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Abstract

Background: Automatic recognition of biomedical names is an essential task in biomedical information extraction,
presenting several complex and unsolved challenges. In recent years, various solutions have been implemented to
tackle this problem. However, limitations regarding system characteristics, customization and usability still hinder their
wider application outside text mining research.

Results: We present Gimli, an open-source, state-of-the-art tool for automatic recognition of biomedical names.
Gimli includes an extended set of implemented and user-selectable features, such as orthographic, morphological,
linguistic-based, conjunctions and dictionary-based. A simple and fast method to combine different trained models is
also provided. Gimli achieves an F-measure of 87.17% on GENETAG and 72.23% on JNLPBA corpus, significantly
outperforming existing open-source solutions.

Conclusions: Gimli is an off-the-shelf, ready to use tool for named-entity recognition, providing trained and
optimized models for recognition of biomedical entities from scientific text. It can be used as a command line tool,
offering full functionality, including training of new models and customization of the feature set and model
parameters through a configuration file. Advanced users can integrate Gimli in their text mining workflows through
the provided library, and extend or adapt its functionalities. Based on the underlying system characteristics and
functionality, both for final users and developers, and on the reported performance results, we believe that Gimli is a
state-of-the-art solution for biomedical NER, contributing to faster and better research in the field. Gimli is freely
available at http://bioinformatics.ua.pt/gimli.

Background
In the biomedical field, a growing amount of data is
continuously being produced, resulting largely from the
widespread application of high-throughput techniques,
such as gene and protein analysis. This growth is accom-
panied by a corresponding increase of textual information,
in the form of articles, books and technical reports. In
order to organize and manage these data, several manual
curation efforts have been set up to identify, in texts, infor-
mation regarding entities (e.g., genes and proteins) and
their interactions (e.g., protein-protein). The extracted
information is stored in structured knowledge resources,
such as MEDLINE, Swiss-Prot and GenBank. However,
manual annotation of large quantities of data is a very
demanding and expensive task, making it difficult to keep
these databases up-to-date. These factors have naturally
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led to increasing interest in the application of Text Mining
(TM) systems to help perform those tasks.

One major focus of TM research has been on Named
Entity Recognition (NER), a crucial initial step in informa-
tion extraction, aimed at identifying chunks of text that
refer to specific entities of interest. Several NER systems
have been developed for the biomedical domain, using dif-
ferent approaches and techniques that can generally be
categorized as being based on rules, dictionary match-
ing or Machine Learning (ML). In this study we follow
an ML approach, the goal being to train statistical mod-
els focused on recognizing specific entity names, using a
feature-based representation of the observed data. This
presents various advantages over other approaches, such
as the recognition of new and short entity names. More-
over, ML solutions have been shown to achieve the best
results for this specific domain.

Various techniques for adapting and optimizing ML-
based solutions have been proposed in recent years.
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These can be categorized into one of the following sub-
tasks: pre-processing, feature extraction, modelling, and
post-processing. In the initial step, the input data is pre-
processed to make it readable by computers and to sim-
plify the recognition process. This sub-task is one of the
most important, since every single action will affect the
entire system behaviour. Tokenisation is a mandatory step,
in order to divide natural language texts into discrete
and meaningful units. There are several approaches to
implement it, depending on the input data and desired
output. For instance, Tsuruoka et al. [1] keep words
that contain a dash as a single token, while Leaman
and Gonzalez [2] create multiple tokens for the same
word.

In the feature extraction step, it is important to obtain
features that reflect the different characteristics of the sen-
tences and tokens. At the token level, orthographic [2-5]
and morphological [1,4,6,7] features are commonly used
in order to extract token formation patterns. It is also
common to encode domain knowledge as features [2,8]
using external resources, such as lexicons of gene and pro-
tein names. At the sentence level, linguistic [2,6,9] and
local context features [1,3,5,10], such as windows and con-
junctions of features, are used to model the links between
tokens.

The ultimate goal is to model the observed data using
the features extracted in the previous step, thus creat-
ing a probabilistic description of the data classes. This
task is accomplished using ML models, which can be
classified as being supervised or semi-supervised, depend-
ing on unannotated data being used or not. Supervised
learning, which only uses annotated data, has received
most research interest in recent years. Consequently, dif-
ferent supervised models have been used on biomedical
NER systems, such as Conditional Random Fields (CRFs)
[2,3,9,10], Support Vector Machines (SVMs) [8] and Max-
imum Entropy Markov Models (MEMMs) [1,5].

Finally, the post-processing stage aims to improve the
recognition results, cleaning annotation errors or refin-
ing incomplete annotations. The most common methods
consist of removing annotations with unmatched paren-
theses [7,10], adding the results of abbreviation resolu-
tion tools [2,8], and extending names using a domain
dictionary [10].

Although several open source solutions aimed at rec-
ognizing biomedical names have been proposed in recent
years, most present one or more of the following limita-
tions:

• are focused on a specific corpus and/or biomedical
domain;

• do not take advantage of state-of-the-art techniques;
• achieved performance results are deprecated and/or

not according to similar closed source solutions;

• not configurable and/or easy to use;
• not easily extensible to new features and/or scalable.

In this article we present Gimli, a new open source
solution for automatic recognition of biomedical names,
namely gene/protein, DNA, RNA, cell type and cell line
names. It extends and optimizes the most advanced
state-of-the-art techniques in a simple and easy-to-use
tool. By default, Gimli already provides high-performance
trained models, supporting several known corpora for-
mats. Moreover, it also allows easy and flexible devel-
opment of new solutions focused on different semantic
types, as well as training new ML models with different
feature sets and characteristics.

Implementation
This section presents a detailed description of the
resources used and methods implemented, following the
workflow of ML-based NER solutions. Figure 1 illustrates
Gimli’s architecture, presenting the connections between
the various steps.

Tools and resources
Gimli takes advantage of various publicly available tools
and resources. The implementation of Conditional Ran-
dom Fields for statistical natural language processing is
provided by MALLET [11]. GDep [12] is used for tok-
enization and linguistic processing, namely lemmatiza-
tion, Part-of-Speech tagging, chunking and dependency
parsing. In terms of lexical resources, we use BioThe-
saurus [13] for gene and protein names, and BioLexicon
[14] as the resource for biomedical domain terms.

