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©Coordinación de Ciencias Computacionales

Luis Enrique Error 1,
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Abstract

Hierarchical classification is commonly seen as a special type of multi-label
classification, that is, the instances can be associated to multiple labels, but
labels are arranged in a predefined structure, a hierarchy. Moreover, the pre-
dictions in hierarchical classification have to fulfill the hierarchical constraint
that states if an instance is associated to a node, then it also has to be asso-
ciated to the ancestors of that node.

On the other hand, scarce data is a common problem in supervised classi-
fication, and therefore, it is also present in hierarchical classification. Scarce
data occurs when hand-labeling data is expensive, time-consuming or diffi-
cult to do. Even though, labels arranged in hierarchies are found in multiples
domains, such as text categorization, image classification, biology and music,
just a few works address the problem of scarce data in a hierarchical clas-
sification scenario. Hence, we hypothesized that training a semi-supervised
hierarchical classifier (SSHC) with labeled and unlabeled data will produce
a classifier with better performance than a classifier trained only on labeled
data.

Therefore, the main goal of this research it to develop a semi-supervised
hierarchical classifier that can be trained with labeled and unlabeled data.
Furthermore, it is expected to be able to handle hierarchies of tree and DAG
type, as well as, predict a single and multiple paths of labels.

A preliminary SSHC based on local information (SSHC-BLI) was devel-
oped, which pseudo-labels the unlabeled data and later used them to train
a hierarchical classifier. The nearest labeled instances to each unlabeled in-
stance are used to build a pseudo-label, so, if the unlabeled data is similar to
its nearest labeled instances, it is pseudo-labeled, else stays unlabeled. Prelim-
inary results on a subset of the Functional Catalogue (FunCat) datasets shows
promising results, because the SSHC-BLI tends to outperform a supervised
hierarchical classifier (Top-Down) trained only on labeled instances.
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SSHC-BLI Semi-Supervised Hierarchical Classifier Based on Local Information.

SSL Semi-Supervised Learning.

T Tree.

TD Top-Down.
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1 Introduction

Supervised classification (SC) consists on building a model from labeled instances,
which is later used to predict the class of new instances. Nevertheless, scarce data is
a common problem of SC, this occurs when hand-labeling data is time-consuming,
expensive or difficult to label. Consequently, the problem when a classifier is trained
with few labeled data is that an unreliable classifier could be obtained.

Furthermore, the problem of scarce data may be found in a scenario of multi-
label classification, that is, when instances can be associated to multiple labels
(classes). As shown by Bielza et al. [2011], Sucar et al. [2014] the labels can be
related, hence the performance of a classifier can be improve by taking into ac-
count that relations, however, if the labels are independent, the performance of the
classifier will not improve.

Even more, hierarchical classification (HC) can be seen as a special type of
multi-label classification, that is, an instance can be associated to multiple labels,
but the labels are already arranged into a predefined structure, that contains the
relations among the labels, which is commonly a Tree but in its general form is a
directed acyclic graph (DAG). Additionally, the predictions in HC have to fulfill
the hierarchical constraint, which states that if an instance is associated to a node
(label), the instance has to be associated to the ancestors of that node (label). So
HC with scarce data is the problem to be addressed in this research.

There are two main approaches that try to addressed the problem of scarce
data. The first is generation of artificial data, for example the SMOTE method
[Chawla et al., 2002]. The second consists on making use of unlabeled data along
with labeled data, this approach is known as semi-supervised classification [van
Engelen and Hoos, 2019].

For large amounts of (unlabeled) information can be obtained from different
sources, for instance the internet, such as video, text, images, ..., this research will
be focused in the semi-supervised classification approach. So that, applications can
make use of that (unlabeled) information along with the available labeled informa-
tion.

The aim of this research is to develop a Semi-Supervised Hierarchical Classi-
fier (SSHC) which can be trained with labeled and unlabeled data. Furthermore,
the SSHC has to make use of the relations among the labels (hierarchy), and it is
expected that the SSHC can predict both single and multiple paths of labels.

