy on the named entity recognition task.
The experiments also include parameter selection, the use of automatic fea-
ture set reduction methods, and, for the best base learner also thetgenef
learning curves visualizing its ability to learn as more data becomes available.

Chapter 9 provides an extensive empirical investigation into the applica-
bility of active machine learning for the purpose of selecting the document to
annotate next based on those that have been previously markedelpvési-
gation pertains to the most crucial of the emerging issues outlined in chapter 6.

Chapter 10 addresses the issue of the constitution of the document set uti-
lized for starting the bootstrapping process.

Chapter 11 examines ways to monitor the active learning process, as well
as to define a stopping criterion for it having available an annotated, lld-o
test set.

Chapter 12 concludes part Il with a discussion concerning the usesof th
named entity recognizer learned during the bootstrapping phase of BdotMa
for marking up the remainder of the documents in the corpus.

Finally, part IV ends the dissertation with a summary, conclusions, and fu-
ture work.

It should be noted that the experiments introduced and carried out inlthe fo
lowing are considered asdicativeof the plausibility of the BootMark method.
Thus, the empirical investigations do not constitute attempisr@ting the
method correct. Whereas the experiments indeed are instantiations of partic-
ular issues crucial to the realization of the method as such, their outcomes
should be considered fairly loosely tied to the method proper. For instdece,
fact that a particular base learner is shown to yield the best named entity rec
ognizer in the particular setting described in chapter 8, should not be &asken
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evidence of the base learner being the most suitable one for other settings a
well. Due to the purpose of the investigations, it makes little sense in accom-
panying the results and related discussions by statistical tests for judging the
significance of the findings; instead, the indications provided by the remelts
made visible on the form of graphs and tables containing performandésresu
and variations, as well as learning curves.

A trade-off between the amount of data used for the experiments and the
number of experiments conducted is in effect. | chose to explore moreiexpe
ment configurations, such as the number of base learners involvedatecBa
and, in particular, the number of uncertainty and selection metrics utilized in
chapter 9, rather than using more data. As an example, the 216 base learne
configurations used in chapter 8 required the better part of six monthgand s
eral different machines to run to completion. If the amount of data involved
would have been increased, it would have had severe effects ondbetiex
time.

1.3 Contributions

Apart from the dissertation as a whole, some particular contributions merit
attention in their own right since they may prove useful to other involved in

field of active learning involving named entity recognition. The contributions

include:

e The definition and evaluation of a number of metrics for quantifying
the uncertainty of a single learner with respect to the classification of a
document (section 9.2).

e The definition and evaluation of a number of metrics for quantifying
decision committee disagreement with respect to the classification of
a document, including the definition of Weighted Vote Entropy (sec-
tion 9.3).

e A way of combining the results from two view classifiers in Co-testing
in such a way that the contribution of each view classifier is weighted ac-
cording to its classification performance on the training data, thus main-
taining the relative compatibility of the views (section 9.3.4).

e An intrinsic stopping criterion for committee-based active learning. The
realization of the stopping criterion is based on the intrinsic character-
istics of the data, and does not require the definition, nor setting of any
thresholds (section 11.3).
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e A strategy for deciding whether the predicted label for a given instance
(a token in the context of a document) should be suggested as a label
to the human annotator during pre-tagging with revision. Employing the
described selective strategy may allow for the use of pre-tagging with
revision during the bootstrapping phase, something which otherwise ap-
pears volatile (section 12.2).
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NAMED ENTITY
RECOGNITION

Named entity recognition is the task of identifying and categorizing textual ref-
erences to objects in the world, such as persons, organizations, des)zar
locations. Figure 2.1 contains an example sentence, taken from a cagulis u
in the Seventh Message Understanding Conference (MUCFRE names in
the example sentence in the figure are marked-up according to four e s
name categories used in MUC-7: organization, location, date, and time.

Named entity recognition constitutes an enabling technique in many appli-
cation areas, such as question-answering, summarization, and machéte-tra
tion. However, it was within information extraction that named entity recogni-
tion was first thoroughly researched. Thus, to understand named ectigmi-
tion, it is described here in the context of a prototypical information extractio
system.

Information extraction is the process of analyzing unrestricted text with
the purpose of picking out information about pre-specified types of egtitie
the events in which the entities are engaged, and the relationships between
entities and events. In this context, the purpose of named entity recognition is
to identify and classify the entities with which the information extraction task
is concerned. As such, named entity recognition is arguably a well-cdehr
and well-understood field; a good overview is given by Nadeau anth&ek
(2007).

Introductions to information extraction are provided by, for instance,i€ow
and Lehnert (1996), Grishman (1997), and Appelt and Israel9) 98hile
Kaiser and Miksch (2005) give a more recent survey of the field. Te c
definition of information extraction evolved during the MUC series which took
place in the 1990’s (Grishman and Sundheim 1996; Chinchor 1998).

Figure 2.2 illustrates the organization of a typical information extraction
system. Usually, an extraction system is made up from a cascade of differen
modules, each carrying out a well-defined task and working on the oatput
previous modules. At the top end of figure 2.2, text is fed to the system and

2The MUC-7 corpus is further described in section 7.1.



12 Named entity recognition

<ENAMEX TYPE="ORGANIZATION'>Massportenavex>  Officials said the replacement
<ENAMEX TYPE="ORGANIZATION">Martinair<enavex> jet was en route from <enamex
TYPE="LOCATION">EUrope /eEnavex> 10 <ENamMEX TYPE="LOCATION" > NEW Jersey/enamex, but was
diverted to <enavex TyPE="LOCATION">LOJark/ENAMEX> <TIMEX TYPE="DATE" > TUESOAY/TIMEX >
<TIMEX TYPE="TIME” >AftE€IMOOR/TIMEX >.

Figure 2.1: An example sentence in which named entities are marked.

passed through kexical analysisphase which involves segmenting the doc-
ument into, for example, sentences and tokens. The tokens are therneahaly

in terms of part-of-speech and syntactic functions. Next,name recogni-

tion module harvests the text for name expressions referring to, for instance
persons, organisations, places, monetary expressions, and datgzarfial
syntaxstep includes identifying nominal and verbal groups as well as noun
phrases. Thacenario patterngnodule applies domain and scenario specific
patterns to the text in order to resolve higher level constructs such ps-pre
sition phrase attachmeriReference resolutioand discourse analysjsthen,
relate co-referring expressions to each other, and try to merge duartises
found so far. Finally, templates expressing the structured version ohtvesa

to the information need are generated. As depicted in figure 2.2, named entity
recognition constitutes an integral and crucial part of a typical informa&ten
traction system since many subsequent modules depend on the output of the
named entity recognizer.

The termnamed entity recognitiowas originally introduced in MUC-6 in
1995 (Grishman and Sundheim 1996). The task subsequently evolvied du
a number of different venues, including MUC-7 and the Second Multilihgua
Entity Task (MET-2) (Chinchor 1998), the HUB-4 Broadcast News meth
ogy evaluation (Chinchor, Robinson and Brown 1998), the Informatien R
trieval and Extraction Exercise (IREX) (Sekine and Ishara 2000), tvenesl
tasks conducted within the Conference on Computational Natural Laaguag
Learning (CoNLL) (Tjong Kim Sang 2002a; Tjong Kim Sang and Meul-
der 2003), and the Automatic Content Extraction (ACE) program (Dodadimg
et al. 2004).

Throughout the MUC series, the tertmamed entitycame to include seven
categories; persons, organizations, locations (usually referredte/ARIEX),
temporal expressions, dates (TIMEX), percentages, and monefaigssions
(NUMEX). Over time, the taxonomies used for named entity recognition have
been re-defined. The seven name categories used in the MUCs wardezkte
to include the typefacility andgeo-political entityin the ACE program, while
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Figure 2.2: The organisation of a typical information extraction systeadopted
from Yangarber and Grishman (1997).

types such aproteinandDNA are part of the taxonomy used in the develop-
ment of the GENIA corpus (Collier et al. 1999). More recently, Seking an
Nobata (2004) report ongoing work concerning what they refer extsnded
named entity recognitigrwhich comprises 200 categories of names.

Research on named entity recognition has been carried out for a number
of languages other than English, for example, German, Spanish, antd Dutc
in the context of the CoNLL shared tasks (Tjong Kim Sang 2002a; Tjong
Kim Sang and Meulder 2003), Japanese in IREX (Sekine and Ish@f3,20hd
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Swedish (Kokkinakis 2004; Borin, Kokkinakis and Olsson 2007). Asddad

and Sekine (2007) point out, the domain and genre to which named entity
recognition has been applied has not been varied to a great extenafarsets
used often consists of news wire texts, transcribed broadcast dataentific
texts.

While the first systems for recognizing names were based on pattern match-
ing rules and pre-compiled lists of information, the research community has
since moved towards employing machine learning methods for creating such
systems. The learning techniques applied include Decision Trees (S8Ki8g 1
Artificial Neural Networks (Carreras, Mquez and Padr2003), Hidden Mar-
kov Models (Bikel, Schwartz and Weischedel 1999), Maximum EntropgMo
els (Borthwick et al. 1998), Bayesian learning (Nobata, Collier and Tsujii
1999), Nearest Neighbor learning (Tjong Kim Sang 2002b), and i@ondl
Random Fields (McCallum and Li 2003).

A detailed description of a machine learning set-up used for named entity
recognition is available in chapter 8, including the specification of the learning
task, as well as the features used to represent training examples.



FUNDAMENTALS OF
MACHINE LEARNING

This chapter introduces the concepts of machine learning methods used in the
remainder of the thesis; as such, the chapter serves as a pointer to adidition
information, rather than a complete beginner’s guide to the subject. Extensiv
introductions to machine learning are given by, for instance, Mitchell {199
and Witten and Frank (2005). Mitchell (1997: 2) defines machine leaasng

A computer program is said to learn from experieceith respect to
some class of tasks and performance measupeif its performance at
tasks inT, as measured by, improves with experience.

The definition naturally gives rise to additional questions. What is expezjen
and how can it be represented in a way beneficial to a computer program?
How are the representations of experience and tasks related? Whagjtexsh

are there to learn from experience? How can the performance of atkarn
computer program be measured? These questions are all addressetbin th
lowing.

3.1 Representation of task and experience

The way experience is represented is closely related to the way the task to
be solved is expressed, both in terms of data structures used, and in terms
of the granularity in which the experience — knowledge about the domain —
is expressed. A common data structure to use for representationeist@r

of features(often referred to asttributeg. A feature denotes an aspect, an
important piece of information, or a clue to how experience is best rapezke

Each feature can take onwvalue As an example, the representation of an
experiences € E from which a computer program is to learn can be written as:

e=(V1,V2,...,Vik_1,Vk)

wherev; to v are values of features 1.,k describing the experienee
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The difference between the representation of an experience fronh whic
learn, and the task to be carried out is usually one attribute. In the example
above, assume that the feature with valyes the feature that the computer
program is to learn to predict. The range of possible valuesvihapresents
is called thetarget classof values. In the learning situation, the computer pro-
gram is given the complete as an example from which to learn. When the
learned experience is to be applied, the example handed to the computer pro-
gram is missing the valug such that

€= (V17V27 coey Vi1, 7)

An experience from which to learn is often referred to asxamplgtrain-
ing example), while the corresponding task of classifying (or predicting) th
experience as belonging to a particular class (or being a particular \ialue)
referred to as dnstance The termsexampleandinstanceare henceforth used
interchangeably.

When the experience, or task, is such that the outcome can be categorized
into discrete categories among which there is no relative order, the learning
is said to pertain talassification If, on the other hand, the outcome of the
learning is predicting a numeric quantity, the learning is said to pertaie-to
gression

The hypothesis spacis the space consisting of all possible feature values
used for representing experience. Megsion spaceonsists of all those com-
binations of feature values that arensistentvith the training examples used
for representing the experience. A hypothesis is said to be consistera sgth
of training examples if the hypothesis predicts the same target class value as is
represented by the training examples.

3.2 Ways of learning from experience

How can a program learn from experience? Traditionally, there arettands

to learning:supervisedandunsupervisedearning. In supervised learning, the
experiences from which to learn are commonly presented as pairs capsistin
an example and the correct class label (or value) associated with thelexamp
this is the case in the above description of experience. In unsupervisethig

on the other hand, the examples provided to the ledaremot associated with
any class labels or values at all. Here, the task of the learner is to findstere
ing structures, or patterns, in the data. Between supervised and wisagde
learning issemi-superviselbarning, in which the learner typically has access

3The termamachine learnemndlearnerare henceforth used interchangeably.
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to some labeled training examples and a lot of unlabeled examples. An in-
troduction to semi-supervised learning is given in the b8ekni-Supervised
Learningby Chapelle, Sablkopf and Zien (2006).

Although this thesis is mainly concerned with supervised learning methods
— the ones brought up in the present section are those subject to intiestiga
in chapter 8 — one example of semi-supervised learning called Co-training is
introduced in the context of active learning in chapter 4.

3.2.1 Decision tree learning

A decision tree is a directed acyclic graph in which the nodes constitute tests
between features, the branches between a node and its childrerpoodéds
the values of the features, and leaves represent values of the tasget c

The creation of a decision tree can be defined recursively. Initiallyctsele
the feature which best, on its own, predicts the correct classes of thedrain
examples available. The first feature selected constitutes the root ndlae of
tree. Branches corresponding to all possible values of the featureatd
(one branch per value). In effect, the original set of training exaniplasw
divided into sub-parts related to each value/branch. Continuing with the sub
parts, the process is repeated; for each sub-part, select the fdatitmest
predicts the target classes of the training examples in the set. This process is
repeated until all training examples corresponding to a node have the same
target class. The decision tree learning approach is cdiledie-and-conquer

When classifying an instance by means of a decision tree, the tree is tra-
versed from the root, going towards the leaves, comparing the fealuesva
the instance with those available at the nodes in the tree until a leaf is reached.
The instance is then assigned the class of the leaf at which the travetisal of
tree ends.

Decision trees are robust with respect to noise in the input data, they are
also relatively easy to interpret by a human, and can be used for classific
as well as regression.

Two decision tree learners are used in the present thesis, J48 andeREPT
described in Witten and Frank 2005. The former is a re-implementation of the
well-known C4.5 (Quinlan 1993).

3.2.2 Lazy learning

Lazy learning is also known as instance-based learning. The name lazy lea
ing refers to the way that the learning is carried out. In the learning phase,
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training examples are merely collected, while the bulk of the work is carried
out during the application phase. The lazy learning method employed in this
thesis is callek-nearest neighboror kNN for short. The idea is that an in-
stance to classify is compared to its nearest neighbors — already collgeted e
amples — and the classification of the instance is made based on the classes
of the neighbors. Thiin kNN refers to the number of neighbors to consider
when calculating the class or value of a given instance. KNN can be ased f
classification as well as regression.

The approach taken makes nearest neighbor fast in the learning pbase
slow to classify new data, as most of the computations required are made at
that point. The benefits of using KNN include that when classifying a given
instance, only the examples close to the instance have to be taken into con-
sideration; the classification is based on local characteristics of the egi®th
space. This means that KNN can be used to model complex phenomena by us-
ing fairly simple, local, approximations. The kNN implementation used in this
thesis is called IBk (Witten and Frank 2005).

3.2.3 Artificial neural networks

Artificial neural networks are non-linear statistical data modeling toolg] use
for classification or regression by modelling the relationships between input
and output data. An artificial neural network can be described aspd gna
which the nodes, the artificial neurons, are connected by arcs. Almaiwork
as a whole models a function for mapping the network’s input to its output.
That function, in turn, is represented as the combination of sub-functach
of which is manifested as the mapping between the input and output of a node
in the network. The strength, or influence, of a sub-function is modeled as
a weight on the arc leading to the node representing the function. Training
an artificial neural network essentially involves first designing the nétwor
accordance with the task and data at hand, and then deciding the weights of
the arcs based on observations of the training examples.

There is a multitude of artificial neural networks available. The type of net-
work used in this thesis is callétiadial Basis Function networRBF network
for short (Powell 1987). An RBF network isfaedforward networkmeaning
that it is a directed acyclic graph. An RBF network typically consists of three
layers of nodes; the input layer, a hidden layer, and the output laliertwo
latter layers are referred to as processing layers. In the hiddersgingdayer,
the inputis mapped onto the radial basis functions representing the k@abés.
node in the hidden layer can be thought of as representing a point in tbe spa
made up by the training examples. The output from a hidden node can thus be
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conceptualized as depending on the distance between the instance to-be clas
sified and the point in space represented by the node. The closer thegtwo a
the stronger the output from the node (the more influence the node has on th
final classification of the instance). The distance between an instanca and
point represented by a node is measured by means of a nonlinear tnaasfo
tion function that converts the distance into a similarity measure. The hidden
nodes are called RBFs since the points for which the strength of the output
of the node is at the same level form a hypersphere or hyperellipsoitieIn
case of regression, the network output is realized as a linear combinatia o
output of the nodes in the hidden layer. In the case of classification, thetoutp
is obtained by applying aigmoid functiorto the output of the hidden nodes.
The sigmoid function, also known &agistic functionor squashing function
maps a potentially very large input domain to a small range of outputs.

RBF networks allow for efficient training, since the nodes in the hidden
layer and the nodes in the output layers can be trained independently.

3.2.4 Rule learning

In rule learning, the goal is to learn sets of if-then rules that describeatme tr
ing examples in a way that facilitates the decision making required to classify
instances. For each target class in the training examples, rule sets allg usu
learned by finding a rule thabversthe class in the sense that the rule classifies
the examples correctly. Covering algorithms work by separating the training
examples pertaining to one class from those of other classes, and costinuo
adding constraints — tests — to the rules under development in order to obtain
rules with the highest possible accuracy for the given class. The agpis
referred to aseparate-and-conquéin contrast to the divide-and-conquer ap-
proach taken in decision tree learning).

Two different rule learning algorithms are used in this thesis, JRip and
PART, both of which are described by Witten and Frank (2005).

JRip is animplementation of RIPPER, shortRepeated Incremental Prun-
ing to Produce Error ReductiofCohen 1995). RIPPER is a separate-and-con-
quer algorithm that employscremental reduced-error pruningp come to
terms with potentiallyoverfitting the learned set of rules to the training ex-
amples, as well as a global optimization strategy to increase the accuracy of
the rule set. Overfitting means that the classifier learned is too specific to the
training data at hand, and consequently does not generalize well oyskyv
unseen data. In incremental reduced-error pruning, the rule ledim@es the
set of training examples into two sub-sets. The first set (the growing seds
for learning rules, while the second set (the pruning set) is used forgehn
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accuracy of the rules as the learning algorithm tries to remove tests from the
rules, that is, prunes them. A pruned rule is preferred over an umednule if

it performs better on the pruning sktcrementateduced-error pruning means
that each rule is pruned directly after being created, as opposed tanigtibe
pruning process until all rules have been created.

A global optimization step is used by RIPPER to increase the overall accu-
racy of the rule set by addressing the performance of individual.rOlese the
complete rule set has been generated for a class, two variants of é&aelneru
produced by using reduced-error pruning. This time, the error pguplirase
is a bit different from the incremental one used to prune rules the first time
around; the difference lies in that instances of the class that are dolgre
rules other than the one which is currently being considered for optimization
are removed from the pruning set. The accuracy of the rule measurtdx: on
remaining instances in the pruning set is used as the pruning criterion. This
procedure is repeated for each rule in the original rule set.

The other rule learning algorithm utilized in the thesis is called PART
(Frank and Witten 1998). The way PART operates makes it possible to avoid
the global optimization step used by RIPPER, and still obtain accurate rules.
Essentially, PART combines the separate-and-conquer approacimuz#et
PER with the divide-and-conquer approach used in decision tree lgafftie
former is realized as PART builds a rule, and subsequently removes the in-
stances covered by the rule, thus separating the positive examples fom th
negative ones. The rule learning then proceeds recursively with rtieimang
instances. The divide-and-conquer approach is realized in that BARIS a
pruned C4.5 decision tree for the set of instances currently in fociespatin
leading to the leaf with best coverage is then used to formulate a rule, and the
tree is discarded.

3.2.5 Nave Bayesian learning

Naive Bayesian learning is a special case of Bayesian learning, which in turn
is a member of a family of statistical methods called graphical models.

Naive Bayes constitutes a way of estimating the conditional probability
distribution of the values of the target class, given the values of the ésatur
used for representing the experienceidaBayes builds on applyinBayes
theoremwith strong (n&e) independence assumptions concerning the rela-
tions between the features used for representing experience. Baggsrth
provides a way of calculating the probability of a hypothesis concerning the
classification of a given instance based on phier probability that the hy-
pothesis being correct, the probabilities of making various observatiare on
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the hypothesis is believed to be true, and based on the observed datalitself.
prior probability of a hypothesis reflects any background knowledgetahe
chance of the hypothesis being correct, for instance obtained froema@ti®ns
supporting the hypothesis in the training data. The independence assumption
facilitates the calculation of the estimated probability of an instance belonging
to a given class based on observations of each feature value in isolatia in
training data, and relating that information to the sought for class usingsBaye
theorem.

In the learning phase, aiive Bayesian learner calculates the frequencies of
the feature values given each possible value of the target class €thefcies
are then normalized to sum to one, so as to obtain the corresponding estimated
probabilities of the target classes.

In the classification phase, aiwa Bayesian classifier assigns the value of
the target class that has the highest estimated probability, based on infermatio
regarding the feature values used for representing the instance abitaiihe
training phase.

In the experiments carried out in part I, two methods based trerizayes
are usedNaive BayesandNaive Bayes Updateablsee, for instance, Witten
and Frank 2005). The latter is able to accommodate learning by digesting new
training examples as they are provided, in an incremental fashion, while the
former method does not.

3.2.6 Logistic regression

Despite the fact that the name contains the term regression, previousl intro
duced as pertaining to the prediction of numeric values, logistic regression ¢
be used for classification. Logistic regression Imear classificatiormethod
suitable for domains in which the features used to describe experiencartake
numeric values. The most basic form of linear classification involves combin-
ing, by addition, the numeric features, with pre-determined weights indicating
the importance of a particular feature to a given class.

Logistic regression makes use of a function for transforming the values of
the target class into something that is suitable for numeric prediction. Since,
in classification, the target class assumes discrete values, predictingthe dis
crete values by means of regression necessitates a mapping from numeric in
tervals to the target class values. The function used for transformingrtjes ta
class values — the transformation function — used in logistic regression id calle
the logistic function. The key to the logistic function is that it is able to map
any numbers onto the interval ranging from 0 to 1 (the logistic function is
a common sigmoid function, previously introduced in section 3.2.3 for RBF
networks).
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Training a logistic regression classifier, also known as a maximum entropy
classifier, involves fitting the weights of each feature value for a particldas
to the available training data. A good fit of the weights to the data is obtained by
selecting weights to maximize theg-likelihood of the learned classification
model. The log-likelihood is a way of expressing the values of weights based
on the values of the target class.

Usually, logistic regression used in a multi-class setting consists of several
classifiers each of which is trained to tell one class apart from anothiew{pe
classification). In classifying an instance, the instance is assigned tkdltdas
receives the most votes by the sub-classifiers.

The logistic regression approach used in part Il of the present tigesis
calledLogistic, ormultinomial logistic regressiofie Cessie and van Houwelin-
gen 1992).

3.3 Evaluating performance

Once a classifier has been learned, how is its performance to be evaluated
For a number of reasons, it is not common practice to evaluate a classifier on
the same data that was used for training. Instead, the training and testing data
should be kept separate in order to, for example, avoid overfitting thafatas
Among other things, overfitting may cause overly optimistic performance fig-
ures that most probably do not reflect the true behaviour of the clasgifiEn
it is facing previously unseen data. At the same time, it is desirable to use as
much of the available data as possible in training; there is clearly a trade-off
between the amount of data used for training, and the amount used figateva
ing the learned classifier. One way to strike a balance is to divide the available
data inton parts equal in size, train on parts.1,(n—1), and evaluate the
result on the remaining part. The procedure is then repeated for as radsy p
there are. This approach is calladold cross-validation. Usually is set to
10, and the evaluation is then called 10-fold cross-validation.

The way to evaluate the coverage performance of a classifier depends o
the task at hand. Throughout the thesis, four metrics are used: egqoireci-
sion, recall, and F-score. Precision, recall and F-score are commsetyin
information retrieval and information extraction. The performance metrics ca
be defined in terms of the numbertofie positiveqTP), true negativegTN),
false positive$FP), andalse negative@N) returned by a classifier when clas-
sifying a set of instances. A true positive is an instance correctly classifie
belonging to a given class. Conversely, a true negative is an instarreettp
classified as not belonging to a given class. A false positive is an inséance
roneously classified as belonging to a given class, while a false negatine
instance erroneously classified as not belonging to a class.
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e The accuracy is simply the amount of correctly classified instances, usu-
ally given as a percentage:

TP+TN

TP+ TN+ FP+FN @

Accuracy=

e Precision,P, is defined as the ratio between the number of correctly
classified instances and the number of classified instances:

TP
P—
TP+FP

(2)

e Recall,R, is defined as the ratio between the number of correctly classi-
fied instances and the total number of instances:

TP

R
TP+FN

3)
e The F-score is the harmonic meanpoécisionandrecall such that

(B°+1)xPxR

F=
B%2xP+R

(4)

where 3 is a constant used for determining the influence of precision
over recall, or vice-versa. In the remainder of the th¢sis set to 1,
which is commonly referred to &§ or Fg_;.

Precision, recall, and F-score assume values in the interval of O to ewhe
higher values are better. Values are commonly reported in percentages, f
instance, an F-score of 0.85 is often written as 85%.






ACTIVE MACHINE LEARNING

Active machine learning is a supervised learning method in which the learner is
in control of the data from which it learns. That control is used by thenkzar

to ask an oracle, a teacher, typically a human with extensive knowledge of
the domain at hand, about the classes of the instances for which the model
learned so far makes unreliable predictions. The active learning [srteless

as input a set of labeled examples, as well as a larger set of unlabalegles,

and produces a classifier and a relatively small set of newly labeledTdeta.
overall goal is to produce as good a classifier as possible, without having
mark-up and supply the learner with more data than necessary. The tarnin
process aims at keeping the human annotation effort to a minimum, only asking
for advice where the training utility of the result of such a query is high.

On those occasions where it is necessary to distinguish between “gfdinar
machine learning and active learning, the former is sometimes referred to as
passive learningor learning byrandom samplingrom the available set of
labeled training data.

A prototypical active learning algorithm is outlined in figure 4.1. Active
learning has been successfully applied to a number of language tecpinolog
tasks, such as

¢ information extraction (Scheffer, Decomain and Wrobel 2001; Finn and
Kushmerick 2003; Jones et al. 2003; Culotta et al. 2006);

e named entity recognition (Shen et al. 2004; Hachey, Alex and Becker
2005; Becker et al. 2005; Vlachos 2006; Kim et al. 2006);

o text categorization (Lewis and Gale 1994; Lewis 1995; Liere and Tade-
palli 1997; McCallum and Nigam 1998; Nigam and Ghani 2000; Scho-
hn and Cohn 2000; Tong and Koller 2002; Hoi, Jin and Lyu 2006);

e part-of-speech tagging (Dagan and Engelson 1995; Argamon-Bmgels
and Dagan 1999; Ringger et al. 2007);
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e parsing (Thompson, Califf and Mooney 1999; Hwa 2000; Tang, Luo
and Roukos 2002; Steedman et al. 2003; Hwa et al. 2003; Osborne and
Baldridge 2004; Becker and Osborne 2005; Reichart and Rappopor
2007);

e word sense disambiguation (Chen et al. 2006; Chan and Ng 2007; Zhu
and Hovy 2007; Zhu, Wang and Hovy 2008a);

e spoken language understanding (Tur, Hakkaimi-dnd Schapire 2005;
Wu et al. 2006);

e phone sequence recognition (Douglas 2003);
e automatic transliteration (Kuo, Li and Yang 2006); and

e seguence segmentation (Sassano 2002).

One of the first attempts to make expert knowledge an integral part ofdgarn

is that of query construction (Angluin 1988). Angluin introduces a raoige
queries that the learner is allowed to ask the teacher, such as quedrtingg
membershif“ls this concept an example of the target concep®&uivalence

(“Is X equivalent to Y?”), andlisjointnesg“Are X and Y disjoint?”). Besides a
simpleyesor no, the full answer from the teacher can contain counterexamples,
except in the case of membership queries. The learner constructssgogrie
altering the attribute values of instances in such a way that the answer to the
query is as informative as possible. Adopting this generative approaciive
learning leads to problems in domains where changing the values of attributes
are not guaranteed to make sense to the human expert; consider the esiample
text categorization using a bag-of-word approach. If the learnér&pdaces
some of the words in the representation, and then asks the teacher vithether
new artificially created document is a member of a certain class, it is not likely
that the new document makes sense to the teacher.

In contrast to the theoretically interesting generative approach to active
learning, current practices are based on example-driven means tpaonco
rate the teacher into the learning process; the instances that the led®er as
(queries) the teacher to classify all stem from existing, unlabeled dag¢a€eFh
lective samplingnethod introduced by Cohn, Atlas and Ladner (1994) builds
on the concept of membership queries, albeit from an example-drivepgme
tive; the learner queries the teacher about the data at hand for whiclnit is
certain, that is, for which it believes misclassifications are possible.
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=

Initialize the process by applying base learB¢o labeled training data séx.
to obtain classifie€.

Apply C to unlabeled data sé&, to obtainDy'.

FromDy’, select the most informativeinstances to learn front,
Ask the teacher for classifications of the instancds in

Movel, with supplied classifications, froly’ to D, .

Re-train usind® on D to obtain a new classifie@'.

N o o~ DN

Repeat steps 2 through 6, urdil is empty or until some stopping criterion is
met.

8. Output a classifier that is trained bn.

Figure 4.1: A prototypical active learning algorithm.

4.1 Query by uncertainty

Building on the ideas introduced by Cohn and colleagues concerningdigelec
sampling (Cohn, Atlas and Ladner 1994), in particular the way the leaener s
lects what instances to ask the teacher alspuery by uncertaintguncertainty
sampling, uncertainty reductiymueries the learning instances for which the
current hypothesis is least confident. In query by uncertainty, a sitagsifier
is learned from labeled data and subsequently utilized for examining the unla-
beled data. Those instances in the unlabeled data set that the classifist is lea
certain about are subject to classification by a human annotator. The use of
confidence scores pertains to the third step in figure 4.1. This straightidrw
method requires the base learner to provide a score indicating how cunfide
is in each prediction it performs.

Query by uncertainty has been realized using a range of base leauners
as logistic regression (Lewis and Gale 1994), Support Vector MaclBum-
hn and Cohn 2000), and Markov Models (Scheffer, Decomain ando&{/ro
2001). They all report results indicating that the amount of data thaireequ
annotation in order to reach a given performance, compared to pgdeien-
ing from examples provided in a random order, is heavily reduced usiegyq
by uncertainty.

Becker and Osborne (2005) report on a two-stage model for acteely-
ing statistical grammars. They use uncertainty sampling for selecting the sen-
tences for which the parser provides the lowest confidence scdreprdblem
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1. Initialize the process by applyinBnsembleGenerationMethaasing base
learnerB on labeled training data s€ to obtain a committee of classifiers
C.

2. Have each classifier D predict a label for every instance in the unlabeled data
setDy, obtaining labeled sédy’.

FromDy’, select the most informativeinstances to learn from, obtainiimy,”.
Ask the teacher for classifications of the instariciesDy .

Movel, with supplied classifications, fromy” to D, .

o o M w

Re-train usinge nsembleGenerationMethaahd base learn&on D, to obtain
a new committeeC.

~

Repeat steps 2 through 6 uridi, is empty or some stopping criterion is met.

8. Output a classifier learned usiBgpsembleGenerationMethaahd base learner
BonD..

Figure 4.2: A prototypical query by committee algorithm.

with this approach, they claim, is that the confidence score says nothing abo
the state of the statistical model itself; if the estimate of the parser’s confidence
in a certain parse tree is based on rarely occurring information in the-under
lying data, the confidence in the confidence score is low, and should ¢hus b
avoided. The first stage in Becker and Osborne’s two-stage method &aims a
identifying and singling out those instances (sentences) for which tisempar
cannot provide reliable confidence measures. In the second stagg, lgu
uncertainty is applied to the remaining set of instances. Becker and @sborn
(2005) report that their method performs better than the original formadéiu
tainty sampling, and that it exhibits results competitive with a standard query
by committee method.

4.2  Query by committee

Query by committedike query by uncertainty, is a selective sampling method,
the fundamental difference between the two being that query by committee is
a multi-classifier approach. In the original conception of query by committee,
several hypotheses are randomly sampled from the version spacey( s+

per and Sompolinsky 1992). The committee thus obtained is used to examine
the set of unlabeled data, and the disagreement between the hypothieses w
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spect to the class of a given instance is utilized to decide whether that iestanc
is to be classified by the human annotator. The idea with using a decision com-
mittee relies on the assumption that in order for approaches combininglsevera
classifiers to work, the ensemble needs to be made up from diverse elassifi

If all classifiers are identical, there will be no disagreement between tkem a
to how a given instance should be classified, and the whole idea of voting (o
averaging) is invalidated. Query by committee, in the original sense, is possi-
ble only with base learners for which it is feasible to access and sample from
the version space; learners reported to work in such a setting includeoWvinn
(Liere and Tadepalli 1997), and perceptrons (Freund et al. 1893ototypi-

cal query by committee algorithm is shown in figure 4.2.

4.2.1 Query by bagging and boosting

Abe and Mamitsuka (1998) introduce an alternative way of generating multiple
hypotheses; they build obaggingand boostingto generate committees of
classifiers from the same underlying data set.

Bagging, short for bootstrap aggregating (Breiman 1996), is a techniqu
exploiting the bias-variance decomposition of classification errors (Gem-f
stance, Domingos 2000 for an overview of the decomposition problem}. Bag
ging aims at minimizing the variance part of the error by randomly sampling —
with replacement — from the data set, thus creating several data sets #om th
original one. The same base learner is then applied to each data setrin orde
to create a committee of classifiers. In the case of classification, an instance is
assigned the label that the majority of the classifiers predicted (majority vote).
In the case of regression, the value assigned to an instance is thecawktiag)
predictions made by the classifiers.

Like bagging, boosting (Freund and Schapire 1997) is a way of combining
classifiers obtained from the same base learner. Instead of buildingielass
independently, boosting allows for classifiers to influence each othargdur
training. Boosting is based on the assumption that several classifieredearn
using a weak base learner, over a varying distribution of the target classes in
the training data, can be combined into one strong classifier. The basic idea is
to let classifiers concentrate on the cases in which previously built classifie
failed to correctly classify data. Furthermore, in classifying data, booasng
signs weights to the classifiers according to their performance; the better the
performance, the higher valued is the classifier’s contribution in voting\or
eraging). Schapire (2003) provides an overview of boosting.

4A learner isweakif it produces a classifier that is only slightly better than random guessing,
while a learner is said to b&rongif it produces a classifier that achieves a low error with high
confidence for a given concept (Schapire 1990).
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Abe and Mamitsuka (1998) claim that query by committee, query by bag-
ging, and query by boosting form a natural progression; in querphyntittee,
the variance in performance among the hypotheses is due to the randomness
exhibited by the base learner. In query by bagging, the variance islaoéthe
randomization introduced when sampling from the data set. Finally, the vari-
ance in query by boosting is a result of altering the sampling according to the
weighting of the votes given by the hypotheses involved. A generalized va
ant of query by bagging is obtained if tEssembleGenerationMethadl fig-
ure 4.2 is substituted with bagging. Essentially, query by bagging applies bag
ging in order to generate a set of hypotheses that is then used to de@tlewh
it is worth querying the teacher for classification of a given unlabeledrinsta
Query by boosting proceeds similarly to query by bagging, with boosting ap-
plied to the labeled data set in order to generate a committee of classifiers
instead of bagging, that is, boosting is usedeasembleGenerationMethad
figure 4.2.