Corpora
There are several publicly available corpora that can be
used for training and evaluation of NER systems. To allow
direct comparison with other tools, we selected two of the
most used corpora: GENETAG and JNLPBA. GENETAG
[15] is composed of 20000 sentences extracted from MED-
LINE abstracts, not being focused on any specific domain.
It contains annotations of proteins, DNAs and RNAs
(grouped in only one semantic type), which were per-
formed by experts in biochemistry, genetics and molec-
ular biology. This corpus was used in the BioCreative
II challenge [16], providing 15000 sentences for training
and 5000 sentences for testing. On the other hand, the
JNLPBA corpus [17] contains 2404 abstracts extracted
from MEDLINE using the MeSH terms “human”, “blood-
cell” and “transcription factor”. The manual annotation of
these abstracts was based on five classes of the GENIA
ontology [18], namely protein, DNA, RNA, cell line, and
cell type. This corpus was used in the Bio-Entity Recog-
nition Task in BioNLP/NLPBA 2004 [17], providing 2000
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Figure 1 Overall architecture of Gimli. Overview of Gimli’s architecture, presenting the workflow of required steps, tools and external resources.

abstracts for training and the remaining 404 abstracts for
testing.

Since GENETAG is not focused on any specific biomed-
ical domain, its annotations are more heterogeneous than
those of JNLPBA. A brief analysis, considering protein,
DNA and RNA classes, shows that GENETAG contains
almost 65% of unique entity names, as opposed to the 36%
found in JNLPBA.

Pre-processing
In recent years, various tokenisation solutions have been
developed for several domains and languages. Gimli
uses the tokeniser from GENIA Tagger [1] (included in
Gdep) which is developed for biomedical documents and
presents state-of-the-art results in this domain. However,
words containing the symbols “/”, “-” or “.” are not always
split into multiple tokens. When working at the token
level, this may create inconsistencies with the human
provided annotations, constraining the model learning
process and the recognition of some entity names. For
instance, consider that “BRCA-1/2” is taken as one token
and that in the gold standard only “BRCA-1” is tagged
as an entity name. In the model training phase, the
token “BRCA-1/2” as well as its local and contextual
features will be considered as a “negative”, which will
directly affect the final model. Thus, we decided to make

the tokenizer behaviour more consistent, by breaking
words containing the symbols “/”, “-” or “.” into multiple
tokens.

To train ML models, each token in the training data
must be identified as being part, or not, of an entity name.
We use the BIO encoding scheme, which is the de facto
standard. In this scheme tokens are tagged as being at the
beginning (tag“B”), inside (tag “I”) or outside (tag “O”) of
an entity name.

Features
Feature extraction is a crucial NER task, since the pre-
dictions will be performed based on the information that
they encode. Nadeau and Sekine [19] present a complete
survey on features used in general NER solutions. Gimli
implements a rich set of features, including orthographic,
morphological, linguistic parsing, external resources and
local context features. We also propose improvements on
various features, in order to optimize their behaviour and
performance results.

The purpose of orthographic features is to capture
knowledge about word formation. For example, a word
that starts with a capital letter could indicate the occur-
rence of an entity name (e.g., in the protein name
“MyoD”). Figure 2 lists the formation patterns used by
Gimli to extract orthographic features from tokens.
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Figure 2 Orthographic features. List of orthographic features organized by category.

Morphological features, on the other hand, reflect
common structures and/or sub-sequences of characters
among several entity names, thus identifying similarities
between distinct tokens. To accomplish this goal, three
distinct types of morphological features are considered:
suffixes and prefixes, char n-grams and word shape pat-
terns. Particular prefixes and suffixes could be used to
distinguish entity names. For instance, suffixes like “ase”,
“ome” and “gen” frequently occur in gene/protein names
[20]. A char n-gram is a subsequence of n characters from
a given token. This feature type has an identical role to
prefixes and suffixes, however it also finds common sub-
sequences of characters in the middle of tokens. Finally, it
is also important to extract the token’s structure. Collins
[21] proposed a method to generate a sequence of char-
acters to reflect how letters and digits are organized in
the token. We extended this idea to support symbols too.
Thus, three distinct types of word shapes are used by
Gimli:

• Word Shape Type I: replace sequence of digits by “*”
(e.g., the structure of “Abc1234” is expressed as
“Abc*”);

• Word Shape Type II: replace each letter, digit and
symbol by a morphological symbol (e.g., the structure
of “Abc:1234” is expressed as “Aaa#1111”).

• Word Shape Type III: replace each sequence of
letters, digits and symbols by a morphological symbol
(e.g., the structure of “Abc:1234” is expressed as
“a#1”).

The most basic internal feature is the token itself. How-
ever, in most cases, morphological variants of words have

similar semantic interpretations, which can be considered
as equivalent. For this reason, lemmatisation is commonly
used to group together all inflected forms of a word, so
that they can be analysed as a single item. On the other
hand, it is also possible to associate each token with a
particular grammatical category based on its definition
and context, a procedure called Part-of-Speech (POS) tag-
ging. Moreover, we also use chunking, dividing the text
into syntactically correlated chunks of words (e.g., noun or
verb phrases). The BIO encoding format is used to prop-
erly indicate the beginning and end of each chunk. For
instance, considering two consecutive tokens that make
part of a noun phrase chunk, the tag “B-NP” is asso-
ciated with the first token and the tag “I-NP” with the
second one. In the end, each tag is used as a feature of the
respective token.

The previous features provide a local analysis of the
sentence. To complement these with information about
relations between the tokens of a sentence, we use features
derived from dependency parsing. Namely, we follow a
strategy similar to the one presented by Vlachos [22], con-
sidering only those dependencies that could indicate the
presence of an entity name. Thus, we add as features of
each token, the lemmas corresponding to each of the fol-
lowing: verbs for which the token acts as subject; verbs for
which the token acts as object; nouns for which the token
acts as modifier; and the modifiers of that token.