An initial SSHC based on local information (SSHC-BLI) was developed (it can
handle tree hierarchies and predicts a single path of labels), whose main idea is to
pseudo-label the unlabeled data, which are later used to train a hierarchical classifier.
The nearest labeled instances to each unlabeled instances are used to build a pseudo-

1



label, then, the similitude of the unlabeled instance with its nearest labeled instances
is estimated, if they are similar, the unlabeled instance is pseudo-labeled, else it stays
unlabeled. Experiments on a subset of the Functional Catalogue (FunCat) datasets
show promising results, because the SSHC-BLI tends to outperform the baseline, a
supervised hierarchical classifier (Top-Down) trained only on labeled instances.

2 Background

2.1 Introduction

This section presents the background required for this research. An introduction to
supervised learning is given in section 2.2, introductions to semi-supervised learning
and transfer learning are given in sections 2.3 and 2.4, respectively. Finally in section
2.5 hierarchical classification is presented.

2.2 Supervised Classification

Supervised classification is essentially a mapping from the measurement space to a
set of classes that represent the types of interest to the user. The steps in applying
a classifier (based on Richards [2013b]) usually include:

1. Deciding the set of classes.

2. Choosing known representative instances for each of the classes, and describe
them in the space of attributes Rd, where d is the number of attributes. These
form the training set.

3. Using the training set to estimate the parameters of the particular classifier
algorithm to be employed.

4. Assessing the performance of the classifier using a labeled testing set, which is
different from the training set.

5. Using the trained classifier to label unknown instances.

The first two steps can be skipped if we already have real world or artificial databases.
Furthermore, based on the results obtained in step 4, the training process can be
refined in order to improve its performance.
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Some supervised learning algorithms Richards [2013b], Géron [2017] are: K-
nearest neighbors, Minimum Distance Classification, Naive Bayes Classifier, Max-
imum likelihood classification, Parallelepiped Classification, Support Vector Ma-
chines, Decision Trees and Random Forest, Artificial Neural Networks.

2.2.1 Multi-label classification

The multi-label classification problem correspond to searching a function h that
assigns to each instance a subset of labels. First, let x be an instance represented
by a vector of m features:

x = (X1 = x1, ..., Xm = xm) (1)

where each feature Xi could be a numeric or categorical variable, let Y be a vector
of d labels:

Y = (L1 = l1, ..., Ld = ld) (2)

where each label Lj can take the values {1, 0}, that is, positively or negatively
classified. Hence, h is a function that given an instance x returns the subset of
labels to which it is associated:

h : (x1, ..., xm) 7→ (l1, ..., ld) (3)

Thus, the h function should assign to each instance x the most likely combination
of labels, that is:

arg maxl1,...,ld P (L1 = l1, ..., Ld = ld|x) (4)

There are two basic strategies for multilabel classification. The first is binary
relevance [Luaces et al., 2012] where a binary classifier is trained for each label and
the decision rule assigns to an instance all the labels whose classifiers predicted it
positively, nevertheless, this strategy do not consider dependencies between labels.
The second is label power set, which defines a new compound of class variables, whose
values are all the possible combinations of values of the original labels, then, it can
be treated as a multiclass problem, this strategy implicitly considers interaction
between labels, but, it could be computationally expensive, because for N labels it
will generate a compound of 2N classes. For example, if there are N = 10 labels,
the compound will have 210 = 1024 classes.

2.3 Semi Supervised Learning

Unsupervised classification can be used as a stand-alone technique, when reliable
training data for supervised classification cannot be obtained or is too expensive to
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acquire [Richards, 2013a]. Furthermore, while in supervised classification an instance
has associated an output value, in unsupervised classification there is no specific out-
put value for the instances. Some unsupervised algorithms are k-means, k-medians
and hierarchical clustering.

On the other hand, Semi-Supervised Learning (SSL) can be seen as the branch
of machine learning that aims to combine supervised and unsupervised learning
[Chapelle et al., 2010, Zhu, 2008]. That is, SSL uses labeled and unlabeled data to
perform learning tasks.

Semi-supervised classification methods are appropriated to scenarios where la-
beled data is scarce, and a reliable classifier could be hard to obtain. Scarce labeled
data occurs when it is expensive or difficult to obtain, like computer-aided diagnosis,
drug discovery and part-of-speech tagging [van Engelen and Hoos, 2019].