Abe and Mamitsuka (1998) report results from experiments using the deci-
sion tree learner C4.5 as base learner and eight data sets from the 0lhkla
Learning Repository, the latest release of which is described in (Asuacid
Newman 2007). They find that query by bagging and query by boosigag s
nificantly outperformed a single C4.5 decision tree, as well as boosting using
C4.5.

4.2.2 ActiveDecorate

Melville and Mooney (2004) introduce ActiveDecorate, an extension to the
Decorate method (Melville and Mooney 2003) for constructing diverse-co
mittees by enhancing available data with artificially generated training exam-
ples. Decorate — short fdiverse Ensemble Creation by Oppositional Rela-
beling of Artificial Training Examples is an iterative method generating one
classifier at a time. In each iteration, artificial training data is generatedn suc
a way that the labels of the data are maximally different from the predictions
made by the current committee of classifiers. A strong base learner is then
used to train a classifier on the union of the artificial data set and the available
labeled set. If the resulting classifier increases the prediction error drathe

ing set, it is rejected as a member of the committee, and added otherwise. In
ActiveDecorate, the Decorate method is utilized for generating the committee
of classifiers, which is then used to decide which instances from the ledabe
data set are up for annotation by the human oracle. In terms of the prototyp-
ical query by committee algorithm in figure 4.2, ActiveDecorate is used as
EnsembleGenerationMethod
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Melville and Mooney (2004) carry out experiments on 15 data sets from the
UCI repository (Asuncion and Newman 2007). They show that their lgor
outperforms query by bagging and query by boosting as introducedbey A
and Mamitsuka (1998) both in terms of accuracy reached, and in terms of the
amount of data needed to reach top accuracy. Melville and Mooney cmnclu
that the superiority of ActiveDecorate is due to the diversity of the géeera
ensembles.

4.3 Active learning with redundant views

Roughly speaking, utilizing redundant views is similar to the query by com-
mittee approach described above. The essential difference is thatdirtea
randomly sampling the version space, or otherwise tamper with the existing
training data with the purpose of extending it to obtain a committee, using re-
dundant views involves splitting the feature set into several sub-setsws

each of which is enough, to some extent, to describe the underlying problem.

Blum and Mitchell (1998) introduce a semi-supervised bootstrapping tech-
nique calledCo-trainingin which two classifiers are trained on the same data,
but utilizing different views of it. The example of views provided by Blum and
Mitchell (1998) is from the task of categorizing texts on the web. One way of
learning how to do that is by looking at the links to the target document from
other documents on the web, another way is to consider the contents of the
target document alone. These two ways correspond to two separateofiew
learning the same target concept.

As in active learning, Co-training starts off with a small set of labeled data,
and a large set of unlabeled data. The classifiers are first trained da-the
beled part, and subsequently used to tag an unlabeled set. The idea isathen th
during the learning process, the predictions made by the first classiftbeon
unlabeled data set, and for which it has the highest confidence, age &ald
the training set of the second classifier, and vice-versa. The classifeethen
retrained on the newly extended training set, and the bootstrapping proces
continues with the remainder of the unlabeled data.

A drawback with the Co-training method as it is originally described by
Blum and Mitchell (1998) is that it requires the views of data to be condition-
ally independent and compatible given the class, that is, each view sheuld b
enough for producing a strong learner compatible with the target corloept.
practice, however, finding such a split of features may be hard; thegmnos
further discussed in section 4.3.1.

Co-trainingper seis not within the active learning paradigm since it does
not involve a teacher, but the work by Blum and Mitchell (1998) forms e b
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1. Initialize the process by applying base learBeusing eachv in viewsV to
labeled training sdb_ to obtain a committee of classifiefs

2. Have each classifier {0 predict a label for every instance in the unlabeled data
setDy, obtaining labeled séy’.

3. FromDy/’, select those instances for which the classifies predicted differ-
ent labels to obtain theontention séDy".

4. Select instancdsfrom Dy” and ask the teacher for their labels.
5. Move instances, with supplied classifications, froby” to Dy.

6. Re-train by applying base learnBrusing eachv in viewsV to D to obtain
committeC’.

7. Repeat steps 2 through 6 uridi} is empty or some stopping criterion is met.

8. Output the final classifier learned by combining base Ed@nviews inV, and
dataD,.

Figure 4.3: A prototypical multiple view active learning algorithm.

sis for other approaches. One such approach is thabakcted Co-training
(Pierce and Cardie 2001). Corrected Co-training is a way of remedying th
degradation in performance that can occur when applying Co-trainingge la
data sets. The concerns of Pierce and Cardie (2001) include thatlab#ity

of the original Co-training method. Pierce and Cardie investigate the task of
noun phrase chunking, and they find that when hundreds of thousémeds
amples instead of hundreds, are needed to learn a target conceptabsssue
degradation of the quality of the bootstrapped data set becomes an idsere. W
increasing the amount of unlabeled data, and thus also increasing themumbe
of iterations during which Co-training will be in effect, the risk of errors in-
troduced by the classifiers into each view increases. In Correcteda(®inty

a human annotator reviews and edits, as found appropriate, the dategdod

by both view classifiers in each iteration, prior to adding the data to the pool
of labeled training data. This way, Pierce and Cardie point out, the quality of
the labeled data is maintained with only a moderate effort needed on behalf
of the human annotator. Figure 4.3 shows a prototypical algorithm for multi-
view active learning. It is easy to see how Corrected Co-training fits into it;
if, instead of having the classifiers select the instances on which theyeksag
(step 3 in figure 4.3), each classifier selects the instances for which itsmake
highly confident predictions, and have the teacher correct them in step 4
algorithm in figure 4.3 would describe Corrected Co-training.

5The instance or set of instances for which the view classifiers disagoedlesl thecon-
tention point andcontention setrespectively.
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Hwa et al. (2003) adopt a Corrected Co-training approach to statisticsl p
ing. In pursuing their goal — to further decrease the amount of correctb
parse trees a human annotator has to perform — they intragingke-sided
corrected Co-training Single-sided Corrected Co-training is like Corrected
Co-training, with the difference that the annotator only reviews the datse pa
trees, produced by one of the view classifiers. Hwa et al. (2003)uwdathat
in terms of parsing performance, parsers trained using some form ofesamp
selection technique are better off than parsers trained in a pure Co-fragtin
ting, given the cost of human annotation. Furthermore, Hwa and collsague
point out that even though parsing performance achieved using Siugd-
Corrected Co-training is not as good as that resulting from Corrected Co
training, some corrections are better than none.

In their work, Pierce and Cardie (2001) note that corrected Co-tradorg
not help their noun phrase chunker to reach the expected perforniemse
hypothesis as to why the performance gap occurs, is that Co-trainisgnadbe
lend itself to finding the most informative examples available in the unlabeled
data set. Since each classifier selects the examples it is most confident in, the
examples are likely to represent aspects of the task at hand already faoniliar
the classifiers, rather than representing potentially new and more infoemativ
ones. Thus, where Co-training promotes confidence in the selected lesamp
over finding examples that would help incorporating new information about
the task, active learning works the other way around. A method closely re-
lated to Co-training, but which is more exploratory by natureCéstesting
(Muslea, Minton and Knoblock 2000, 2006). Co-testing is an iterativegs®
that works under the same premises as active learning in general, that is, it
has access to a small set of labeled data, as well as a large set of whlabele
data. Co-testing proceeds by first learning a hypothesis using eacloiibes
data, then asking a human annotator to label the unlabeled instances for whic
the view classifiers’ predictions disagree on labels. Such instancesléée c
the contention sebr contention pointThe newly annotated instances are then
added to the set of labeled training data.

Muslea, Minton and Knoblock (2006) introduce a number of variants of
Co-testing. The variations are due to choices of how to select the instances
query the human annotator about, as well as how the final hypothesis is to be
created. The former choice pertains to step 4 in figure 4.3, and the opt&ns a

Naive— Randomly choose an example from the contention set. This strategy
is suitable when using a base learner that does not provide confidence
estimates for the predictions it makes.
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Aggressive- Choose to query the example in the contention set for which
the least confident classifier makes the most confident prediction. This
strategy is suitable for situations where there is (almost) no noise.

Conservative- Choose to query the example in the contention set for which
the classifiers makes predictions that are as close as possible. This strat-
egy is suitable for noisy domains.

Muslea, Minton and Knoblock (2006) also present three ways of forihiag
final hypothesis in Co-testing, that is, the classifier to output at the enckof th
process. These ways concern step 8 in figure 4.3:

Weighted vote Combine the votes of all view classifiers, weighted according
to each classifier's confidence estimate of its own prediction.

Majority vote— Combine the votes of all view classifiers so that the label
predicted by the majority of the classifiers is used.

Winner-takes-al- The final classifier is the one learned in the view that made
the least amount of mistakes throughout the learning process.

Previously described multi-view approaches to learning all relied on thesview
beingstrong Analogously to the notion of a strong learner in ensemble-based
methods, a strong view is a view which provides enough information about
the data for a learner to learn a given target concept. Converselg, dner
weakviews, that is, views that are not by themselves enough to learn a given
target concept, but rather a concept more general or more specifichtba
concept of interest. In the light of weak views, Muslea, Minton and Knadblo
(2006) redefine the notion of contention point, or contention set, to be the se
of examples, from the unlabeled data, for which the strong view classifiers
disagree. Muslea and colleagues introduce two ways of making use &f wea
views in Co-testing. The first is as tie-breakers when two strong vieveiqgbre
a different label for an unlabeled instance, and the second is by usiegla
view in conjunction with two strong views in such a way that the weak view
would indicate a mistake made by both strong views. The latter is done by
detecting the set of contention points for which the weak view disagrees with
both strong views. Then the next example to ask the human annotator to label,
is the one for which the weak view makes the most confident prediction. This
example is likely to represent a mistake made by both strong views, Muslea,
Minton and Knoblock (2006) claim, and leads to faster convergence of the
classifiers learned.

The experimental set-up in used by Muslea, Minton and Knoblock (2006) is
targeted at testing whether Co-testing converges faster than the coesp
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single-view active learning methods when applied to problems in which there
exist several views. The tasks are of two types: classification, includitg
classification, advertisement removal, and discourse tree parsing; rapd w
per induction. For all tasks in their empirical validation, Muslea, Minton and
Knoblock (2006) show that the Co-testing variants employed outperfoem th
single-view, state-of-the art approaches to active learning that visvepart

of the investigation.

The advantages of using Co-testing include its ability to use any base learner
suitable for the particular problem at hand. This seems to be a rather unique
feature among the active learning methods reviewed in this chapter. Neverth
less, there are a couple of concerns regarding the shortcomings tesiug
aired by Muslea and colleagues that need to be mentioned. Both coneerns r
late to the use of multiple views. The first is that Co-testing can obviously only
be applied to tasks where there exist two views. The other of their caniern
that the views of data have to be uncorrelated (independent) and compatible
that is, the same assumption brought up by Blum and Mitchell (1998) in their
original work on Co-training. If the views are correlated, the classifizmled
in each view may turn out so similar that no contention set is generated when
both view classifiers are run on the unlabeled data. In this case, there is no
way of selecting an example for which to query the human annotator. If the
views are incompatible, the view classifiers will learn two different tasks and
the process will not converge.

Just as with committee-based methods, utilizing multiple views seems like
a viable way to make the most of a situation that is caused by having access
to a small amount of labeled data. Though, the question remains of how one
should proceed in order to define multiple views in a way so that the they are
uncorrelated and compatible with the target concept.

4.3.1 How to split a feature set

Acquiring a feature set split adhering to the assumptions underlying the multi-
view learning paradigm is a non-trivial task requiring knowledge aboeit th
learning situation, the data, and the domain. Two approaches to the view de-
tection and validation problem form the extreme ends of a scale; randomly
splitting a given feature set and hope for the best at one end, antirafiap
very cautions view on the matter by computing the correlation and compatibil-
ity for every combination of the features in a given set at the other end.

Nigam and Ghani (2000) report on randomly splitting the feature set for
tasks where there exists no natural division of the features into sep&ate
The task is text categorization, usingiMa Bayes as base learner. Nigam and
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Ghani argue that, if the features are sufficiently redundant, and anelea-

tify a reasonable division of the feature set, the application of Co-trairsimgu
such a non-natural feature set split should exhibit the same advartages
plying Co-training to a task in which there exists natural views.

Concerning the ability to learn a desired target concept in each view, Collins
and Singer (1999) introduce a Co-training algorithm that utilizes a boosting-
like step to optimize the compatibility between the views. The algorithm, called
CoBoost, favors hypotheses that predict the same label for most ohtae u
beled examples.

Muslea, Minton and Knoblock (2002a) suggest a method for validating the
compatibility of views, that is, given two views, the method should provide an
answer to whether each view is enough to learn the target concept. The wa
Muslea and colleagues go about is by collecting information about a number
of tasks solved using the same views as the ones under investigation. Given
this information, a classifier for discriminating between the tasks in which the
views were compatible, and the tasks in which they were not, is trained and ap-
plied. The obvious drawback of this approach is that the first time the qoestio
of whether a set of views is compatible with a desired concept, the method
by Muslea, Minton and Knoblock (2002a) is not applicable. In all faisnes
it should be noted that the authors clearly state the proposed view validation
method to be but one step towards automatic view detection.

Muslea, Minton and Knoblock (2002b) investigate view dependence and
compatibility for several semi-supervised algorithms along with one algorithm
combining semi-supervised and active learning (Co-testing), CoEMTcdie
clusions made by Muslea and colleagues are interesting, albeit perhiaps no
surprising. For instance, the performance of all multi-view algorithms under
investigation degrades as the views used become less compatible, thatis, whe
the target concept learned by view classifiers are not the same in eacl\vie
second, very important point made in (Muslea, Minton and Knoblock 2002a
is that the robustness of the active learning algorithm with respect to view co
relation is suggested to be due to the usage of an active learning component;
being able to ask a teacher for advice seems to compensate for the views not
being entirely uncorrelated.

Balcan, Blum and Yang (2005) argue that, for the kind of Co-training pre
sented by Blum and Mitchell (1998), the original assumption of conditioral in
dependence between views is overly strong. Balcan and colleaguegiutdim
the views do not have to denote conditionally independent ways of eqires
ing the task to be useful to Co-training, if the base learner is able to correctly
learn the target concept using positive training examples only.

Zhang et al. (2005) present an algorithm cal@atrelation and Compat-
ibility based Feature Partitioner, CCFRor computing, from a given set of
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features, independent and compatible views. CCFP makes use of feaiture
wise symmetric uncertainty and feature-wise information gain to detect the
views. Zhang and colleagues point out that in order to employ CCFP,w fair
large number of labeled examples are needed. Exactly how large a number is
required is undisclosed. CCFP is empirically tested and Zhang et al. (2005)
report on somewhat satisfactory results.

Finally, one way of circumventing the assumptions of view independence
and compatibility is simply not to employ different views at all. Goldman and
Zhou (2000) propose a variant of Co-training which assumes no deditin
views of the data; instead, a single view is used by differently biased base
learners. Chawla and Karakoulas (2005) make empirical studies on this ve
sion of Co-training. Since the methods of interest to the present thesis are
those containing elements of active learning, which the original Co-training
approach does not, the single-view multiple-learner approach to Co-gainin
will not be further elaborated.

In the literature, there is to my knowledge no report on automatic means
to discover, from a given set of features, views that satisfy the otigoa
training assumptions concerning independence and compatibility. Although
the Co-training method as such is not of primary interest to this thesis, off-
springs of the method are. The main approach to active multi-view learning,
Co-testing and its variants rely on the same assumptions as does Co-training.
Muslea, Minton and Knoblock (2002b) show that violating the compatibility
assumption in the context of an active learning component, does nosaeces
ily lead to failure; the active learner might have a stabilizing effect on therdiv
gence of the target concept learned in each view. As regards thitionatin-
dependence assumption made by Blum and Mitchell (1998), subseqadnt w
(Balcan, Blum and Yang 2005) shows that the independence assumgton is
strong, and that iterative Co-training, and thus also Co-testing, worisrun
a less rigid assumption concerning the expansion of the data in the learning
process.

4.4 Quantifying disagreement

So far, the issue of disagreement has been mentioned but deliberatelgmot
orated on. The algorithms for query by committee and its variants (figure 4.2)
as well as those utilizing multiple views of data (figure 4.3) all contain steps
in which the disagreement between classifiers concerning instances lias to
quantified. In a two-class case, such quantification is simply the difference
between the positive and negative votes given by the classifiers. Typica
instances for which the distribution of votes is homogeneous is selected for
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querying. Generalizing disagreement to a multi-class case is not triviaheg

and Wrobel (2006) empirically test four approaches to measuring éisagr
ment between members of a committee of classifiers in a multi-class setting.
The active learning approaches they consider are query by baggiag; by
boosting, ActiveDecorate, and Co-testing. The disagreement measueges
tigated aranargin-based disagreemenincertainty sampling-based disagree-
ment entropy-based disagreemennd finally a measure of their own dubbed
specific disagreemenKorner and Wrobel (2006) strongly advocate the use
of margin-based disagreement as a standard approach to quantifyaggedis
ment in an ensemble-based setting.

Sections 4.4.1 through 4.4.4 deal with the different measures usedrngK
and Wrobel (2006), followed by the treatment of the commonly k&élthack-
Leibler divergence, Jensen-Shannon divergence, vote enaiogy-comple-
mentin sections 4.4.5t0 4.4.8.

4.4.1 Margin-based disagreement

Margin, as introduced by Abe and Mamitsuka (1998) for binary clastiica
in query by boosting, is defined as the difference between the numbetesf v
given to the two labels. Abe and Mamitsuka base their notion of margins on
the finding that a classifier exhibiting a large margin when trained on labeled
data, performs better on unseen data than does a classifier that has a smalle
margin on the training data (Schapire et al. 1998). Melville and Mooney(200
extend Abe and Mamitsuka'’s definition of margin to include class probabilities
given by the individual committee membersotder and Wrobel (2006), in
turn, generalize Melville and Mooney'’s definition of margin to account fer th
multi-class setting as well. The margin-based disagreement for a givendastan
is the difference between the first and second highest probabilities witihwh
an ensemble of classifiers assigns different class labels to the instance.

For example, if an instance is classified by committee member 1 as be-
longing to classA with a probability of 0.7, by member 2 as belonging class
B with a probability of 0.2, and by member 3 to claSswith 0.3, then the
margin forX is A—C = 0.4. If instanceY is classified by member 1 as class
A with a probability of 0.8, by member 2 as cldBsvith a probability of 0.9,
and by member 3 as clagswith 0.6, then the margin fo¥ is B— A = 0.1.
A low value on the margin indicates that the ensemble disagree regarding the
classification of the instance, while a high value signals agreement. Thus, in
the above example, instan¥es more informative than instancé
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4.4.2 Uncertainty sampling-based disagreement

Originally, uncertainty sampling is a method used in conjunction with single
classifiers, rather than ensembles of classifiers (see section #rherkand
Wrobel (2006), though, prefer to view it as another way of generajitie
binary margin approach introduced in the previous section. In uncertanty
pling, instances are preferred that receives the loalass probabilityestimate

by the ensemble of classifiers. The class probability is the highest probability
with which an instance is assigned a class label.

4.4.3 Entropy-based disagreement

The entropy-based disagreement used iar(k€r and Wrobel 2006) is what
they refer to as the ordinary entropy measuméo¢mation entropyor Shannon
entropy) first introduced by Shannon (1948). The entréppf a random vari-
ableX is defined in equation 5 in the case of alass problem, that is, where
X can take on values, ..., X.

H(X) = = 5 plx)log;p(x) ©)

wherep(x;) denotes the probability of. A lower value orH (X) indicates less
confusion or less uncertainty concerning the outcome of the valXe of

4.4.4 The Krner-Wrobel disagreement measure

Thespecific disagreementeasure, here referred to as Kiarner-Wrobel dis-
agreement measuis a combination of margin-based disagreenMrand the
maximal class probabilit? over classe€ in order to indicate disagreement
on a narrow subset of class values. Thamer-Wrobel disagreement measure,
R, is defined in equation 6.

1
R=M +O'5(|C\P)3 (6)
Korner and Wrobel (2006) find that the success of the specific dsagm
measure is closely related to which active learning method is used. Through-
out the experiments conducted bytder and Wrobel, those configurations
utilizing specific disagreement as selection metric perform less well than the
margin-based and entropy-based disagreement measures investigated.
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4.4.5 Kullback-Leibler divergence

The Kullback-Leibler divergenc&(-divergence, information diverger)ds a
non-negative measure of the divergence between two probability distrisu
p andq in the same event spa&%e= {x,...,X:}. The KL-divergence, denoted
D(- || ), between two probability distributionsandq is defined in equation 7.

c p(%)
D(plla)=3 pix)loge s (7)
A high value on the KL-divergence indicates a large difference betwleen
distributionsp andg. A zero-valued KL-divergence signals full agreement,
that isp andq are equivalent.

Kullback-Leibler divergence to the meéRereira, Tishby and Lee 1993)
quantifies the disagreement between committee members; it is the average KL-
divergence between each distribution and the mean of all distributions. KL-
divergence to the meaBbmeanfor an instancexis defined in equation 8.

k
D)= 1. 3 DIPX) | Preat) ®

wherek is the number of classifiers involvep,(x) is the probability distribu-
tion for x given by thei-th classifier,pmeadX) is the mean probability distri-
bution of allk classifiers forx, andD(- || -) is the KL-divergence as defined in
equation 7.

KL-divergence, as well as KL-divergence to the mean, has beahfose
detecting and measuring disagreement in active learning, see for infténice
Callum and Nigam 1998; Becker et al. 2005; Becker and Osborne) 2005

4.4.6 Jensen-Shannon divergence

The Jensen-Shannon divergen¢@SD) is a symmetrized and smoothed ver-
sion of KL-divergence, which essentially means that it can be used tcumgeas
the distance between two probability distributions (Lin 1991). The Jensen-
Shannon divergence for two distributiopgndq is defined in equation 9.

JSO(p,q) = H(wip+waq) —wiH(p) —w2H(Q) (9)

wherew; andw, are the weights of the probability distributions such that
w1, W> > 0 andwi +w, = 1, andH is the Shannon entropy as defined in equa-
tion 5.
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Lin (1991) defines the Jensen-Shannon divergenck distributions as in
equation 10.

K K
JSD(py,...,Px) = H(_;Wi pi)__;WiH(pi) (10)

wherep; is the class probability distribution given by tivth classifier for a
given instancew; is the vote weight of theth classifier among thieclassifiers

in the set, andH (p) is the entropy as defined in equation 5. A Jensen-Shannon
divergence value of zero signals complete agreement among the classifier
the committee, while correspondingly, increasingly larger JSD values indicate
larger disagreement.

4.4.7 \ote entropy

Engelson and Dagan (1996) usgte entropyor quantifying the disagreement
within a committee of classifiers used for active learning in a part-of-speech
tagging task. DisagreemeWi for an instance based on vote entropy is de-
fined as in equation 11.

1 Mvaie, Ve
VE®) = ~iogk 2,k 9k

wherek is the number of members in the committee, &ttt e) is the num-

ber of members assigning laldeto instancee. Vote entropy is computed per
tagged unit, for instance per token. In tasks where the smallest tagged unit
but a part of the construction under consideration, for instance irsplotaunk-

ing where each phrase may contain one or more tokens, the vote entribgy of
larger unit is computed as the mean of the vote entropy of its parts (Ngai and
Yarowsky 2000; Tomanek, Wermter and Hahn 2007a).

(11)

4.4.8 F-complement

Ngai and Yarowsky (2000) compare the vote entropy measure, asuogdd
by Engelson and Dagan, with their own measure caledmplemengF-score
complement DisagreemenfEC concerning the classification of da@among
a committee based on the F-complement is defined as in equation 12.

1

FC(e) = > .

(1—Fp-s1(ki(e),kj(e))) (12)

KjeK
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whereK is the committee of classifierg and k; are members oK, and
Fg-1(ki(e),kj(e)) is the F-scoreFg_, (defined in equation 4), of the classi-
fierki's labelling of the data relative to the evaluation df one.

In calculating the F-complement, the output of one of the classifiers in the
committee is used as the answer key, against which all other committee mem-
bers’ results are compared and measured (in terms of F-score).

Ngai and Yarowsky (2000) find that the task they are interested in, base
noun phrase chunking, using F-complement to select instances to arpestate
forms slightly better than using vote entropy. Hachey, Alex and Beck@5(20
use F-complement to select sentences for named entity annotation; they point
out that the F-complement is equivalent to the inter-annotator agreement be
tween|K]| classifiers.

4.5 Selecting the seed set

The initial set of labeled data used in active learning should be représenta
with respect to the classes that the learning process is to handle. Omitting a
class from the initial seed set might result in trouble further down the road
when the learner fits the classes it knows of with the unlabeled data it sees. |
stances that would have been informative to the learner can go unndtized s
ply because the learner, when selecting informative instances, treatdesta
from several classes as if they belong to one and the same class.

A related issue is that of instance distribution. Given that the learner is fed
a seed set of data in which all classes are represented, the numbangfles
of each class plays a crucial role in whether the learner is able to prdgany
how to distinguish between the classes. Should the distribution of instances in
the seed set mirror the (expected) distribution of instances in the unlale¢ted s

In the context of text categorization, McCallum and Nigam (1998) report
on a method that allows for starting the active learning process without any
labeled examples at all. They select instances (documents) from the odgion
the pool of unlabeled data that has the highest density. A dense regina is o
in which the distance (based on Kullback-Leibler divergence, definedua-
tion 7) between documents is small. McCallum and Nigam (1998) combine
expectation-maximization (Dempster, Laird and Rubin 1977) and active learn
ing in a pool-based setting (section 4.6); their results show that the learning in
this particular setting might in fact benefit from being initiated without the use
of a labeled seed set of documents.

Tomanek, Wermter and Hahn (2007b) describe a three-step approach to
compiling a seed set for the task of named entity recognition in the biomedical
domain. In the first step, a list of as many named entities as possible is gath-
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ered, the source being either a human domain expert, or some other trusted
source. The second step involves matching the listed named entities against
the sentences in the unlabeled document pool. Third, the sentencesla@ ra
according to the number of diverse matches of named entities to include in the
seed set. Tomanek, Wermter and Hahn (2007b) report results frarimgutie
same active learning experiment with three different seed sets; a randemly
lected set, a set tuned according to the above mentioned method, and no seed
set at all. Though the learning curves seem to converge, initially the teeed s
set clearly contributes to a better progression of learning.

In experimental settings, a work-around to the seed set selection prizblem
to run the active learning process several times, and then presenttahgaof
the results achieved in each round. Averaging rounds, combined wibmréwy
selecting a fairly large initial seed set — where its size is possibly related to the
number of classes — might prove enough to circumvent the seed setmroble
when conducting controlled experiments. How the issue is best addiessed
live setting is not clear.

4.6 Stream-based and pool-based data access

There are two ways in which a learner is provided access to data, eitheafr
stream, or by selecting from a pool. In stream-based selection used hygamo
others, Liere and Tadepalli (1997) and McCallum and Nigam (1998%-un
beled instances are presented one by one. For each instance, tlee hesn

to decide whether the instance is so informative that is should be annotated
by the teacher. In the pool-based case — used by for example Lewisaad G
(1994), and McCallum and Nigam (1998) — the learner has access t@mh se
instances and has the opportunity to compare and select instancesesgard
of their individual order.

4.7 Processing singletons and batches

The issue of whether the learner should process a single instance twha ba
of instances in each iteration has impact on the speed of the active learning
process. Since in each iteration, the base learner generates clabasienson

the labeled training data available, adding only one instance at a time slows
the overall learning process down. If, on the other hand, a batchtahicess is
added, the amount of data added to the training set in each iteration irgsrease
and the learning process progresses faster. The prototypical ketivéng al-
gorithms presented previously, see figures 4.1, 4.2 and 4.3, respecio/act
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advocate one approach over the other. In practice though, it is clessilgreéo

fit singleton instance processing with the algorithms. Selecting a good batch of
instances is non-trivial since each instance in the batch needs to be itif@;ma
both with respect to the other instances in the batch, as well as with respect to
the set of unlabeled data as a whole.

While investigating active learning for named entity recognition, Shen et
al. (2004) use the notions offormativenesgepresentativenesanddiversity,
and propose scoring functions for incorporating these measuressgheing
batches of examples from the pool of unlabeled data. Informativerkges
to the uncertainty of an instance, representativeness relates an instdinee
majority of instances, while diversity is a means to avoid repetition among
instances, and thus maximize the training utility of a batch.

The pool-based approach to text classification adopted by McCallum and
Nigam (1998) facilitates the use of what they refer todessity-weighted
pool-based samplinglhe density in a region around a given document — to
be understood as representativeness in the vocabulary of Shen(200)

— is quantified as the average distance between that document and all other
documents. McCallum and Nigam (1998) combine density with disagreement,
calculated as the Kullback-Leibler divergence (equation 7), such thalioitu-

ment with the largest product of density and Kullback-Leibler divergésse-

lected as a representative of many other documents, while retaining aeranfid
committee disagreement. McCallum and Nigam show that density-weighted
pool-based sampling used in conjunction with Kullback-Leibler divergence
yields significantly better results than the same experiments conducted with
pool-based Kullback-Leibler divergence, stream-based Kullbadidredi-
vergence, stream-based vote entropy, and random sampling.

Tang, Luo and Roukos (2002) also experiment with representatseoes
density, albeit in a different setting; that of statistical parsing. They gsep
to use clustering of the unlabeled data set based on the distance between se
tences, the resulting clusters are then used to compute the density of examples
Tang and colleagues define the distance between two sentences baked on
parse trees corresponding to the sentences. A parse tree can belyunéqu
resented by a series of events, each of which is constituted by a péimse ac
and its context. Sentence similarity is calculated as the Hamming edit distance
between two sequences of events. The Hamming distance measures the num-
ber of substitutions (or errors) required to turn one sequence into tlee oth
(Hamming 1950). The results reported by Tang, Luo and Roukos (2b@&y
that taking density into account helps in keeping the amount of training data
needed down, compared to random sampling.

Brinker (2003) addresses the issue of incorporating a diversity measu
when selecting batches of instances. Brinker's work is carried out wipp&t
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Vector Machines, and his batch selection method is accordingly described in
terms of feature vectors in a high-dimensional space. When selectingisingle
stances for querying, an instance with a minimal distance to the classification
hyperplane is usually favored, since choosing such an instance wilt res
halving the version space. When selecting several unlabeled instBnicd®r
(2003) argue that picking instances such that their angles are maximakwith r
spect to each other, rather than relative to the decision hyperplaneatsta b
selection technique which is both computationally cheap and scalable to large
data sets. Brinker (2003) conducts empirical investigations using a nwhber
UCI data sets (Asuncion and Newman 2007), and reports results indicating
that previously approaches to active learning with Support Vector Mash

are outperformed by his batch selection strategy.

Hoi, Jin and Lyu (2006) present work on large-scale text categorizatio
which a batch of documents is selected in each learning iteration. Hoi and
colleagues report on the development of an active learning algorithm wdilizin
logistic regression as base learner, capable of selecting severah€oisuat a
time, while minimizing the redundancy in the selected batch. The uncertainty
of the logistic regression model is measured using Fisher matrix information,
something which is claimed to allow for the batch selection problem to be re-
cast as an optimization problem in which instances from the unlabeled pool
are selected in such as way that the Fisher information is maximized. The
notion of Fisher information and Fisher matrix is described by Hoi, Jin and
Lyu (2006). Hoi and colleagues carry out experiments on seve@lndent
collections, using a range of learning methods, and conclude that thew acti
learning approach equipped with the batch selection method is more effective
than the margin-based active learning methods tested.

4.8 Knowing when to stop

A number of different approaches for knowing when to stop the actamnie
ing process have been suggested in the literature. These approathés to
decide on a target accuracy and stop when it has been reached, tdgoeo
given number of active learning iterations, or to exhaust the pool obetdd
data.

Some more elaborate methods monitor the accuracy as the learning pro-
cess progresses and stop when accuracy deterioration is detedtedn &nd
Cohn (2000) observe, while working with Support Vector Machinegltmu-
ment classification, that when instances are drawn at random from ¢thefpo
unlabeled data, the classifier performance increases monotonicallyveiowe
when Schohn and Cohn add instances according to their active leaetétg s
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tion metric, classifier performance peaks at a level above that achigvexa w
using all available data. Thus, they obtain better performance by training on
a subset of data, than when using all data available. Schohn and Gu0) (2
use this observation to form the basis for a stopping criterion; if the best, mos
informative instance is no closer to the decision hyperplane than any affthe s
port vectors, the margin has been exhausted and learning is terminaied. Th
is an approximation of true peak performance that seem to work well, choh
and Cohn (2000) claim.

Zhu and Hovy (2007) investigate two strategies for deciding when to stop
learning —max-confidencend min-error — in a word sense disambiguation
task. Max-confidence relies on an entropy-based uncertainty meafsure
labeled instances, while min-error is based on the classification accuracy o
predicted labels for instances when compared to the labels provided by-the h
man annotator. Thresholds for max-confidence and min-error aracetisat
when the two conditions are met, the current classifier is assumed to provide
high confidence in the classification of the remaining unlabeled data. The ex-
periments carried out by Zhu and Hovy indicate that min-error is a goadeho
of stopping criterion, and that the max-confidence approach is notazsag
min-error.

Zhu, Wang and Hovy (2008a) extend the work presented in (Zhu amg Ho
2007) and introduce an approach calhethimum expected error strategyhe
strategy involves estimating the classification error on future unlabeled in-
stances in the active learning process. Zhu and colleagues test thgingtop
criterion on two tasks; word sense disambiguation, and text classification. Z
Wang and Hovy (2008a) conclude that the minimum error strategy achieves
promising results.

In addition to the max-confidence and min-error strategies, Zhu, Wang and
Hovy (2008b) introduce and evaluabeerall-uncertaintyand classification-
change Overall-uncertainty is similar to max-confidence, but instead of taking
only the most informative instances into consideration, overall-uncertainty is
calculated using all data remaining in the unlabeled pool. Classification-ehang
builds on the assumption that the most informative instance is the one which
causes the classifier to change the predicted label of the instance. &balan
leagues realize the classification-change-based stopping criteriothsitithe
learning process is terminated once no predicted label of the instances in the
unlabeled pool changes during two consecutive active learning itesadon,
Wang and Hovy (2008b) propose ways of combining max-confidence, min
error, and overall-uncertainty with classification-change in order to dome
terms with the problem of pre-defining the required thresholds. Zhu ard co
leagues conclude that the proposed criteria work well, and that the caibhina
strategies can achieve even better results.
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Vlachos (2008) suggests to use classifier confidence as a means &alefin
stopping criterion for uncertainty based sampling. Roughly, the idea is to stop
learning when the confidence of the classifier, on an external possiahyno-
tated test set, remains at the same level or drops for a number of comsecuti
iterations during the learning process. Vlachos shows that the criterieadnd
is applicable to the two tasks he investigates; text classification and named en-
tity recognition carried out using Support Vector Machines, maximum eytrop
models, and Bayesian logistic regression.

Laws and Sciitze (2008) investigate three ways of terminating uncertainty-
based active learning for named entity recognitiminimal absolute perfor-
mance maximum possible performancand convergenceThe minimal ab-
solute performance of the system is set by the user prior to starting the ac-
tive learning process. The classifier then estimates its own performaimce us
a held-out unlabeled data set. Once the desired performance is retuhed
learning is terminated. The maximum possible performance strategy refers to
the optimal performance of the classifier given the data. Once the optimal per
formance is achieved, the process is aborted. Finally, the convergetese
rion aims to stop the learning process when the pool of available data does
not contribute to the classifier's performance. The convergence ialatdd
as the gradient of the classifier's estimated performance or uncertaavis L
and Scliitze (2008) conclude that both gradient-based approaches, ttat-s, ¢
vergence, can be used as stopping criteria relative to the optimal perfoema
achievable on a given pool of data. Laws and i8z& also show that while
their method lend itself to acceptable estimates of accuracy, it is much harder
to estimate the recall of the classifier. Thus, the stopping criteria based on min-
imal absolute performance as well as maximum possible performance are not
reliable.