Gimli is further optimized by adding biomedical knowl-
edge to its features. To provide this knowledge, dictionar-
ies of specific domain terms and entity names are matched
in the text and the resulting tags are used as features.
Thus, the tokens that make part of a matched term contain
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a feature that reflect such information. For instance, if the
term “BRCA” is matched, the feature “LEXICON=PRGE”
is added to the token. Two different types of dictionaries
are used in Gimli:

• Gene and protein names: BioThesaurus is the most
complete and up-to-date lexical resource for gene
and protein names, containing almost 17 million
unique names. Due to its size, we decided to filter this
lexicon considering only human genes and proteins,
obtaining almost 400 thousand unique names. In the
end, this lexicon is used to indicate the presence of
curated gene and protein names. Since these names
could be present in text with small orthographic
variations, the matching is performed according the
following variation rules, adapted from [23]:

– Replace white spaces per hyphens, and
vice-versa;

– Remove white spaces and hyphens;
– Insert an hyphen on letter-digit sequences;
– Replace Roman by Arabic numbers, and

Arabic numbers by Greek letters;
– Add the prefix “h” and the suffix “p” to

acronyms

• Trigger words: specific domain terms may indicate
the presence of biomedical names in the surrounding
tokens. Instead of using words from training data as
proposed in [20], we apply a more general solution,
by matching the terms in BioLexicon. This lexical
resource contains more than two million relevant
biomedical terms, including nouns, verbs, adjectives
and adverbs (e.g., “stimulation”, and “activation”).

Higher level relations between tokens and extracted fea-
tures can be established through windows or conjunctions
of features, reflecting the local context of each token. The
application of windows consists of adding selected fea-
tures from preceding and succeeding tokens as features
of each token. On the other hand, conjunction of features
consists of creating new features by grouping together fea-
tures of the surrounding tokens. For instance, considering
the sentence “Pharmacologic aspects of neonatal hyper-
bilirubinemia.” and a {-1,1} range of tokens, the following
features are added to the token “neonatal”:

• Windows: the tokens “of” and “hyperbilirubinemia”;
• Conjunctions: the new conjunction feature

“of@-1 & hyperbilirubinemia@1”.

Our tests showed that the best results were obtained
using conjunctions. However, Gimli does not use all of
the features to generate conjunctions, since this would
become impracticable, generating millions of new fea-
tures. Tsai et al. [9] proposed the use of tokens of

the following windows to generate the conjunctions:
{-3,-1}, {-2,-1}, {-1,0}, {-1,1} and {0,1}. To improve the
context knowledge, we propose a different approach,
using lemmas and POS tags instead of tokens, since
lemma conjunctions better reflect the pairwise patterns of
words, and the POS tags conjunctions provide grammar-
based relations and patterns. Following the previous
example, instead of the simple token-based conjunction
feature, the token “neonatal” now has two conjunction fea-
tures: POS=IN@-1 & POS=NN@1 and LEMMA=of@-
1 & LEMMA=hyperbilirubinemia@1. The benefits of
these choices were confirmed through various experi-
ments.

Model
When ML techniques are applied to NER, an algorithm
must build a feature and statistical-based representation
of target entity names from training data, in order to
develop an appropriate response to unseen data. Such
methodologies are commonly categorized as being super-
vised or semi-supervised. Semi-supervised solutions use
both annotated and unannotated data, in order to obtain
features of the entity names that are not present in the
annotated data. Specifically for this task, the usage of
unannotated data could contribute to a better abstract
learning of the named entities. However, the application
of such techniques is computationally heavy and could be
implemented as an extension to an equivalent supervised
solution. Thus, we decided to follow a supervised training
approach, through the application of Conditional Ran-
dom Fields (CRFs) [24]. Such technique present various
advantages over other methods. Firstly, CRFs avoid the
label bias problem [24], a weakness of Maximum Entropy
Markov Models (MEMMs). Additionally, the conditional
nature of CRFs (a discriminative model) relaxes strong
independence assumptions required to learn the parame-
ters of a generative model, such as Hidden Markov Models
(HMMs) [25]. Finally, Support Vector Machines (SVMs)
follow a different approach and have been shown to
deliver comparable results to CRFs [26]. However, train-
ing complex SVM models for NER may take more time
[27,28].

Conditional Random Fields (CRFs) were first intro-
duced by Lafferty et al. [24]. Assuming that we have an
input sequence of observations (represented by X), and
a state variable that needs to be inferred from the given
observations (represented by Y ), a “CRF is a form of undi-
rected graphical model that defines a single log-linear
distribution over label sequences (Y ) given a particular
observation sequence (X)” [25]. This layout makes it pos-
sible to have efficient algorithms to train models, in order
to learn conditional distributions between Yj and feature
functions from the observable data. To accomplish this, it
is necessary to determine the probability of a given label
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sequence Y given X. First, the model assigns a numerical
weight to each feature, and then those weights are com-
bined to determine the probability of Yj. Such probability
is calculated as follows:

p(y|x, λ) = 1
Z(x)

exp(
∑

j
λjFj(y, x)), (1)

where λj is a parameter to be estimated from training
data and indicates the informativeness of the respective
feature, Z(x) is a normalization factor and Fj(y, x) =∑n

i=1 fj(yi−1, yi, x, i), where each fj(yi−1, yi, x, i) is either
a state function s(yi−1, yi, x, i) or a transition function
t(yi−1, yi, x, i) [25].

When considering higher-order models, each label
depends on a specific number of o previous labels. Thus,
the probability will consider not only the previous obser-
vation and its features, but o-previous observations and
features, which better models dependencies and may pro-
vide improved results, depending on the target data and
task. However, the training complexity of higher-order
models increases exponentially with the pre-defined order
o [29].

Model combination
The most recent results on biomedical NER clearly indi-
cate that better performance results can be achieved by
combining several systems with different characteristics.
As an example, the top five systems of the BioCreative
II gene mention challenge [16] used ensembles of NER
systems, combining distinct models or combining models
with dictionary and/or rule-based systems. Additionally,
the application of machine learning-based harmonization
solutions have been shown to deliver high improvements
in terms of performance results [30].

We propose a new and simple combination strategy
based on confidence scores. To achieve this, each model
provides a confidence value for the annotations predicted
for a given sentence. If the models that produced the
overlapping annotations predict the same entity class, we
follow a straightforward strategy, selecting the annota-
tions from the model that has the highest confidence score
and rejecting the predictions of other model(s). On the
other hand, if we need to combine annotations of models
that predict different entity classes (e.g., as in the JNLPBA
corpus), this strategy is extended in order to allow dis-
tinct entity types in the same sentence. Thus, instead of
selecting a single model to provide the predictions for the
entire sentence, this choice is made for each annotation
in the sentence. When two or more models provide dif-
ferent annotations for the same chunk of text, we select
the annotation given by the model with the highest confi-
dence score. If only one model provides an annotation for
a chunk of text, that annotation is accepted.