2.3.1 Assumptions of Semi-Supervised Learning

In SSL there are some recognized assumptions, which are the foundation of most
semi-supervised learning algorithms, which depend on one or more of them being
satisfied (explicitly or implicitly) [Chapelle et al., 2010]. They are briefly described
below:

• Smoothness assumption: It states that, for two input points xi, xj ∈ X that
are close by the input space, the corresponding labels yi, yj should be the same.
This assumption has a benefit, it can be applied transitively to unlabeled data.
For example, let x0 ∈ XL be a labeled point and let x1, x2 ∈ XU be unlabeled
points, if x1 is close to both x0 and x2, but x0 is not close to x2, x2 can
be labeled with the same label than x0, that is, the label was transitively
propagated through x1.

• Low-density assumption: It states that the decision boundary of a classifier
should preferably pass through low-density regions in the input space. That
is the same as saying that the decision boundary should not pass through
high-density areas.

• Manifold assumption: It states that:

– The input space is composed of multiple lower dimension manifolds on
which all data points lie.

– Data points on the same manifold have the same label.

An example of the smoothness and low-density assumption is shown in Fig. 1 a),
example for manifold assumption is shown in Fig. 1 b).
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Figure 1: Semi-supervised learning assumptions [van Engelen and Hoos, 2019]. a)
Smoothness and low-density assumptions, b) Manifold assumption. (Best seen in color)

2.3.2 Taxonomy of Semi-Supervised Learning Methods

Figure 2: A taxonomy that groups the different approaches of semi-supervised learning.

van Engelen and Hoos [2019] proposed a taxonomy to group the SSL methods,
the taxonomy is shown in Fig. 2. First, the SSL methods are divided into two
main groups, inductive and transductive, the former produces a classification model
(which can be used to label new instances), while the second is only focused with
labeling the unlabeled data points.

The inductive methods are the most interesting for this research proposal,
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because a classification model for predicting/labeling new data, different from the
training set (labeled and unlabeled data), is required. However, inductive methods
can be grouped based on the way they incorporate the unlabeled data:

• Wrapper methods: They are the most known algorithms for SSL. The proce-
dure commonly consists of two alternating steps, training : one or more clas-
sifiers are trained with labeled and pseudo-labeled data (if available), and
pseudo-labeling : the resulting classifiers are used to infer labels for previously
unlabeled data and those with the most confident predictions are pseudo-
labeled and used in the next iteration. Wrapper methods can be divided into
the following categories:

– Self-training : It was first proposed by Yarowsky [1995] for word sense
disambiguation in text documents. They consist of a single classifier
iteratively trained with labeled and pseudo-labeled data.

– Co-training : It is an extension of self-training to multiple supervised
classifiers, that is, two or more classifiers are trained on labeled data, and
each one adds its most confident predictions to the labeled data of the
other classifiers in each iteration. However, in co-training is important
that the base classifiers are not strongly correlated in their predictions,
in order to provide each other with useful information, this condition
is called the diversity criterion [Wang and Zhou, 2010]. In co-training
methods, we can find multi-view co-training methods [Xu et al., 2013,
Blum and Mitchell, 1998] where multiple views (subsets of features) exist,
single-view co-training methods [Du et al., 2011, Jiao Wang et al., 2008]
only there is one view, so methods split the data into multiple views, and
co-regularization methods [Sindhwani and Rosenberg, 2008, Sindhwani
et al., 2005] where the ensemble quality and the disagreement between
base learners are simultaneously optimized.

– Boosting : semi-supervised boosting methods have been proposed such as
SSMBoost [Grandvalet et al., 2001, d'Alché-Buc et al., 2002], Adaptative
Supervised Ensemble [Bennett et al., 2002] and SemiBoost [Mallapragada
et al., 2009]

• Unsupervised preprocessing: They extract useful features from unlabeled
data, pre-cluster the data or determine the initial parameters of a supervised
method in a unsupervised manner. That is, the supervised classifier is only
trained with the labeled data.