Tomanek and Hahn (2008) examine two ways of monitoring the progres-
sion of learning in the context of a query by committee setting for training
named entity recognizers. Their first approach relies on the assumptidheha
agreement within the decision committee concerning the most informative in-
stance selected in each active learning iteration approaches one asrh@lea
process progresses. Tomanek and Hahn refer to this asldwion agreement
originally introduced in Tomanek, Wermter and Hahn 2007a. The motivation
for using the selection agreement score is that active learning shoubdtiec
when it no longer contributes to increasing the performance of the classifie
at that time, active learning is nothing more than a computationally expensive
way of random sampling from the remaining data.

The second approach taken by Tomanek and Hahn is to calculate the agree
ment within the committee regarding a held-out, unannotated test set. This is
referred to as thegalidation set agreementhe idea is to calculate the agree-
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ment on a test set with a distribution of names that reflects that of the data set o
which the active learning takes place. In doing so, Tomanek and HaB8)20
aim at obtaining an image of the learning progression that is more true than
that obtained by calculating the selection agreement, simply because the dis-
tribution of the held-out set, and thus also the validation set agreemeet scor
is not affected by the progression of the learning process in the sameemann
as the selection agreement score is. Tomanek and Hahn (2008) catwoou
types of experiments. In the first type, the human annotator is simulated in the
sense that the active learning utilizes pre-annotated data; the annotated tra
ing examples supplied to the system are in fact not annotated by a human at
the time the system requests assistance in classifying them, but comes from
the pre-annotated corpus. In this type of experiment, the amount of data is
typically limited. The second type of experiment conducted by Tomanek and
Hahn (2008) involves real human annotators who operate on a subtantia
larger amount of data, approximately 2 million sentences, as opposed to the at
most 14 000 sentences used in the experiments with simulated annotators.

Tomanek and Hahn (2008) find that, for the experiments with simulated an-
notators (using relatively small amounts of data), both the selection agreemen
curves and the validation set agreement curves can be useful fiaxappt-
ing a learning curve, thus indicating the progression of the learning ggoce
However, for the experiments employing human annotators and large amounts
of unlabelled data, the selection agreement does not work at all. Tomadek a
Hahn conclude that monitoring the progress of active learning shoutgyalw
be based on a separate validation set instead of the data directly affgcted b
the learning process. Thus, validation set agreement is preferredelgetion
agreement.

Of the approaches to defining a stopping criterion for active learning re-
viewed, only the work described by Tomanek and colleagues is explicitly di-
rected towards committee-based active learning. The other approacbles in
single classifier active learning strategies.

4.9 Monitoring progress

A very common way of visualizing how an active learner behaves is by plotting
a learning curve, typically with the classification error or F-score alorgy on
axis, commonly the Y-axis, and something else along the other axis. It is that
something els¢hat is of interest here. The X-axis is usually indicating the
amount of data seen — depending on the granularity of choice for thatpar
learning task it can be for instance tokens, named entities, or sentencé®— o
number of iterations made while learning. The purpose of a learning curve is
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to depict the progress in the learning process; few variations of how teurea
progress exist, and consequently there are few differences in haxdiseof a
graph illustrating a learning curve are labeled.

There are times when the graphical nature of learning curves is notan ap
propriate means to describe the learning process. Abe and Mamitsuld) (199
calculate thedata efficiencyachieved by using an active learning approach as
the ratio between the number of iterations required by a base learner ko reac
top performance when data is drawn at random, and the number of iterations
required for the base learner in an active learning setting to reach the same
performance.

Melville and Mooney (2004) defines thdata utilization ratio— which is
similar to the data efficiency introduced by Abe and Mamitsuka (1998) — as
the number of instances an active learner requires to reach a targetater
divided by the number that the base learner — Decorate — requires lotheac
same error rate. Boftthata efficiencyanddata utilization ratioreflect how good
an active learner is at making use of the data.

Baram, El-Yaniv and Luz (2004) propose to use a quantification ofi¢he
ficiencyof the querying function with respect to randomly selecting instances
from which to learn. The deficiency is defined in equation 13.

- Y1 (AcG(L) —Acg(A))

Deficiency(A) ST (Aco(L) — Aca (L)) (13)
wheret is the training set sizeAcc,(L) is the maximal achievable accuracy
when using algorithnh. and all available training datécg (A) is the average
accuracy achieved by active learning algoritihandt amount of training
data, andhcg (L) is the average accuracy achieved using random sampling and
learning algorithmL andt amount of training data. The deficiency measure
captures the global performance of active learigéhroughout the learning
process. Smaller values indicate more efficient learning.

There are, of course, more parameters than data-related ones toeconsid
when using active learning in a practical setting, such as time, money, cegnitiv
load on the user, all of which relates to situations beyond the scope o activ
learning proper as discussed in this chapter. Section 5.4 brings up amnoimbe
issues relating to the cost of annotation.







ANNOTATION SUPPORT

This chapter concerns methods and tools for the annotation of linguistic con-
tent that, in some way or another, utilize knowledge about what is being anno
tated in order to ease the workload for the annotator. Four dimensions along
which the annotation process can be supported are described in thdrigtiow
static dynamig intra-containet andinter-containersupport, respectively.

The support of the annotation process can be described in terms oilthe ab
ity of the method or tool to dynamically exploit previously made annotations
as the process proceeds. Along this dimension, annotation supporé & b
therstaticor dynamic The source of static support does not change within the
scope of the annotation process. Dynamic support, on the other haed, tak
into account the annotations made previously by the annotator when pigvidin
assistance in marking-up data.

Another way of characterizing the nature of annotation support petins
the level at which the support is available. To be able to describe suplgup
it is necessary to first introduce the conceptsnafrkableand container Ex-
actly what the term “markable” refers to depends on the annotation task. Fo
instance, in part-of-speech tagging, markable refers to tokens; in nemtied
recognition, markable refers to sequences of tokens; while in text caago
tion, the term markable refers to documents.

A container contains markables. Analogously to the description of what
constitutes a markable, the explanation of the term “container” depends on
the annotation task. For instance, in part-of-speech tagging, the cangine
usually a phrase or a sentence; in named entity recognition, the container is
a sentence; in text categorization, containers and markables refer tantiee s
level of abstraction, that is, documents.

The annotation process can be assisted in terms of suggestions regarding
the whereabouts and categorization of markables within a container; this type
of support is calledhtra-containersupport. The support of the annotation pro-
cess can also be described in terms of suggestions about which comdainer
operate on next; this kind of support is calleder-containersupport. Note
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that whileintra-containersupport does not conflict witimter-containersup-

port, the notions ostaticanddynamicsupport do. Also note that there is no
need to distinguish between intra-container and inter-container suppploet if
container and the markable are described at the same linguistic level, such as
is the case in text categorization.

In inter-containersupport, new markables to be annotated are suggested,
for instance sentences to mark-up for named entities, or sequencesisftao
annotate for part-of-speech. System-provided help at the inter-centage
is usually based on active learning for container selection. There isvsow
a fundamental difference between active learning as such, and donatap-
port based on active learning; where active learning focuses ogasicilg the
performance of a learner without having to supply more than necesaary tr
ing data, the active learning-based annotation support focuses @asiroy
the quality of the data at the lowest possible cost. These two views are not
necessarily incompatible, but there are issues to be dealt with at their aiterse
tion, for instanceannotation cosanddata re-usgsee sections 5.4, and 5.6,
respectively).

Focusing on the annotation process brings forward an issue whichrig-as ¢
cial in active learning as in active learning-based annotation suppoviHach
is more often than not neglected in research concerning the former;ttred ac
interaction between the human annotator and the system. Current regearch
active learning commonly simulates the human oracle by using pre-annotated
data. Consequently, active learning research rarely address tlkeoisaser-
system interaction. In active learning as annotation support, on the @héy h
the interaction between the annotator and his tool is a major concern. To this
end, several systems described in the literature incorporate some fortarof
action model. Regardless of, for instance, what kind of annotation taskés to
carried out, and whether it is carried out by a single annotator in isolation, o
by a team of annotators, there are some critical elements in the interaction that
are likely to be present in all annotation tasks. Interaction issues areffurth
discussed in section 5.5.

5.1 Static intra-container support

By and large, the static approach to pre-tagging, outlined in figure 5. bgas
successfully applied when, for instance, creating the Penn Treelmaplsc
(Marcus, Santorini and Marcinkiewicz 1993), assigning part-oespédags to
the GENIA corpus (Tateisi and Tsujii 2004), building a biomedical pramrs
bank (Chou et al. 2006), and marking up corpora for named entitiesi{d4ac
2006; Gancheyv, Pereira and Mandel 2007). Here, the knowledgeese the
software performing the pre-tagging — is usually static.
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1. The corpus is annotated by means of an existing tagger.

2. Human manually corrects suggestions made by the tagger.

Figure 5.1: Outline of a system-initiated intra-container pre-taggscheme.

Marcus, Santorini and Marcinkiewicz (1993) describe two experimamts ¢
ducted when constructing the Penn Treebank corpus consisting of oneamillio
words of English coming from a number of different domains. The first ex
periment concerns the part-of-speech tagging of the corpus, whiletoad
deals with marking up parse trees in the text. For the part-of-speech tagging
Marcus and colleagues employ the method outlined in figure 5.1. Pre-tagging
was made by means of a combination of stochastic and rule-based taggers
based on the Penn Treebank tag set; the error rates obtained arteddpor
range from 2—-6%. The correction stage is facilitated by a common text editor
— Emacs — equipped with specially written software allowing the annotators
to correct part-of-speech errors as easily as possible. Marcagrisa and
Marcinkiewicz (1993) report on an experiment examining two modes of an-
notation; tagging and correction. In tagging mode, the unannotated texds wer
hand-tagged, while in the correction mode, the human annotators corrected
the suggestions made by a tagger in a pre-tagging step. Marcus and wefieag
show that the semi-automatic approach to part-of-speech tagging is superio
annotating the texts from scratch in all of the three ways of measuringrperfo
mance: tagging speed, consistency between annotators, and taggiracgcc

Tateisi and Tsujii (2004) use the Penn Treebank tag scheme when marking
up the GENIA corpus with part-of-speech information. GENIA consistgef
search abstracts from the biomedical domain. The approach adoptedteisi T
and Tsujii (2004) differs from that of Marcus, Santorini and Mar@mkicz
(1993) in that Tateisi and Tsujii first construct a list of frequent terpeciic
for the GENIA corpus. The list is then manually inspected by domain experts
and each term is assigned the appropriate part-of-speech tags. fonigsef
called for by the nature of the text in this domain; Tateisi and Tsujii identify
a number of characteristics that cause problems for the annotators, the mos
prominent being that capitalized names and abbreviations make the distinction
between proper and common nouns hard. The information contained in the list
of technical terms manually excerpted from the corpus forms the basisefor th
pre-tagging process; a part-of-speech tagger considers thahmtion when
assigning tags to the words in the surrounding context. During the comectio
phase, the human annotator is made aware of which tags in the text stem from
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the list of terms, such tags are less likely to require correction, and the anno
tator can concentrate on the ones introduced by the tagger. Tateisi ajiid Ts
(2004) conclude that the corpus is consistently annotated, by non-demain
perts, using the proposed method. Their error analysis shows that timéctzc
terms still constitute the problematic cases.

While the pre-tagging stage in the efforts of Marcus and colleagues, and
Tateisi and Tsujii, relies on a part of their respective corpora being atignu
tagged, the approach adopted by Chou et al. (2006) is fundamentadiedtf
Chou and colleagues utilize an existing corpus from one domain to train a se-
mantic role labeling classifier intended to operate on another domain. The clas-
sifier is trained on predicate argument structures superimposed on n@vs w
textin the Penn Treebank, while the target texts are taken from the GEWA ¢
pus, that is, in the biomedical domain. The annotation process consists of fo
steps, approximately following the pre-tagging method outlined in figure 5.1;
identify predicate candidates constituting relations between named entities in
the target corpus, automatically mark-up the semantic roles of the predicate
candidates using the classifier trained on news wire text, transform thetoutp
to a format suitable for the WordFreak tool (Morton and LaCivita 2008), a
finally use WordFreak to manually correct the annotations introduced by the
classifier. Chou et al. (2006) claim that their method can significantly e2duc
the annotation effort required.

The differences in characteristics between domains, regarding some lin-
guistic phenomenon, can to some extent be seen as an introduction of noise.
That is, the change in how, for instance, names are expressed in dBnvam
respect to how they are expressed in don#aiifhis observation is exploited
by Vlachos (2006) when he uses pre-tagging for marking up named entities
The main idea in Vlachos’s approach is to pre-tag the corpus using an exist-
ing named entity recognizer, and then use active learning techniquesdb sele
those automatically tagged names that need to be corrected by the user. In or
der to facilitate this approach, Vlachos (2006) first experiments with variou
types and amounts of artificially created noise in the training corpus forming
the base for the pre-tagger. The rationale behind this approach is thab4if a
matic pre-tagging is to be used, but not all potential errors introduced tin tha
step are to be corrected, it is imperative to gain knowledge about howithe va
ious kinds of errors affect the quality of the final corpus, and thus latso
machine learning schemes applied to the corpus may or may not pick up on
the errors. An error that does not propagate to the output of a classaiieed
on the erroneous corpus need not be corrected. Vlachos used tjeipen
toolkit (Alias-1 2008) to train named entity recognizers on the noisy texts, and
evaluation then took place on a designated test set. Vlachos (2006) makes tw
specific observations. The first is that limited noise does not significamtgtaf
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the tagging performance, this, in turn, suggests that not all mistakes ingddu

in the pre-tagging stage need to be corrected. The second observdtiah is
the number of errors in the training text is not a good indicator of the acgura
obtained by a tagger trained on the text. Vlachos’s work includes selecéng th
erroneous instances of names for the human annotator to correct, samethin
which will be further discussed in section 5.3.

In the scenario envisioned by Ganchev, Pereira and Mandel (288l7)he
corpus has already been manually annotated, which would entail high quality
mark-up. The goal is to annotate the remaining, untagged half of the corpus
with minimal human effort. The task at hand is that of identifying and catego-
rizing names of genes in text. Ganchev and colleagues propose the fgjlowin
method: use the manually tagged part of the corpus to train a high-recall tag-
ger; then use the tagger to mark up the unannotated part of the corliy; fin
have a human annotator filter the suggested annotations. The filtering js set u
as binary decisions; either a suggested named entity is correct, or it isinot. |
the latter case, the annotation is easily discarded. Regarding the effiestive
of their approach, Gancheyv, Pereira and Mandel (2007) point autrtay need
to processnoredata in order to reach a given accuracy than they would have
had if they had refrained from the binary decision approach and inatazat
tated all data from scratch. However, if the human effort is factored engdist
of annotating the data needed is lower using the method proposed by @anche
and colleagues, than manually annotating the data.

The work presented in Ganchev, Pereira and Mandel 2007 accentuate
crucial issue present in the forms of pre-tagging introduced herentterns
the correction of suggested annotations. There are two strands. Egheseh
of pre-tagging is embraced and the correction phase is viewed as aibeces
which cannot be avoided, or everything is done in order to preventatisituin
which corrections have to be made. Although the use of pre-taggingEdpea
be beneficial to tagging speed and quality of the marked-up corpora,iése g
tion remains of the amount of human labor required in correcting suggested
annotations versus that required for inserting them from scratch.

5.2 Dynamic intra-container support

The dynamic approach to providing intra-container support is desarideg

ure 5.2. Examples of systems utilizing this include the Alembic Workbench
(Day et al. 1997), Annotate (Brants and Plaehn 2000), and Melita (€jrey
Petrelli and Wilks 2002). These systems all have the capability to learn from
the mark-up made by the user as the annotation process proceed®chy eff
this means that as the system picks up on the way the user annotates data,
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1. The human manually annotates a portion of the corpus.
2. The system learns from the annotations.

3. The system presents, to the human, suggestions as to mi@atons can be
inserted in the text.

4. Human manually corrects the suggestions made by thensyste

5. Repeat 2 to 4 until some stopping criterion is met, fordnse that all available
data has been annotated.

Figure 5.2: Outline of a human-initiated intra-container pre-taggseheme.

the annotation process will eventually turn into one where the user reviews
system-made suggestions instead of creating annotations from scratch.

The Alembic Workbench mixes hand-coded rules with machine-learned
ones in order to bootstrap corpus development for use in informationcextra
tion (Day et al. 1997, 1998). This is achieved by using a mixed initiative ap-
proach and keeping the human in the loop when annotating, largely following
the method outlined in figure 5.2. As a side effect, if somewhere in the process
of corpus development, the automatically tagged corpus is of such high qual-
ity that the human annotator does not have to correct the machine, thedearne
rules constitute a domain-specific tagging procedure themselves. Thansequ
of rules can then be applied to new, previously unseen, documents fingch w
information is to be extracted.

In the Annotate system (Brants and Plaehn 2000), the user has aceess to
graphical interface for manipulating syntactic structures. Annotate l@Essc
to a part-of-speech tagger as well as a parser, and all changes ynthaeliser
in the interface are immediately reflected in the analysis provided by the inter-
active tools. In the method presented by Brants and Plaehn, the patedts
tagger is first used to assign tags to each word in the current senteaszd B
on the probabilities of the tags, Annotate distinguishes between reliable and
unreliable tags, the unreliable ones are presented in such a way thahtha hu
annotator is made aware of them and either confirms or corrects them. Then
the parser is activated and it incrementally suggests analyses of pheases
on the previously analyzed, partial syntactic structures. If the usarrduidind
any of the suggested analyses appropriate, he has the option of pgoaictim-
rect one himself. Brants and Plaehn (2000) point out that their appivas
two advantages over manual annotation (and thus also over the moralgener
approach described in figure 5.2). The first one is that the human amnista
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guided, step-by-step, through the structure assigned to the input, mélaating
the user actively looks at each phrase. The second advantage istpatser
is able to immediately exploit corrections made by the user.

Melita (Ciravegna, Petrelli and Wilks 2002) incorporates an information
extraction system into the annotation process for the semantic web. As such,
the extraction system would automatically annotate things in web pages it has
learned by observing a human annotator. Melita operates in two pheses:
ing andactive annotation with revisiorThe training phase, in turn, is divided
into two sub-phasediootstrappingandtraining with verification During the
former, the system learns from the annotations made by the human. During the
latter, the system silently competes with the user, utilizing the manually cre-
ated annotations as answer key. At this stage, the user may choose te use th
system as an support by adjusting the level of pro-activity, causing iitar e
the second main phase of operation — active annotation with revision — where
the system explicitly suggests annotations, and where any correctionsgade
the user are used as training data by the system. Ciravegna, Petrelli aisd Wilk
(2002) claim that the supervision required at this stage is faster, antkalso
to be less error prone than producing new annotations from scratetmaim
concern of Ciravegna and colleagues, is to control the timeliness and intru-
siveness of the system with respect to the human annotator and the anmotatio
process. These issues will be discussed in section 5.5.

Similar to the Annotate system, the work devised by Culotta et al. (2006)
takes into account any corrections made by the user. Culotta and colkeague
use the termsorrective feedbackndpersistent learnindo refer to the ability
to make use of user-provided feedback, and the ability to update thedearne
model with the corrections, respectively. Their argument is that by desjgn
more efficient mechanisms for soliciting feedback from the user, a more ef-
fective use of persistent learning is enabled. The application areasassdl by
Culotta et al. (2006) is that of interactive information extraction concerning
the recognition of contact information available in various textual soues.
lotta and colleagues present a method for propagating user correctathgto
parts of the analysis under consideration; if a part of the suggestedadion
is corrected by the user, the other parts of the predicted analysis areadidito
cally updated. Furthermore, Culotta et al. (2006) show how to determinéwhic
parts of the automatically assigned structure should be corrected by the use
first in order to, for instance, maximize the effect of the error propagaltis-
ing these findings in an experimental active learning-based set-up, Carokta
colleagues demonstrate that by using the proposed corrective féetdiohe
niques, the effort needed for labeling in order to train a extraction classsfi
decreased.
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5.3 Active learning as inter-container support

Recall the experiment by Ngai and Yarowsky (2000) introduced intehndp
They compared active learning-based annotation for learning a basgha-

se chunker to manual construction of rules for the same task based @mtbe s
corpus. Note that Ngai and Yarowsky did not compare rule writing to aeseq

tial, randomized annotation process as a baseline, but to what is arguably th
best way of achieving informative examples to annotate; selective samipling.
active learning, the data produced is often viewed as a side effectarfranta-

tion process that is really intended to produce a classifier with as little human
effort as possible. During the past decade, researchers hauve kegloit-

ing active learning with a focus on producing annotations, examples include
corpora marked-up for parse trees (Hwa 2000), word sensedadiShk and
Mihalcea 2002), part-of-speech information (Ringger et al. 2007) nanaged
entities (Vlachos 2006; Tomanek, Wermter and Hahn 2007b, a).

Hwa (2000) uses active learning to select sentences to be marked-up with
parse trees. The corpus constructed is then used to induce a statistival gr
mar. The sample selection method used by Hwa is based on a single learner
using sentence length and tree entropy as means to select the sentemees to a
notate. Hwa points out that creating a statistical grammar (parser) is a complex
task which differs from the kind of classification commonly addressed by ac
tive learning in two significant respects; where a classifier selects |abets f
a fixed set of categories for each instance, in parsing, every indtasce dif-
ferent set of possible parse trees. While most classification problensercon
a rather limited set of classes, the number of parse trees may be exponential
with respect to the length of the sentence to parse. These two characeristic
have bearing towards the complexity of the task faced by the human annotator
acting as oracle in the learning process. Hwa’s aim is to minimize the amount
of annotation required by the human in terms of the number of sentences pro-
cessed, as well as in terms of the number of brackets denoting the structure
of each sentence. Hwa (2000) thus acknowledge that the successactive
learner may not be as simple to measure as the data required to reach a cer-
tain level of accuracy. Issues pertaining to the human effort neededdoge
annotated data will be further discussed in section 5.4.

Chklovski and Mihalcea (2002) direct their efforts towards collecting a
word sense-tagged corpus involving the general public as annotgtossriy
the World Wide Web as communications channel. The active learning com-
ponent used to select instances to tag is made up from two classifiergdcreate
by two different base learners. An instance is picked out for annotdttbe
labels assigned to it by the classifiers are not equal.
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In setting up the experiment, Chklovski and Mihalcea faced two rather un-
common challenges; that of ensuring the quality of annotations provided by
a potentially very large and uncontrolled selection of annotators, and fthat o
drawing attention to their task in order to bring in enough annotators. Chklovsk
and Mihalcea dealt with the first challenge by limiting the number of tags of an
item to two, and also by limiting the number of tags assigned to an item to one
per contributor. The authors proposed to make the tagging task “game-like”
including awarding prizes to the winners, in order for people to be inclined
to contribute. Mihalcea and Chklovski (2003) report that after the firse
months of being available on the web, their system had collected 90000 high-
quality tagged items.

Ringger et al. (2007) approach the task of part-of-speech taggipgenfy
from the British National Corpus, and prose from the Penn Treebartkeir
scenario, the constraining factor is the budget — they can only afforthimtate
S0 many sentences — causing Ringger and colleagues to examine active lear
ing as a way of carefully selecting the sentences to be processed byntlaa hu
annotator. Ringger and colleagues try out query by uncertainty asswliexy
by committee, both using a Maximum entropy conditional Markov model (Mc-
Callum, Freitag and Pereira 2000) as base learner. In query by untgrtiae
uncertainty is derived from an approximation of the per-sentence tagseg
distribution entropy. The committee members used in query by committee di-
vide the training set evenly, and disagreement is settled using the total number
of tag sequence differences among the committee members, when predictions
are compared pair-wise. Ringger and colleagues find that one of thigintsa
of query by uncertainty yields the best results. Once the active learnicg{
dure is complete, that is, when the budgetary limit is reached, the idea is that
the part-of-speech tagger trained on the data annotated so far is todo®use
mark up the rest of the unannotated data. Ringger et al. (2007) dopuot on
how they assess the quality of the automatically inserted part-of-speech tags
correction phase does not seem to fit into their initial scenario, rathgoethe
formance of the generated tagger on a designated test set servaadisean
quality assessment of the resulting corpus.

Vlachos (2006) approaches the production of marked-up data slightly dif
ferent than the rest; instead of employing active learning for the purpise
selecting sentences to annotate with names, Vlachos uses it to select the au-
tomatically inserted named entity annotations that need to be corrected. In his
experiments, the active learning follows a phase where an unsupenasest
entity tagger is used to pre-tag the texts; the use of such a tagger is one of two
points distinguishing Vlachos’s method from the prototypical active learning
outlined in figure 4.1. The second difference is the way sample selection is
carried out; its purpose is not to identify probably informative unannotated
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sentences, but rather to identify likely errors introduced in the data byréhe p
tagger, and bring those to the attention of the human annotator. Active lgarnin
is realized by using a Hidden Markov Model base learner in a query by un
certainty setting where the uncertainty of a sentence is represented &ither a
the average uncertainty of the tokens, or as the most uncertain token in the
sentence. To assess the effects of errors introduced by the pes;taggum-

ber of taggers is created by training on a corpus contaminated with various
kinds and degrees of noise (as mentioned in section 5.1). The errotidketec
executed in the active learning step is based on the assumption that eerors a
instances that are hard for the classifier to predict, and at the same time incon
sistent with the rest of the data. Vlachos (2006) claim that the inconsisténcy

an instance can be indicated by a mismatch between the label assigned to the
instance by the pre-tagger, and the label assigned to it by the modeldearne
from the data corrected so far. As a measure of “hardness”, thetaimtg of

the current model’s prediction of the instance label is used. Vlachostfiats

his approach to use active learning to select errors to correct oonperc-

tive learning for selecting instances to annotate in all cases except fonéhe
where very noisy data had been used to train the initial pre-tagger.

Tomanek et al. (2007a; 2007b) describe the Jena annotation environmen
(Jane), a client-server-based workbench for accommodating andymgrlae
labeling of texts. The task described by Tomanek and colleagues is that of
named entity recognition in the immunogenetics domain, although they point
out that other types of tasks are possible too. Jane contains tools Sogor
single annotator, as well as for managing teams of annotators. The administra
tive tool facilitating the latter include modules for managing users, creating and
editing projects, monitoring the annotation progress and inter-annotas®-agr
ment, and deploying the data once the annotation of it is completed. Single
annotators have the option to choose focused annotation, that is, b@ng su
ported by a server-side active annotation module that selects the sentence
be marked-up. Active learning is realized as query by committee employing
three different base learners — conditional random fields (Laffsttgallum
and Pereira 2001), maximum entropy, and\weBayes — with vote entropy as
disagreement quantification. Tomanek et al. (2007a; 2007b) perfogala
world annotation experiment, indicating a reduction in the number of annota-
tions with between 50% and 75%. One conclusion drawn from the experiment
is that active learning is particularly advantageous when the instances of in
terest are sparsely distributed in the texts. The density of named entities, that
is, the number of entities per sentence, in the corpus produced in tha-exper
ment is almost 15 times greater than the density of names in the test corpus.
Another set of conclusions is realized as a list of requirements for facititatin
deployment of active learning in practical circumstances:
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e the turn-around time for selecting what to annotate needs to be kept
short;

e the data produced in the annotation process need to be re-usable by other
machine learners; and,

e the criterion for stopping the active learning needs to be sensitive to the
progress of the performance in the annotation process.

The requirements list presented by Tomanek and colleagues is one dlseve
manifestations of increasing awareness in the research community of the con
ditions under which the human annotators operate. Concerns are raised r
garding the usefulness of the resulting data sets for tasks other tharhibbt w
originally created the data. Questions regarding the cost of annotation, inte
action, and re-usability of data are dealt with in the sections 5.4, 5.5, and 5.6,
respectively. The issue of stopping criteria is elaborated on in section 4.8.

5.4 The cost of annotation

Methods for providing the human annotator with support within containers, a
well as between containers, raise concerns regarding the effai¢dée pro-
duce correct annotations. Cost in this sense is typically derived fronetaign
temporal, or effort-based issues. The present section is related tonsé&jo
but whereas that section concentrates on ways of measuring and illystratin
the success of active learning in terms of classifier performance \ersusnt

of data used, the purpose of this section is to shift the focus from Iédatar

to learner/teacher.

Opting to use active learning in the first place is mainly due to the possi-
bility it opens up to obtain high performing classifiers with less data. But what
if the data comes at a cost that is not accommodated for in a practical setting?
A cost model should reflect the constraints currently in effect; for itgtan
if annotator time is more important than the presumed cognitive load put on
the user, then the overall time should take precedence in the evaluation of the
plausibility of the method under consideration. If on the other hand a high cog
nitive load causes the users to produce annotations with too high a variance
resulting in poor data quality, then the user situation may have to take prece-
dence over monetary issues in order to allow for the recruitment and training
of more personnel.

Using a scale mimicking the actions made by the user when annotating
the data is one way of facilitating a finer grained measurement of the learning
progress. For instance, Hwa (2000) uses the number of brackeiisee:dor
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marking up parse trees in the training data as a measure of cost, rather than
using the sheer number of sentences available.

Osborne and Baldridge (Osborne and Baldridge 2004; Baldridge and O
borne 2004) distinguish betweenit costanddiscriminant costn their work
on ensemble-based active learning for selecting parses. In their seiftihg,
cost is the absolute number of sentences selected in the learning pidisess.
criminant cost assigns a variable cost per sentence and concerrecibiernm
an annotator has to make concerning the example parse trees provided by th
system.

Culotta et al. (2006) design their system so that segmentation decisions are
converted into classification tasks. They use what they refer to as texpec
Number of User Actions (ENUA) to measure the effort required by the use
to label each example in an information extraction setting. The ENUA is com-
puted as a function of four atomic labeling actions, corresponding to dimwpta
the start and end boundaries, the type of a field to be extracted, as vell as
an option for the user to select the correct annotation ark@rgdicted ones.

The use of ENUA reflects the authors’ goal with the system; to reduce the tota
number of actions required by the user. Culotta et al. (2006) notice thrat the
is a trade-off between how lardeis, that is, how many choices the user is
presented with, and the reduction in amount of required user actionstchys
introducing the multiple-choice selection.

It is easy to see that, on average, it must be harder to annotate the units
provided by active learning, than it is annotating units randomly drawn from
the same corpus simply because the former is, by definition, more informa-
tive. Along these lines, Hachey, Alex and Becker (2005) find that theethr
selection metrics they used in a live annotation experiment yield three distinct
annotation time per token/data size curves. Hachey and colleagues measure
maximum Kullback-Leibler divergence, average Kullback-Leibler djeeice
and F-complement for selecting the sentences in which the annotators are to
mark up named entities. Hachey, Alex and Becker (2005) demonstrateghat th
time spent on marking up an example is correlated with its informativeness.
Similarly, in the experiments conducted by Ringger et al. (2007), the selection
metric resulting in the best performance in terms of amount of data needed
to reach a given accuracy, is also the one demanding the most attention from
the user; the amount of corrections made by the oracle is clearly largeefor
most complex selection method used.

Haertel et al. (2008) show that the active learning strategy which imesfo
the best depends on how the annotation cost is measured. They examine the
performance of query by uncertainty and query by committee for the task of
part-of-speech tagging under a number of cost models. The models used in
clude what Haertel and colleagues refer to as an hourly cost modeln As a
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example of how a cost model can be used in their particular setting, Haertel
et al. (2008) show that when a low tag accuracy is required, rand@ttios
of what to annotate is cheapest according to the hourly cost model. Othtre 0
hand, query by uncertainty is cost-effective (compared to a randseliba)
starting at around 91% tag accuracy, while query by committee is more effec-
tive than both the baseline and query by uncertainty at tag accuracigsgstar
at around 80%.

So far, this section has been all about inter-container support. What ab
the various forms of pre-tagging used as intra-container support,kirithof
cost do they imply? It seems as if the main concern relates to the correction
phase usually taking place after the automatic insertion of annotations in the
data. The types of corrections, or actions, needed are more oftendhéren
focus for researchers. For instance, Brants and Plaehn (208i@ndd their
system, Annotate, so that the user can assemble an annotation from system
suggested parts instead of having the user simply correct complete anmotatio
suggested by their system. Brants and Plaehn claim that their way of doing it
is much faster and less error prone.

Sometimes failure is success, depending on along which scale the results
are measured. Ganchev, Pereira and Mandel (2007) design thessprso as
to require binary decisions only, as opposed to full annotations/comsctio
from the user. They show that the effectiveness of their approactieidan
to that of learning from fully manually annotated data. Their semi-automatic
method requires the annotator to process more data than he would have had if
he had chosen to manually annotate it. This is an effect of reducing the load
on the user to binary decisions. On the other hand, Ganchev and celfeagu
show that less effort is required by the annotator to produce annotatias
quality superior to that of manually tagging. In all, Ganchev, Pereira and Ma
del (2007) conclude that, in the conducted experiments, the suggested se
automatic method reduced annotation time by 58%.

5.5 Interaction issues

None of the things described in the previous section as pertaining to thefcost
annotation is separable from the pivotal role of user-system intera&iiom

the user’s point of view, annotating is all about interacting. It is clearly no
possible to contrive a general interaction model applicable to all sortsxofan
tation tasks, since such a model unavoidably depends on task speaficgar
ters such as: the knowledge, training, and numbers of participating amsotato
the monetary, and temporal frames of the task; and, the purpose of #tieire

of the data. Nonetheless, a number of interaction-related things emerge as b
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ing universally important and ought to receive attention, regardlessskf ta
timeliness, intrusivenesanddegrees of freedom

Timeliness(turn-around time, idle time) anglystem intrusivenesse re-
lated in that one entail the other. If the user’s work flow is interrupted due to
long turn-around times on behalf of the system, the system is often peatceive
as being intrusive. Ciravegna, Petrelli and Wilks (2002) describe pergment
involving an adaptive information extraction system that accommodates these
two issues. Intrusiveness as a side effect of system proactivity lisvddaby
presenting the user with a control in the form of a single slider allowing the
user to set thresholds indicating when the system should suggest ammtatio
and when it should not. Ciravegna and colleagues find that the notion of in-
trusiveness evolves, and the user finds himself understanding it df®ainoé
using the system. They also point out that the acceptable level of intnesise
is subjective, and that the interaction design should empower the userdb sele
a suitable level of intrusiveness, without having to fully understand tllemn
lying mechanisms involved. Drawing the observation a step further, it is easy
to envision that a given user may perceive the same proactive behsioe b
system as moving from non-disturbing to disturbing.

In the case of active learning-based annotation, timeliness refers toithe ab
ity of the system to ask the user to annotate pieces of data in a timely manner.
That is, without interrupting the users flow. Ciravegna et al. (2002)esdd
this matter by using two annotation systems in parallel such that while the
user annotates documemtin which annotations are suggested by a system
trained on annotated documents.1ln— 2, the other system trains on doc-
uments 1...,n— 1. Adopting this approach results in a “blind” spot of the
systems, where the user can face two very similar consecutive documents to
annotate. Obviously, the number of parallel systems to use depends on the time
it takes for one system to train, related to the time the user needs to annotate
one document.

The options concerning the number of seemingly valid choices for the user
is referred to as thdegrees of freedomwvailable in the interaction process. Ef-
forts by researchers to reduce the freedom in order to guide the usaking
correct decisions include reducing the annotation task to that of clasisifica
for instance in marking up phrase boundaries, or assigning parsedrses-
tences (Osborne and Baldridge 2004; Culotta et al. 2006; GanchewePe
and Mandel 2007). Another way is to have the user making informed choice
by stimulating him to assemble a complete annotation from parts suggested
by the system, and thereby encourage him to carefully consider eaite cho
possible (Brants and Plaehn 2000).
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5.6 Re-use of annotated data

Under some circumstances, active learning can evidently be used to identify
the most informative units in a corpus. What really takes place is the reorder
ing, and elicitation, of available examples highly biased towards the prefer-
ences of the base learner and task in effect. The re-usability of therdatad

in the process is the subject matter of a number of research efforts.