Post-processing
In order to solve some errors generated by the CRF
model, Gimli integrates a post-processing module that
implements parentheses correction and abbreviation res-
olution. To perform parentheses correction, the number
of parentheses (round, square and curly) on each anno-
tation is verified and the annotation is removed if this
is an odd number, since it clearly indicates a mistake by
the ML model. We also tried to correct the annotations
by removing or adding tokens up to the next or previous
parenthesis. However, this solution provided worse results
than simply removing the annotations.

Regarding abbreviation resolution, we adapt a sim-
ple but effective abbreviation definition recognizer [31],
which is based on a set of pattern-matching rules to
identify abbreviations and their full forms. Such patterns
consider some constraints, namely: a)the first character of
the acronym has to be the first character of the first word
in the corresponding long form; b) the long form should
be longer than the corresponding acronym; and c) the
long form should not contain the candidate acronym. In
the end, we are able to extract both short and long forms
of each abbreviation in text. Thus, if one of the forms
is annotated as an entity name, the other one is added
as a new annotation. Additionally, if one of the forms
is not completely annotated, Gimli expands the annota-
tion boundaries using the result from the abbreviation
extraction tool.

Results and discussion
To analyse the impact of various techniques and com-
pare the final results with other existing solutions, we
use common evaluation metrics: Precision (i.e., positive
predictive value) the ability of a system to present only rel-
evant items; Recall (i.e., sensitivity) the ability of a system
to present all relevant items; and F-measure, the har-
monic mean of precision and recall. These measures are
formulated as follows:

P = TP
TP + FP

, R = TP
TP + FN

, F1 = 2
P.R

P + R
, (2)

where TP is the amount of true positives, FP the number
of false positives and FN the amount of false negatives.

Preliminary experiments
During the development of Gimli, various optimizations
and decisions had to be performed to achieve the best
possible results. In order to run such experiments, we
randomly split the training part of each corpus into train-
ing and development sets, using 80% of the data for
training and the remaining 20% for development testing.
Accordingly, from the 15000 sentences of the training
part of GENETAG, 12000 sentences are used for training
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and 3000 sentences for development testing. Regarding
JNLPBA, considering the 2000 training abstracts, we now
use 1600 abstracts for training and the remaining 400
abstracts for development testing. Most experiments on
the development stage, namely tokenization and feature
set optimization, were performed using first-order CRF
models with forward (left to right) text parsing.

Tokenization
To evaluate the impact of the tokenization changes intro-
duced in Gimli, we compared the results achieved against
the use of the original tokenization. This analysis only
applies to the GENETAG corpus, since JNLPBA is pro-
vided as tokenized text. Using the development set, an
improvement of 8.28% in F-measure was achieved when
applying a model trained on tokens provided by our pro-
posed tokenization as compared to using the original
version of GENIA Tagger. When applied to the final test
set, and considering the alternative annotations provided,
the improvement in F-measure is 2.53%. Such results
clearly show the positive contribution of our tokenization
approach on Gimli.

Feature set
Each feature encodes specific characteristics of target
annotations, providing a different contribution in the
learning process. In order to evaluate their impact in the
recognition performance, we initially grouped features
that encode similar information into logical sub-classes
for each feature type, as shown in Figure 3. We then fol-
lowed a backward elimination approach to find the best
feature set for each entity type, by removing each sub-class
from the complete feature set and analysing its impact in

the results. Although small improvements or drops may
not be significant regarding performance improvements,
they indicate that adding or removing a specific feature
may have an impact on the final performance results,
which is relevant when considering the inclusion (or not)
of that feature. When such cases occurred, we decided to
keep the feature when a small improvement occurred and
remove it when a small drop is present. In the end, the
features that presented a negative impact when removed
from the initial set were included in the final feature set,
as indicated in Figure 3. For instance, our trigger words
approach provides a slight positive impact in the recogni-
tion of gene and protein names in GENETAG, resulting in
an F-measure improvement of 0.11%. However, a negative
impact is observed on JNLPBA, with a 0.39% decrease of
F-measure. We believe that the obtained results are a con-
sequence of the corpus specificity, since BioLexicon terms
may point to the presence of entity names that were not
considered in the specific corpus and/or entity type.

This approach helps experts to better understand the
linguistic characteristics of each entity type on each cor-
pus. Thus, the final feature sets seem to reflect the com-
plexity and heterogeneity associated with each entity type
and corpus. For instance, the absence of the original
tokens for protein, cell line and cell type on JNLPBA may
indicate less heterogeneity, as the use of lemmatization
appears to better reflect and generalize the target names.
Overall, the feature set required by GENETAG is more
complex than the ones used on JNLPBA, discarding the
original tokens and some orthographic and morphologi-
cal features. This is consistent with the idea that the entity
names present on GENETAG are more heterogeneous
than those present on JNLPBA, as suggested before.

Figure 3 Feature set per corpus and entity. Feature set applied to each corpus and entity type. Features marked with an “X” are used in the final
feature set for that entity type.
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Conjunctions VS Windows
Local context, as encoded in windows or conjunctions of
features, has a great impact in recognition performance.
We therefore analysed in detail the impact of using these
two alternatives, considering basic and improved solu-
tions. Thus, four different configurations are considered
in our analysis:

• Token conjunctions: form conjunctions as the
concatenation of tokens taken from the following
windows {-3,-1}, {-2,-1}, {-1,0}, {-1,1} and {0,1};

• Optimized conjunctions: the same windows as the
previous configuration but using lemmas and POS
tags for the conjunctions, instead of tokens;

• Windows tokens: use each token from the window
{-2,2};

• Windows optimized: use lemmas, lexicon matching,
biomedical concepts matching and tokens in the
window {-3,3}, and all the features in the window
{-1,1}.

Figure 4 presents the performance (F-measure)
achieved with the four approaches. Results are shown
for CRF models of order 1 and 2 with forward and back-
ward parsing directions, as explained in the next section.
Optimized conjunctions present the best results on both
corpora, considerably outperforming conjunctions with
tokens. Conjunctions of features seem to perform better
than windows for this task, as indicated by the fact that
using simple token conjunctions provided better results
than even the optimized windows of features. Interest-
ingly, while the optimized windows present better results
than windows with tokens on GENETAG, in the case
of JNLPBA using just the tokens provides better results
for the models trained with backward parsing direc-
tion. Overall, optimized conjunctions present the most
constant behaviour, presenting the best results and less
deviation. On the other hand, using tokens resulted in
higher deviation on both approaches.