• Intrinsically semi-supervised methods: They directly optimize an objective
function with elements for labeled and unlabeled instances. Intrinsically semi-
supervised methods can be divided into the following categories:
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– Maximum-margin methods : This approach is focused in the low-density
assumption. That is, these classifiers attempt to maximize the distance
between the given data and the decision boundary. Some based on sup-
port vector machines are S3VM [Bennett and Demiriz, 1998, Ding et al.,
2017] and S4VM [Li and Zhou, 2015].

– Perturbation based methods : A predictive model should be robust to local
perturbation in its input, because the smoothness assumption. That is,
if a data point is perturbed with a small amount of noise, the prediction
for the noise and clean data points should be the same.

– Manifolds : This approach is based on the manifold assumption. Two
different techniques are presented, manifold regularization techniques that
define a graph over data points and penalize differences in predictions
for instances with small geodesic distance, and manifold approximation
techniques that explicity estimate the manifolds where the data lie while
optimize an objective function.

– Generative Models : The main goal of these methods is to model the
distribution that generated the data.

2.4 Transfer Learning

Transfer learning (TL) is commonly used in cases when labeled and unlabeled data
are difficult to collect. Hence, TL is focused on transferring the knowledge across
domains. Zhuang et al. [2021] formally defines TL as follows:

Given some/an observation(s) corresponding to ms source domain(s) and task(s)
(i.e, {(DSi

, TSi
)|i = 1, ...,ms}), and some/an observation(s) about mT target do-

main(s) and task(s) (i.e., {(DTj
, TTj

)|j = 1, ...,mT}), transfer learning utilizes the
knowledge implied in the source domain(s) to improve the performance of the learned
decision functions fTj = (j = 1, ...,mT ) on the target domain(s).

Note this definition covers both situations, single-source transfer learning and
multi-source transfer learning.

When TL techniques are designed three issues should be considered [Aggarwal,
2014, Pan and Yang, 2010]: first, what to transfer?, that asks which part of the
knowledge can be transferred from source domain to target domain; second, how to
transfer?, once it is known which knowledge can be transferred, the algorithms for
transferring the knowledge need to be developed; and third, when to transfer?, this
last has to do with in which situations it is appropriate to use transfer learning.

It is worth to mention that in some situations where the source and target
domains are no related to each other, the TL may result unsuccessful. In other
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words, the performance in the target domain could be worsened, this situation is
known as negative transfer.

2.5 Hierarchical Classification

Hierarchical classification is a special type of multilabel classification in which the
labels are arranged in a predefined structure, the structure can be a Tree or in its
general form a Directed Acyclic Graph (DAG). Thus the Hierarchical Structure (HS)
can be denoted with the notation of graphs:

HS = (L,E) (5)

where L is the set of labels (nodes), E is the set of edges that linked the labels
(nodes) and HS is a DAG. Note, a Tree is a DAG where all nodes have only one
parent, except the root node which does not have parents.

Furthermore, in hierarchical classification the Hierarchical constraint exists,
which states that if an instance x is associated to the label l ∈ L then x has to be
associated to the ancestors of l, Anc(l), given by the HS:

∀x ∈ l→ x ∈ z,∀z ∈ Anc(l) (6)

Thus, a valid path or consistent path is a subset of the labels that complies the
hierarchical constraint.

2.5.1 Hierarchical Classification Problems

In hierarchical classification there are different problems, thus, it is important to
know the hierarchical classification problem, in order to choose a suitable method to
train and predict. Silla and Freitas [2011] describe the different hierarchical problems
as a 3-tuple < Υ,Ψ,Φ > where:

• Υ: specifies the type of hierarchical structure in which the labels are arranged,
so, it can take one of two values, T if it is a tree or DAG if it is a Direct Acyclic
Graph.

• Ψ: specifies whether an instance can be associated either one or multiple paths.
Thus the values that it can take are: Single Path of Labels (SPL) and Multiple
Paths of Labels (MPL).

• Φ: describes the depth of the paths of the instances, two values are permitted:
Full Depth (FD) if the path (or paths) of all instances reach a leaf node, and
Partial Depth (PD) if at least one path of an instance does not reach a leaf
node.
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This implies that exist at least eight different hierarchical classification prob-
lems, Table 1 lists the different problems. Furthermore, in Fig. 3 are shown examples
of paths of instances that represent the first four problems of Table 1, that is, those
with HS tree type, in Fig. 4 are shown the next four examples of paths of instances
that represent the problems with DAG type HS. Note that the hierarchical struc-
tures for Trees and DAG’s were designed almost the same, this for easy visualization
and comparison between the different hierarchical classification problems.