Baldridge and Osborne (2004) use active learning to create a cormpus o
which to train parsers. In doing that, their principal worry is whether the se
lected material will be useful if used with a base learner different thanrthe o
used to select the data. Indeed, for their particular task, they find thgaihge
of using active learning may turn out minimal or even negative. The reason
lies in how complex it is for a human annotator to assign parse trees to the se-
lected sentences. In response to this finding, Baldridge and Osbomel&be
a strategy involving semi-automatic labeling to operate in concert with active
learning. The semi-automatic technique makes use of the fact that the parser
used can provide ranked partial parses, of which the ones with higbleap
bility than chance is presented to the user in a drop-down list. Baldridge and
Osborne (2004) conclude thatbest automation can be used to increase the
possibility of the annotations produced being re-usable.

Tomanek, Wermter and Hahn (2007a) conduct two experiments address-
ing the re-usability of training material obtained by employing active learning
to annotate named entities in a biomedical domain. In their first experiment,
the base learners used for selecting data — cakdectors— and the learning
schemes used for testing the data — calésders— are varied. By keeping the
feature set fixed and using the best selector, generated by a conditioti@am
field base learner, Tomanek and colleagues show that feeding the tébter w
data generated by faster, albeit worse performing selectors basedomuna
entropy and niée Bayes, still yield results far better than passive learning.
Comparable results are reported for the variation of the tester’'s baseiear

In the second experiment outlined in Tomanek, Wermter and Hahn 2007a,
the feature sets used by the selectors are reduced, while that of ther¢ester
main fixed and full. The three reduced feature sets contain, in turn, athéut
syntactic features, all but the syntactic and morphological featuredireaig,
only orthographic features. A committee of conditional random field sekector
employs each of the three reduced feature sets. Tomanek, Wermter land Ha
(2007a) show that, even when using selectors in concert with the mosieed
feature set, a tester (also based on conditional random fields) still cam mak
use of the data and generate results better than those resulting fromepassi
learning.
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Vlachos (2006) points out that his approach — pre-tagging followedchby a
active learning phase in which erroneously marked-up examples aoteskle
for correction by an oracle —is likely to yield data more re-usable than the data
created using “ordinary” active learning. This claim is based on therof#se
tion that the corpus produced by Vlachos’'s method contains all data that the
initial corpus does, and although only parts of the data is manually corrected
the errors in the uncorrected parts are possibly non-significant to aimeach
learner. Since the distribution of the data in the resulting corpus is the same as
in the original one, the former is likely to be as re-usable as the latter.
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BOOTSTRAPPING THE
MARK-UP OF NAMED
ENTITIES IN DOCUMENTS

This chapter presents a three-phase method — BootMark — for bootatyaipe
annotation of named entities in textual documents. The first phase seraes as
seeding stage for the method, while the second phase constitutes the peotstra
ping proper, and in the third and final phase, human annotation effog®tak
the form of revising system-suggested mark-up instead of creating dionsta
from scratch.

When applicable, the active learning paradigm has the desirable effect o
creating high-performing classifiers using less data than required byetomp
itive classifiers trained on a random selection of data. The BootMark method
is an attempt to orchestrate active learning in such a way that the focus of
the overall process is on creating high quality annotated corpora instead o
creating optimal classifiers; obtaining a classifier able to operate on the intro-
duced annotations is but a secondary goal. BootMark is primarily set out to
facilitate the creation of corpora annotated with named entities, and uses the
named entity recognizers created in intermediate steps as means to achieve that
goal. The main idea is to favor the creation of data over the creation of classi-
fiers by selecting whole documents for annotation with named entities, rather
than selecting sentences; the principal result from applying this method is a
corpus of documents annotated with named entities, instead of a collection of
annotated but possibly non-related sentences. The motivation in Boofttark
focusing on the document level and choosing the document as the smaitest u
for building a corpus pertains to the need for annotated documents in building
or adapting information extraction systems.

6.1 What this method description is not

The BootMark method as presented in this chapter is a high-level description
of a method for marking up linguistic content in textual documents. As such,
it unavoidably comes with some constraints.
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First, despite the intention for the present chapter to be applicable as an
implementation blue-print, some steps in the description of the method will
by necessity be underspecified. All issues that require more informatios to
resolved than is available in this method description are identified as such as
they are encountered. These matters are collected in section 6.6 as a list of
emerging issues in need of further elaboration.

Second, for BootMark to be applicable nitustbe possible to distinguish
between documents by means of the linguistic level at which the annotation
takes place. Thus, it must be possible to distinguish between documengs, usin
calculations at the named entity level, in order to find those cases of hamed
entities deemed most informative by the active learner. Depending on,-for in
stance, how the task of named entity recognition is addressed, and the-char
teristics of the data to work with, it may not be possible to make this distinction
between documents. In that case, the performance of BootMark willthégo
more than a computationally expensive way of random selection of documents
to annotate.

Third, BootMark does not entail an interaction design or otherwise addre
the issue of what constitutes an appropriate annotation cost model. Thiese ma
ters are beyond the scope of the current incarnation of the BootMarlotheth
since they do not generalize well between tasks. On the other hand, ¢ite Bo
Mark method description as it stands does not in any way hinder the reatizatio
of an arbitrary cost model. The way the interaction between a user arsd a sy
tem implementing the BootMark method will be realized is due to details not
part of the present description. Such details ultimately refer to, among other
things, the specifics of the task, as well as the intended user’s expartise a
goals, none of which is part of the method as such.

6.2 Prerequisites

To further constrain the description of the proposed annotation methodya n
ber of prerequisites need to be made explicit prior to embarking on the elabo-
ration of BootMark. It is required that:

The unannotated corpus is relevant.The texts comprising the corpus to
be annotated are assumed to be of such relevance that none of them is
thought of as being an outlier. That is, the goal of applying BootMark is
to mark up all unannotated texts available.

Pre-processing tools are availabléThe unannotated corpus is assumed to be
appropriately pre-processed. The pre-processing necesgapdizon
how the named entity recognition task is addressed, and might include,
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for instance, tokenization, part-of-speech tagging, phrase chuniing
parsing. Any resources needed for the conversion between texvand
mats suitable for machine learning are also assumed to be in place, such
as gazetteers or external lexica.

Annotation guidelines are available.The user is assumed to be familiar
with, and have readily at hand, any annotation guidelines applicable to
the annotation task at hand. The annotation guidelines should also con-
tain definitions of how the quality of annotations should be evaluated.

6.3 Phase one — seeding

The purpose of the first phase of BootMark is to produce a set oftatatb
documents to be used as a seed for the active learning process in pbase tw
Phase one is outlined in figure 6.1 and described in the subsequent section
The legend to the symbols used to describe the control and data flow in the
BootMark method is available in figure 6.2.

The prerequisites of phase one include the ones listed above in section 6.2,
that is, the presence of a relevant, appropriately pre-processadnatated
corpus of textual documents, as well as the resources needed tatciheve
annotated text into a format suitable for whatever machine learning set-up is
used, including a specification of features to use for representingatado
material, and the parameters to use in conjunction with a given base learner. A
skilled human annotator equipped with the appropriate annotation guidelines
is also a prerequisite. The post condition, that is, the result of phasésone
primarily a set of annotated documents, initially taken from the unannotated
corpus.

6.3.1 Select seed set

The first thing that needs attention is the selection of the seed set, repoksen
as the box labele8elect seed sat figure 6.1. The seed set is the set of doc-
uments that will be manually annotated by the human annotator. A good seed
set is one in which all classes of the information to be marked up are repre-
sented in a way beneficial to the base learner, that is, preferably wittriaulis

tion between classes as even as possible. Of course, distributionahatifon

is unlikely to be available beforehand, and measures have to be taken to ap-
proximate such information if it is found to be crucial to the task. Two things
concerning the seed set need to be decided on: its size and the consiitcient
uments.
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Figure 6.1: Outline of the first phase of the BootMark method.
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Figure 6.2: Legend to figures 6.1, 6.3, and 6.4.

There is a trade-off between the number of documents in the seed set and
the effort required to annotate them. If the effort is not an issue, it cbeld
argued that the number of documents in the seed set should be as laoge as p
sible. Now, effort is a constraining factor (and a motivation for the BoakVa
method proper), and thus should be taken into consideration. The axaet n
ber of documents in the seed set depends on the annotation task at $iand, a
well as on the ability of the human annotator.

There are primarily two ways in which the documents comprising the seed
set can be selected: either automatically or by manual inspection. In the liter-
ature both ways have their proponents. For instance, Tomanek, Wemdter a
Hahn (2007b) advocate careful manual selection of a seed settefisen to
be used in active learning for named entity recognition, while McCallum and
Nigam (1998) describe a method for learning in the context of text catego-
rization without any seed. Both methods, as well as others, are desanibed
section 4.5.

The issue of how to select a seed set cannot be settled on in the general
case, it has to be decided on a per task basis and the issue is theréforedde
to section 6.6 where it is listed as issue EFBe constitution of the seed set

6.3.2 Manual annotation

The annotation of the selected seed set, represented by the box Istaeled
annotationin figure 6.1, is to be made manually, without explicit support. Note
that the BootMark method does not presuppose, nor impose a specific way
of creating the annotations; an implementation of the method is required to
provide this functionality. Thus, the way manual annotation is to be carried ou
is not within the scope of the present method description.
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6.3.3 Initiation of learning and transition between phases one and two

It is not strictly necessary to have the human annotator explicitly initiate the
learning process, represented by the box labkiliidte learningin figure 6.1.

The initiation may well be coupled to the completion of the annotation of the
seed set. The initiation includes the transformation of the annotated material to
a data representation suitable for machine learning.

Although itis listed as a prerequisite to phase one, the question of desirable
characteristics exhibited by the base machine learner surfaces at thisnpoin
the method description. The characteristics are as important and taskcsaecifi
they are impossible to specify for the general case. Thus, the issueiseatef
to section 6.6 in which it is listed as E-Base learner and task characteristics

Once the learning from the annotated documents has been completed, the
BootMark method proceeds to phase two. This should require no explicit ac
tion on behalf of the user.

6.4 Phase two — selecting documents

The second phase, depicted in figure 6.3, constitutes the core of the &totM
method. This is where the bootstrapping of the annotation process takes plac
Essentially, phase two corresponds to the prototypical active learning alg
rithm outlined in figure 4.1, and its purpose is to select in each iteration, from
the unannotated corpus, the document that would be most beneficial tapnark
in order to increase the performance of the classifier used to selechdatsi

The prerequisites of phase two are an annotated corpus resultingtiese p
one, a representational scheme suitable for machine learning of the taxinota
information, means to convert annotations into that scheme, and an dappropr
ately set-up base learner. Additionally, and most importantly, phase two re-
quires the active learning to be set up (further elaborated on in sectid).6.4
The post conditions of phase two are more annotated data and a classifier f
classifying annotations.

6.4.1 Automatic document selection

The automatic selection of the next document to annotate, represented by the
box labeledSelect documerit figure 6.3, is the point on which the entire
BootMark method hinges. If it is not possible, the purpose of the method is
invalidated.

At this point, the classifier trained in previous iterations, or on the seed set
if this step is taken for the first time, is used to select the most informative
document in the unannotated corpus to be marked-up.
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Figure 6.3: Outline of the second phase of the BootMark method.
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Before getting to the actual selection, there are a number of decisions to be
made, all of which are task specific. Thus, this issue is yet another aneitha
be need to be resolved at the time of implementation of the method. It is listed
in section 6.6 as emerging issue EARBtively selecting documents

6.4.2 Manual annotation

The manual annotation taking place in phase two, represented by the box la-
beledManual annotatiorin figure 6.3, adheres to the same assumptions as the
corresponding step in phase one, described in section 6.3.2.

6.4.3 Initiate learning

As with the initialisation of learning in phase one, section 6.3.3, the initialisa-
tion in phase two does not necessarily need to be made explicit; it may well be
a consequence of a completed manual annotation. The learning initialization
is represented by the box labelkertiate learningin figure 6.3.

6.4.4 Monitoring progress

Although the description of the BootMark method does not include an interac-
tion design proper, some capabilities of a method implementation are believed
to be fundamental to the successful annotation of documents. One saih ba
function is to provide the user with ways of monitoring the progress of the
annotation process, represented by the box lableditor progressin fig-

ure 6.3. There are several ways to think of progress, for instancents tef

the change in performance of the classifier selecting documents, how much
data has been annotated, how much data remains to be marked-up, tige avera
time it takes to annotate a document, how long it takes for the system to select
a new document to annotate, and so on.

Depending on how the named entity annotation task is realized, and the set-
up used for actively selecting documents, some of these ways of monitoging th
learning progress are harder to realize than others. For instangindemack
of the amount of annotated text, as well as timing the annotation process, is
likely to be fairly easy. On the other hand, tracking the classifier’'s pexdioce
might turn be a completely different matter. The most straightforward way of
accomplishing the latter is to devise a designated test set; in each iteration,
the trained classifier is then evaluated on the test set. This is the way that the
progress of experiments in active learning usually is scored. The pnolith
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using a designated test set is that it has to be made readily available, either by
using an existing annotated corpus, or more likely, by having the user anpark-
documents, possibly while working on the seed set. It is possible that there
are other ways of monitoring the learning progress, without using a test se
Information originating from the active learning process may possibly éé us
to approximate a learning curve as it would have looked had a test set been
used, either by resemblance in shape, or by actual performance.values

Since the matter of monitoring the progress is an open one, it is listed in
the section concerning emerging issues in section 6.6 asN#s#itoring and
terminating the learning process

6.4.5 Transition between phase two and three

The matter of going from phase two to phase three pertains to the issues of a
stopping criterion for actively selecting documents, represented by thbico
nation of the box labeleMonitor progressand the decision whether the boot-
strapping phase is completed in figure 6.3. This is an open issue whichtcanno
be given a definite description prior to defining the specifics of the annotatio
task. Itis listed as a part of issue E—4 in section 6.6.

A number of different stopping strategies are outlined in section 4.8. Basi-
cally, the learning can either be stopped based on a criterion beyondhnelco
of the human annotator, or the human annotator can himself decide on an ap-
propriate time to stop the learning. If the former scheme is in effect, it seems
reasonable to stop learning when the learning does not contribute to sglectin
documents. In a query by uncertainty setting, such a situation may be implied
by the decrease in learning performance such as described by, tandas
Vlachos (2008). In query by committee, the decrease in disagreemengamon
the committee members concerning the classification of the most informative
instance selected in each active learning iteration may serve as an indicator o
a situation in which the active learning is no longer beneficial to the annotation
process. Another indicator is the decrease in disagreement among the mem-
bers of the committee regarding an unannotated, held-out test set ohtke sa
distribution as the data on which the active learning takes place. Both of these
indicators are introduced and elaborated on by Tomanek and Hahn) (Z0@8
stopping criterion depends on the active learning paradigm applied,lbaswe
on the selection metric used.
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Figure 6.4: Outline of the third phase in the BootMark method.
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6.5 Phase three — revising

The third phase of the BootMark method is a stage where the manual annota-
tion process is turned into one of manual revising of the annotations sedges
by the system, outlined in figure 6.4. At this point, the active learning that
dominated the bootstrapping process in phase two has been terminated and the
documents to annotate are selected at random from the corpus of urdabelle
documents. A prerequisite of the third phase is the classifier created doging
second phase. The idea is to use the classifier as a pre-tagger of tinesthbs

yet to be processed, and then have the human annotator manually toerect
automatically introduced annotations. The post-conditions of the third phase
include a completely marked-up version of the entire original corpus, ds we
as the classifier originating from phase two.

6.5.1 Selecting documents and suggesting annotations

After having made the transition from phase two, the system selects a docu-
ment at random from the unannotated corpus. The selected documesn is th
processed using the classifier from phase two in order to generateumark-
suggestions. This stage is represented by the boxes laBeledt document
andSuggest annotations figure 6.4.

6.5.2 Revising system-suggested annotations

Revising the automatically introduced annotations in a document resembles
the manual annotation of a document as described in phase one (sect®)n 6.3
in that the specifics of how and what to revise is left underspecified. iat th
stage, represented by the box labaiémhual revisionin figure 6.4, the human
annotator has at his disposal a set of system-suggested annotatioristtdovh
react. It is assumed that the classifier used performs so well that it nekes s

to use it as a pre-tagger; one of the major objections towards employing pre-
tagging in the first place is that it biases the user set out to revise the ionsta

too much in favor of the automatically inserted mark-ups so that he misses out
on true annotations. There is no clear answer to whether pre-taggingds goo
or bad, thus it is to be resolved on a per task basis. See issu&Ewvision of
system-suggested annotationsection 6.6.
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6.5.3 Monitoring progress

The purpose of monitoring the annotation progress in phase three is slightly
different from that of phase two. Here, it is not the performance otthssi-

fier, and thus the progress of the learning process, that is the primacgrcg
rather, the goal of monitoring the annotation process in phase three isabou
sessing and maintaining the consistency of the annotations inserted spgcifica
in this phase. To this end, there are at least two ways of gathering informatio
either by directly counting the number and types of changes made by the hu-
man annotator, compared to the annotations produced by the pre-taggger; o
evaluating the classifier from phase two, at appropriate intervals, orethlg n
annotated documents. The former way provides direct means of meath&ing
consistency of the automatically produced annotations with respect to the one
introduced by the human annotator. If the number of human made alterations
of annotations increases, then this is a sign that the pre-tagger pertmman
has decreased. The latter way of assessing the consistency of auttiynatica
suggested annotations, that is to evaluate the pre-tagger on newly adnotate
documents and keep track of the performance, provides an indirecbfvay
monitoring the consistency. Both ways can be visualized by plotting the num-
ber of changes, or the tagging performance, respectively, agasmantbunt

of data processed. The question is what such a curve should looktlilse. |
not a learning curve, and since it is the degradation of the consisteribg of
system-suggested annotations that is of interest, it seems fair to assume that a
flat curve is a good one. Any major deviations from a flat curve showohpt

the user to investigate the quality of the newly made annotations with respect
to the ones obtained as a result of the bootstrapping process in phase two.
plausible action in a situation where the consistency is found to be inadequate
is to re-train the classifier on all available data in order to incorporate trecen
changes into future predictions.

6.5.4 When to stop annotating

The termination of the BootMark method is a data-centric decision. The ob-
vious point at which to stop the annotation process is when there is enough
marked-up material; either when the unannotated corpus is exhaustdtemr w
the user determines the amount of annotated data is enough for whatever pu
poses itis to be used.
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6.6 Emerging issues

The method described thus far admittedly is underspecified in some respects
that it should not be. In fact, the implementation of most of the steps in the
different phases is open-ended with respect to the task at hand. Tiiite

this section are aggregations of the issues in need of further investiggtion b
anyone interested in implementing the BootMark method.

E—1 Base learner and task characteristicsThe realization of the
named entity task, including the representation of instances, in-
fluences what machine learning schemes are applicable. The be-
havior of the base learner when applied to randomly selected doc-
uments constitutes a baseline with which it is possible to assess
the progress of the bootstrapping process; the active selection of
documents should yield results better than those accomplished in
the baseline case.

How can the target concept be represented? What candidate base
learners are there? What are good parameter settings for those
base learners with respect to the data available? What are the char-
acteristics of the base learners with respect to the task at hand in
terms of time to train it, time to apply it, and accuracy?

E—2 The constitution of the seed sefThe compilation of the set of
documents constituting the initial seed from which to start the an-
notation process is crucial.

How many documents should be in it? How are the documents
best selected?

E-3 Actively selecting documentsAs previously pointed out, the ap-
plicability of the BootMark method hinges on the ability to ac-
tively select documents with respect to the linguistic level at which
the annotation is to be made.

What active learning paradigms are applicable? What disagree-
ment or uncertainty metrics are available for those learning para-
digms?

E—4 Monitoring and terminating the learning process. Are there
other means to make visible the learning progress than that of pro-
viding a designated held-out, annotated test set? Also, the question
of when, and how, the active learning process constituting the core
of the bootstrapping phase should be terminated is closely related
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to the issue of monitoring the learning progress. Hence, this is-

sue also covers the questions: When should the active selection
of documents terminate? Is it possible to define such a stopping
criterion beforehand, or should the learning process be terminated
by means of the user’s good judgement?

E-5 Revision of system-suggested annotatiofhere are, as previ-
ously mentioned, two strands to the question of the soundness of
pre-tagging with revision. The typical objection to such an ap-
proach raises the potential bias introduced by the automatically
inserted annotations as a primary reason that it should be avoided.
The praise for pre-tagging with revision, on the other hand, is of-
ten derivable from the fact, or assumption, that the approach can
be used to speed the annotation process up, albeit possibly with
repercussions on annotator workload.

There are primarily two questions concerning pre-tagging with re-
vision pertaining to the BootMark method. What are the require-
ments on the classifier used as pre-tagger in terms of, for instance,
accuracy, to be able to be fruitfully used as a pre-tagging device?
Is pre-tagging with revision applicable during the bootstrapping
taking place in phase two, or will the performance of the classifier
be so bad that it hinders the user, rather than helps him?

6.7 Relation to the work by others

After having introduced and explained the BootMark method in the previous
sections, the time is ripe to relate it to the work presented by others. The Boot-
Mark method is novel and unique in the way active learning is used for boot-
strapping. More specifically, the difference between the abstractioh déve
the container (document) and the markable (name) is what makes BootMark
special.
According to the taxonomy introduced in chapter 5, the BootMark method
would fall under the categorietive learning as inter-container suppdsec-
tion 5.3), anddynamic intra-container suppoifsection 5.2). It thus makes
sense to compare BootMark to the efforts presented in each of thosensectio
The approaches described as being active learning for inter-consaipe
port in section 5.3 all differ from BootMark in one important respect; that o
the granularity of the markable versus that of the container. Typicallynwhe
active learning is involved, the markables (chunks of data selected) s at a
proximately the same level of linguistic abstraction as the containers (chunks
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which the classifier finds informative). This makes sense since the tasichn s
situations, is most likely to train a classifier exhibiting the best performance
attainable with the least human annotation effort possible. For instanca, whe
using active learning for text categorization, the document level is ofteorib
targeted when selecting examples, which is also the level of labeling; hence,
there is no discrepancy between selection level and operation levefosee,
instance, the work by Lewis and Gale (1994), and Hoi, Jin and Lyu (2006

In active learning for other types of linguistic information, it may not be
feasible to assume a one-to-one correspondence between the linguetaf lev
the target concept and the abstraction level of the markables selected-to re
ize the target concept. For example, when learning to classify partegfebp
information, it will be very hard, and in some cases impossible, for the human
annotator to accurately decide on a proper part-of-speech tag faidaftioat
word is selected and shown out of context. In such cases, the selbatddsof
data are usually comprised by sentences, as described by, for exRingiger
et al. (2007).

The inter-container support presented in section 5.3 all utilizes active lear
ing in order to select sentences to mark-up with, for example, parse tegs (
2000; Baldridge and Osborne 2004), word senses (Chklovski ahdldéa
2002), part-of-speech information (Ringger et al. 2007), and namgties
(Vlachos 2006; Tomanek, Wermter and Hahn 2007b, a).

In the category dynamic intra-container support, the BootMark method has
a lot in common with the other approaches described as such in section 5.2;
all benefits and drawbacks of any other attempt at realizing pre-tagdthg w
revision are applicable to the BootMark method.

Perhaps most notable is BootMark’s resemblance to Melita (Ciravegna, Pe-
trelli and Wilks 2002; Ciravegna et al. 2002). In one of its phases, Melita
employs a named entity recognizer which is dynamically trained on a per-
document basis using the annotations made by the human annotator, to propose
new annotations to be inserted by the user. The purpose of Melita, atagaf s
is to turn the annotation process into the revising of proposed annotatioms. T
significant difference between Melita and BootMark is that the former is not
concerned with how the documents to annotate are selected,; it is implied that
Melita is not at all involved in selecting documents to annotate, instead the
decision is made by the human annotator. Thus, Melita does not use an active
learning strategy.
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EXPERIMENT DESIDERATA

To be able to judge the plausibility of the BootMark method introduced in
chapter 6, the emerging issues outlined in section 6.6 have to be investigated
and elaborated on in detail with respect to a specific task. The purpdisis of
chapter is to provide a rationale for such a task in order to allow for empirically
testing the emerging issues.

Recall that the overall motivation for the work presented in this disserta-
tion is to facilitate the creation of annotated corpora intended to be used for
creating and adapting information extraction systems to meet new information
needs. Consequently, a task suitable as context for investigating theimgnerg
issues should be firmly rooted in the information extraction domain. Named
entity recognition is a task fundamental to information extraction and is the
task selected to serve as the backdrop of inquires relating to the five emergin
issues listed in section 6.6. Here, named entity recognition is taken to include
both identification and categorization of named entities.

7.1 The data

The data at hand is the training portion of the named entity part of the MUC-7
corpus regarding air crashes (Linguistic Data Consortium 200he part of
the MUC-7 corpus used contains 100 documents, 3480 sentence<) 29d 9
tokens. The number of sentences and tokens was calculated after plus cor
had been processed with the functional dependency grammar introduced
section 7.2.1; the grammar affect the number of tokens in that some multi-word
units are considered one token, an example of whiemisoutein figure 7.3.
There are 6336 names, of which 4958 are of type ENAMEX, 1238 of type
TIMEX, and 140 of type NUMEX. A further breakdown of the corpus into
numbers is provided in table 7.1. As can be seen from the figures in the table,
the sizes of the documents in the corpus vary quite a bit, both in terms of

6The training part of the MUC-7 corpus is henceforth referred tthasilUC-7 corpus
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The distribution of names per length measured in tokens
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Figure 7.1: The distribution of name types per length in tokens.
TOKENS ENAMEX  TIMEX NUMEX NAMES TYPES SENT
SENT  Min 1.00 0.00 0.00 0.00 0.00 0.00 —
Max 116.00 17.00 7.00 3.00 21.00 3.00 —
Avg 25.91 1.42 0.36 0.04 1.82 0.90 —
Sd 14.75 1.84 0.73 0.24 2.30 0.75 —
Doc Min 280.00 8.00 2.00 0.00 10.00 2.00 9.00
Max 324000 165.00 49.00 23.00 217.00 3.00 147.00
Avg 907.90 49.58 12.38 1.40 63.36 241 34.80
Sd 423.12 25.78 7.15 3.14 31.40 0.49 19.22

Table 7.1: Statistics about the MUC-7 corpus in terms of tokens, see®ndocu-
ments, and names. For sentencesN§ and documents (Dc), the mini-
mum (Min), maximum (Max), average (Avg), and standard déwie(Sd)
are shown for tokens, names, and name types.

number of tokens and sentences; 907.90 tokens per document ogeawéita

a standard deviation of 423.12, and 34.80 sentences per documergrageyv

with 19.22 in standard deviation. Table 7.1 further shows that there aresname
in every document, but not in all sentences — the average number of mames

a document is 63.36, while the average per sentence is 1.82 — and that each
document contains at least two name types. ENAMEX is the largest groups
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Figure 7.2: Anillustration of the distribution of names in MUC-7. Coliisidenotes
documents, rows denotes tokens. Black squares repre&enstof type
ENAMEX, white represents NUMEX, while dark grey denotes HXl
Medium grey represents tokens that are not part of names.tNetong
vertical line of dark grey squares approximately in the rfaad the right
hand side part of the figure. It is the 22 token long TIMEX esgien,
with an embedded ENAMEX, listed as the longest name in theusoin
figure 7.1: “ Two harrowing hours after its crew lost much afatbility
to navigate while at 35,000 feet over the North Atlantic,”.

of names with, on average, 1.42 names per sentence, and 49.58 names per
document. Only the NUMEX name type is not present in all documents.

The length of the names of each type is available in figure 7.1. The TIMEX
type of name is distributed over the largest length span (1 - 22 tokens in)ength
follwed by ENAMEX (1 - 9 tokens), and NUMEX (1 - 5 tokens). The eage
length of a TIMEX name is 1.61 tokens (with a standard deviation of 1.35),
while the average ENAMEX is made up from 1.52 tokens (standard deviation
0.89), and NUMEX is 1.95 tokens (standard deviation 0.71).
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Figure 7.2 illustrates the distribution of names in the MUC-7 corpus. The
smaller part on the left represents the whole corpus, while the largeopart
the right is an enlargement of the circled portion on the left hand side. Each
column — one square wide — denotes one document. The larger part of the
image is 100 squares wide, which means that all documents in the corpus are
represented. Each row — one square high — represents tokensrgerepkart of
the image is 100 squares high and thus represents the first 100 tokeish in ea
document. A black square means that the token in the corresponding spot in
the document is of type ENAMEX. White means NUMEX, while dark grey
means TIMEX. The dominating medium grey color represents tokens that are
neither type of names. As illustrated by figure 7.2, names tend to occur more
frequently at the beginning of documents, while being decreasingly common
as each document proceeds.

7.2 Technical set-up

When setting out to conduct experiments concerning named entity tagging,
tools for linguistically analyzing, programatically handling, and automatically
learning from textual documents are obviously needed. This sectionuEsc

the tools used throughout the remainder of the dissertation.

7.2.1 The Functional Dependency Grammar

The English Functional Dependeny Grammar (EN-FDG, version 3.6) from
Connexor Oy is used for linguistic analysis (Tapanainen a@mdiden 1997).

The EN-FDG is a commercially available parser which carries out tokeniza-
tion, part-of-speech tagging, lemmatization, the assignment of grammatical
functions, as well as dependency parsing. The strengths of the EN#&D
clude the ability to always deliver at least one (albeit possibly partial) aizaly

of the input.

Figure 7.3 contains the same example sentence as presented in figure 2.1,
only this time the sentence has been processed by EN-FDG. The input to EN-
FDG is plain text, possibly with very restricted XML tags present. All XML
tags are passed through unaffected, unless they contain white saee-ch
ters. As this is the case with any sensible mark-up, additional pre-pingess
measures are taken to prevent the EN-FDG to erroneously processadl
XML tags in the input text are percent-encoddsbfore the text is fed to the

"Percent-encoding (URL-encoding) is describedUniform Resource Identifier (URI):
Generic Syntarvailable athttp://tools.ietf.org/html/rfc3986>.
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<ENAMEX TYPE="ORGANIZATION">

1 <s> <s>

1 Massport massport
</ENAMEX>

2 officials official

3 said say

4 the the

5 replacement replacement
<ENAMEX TYPE="ORGANIZATION">
6 Martinair martinair
</ENAMEX>

7 jet jet

8 was be

9 en route en route

10 from from
<ENAMEX TYPE="LOCATION">

11 Europe europe
</ENAMEX>

12 to to

<ENAMEX TYPE="LOCATION">

13 New Jersey new jersey
</ENAMEX>

14 , ,

15 but but

16 was be

17 diverted divert

18 to to
<ENAMEX TYPE="LOCATION">
19 Logan logan
</ENAMEX>

<TIMEX TYPE="DATE">

20 Tuesday tuesday
</TIMEX>

21 <p> <p>

<TIMEX TYPE="TIME">

1 <s> <s>

1 afternoon afternoon
</TIMEX>

2

attr:>2
subj:>3
main:>0
det:>7
attr:>6
attr:>7
subj:>8
obj:>3

>8

sou:>8
pcomp:>10
pth:>10
pcomp:>12
cc:>8
cc:>8

ha:>17

attr:>20

pcomp:>18

main:>0

QA> Y%>N <?> N NOM SG
@SUBJ %NH N NOM PL
@+FMAINV %VA V PAST

@DN> %>N DET SG/PL

@A> %>N N NOM SG

Q@A> %>N N NOM SG

@SUBJ %NH N NOM SG
@+FMAINV %VA V PAST SG1,3
@ADVL %EH ADV

@ADVL %EH PREP

@<P %NH N NOM SG

@ADVL JEH PREP

@<P %NH N NOM SG

@CC %CC cC

@+FMAINV %VA V PAST SG1,3
@-FMAINV %VP EN

@ADVL %EH PREP

@A> >N N NOM SG

@<P %NH N NOM SG

Q@ADVL %EH N NOM SG

Figure 7.3: The example sentence from Figure 2.1 processed with thedariglnc-
tional Dependency Grammar, FDG, from Connexor.
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EN-FDG. For brevity, the XML tags in figure 7.3 have been decoded. The
output of EN-FDG is in plain text, as illustrated by figure 7.3.

7.2.2 Kaba

To facilitate the programmatic handling of linguistically analyzed textual docu-
ments — for instance documents processed with the abovementioned EN-FDG
— software has previously been developed in-house at SICS, thastwad
stitute of Computer Science AB (Olsson 2002). The software packaliged ca
Kaba, is a partial Java implementation of the TIPSTER document management
architecture (Grishman et al. 1997). During the course of the experirdents
scribed in chapters 8 to 12, Kaba is further developed and adjusted te fit th
needs of the particular experimental set-up used. In effect, Kabasagtae
integrating the document handling with the capabilities of the implementations
of machine learners available in Weka (described below).

7.2.3 Weka

The machine learning toolbox of choice throughout the experiments is Weka
(Witten and Frank 2005), which is a freely available, and large, collection o
machine learning algorithms implemented in J&We algorithms can be uti-
lized via a provided application programmer’s interface (API) or via Weka’
own graphical user interface. Weka is primarily selected due to the vast nu
ber of machine learning schemes available, as well as the swift supportdmplie
by Weka’s large user community.

For the first set of experiments, concerning base learner charticteds-
scribed in chapter 8, the possibility of using the Weka Experimenter is par-
ticularly useful. The Weka Experimenter allows for defining machine learning
experiments on one machine, and then run these experiments from the com-
mand line on other more powerful servers. The Experimenter allows fer ru
ning sets of machine learning algorithms with different settings on various sets
of training and test data, and then analyze the results using a numbereof diff
ent metrics.

For the experiments described in the remainder of the dissertation, the API
is the primary way of using Weka; the object oriented nature of the API allows
easy extension of existing base learners to accommodate for the special ne
encountered in experimenting with active learning.

8\Weka is available on the Internetahttp: //www.cs.waikato.ac.nz/ml/weka/>.
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@relation illustrative-example

Q@attribute isAlphaNumeric NUMERIC
Qattribute isDigitsAndAlpha  NUMERIC
Q@attribute isDigitsAndPeriod NUMERIC
Q@attribute isFirstInSentence NUMERIC

Qattribute isInitCaps NUMERIC
Q@attribute containsSpace NUMERIC
Q@attribute length NUMERIC

Q@attribute targetClass { OUT, LOCATION, ORGANIZATION, TIME, DATE }

Q@data

1001108 O0ORGANIZATION
1000009 O0OUT
1000004 OUT
1000003 O0OUT
100000 11 OUT
1000109 ORGANIZATION
1000003 O0OUT
1000003 O0OUT
1000003 O0OUT
1000018 O0OUT
1000004 OUT
1000106 LOCATION
1000002 O0OUT
100001 10 LOCATION
1000001 OUT
1000003 O0OUT
1000003 O0OUT
1000008 O0OUT
1000002 O0OUT
1000105 LOCATION
1000107 DATE
1000009 TIME
1000001 OUT

Figure 7.4: The example sentence from Figures 2.1 and 7.3 representagl the
Attribute Relation File Format, ARFF.
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7.2.4 ARFF

Weka requires the data it operates on to be in what is known as the Attribute
Relation File Format, or ARFF for short (Witten and Frank 2005). An ARFF
file consists of two parts; a header describing the attributes by which each
instance is represented, and a data section where all instances asenpd

as feature vectors. Each feature can be one of the datartypesric, nominal,
string, or date

One of the steps taken to turn the textual data into ARFF is to decide on
which features should represent the instances that the machine ledgong a
rithms in Weka are to operate on (see section 8.2 for an elaboration on the
features chosen).