This analysis indicates that choosing the right method to
encode local context is fundamental, since an untidy deci-
sion may deliver considerably worse results. As we can see,
the average F-measure differences between the best and

Figure 5 Preliminary results on development sets. Preliminary
F-measure results achieved by Gimli in the development sets of both
corpora, considering exact matching evaluation, different model
orders and text parsing directions. The best combination of model
order and parsing direction for each entity type is highlighted. FW:
Forward, and BW:Backward.

worst solutions on GENETAG and JNLPBA are of 2.13%
and 1.73%, respectively.

Model combination analysis
The usual direction to parse a text is from left to right
(forward). However, previous studies [10,32] have shown
that parsing the text from right to left (backward) may
provide better results, which has been shown to be a
consequence of the asymmetric implementation of CRF
models in MALLET [32]. Additionally, we believe that
using CRFs with different orders will extract different con-
text based characteristics from text. Thus, we decided to
train first and second order CRF models, considering both
forward and backward text parsing.

Initial evaluation results on GENETAG and JNLPBA
are presented in Figure 5, using the previously selected
feature set (Figure 3). As we can see, the application

Figure 4 Comparison of windows and conjunctions results on development sets. Comparison of F-measure results achieved by token-based
and optimized windows and conjunctions in the development sets of both corpora, considering exact matching evaluation, different model orders
and text parsing directions. Results for the JNLPBA corpus indicate the overall performance, i.e. across entity types. FW: Forward, and BW:Backward.
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Figure 6 Combination results on development sets. F-measure
results achieved for each class with the combination of several
models in the development sets of both corpora, considering exact
matching evaluation. The combination results are compared with the
best performing model obtained in previous experiments (Figure 5).
FW: Forward, BW:Backward, and F1: F-measure.

of different CRF orders and parsing directions provides
significant performance differences. For instance, consid-
ering RNA on JNLPBA, the difference between different
parsing directions is above 3%, and the difference between
different CRF orders is approximately 2%. Overall, back-
ward models present the best results, which confirms the
benefit of using backward text parsing. Moreover, due to
the different entity names’ heterogeneity existent in both
corpora, different model orders are required. On GENE-
TAG, the best results are achieved using second order
models. On the other hand, the best results for protein and
cell type on JNLPBA are achieved using first order models.

To combine the various models for each class on each
corpus, we performed a sequential analysis of the com-
bination results. Thus, we first combined the two best
models for each class and, if the performance was better
than the best model alone, we kept adding models to the
two best, in order to find the best set. If the combination
result of the two best models was not better than the best
model, we tried combining the best model with others,
until a better combination was obtained. If the combina-
tion did not improve the results, only the model with the
best result was used. Figure 6 presents the results of our
analysis. Even with the simple combination approach used
by Gimli, the harmonisation strategy improves the best
model results. An average improvement of 0.5% is veri-
fied. Overall, the best combination results are achieved
by combining the two best performing models. Moreover,
models with low performance results also contribute to
a better model combination, by providing heterogeneity
that is not present in other models. For instance, on cell
line the best model combination is achieved by adding the
worst performing model.

Figure 7 presents the final results achieved on both cor-
pora, considering the final and unseen test data of both
corpora. Note that the evaluation strategies of the two
challenges are slightly different. On JNLPBA only full
matches are considered correct, requiring both left and
right boundaries to match exactly. On the other hand,
GENETAG evaluation allows minor mistakes, based on
alternative names that were previously accepted by human
annotators during the preparation of the corpus.

Feature contributions
In order to evaluate the overall contribution of some
high-end features implemented by Gimli, we performed
an analysis on both corpora, considering the removal of
such features from the best feature set for each entity
type. Figure 8 presents the observed differences, reflecting
the features’ contribution. Overall, removing conjunc-
tions causes the highest negative impact, considerably

Figure 7 Final results. Final Precision (P), Recall (R) and F-measure
(F1) results achieved by Gimli on test data of both corpora.
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Figure 8 Key features’ contribution. F-measure contribution of key features on GENETAG and JNLPBA considering all semantic types.

reducing the performance results. Dependency parsing
also contributes positively to the final results, namely on
DNA and cell line. On the other hand, removing depen-
dency parsing features from RNA improves the results.
However, this is a consequence of the algorithm to com-
bine the models of different entity types. When evaluated
alone, RNA recognition presents an F-measure of 68.97%.
Removing dependency parsing features, this value drops
slightly to 68.91%, reflecting the positive contribution
of such features. As expected, lexicons also provide a
positive contribution, increasing the models’ precision.
Post-processing, on the other hand, introduces just a
small positive contribution. For instance, on RNA, the
absence of post-processing methods does not affect the
performance in any way.

Performance analysis
To evaluate Gimli and understand its behaviour in com-
parison with existing solutions, we collected the best open
and closed source systems for biomedical named entity
recognition. Figure 9 presents a summary description

of the systems’ characteristics, comparing them against
Gimli. Overall, we collected a total of 12 systems, where
seven are open source and five closed source. Our study of
these systems allowed to identify some current trends of
biomedical NER systems:

• The most used ML model is CRF (6 systems);
• Almost all the discriminative ML models use

orthographic, morphological and basic-linguistic
(POS tags and lemmas) features;

• Only 3 systems use model combination, all of which
are closed source;

• Only 5 systems use post-processing techniques,
where 4 are closed source.

• 8 systems support GENETAG and 6 systems support
JNLPBA;

• Only 3 systems support both corpora, where 2 are
open source;

Based on these facts, we can argue that closed source
solutions are commonly developed for a specific corpus,

Figure 9 Biomedical NER systems overview. Summary of the open and closed source systems’ characteristics, presenting the used programming
languages, features, models and post-processing techniques. CBR-Tagger [33] and Lingpipe [34] were also included in this analysis.
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AIIAGMT [10] IBM Watson [7] Gimli BANNER [2] NERSuite [6] Lingpipe [26] NERBio [9] CBR-Tagger [25] ABNER [3]

P 88.95% 88.48% 90.22% 88.66% 88.81% 72.95% 92.67% 76.01% 86.93%

R 87.65% 85.97% 84.82% 84.32% 82.34% 88.49% 68.91% 64.11% 51.49%

F1 88.30% 87.21% 87.17% 86.43% 85.45% 79.97% 79.05% 69.56% 64.68%

50%

55%

60%

65%

70%

75%

80%

85%

90%

95%

Figure 10 Results comparison on GENETAG corpus. Comparison of the Precision (P), Recall (R) and F-measure (F1) results achieved by Gimli on
GENETAG corpus, comparing with both open and closed source solutions. Results of closed source solutions are shown with a shaded background.

being focused on only one specific goal. However, those
solutions present the most advanced techniques. On the
contrary, open source solutions do not always take advan-
tage of high-end techniques.