Table 1: This table lists the different hierarchical classification problems. Υ: hierarchical
structure, Ψ: number of paths, Φ: depth of paths, T: Tree, DAG: Directed Acyclic Graph,
SPL: Single Path of Labels, MPL: Multiple Paths of Labels, FD: Full Depth, PD: Partial
Depth.

# Υ Ψ Φ

1 T SPL PD
2 T SPL FD
3 T MPL PD
4 T MPL FD
5 DAG SPL PD
6 DAG SPL FD
7 DAG MPL PD
8 DAG MPL FD

2.6 Evaluation

In order to evaluate the performance of the proposed semi-supervised hierarchical
classifier (SSHC), the evaluation measures commonly used for hierarchical classifi-
cation will be used, this is because the SSHC produces a model that will be used to
classify instances that were not used in the training phase.

In hierarchical classification different evaluation measures have been proposed
[Nakano et al., 2017, Silla and Freitas, 2011] which assess whether the predictions
of the method were correct or partially correct. Let N be the number of instances
in the test set, let Y be the real subset of labels to which an instance is associated
and let Ŷ be the subset of predicted labels. Some evaluation measures are described
below: .

• Exact Match: It is the most strict measure, because, the prediction of an
instance has to be equal to real subset of labels. So, it returns the percentage
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Figure 3: Examples of the four problems with HS tree type. The nodes shaded in green
for each HS indicate the labels to which some instance is associated, for example, the
instance x showed in the problem 3) is associated to the subset {y1, y2, y6}.

of instances classified correctly.

Exact Match =
1

N

N∑
i=1

1Y=Ŷ (7)

• Accuracy: For each instance the ratio of labels predicted correctly to the union
of real and predicted labels is calculated. So, the average of all the instances
is returned.

Accuracy =
1

N

N∑
i=1

∣∣∣Yi ∩ Ŷi

∣∣∣∣∣∣Yi ∪ Ŷi

∣∣∣ (8)

• Hierarchical F-measure (hF): F-measure for hierarchical classification.

hF =
2 ∗ hP ∗ hR
hP + hR

(9)

hP =

∑N
i=1

∣∣∣Yi ∩ Ŷi

∣∣∣∑N
i=1

∣∣∣Ŷi

∣∣∣ (10)

hR =

∑N
i=1

∣∣∣Yi ∩ Ŷi

∣∣∣∑N
i=1 |Yi|

(11)
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Figure 4: Examples of the four problems with DAG type HS. The nodes shaded in green
for each HS indicate the labels to which some instance is associated, for example, the
instance x showed in the problem 6) is associated to the subset {y2, y3, y6}.

Where hR is the hierarchical Precision, which calculates the ratio of correct
predictions over the number of predictions in the complete dataset, and hP is
hierarchical Recall, which calculates the ratio of correct predictions over the
number of real labels in the complete dataset.

Even though, the previous evaluation measures can be used to evaluate any
hierarchical classification method, they are mainly used to evaluate hierarchical clas-
sification methods of single path prediction type. Additionally, there are others
measures such as Area Under the ROC Curve (AUC) Robinson et al. [2015], Area
Under the PR Curve (AUPRC) Bi and Kwok [2011], Sun et al. [2017], Area under
the average PR-curve (AU(PRC)) Cerri et al. [2014, 2016] and Weighted average of
the areas under the individual PR-curves AUPRCw Cerri et al. [2014, 2016], how-
ever, those measures are mainly used in hierarchical classification problems where
the instances are associated to multiple paths of labels.

3 Related Work

3.1 Hierarchical Classification

Some classical approaches for hierarchical classification are described in this section.
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3.1.1 Flat classification

Flat classification for hierarchical classification is perhaps the simplest method, be-
cause this method ignores almost completely the hierarchical structure (HS) and
focus its training and predictions over the leaf nodes of the HS. Figure 5 shows ex-
amples of the nodes used to generate a multiclass problem in either tree or DAG
structures, hence any multiclass classifier or strategy can be applied. Nevertheless,
the main drawback of this method is that it ignores the hierarchical structure in
training and predictions phases. Therefore useful information provided by the hier-
archy is wasted.