Figure 7.4 shows the sentence from figure 2.1 represented using AREF.
attributes are selected for illustrative purposes only and they will not noalkee f
good distinction between the target classes. There are eight attributasedec
inthe@relation part. The first seven attributes are numeric, while the last one
is nominal, reflecting the classes into which each instance will be classified.
In the example, there are five possible classes. @t a section holds the
actual representations of the instances. Each token in the sentencear2fitu
when processed with the EN-FDG as shown in figure 7.3, is represgntettb
instance in figure 7.4. TheargetClass attribute is only used by the machine
learners when training on the data; an instance to be classified is rejpksen
by all but the target attribute.

The ARFF does not impose an order among the instances. If one wishes to
extend the example in figure 7.4 to incorporate context information for each
token, that information has to be represented using additional attributes by
adding, for instance;1ass0fPrevious to the@relation section and extend
each instance accordingly. However, what is important is the order aftthe
tributes, as they are treated by position internally in Weka, rather than by, name
switching the place of two attributes may result in erroneous classifications, o
inseparable training examples. Weka provides a range of Java clabseslte
ARFF.

7.3 The BootMark prerequisites re-visited

The prerequisites made explicit prior to embarking on the description of the
BootMark method in section 6.2 are met in the following ways by means of
the present chapter:

The corpus is relevant.Given the task of named entity recognition (chap-
ter 2), the training part of the MUC-7 named entity recognition sub-task
is highly relevant, well-researched, and well-documented (section 7.1).
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The availability of pre-processing tools.The Functional Dependency Gram-
mar by Connexor will be used for linguistic analysis of the MUC-7 cor-
pus (section 7.2.1). The WEKA machine learning libraries, and the Kaba
platform will form the basis for the machine learning required to solve
the task (sections 7.2.3 and 7.2.2).

Annotation guidelines. The training part of the MUC-7 data is annotated
with named entity information, which is a prerequisite for the evalua-
tion of the experiments to come. The guidelines are accompanied by
definitions of appropriate performance metrics (elaborated on in sec-
tion 8.7.1).

The scene is now set for empirically investigating the plausibility of the Boot-
Mark method as described in chapter 6 by means of addressing the emerging
issues listed in section 6.6.






INVESTIGATING BASE
LEARNERS FOR NAMED
ENTITY RECOGNITION

This chapter is devoted to investigating the subject matter of the first emerging
issue raised in chapter 6, section 6.6 concerning base learner chataste
and named entity recognition. The task of named entity recognition can be
formulated as follows:

Definition Let D be a document, and be the set of classes of nhames to rec-
ognize, then the goal of named entity recognition is to learn a clasSiach
thatC:n — | for all nameas € D, wherel € L.

Given this definition of the task, the following questions are examined:
e What information should be included in the representation of a name?
e What candidate base learners are there?

e What are good parameter settings for those base learners with respect to
the data available?

e What are the characteristics of the base learners with respect to named
entity recognition in terms of time required to train, time required to
apply a classifier, and classification accuracy?

The answers to the above questions are used in chapters 9 to 12 to fdras¢he

for the design and implementation of the experiments addressing the remaining
emerging issues. When the combinations of representational schemessand b
learners have been evaluated with respect to the named entity recognition task
it will be possible to select the best combination to be used as a baseline.

8.1 Re-casting the learning problem

Names are often more than one token in length. For instance, the names in the
ENAMEX class in the part of the corpus used in this experiment are oageer
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1.52 tokens long (section 7.1). This is a fact which complicates the named
entity recognition task as it is defined on the previous page since it does not
leave any clues as to where the names in the text should be sought fald Sho
each possible sub-string in the document be considered a potential name, o
should perhaps each n-gram combination of tokens in the text be catider
a name candidate? A solution is to re-define named entity recognition as a
token classification task which purports to deciding whether each individua
token in a text is a part of a name, instead of trying to recognize whole nhames
all at once. Following the IOB labelling scheme proposed by Ramshaw and
Marcus (1995), the initial named entity recognition task of assigning one of
the seven classes of names to a chunk of text, can be turned into a 15-class
task in which each token in the text is assigned a tag indicating if it is located
in (1), outside (O), or at the beginning (B) of a name. Thus, the task ifeha
entity recognition is that of assigning, to each token in the input, one of the 15
labels in table 8.1. The initial definition of the named entity recognition task is
re-casted as follows.

Definition Let D be a document, and l&tbe the set of classes of names in
table 8.1, then the goal of named entity recognition is to learn a clasSifier
such thatC:t — | for all tokenst € D, wherel € L.

B-PERSON I-PERSON
B-ORGANIZATION | I-ORGANIZATION
B-LOCATION I-LOCATION
B-MONEY I-MONEY
B-PERCENT I-PERCENT
B-TIME I-TIME

B-DATE I-DATE

ouT

Table 8.1: Target classes in named entity recognition.

B-Xis assigned to a token if it is the first token in a sequence of ¥/aed
if the immediately preceding token is the last one in a sequence of the same
type. I-X is assigned to tokens otherwise appearing in a sequence oKtype
OUT is assigned to tokens that are not part of a name.

8.2 Instance representation

Now that the task has been broken down to a finer grained and more manage
able one, it is time to focus on how each token should best be represented to
facilitate learning. In machine learning, the examples from which to learn, and
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Cardinal/ordinal tafy Is first name?
Case tag Is four digit number?
Class of previous previofis Is hyphen?
Class of previous Is initial caps?
Comp tag Is location?
Contains digits and dollat? Is name part®
Contains dollar? Is roman number?
Contains percent? Is salutation?
Contains punctuatiol? Is sentence delimitet?
Contains white spacd? Is single cap and period?
Dependency function tdg Is single charactef?
Grammatical function telg Is single character and pericd?
Is all caps? Is single lower case character and perfod?
Is all digits? Is two digit number?
Is all lower case? Morph tad
Is alpha numeric®? Num tad
Is any or all digits? Part of speech tdg
Is company descripto?? Prefix
Is digits and alph&®? Suffix?
Is digits and comm&? Surface form
Is digits and dast? Surface lemma forth
Is digits and period? Syntactic tad
Is digits and slasi? Tense tag
Is first in sentence? Length in charactefs
TARGET CLASS

Table 8.2: The superscript next to the feature names denote the offitiie deature.
Features marked: (1) are calculated based on the lingpigtiprocessing
of the input made with the EN-FDG; (2) originate from the agd ap-
pearance of the text; (3) are fetched from pre-compiled b$tinforma-
tion; and (4) depend on predictions made concerning thesgont

consequently also the unseen instances to classify, are commonly répdese
as vectors of features. Each feature corresponds to a piece ohation that

is believed to contribute to making possible the distinction between feature
vectors belonging to different classes.

The task of named entity recognition has been thoroughly investigated, for
example in MUC. Some of the important features used to represent names are
described by, for instance, Bikel, Schwartz and Weischedel (18@@)hwick
et al. (1998), and Nadeau and Sekine (2007). The features useis iexth
periment are such features that have contributed to good results atetepo
by others, as well as a range of other features that are due to the tlse of
EN-FDG (section 7.2.1). The full list of features used to represent glesin
token is available in table 8.2. All features except for the target clasepre r
resented numerically. The target class is a nominal feature that can také an
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the values listed in table 8.1. The features can be categorized accordieg to th
origin. Some of the features are made possible by linguistically pre-pingess
the input text, others are drawn from the surface appearance of s Wwo

the text, while yet others have their source in pre-compiled lists, or in the pre-
dicted class of a token’s surroundings. Each feature, except fearet class,

in table 8.2 is marked as belonging to one of the four feature categories. The
pre-compiled lists used in this experiment stem from a wide variety of projects
conducted during the course of several years at SICS; the lists babeen
developed nor examined with respect to their coverage of the data used in th
present experiment.

Each token can be represented in terms of its context. For instance, a con-
text window size of 0 means that a token is represented by means of itself only
A context size of 1 means that a token is represented by means ofaitsklf
the token immediately to the left, and the token immediately to the right. In
the current experiment, data sets corresponding to context windowogizes
trinsic, 0 to 5 (inclusive) are used. In the intrinsic representation of instaaces,
token is represented by the features outlined in table 8.2, except fortineds
class of previous previous, class of previpaisdis first in sentenceArguably,
there are more features than the aforementioned three that can be ceghside
extrinsic; the excluded features are such that clearly require informbagen
yond that carried by the single token to compute. The reason to include the
intrinsic token representation in the experiment is to examine how well the
machine learning schemes used can classify a token by means of information
stemming from mainly the token itself.

The values of the features listed in table 8.2 are calculated for each token
within the context window. For instance, if a context size of two tokens on the
left and two tokens on the right of the current main token is used, the number
of features used for representing the main token is

2x (N=1)+N+2x (N—3) =237

whereN is the number of features presented in table 8.3. The target class fea-
ture is only calculated for the main token, and the predicted class of a pseviou
token is not available for the right hand context. As shown in table 8.3, the
number of features used to represent a single token increases cahbides

a wider context is used.

8.3 Automatic feature selection methods

The sheer amount of features used to represent each token lead te stiew
whether all those features really help in telling one class from anothere The
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CONTEXT # FEATURES
intrinsic 46

0 49

143

237

331

425

519

g b wN P

Table 8.3: The number of features used to represent a token in eachxtsite.

are means by which a given feature set can be reduced — featurtoselec
while still maintaining the expressiveness of the retained representatien. Th
reason for reducing the number of features is primarily to speed up timérigar
process, but also to reduce the size of the resulting classifier.

The feature selection problem can be defined as one in which one wishes
to find a minimum set o relevant features that describes the data set at hand
equally well as the origindll features do, and whel < N. Feature selection
is usually divided into two approaches; one is about making decisiond abou
which features to select based solely on the characteristics of the datadat h
(so called filter methods or intrinsic methods), while the other also involves the
learning method under investigation (wrapper methods or extrinsic methods).
An overview of feature selection schemes is given by, for instance, \Wittdn
Frank (2005).

Hall and Holmes (2003) investigate the performance of a number of auto-
matic feature selection techniques on a range of data sets. Following the con-
clusions made by Hall and Holmes, two intrinsic feature selection methods are
chosen for inclusion in the present experiment; consistency-badeddaab-
set evaluation (Liu and Setiono 1996), and correlation-based feaieetion
(Hall 1999).

The key to consistency-based feature selection is an inconsistencipariter
for specifying whether dimensionally reduced representations arptatde.

The criterion is used for iteratively comparing randomly selected featdre su
sets in a way such that the subset which is deemed most consistent wittt respe
to a pre-defined rate is used as a replacement for the original featutéuse

and Setiono (1996) claim their method to be fast and unaffected by any bias
introduced by a learning algorithm.

The main idea in correlation-based feature selection is to select those fea-
tures that are highly correlated with the target class, but not with each othe
Hall (1999) empirically shows that the method, in many cases, improves clas-
sifier accuracy.
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ALGORITHM FAMILY ~ WEKA IMPLEMENTATION
Decision tree learner J48

REPTree
Rule learner JRip
PART
Bayesian learner NaiveBayes
NaiveBayesUpdateable
Lazy learner 1Bk
Function Radial Basis Function
Logistic

Table 8.4: The machine learning families and Weka implementationsl uisethe
experiment.

Consistency-based feature selection as well as correlation-basesc: fee-
lection are applied to the data set in which instances are represented with a 5
token context window, that is, the widest context, containing 519 featares
choose from.

8.4 Candidate machine learning schemes

Although Weka, which is the machine learning platform of choice in this ex-
periment as explained in section 7.2.3, contains numerous machine learning
schemes, it does not comprise all the ones reported as successfuliiartie
ture concerning named entity recognition. Most notably, Conditional Rando
Fields and Hidden Markov Models are not included in Weka, and they will
consequently not be included among the candidate base learners. Tiieenac
learning methods under scrutiny are chosen since they represeny &ifaad
spectrum of the algorithms used for named entity recognition (see chapter 2)
but the selection is by no means claimed to be an exhaustive one. The selected
algorithms stem from different families of learners, as outlined in table 8.4.
Introductions to each of these learning methods are available in chapter 3.
Given the investigations to come concerning active learning and document
selection, machine learning methods that accommodate rapid learning are de-
sirable. This is the case since, as evident by the prototypical activarigarn
algorithms introduced in chapter 4 (figures 4.1, 4.2, and 4.3, respegtigely
tive learning regularly enforces re-training of classifiers as moretatetdata
is made available. Intuitively, what is needed are methods for learninglthat a
low for adding new training data as it appears, that is, methods for inctaimen
machine learning. Two such methods are explored; a method for incremen-
tal Bayesian learning called NaiveBayesUpdateable (John and Lat@edsy,
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and a Nearest Neigbor learner, IBk (Aha, Kibler and Albert 1991addition,

a ndve Bayesian learner — NaiveBayes —is included in the experiment to serve
as reference by which the influence of the incremental learning perébloye

the NaiveBayesUpdateable is judged.

The family of decision tree learners is represented by J48, which is an im-
plementation of Quinlan’s C4.5 (Quinlan 1993), and REPTree, which is a com-
paratively fast but memory consuming learner.

For learning rules, JRip, and PART are used. The former is a propaition
rule learner — an implementation of RIPPER (Cohen 1995) — while the latter
builds partial C4.5 decision trees in each iteration and makes the “best” leaf a
rule (Frank and Witten 1998).

There evidently is a very large range of Artificial Neural Network camfig
rations to test. The one included here, RBFNetwork is an implementation of a
Radial Basis Function (Powell 1987). RBFNetwork is a two-layer femetdiod
network that differs from a multilayer perceptron in the way that the hidden
units perform computations. The RBFNetwork was chosen since it learned
faster than the multilayer perceptron network on a subset of the training data
The other function family member included as a candidate base learner is Lo-
gistic, which is an implementation of Multinomial Logistic Regression with a
ridge estimator (le Cessie and van Houwelingen 1992). Logistic regreission
also known as Maximum Entropy classification.

8.5 Parameter settings

Each machine learning method has its own parameters that need to be tweaked
to obtain the best result with respect to the task and data at hand. The im-
portance of paying attention to parameter settings is emphasized by Daele-
mans and Hoste (2002), who raise general concerns regardinglitislitg

of reported machine learning results. Their hypothesis is that the diffesen

in accuracy that can be observed between different machine learnthgase
applied to some problem is lower than the variability in accuracy originating
from interactions between data selection, data representation, and afgorith
parameter settings within one and the same machine learning algorithm. To test
their hypothesis, Dealemans and Hoste employ memory-based learning and
decision tree learning for three tasks — word sense disambiguation, dimsinutiv
suffixes, and part-of-speech tagging — and analyze the influendgarftm
parameter optimization, as well as the interaction between feature selection
and parameter optimization. Based on the experiments, Daelemans and Hoste
(2002) claim to confirm their hypothesis that the accuracy differeneegden
different base learners will, in general, be lower than the accurageres:
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sulting from interactions between parameter settings and selection information
sources as used by a single base learner.

Although the results reported by Daelemans and Hoste (2002) are on tasks
other than named entity recognition, there is no reason not to believe that the
interaction of parameter settings, data representation and base learasrs is
important to the present experiment. Thus, an informed variation of algorithm
parameters is conducted for each base learner. The parameter seftitigs f
respective learning scheme are first tested using a subset of the extinegtr
data. The influence of changes to parameter values on the classifigs igsu
quicker to assess on small data sets, albeit it is admittedly also more prone
to issues such as overfitting of the learned model with respect to the data at
hand. Once the identification of parameters and the approximate parameter
value range are decided, a classifier set-up for each such combinatien is
fined in conjunction with the full data sets. Appendix A, section A.1 contains
listings, per base learner, of all parameters and parameter values ubéd in
experiment. Note that search conducted in parameter space is by ho means
exhaustive, but should rather be considered explorative.

8.6 Token classification results

All nine machine learners in the right column in table 8.4 were run on each one
of the seven data sets representing the context sizes introduced in §2tion
using various parameter settings specific to the individual learning methods
as described in section 8.5. In addition, the two feature selection techniques
introduced in section 8.3 were used with each machine learner on the data set
representing the largest context size. In total 216 experiments weraging
10-fold cross-validation for calculating the results.

Note that the results reported in this section are for the classification of
single tokens as defined in section 8.1, not for recognizing entire multi-token
names. The reason why the token classification task is at all conducteedns
of directly investigating the multi-token named entity recognition task, has to
do with the way the task is re-casted from a 7-class task, to a 15-classstask a
described in section 8.2. Weka supports the execution and evaluatiossif cla
fication of single instances. Due to the re-casting of the initial problem, from
multi-token names, into single-token name parts, each token, not each name,
is considered a separate instance in Weka. Thus, the re-casted proklat
uated in terms of tokens, and it is assumed that the base learner configuratio
that performs the best on the single-token classification task, is also the one
yielding the best results in the multi-token named entity recognition task. The
latter is reported and elaborated on in section 8.7.
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ABBREVIATION  EXPLANATION

Ctx The context in which each token in the input is represented. Possible
values aréntr for intrinsic, andcO - c5where the number indicates the
size of the context, ancb-fswhich denotes a context of size 5 which
has been reduced by means of one of the automatic feature selection

methods.
Train Normalized CPU time in seconds for training a classifier.
Test Normalized CPU time in seconds for testing a classifier.
PC The percent correctly classified tokens.
Prec The precision, as defined in Equation 2.
Rec The recall, as defined in Equation 3.
F The F-score, as defined in Equation 4.
NBUd NaiveBayesUpdateable
NB NaiveBayes
REPT REPTree
CfsSE Correlation-based feature-subset selection.
ConsSE Consistency-based feature-subset selection.

Table 8.5: Legend to reading the results presented in tables 8.6, 8,7a8d 8.9.

The result tables included in this part, tables 8.6, 8.7, 8.8, and 8.9, contain
only the classifiers learned by the best combination of base learnemgiara
settings, and data representation for each of the learners in the rightrcolu
in table 8.4° That is, the results are only reported for one instance of, for ex-
ample, the IBk nearest neighbor learner, although several baseeamfig-
urations were explored. The base learner configurations reportediinable
are not necessarily the same. For instance, the IBk nearest neigiplooted
as the fastest IBk to learn, is not learned using the same learner caitifagur
as the one that is fastest to apply, or the one that produces the mositaccur
classifications. A combination of the results in terms of learning time, time re-
quired to test, and accuracy is available in table 8.9, which the most important
table reporting the results of the token classification task. Recall, precision,
and F-score are also included in the result listings, although it was foand th
the obtained results varied too little to be of any practical use; instead, the
percentage of correctly classified tokens is compared between easfii@las
Table 8.5 serves as a legend to reading the parts of the result tablesvibat ha
been abbreviated.

9The combination of base learner, parameter settings, and data reptiseis referred to
asbase learner configuratioar learner configuration
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8.6.1 A note on measuring time across machines

The results of the single-token classification task reported in sections 8.6.2,
8.6.3, 8.6.4, and 8.6.5 include the CPU time required to train and test each base
learner configuration. The experiments were run on several diffecenput-

ers. Generally, it is not possible to accurately and with certainty measace ex
execution times across different computers. What is important in the results
reported is not the exact time it took to train, or test, a particular learner, but
rather the relative rank order implied by the training and testing time. To obtain
this relative order, the measured times were normalized with respect to each
computer used. The factor for normalizing the times was obtained by running
the same experiment on all machines, and then compare the resulting times
obtained as part of each result. That way, each computer could beedsig

a time normalization factor, which was subsequently used to re-calculate the
training and testing times obtained in all experiments, on all machines. The
times reported in the results are normalized.

8.6.2 Time to train

This section focuses on the time required to train each base learner canfigu
tion. As anticipated, the list of machine learning methods presented in table 8.6
requiring the least time to train on the training part of the MUC-7 data has the
incremental learning methods in the top positions. The IBk nearest neighbor
classifier is by far the fastest to learn, which is due to the fact that it duesn
ally learn, but merely adds data as it goes. NaiveBayesUpdateableoalstsh
data as it becomes available, but it still is slower than the nearest neighor a
proach. Incremental learning, or lazy learning, are fast to learn;eutires
more time to classify unseen data, as will be evident in section 8.6.3.

Interestingly enough, the NaiveBayes learner is not all that much slower
than the incremental Nize Bayesian learner, a fact which might invalidate the
inclusion of the latter, depending on its performance along the other two axes
time required to apply to unseen data, and accuracy.

In fourth place, the REPTree decision tree learner performs closertoghe
three learners, than it does the Logistic and J48 learners, which arthiarfd
sixth place, respectively. The REPTree learner requires approxinteble
the amount of time required by the Na Bayesian learners, but only one tenth
of the time required by the J48 decision tree learner. Then follows a rénge o
learning methods that have been invoked after a correlation-basedefsatu
lection method has been applied; what is worth noticing here is that some of
the machine learning methods are faster learners if the feature spacechmas b
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CLASSIFIER CTX TRAIN TEST PC PREC REC F

1Bk intr 0.13 709.80 96.49 098 0.99 0.99
NBUd intr 9.30 528 69.66 099 0.73 0.84
NB intr 11.75 18.80 91.18 098 0.95 0.97
REPT intr 20.01 0.02 96.15 098 099 0.99
Logistic intr 145.69 0.38 9260 097 098 0.97
J48 intr 180.85 0.08 96.72 098 0.99 0.99
CfsSE IBk c5-fs 284.92 340.04 97.17 099 0.99 0.99
CfsSE NBUd c5-fs 360.75 1.67 8534 099 0.89 0.94
CfsSE J48 c5-fs  367.69 0.11 97.28 099 0.99 0.99
CfsSE Logistic c5-fs 408.81 0.38 91.81 093 099 0.96
CfsSE NB c5-fs 435.46 0.17 9313 099 095 0.97
CfsSE REPT c5-fs  446.37 0.12 9732 099 0.99 0.99
CfsSE PART c5-fs 504.79 0.23 97.19 099 099 0.99
RBF cl 104080 6.88 90.56 094 098 0.96
PART cO 129523 03 9743 099 0.99 0.99
CfsSE Jrip c5-fs. 185839 0.19 96.33 097 099 0.98
Jrip intr 415458 0.13 9797 098 099 0.99
ConsSE IBk c5-fs 561311 167.30 96.36 098 0.99 0.98
ConsSE J48 c5-f< 604074 0.11 96.67 098 099 0.98

ConsSE Logistic  ¢5-fs 606271 0.38 88.80 0.89 1.00 0.94
ConsSE NBUd c5-fs 617832 037 86.21 091 0.96 0.93
ConsSE PART c5-fs 643496 0.33 96.39 098 099 0.98

ConsSE NB c5-fs 665477 0.15 9547 096 099 0.98
CfsSE RBF c5-fs. 749959 1.41 9179 092 1.00 0.96
ConsSE REPT c5-fc 791313 0.12 96.82 098 099 0.99
ConsSE Jrip c5-fs 905625 0.25 9482 096 099 0.97
ConsSE RBF c5-fs 1838374 1.01 90.01 091 0.99 0.95

Table 8.6: Classifiers ordered according to the time required to traidata.

reduced prior to the learning phase. For instance, the PART method learns
faster when correlation-based feature selection has been appliedtrapka
resentation containing information about five tokens to the left, and five $oken
to the right, than it does when applied to a zero context. In this experiment,
the correlation-based feature selection method outperforms consisiasey-
feature selection with respect to training time in all cases. However, neither
feature selection method contributes to reducing the learning times in man-
ners that would make the resulting representations alternatives to the intrinsic
instance representation. Overall, and not surprisingly, the classifidesuan
faster on the data represented by fewer features. The intrinsic espagens
are preferred by the top six base learners, followed by seven baeerdean-
figurations utilizing reduced feature sets.

Refer to section A.2 in appendix A for a complete listing of the parameters
used with each base learner listed in table 8.6.
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CLASSIFIER CTX TRAIN TEST PC PREC REC F

REPT intr 44.96 0.02 96.78 0.98 0.99 0.99
J48 c0 184.87 0.05 97.44 099 0.99 0.99
ConsSE J48 c5-fs 60404 0.11 96.67 0.98 0.99 0.98
CfsSE J48 c5-fs 367.6¢ 0.11 97.28 0.99 0.99 0.99
Jrip intr 476383 0.12 97.02 0.98 0.99 0.99
CfsSE REPT c5-fs 44957 012 09695 098 0.99 0.99
ConsSE REPT c5-fs 7918 0.12 96.82 0.98 0.99 0.99
ConsSE NB c5-fs 66547 0.15 9547 096 0.99 0.98
CfsSE Jrip c5-fs 18785 0.17 96.11 0.97 0.99 0.98
CfsSE NB c5-fs 43546 0.17 9313 099 0.95 0.97
ConsSE Jrip c5-fs 91173 0.22 9469 096 0.99 0.97
CfsSE PART c5-fs 504.7¢ 023 9719 099 0.99 0.99
ConsSE PART c5-fs 74734 0.27 96.18 0.98 0.99 0.98
PART c0 129523 030 9743 099 0.99 0.99
Logistic cO 28221 037 93.80 097 098 0.98

ConsSE NBUd c5-fs 61782 037 86.21 091 0.96 0.93
CfsSE Logistic c5-fs 549.8¢ 0.38 91.79 093 0.99 0.96
ConsSE Logistic  ¢5-fs 60621 0.38 8880 0.89 1.00 0.94

NB intr 20.99 0.61 9215 0.99 0.94 0.96
ConsSE RBF c5-fs 183834 101 90.01 091 099 0.95
CfsSE RBF c5-fs 74999 141 9179 092 1.00 0.96
CfsSE NBUd c5-fs 360.7¢ 1.67 8534 099 089 0.94
RBF intr 124956 281 9130 096 0.98 0.97
NBUd intr 9.30 528 69.66 099 0.73 0.84
CfsSE IBk c5-fs 292.46 139.57 96.90 099 099 0.99
ConsSE 1Bk c5-fs 56131 167.30 96.36 0.98 0.99 0.98
1Bk intr 199 263.18 96.41 098 0.99 0.99

Table 8.7: Classifiers ordered according to the time required to apgptiata.

8.6.3 Time to test

In terms of time required to apply a classifier to the test portion of the data,
table 8.7 reveals that the deviation in time between consecutive classifiers is,
in the majority of the cases, not that big. The tail of the list, however, con-
tains three base learner configurations that stand out in a bad way; @mpa
to any of the other machine learning methods under scrutiny, the memory-
based learner is a poor performer when it comes to time required to process
the test data. The NaiveBayesUpdateable performs well, compared ®kthe |
On the other hand, the incrementalidaBayesian learner is an order of mag-
nitude slower than its non-incremental sibling, the NaiveBayes learnef: In
fect, this means that unless the NaiveBayesUpdateable outperformsitiee Na
Bayes learner significantly in the third way of comparison — classifier acgur

— NaiveBayesUpdateable is of no further interest to this experiment.
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The decision tree learners are approximately equally fast, with the REPTree
learner in the first position, slightly ahead of the J48. As in the comparison of
learning times, the use of a smaller context makes for a faster learner. What
is interesting is that the J48 learner is faster using the zero context, than the
smaller intrinsic ditto.

Contrary to the case of training the classifiers (section 8.6.2), it is not at
all clear which of the two feature selection methods performs the best; the
correlation-based feature selection method is better in five of nine casgs. B
again, none of the feature selection methods contribute to faster learning.

Refer to section A.3 in appendix A for a complete listing of the parameters
used with each base learner listed in table 8.7.

8.6.4 Accuracy

Table 8.8 describes the accuracy of the classifiers. What is striking in tlee tab
is that, overall, classifiers perform better when trained on data repeeses-

ing narrow contexts. The best performer is the Jrip rule learner wharetra
on intrinsic token representations, followed by the other rule learningrsehe
employed, PART. Base learner configurations involving the two decisien tre
learners occupy the third and fourth place.

Most of the classifiers manage to classify more than 95 percent of thestoken
in the test portion of the data correctly. Four base learner configuratoansd
below 90 percent; the NaiveBayesUpdateable with and without automatic fea
ture selection, and the Logistic Regression learner with consistency-fesse
ture selection. The NaiveBayes learner performs considerably batidithe
use of the incremental Bayesian learning is therefore off the chart. Ajthou
the other incremental learning scheme, 1Bk, does not perform badlyareahp
to the other methods, it is too far behind to be a top candidate for further ex-
ploration (as will be evident in the combination of results in section 8.6.5).

The correlation-based feature selection method is better than the consisten-
cy-based feature selection method in seven of nine cases. As in theysrevio
two comparisons in sections 8.6.2 and 8.6.3, the automatic means to reduce the
widest context do not lend themselves to results in the top positions.

Refer to section A.4 in appendix A for a complete listing of the parameters
used with each base learner listed in table 8.8.
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CLASSIFIER CTX TRAIN TEST PC PREC REC F

Jrip intr 415458 0.13 97.97 098 0.99 0.99
PART cl 1229066 1.06 97.69 099 0.99 0.99
REPT cO 122.72 0.11 97.68 0.99 0.99 0.99
J48 c0 197.35 0.07 97.68 0.99 0.99 0.99
CfsSE REPT c5-fs 446.37 0.1 9732 099 0.99 0.99
CfsSE J48 c5-fs 367.69 0.1 9728 099 0.99 0.99
CfsSE PART c5-fs 504.79 0.20 97.19 099 0.99 0.99
CfsSE IBk c5-fs 284.92 340.0¢ 97.17 0.99 0.99 0.99
1Bk cO 420 305.02 9712 099 0.99 0.99
ConsSE REPT c5-fs 79118 0.12 96.82 0.98 0.99 0.99
ConsSE J48 c5-fs 654 0.12 96.69 098 0.99 0.98
ConsSE PART c5-fs 643496 0.33 96.39 098 0.99 0.98
ConsSE IBk c5-fs 56131 167.30 96.36 0.98 0.99 0.98
CfsSE Jrip c5-fs 30182 0.20 96.34 098 0.99 0.98
Logistic c2 180213 0.59 9590 0.98 0.99 0.99
ConsSE NB c5-fs 66547 0.15 9547 096 0.99 0.98
ConsSE Jrip c5-fs 9934 0.22 9491 096 0.99 0.97
CfsSE NB c5-fs 435.46 0.17 93.13 0.99 0.95 0.97
NB c0 22.22 0.65 93.05 099 094 0.97
CfsSE Logistic c5-fs 408.81 0.3t 91.81 093 0.99 0.96
CfsSE RBF c5-fs 74999 1.41 9179 092 1.00 0.96
RBF c0 144802 3.05 9143 096 0.98 0.97

ConsSE RBF c5-fs 183834 1.01 90.01 091 0.99 0.9
ConsSE Logistic  c5-fs 60621 0.38 88.80 0.89 1.00 0.94
ConsSE NBUd c5-fs 61782 0.37 86.21 091 0.96 0.93
CfsSE NBUd c5-fs 360.75 167 8534 099 0.89 0.94
NBUd cO 10.04 571 8128 099 0.85 0.92

Table 8.8: Classifiers ordered according to number of precent coyretdssified
tokens in the input data.

8.6.5 Combining times and accuracy

The results from the three compl&tdistings of the training time, the testing
time, and the accuracy were combined into one list using squared rank sum.
The combined results are available in table 8.9. The squared rank sum for a
item in the ranked result lists is calculatedR{s+ RS + R3, whereR is the
rank of the item in list.

The results in table 8.9 reveal that the task of as quickly and correct as
possible decide whether a single token is part of nhame can successfully be
approached using decision trees. The two decision tree learnersREEd,

10Each complete listing contains all 216 experiments conducted, ordeceddaw to the
respective field of comparison, not only the portions listed in the tablegrshothis section.
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CLASSIFIER CTX TRAIN TEST PC PREC REC F
REPT c0 122,31 0,10 97,68 0,99 0,99 0,99
J48 c0 184,87 0,05 97,44 099 0,99 0,99
CfsSE J48 c5-fs 367,69 0,11 97,28 0,99 0,99 0,99
CfsSE REPT c5-fs 446,37 0,12 97,32 0,99 0,99 0,99
Jrip intr 415458 0,13 9797 098 099 0,99
CfsSE PART c5-fs 504,79 0,23 97,19 0,99 0,99 0,99
PART c0 129523 0,30 97,43 0,99 099 0,99
ConsSE J48 c5-fs 60404 0,11 96,67 098 099 0,98
CfsSE Jrip c5-fs 18589 0,19 96,33 0,97 0,99 0,98
CfsSE NB c5-fs 435,46 0,17 93,13 099 095 0,97
ConsSE REPT c5-fs 79183 0,12 96,82 098 099 0,99
Logistic cO 282,21 0,37 9380 0,97 0,98 0,98
IBk c0 4,20 305,02 97,12 0,99 0,99 0,99
CfsSE IBk c5-fs 284,92 340,04 97,17 0,99 0,99 0,99
NB cO 22,22 0,65 93,05 099 094 0,97

CfsSE Logistic c5-fs 408,81 038 91,81 093 099 0,9
ConsSE PART c5-fs 64386 0,33 9639 098 099 0,98

ConsSE NB c5-fs 665%7 0,15 9547 09 0,99 0,98
ConsSE Jrip c5-fs 91173 0,22 9469 096 099 0,97
NBUd c0 10,04 571 81,28 099 085 0,92
CfsSE NBUd c5-fs 360,75 1,67 8534 099 089 094
RBF intr 124956 281 91,30 09 098 0,97
ConsSE 1Bk c5-fs 56131 1673 96,36 0,98 0,99 0,98

ConsSE Logistic  c5-fs 60621 0,38 8880 0,89 1,00 0,94
ConsSE NBUd c5-fs 61782 0,37 8621 091 096 0,93
CfsSE RBF c5-fs 749%9 1,41 91,79 092 1,00 0,96
ConsSE RBF c5-fs 183834 1,01 9001 091 0,99 0,95

Table 8.9: Classifiers ordered according to squared rank sum.

Tree and J48, occupy the four top-most positions in the results list. While the
REPTree learner is slightly better than the J48 when it comes to classification
accuracy, it is slightly worse in terms of time required to be applied to test data.

The combined characteristics of IBk, which is the fastest to learn (table 8.6)
but require significantly more time to apply (table 8.7), is made clear by using
the squared rank sum approach. The same goes for the applicationaaf-the
tomatic feature selection methods. No learner configuration employing feature
selection to reduce the dimensionality of the data representation made it high
enough to be considered as an alternative worth further exploration.

Given the representational scheme, learning in small contexts apparently is
sufficient to be able to quickly and accurately classify single tokens aadpelo
ing to one of the target classes. A complete listing of the parameters used for
the base learners in table 8.9 are available in section A.5 in appendix A.
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Letti,ti.1,...,t, be a sequence of tokefs
LetL be a set of labels corresponding to the 15 target classed lisTable 8.1.
LetC be a classifier such th&:t— I, andt € T, € L.

vt € T, applyC and obtain a sequen&zonsisting of pairs< t,| >.

o > 0w oe

Assign label to each longest sub-sequeree Sin which consecutive pairs,
<tj,lj > <tiyn,lx >, share the same lable:= 1 = I.

Figure 8.1: Using a single token classifier for recognizing and categuyi multi-
token names.

8.7 Named entity recognition results

Following the problem formulation in section 8.1, the results reported in sec-
tion 8.6 reflect how the base learners behave when faced with the talsisof c
sifying individual tokens. As explained earlier, names often consistswafral
tokens, and as interesting as they may be, the results reached in a sirgle-tok
classification setting are not particularly useful in an active learningasimen
That is, unless they are transferred to a multi-token setting. The application
of single-token classification to recognizing multi-token names is described in
figure 8.1. Essentially, a classifier capable of predicting the class laksl of
given token is applied to all tokens in the text in which names are sought for.
The labels are then utilized to group together sub-sequences of tokeritbavith
same label, and re-label the sub-sequences accordingly.