Figures 10 and 11 present the results obtained on
GENETAG and JNLPBA corpus respectively, comparing
Gimli against open and closed source systems. On the
GENETAG corpus, Gimli outperforms all the open source
solutions, achieving an F-measure of 87.17%. It presents
a significant improvement of 0.74% over the second best
system, BANNER. In comparison with NERSuite, Gimli
presents an improvement of 1.72%. Overall, it presents the
best results both on precision and recall. Regarding closed
source solutions, Gimli presents the third best result, with

a similar performance as the winner of the BioCreative II
Gene Mention challenge [16] (IBM Watson), which uses
semi-supervised ML and forward and backward model
combination. Overall, AIIAGMT presents the best result
on this corpus (with 88.30% of F-measure). However,
the presented solution was prepared specifically for this
corpus, applying a complex combination strategy that
requires eight different CRF models using two different
CRF frameworks.

Considering the JNLPBA corpus, Gimli outperforms
all the open source solutions, achieving an overall
F-measure of 72.23%. It presents a significant improve-
ment of F-measure in comparison with the second best
system, GENIA Tagger. Compared to the best java-based

1

NERBio [9] Zho04 [19] Gimli GENIA Tagger [1] NERSuite [6] ABNER [3] Fin04 [5] POSBioTM [4]

Protein 75.12% 73.77% 74.68% 72.79% 72.74% 72.60% 72.67% 69.07%

DNA 70.00% 69.83% 69.27% 66.20% 68.58% 65.10% 67.86% 60.08%

RNA 72.65% 64.10% 67.24% 64.29% 67.23% 61.60% 68.83% 64.07%

Cell Type 72.77% 75.13% 70.49% 74.31% 72.11% 72.00% 69.06% 64.48%

Cell Line 57.39% 59.23% 58.64% 57.81% 56.11% 56.00% 52.40% 57.33%

Overall 72.98% 72.55% 72.23% 71.37% 71.07% 70.50% 70.06% 66.28%

50%

55%

60%

65%

70%

75%

80%

Figure 11 Results comparison on JNLPBA corpus. Comparison of the F-measure results achieved by Gimli on JNLPBA corpus, comparing with
both open and closed source solutions. The overall result reflects the achieved performance considering the five entity types, and the results of
closed source solutions are shown with a shaded background.
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solution (ABNER), Gimli presents an improvement of
1.73% of F-measure. It considerably outperforms open
source systems in recognition of protein, DNA, RNA and
cell line names. However, it is outperformed in the recog-
nition of cell types. Regarding closed source solutions,
Gimli presents the third best result, with similar results
as the winner of the NLPBA Shared Task [17] (Zho04).
When compared with the second best participant of this
challenge (Fin04), Gimli presents an overall improve-
ment of 2.17% of F-measure. NERBio, the best system
on this corpus, implements a rule-based post-processing
method that was prepared specifically for this corpus.
Moreover, NERBio presents a very low performance result
(79.05% of F-measure) on GENETAG, which could indi-
cate some limitations in adapting this solution to different
corpora.

Considering a non-blind model combination strategy,
as taken by Hsu et al. [10], Gimli presents slightly better
results, achieving an F-measure of 87.36% on GENETAG
and 72.69% on JNLPBA. Such results outperform all the
systems that participated on both challenges.

Overall, Gimli significantly outperforms all the existent
open source solutions on both GENETAG and JNLPBA,
by simply adapting the feature set used for each corpora
and entity type. Moreover, it also presents competitive
results when compared with similar closed source solu-
tions for both corpora.

Speed analysis
The various experiments to check training and tagging
speed were performed in a machine with 8 processing
cores @ 2.67 GHz and 16GB of RAM.

The training speed varies with the corpus size, feature
set complexity and model order. Considering the training
parts of both corpora and the final feature set, a second-
order CRF model takes on average one hour to be trained.
On the other hand, a first-order CRF model requires on
average 30 minutes.

In order to check tagging speed and Gimli tractability,
we developed a simple algorithm to annotate MEDLINE
abstracts using multi-threading processing. This solution
includes input XML parsing, sentence splitting, Gimli
integration and output generation in XML. It uses a sin-
gle second-order CRF model, but model combination
can be easily integrated with reduced speed impact, tak-
ing advantage of multi-threaded processing. During this
analysis, we considered various configurations of Gimli,
enabling and disabling the most resource expensive tech-
niques. Thus, if users prioritize annotation speed over
high performance results, windows can be used instead
of conjunctions and dependency parsing can be removed
from the workflow. Moreover, in order to use the avail-
able resources as much as possible, the number of running
threads must be inversely proportional to the complexity

of the used techniques, since complex techniques require
more processing resources. The following results were
obtained:

• Conjunctions with dependency parsing: 4 threads, 20
sentences/second;

• Conjunctions without dependency parsing: 6 threads,
86 sentences/second;

• Windows without dependency parsing: 8 threads, 232
sentences/second.

Conclusions
This article presents Gimli, a new open source and high-
performance solution for biomedical named entity recog-
nition on scientific documents, supporting the automatic
recognition of gene/protein, DNA, RNA, cell line and cell
type names. Gimli implements a machine learning-based
solution, taking advantage of Conditional Random Fields.
Moreover, it supports a rich set of features, including
orthographic, morphological, linguistic-based and also
domain knowledge features, through the implementa-
tion of a lexicon matching technique. Additionally, Gimli
implements advanced conjunctions of features, creating
new features based on windows of lemmas and part-of-
speech tags. In order to correct mistakes generated by the
CRF models, Gimli also integrates a post-processing mod-
ule, implementing parentheses correction and abbrevia-
tion resolution, aimed at extending incompletely tagged
names. Finally, Gimli also combines several forward and
backward models to achieve the best results.

In order to evaluate Gimli and compare it against exist-
ing systems, we used two well-known corpora: GENETAG
and JNLPBA. In the end, it achieved F-measure results of
87.17% and 72.23% on each corpora, respectively. These
results were compared to the systems that participated in
the challenges where the corpora were used, BioCreative
II Gene Mention and NLPBA Shared Task. Gimli outper-
forms all existing open source solutions on both corpora,
presenting significant improvements both in results and
techniques used.