Figure 5: Flat classification. Leaf a tree; Right a DAG. A multiclass classifier is trained
considering only the leaf nodes (shaded in gray).

3.1.2 Local Classifier per Parent Node Approach

In this approach Local Classifiers per Parent Node (LCPN) are trained, that is, for
each non-leaf node a multiclass classifier is trained to predict its children nodes. This
approach is shown in Fig. 6, where the different multiclass problems are inside boxes.
It is not natural to use LCPN in hierarchical problems with DAG type hierarchies,
since nodes with multiple parents obtain a prediction from each parent node, as
can be seen on node y6. However, strategies to combine multiple predictions can be
used, such as Ramı́rez-Corona et al. [2016] that average the scores obtained by the
different multiclass classifiers.

Once multiclass classifiers are trained for each non-leaf node, the standard
prediction for an instance follows the Top-Down (TD) procedure, that is, the instance
is evaluated in the multiclass classifier of the root node, then the prediction advances
toward the child node with the highest score, and so on, until a leaf node is reached.
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Figure 6: Local Classifier per Parent Node approach. Left a tree; right a DAG. Each box
contains the nodes/labels for the multiclass problem of the node that all they are children.
For example, nodes {y4, y5} represent the multiclass problem of node y1. (Best seen in
color)

Therefore, the prediction for an instance is the path generated by the Top-Down
procedure.

The Top-Down procedure has a very well known problem, called error-propagation,
this error occurs when it makes a mistake in some prediction, this implies that all
the next predictions will also be wrong. Furthermore, the Top-Down procedure is
unable to correct wrong predictions.

3.1.3 Local Classifier per Node (LCN) Approach

Figure 7: Local classifier per node approach. For each node, except the root, a binary
classifier is trained.
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In this approach a binary classifier is trained for each node in the hierarchy,
except for the root, see Fig. 7. These classifiers will predict whether an instance is
associated to the label or not. For each LCN the training set of positive and negative
instances has to be selected. Some policies for selecting them have been proposed:

• The exclusive policy : for node yj the positive instances are only those instances
for which its most specific label is yj, and the negatives are the rest of instances.

• The less exclusive policy : for a node yj the positive instances are only those
instances which its most specific label is yj, and the negatives are the rest of
instances, except those that are descendents of yj.

• The less inclusive policy : in this case, for a node yj the positive instances are
those associated to yj (not only instances which its most specific label is yj),
and the negative instances are the rest.

• The inclusive policy : for a node yj the positive instances are those associated
to yj (not only instances which its most specific label is yj), and the negative
instances are the rest except instances that are associated to ancestors of yj.

• The siblings policy : for a node yj the positive instances are those associated
to yj (not only instances which its most specific label is yj), and the negative
instances are those associated to the siblings of yj.

• The exclusive policy : for node yj the positive instances are only those instances
which its most specific label is yj, and the negatives are those instances which
its most specific label is some sibling of yj.

• The balanced Bottom-Up policy : for a node yj the positive instances are those
associated to yj, and the negatives are those associated to siblings, then to
uncles, and so on, until the amount of negatives instances is equal to the
positives.

These policies were proposed by Eisner et al. [2005], Fagni and Sebastiani [2007].
Using those policies for LCN is not mandatory, variants of these policies and new
ones are permitted. For example, Feng et al. [2018] use a sibling policy for the nodes,
then adds artificial instances to the minority class (positive or negative) to balance
the number of instances.

For predicting the path of an instance, the procedure Top-Down is also com-
patible with this approach. The prediction starts in the root node advancing toward
its child node with the highest score, and so on until a leaf node is reached.
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3.1.4 Local classifier per level approach

Local classifier per level approach consists in training a multiclass classifier for each
level of the hierarchy. Nevertheless, in the prediction phase is important to correct
predictions in order of avoid inconsistent paths. Nevertheless, this approach is much
less used than the previous approaches.

3.1.5 HC methods

Several methods have been proposed for the different hierarchical classification prob-
lems, some approaches that have been researched are: improve standard methods,
modify the hierarchy, modeling probabilistically the hierarchy.