8.7.1 Evaluation the MUC way

Since names are often more than a single token in length, the method used for
evaluating single-token classification is not applicable to named entity recog-
nition as it stands. In MUC, shades of correctness other than black laitel w
were used; a predicted name can be awarded a score indicating thatlfit is ha
right, in some sense. The Message Understanding Conference S8oiftng

ware User's Manual (Voorhees 2001) describes how the perfoenaha
named entity recognizer used in MUC is to be computed. There are six types of
possible matches between a predicted named entity and a named entity given
as answer key by mark-up in the corpus:
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e COR (correct). The key and predicted values agree, both in terms of
tokens included (spread) and in type of name.

e INC (incorrect). The key and predicted values disagree. Not spread, no
type match.

e PAR (partially correct). The predicted value and the key are not iden-
tical, but partial credit should still be given. For instance, if a predicted
value is of the same type as the key value, but only partially overlapping
the key.

e MIS (missing). There was a key, but no predicted value.
e SPU(spurious). There was a predicted value, but no key.

e NON (noncommittal). The alignment does not contribute to scoring.

Based on the above listed six different types of matches possible, there are
several additional values calculated for the final scoring.

e POS(possible). The number of items in the key which contribute to the
final score.
POS=COR+INC + PAR+ MIS (14)

e ACT (actual). The number of items in the predicted response.

ACT = COR+ INC + PAR+ SPU (15)

e REC (recall). A measure of how large a degree of key items were pre-
dicted, cf. equation 3.

_ COR+ (0.5 PAR)

REC POS

(16)

e PRE (precision). A measure of how large a degree of predicted items
are actually in the key, cf. equation 2.

COR+ (0.5 x PAR)

PRE= ACT a7)
e F-scorecf. equation 4.
2
Fscore— (B“+1.0) x PRE+REC (18)

(B2 x PRE) + REC

wheref is setto 1.
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A class for evaluating named entity recognition according to the specification
in The MUC Scoring Software User’'s Manual was implemented in Kaba and
used for evaluating the performance throughout the remainder of thextdiss
tion.

8.7.2 A baseline for named entity recognition

Equipped with a way of applying single-token classification for recognizing
multi-token names, as well as with means to evaluate such an application, the
results of using the best base learner configuration from section 8réharfee
recognition on the MUC-7 corpus can be presented.

Table 8.10 lists the precision, recall, and F-score for the overall tagkelas
as for ENAMEX, TIMEX, and NUMEX when using the best learner coufig
ration from section 8.6.5; the REPTree decision tree learner. The resattea
average of five runs, in each of which the REPTree learner was tramé&@
randomly drawn documents from the corpus, and evaluated on the remaining
10 documents.

RECALL PRECISION F-SCORE

ENAMEX  0.796 0.808 0.802
TIMEX 0.766 0.784 0.775
NUMEX 0.674 0.916 0.747
ALL 0.789 0.804 0.796

Table 8.10: Baseline named entity recognition results.

A more interesting aspect of learning is how the base learner performs as
more data is made available, that is, the learning curve of the learnerihgarn
curves are commonly used to illustrate the progress of active learning (sec
tion 4.9). A baseline learning curve is crucial for judging the successeof th
experiments on active learning for document selection conducted in cl®apte

Figures 8.2, 8.3, and 8.4 on pages 116-117 show the baseline leamiag cu
obtained by using the REPTree learner on the MUC corpus; the curpées de
recall, precision, and F-score for the ENAMEX, TIMEX, and NUMEXKss
as well as for their combination. The curve illustrating the learning rate in
terms of F-score of the REPTree learner on the combined task in figure 8.4 is
the one which is primarily used as a reference in the experiments in chapter 9.
As can be seen from the figures, the performance of the base leae®ndt
increase monotonically with the amount of training data. This is most evident
for the precision of the classifier on the NUMEX class of names depicted in
figure 8.3. The reason for the fluctuations is to be sought for in the digtrbu
of the names. Generally, while the amount of training data available to the
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base learner is small, the variance (fluctuation) in its performance is large. O
average, there are only 1.4 occurrences of NUMEX per documertipasisn

table 7.1. Since the NUMEX class is so sparsely distributed, the effectbf ea
NUMEX training example is more explicit when illustrated by means of the
learning curve, than is the effect of each ENAMEX instance. On aecthgre

are 49.58 occurrences of ENAMEX per document (table 7.1), which snean
that it is necessary to use 35 documents to obtain the same amount of NUMEX
training examples, that is available in one document for the ENAMEX class.

A learning curve is obtained by first randomly selecting 10 documents from
the MUC corpus to use as a held-out test set. The remaining 90 documents
are then iteratively divided into sub-corpora. Initially at iteratieal a single
document is randomly drawn, without replacement, from the remamin§0
documents. The document is stored as a separate sub-corpus of sige-1 d
ment. In the next round, thatiis=i -+ 1, another document is randomly drawn,
without replacement, from the remaining= n— 1 documents. The document
is stored together with the previously selected documents in a new sulbscorpu
of sizei. This is repeated until there are no documents remaining in the origi-
nal corpus. At this point, there are 90 sub-corpora of sizes 1 to 90naeicts
for training, and one for testing. The REPTree base learner is then epplie
induce a classifier for each sub-corpus. A curve is then calculatedatbyag-
ing each classifier on the test set. This is repeated five times, and theeaverag
is shown in figures 8.2, 8.3, and 8.4.
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Figure 8.2: A baseline learning curve depicting the recall for the ENAXIE
TIMEX, and NUMEX tasks, as well as their combined recall.
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Figure 8.3: A baseline learning curve depicting the precision for theABNEX,
TIMEX, and NUMEX tasks, as well as their combined precision.
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Figure 8.4: A baseline learning curve depicting the F-score for the ENZB{M
TIMEX, and NUMEX tasks, as well as their combined F-score.






ACTIVE SELECTION
OF DOCUMENTS

This chapter deals with emerging issue E—3 concerning active learnidgder
ument selection as outlined in section 6.6. The issue pertains to whether it is
possible to actively learn to select documents to mark up with named entities.
In particular, the following questions are addressed:

e Which active learning paradigms are applicable to document selection
for named entity recognition?

e Which uncertainty, or disagreement metrics are suitable?

As pointed out in the description of the BootMark method in chapter 6, the
applicability of the method hinges on the ability to distinguish one document
as more informative than another by means of information contained at sub-
document levels. Distinguishing between documents based on names is a multi-
classand multi-instance task. Selecting a document can be considered as se-
lecting a fixed batch of, on average, more than 900 tokens containingxappr
imately 63 names with an average length of around 1.8 tokens (table 7.1).
Considering these facts along with the characteristics of the baseline arnin
curve in figure 8.4, which proves learning from randomly selected dootsme

to yield a rather steep curve which flattens out after only about 20 dodamen

it is expected to be hard to beat randomly selecting documents from which to
learn by means of active learning.

9.1 Active learning experiment walk-through

The active learning experiments conducted are all very similar to the proto-
typical active learning algorithm outlined in figure 4.1, but the experiments
differ in one significant respect from the algorithm; where the algorithtesta
that the active learner is to ask the human oracle to classify instances-the ap
proach taken in the experiments is to simulate the oracle by substituting the
unlabeled instances with labeled instances taken from an annotatechcefere
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corpus. What follows is a walk-through of the algorithm as used in therexpe
ments.

1. The input to an experiment is a labeled corpugontainingk docu-
ments, and a base learner configuraton

2. Select a test sdt containingn documents from the labeled corpDs

3. Select a seed s&containingm documents fronD. At this point, D
containg = k—n—mdocuments.

4. UseB on Sto obtain token classifieE.

5. Apply C to each documerd € D in order to mark up the names. The
original name annotations I are not affected b¢.

6. Based on th@redictednames, calculate the informativendssf each
d € D according to some uncertainty metric if the experiment concerns
query by uncertainty, or disagreement metric if it is a query by commit-
tee setting.

7. Select the most informativeec D according td, obtainingd, .

8. Simulate an oracle annotating by moving the correctly annotatest
from D to S. D now containg = r — 1 documents. This is where the
experiment set-up differs from the prototypical active learning algorithm
in figure 4.1.

9. Apply and evaluat€ on T, d;, andSin order to collect data for further
analysis. The evaluation is made with respect to named entity recogni-
tion as outlined in section 8.7.1.

10. Repeat steps 4 to 9 untik= 0, that is,D is empty.

Essentially, the output of an experiment is the data collected in step 9. Although
a classifier is trained, it is not saved for future use.

9.2 Query by uncertainty

The primary purpose of experimenting with query by uncertainty, introdiuce

in section 4.1, is to see whether active learning with a single base learner can
beat the passive learning baseline from chapter 8, that is, produee@es
learning curve, reaching higher F-score with fewer documents in therngain
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set. Query by uncertainty is attractive since it, if successful, providegpan
proach to selecting documents which is computationally cheaper than query
by committee, which is explored in section 9.3.

9.2.1 Candidate uncertainty quantification metrics

The main problem in this experiment is to identify ways of quantifying the
informativeness, or uncertainty, of a document relative to the othemdeits
available. The reason why this is needed is to be able to select the document
that, in some sense, confuses the classifier the most. Once correctly rmarked
for names and added to the training set, the document is assumed to contribute
to the ability of the re-trained classifier to recognize names in previously un-
seen documents in a way that no other document would have done if selected

When given an instance to classify, a classifier in Weka can be made to
produce as output a probability distribution over the class labels. In tlee cas
of token classification as described in chapter 8, such a distribution cooisists
15 numbers, each of which indicates the estimated probability that the current
instance is of a particular class. One way of understanding the probalulity d
tribution produced for a given instance is as a measure of the uncertaatty th
the classifier has in the classes for the corresponding token. Sincebjeetsu
matter of the active learning experiment is not individual tokens, but entire
documents, the probability distributions for each token in a document have to
be combined in some way to reflect the uncertainty that the classifier has in the
document as a whole. The remainder of this section introduces 15 metrics for
quantifying the uncertainty of documents. The metrics are used in steps 6 and
7 in the active learning experiment set-up outlined in section 9.1.

The candidate metrics used for selecting documents in the query by uncer-
tainty setting described here can be divided into five groups, basecd:cagay
probability, maximal difference of probabilities, minimal probability, standard
deviation of probabilities, and log probabilities (entropy). All uncertainty met-
rics that make use of the class probabilities obtained from the classifier use
only the probability of the most likely class label assigned to each token.

When comparing two documents according to any of the average proba-
bility-based uncertainty metrics, the document assigned the smallest value is
considered more informative. The metrics are defined as follows:

Avg The average token probability in a document is used as its uncertainty
score.

Avgno The uncertainty of a document is represented as the average of the
probabilities of the tokens that have not been assigned the class label
OUT.
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Avgsd A combination of the average token probability Avg for a document,
and the standard deviatiad of the probabilities assigned to the tokens
in a document such that Avgsd Avg x (1 —sd) is used as uncertainty
measure.

Avgsdno As Avgsd, but the average probability of the tokens in a document is
calculated the same way as for Avgno.

Contrary to the average probability-based metrics, the ones basedere i

in probability should be interpreted such that a document assigned a larger
value is more informative than one assigned a smaller value. The probability
difference-based metrics are defined as:

Diff The uncertainty of a document is represented as the difference between
the largest class label probability assigned to a token in the document,
and the smallest value assigned to a token in the same document.

Diffno Analogously to Avgno described above, Diffno is defined as the differ-
ence between the largest and smallest probability assigned to tokens in
the same document, without considering tokens that have been predicted
as belonging to the class representing non-names, that is, with class label
OUT.

Sdanddiffno A combination of Diffno and the standard deviatisd for the
probabilities assigned to the tokens in a document, such that

Sdanddiffno= Diffno x sd (19)

is used for representing the uncertainty of the document.

Diffbitot Diff weighted according to the ratio of the number of tokens that are
assigned class labels indicating that they are at the beginning (B) or in
(I) a name, to the total number of tokens in the document such that

1B

Diffbitot = Diff x 108

(20)

Diffbitotno Same as Diffbitot but Diffno is used instead of Diff.

Just as with the metrics based on average probabilities, selecting documents
using the minimal probability-based metrics is done under the assumption
that a lower score indicates a more informative document. The two minimal
probability-based metrics used are defined as follows:
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Minconf The uncertainty of a document is represented by the smallest proba-
bility assigned to a token in it.

Minconfno The uncertainty of a document is represented by the smallest prob-
ability assigned to a token that is not predicted as a non-name.

The metrics based on standard deviation of the probabilities assigned to the
tokens in a document rely on the assumption that a document with a larger
spread in probabilities is a document more informative than one with a smaller
spread. The metrics are defined as:

Sd The standard deviation of the probabilities assigned to the tokens is used
for representing the uncertainty of the document.

Sdno The standard deviation of the probabilities assigned to all name part
tokens is used for representing the uncertainty of the document.

The log probability-based metrics resemble the Shannon entropy as defined
equation 5. A larger log probability-based value indicates a higher uinttgrta
The two metrics used are defined as:

Logprob The uncertainty of a document is calculated as

K
Logprob= — Zl pi log, pi (21)
i=

wherek is the number of tokens in the document, gnds the probabil-
ity assigned by the classifier to th¢h token.

Tllogprob The token label log probability is the only metric that does not rely
explicitly on the probability assigned to each token. Instead, Tllogprob
use the relative frequencies of the tokens in a document to compute the
uncertainty. In this sense, Tllogprob is more similar the definition of the
Shannon entropy in equation 5 than is Logprob defined above.

Tllogprob= — : 1 log 1 (22)
2,7e1 %

wherek is the number of tokens in the document, anfis the number
of occurrences in the document of the class label predicted fartthe
token.
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9.2.2 Evaluation of the selection metrics

The evaluation of the uncertainty metrics introduced in the previous section
is performed by running the active learning experiment as it is described in
section 9.1 for all metrics. The experiments are repeated five times for each
metric and thus the resulting curves shown in the figures below are thgjasera

of five runs. A successful uncertainty metric is one that causes thdrigarn
curve of the base learner to be steeper than, as well as lie above, #liedas
curve. The baseline used is obtained by training a single REPTree baserlea
on randomly selected documents, as described in section 8.7.2. The evaluatio
of the metrics is run on the full corpus, but constrained to the first 40 iteigtio

if the resulting learning curve is not above baseline after 40 documents, it is
deemed not to be of any help to a human annotator. Further, as the constitution
of the seed-set is not the subject matter for these experiments, theeseed-s
is simply made up by five randomly selected documents from the annotated
corpus (step three in the walk-through available in section 9.1). The igsue o
seed set compilation is explored in chapter 10.

Figure 9.1 shows the results for the average probability-based untgrtain
metrics. As the learning curves for all metrics lie under the baseline curve,
it is evident that using the various forms of average calculation introdimced
section 9.2.1 is not suitable for discriminating between documents to select for
annotation.

Figure 9.2 shows the results for the group of probability differencedbas
metrics. Although using the difference between the largest and smallent toke
probability results in learning curves that are slightly better than those resultin
from the average probability-based metrics, the curves are still mostly below
the baseline, and thus not of any use.

Figure 9.3 illustrates the results obtained by using query by uncertainty with
the two minimal probability-based uncertainty metrics. The resulting curves
are both approximately matching the baseline, which is a general improve-
ment over the results obtained for the two previous groups of metrics. Still, the
results are not good enough.

Figure 9.4 shows that using the standard deviation of the predicted proba-
bilities as uncertainty metric is not a good idea. The resulting curves are well
inferior to the baseline.

Finally, figure 9.5 illustrates the effect of using the two log probability-
based metrics as means to quantify uncertainty over documents. The curves
for both metrics actually improve on the baseline, and it is hard to settle for a
winner. Although the improvement is obviously small, the results are encour-
aging since they show that it is possible, even in a single learner setting, to
actively select document for named entity recognition.
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Figure 9.1: The performance of query by uncertainty using the averagieatnility-
based document uncertainty metrics.
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Figure 9.2: The performance of query by uncertainty using the prokgbili
difference-based document uncertainty metrics.
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Figure 9.3: The performance of query by uncertainty using the minimabpbility-
based document uncertainty metrics.
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Figure 9.4: The performance of query by uncertainty using the probgtstandard
deviation-based document uncertainty metrics.
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Figure 9.5: The performance of query by uncertainty using the log proibatased
uncertainty selection metrics.

The probabilities delivered by a classifier trained on little data are generally
of little use as they are calculated based on too few observations. Essentially
in that situation, a classifier can be very certain about the predicted cteds la
for a token, but still be very wrong in its prediction.

9.3 Query by committee

Query by committee is a multi-classifier approach to active learning, in which
each committee member contributes to the collective decision as to whether a
given instance is more informative than another. Using a decision committee
allows for different uncertainty metrics than the ones described in secf2ah 9

The uncertainty of a document is quantified as the disagreement between the
members of the decision committee, and the metrics used are thereforedreferre
to as disagreement metrics.

The query by committee approach to active learning is introduced in sec-
tion 4.2, and the three different ways of assembling a decision committee ex-
plored for the purpose of selecting documents to annotate with named entities
— query by boosting, ActiveDecorate, and Co-testing — are introducselcin
tions 4.2.1, 4.2.2, and 4.3, respectively.



128 Active selection of documents

F-score

el Single learner baseline E
Boosting baseline -------
Deconate baseling rrrrrrrr

| | | | | |
0 10 20 30 40 50 60 70 80 90
Number of documents in the training set

Figure 9.6: A comparison of the Decorate, Boosting and single learnselbees.

Utilizing a different scheme — multi-classifier learning instead of single-
classifier ditto — calls for the assessment of additional baselines. Two of the
three committee-based approaches have passive learning counidrasets
line learning curves corresponding to Boosting and Decorate are draate
compared to the single learner baseline used in the query by uncertainty set-
ting in figure 9.6. The three ways to create the final classifier in Co-testing,
as described in section 4.3, do not lend themselves to be realized in agpassiv
learning setting; all three ways require the presence of an active lgaroim-
ponent. Hence, as it stands, there is no passive learning baseline-festhg.

Figure 9.6 reveals the differences between the baselines of the singler|ear
Boosting, and Decorate. Each curve is created as described in segtign 8
The Boosting baseline is clearly the best one. For the course of the initial 30
documents, the single learner baseline proves to be better than that for Dec
orate, while during the remaining 60 documents, the two baselines are inter-
twined in a way that makes it hard to decide on a winner. The Boosting and
Decorate meta learners employ the same base learner configuration as is use
for the single learner baseline, that is, the one deemed the best in chapter 8
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9.3.1 Candidate disagreement metrics

The disagreement metrics introduced in section 4.4 apply to the level at which
the data is marked-up. In the named entity recognition task, the annotations
are made at the token level. Just as is the case with query by uncertainty, the
disagreement among committee members as calculated at the token level has
to be transferred to apply to the document level.

Most of the disagreement metrics introduced in section 4.4 are defined for
two-class tasks, and most of the metrics are reported to be used in single-
instance settings. Active learning for the purpose of selecting documents in
which to learn to recognize named entities is a multi-class and multi-instance
task, something which has to be accounted for when utilizing existing metrics,
or developing new ones.

Ten disagreement metrics categorized into five groups are used; based o
difference between disagreement values assigned to individual {ckens
mulated log probabilities, minimal margins, vote entropy, and Jensen-Shannon
divergence.

9.3.1.1 Minimal margin-based metrics

The notion of minimal margins, introduced in section 4.4.1, is based on the
observation that an instance that is assigned two different class labelddsy
cision committee, where the difference between the probabilities with which
each label is assigned is small, constitutes an informative instance. In other
words, the disagreement among the committee members is manifested as a
small difference in probability between the assignments of competing class
labels; the difference is referred to as a margin. The predicted, ajgrkg
class label for a document is constructed from the predicted class lab#ig f
tokens making up the document. A smaller value on a margin-based disagree-
ment metric indicates a more informative document.

Minmarg-diffno The informativeness of a document is calculated as the dif-
ference (margin) between the first and second largest differenve&e
predicted token probabilities assigned to the document such that the re-
sulting class labels assigned to the document are different.

Minmarg-logprob The informativeness of a document is defined as the dif-
ference between the largest and second largest assigned logifitielsab
assigned to the document by the committee members, given that the pre-
dicted class labels for the two classifications are different. The log prob-
abilities are calculated as in the case of Logprob defined in section 9.2.1.
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Minmarg-tllogprob The same as Minmarg-logprob, but the log probabilities
are calculated using relative frequencies instead of the predicted class
probability per token. The token label log probabilities are calculated
the same way as for Tllogprob defined in section 9.2.1.

9.3.1.2 \Vote entropy-based metrics

There are two vote entropy-based metrics used in the current experiment.
vote entropy, the predicted class labels for a token is utilized in order to-calcu
late its informativeness. The vote entropy for an entire document is defsed
the average vote entropy of the tokens making up the document. A larger vote
entropy value indicates a more informative document.

Vote entropy The vote entropy per token is defined as the original vote en-
tropy metric, available in equation 11. The vote entropy for a document
is defined as the average token vote entropy.

Weighted vote entropy Calculated similarly to the original vote entropy met-
ric, but with the weight of the committee members substituted for the
votes. The weighted vote entropy, WVE, is defined as:

1 S wet) Ing(ci,t)

WVE = —
logw & w

(23)

wherew is the sum of the weights of all committee members,\Atid,t)

is the sum of the weights of the committee members assigning ¢abel
to tokent. The weights used in these experiments are assigned to the
individual classifiers by the meta-learner generating them.

9.3.1.3 Maximal difference-based metrics

Maximal difference-based metrics build on the assumption that a document
that is assigned the token probabilities, or token vote entropy, such thdif-the
ference between the largest and smallest values is greater than thattdran
document, is more informative than the latter. Maximal difference is imple-
mented using predicted probabilities per token, or the vote entropy ass@mned
tokens as defined above.

Maxdiff-no The maximal difference is based on the class probabilities pre-
dicted by all committee members for each token in the document, except
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for the probabilities assigned to tokens whose predicted class is OUT.
The maximal difference is defined as the difference between the largest
predicted class probability for a token, and the smallest predicted class
probability for a different token in the document.

Vote entropy maxdiff The disagreement between committee members con-
cerning the classification of names in a document is defined as the dif-
ference between the highest and lowest vote entropy scores asgigned
the document. Vote entropy is calculated as defined above.

Weighted vote entropy maxdiff The same as vote entropy maxdiff, but the
weighted vote entropy is used instead of the original vote entropy.

9.3.1.4 Accumulated log probabilities

The accumulated log probabilities metric essentially is an adaptation of the
Logprob metric used in query by uncertainty (section 9.2.1). It is also similar
to what Korner and Wrobel (2006) refer to as ordinary entropy.

The accumulated log probability for a document is calculated as the sum of
the log probabilities assigned to a document by each committee member. This
metric does not take advantage of the fact that there are different committee
members all classifying the same document in the same manner as the other
disagreement metrics do. If the members of the committee are considered to
work in parallel when calculating, for instance, the Jensen-Shanmergence
or vote entropy, the members work more in a serialized way when computing
the accumulated log probability for a document. A larger value on accumulated
log probabilities indicates a more informative document.

9.3.1.5 Jensen-Shannon divergence

The Jensen-Shannon divergence used here is the same as defimg-in e
tion 10. The divergence is first calculated for each token in a documhbat. T
disagreement among the committee members is then realized as the average
Jensen-Shannon divergence per token. A larger value indicateseaimhar

mative document.

9.3.2 Query by boosting

Query by boosting is introduced in section 4.2.1. The boosting method utilized
in the present experiment is called MultiBoost (Webb 2000), which is an ex-
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tension of the AdaBoost algorithm (Freund and Schapire 1996) originsdgl
for query by boosting by Abe and Mamitsuka (1998).

MultiBoost is an extension of AdaBoost in that it aims at combining the
variance and bias reduction obtained by AdaBoost with the variancetredu
of Wagging (Bauer and Kohavi 1999). Wagging is a form of baggingoin
duced in section 4.2.1, which assigns random weights to the instances in each
training set, instead of randomly sampling from the original data set to form
sub-sets from which to learn. Wagging thus retains the training examples in
the original training set, while bagging creates sub-samples that may contain
duplicates or is missing out on examples. MultiBoost combines AdaBoost and
Wagging by first creating training sets by means of wagging, and then apply
AdaBoost to the sub-sets in order to create decision committees. Webh (2000
reports results on using MultiBoost with C4.5 as base learner indicating that
MultiBoost produces decision committees with lower error than AdaBoost and
Wagging for a large number of UCI data sets (Asuncion and Newman 2007)

All candidate disagreement metrics described in section 9.3.1 are evaluated
with query by boosting. The evaluation takes place in a manner similar to that
of query by uncertainty in section 9.2.2, with the difference that the nunfber o
iterations is reduced from 40 to 30. The seed-set is made up by fivermdyndo
selected documents. Passive Boosting, as depicted in figure 9.6, issised a
baseline throughout the evaluation of query by boosting.

Compared to the query by uncertainty setting, there is one additional pa-
rameter that is essential to most query by committee settings; the size of the
committee. The impact of the number of committee members is investigated in
section 9.3.5. For the purpose of the evaluation of the candidate metrics with
query by boosting, the number of committee members is set to ten.

Figure 9.7 illustrates the effects of using difference-based disagréemen
metrics as means to select documents to annotate. The Maxdiff-no and vote
entropy maxdiff metrics result in approximately the same performance. The
curve resulting from utilizing Weighted vote entropy maxdiff reveals learning
performance which is even better. It is thus discernible that it is possibtée to u
lize active learning for the purpose of selecting documents in a named entity
recognition task. The question now arising is whether the results can he eve
more improved by one of the other disagreement metrics.

In figure 9.8 the margin-based disagreement metrics are compared to the
Weighted vote entropy maxdiff metric which egressed as the best of the diff-
erence-based metricsokner and Wrobel (2006), who investigated the effects
of different disagreement metrics in multi-class settings as described in sec-
tion 4.4, advocate the use of margin-based metrics. However, any otrerigs
expectations are put to shame here since, as illustrated in figure 9.8, thie-marg
based metrics utilized for the present multi-class and multi-instance task do not
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Figure 9.7: Query by boosting with difference-based document selectistrics.
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result in a learning curve improving on the baseline. The reason is likely to be
found in the fact that the disagreement measures used in the marginahetsed
rics used here apply to entire documents, and not only individual ingasce
stipulated by Krner and Wrobel (2006). Any disagreement metric for a piece
of data that is defined as the aggregate of the disagreement on its ssibipar

the risk of becoming a rather blunt instrument, a risk that is not at all specific
to the case of margin-based disagreement.

Figure 9.9 shows the application of the vote entropy-based metrics along
with the accumulated log probabilities metric. The Weighted vote entropy
maxdiff curve is included for comparison. Although it is still better during the
first six documents, the Weighted vote entropy maxdiff metric is henceforth
replaced by the Vote entropy metric as being the best metric. The reason is tha
the vote entropy learning curve is more parallel to the baseline curve than is
the difference-based curve. In fact, the curve generated by ustegentropy
is very similar to a transposition by the baseline curve of approximately 2%
F-score.

None of the metrics discussed up until now makes use of the predicted class
probability distribution for each token presented by the classifier. Theeden
Shannon divergence is a metric which does and figure 9.10 shows tii#niges
learning curve. Utilizing the Jensen-Shannon divergence as disagnéenet-
ric results in a performance which is on par with the passive Boosting baselin

9.3.3 ActiveDecorate

As introduced in section 4.2.2, ActiveDecorate is the active learning counte
part of the Decorate method (Melville and Mooney 2003). The core idea in
Decorate is to generate artificial data in line with the characteristics of the
available training data in order to further extend the amount of data available
for training a committee of classifiers. The disagreement among the classi-
fiers can be measured in much the same way as for query by boosting, with
one important exception; while the members of a boosted committee receive
weights according to how good they are, in some sense, the committee mem-
bers in Decorate all are assigned the same weight. This rules out thetbhse of
disagreement metrics based on weighted vote entropy.

The evaluations of ActiveDecorate with the various disagreement metrics
are conducted the same way as for query by boosting in section 9.3.2¢ethe se
set consists of five randomly selected documents, and the committee is com-
prised by ten members. Figure 9.11 shows the results of using the dierenc
based metrics to select documents to annotate. Both metrics yield classification
performance approximately in line with the Decorate baseline.
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Figure 9.9: Query by boosting with entropy-based document selectiamicse
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The results provided by the three margin-based metrics are depicted in fig-
ure 9.12. Overall, document selection based on the Minmarg-logprob metric
yields classification performance better than the baseline, while the resalts pr
duced by the two other margin-based metrics do not.

The best selection metric to use in conjunction with ActiveDecorate is the
Accumulated-logprob metric illustrated in figure 9.13. Quite contrary to query
by boosting, selecting documents based on vote entropy results in penftgma
of ActiveDecorate inferior to the baseline.

Finally, figure 9.14 shows the classification performance resulting from us
ing the Jensen-Shannon divergence as selection metric. For the graates
of the 30 documents processed, the classification results are worse dkan th
of the baseline.

Although the best selection metric used with ActiveDecorate improves on
the corresponding baseline more than the best metric used in conjunction with
query by boosting does, the best query by boosting setting is still to be pre-
ferred over the ActiveDecorate ditto. When comparing the learning dorve
the vote entropy metric used with query by boosting in figure 9.9, and the
Accumulated-logprob metric used with ActiveDecorate in figure 9.13, it is
clear that the classification performance achieved by the former is sup®rio
that of the latter. Hence, when considering classification performanegy g
by boosting using vote entropy is to be preferred over any of the Acticeb
rate configurations.

ActiveDecorate has been reported successful on tasks availableliCihe
data sets (Asuncion and Newman 2007), such as the classification ofediseas
in soybean plants (Melville and Mooney 2004). However, the charatitsris
of the data sets and the set-up used by Melville and Mooney (2004), and the
corpus used here differ in one significant respect; the UCI data sedshys
Melville and Mooney are relatively small, containing up to 900 instances. Ac-
cordingly, Melville and Mooney select small batches of examples in each iter-
ation, reportedly up to three instances in size. This should be compared to the
on average 900 tokens (instances) which are selected in each iteratian in th
current experiment.

Some of the UCI data sets used by Melville and Mooney (2004) contain
more classes than does the MUC-7 named entity recognition task pursued.
Thus, the number of classes is not likely to be the reason why ActiveDeco-
rate is unsuccessful, relative to query by boosting, for selecting dousrfer
named entity mark-up.

Melville and Mooney (2004) use two disagreement metrics: margins and
Jensen-Shannon divergence (introduced in sections 4.4.1 and €gpéc+
tively). Due to the multi-instance nature of the task pursued in this thesis, the
margins metric used by Melville and Mooney does not have a direct corre-
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spondence to any of the disagreement measures introduced in section 9.3.1
The disagreement metrics closest to the margins metric are Minmarg-diffno,
Minmarg-logprob, and Minmarg-tllogprob for which the active learning re-
sults are reported in figure 9.12; none of the metrics yield results better than
the Decorate baseline. The results reported by Melville and Mooney Y2004
show that actively selecting instances by using the margins metrics results in a
better classification performance than is achieved with Jensen-Shameon d
gence.

Melville and Mooney (2004) further report that ActiveDecorate outren
query by boosting in their experiments, in which they used J48 as baserearn
and 15 members in the decision committees. The impact of altering the number
of committee members in ActiveDecorate is examined in section 9.3.5.

Korner and Wrobel (2006) report on successfully using Active sedor
multi-class problems. Their experiment set-up is similar to that of Melville and
Mooney’s (2004) in that they too select few instances in each roure] {oe
precise), use data sets from the UCI repository, and employ J48 aebaser.

Thus, it seems reasonable to assume that the failure of the ActiveDecorate
set-up used here is due to the size and constitution of the batch of instances
selected in each active learning iteration. The size of each batch byckeedx
those used by Melville and Mooney (2004) andrer and Wrobel (2006). In
addition, the order of the instances, as well as the composition of eachi®atch
fixed. This, in turn, implies that the distribution of classes within each batch is
severely skewed in favor of the least interesting class, that is OUTsasloled

in section 7.1. Considering that the Decorate base learner more oftenahan n
fails in generating as many committee members as requested, as described
in section 9.3.5, the training data at hand seems quite hard to use in order
to produce synthetic data; this observation can be taken as a suppoet of th
claim that the problem with ActiveDecorate is due to the characteristics of the
training data.

9.3.4 Co-testing

The idea in Co-testing is to learn a task by using different feature setsliesc

ing the same data. This way, the problem of having access to too small an
amount of training data is addressed, without the data itself having to be tam-
pered with as is the case of other committee-based methods such as Boosting
and Decorate. Active learning using multiple views of the data is introduced in
section 4.3.
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9.3.4.1 Defining the views

An original assumption of multiple-view learning is that each view has to be
independent of the others and that each view is compatible with the task at
hand. Nevertheless, as described in section 4.3.1 the assumption ckaxbd re

to some extent, as long as the base learners involved are able to correctly lea
the task using positive training examples only, which is arguably the case with
named entity recognition.

It is debatable whether there exists a natural split of the feature setéused
this experiment to recognize names. Finding two sets of features thatfare su
ficiently independent and sufficiently compatible with the task is a non-trivial
issue. Since the best base learner configuration obtained in chapter &dutiliz
a zero-context (c0) for learning to classify tokens as being part miesathe
current endeavour explores the same context size. The cO feats@isesed
is described in table 9.1. Essentially, the cO feature set is split so that the fea
tures in one view pertain to the surface appearance of the target tok#ée, w
the other view consists of the remaining features. The features and ttesir ca
gorizations are available in table 8.2.

In addition to the cO feature split, a different way of splitting the feature
set is examined by means of using a context size in which the target token is
represented by the token itself in conjunction with the token immediately on
its left, and the token immediately on its right (c1). The c1 feature set split is
made so that the features corresponding to the cO make up one view, and the
remaining features, representing the context of the target token, make up
second view.

There is one earlier approach to Co-testing and named entity recognition.
Becker et al. (2005) report on successfully using Co-testing fageizing as-
tronomical named entities. The feature set split used by Becker and agdeag
is handcrafted in such a way that each view yields similar results. However,
their feature set split is not applicable to the current experiment sinceéne o
lap between the features used here (outlined in section 8.2), and those em-
ployed by Becker et al. (2005) are too dissimilar.

Instead of empirically validating that the views produce similar results, the
way the two view classifiers are combined into a final classifier makes use of
a novel weighting scheme as described in the following section. The weight-
ing scheme seeks to adjust the influence of one view classifier over the othe
by weighting them according to their performance on the training data. If the
weights assigned to each view are similar, it means that the definitions of the
views are equally expressive relative to the task and training data at hand
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VIEwW 1 VIEW 2
containsDigitsAndDollarSign caordTag
containsDollarSign caseTag
containsPercent classOfPreviousPreviousToken
containsPunctuation classOfPreviousToken
containsWhiteSpace compTag

isAllCaps dependencyFunction
isAlIDigits grammaticalFunction
isAllLowerCase isFirstinSentence
isAlphaNumeric isFirstName
isAnyOrAlIDigits isLocation
isCompanyDescriptor isNamePart
isDigitsAndAlpha isSalutation
isDigitsAndComma morphTag
isDigitsAndDash numTag
isDigitsAndPeriod partOfSpeech
isDigitsAndSlash surfaceFormAsLemma
isFourDigitNum syntacticTag
isHyphen tenseTag

isInitCaps

isRomanNumber

isSentenceDelimiter

isSingleCapPeriod

isSingleChar

isSingleCharAndPeriod

isSingleLowPeriod

isTwoDigitNum

length

prefix

suffix

surfaceForm

Table 9.1: The split of the cO features into two views used for Co-testiview 1
consists of features originating from the surface appearahthe token,
while view 2 contains the features relying on pre-compilst$] linguis-
tic processing, and the prediction made concerning the ¢3! of the
token preceding the current one.

9.3.4.2 Combining the view classifiers into a final classifier

The question of how the view classifiers are to be combined so as to form
a single, final classifier needs to be addressed. A combined classifer is r
quired in order to be able to mark up names in unseen text. Muslea, Minton and
Knoblock (2006) suggest three ways of combining view classifiersaviny

the classifiers vote and combine the votes using each classifier's cadiden
estimation in its prediction as weights, by combining the votes by majority, or
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by assigning the classifier that performed the best as the final class#er (
section 4.3). The approach used in this experiment is a variant of thetegigh
voting scheme.