Gimli is an off-the-shelf solution that can be used
through two different endpoints, thinking on users with
different goals and expertise:

• Command Line Interface (CLI): automatic scripts
with easy access to main functionalities, allowing the
annotation of documents using provided models, and
training new models focused on different entity types,
using a configuration file to customize the feature set
and model parameters;

• Application Programming Interface (API): provides
complete access to implemented features and
associated infrastructure, allowing the easy
integration of Gimli in complex text mining
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workflows, by using, extending and/or adapting the
provided functionalities.

Overall, we believe that Gimli provides various char-
acteristics that make it a state-of-the-art solution for
biomedical NER:

• High-end techniques: Gimli applies various state-of-
the-art techniques and proposes optimizations on
various methods, presenting innovative and
high-performance alternatives. Moreover, it
integrates various solutions that are only present on
closed source solutions, such as dependency parsing,
chunking and model combination;

• Flexible: Gimli was built thinking on flexibility,
founded on a strong infrastructure that allows adding
new features and extending or changing existing
ones. Moreover, Gimli offers the only CLI that allows
feature set and model parameters definition;

• Scalable: the internal infrastructure is ready to scale,
supporting the development of more complex
solutions. Moreover, Gimli is ready to be used on
multi-threaded applications, in order to process
millions of documents;

• Documentation: we provide complete and detailed
documentation of Gimli, in order to use both CLI
and API. Together with the associated simplicity and
self-explanatory code, we believe that Gimli is easy to
use, change and extend.

Developers and researchers of the biomedical domain,
especially text mining experts, can take advantage of
the presented characteristics to develop their own NER
and/or post-NER applications. Gimli reduces the required
effort to develop innovative NER solutions, increasing the
users’ time to focus on their main goals. Thus, it can
be used to support the development of various multi-
disciplinary solutions: a) NER using different corpora and
target entity names, such as disorders and chemicals;
b) normalization; c) relation extraction, such as protein-
protein interactions; and d) information retrieval.

With the results achieved and the characteristics pre-
sented by our system, we strongly believe that Gimli is
a state-of-the art solution for biomedical named entity
recognition, contributing to faster and better research in
the field.

Future Work
Although Gimli already incorporates various improve-
ments on existing tools, some aspects can be further
explored. We are currently investigating other approaches
for model combination, considering for example the intro-
duction of domain knowledge information and/or con-
text based harmonisation through the use of dictionar-
ies or machine learning-based solutions [30]. As for the

recognition of particular entity types such as DNA, RNA,
cell type and cell line, we are working on improving the
lexicons in order to achieve better precision. An interest-
ing area to explore is the use of feature induction [35] to
automatically extract informative features from texts, in
order to improve the feature set and obtain “hidden” char-
acteristics of the tokens. The second technique that could
be studied is semi-supervised learning [36], using both
annotated and unannotated data in order to extract char-
acteristics of the unlabelled data that could contribute to
better recognition of entity name boundaries. Regarding
the use of Gimli, it could be interesting to implement a
set of web services to streamline its integration in other
tools and disseminate the simple and fast annotation of
scientific documents. Furthermore, although Gimli offers
a simple to use command-line application, developing a
GUI interface could simplify the analysis of the generated
annotations.

There are already various solutions being developed on
top of Gimli, such as: a) a framework for biomedical infor-
mation extraction supporting ML and dictionary-based
methodologies for normalization of biomedical concepts;
b) a solution based on semi-supervised NER for gene and
protein names recognition; and c) an information retrieval
solution for knowledge discovery focused on degenerative
diseases.

Availability and requirements
• Project name: Gimli
• Project home page: http://bioinformatics.ua.pt/

gimli
• Operating system(s): Platform independent
• Programming language: Java
• Other requirements: Java 1.6 or higher
• License: Creative Commons

Attribution-NonCommercial-ShareAlike 3.0
Unported License

• Any restrictions to use by non-academics:
Non-commercial use
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FCT under the Ciância2007 programme.

Received: 11 January 2012 Accepted: 29 December 2012
Published: 15 February 2013

References
1. Tsuruoka Y, Tateishi Y, Kim J, Ohta T, McNaught J, Ananiadou S, Tsujii J:

Developing a robust part-of-speech tagger for biomedical text.
Advances in informatics 2005, 3746:382–392.

2. Leaman R, Gonzalez G: BANNER: An executable survey of advances in
biomedical named entity recognition. In Pacific, Symposium on
Biocomputing, Volume 13. Big Island, Hawaii; 2008:652–663.

3. Settles B: ABNER: an open source tool for automatically tagging
genes, proteins and other entity names in text. Bioinformatics 2005,
21(14):3191.

4. Song Y, Kim E, Lee G, Yi B: POSBIOTM-NER in the shared task of
BioNLP/NLPBA 2004. In Proceedings of the International Joint Workshop
on Natural Language Processing in Biomedicine and its Applications.
Stroudsburg, PA, USA: Association for Computational Linguistics;
2004:100–103.

5. Finkel J, Dingare S, Nguyen H, Nissim M, Manning C, Sinclair G: Exploiting
context for biomedical entity recognition: From syntax to the web.
In Proceedings of the International Joint Workshop on Natural Language
Processing in Biomedicine and its Applications. Stroudsburg, PA, USA:
Association for Computational Linguistics; 2004:88–91.

6. Cho HC: NERsuite: A Named Entity Recognition toolkit. Tsujii
Laboratory, Department of Information Science, University of Tokyo,
Tokyo, Japan 2010, [http://nersuite.nlplab.org]

7. Ando R: BioCreative II gene mention tagging system at IBM Watson.
In Proceedings of the Second BioCreative Challenge Evaluation Workshop.
Madrid, Spain; 2007:101–103.

8. Zhou G, Zhang J, Su J, Shen D, Tan C: Recognizing names in biomedical
texts: a machine learning approach. Bioinformatics 2004,
20(7):1178–90.

9. Tsai R, Sung C, Dai H, Hung H, Sung T, Hsu W: NERBio: using selected
word conjunctions, term normalization, and global patterns to
improve biomedical named entity recognition. BMC bioinformatics
2006, 7(Suppl 5):S11.

10. Hsu C, Chang Y, Kuo C, Lin Y, Huang H, Chung I, et al.: Integrating high
dimensional bi-directional parsing models for gene mention
tagging. Bioinformatics 2008, 24(13):i286.