CLUS-HMC1 was proposed by Vens et al. [2008a] for multiple path prediction
and predictions can finish on internal nodes. The method creates a decision tree
where each leaf contains the probability of each node in the hierarchy. A threshold
is required in order to determinate if an instance is associated to a class.

Naik and Rangwala [2016] studied feature selection for each non-leaf node, then
they proposed two approaches for choosing relevant number of features at each non-
leaf node. First, Global Feature Selection where the number of features is the same
for all the non-leaf nodes. Second, Adaptive Feature Selection that selects different
number of features at each node, so, validation sets are required to tested different
number of features. However, a Top-Down procedure is used in the prediction phase,
hence the problem of error propagation still exists.

Naik and Rangwala [2016] proposed rewHier, which applies different operations
to modify the hierarchy. The operations are: Node Creation, that groups together
similar class pairs which have different parents; Parent-child rewiring assigns a leaf
node from one parent to another parent node in the hierarchy, this when the node
is identified to be similar to all the sibling leaf nodes; the last is Node deletion, this
operation deletes nodes that do not have leaf nodes, this can happen after applying
the two first operations. The threshold τ is selected empirically, which is used to
determine whether a pair of classes is similar or not, thus, different values for τ will
produce different modified hierarchies.

Nakano et al. [2017] proposed a modification of the hierarchy (only for Trees)
which consists in replicating internal nodes and then adding them as subclasses
of themselves. This method is NMLNP. Two variants were proposed, the first is
non-Leaf Local Classifier per Parent Node (nLLCPN) which trains LCPN for the
modified hierarchy. Then, in the prediction phase to obtain the prediction of an
instance a Top-Down procedure is used. The second is Local Classifier per Parent

1CLUS-HMC is type MPP
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Node and Branch, in this variant, LCPN are trained for the modified hierarchy, but
in the prediction phase, they use a measure to score paths, which is the average of
the scores of the labels in the path, that is, it is equal to Sum of Probabilities of
Hernandez et al. [2013]. Panta et al. [2019] analyzed the performances of LCPNB
and nLLCPN using eight different base classifiers, where SVM outperformed the rest
of classifiers.

Ramı́rez-Corona et al. [2016] proposed the method Chained Path Evaluation
(CPE). This method consists in training LCPN combined with the strategy Bayesian
Chained Classifiers (BCC), thus, the prediction of each classifier is influenced by
the prediction of its parents. This strategy theoretically works for Trees and DAG
hierarchies, but due to the use of LCPN in DAG hierarchies, a node would be
influenced by predictions of other parents of its siblings, information that could be
useless or add noise.

Mukti et al. [2018] generate a hierarchy from a set of classes related to the
problem of diabetic retinopathy, after, the Top-Down method is applied. Later,
Yamashita et al. [2019] use an approach similar to Mukti et al., that is, they generate
a hierarchy from a set of classes, where each level in the hierarchy is in charge of
classifying a new instance in a class, so if the prediction is negative then it goes to
the next level (similar to a Top-Down procedure). Furthermore, at each level of the
hierarchy feature selection and classifier selection are carried out.

Bayesian Networks with Chained Classifiers were proposed by Serrano-Pérez
and Sucar [2019], the method trains chained classifiers over independent binary
classifiers that fed a Bayesian Network, in this way, the predictions of the nodes
are influenced by the previous predictions of their neighbors. The prediction of an
instance is the path that maximizes a score. Three variants were proposed, that
are different by the neighbors that influence the predictions of the chained classifier
HCP-parents, HCA-ancestors and HCC-children.

3.2 Semi-Supervised Hierarchical Classification

This section presents some works related with semi-supervised learning and hierar-
chical classification that have been proposed. Also a discussion and analysis about
them is given, which include an empirical comparison between related works and the
research proposal.

The first method for semi-supervised hierarchical classification was proposed
by Metz and Freitas [2009]. It is a Top-Down (Tree, SPP, NMLNP) with LCN,
where the positive instances of a label are those associated to the label or its descen-
dants, and the negative instances are those associated to its siblings or its siblings
descendants. Each label classifier is self-trained following one of three strategies:
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self-train A: all the instances in the labeled set are used, self-train B : the instances
classified as positive in the parent class are used, and self-train C : only the instances
classified as positive instances during the self-train step on the parent node are used
as unlabeled set in the children nodes. It is not really clear the difference between
self-train C and self-train B, even worst, they reported double results for self-train
B and none for self-train C.