The probability distributiong andq produced for each token in the input
by the two view classifiers are combined into a new probability distribkion
such that each elemektin k is

ki = W1 pi + W0 (24)

wherep;, g denote the-th element in distributionp andq, respectively. The
weights of the view classifiens; +w, = 1. The resulting then represents the
combined classifier’s classification for the token.

Two variants of weighting are used. The first usas= w, = 0.5. In the
second variant, the weight for a view classifier is set according to the acc
racy obtained when the classifier is evaluated, using 10-fold crosstiafid
on the training set. The weights are re-calculated in each iteration of the activ
learning loop, as outlined in section 9.1, and they are normalized to sum to 1.
The motivation for dynamically re-weighting the influence of the classifiers is
to favor the best classifier, and suppress the weaker one, thus @vaglilg
a view if it is less compatible with the task. If the views are equally compati-
ble with the task, it is anticipated that the use of dynamic re-weighting of the
view classifiers would have less impact, that is, the two weights would end up
converging towards 0.5.

9.3.4.3 Co-testing results

Unfortunately, none of the Co-testing configurations explored managed-+to
duce results better than the single learner baseline. Co-testing is thusangt of
practical use to the present experiment. Figures 9.15, 9.16, 9.17, &hd-9.1
lustrate the performance of Co-testing using the cO feature set splinpedse

in table 9.1, and the disagreement metrics introduced in section 9.3.1. Fig-
ures 9.19, 9.20, 9.21, and 9.22 show the performance of Co-testingthsing

cl feature set split introduced earlier in this chapter along with the same dis-
agreement metrics as are tested with the cO feature split. In the figures, the
weighting scheme that produced the best results for each metric is shown. F
instance, using the c0 feature set split and the Accumulated log probabilities
disagreement metric, the dynamically weighted combination of the view clas-
sifiers into a single classifier yields results better than the equally weighted way
of combining classifiers; only the learning curve for the former configoma

is on display.
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For the c1 feature set split, the dynamic re-weighting of the view classifiers
produces better results than the equally weighted classifiers for all désagr
ment metrics. This fact implies that the c1 feature views are not equally com-
patible to the task, and hence that the split is not an optimal one. For the cO
feature set split, however, the equally weighted view classifiers pragégoés
better for 6 of the 10 disagreement metrics, while using dynamically weighted
view classifiers win in 2 cases, indicating the cO views to be better off than the
cl ones. This, in turn, suggests that splitting the feature sets accordinggeto ty
of features, as is the case with the c0 views, might be better than to split the
feature sets according to the surface context, which is done in the c1 split.

Due to the lack of positive results, Co-testing will not be further investi-
gated within the scope of this thesis. However, Co-testing as such shauld no
be dismissed as a plausible candidate for active learning for multi-class prob
lems such as named entity recognition. What is needed is a more thorough
investigation into the issue of (semi) automatically splitting the feature set into
separate views, and means to validate the views with respect to their indepen-
dence and compatibility to the task at hand.

9.3.5 Effects of the committee size

The number of members in the decision committee is likely to have an im-
pact on the results obtained by a query by committee setting. Out of the three
query by committee approaches examined in this chapter, two allow for the
alteration of the number of committee members; query by boosting, and Ac-
tiveDecorate. Depending on the way that the features used for egpiregthe
data lend themselves to be split into different views, Co-testing is inherently
tied to using a small committee, usually with two members. Given the results
reported in section 9.3.4, it is not likely that further forking the featured, a
thus accommodating for additional committee members, would be beneficial
to the overall performance. Hence, the effect of varying the numbensgm-
ble members for Co-testing is not within the scope of the current investigation.
Figure 9.23 shows that varying the number of committee members has an
impact on the performance of query by boosting. The figure illustratessine u
of 2,5, 10, and 20 committee members; using 2 and 5 members produce results
worse than the passive Boosting baseline. Note that there is a smallmiftere
between using 10 and 20 members. In fact, figure 9.23 suggests thatulis re
of using 20 committee members are inferior to those of using 10 members.
The relation between the number of committee members and the performance
is anticipated; in Boosting, earlier committee members contribute more to the
performance of the committee than do subsequent members (Webb 2000).
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For ActiveDecorate, requesting the meta learner to generate diffaramt n
bers of committee members has virtually no effect at all, as illustrated by fig-
ure 9.24. The results obtained are all approximately the same. However, the
is more to this than meets the eye. Decorate — the passive counterpart to Ac-
tiveDecorate — operates in a different manner than MultiBoosting foit-crea
ing sub-samples of the training data. Where MultiBoosting uses re-weighting
of the training instances to form sub-sets with different characteristies; D
orate generates additional, synthetic instances based on the charastefistic
the training data at hand and the contribution to classifier performance made
by the synthetic training examples. The bottom-line is that Decorate is more
involved with the characteristics of the training data when generating ¢sb-se
on which to train committee members, than is MultiBoosting. This becomes
evident when looking at the relation between the requested number of com-
mittee members, and the actual number of members generated by Decorate
as illustrated in figure 9.25. The information in the figure is based on the av-
erage of five runs. Requesting Decorate to generate two committee members
always succeeds. On the other hand, requesting Decorate to supjyhaor
two members always results in a number less than the desired. Nonetheless,
the lack of effect of altering the committee size in ActiveDecorate depicted in
figure 9.24 cannot be explained by the inability of Decorate to appropriately
respond to the request for a specific number of committee members alone; de-
spite the large variation on actual committee members, the performance of Ac-
tiveDecorate does not exhibit the corresponding fluctuations. ActigeEate
appears to be fairly insensitive to the number of committee members involved,
albeit in a rather discouraging way.

The actual number of committee members obtained in query by boosting
corresponds to the number of members requested; MultiBoosting obviously is
able to accommodate the learning process in such a way that the partitioning
of the training data is less sensitive to the data characteristics than is Decorate

Another expected effect of increasing the number of committee members is
the increase of the time required to create the committee. Figure 9.26 illustrates
the training and testing time as an effect of the number of committee members
for query by boosting. The time required to train is measured for an iriogeas
amount of data, while the time required to test the learned models is measured
for the 10 documents in the test set. The ratio of the training time to the testing
time is used as time measurement in order to abstract away the particulars of
the computer used (see section 8.6.1). Increasing the number of committee
members has an articulate effect on the amount of time needed to train the
committee; a committee consisting of 20 members require approximately 3
times the amount of time to learn from 5 documents, than is required to classify
the same amount of data. When facing 30 documents in the training data, the
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Figure 9.27: The effect on increase in time required to train and test tmargittee
used in ActiveDecorate as an effect of the committee size.

20 committee members require 35 times more time to train on data, than is
required to classify the same amount.

Looking at the corresponding time ratios for ActiveDecorate available in
figure 9.27, itis clear that the phenomenon is not isolated to query by bgpstin
rather, it is an effect of the use of committee-based learning methodsrprope
ActiveDecorate exhibits even worse training to testing time ratios than query
by boosting. Even though the desired number of committee members appears
to be uncorrelated to the obtained number of members, as illustrated in fig-
ure 9.25, the effect of increasing the number of committee members on the
training and testing time is evident. When Decorate tries to learn a desired
20 committee members on 5 documents, the training time required is approx-
imately 15 times the time required to classify the same amount of data. The
same ratio when faced with 30 documents is approximately 115. Both figures
are significantly larger than the corresponding figures for query bgtim.

Although the results in figures 9.26 and 9.27 are independent of eaah othe
the facts that the test sets used both for query by uncertainty and AetiveD
orate are of the same size, and that the two meta learners use the same base
learner configuration provide a hint that ActiveDecorate is much slovaar th
query by boosting.
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9.4 An active world order

The results reported in this chapter point out query by boosting using Multi-
Boost with 10 committee members generated by a REPTree base learner, and
vote entropy as disagreement metric as the best combination for realizing ac-
tive document selection in a named entity recognition setting. The seed set
used is made up by 5 randomly selected documents, and the test set on which
the active learning is evaluated consists of 10 randomly drawn documents. |
this section, the results are further analyzed.

Figure 9.28 shows the performance, in F-score, of query by boostlng r
ative to the Boosting baseline. The query by boosting curve is the avefage
10 active learning runs, while the baseline is the average of 5 passise ru
Breaking down the F-score into precision and recall, figure 9.29 retteatls
the performance gain of active learning compared to the passive baseline
made primarily in terms of increased recall, but that there also is an increase in
precision.

The results reported in figure 9.28 can be interpreted in two ways. The
first way is that a given classification performance can be reached lesisg
training data in the active learning case, than would be necessary when lea
ing from a randomly selected set of documents form the same corpus. For
instance, reaching 78% F-score by means of query by boosting redhee
human annotator to mark up named entities in approximately 20 documents,
while reaching the same performance in a passive learning setting would re-
quire him to annotate approximately 30 documents selected at random from the
same corpus. If instead the desired performance is 80% F-score itz zun-
notator would have to mark up approximately 42 actively selected documents
or 50 randomly selected documents. Thus, the difference in classificaion p
formance between active and passive learning decreases as timgj@ancess
progresses.

The second way to interpret figure 9.28 is that given a fixed amountaf da
active learning (almost) always results in classification performanceisupe
to that of learning from randomly selected documents.

9.4.1 Sub-task performance

By analyzing the performance on the named entity recognition sub-tasks, as
described in section 8.7.2 it is possible to pin-point where the performairce ga
of active learning, compared to passive learning, is made. Figure 9a8@Gsh
the F-score for the named entity recognition sub-tasks ENAMEX, TIMEX, a
NUMEX as obtained by query by boosting compared to the baseline.

The active learning results for the two largest classes of names, ENAMEX
and TIMEX, both improve on the baseline (the characteristics of the data is
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outlined in section 7.1). In fact, the smallest class of names, NUMEX, proves
to be a substantially harder task to solve by means of active learning. Query
boosting fails severely in learning to recognize NUMEX entities, and the re-
sults are well inferior to that of the passive Boosting baseline. Figuref@r31
ther breaks down the performance on the NUMEX sub-task into precisin a
recall as obtained by active learning precision and the baseline. Initialyeth
call of query by boosting is almost comparable to that of the baseline, but as
learning progresses, the active learning recall diverges from taliba’s re-
call. The query by boosting precision exhibits the opposite trend; while ggartin
badly, the active learner produces precision better than the baseliaelsipn
after having seen the whole corpus. Thus, the classification performfanae
small class suffers from the kind of active learning set-up employed.

9.4.2 Performance variations

The learning curves used for illustration so far are all the averagevefale
runs. As such, they do not tell the whole story. For example, they doptaia

the difference between the starting points of the active learning curve @vith r
spect to the passive one in figure 9.28. In theory, there should befaedite
since the starting points of both curves are the result of randomly selecting
documents (see further chapter 10). The explanation for discregdikei¢his

can be the variation in results that occur as an effect of randomly selé¢leéing
test set and the seed set. Figure 9.32 on page 158 shows the stanvikidrde

of the classification performance, in F-score, for the baseline as wellexry

by boosting. It turns out that the standard deviation of both learning method
overlap more or less throughout the processing of the corpus. Ideedlgc-

tive learning curve should exhibit a clear decrease in standard devéstian
effect of the committee of classifiers being trained on increasing amounts of
data. While active learning achieve performance superior to that of gsvea
Boosting baseline, the variance of the active learning results are wamse th
that of the baseline. The average standard deviation of the F-scoesetby
active learning is 2.5% F-score, while the corresponding number foratbe-b
line is 2.35% F-score. Despite the fact that the two curves in figure 9.32 are
based on a different number of runs — query by boosting on 10 activeihg

runs, and the passive baseline on 5 runs — it is possible to observeeadgrud

the former to be smoother both in terms of less variation of standard deviation
between consecutive documents, and in terms of a more even distribution of
the standard deviation. Also, the baseline performance variance shens a
dency to increase from 20 documents and onward, the tendency fior lopie
boosting is rather the opposite.
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In the span between the start of the active learning, which in this case is at
5 documents, and the point at which the active learning curve has levatied o
approximately at 40 documents, the difference between the query btirigpos
curve and the baseline is the greatest, both in terms of performance, and in
terms of variation of the performance (see figures 9.28 and 9.32). It igsin th
span that such a difference is expected to be important to a human annotator
since it is here that the contribution of the active learning to the annotation
process is most substantial.

In the previous section, the sub-task of recognizing percentages amd mo
etary expressions, NUMEX, is identified as the task which active learrdng h
the most trouble learning. Figure 9.33 on page 158 illustrates the standard de
viation of query by boosting versus the passive baseline for NUMEXoaép
ently, the active learner not only has troubles learning to solve the task, bu
also does it in a way that results in a very large variance of the results.

Figures 9.34 and 9.35 on page 159 show the corresponding graghusefyr
by boosting and the baseline on the ENAMEX and the TIMEX class, respec-
tively. The average standard deviation of the F-score achieved hy @ye
boosting on the ENAMEX and TIMEX classes is lower than that obtained by
passively learning. Query by boosting obtains an average standaatiole of
2.84% F-score for ENAMEX, and 3.22% F-score for TIMEX. The espond-
ing numbers for the baseline are 2.88% and 4.31%, respectively. Indhess,
the standard deviation of the performance of active learning actuallydises
crease as an effect of more data being available. However, the bigrspdiile
average standard deviation of the F-score obtained by query by bpostithe
NUMEX class; 19.25% F-score. The baseline manages to cut that in hdlf, a
ends up at 10.01%.

9.5 Implications for the BootMark method

What do the results reported in this chapter entail in terms of practical impli-

cations for the BootMark method outlined in chapter 6? As a response to the
questions posed initially in this chapter in relation to emerging issue E-3, the
following holds for the particular task pursued:

e Query by boosting using vote entropy as disagreement metric yields the
best classification performance. A second candidate, albeit not & all a
good, is ActiveDecorate using Accumulated-logprob for quantifying the
informativeness of documents.

e Itis enough to use 10 members in the query by boosting decision com-
mittee. Employing fewer members yields worse performance, while us-
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ing more members increases the training time without increasing the
performance correspondingly.

ActiveDecorate appears to be insensitive to the number of committee
members used, for good or worse. Further, Decorate more often than no
has troubles generating the number of committee members requested.

As a function of the availability of growing amounts of training data, the
time required to train the committee used in query by boosting increases
slower in relation to the time required for the committee to classify a
fixed size test set, than the corresponding ratio does for ActiveDiecora
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SEED SET
CONSTITUTION

This chapter investigates emerging issue E-2 in section 6.6 pertaining to the
constitution of the set of documents initially used for starting the active learn-
ing process; the seed set. The following two questions are addressed:

e How does the number of documents in the seed set affect the learning
results?

e Is selecting documents based on clustering better than random selection?

10.1 Seed set size

Assume that the seed set is constructed by randomly selecting documents. In
tuitively, an active learning curve should start in the vicinity of the baseline
curve, since the starting point of the active curve, and the point at s&iba
curve corresponding to the same amount of data, are both the effectdufm-

ness. Following from this, the effect that the size of the seed set migatdrav

the active learning curve should be sought not in terms of differentitdeting)
points and overall performance with respect to the baseline curveatietriin
terms of the fluctuation of performance. A small seed set is expected to yield a
greater initial variance in performance than a larger seed set. Does ¢hef siz
the seed set have an impact on the standard deviation of active learsiittig re
when the learning process proceeds?

Figures 10.1 and 10.2 indeed show that the size of a randomly selected seed
set has little effect on the resulting active learning curve. The figurpetde
query by uncertainty, using the best configuration as reported in sex@on
while varying the size of the seed set from 1 to 10 randomly selected doc-
uments. All active learning curves start near the baseline curve, anaglhe
follow approximately the same trajectory, slightly improving on the baseline.

The effect of the number of randomly selected documents making up the
seed set on the standard deviation of learning is illustrated in table 10.2 Ther
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Figure 10.1: Effects of randomly selecting seed sets of sizes 1 to 5 doatgrier
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Figure 10.2: Effects of randomly selecting seed sets of sizes 6 to 10 dentsyior
query by uncertainty. Using REPTree as base learner and taigap
bility as uncertainty metric.
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SizE SD-INIT SD-40 SD-AVG

1 0.0426 0.0466 0.0421
2 0.0454 0.0163 0.0207
3 0.0428 0.0099 0.0249
4 0.0564 0.0344 0.0297
5 0.0667 0.0453 0.0413
6 0.0645 0.0371 0.0387
7 0.0113 0.0354 0.0289
8 0.0472 0.0266 0.0364
9 0.0314 0.0373 0.0246
10 0.0465 0.0107 0.0165

Table 10.1: The effect of the seed set size on the standard deviationrfafrpgance
of query by uncertainty. I8k is the number of documents randomly se-
lected as the seed sethSNIT is the standard deviation of the F-score
when using &E number of documents, an$40 is the standard de-
viation of the F-score for the curve starting withz& documents when
40 documents are available in the training sai-A&/G is the average
standard deviation of the curve starting wittz& documents.

is no correlation worth mentioniﬁb between the size of the seed set, and the
standard deviation of classifier performance after training on the séedrse
on 40 documents. The average of the standard deviation is not correfigtted
the seed set size either.

In figure 10.3, the effects of randomly selected seed sets of sizes\me, fi
and ten documents are illustrated for the best query by boosting cotifigura
obtained in section 9.3.2. As with query by uncertainty, the learning curves
generated by learning on the different seed sets follow the same trajectory
Table 10.2 shows the initial standard deviations of the performance, the stan-
dard deviation after training on 30 documents, as well as the averagatand
deviation for each of the three curves. The average standard dewititas-
sification performance is clearly affected by the number of documents in the
seed set.

SIZE  SD-INIT SD-30  SD-AVG
1 0.0776 0.0264 0.0290
5 0.0428 0.0101 0.0196
10 0.0230 0.0158 0.0162

Table 10.2: The effect of the seed set size on the standard deviationrfafrpgance
of query by boosting.

11The Spearmap correlation is computed, and if a correlation coefficient value less t##an 0.
for two variables is obtained, the variables are considered to be utatette
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Figure 10.3: Effects of randomly selecting seed sets of sizes 1, 5 and d@ndents
on query by boosting. Using REPTree as base learner and Wotgpg
as disagreement metric.

Due to its ability to harness small amounts of training data, the performance
by query by committee, after having trained on the seed set, exhibits less vari-
ance than does query by uncertainty. Overall, both active learning ngethod
exhibit reduced standard deviation of classification after 30 documents) a
effect of larger seed sets.

10.2 Clustering-based versus random selection

Instead of drawing seed set documents at random from the entire dotsehe

the idea pursued here is to cluster the documentsiotosters, and select the
documents to include in the seed set of sifeom the centers of the clusters.
The hope is for the different clusters to contain different distributionsaofie
types. Sampling one document from each cluster would then mean that names
with different characteristics are represented in the seed set. Thiemprdd

that the names as such are not directly addressable since their wheseabo
and appearance are not known. A better seed set can be manifeatethitial
classification performance better than that resulting from randomly selecting
the seed set, or by a reduced variation of classification results as thmd¢garn
process proceeds. It should be noted that the approach taken hereas
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exhaustive investigation into the possibilities of clustering-based methads, bu
merely a first attempt to make more informed, yet automated decisions as to
what goes into the seed set.

An algorithm called Simple K-means is employed for clustering the doc-
uments in the corpus. The algorithm is described by, for instance, Witten and
Frank (2005). Simple K-means is attractive since it allows for deciding on the
number of resulting clusters beforehand. It is also fast, which is amsalya
since it is used in a way that requires it to be applied repeatedly, as will-be ex
plained later. The Weka implementation of Simple K-means requires as input
a set of objects to cluster, documents in this particular case, information abou
how many clusters to create, as well as a random seed. The algorithm is as
follows:

1. Based on the random seed, randomly sefedbcuments to act as the
initial cluster centroids. A centroid can be defined as an (imaginary)
document that sits at the center of a cluster.

2. Assign each of the documents in the document set to the cluster that has
the closest centroid.

3. When all documents have been assigned to a cluster, re-calculate the
positions of the centroid in each cluster.

4. Repeat steps 2 and 3 until the centroids do not move between re-calcu-
lations.

Simple K-means is proven to always terminate; however, the constitution of
the clusters is sensitive to the initial, random, selection of cluster centers.

Each document used as input to Simple K-means is represented as a feature
vector in which the features are lemmatized words and the feature values are
the relative weights of the words. The lemmatized version of the corpus is ob-
tained by using EN-FDG (introduced in chapter 7). The weights are cédcula
based on term frequency and inverse document frequency, assafdteeed
by using a Weka built-in English stop word list. The number of features used
is constrained to the 1000 most highly ranked lemmas in the corpus.

The output from Simple K-means is information about the sizes of the clus-
ters, the cluster centroids, as well as about the sum of squared witoirs
each cluster. The sizes of the clusters are given as the percentdgesiotu-
ments in the original document set belonging to each cluster.

Simple K-means is put to use in two different ways in order to create clus-
ters of the corpus from which to select the seed set. For both ways, tee do
ments closest to the cluster centroids are selected. In the first way, rdg eve
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Figure 10.4: Effects of selecting seed set documents based on clusterirgery
by uncertainty.

sized clusters as possible are created. In the second way, clustsrsrefheen

size as possible are exploited. The reason to use such orthogonaheipes

is to facilitate the verification of any impact that Simple K-means clustering
may have on selecting the seed set. Cluster size similarity is quantified as the
least standard deviation of the cluster sizes given by the clusterer@nper
ages. The sensitivity of Simple K-means towards the initial selection of cluster
centers is exploited for controlling the sizes of the clusters. In order tarobta
evenly sized clusters, Simple K-means is supplied with different seedsefor th
random selection of the centroids, and the seed yielding the set of cltisiers
exhibits the smallest standard deviation in cluster size is selected. The same
approach is used to obtain unevenly sized clusters, except of caurrfieef

fact that the configuration selected is the one exhibiting the largest standar
deviation. The seed supplied to Simple K-means is varied between 0 and 60
in increments of one. In the case there is a tie between cluster configurations
the setting which results in the clusters with the least within-cluster sum of
squared errors is selected.

Figure 10.4 shows the effect of applying the two clustering approaches to
query by uncertainty. As illustrated in the figure, there is no clear diffaxren
between the results produced by the two clustering-based seed s¢ibselec
methods. The figure also suggests that randomly selecting the seed set re-
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METHOD SD-INIT SD-40 SD-AVG

Random 0.0312 0.0267 0.0268
Even 0.0252 0.0246 0.0235
Uneven 0.0327 0.0335 0.0286

Table 10.3: The effect of the seed set selection method on the standaiatide of
performance of query by uncertainty. TheeWHODs used are randomly
selecting 5 documents, selecting them based on evenly dlizstgrs, or
on unevenly sized clustersDSNIT is the standard deviation of the per-
formance after having trained on the seed set4® is the performance
after having trained on 40 document®-8vG is the average standard
deviation.

sults in performance slightly better than that of either of the two clustering
approaches. It appears as if the way of clustering the corpus ded@iiove,

prior to selecting the seed set, has no effect on the initial performance. The
performance after 40 documents indicates that a seed set selectedioan ian
better than the clustering-based approaches.

Table 10.3 shows the standard deviations of the classification performance
for the three different seed set selection methods. From the table, itisleta
the clustering method in which the clusters are made as evenly sized as pos-
sible results in the least deviation of the performance in terms of the standard
deviation when trained on the seed set, when trained on 40 documents, and a
the lowest average standard deviation of the three methods. Randomly select-
ing the seed set is better than using the clustering approach that useslynev
sized clusters.

Figure 10.5 illustrates the effects of clustering-based seed set selegtion o
query by boosting. Neither of the clustering methods contribute to improved
results compared to random selection of the seed set. On the contrary, clus
tering seems to inhibit classification performance and place it on par with the
Boosting baseline. Turning to the performance standard deviation, taldle 10
shows that unlike query by uncertainty, query by boosting does neffibém
the same extent from a seed set selected by clustering. Selecting theeseed s

METHOD SD-INIT  SD-30 SD-AVG

Random 0.0428 0.0101 0.0196
Even 0.0399 0.0201 0.0267
Uneven 0.0324 0.0347 0.0335

Table 10.4: The effect of the seed set selection method on the standaiatide of
performance of query by boosting.
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Figure 10.5: Effects of selecting seed set documents based on clusterirgery
by boosting.

from a document space clustered into evenly sized clusters results in arsmalle
average standard deviation of performance than does selecting therset f
uneven clusters, albeit the initial standard deviation is slightly larger with the
former method. What is particularly worth noticing is that while selecting the
seed set at random, or from evenly sized clusters, results in a dednezdas-
sification standard deviation as the learning process proceeds, the ffache e

is not accomplished when the seed set is selected from uneven clusters.

10.3 Implications for the BootMark method

The results reported in this chapter pertain to emerging issue E-2 in section 6.6
and the two questions posed initially are answered in the following.

e Increasing the number of documents in a randomly selected seed set has
the obvious effect of increasing initial classification performance. Other
than that, neither query by uncertainty, nor query by boosting produces
results that vary as an effect of the seed set size.

Increasing the size of the seed set affects the variance of the clagsifica
results. Both learning schemes exhibit reductions in the standard deviétion o
the performance as the sizes of the seed sets increase.
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e Generally, selecting documents based on clustering, as itis used here, is
not better than randomly selecting the seed set.

None of the learning schemes managed to produce better classificatitia resu
when seed sets selected based on clustering were used. On the conérary
results achieved prove to be inferior to those using random seed saixapp
mately on par with the baselines.

As for the effect of clustering-based seed set selection on the var@nc
classification performance, query by uncertainty and query by bocstingf-
fected somewhat differently. The smallest average standard deviatimved
for query by uncertainty follows from selecting the seed set from the@els
of evenly sized clusters. For query by boosting, the same effect isvachie
using a randomly selected set. Selecting the seed set based on uneexhly siz
clusters is sub-optimal for both learning schemes.






MONITORING AND
TERMINATING THE
LEARNING PROCESS

This chapter addresses the questions concerning the monitoring and termina
ing of the active learning process, listed as emerging issue E—4 in section 6.6
The purpose of keeping track of the learning process is to provide tiarmu
annotator with means to form a picture of the learning status. Once the status
is known, the annotator has the opportunity to act accordingly, for instanc
to manually stop the active learning process, or to form an assessmeet of th
quality of the annotations made so far.

The purpose of defining the stopping criterion is slightly different than that
of monitoring the learning process. A stopping criterion is used to automati-
cally shift between phases two and three in the BootMark annotation method
outlined in chapter 6, and as such it should not hinder nor disturb the human
annotator. The questions addressed in this chapter are the following:

e Can the progress of the active selection of documents be monitored and
visualized without the use of a designated, held-out, marked-up test set?

e Can the point at which it is appropriate to halt the active selection of
documents, and transit between phases two and three in BootMark, be
identified?

It should be remembered that there is a readily available way of monitoring the
process, and thus also to be able to manually decide when the active learning
should be stopped; to use a marked-up, held-out test set on which therlea

is evaluated in each iteration. This is the way the learning curves presented s
far have been calculated. The drawback of this method is that the ustr has
manually annotate more data before the annotation process takes ofthAs su

it clearly counteracts the goal of the BootMark method and should only be
considered a last resort.
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Figure 11.1: An illustration of the change in validation set agreemenadreld-out
unannotated document set as an effect of annotated, gcsgkdcted
documents available for training.

11.1 Monitoring as decision support for terminating learning

Tomanek and Hahn (2008) propose to use a heldsoannotated set of exam-

ples on which the disagreement among the committee members used in a query
by committee setting is calculated in each iteration. This is referred to as the
validation set agreement. The key to calculating the validation set agreement
is that the distribution of instances in the held-out data set (the validation set)
is the same as, or very similar to the distribution of instances in the data used
for active learning. The purpose of calculating this score is to form angictu

of the disagreement between the committee members concerning the set as an
effect of the committee being trained on increasingly more, actively selected
data. The change in disagreement, Tomanek and Hahn claim, can be used as
an indirect approximation of the learning curve that would have been s re

of evaluating the committee’s performance on a designated and marked-up tes
set. The underlying assumption is that the agreement within the committee is
reflected in its performance. In other words, that a higher agreemeoéoo

ing the predicted labels also corresponds to higher accuracy of the committee
when evaluated on a test set. Tomanek and Hahn (2008) show that their ap
proach works for active learning in a named entity recognition setting in which
sentences are selected for annotation.
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Figure 11.2: The disagreement (Vote entropy) among the members of thendtee
concerning the most informative document in each activenleg iter-
ation (top graph). When the graph is inverted and smoothed) asibic
splines, its shape resembles that of a learning curve (bajtaph).

For the purpose of learning how to recognize named entities based on ac-
tive selection of documents, the validation set agreement curve does not a
all resemble the ones presented by Tomanek and Hahn (2008). Figdre 11
plots the disagreement of the committee members to the number of documents
used for training, and it is clear that the resulting graph is not immediately
useful for forming a picture of the progression of learning. The nedbkat
the graph in figure 11.1 is so different from those presented by Tomeamik
Hahn is because of the granularity of the data for which the disagreement is
computed; Tomanek and Hahn calculate the disagreement as the avesamge tok
vote entropy per sentence, while the current experiment defines elisagnt
as the average token vote entropy in a document. Admittedly, using the latter
definition appears to be too blunt an instrument to properly measure the dis-
agreement for the purpose of approximating the classification perfoenadnc
the classifier learned in the active learning process.

Another candidate measure is the disagreement among the members of the
decision committee concerning the classification of the document selected as
the most informative one, that is, the document for which the committee dis-
agrees the most. This measure is introduced by Tomanek, Wermter and Hahn
(2007a) as the selection agreement. Figure 11.2 consists of two part®plhe
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Figure 11.3: The classification performance in F-score on the documeshed the
most informative in each active learning iteration. Thessification re-
sults are illustrated as dots, and the curve is created asibig splines
to get a smoother path.

part illustrates the disagreement, vote entropy, among the members of the deci-
sion committee regarding the classification of the most informative document
selected in each active learning iteration. In the bottom part of the figwee, th
disagreement curve has been inverted to depict the agreement, and estinooth
using cubic spline$? In shape, the curve resembles a learning curve such as
the one in figure 9.28, but in figures it does not. The bottom graph in figu

is as close to the prototypical learning curve shape that can be proditbed

out actually using a designated test set.

A third candidate way to form an image of the progression of learning is that
of evaluating the learned named entity recognizer on the document deemed the
most informative in each iteration of the active learning process. Therperf
mance of the committee of classifiers is calculaéeér the human annotator
(which is simulated, see section 9.1) has annotated the documehbgfbreit
is added to the training set. The result is available in figure 11.3. Howeeer, th
resulting curve, although smoothed, is too rough to be expected to be of use

127 spline is a mathematical way of describing parametric curves usecafarsinoothing
and interpolation. GnuPlot, the program used for constructing the gnapis thesis, provides
a function implementing cubic splines for smoothly connecting data pointsriagg
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to a person annotating data; with such an oscillating curve, it is hard to know
what is going on until an additional number of active learning iterations have
passed. Consider for instance the peak occurring after 18 docurtientss

the annotator using this curve as a way of monitoring the learning proaess fo
the documents he has annotated to know that it is a peak, and a local one at
that, that he is experiencing when he sees the performance after 119¢\aho

21 active learning iterations? Indeed, the “knee” depicted by the cpp®=z-
imately around 20—-25 documents corresponds to a point on the learnireg cur
obtained by evaluating the committee of classifiers on a held-out, annotated
test set where the performance has leveled out (see figure 9.28Xkinthief
interpretation of the graph is only possible when sufficiently many additional
documents have been processed.

11.2 Using committee consensus for terminating learning

The purpose of defining a stopping criterion is to facilitate the automatic tran-
sition between the phase in which documents are actively selected for annota
tion, and the phase in which the learned classifier acts as a pre-taggpf (ch
ter 6). A number of ways to know when to stop active learning have been
proposed in the literature, as outlined in section 4.8. There are basically thre
ways to define a stopping criterion: as a function of the amount of data pro-
cessed, as an effect of having reached a given classificationripearice, or
based on indications that the active learning process no longer congriioute
the overall performance. The two former ways involve deciding, beforéh

on some number of documents, or level of performance at which the Igarnin
should be stopped. To make such decisions, a great deal has to be &inowt

the learning process, the domain, and the expected number of docunents pr
cessed or the performance possible to reach. In defining the BootMénkdye

it is desirable to refrain from having to introduce arbitrary thresholds teelbe

by the human annotator, since such thresholds would merely confusecthe us
Instead, a dynamic stopping criterion, based on the characteristics cdittdoe d
at hand, is what is aimed for.

The selection agreement measure proposed by Tomanek, Wermter and Hah
(2007a) is an intuitive criterion for the stopping of active learning; theniegr
process should be aborted when the active learning no longer corsgrifaute
increasing the classification performance. That point in the procesadkead
when the committee members no longer disagree (or completely agree) on the
classification of most informative (disagreed on) item in the remaining unla-
beled pool of data® The selection agreement is mainly influenced by two fac-

13pepending on the context, the termslection agreemergndselection disagreemeare
used to describe the same thing. The disagreement is quantified usingerentropy metric,
while the agreement is-1 vote entropy, as exemplified in figure 11.2.
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tors: the ability of the decision committee to harness the information provided
in the informative examples that are labeled by the human annotator and later
used for training the classifier; as well as the data available in the diminishing
pool of unlabeled data.

In the current experiment set-up, active learning does not contribuie to
creasing the classification performance when all committee members used in
query by boosting agree on the classification of a document from thd set o
unlabeled documents, that is, when the vote entropy for the most informative
document is zero. The top graph in figure 11.2 depicts the vote entrogyefor
most disagreed on document versus the number of documents in the training
set. As is clear from the figure, the vote entropy does not reach zeiogdu
the course of processing the 90 unannotated documents in the corpusaiih
mean one of two things: either the corpus is too small and active learning ac-
tually does contribute to the classification performance after having medes
90 documents, or it might mean that the disagreement will never reach zero.
While the former surely is a part of the reason why the selection disagree-
ment does not reach zero, the latter might be a more plausible explanation.
For the selection agreement to be complete (when vote entropy is zero), all
ten members of the decision committee must assign the same class label to
each individual token in the most informative document. Either way, the im-
plication of the graphs in figure 11.2 is that the stopping criterion propoged b
Tomanek, Wermter and Hahn (2007a) can neither be confirmed to work in the
current experiment set-up, nor put to practical use on its own.

11.3 Anintrinsic stopping criterion

When the committee used in active learning for selecting the next document
to annotate completely agrees on the proposed classification, it is clear that
active learning does not contribute anything more to the learning proaass th
would randomly selecting documents from the remainder of the unannotated
corpus. Thus, at that point, the active learning process should be &detiin

to avoid computational overhead. So, if a completely agreeing committee is
a sign that the active learning proceswuldbe terminated, when is the first
point at which there is a balance between the annotation effort requjred b
the annotator and the performance gained, that is, where the leanaipige
terminated without running the risk of losing too much in performance?

Figure 11.4 illustrates the combination of the validation set agreement curve,
and the selection agreement curve. That s, the figure shows the committee dis
agreement concerning a held-out unannotated set of ten documeshbsnigin
selected from the original corpus, and the same committee’s disagreement re
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Figure 11.4: The disagreement (vote entropy) among the committee ddifilrs on
the most informative document versus the disagreement @fdaduit
unannotated set of documents. The intersedfios a candidate point
for early stopping of the active learning process.

garding the classification of the most informative document from the remain-
ing unannotated corpus. The results in the figure are the averagesrahgen
A candidate for a point at which the active learnimm@ybe stopped is the in-
tersectionC, between the two disagreement curves in figure 11.4. As the data
available for training increases beyond the intersection point of the twesur
the decision committee becomes more in agreement concerning the classifica-
tion of the most informative document out of the 28 documents that remain in
the set of unannotated documents @gtthan it is regarding the classification
of the ten documents in the held-out unannotated test séB)SEhis situation
implies that the committee of classifiers would learn more from a sufficiently
large random sample from a document set with the same distributi®tlaan
it would from actively selecting documents froin

Two cases regarding the distribution of named entities emerge. Assume that
the distribution of the classes in €and in the original document set is not the
same. Then the intersection poin figure 11.4 is irrelevant for monitoring
the learning process, and is hence not a candidate for early stopping}. tdh
be able to deer€ as a plausible place for early halting of the active learning,
more knowledge about the distribution of target classes iB $etrelation to
the original document set is required.
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Assume, on the other hand, that the distribution of instances B isathe
same as, or very similar to, the original distribution of instances in the unla-
beled document se. In this case, the validation set agreement, when calcu-
lated onB, can be used as an approximation of the validation set agreement of
a version ofA from which no instances has been removed. In effecs,used
as a version oA which is not affected by the active learning process.