11. McCallum AK: MALLET: A Machine Learning for Language Toolkit.
Amherst, MA, USA 2002, [http://mallet.cs.umass.edu]

12. Sagae K: Dependency parsing and domain adaptation with, LR
models and parser ensembles. In Proceedings of the Eleventh Conference
on Computational Natural Language Learning. Prague, Czech Republic;
2007:1044–1050.

13. Liu H, Hu ZZ, Zhang J, Wu CH: BioThesaurus: a web-based thesaurus
of protein and gene names. Bioinformatics 2006, 22:103–105.

14. Sasaki Y, Montemagni S, Pezik P, Rebholz-Schuhmann D, McNaught J,
Ananiadou S: Biolexicon: A lexical resource for the biology domain. In
Proceedings of the, Third International Symposium on Semantic Mining in
Biomedicine (SMBM 2008), Volume 3. Jena, Germany; 2008:109–116.

15. Tanabe L, Xie N, Thom L, Matten W, Wilbur W: GENETAG: a tagged
corpus for gene/protein named entity recognition. BMC
bioinformatics 2005, 6(Suppl 1):S3.

16. Smith L, Tanabe L, Ando R, Kuo C, Chung I, Hsu C, Lin Y, Klinger R,
Friedrich C, Ganchev K, et al.: Overview of BioCreative II gene mention
recognition. Genome Biology 2008, 9(Suppl 2):S2.

17. Kim J, Ohta T, Tsuruoka Y, Tateisi Y, Collier N: Introduction to the
bio-entity recognition task at JNLPBA. In Proceedings of the
International Joint Workshop on Natural Language Processing in
Biomedicine and its Applications. Stroudsburg, PA, USA: Association for
Computational Linguistics; 2004:70–75.

18. Kim J, Ohta T, Tateisi Y, Tsujii J: GENIA corpus-a semantically annotated
corpus for bio-textmining. Bioinformatics 2003, 19:180–182.

19. Nadeau D, Sekine S: A survey of named entity recognition and
classification. Lingvisticae Investigationes 2007, 30:3–26.

20. Zhou G, Shen D, Zhang J, Su J, Tan S: Recognition of protein/gene
names from text using an ensemble of classifiers. BMC bioinformatics
2005, 6(Suppl 1):S7.

21. Collins M: Ranking algorithms for named-entity extraction: Boosting
and the voted perceptron. In Proceedings of the 40th Annual Meeting on
Association for Computational Linguistics. Philadelphia, PA, USA:
Association for Computational Linguistics; 2002:489–496.

22. Vlachos A: Tackling the, BioCreative2 gene mention task with
conditional random fields and syntactic parsing. In Proceedings of the
Second BioCreative Challenge Evaluation Workshop; 23 to 25 April 2007.
Madrid, Spain; 2007:85–87.

23. Schuemie M, Mons B, Weeber M, Kors J: Evaluation of techniques for
increasing recall in a dictionary approach to gene and protein name
identification. Journal of Biomedical Informatics 2007, 40(3):316–324.

24. Lafferty J, McCallum A, Pereira F: Conditional random fields:
Probabilistic models for segmenting and labeling sequence data. In
Proceedings of the Eighteenth International Conference on Machine Learning
(ICML-2001). Williamstown, MA, USA; 2001:282–289.

25. Wallach H: Conditional random fields: An introduction. Tech. rep.,
University of Pennsylvania, Philadelphia, PA, USA 2004.

26. Keerthi S, Sundararajan S: CRF versus SVM-struct for sequence
labeling. Tech. rep., Yahoo Research 2007.

27. Lee C, Jang M: Fast training of structured SVM using fixed-threshold
sequential minimal optimization. ETRI journal 2009, 31(2):121–128.

28. Hoefel G, Elkan C: Learning a two-stage SVM/CRF sequence classifier.
In Proceedings of the 17th ACM conference on Information and knowledge
management, CIKM ’08. New York, NY, USA: ACM; 2008:271–278.

29. Sarawagi S, Cohen W: Semi-markov conditional random fields for
information extraction. Advances in Neural Information Processing
Systems 2004, 17:1185–1192.

30. Campos D, Matos S, Lewin I, Oliveira J, Rebholz-Schuhmann D:
Harmonization of gene/protein annotations: towards a gold
standard MEDLINE. Bioinformatics 2012, 28(9):1253–1261.

31. Schwartz A, Hearst M: A simple algorithm for identifying abbreviation
definitions in biomedical text. In Pacific Symposium on Biocomputing,
Volume 8. Lihue, Hawaii; 2003:451–462.

32. Kuo C, Chang Y, Huang H, Lin K, Yang B, Lin Y, Hsu C, Chung I: Rich feature
set, unification of bidirectional parsing and dictionary filtering for
high F-score gene mention tagging. In Proceedings of the Second
BioCreative Challenge Evaluation Workshop. Madrid, Spain; 2007:105–107.

33. Neves M, Chagoyen M, Carazo J, Pascual-Montano A: CBR-Tagger: a
case-based reasoning approach to the gene/protein mention
problem. In Proceedings of the Workshop on Current Trends in Biomedical
Natural Language Processing. Stroudsburg, PA, USA: Association for
Computational Linguistics; 2008:108–109.

34. Alias-i I: LingPipe. Alias-i, Inc., Brooklyn, NY, USA 2011, [http://alias-i.com/
lingpipe/index.html]

35. McCallum A: Efficiently inducing features of conditional random
fields. In Proceedings of the Nineteenth Conference on Uncertainty in
Artificial Intelligence. Acapulco, Mexico: Morgan Kaufmann Publishers Inc.;
2003:403–410.

36. Mann G, McCallum A: Generalized expectation criteria for
semi-supervised learning of conditional random fields. In Proc. ACL.
Columbus, Ohio, USA; 2008:870–878.

doi:10.1186/1471-2105-14-54
Cite this article as: Campos et al.: Gimli: open source and high-performance
biomedical name recognition. BMC Bioinformatics 2013 14:54.

http://nersuite.nlplab.org
http://mallet.cs.umass.edu
http://alias-i.com/lingpipe/index.html
http://alias-i.com/lingpipe/index.html

	Abstract
	Background
	Results
	Conclusions

	Background
	Implementation
	Tools and resources
	Corpora
	Pre-processing
	Features
	Model
	Model combination
	Post-processing

	Results and discussion
	Preliminary experiments
	Tokenization
	Feature set
	Conjunctions VS Windows

	Model combination analysis
	Feature contributions
	Performance analysis
	Speed analysis

	Conclusions
	Future Work

	Availability and requirements
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