When the intersection between the validation set agreement curve and the
selection agreement curve, denoteédn figure 11.4, is reached, the perfor-
mance gain of active learning from the remaining documen#sigless than
that resulting from learning from random samples from the original distribu
tion B. At this point, the question is: Is the overhead involved in pursuing
active learning beyon® worth the effort, or should the active learning be
halted? Although the scope of the thesis does not include issues pertaining
to cost models of specific annotation tasks, one thing can be said in favor of
halting the learning &t: If the agreement concerning the hardest (most infor-
mative) example (document) remaining in the unlabeled pool is greater than
the average agreement on the classification on all documents in the validation
set (seB), then it is safe to say that the active learning process has managed
to “squeeze” the most out of the original unlabeled pool, and that theesteep
part of (a presumed) learning curve has been passed. Thus, avitistpe
learning process may be aborted.

Compared to using the selection agreement as sole indicator of an appro-
priate point at which to stop the active learning, the intersection between the
selection agreement curve and the validation set agreement curveaeisre
an early stopping criterion for pool-based query by committee. Furthermore,
the information required to decide whether the intersection has been deache
is intrinsic to the data and the learner configuration used; as such, it does not
make use of pre-defined thresholds.

Figure 11.5 combines the results of the best active learning setting for se-
lecting documents to annotate (available in figure 9.28 on Page 153) with the
validation set agreement curve and the selection agreement curven(gnow
figure 11.4). Figure 11.5 shows that the intersec@oof the latter two curves
corresponds to a point at the learning curve at which it has clearlegdks
“knee”, that is, the steepest paftThus, under the previously mentioned as-
sumption concerning the distribution of entities in the data sets used, the in-
tersectionC appears to correspond to a point at which it the active learning
procesamaybe terminated without running the risk of ending up with a final

141t should be noted here that the document set used for calculatinglitiatien set agree-
ment is the same document set that is used for calculating the learnivey @ine set consists
of ten randomly selected documents, that is, one tenth of the documaniéia:
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180 Monitoring and terminating the learning process

classifier exhibiting a performance significantly worse than one trained on a
data.

In this particular experiment, halting the active selection of documents at
C results in a classifier achieving roughly the same F-score as a class#ier pa
sively trained on all annotated data (as illustratedy figure 11.5). Given
this, the benefits of actively selecting documents to annotate outlined in sec-
tion 9.4 can now be further clarified: given the experimental set-up used in
the thesis, halting the active learning process once the interséztas been
reached results in a reduction of the number of documents that requirtaann
tion from 90 to 62.

11.4 Implications for the BootMark method

The results reported in this chapter pertain to emerging issue E—4 outlined in
section 6.6. The answers to questions posed initially in this chapter follow.

e The progress of the active learning process can be monitored and visu-
alized without using a held-out designated annotated test set. However,
the two ways of visualization suggested do not reveal the estimated per-
formance of the classifiers learned.

The first proposed way is to use the (selection) agreement among théerass
in the committee regarding the classification of the most informative (least
agreed on) document in each active learning iteration (figure 11.2).

The second way to visualize the learning process is to plot the selection dis-
agreement (the inversion of the above), as well as the disagreement tivéhin
committee regarding the classification of a held4angnnotated document set
(figure 11.4). Although the graph is not similar to a learning curve, it cggive
more information about the current status of learning than figure 11.2rund
the assumption that the held-out document set is of the same distribution as the
original unlabeled corpus used for active selection of documents.

e The point at which to terminate active learning and transit between Phas-
es Two and Three in BootMark is proposed to be at the intersection be-
tween the selection agreement curve and the validation set agreement
curve, that is, when the selection agreement is larger than the validation
set agreement (see figure 11.5). This approach constitutes a new, intrin
sic stopping criterion for committee-based active learning.

Following Tomanek, Wermter and Hahn (2007a), the active learning gsoce
shouldbe stopped once the selection disagreement among the members of the
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decision committee as to the classification of the most informative document
has reached zero.

By using a randomly selected, held-out unannotated document seldor ca
lating a reference disagreement curve — validation set agreement didatan
early point at which the active learning procesaybe stopped is defined as the
intersection between the reference disagreement curve and the btaused
by calculating the disagreement concerning the most informative docueent r
maining in the unlabeled document set, provided that the distribution of classes
in the set underlying the reference curve is the same as in the unlabeled doc
ment set. When the intersection is reached, the user knows that activiedear
contributes less to the increase in performance than would a sufficienty larg
random sample from a document set of the same distribution as the original
corpus.






ON THE APPLICABILITY
OF PRETAGGING WITH
REVISION

This chapter addresses emerging issue E-5 outlined in section 6.6 pertaining
to the plausibility of using an actively learned named entity recognizer as a
pre-tagger, as proposed for the third phase of the BootMark methad ok

in section 6.5. The idea of using a pre-tagger is to be able to turn a manual
annotation process into one in which the human annotator reviews annotations
suggested by the tagger instead of creating annotations from scratchirith

is to speed up the annotation process, while at the same time maintaining con-
sistent annotation results. In particular, the following questions are disdus

e What are the requirements on the classifier used as pre-tagger in terms
of accuracy?

e Is pre-tagging with revision applicable during the bootstrapping process,
that is, is it applicable already in phase two of the BootMark method
while the tagger is being trained?

12.1 Pre-tagging requirements

As previously mentioned, there are two strands to using pre-tagging, both of
which appear to be valid depending on the outset of the annotation endeavou
ahead. The first camp advocates the use of pre-tagging with the argtimaent
using a pre-tagger speeds up the annotation process, since the hunotatian
is assumed to only have to focus on the system-suggested annotations. The
other camp objects to pre-tagging due to the potential bias it introduces. The
core of the two arguments is essentially the same; the human annotator is most
likely to focus only on the annotations produced by the pre-tagger, which,
depending on the quality of the pre-tagging, can be used as an argwnent f
or against pre-tagging as such.

Whether the use of pre-tagging is a problem or not, seems to some extent
to depend on the nature of the tagging process proper. If the resultg of th
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pre-tagger include most of the annotations desired (high recall), thesecon
quently the user is able to assess most of the annotations by only taking into
consideration those produced by the tagger. If, on the other hanasihksrof

the pre-tagger are exact (high precision), the user might miss out osilgiau
correct annotations if he is only considering the system-suggested ones.

The results of the experiments on actively selecting documents to anno-
tate reported on in section 9.4 demonstrate that while both recall and precision
increase, the principal achievement is made in terms of recall. Further, if the
second phase of the BootMark method is terminated as is suggested in sec-
tion 11.2, the resulting actively learned named entity recognizer performs on
par with a passively learned recognizer trained on the full corpuss,The ac-
tive learning process results in a named entity recognizer that is as sudable f
pre-tagging as a recognizer obtained the traditional way. In the light afrthe
guments of pre-tagging pros and cons, this suggests that the use divatyac
learned tagger at least is not inimical to the annotation process. Howdewxer,
to the fact that the human annotator is simulated in the experiments carried out
in the present thesis, it is not at this point possible to determine exactly how
pre-tagging affects the outcome of the BootMark method. To be able tesasses
the effects of pre-tagging, a set-up involving real users annotatingpasfor
a real named entity recognition task is best used. Thus, the issue oferequir
ments posed on a pre-tagging step used in the BootMark method has to be
deferred to future investigations.

12.2 Pre-tagging during bootstrapping

The experiments reported in chapter 9 provide a view on how the errors mad
by the actively learned classifiers are distributed in a case where theatmmo
is assumed to be consistent and not to make any mistakes. Figure 12.1 contains
information about the matches made by the best query by boosting set-up on
the test set, as an effect of the decision committee being trained on an increas
ing number of documents. There are different kinds of matches posmae;
plained in section 8.7.1. Figure 12.1 shows that of the erroneous matches, th
number of spurious ones decreases the most, followed by a decrease-in n
ber of missing, and partial matches. After 20 documents have been gpedces
the number of incorrect matches made are approximately constant thedugho
the remainder of the process. The re-distribution and largest deatage-
neous matches occur in the first third of the active learning processms ter
of number of documents processed.

Given the re-distribution of errors, and the fact that the benefits ofusin
tive learning take place around the point at which the learning curve leuels
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Figure 12.1: The actual number and types of matches made on the test sat as a
effect of the training data available.

(illustrated in, for instance, figure 9.30), it appears harmful to use thesiela

fier under training as a pre-tagger. There is a possibility that the chamays

by the human annotator to the annotations suggested by the system does not
change over time. As the annotator finds what he believes to be patterns in the
suggestions with respect to the corrections that he should introducejdtzere
risk that the user sticks to those patterns; for instance, a given worathask
being a particular type of name might in fact be a spurious match, and should
thus not be marked as a name at all. As described above, the learniegproc
involves a re-distribution of the errors made by the classifier. There ika ris
that the human pattern matching of errors to appropriate annotations does no
keep up with this re-distribution. Thus, unconditional use of the classHiar a
pre-tagging may, at this stage, prove volatile to the annotation quality.

Hence, using the classifier as pre-tagger for indiscriminately suggesting la
bels forall tokens in a document during the second phase of the BootMark
method should be avoided as long as the “knee” in the learning curve has no
been cleared.

If, on the other hand, the classifier can be made to suggest labels for only
the tokens of which it is relatively certain, and leave the introduction of labels
for uncertain tokens to the human annotator, then pre-tagging may beléeasib
during the second phase of BootMark too. The problem, then, is to decide
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whether the classifier is certain of a predicted label for a token. As in $& ca
of the stopping criterion described in section 11.2, it is desirable to avoid the
use of pre-defined thresholds for separating certain tokens froartaintones;

the user should not be forced to decide on threshold values. Insteashrite
sources of information that form the base for the stopping criterion can be
utilized in order to judge the label for a token as certain. The following is a
sketch of how it can be done: For each token in the document selected by th
system for marking up by the human annotator, use the selection metric value
(for instance, the vote entropy) assigned to it by the committee of classifiers
constructed in the active learning process. Compare the selection metec valu
with the validation set agreement value obtained for the held-out unantotate
test set used for deciding when the learning process should be termifated

Analogously to the selection agreement used for the stopping criterion, the
selection metric value of each token may be used to relate the agreement of the
decision committee concerning the predicted label of the token to the average
agreement among the committee members regarding the classification of the
validation set. Given that the distribution of relevant instances in the valida-
tion set (in this case sequences of tokens making up names) is the same as the
distribution of instances in the original unlabeled pool of data used fot-boo
strapping the classifier, we can say something about the informativeitéss o
current token in relation to all other tokens. If the committee agrees more on
the labeling of the current token, than it does on the average labeling of the
validation set, then the label of the token can be considered certain, and may
thus constitute a suggestion to the human annotator. Conversely, if the decisio
committee is less in agreement concerning the label of the current token, than
itis about the validation set, then the predicted label should not be dispiayed
the annotator. Thus, making use of the same kind of information as underlies
the stopping criterion described in chapter 11, it is possible to decide wleethe
predicted label for a particular token in a given document should besstey)
to the user.

Given the cautious way described above to selectively suggest labels to
the user, utilizing the classifier under construction as a pre-tagger dineng
bootstrapping phase of BootMark appears feasible.

In addition, the selective suggestion of labels addresses the issue of ditility o
the BootMark method. Serving the user entire unannotated documents instead
of smaller chunks of data (sentences, for instance) could be thougtst ®f
drawback in terms of the workload put on the user; the user would have to

15Note that the selection metric used for computing the informativeness oblea under
scrutiny must be the same selection metric as is used to compute the validdtagreement
value; otherwise, the values are incomparable.
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mark up the whole document to get to the instances useful to the learning
process, while in a smaller context, the user would only have to annotate the
immediate surroundings of the informative bits. Even though the description
of the BootMark method makes no assumptions about the interaction between
the system implementing the method and the human annotator operating it, it
is thus possible to supply the technical components necessary for dgsignin
the interaction in such a way that there is little difference, from the useirg po

of view, between using a BootMark-based system that serves the niger e
documents to mark up, and approaches utilizing smaller contexts. In either
case, it will be possible to direct the user’s focus to those tokens maykibe b
system as uncertain.

12.3 Implications for the BootMark method
The short answers to the questions posed initially in this chapter are:

e It is not possible to decide on the requirements posed on a pre-tagger
for the BootMark method without conducting empirical investigations
involving real annotators who are working on real annotation tasks.

e Although it is not possible to assess the requirements posed on pre-
tagging for the BootMark method, it is safe to say that it is not suitable to
indiscriminatelyuse pre-tagging with revision during the bootstrapping
process unless the benefits of active learning have been collected, that
the learning process has been terminated. On the other hand, pre-tagging
with revisionmaybe used during the learning phase if only the certain
labels are suggested to the human annotator, and the uncertain ones are
not. This chapter outlines a way to do the latter.
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SUMMARY AND
CONCLUSIONS

13.1 Summary

This thesis introduces a method — BootMark — for bootstrapping the marking
up of named entities in textual documents and provides in-depth empirical
investigations of a number of issues related to its realization.

The work described is rooted in the observation that it is hard to develop,
maintain, and adapt information extraction systems, as well as the fact that
the methods and tools for addressing these issues more often than not in-
volve machine learning. The quality of the data used for learning puts ar upp
limit on the performance achievable. Consequently, high quality data is a pre-
requisite for successfully developing information extraction systems and the
corresponding sub-systems.

13.1.1 Part |- Background

The dissertation consists of four parts. Part | provides the backdroan-
essary to understand the rest of the thesis. First, named entity recognition is
presented, followed by an introduction to machine learning in general,and a
tive machine learning in particular. In active machine learning, the leariver is
control of the data from which it learns in such a way that it may ask an ora-
cle, typically a human expert, to correctly classify the examples for which the
model learned so far makes the most unreliable predictions. Part | is dewlclu

by an overview of annotation methods that utilize machine learning, including
active learning, for assisting the human annotator in marking up text.

13.1.2 Part Il — Introducing the BootMark method

In part Il, the BootMark method is introduced. BootMark consists of three
phases and entails the main contribution of the thesis. The first phase iktstraig
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forward, aiming to have the human annotator produce a set of correctby an
tated documents pertaining to the task of named entity recognition. The second
phase constitutes the bootstrapping part. It involves active machine lgéonin

the purpose of selecting which document to annotate next, given the lbnes a
ready annotated. In phase three, the classifier learned during phesesid

two is used in a pre-tagging-with-revision fashion by means of which the re-
maining unannotated documents of the original corpus are marked up. Along
with the description of the BootMark method, a number of emerging issues are
identified and described. Their common denominator is that they all depend on
the realization of the named entity recognition task to which BootMark is to
be applied, and as such, they require the context of a practical settirey to b
properly addressed.

13.1.3 Part lll — Empirically testing the BootMark method

Part Ill introduces the specifics of the named entity recognition task in which
the emerging issues resulting from part Il are addressed. Data andietfasik

tions stemming from a leading venue for information extraction — the Message
Understanding Conference series — is used throughout the empiritsabfes
the emerging issues.

13.1.3.1 Issue 1 — Base learner and task characteristics

The first issue subject to investigation in part Ill is that of deciding on@n a
propriate learning scheme for named entity recognition. The decisions made
include the definition of the learning task and address questions sucleas da
representation and algorithm parameter settings, as well as means to evaluate
the learning process.

Nine base learners, in a total of 216 different configurations, are fase
this part of the empirical investigation. When weighing together the classifica-
tion accuracy, training time, and time required to test the classifiers on a token
classification task, a REPTree decision tree configuration proves to beshe
choice.

13.1.3.2 Issue 2 — Actively selecting documents to annotate

The second issue addressed in part Il is that pertaining to the moshlcruc
requirement of the BootMark method, stating that in order for BootMark to be
applicable to a task, it must be possible to distinguish between the documents
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to annotate by means of active learning. Query by uncertainty, quergdst-b
ing, ActiveDecorate, and Co-testing along with a large number of metrics for
quantifying uncertainty and committee disagreement are investigated.

The best active learning results are obtained by query by boosting using
the above-mentioned REPTree configuration for named entity recognitien. T
ten members of the decision committee are generated by MultiBoost. Vote
entropy turns out to be superior to all other disagreement metrics investigate
including Jensen-Shannon divergence, and various margin-basecdsme

13.1.3.3 Issue 3 — The constitution of the seed set

The third issue subject to investigation in part lll is the constitution of the set
of documents used to start the BootMark annotation process.

Three ways of assembling the seed set for query by uncertainty, aasvell
for query by boosting, are examined: random sampling, and two ways of K
means clustering. In all three approaches, the number of documentsedclud
in the seed set is varied between one and ten. In the first clusteringaappro
as evenly sized clusters as possible are produced. The documenss tdke
centroids are then selected for inclusion in the seed set. The secomédeppr
to clustering exploits as unevenly sized clusters as possible. Here tomahe d
uments in the corpus that are the closest to the cluster centroids are used in th
seed set.

The size of the seed set has no impact on the active learning resultsdRega
less of whether one or ten documents are used as a seed, the actiugglearn
curves follow a similar trajectory. Further, random selection of the doctsnen
to include in the set is better than to use any of the two K-means clustering set-
ups. Selecting the seed set from unevenly sized clusters has a neffeoie
on the classification variance; the standard deviation of the results obtained
both query by uncertainty and query by boosting increases.

13.1.3.4 Issue 4 — Monitoring and terminating the learning process

The fourth issue addressed in part |1l is how to monitor and terminate tive acti
learning process without having to supply an annotated held-out do¢tesen
set.

It is possible to visualize the progress of the learning process without the
use of a designated, annotated, test set. Although the visualization fail$-to ind
cate the performance of the classifiers learned, it can be used as atiordic
of the learning progress.
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A novel stopping criterion is proposed. It is based on the intrinsic char-
acteristics of the data and the based learner configuration in use, ang is thu
not dependent on the user to define thresholds prior to initiating the learning
process. The stopping criterion is defined so that the learning should termi-
nate when the selection agreement for the most informative instance from the
diminishing unlabeled pool used for active learning is larger than the geera
agreement concerning the classification of the held out unannotatedtizadida
set. This intrinsic stopping criterion is motivated by the fact that after this point
in the process, the learner would learn more from a sufficiently largeorand
sample from the validation set, than it would if the examples used for training
were drawn from the remainder of the unlabeled pool of data.

13.1.3.5 Issue 5 — Revision of system-suggested annotations

The fifth and final issue addressed in part 1l concerns the applicabflittye
actively learned classifier as a pre-tagger.

Overall, it is concluded that this matter is best settled by conducting a user-
study involving real annotators working on a real named entity recognition
task. However, it is also argued that the classifier learned by meansive ac
learning is as good a pre-tagger as one learned by random sampling Béds u
for pre-tagging once the benefits of active learning are collected. i3 htite
classifier may be used as a pre-tagger once the active learning phasdssen
terminated.

Additionally, a sketch of how the tagger can actually be utilized for pre-
taggingduring the active learning process is presented. It involves suggesting
labels for those tokens for which the classifier is certain, and leave thalgbe
of the uncertain ones to the human annotator. The certain versus unestain
can be settled by using the same information that is used for terminating the
active learning process.

13.1.4 Part IV — Wrapping up
Finally, part IV comprises the summary you are currently reading, as well a
concluding remarks and future directions.

13.2 Conclusions

The thesis (section 1.1) states that the BootMark method requires a human an-
notator to manually mark-up fewer documents in order to produce a named
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entity recognizer with a given performance, than would be needed if the do
ments forming the base for the recognizer were randomly drawn from e sa
corpus.

The results reported in chapters 8, 9, 10, and 11 support the thease Ph
one and phase two of the BootMark method indeed reduce the number-of doc
uments a human user has to annotate to facilitate the training of a named entity
recognizer competitive or superior to a recognizer trained on randomly se
lected documents. However, the BootMark method is not at all guaranteed to
produce better results than those achieved by random selection followwed b
manual annotation. The applicability of the proposed bootstrapping method
hinges on the ability to distinguish between documents by means of actively
learning to classify the named entities contained in them.

13.3 Future directions

While the thesis (section 1.1) is covered by this dissertation, there are anumbe
of interesting questions remaining regarding matters that are not immediately
within the scope of the thesis. Hence, this final section serves the puspose
sketching lines along which the current work may be extended.

13.3.1 Further investigating pre-tagging with revision

The questions raised in conjunction with the use of the named entity recog-
nizer as a pre-tagger, discussed in chapter 12, require furthetigatems to

be satisfactorily answered. Thus, it will be necessary to specify anducd

a proper named entity annotation task such as the first one outlined in sec-
tion 13.3.2, involving real annotators. In the context of such an expetimen
the matter of interaction between the annotators and a system implementing
the BootMark method will also require attention. In particular, future work
should seek to verify the utility of displaying entire documents to the user in-
stead of displaying sentences, which is the usual way in active learning fo
named entity recognition.

Analogous to the document centered approach outlined by Mikheev),2000
the working hypothesis in an experiment on the matter will be that displaying
entire documents, as opposed to sentences, may well facilitate easier disam-
biguation of otherwise hard instances. Under the assumption that a giuen n
is used to address a particular entity within the scope of a document, the oc-
currence of several hard examples within a document can be collapsed.to
Also, if the display of entire documents is combined with the way of suggest-
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ing labels only for those tokens for which the classifier is certain (prapivse
chapter 12), the overhead of using a document-based approachromayhe
user’s point of view, be reduced to that of displaying sentences.

13.3.2 Other languages, domains and tasks

Another natural extension of the work is to investigate the applicability of
BootMark to other languages, domains and tasks.

As previously stated, the applicability of the BootMark method hinges on
the possibility to judge one document as more informative than another based
on the named entities therein. It is imperative that this constraint permeates
any attempts to apply BootMark to languages, domains and tasks other than
the ones used in this thesis. Ultimately, the successful realization of BootMark
depends on the characteristics of the task and data at hand. The tasrats r
sentation, the learning scheme configuration, and the way that activelgarn
is set-up all influence the final result, most likely even more so than the lan-
guage or domain from which the task and data stem. Thus, while the question
of whether BootMark is applicable to a certain language is a perfectlymeaso
able one, its answer depends on the specifics of the given data andrdsk,
the answer thus cannot, with certainty, be generalized to cover all tagks an
all data in that particular language. Of course, the same is true for qugstion
regarding the issues of the applicability of BootMark to other domains and
tasks as well. In other words, the realization of the BootMark method is so
dependent on the data and task at hand that a simple “yes” or “no” agans
to the question “Is BootMark applicable to Swedish?” does not mean anything
unless the answer is also qualified by the details of the choices made in the
implementation of the issues touched on in this thesis. Hence, it does not make
much sense to investigate the applicability of BootMark to languages, domains
or tasks in isolation. That said, combinations of new languages, domains and
tasks on which | would like to try BootMark include:

e Anonymization of Swedish medical records. The task in this setting is
to recognize named entities, mostly person names, in Swedish texts. The
outcome would be a corpus of medical records in which the names of
persons have been removed. Thus, the task is similar to the one pursued
in the thesis, while the domain and language are not.

e Co-reference annotation in English news wire texts. The purpose is to
investigate whether BootMark can be applied to a task which is different
from that of named entity recognition, but still important to the realiza-
tion of information extraction systems. The outcome would be a corpus
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annotated with co-reference information. In this case, the task is differ-
ent to the one in the thesis, while the domain and language are not.

If the application of BootMark to the above combinations prove successful,
the realization of BootMark using cost sensitive active learning, agitesc
in section 13.3.3, is next on the agenda.

13.3.3 From exploitation to exploration

Active learning, as it is used here, exploits the documents processadtso f
facilitate informed decisions regarding which document to process next Wh

if the bootstrapping phase of BootMark would incorporate means to make the
annotation process sensitive to the curiosity of an external sourdeastbe
oracle? The annotation process should not be guided solely by thé $earc

the most informative document to annotate, but should allow for a change of
focus in mid-process. The realization of this kind of cost-sensitive algara-

ing could facilitate the transformation from exploitation to active learning as
exploration. An immediate practical use for cost sensitive — exploratory — a
tive learning is to “unskew” the distribution of named entities in an otherwise
severely skewed corpus by sampling from the corpus in such a way that th
name distributions appear similar to the learner. The purpose would be to learn
a named entity recognizer that is equally well equipped to handle names of dif-
ferent types. Such arecognizer would be more suitable to use as ajges-ia

the final phase of BootMark due to its supposed ability to annotate documents
more consistently.

Cost sensitive active learning operating at the document level would ope
up for a range of interesting applications. For instance, the supportraf-a
tation for several tasks simultaneously such as named entity recognition, the
annotation of relations between entities, and co-reference resoluti@hloBy
ing the different tasks to take precedence at different times, that is, vofalio
the switching of focus during the annotation process, the resulting antiotate
corpus can be made to contain controlled distributions of the various target
concepts.

13.3.4 The intrinsic stopping criterion

Although the novel stopping criterion for pool-based query by committee pre
sented in chapter 11 appears to work for the task of actively selecting doc
ments to annotate with named entities, its applicability to other active learning
settings remains an issue for future investigations. For instance, the selectio
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agreement and validation set agreement curves obtained in “ordinetiyé a
learning for the purpose of creating named entity recognizers will be examin
to see if they exhibit the desired characteristics.

An initial investigation of the applicability of the intrinsic stopping criterion
to additional active learning scenarios is presented by Olsson and Tkmane

(2008).
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BASE LEARNER
PARAMETER SETTINGS

The subject matter of this appendix is the base learner parameter scope and
settings as explored and used in conjunction with the single token classifica-
tion task described in chapter 8. The parameters are to be understoa as th
options set in Weka when defining the experiments in the Weka Experiment
environment (Witten and Frank 2005). The commands in the listings have
been cleaned up in order to increase readability, thus they do not constitute
valid Weka command lines, in particular, the seeds that are set automatically
by Weka have been removed.

A.1 Parameter scope

This section contains information about the scope of the parameters used fo
the base learners employed in the single token classification task described in
chapter 8. Each subsection lists all parameters and their values fonsbgise
learner. In addition to the configurations listed in this section, the two feature
selection methods — Consistency-based feature selection and corrélasied-
feature selection — are invoked for each of the configurations, butctivala
command lines are omitted, since listing those would merely mean repeating
all configurations two times without actually adding or altering parameters.

In general, a number of parameter settings were tried out for each base
learner on a small subset of the data in order to form an image of the influenc
of the parameters on classifier performance. The settings deemed interestin
due to the resulting fluctuations in performance were then further investigate
in full experiments involving all data.

In total, 216 combinations of base learners, parameter settings, and data
sets were tested.
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A.1.1 trees.REPTree

e trees.REPTree-M 2-V 0.0010-N3-S1-L-1
e trees.REPTree-M2-V 0.0010-N3-S1-L-1-P
e trees.REPTree-M2-V0.0010-N2-S1-L-1-P
e trees.REPTree-M 2-V 0.0010-N6-S1-L-1-P
e trees.REPTree-M2-V 0.0010-N2-S1-L-1
e trees.REPTree-M 2 -V0.0010-N6-S1-L-1

A.1.2 trees.J48

e trees.J48-C0.25-M 2

e trees.J48-C0.05-M 2

e trees.J48-C0.5-M 2

e trees.J48-S-C0.25-M 2

A.1.3 functions.RBFNetwork

e functions.RBFNetwork -B2-S1-R 1.0E-8-M-1-W 0.1

A.1.4 functions.Logistic

e functions.Logistic -R 1.0E-8 -M 50
e functions.Logistic -R 1.0E-8 -M 100
e functions.Logistic -R 1.0E-8 -M 200

A.1.5 bayes.NaiveBayes

e bayes.NaiveBayes -K

e bayes.NaiveBayes -D

A.1.6 bayes.NaiveBayesUpdateable

¢ classifiers.bayes.NaiveBayesUpdateable
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A.1.7 rules.PART

e rules.PART-M2-C0.25-Q1
e rules.PART-M6-C0.25-Q1

A.1.8 rules.JRip

e rules.JRip-F3-N2.0-02-S1
e rulesJRip-F3-N2.0-02-S1
e rulesJRip-F6-N2.0-04-S1

A.1.9 lazy.IBk

e lazy.IBk -K 5 -W 0 -1 -A weka.core.KDTree -A weka.core.EuddianDistance
-W 0.01 -L 40

e lazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.EutdanDistance

A.2 Time to train

The listing in this section corresponds to the base learner listing in table 8.6 in
chapter 8 such that each item in the list below provides elaborate information
about the corresponding base learner entry in the table.

e lazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.EuclideanBiste
e bayes.NaiveBayesUpdateable

e bayes.NaiveBayesK

e trees.REPTree-M 2-V 0.0010-N2-S1-L-1

e functions.Logistic-R 1.0E-8 -M 50

e trees.J48-C 0.25-M 2

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst-D 1 -N 5 -
W lazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Euclidean@iste

e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesUpdateable

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.J48-C 0.5-M 2

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.Logistic -R 1.0E-8 -M 50

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesD
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e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.REPTree-M 2 -V 0.0010-N2-S1-L-1-P

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W rules.PART-M2-C0.25-Q 1

e functions.RBFNetwork-B2-S1-R 1.0E-8-M -1-W 0.1
e rules.PART-M6-C0.25-Q1

e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-Wrules.JRip-F3-N2.0-02-S1

e rulesJRip-F3-N2.0-02-S1

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wlazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Eucli-
deanDistance

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wtrees.J48-C 0.25-M 2

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -Wfunctions.Logistic -R 1.0E-8 -M 100

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1 -N 5 -W bayes.NaiveBayesUpdateable

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wrules.PART-M2-C0.25-Q1

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5 -Wbayes.NaiveBayesD

e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.RBFNetwork-B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wtrees.REPTree-M 2 -V 0.0010-N2-S1-L-1-P

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-WrulesJRip-F3-N2.0-02-S1

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -Wfunctions.RBFNetwork-B2-S1-R1.0E-8-M-1-W 0.1

A.3 Time to test

The listing in this section corresponds to the base learner listing in table 8.7 in
chapter 8 such that each item in the list below provides elaborate information
about the corresponding base learner entry in the table.

e trees.REPTree-M 2-V 0.0010-N3-S1-L-1-P
e trees.J48-C 0.05-M 2

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wtrees.J48-C 0.25-M 2



A.3 Time to test 217

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.J48-C 0.5-M 2

rules.JRip-F6-N2.0-02-S1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.REPTree-M 2 -V 0.0010-N3-S1-L-1

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wtrees.REPTree-M 2-V 0.0010-N2-S1-L-1-P

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -Wbayes.NaiveBayesD

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-Wrules.JRip-F6-N2.0-02-S1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesD

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wrules.JRip-F6-N2.0-02-S1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W rules.PART-M2-C0.25-Q 1

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wrules.PART-M6-C0.25-Q1

rules.PART-M6-C0.25-Q 1
functions.Logistic -R 1.0E-8 -M 100

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -W bayes.NaiveBayesUpdateable

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.Logistic -R 1.0E-8 -M 200

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1 -N 5 -Wfunctions.Logistic-R 1.0E-8 -M 100

bayes.NaiveBayesD

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -Wfunctions.RBFNetwork -B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.RBFNetwork -B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesUpdateable

functions.RBFNetwork-B2-S1-R 1.0E-8-M -1 -W 0.1
bayes.NaiveBayesUpdateable

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W lazy.IBk -K 5 -W 0 -l -A weka.core.KDTree -A weka.core.Euclidean-
Distance -W 0.01 -L 40
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meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wlazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Eucli-
deanDistance

lazy.IBk -K 5 -W O -I -A weka.core.KDTree -A weka.core.Euclideaniste
-W 0.01-L 40

Accuracy

The listing in this section corresponds to the base learner listing in table 8.8 in
chapter 8 such that each item in the list below provides elaborate information
about the corresponding base learner entry in the table.

rules.JRip-F3-N2.0-02-S1
rules.PART-M2-C0.25-Q 1
trees.REPTree-M 2 -V 0.0010-N3-S1-L-1-P
trees.J48-C 0.5 -M 2

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.REPTree-M 2 -V 0.0010-N2-S1-L-1-P

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.J48-C 0.5 -M 2

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W rules.PART-M2-C0.25-Q 1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst-D 1 -N 5 -
W lazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Euclidean@iste

lazy.IBk -K 5 -W 0O -I -A weka.core.KDTree -A weka.core.Euclidean2iste
-W 0.01-L 40

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wtrees.REPTree-M 2 -V 0.0010-N2-S1-L-1-P

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wtrees.J48-C0.5-M 2

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wrules.PART-M2-C0.25-Q 1

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wlazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Eucli-
deanDistance

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-Wrules.JRip-F6-N2.0-04-S1

functions.Logistic -R 1.0E-8 -M 200

meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -W bayes.NaiveBayesD
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e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-WrulesJRip-F6-N2.0-04-S1

e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesD

e bayes.NaiveBayesD

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.Logistic -R 1.0E-8 -M 50

e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.RBFNetwork -B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1

e functions.RBFNetwork-B2-S1-R1.0E-8-M-1-W 0.1

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N5-Wfunctions.RBFNetwork -B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1 -N 5 -Wfunctions.Logistic -R 1.0E-8 -M 100

e meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1-N 5 -W bayes.NaiveBayesUpdateable

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesUpdateable

e bayes.NaiveBayesUpdateable

A.5 Combined results

The listing in this section corresponds to the base learner listing in table 8.9 in
chapter 8 such that each item in the list below provides elaborate information
about the corresponding base learner entry in the table.

o trees.REPTree-M 2-V0.0010-N2-S1-L-1-P
e trees.J48-C 0.05-M 2

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.J48-C 0.5-M 2

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.REPTree-M 2 -V 0.0010-N2-S1-L-1-P

e rulesJRip-F3-N2.0-02-S1

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W rules.PART-M2-C0.25-Q 1

e rules.PART-M6-C0.25-Q1

o meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.J48-C 0.25-M 2

e meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-Wrules.JRip-F3-N2.0-02-S1
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meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesD

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W trees.REPTree-M 2 -V 0.0010-N2-S1-L-1-P

functions.Logistic -R 1.0E-8 -M 100

lazy.IBk -K 5 -W O -I -A weka.core.KDTree -A weka.core.Euclideaniste
-W 0.01-L 40

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst-D 1 -N 5 -
W lazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Euclideanrste
bayes.NaiveBayesD

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.Logistic-R 1.0E-8 -M 50

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W rules.PART-M2-C0.25-Q 1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesD

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-Wrules.JRip-F6-N2.0-02-S1

bayes.NaiveBayesUpdateable

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesUpdateable

functions.RBFNetwork -B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1
meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst-D 1 -N 5 -
W lazy.IBk -K 2 -W 0 -A weka.core.LinearNN -A weka.core.Euclidean@rste
meta.AttributeSelectedClassifier-E ConsistencySubsetEvalS BestFirst -D
1 -N 5 -Wfunctions.Logistic-R 1.0E-8 -M 100
meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W bayes.NaiveBayesUpdateable

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.RBFNetwork -B 2 -S1-R 1.0E-8 -M -1 -W 0.1

meta.AttributeSelectedClassifier-E CfsSubsetEval-S BestFirst -D 1 -N 5
-W functions.RBFNetwork -B 2 -S 1 -R 1.0E-8 -M -1 -W 0.1
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