Santos and Canuto [2014a] proposed Hierarchical Multi-label classification us-
ing Semi-Supervised Label Powerset (HMC-SSLP). First, a HMC-Label Powerset
(HMC-LP) [Cerri et al., 2009] is trained with labeled data, then it is used to label a
(predefined) proportion of the unlabeled data which are added to the training set,
this process is iterated until all the unlabeled data are labeled. HMC-LP [Cerri
et al., 2009] combines all the classes of an example to generate a new hierarchy, nev-
ertheless, examples of how to combine paths of different lengths are not given. On
the other hand, the positive instances for each new class could be very few, which
can result on unreliable classifiers. Furthermore, if HMC-LP is supposed to be ap-
plied with a semi-supervised approach (because there are only few labeled data), the
amount of positive instances will be ridiculously few for each new class. So, using
the HMC-SSLP for semi-supervised hierarchical classification does not seem a good
option in any way.

Furthermore, Santos and Canuto [2014a] proposed Hierarchical Multi-label
using Semi-Supervised Random k-Labelsets (HMC-SSRAkEL) which is the semi-
supervised version of HMC-RAkEL [Santos and Canuto, 2014a]. This method trains
LCPN, that is, for each parent node a RAkEL (multi-label) classifier [Tsoumakas
et al., 2011] is trained. Then, a Top-Down procedure is use to label a (predefined)
proportion of unlabeled data, which are added to the training set, this process is
iterated until all the unlabeled data are labeled.

Hierarchical Multi-label Classification using Semi-Supervised Binary Relevance
(HMC-SSBR) was proposed by Santos and Canuto [2014b], which is the semi-
supervised version of HMC-BR [Cerri et al., 2009] (a Top-Down method with LCN,
siblings policy). However, Santos and Canuto indicate that BR is replaced by SSBR
[Santos and Canuto, 2012], a semi-supervised method for multi-label classification,
that is, each node of the HMC-BR is self-trained and the prediction for each unla-
beled data follows the Top-Down procedure.

The Top-Down procedure for labeling instances in HMC-SSRAkEL and HMC-
SSBR can predict multiple labels in the same level, that is, it advances for different
paths if the instance is classified as positive in the following label/node. On the other
hand, for HMC-SSRAkEL, HMC-SSBR and HCM-SSLP methods a proportion of
unlabeled data to be labeled in each iteration is predefined, the proportions used
are 17%, 33% and 50%, which results in 6, 3 and 2 iterations, respectively, however
a justification for choosing proportions is not provided. Furthermore, when labels
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are predicted for unlabeled data, instead of choosing those with the most confident
predictions, all of them are pseudo-labeled and added to the labeled data; that is,
these methods lack a way to select the instances with the most confident predictions.

Xiao et al. [2019] proposed Path Cost-Sentive Algorithm with Expectation-
Maximization (PCEM) which consists in the following steps, first the base classifier
Path Cost-Sentive Naive Bayes Classifier (PCNB) [Xiao et al., 2019] is trained with
the labeled data, then pseudo-label all the unlabeled instances and train the PCNB
with labeled and pseudo-labeled instances, this is iterated until the parameters of
the PCNB converge. PCNB was proposed for hierarchical text classification, where
the document representation is a vector called bag-of-word, that is, the number of
attributes is equal to the number of words in the corpus, and each cell contains the
frequency of the word in the document. Due that PCNB is designed using the bag-
of-word representation, it is not straightforward how to apply PCEM in non-text
domains.

3.3 Analysis

Table 2 shows a comparison among the state of the art methods and the proposed
methods for this research. Note, the proposed methods are different by the type of
paths that they predict, the first predicts a single path of labels while the second is
able to predict multiple path of labels. However, we highlight the following points:

• Hierarchical Structure: The related works were proposed for problems with hi-
erarchy Tree type, which is a limitation of the methods. The proposed method
will overcome this limitation and be able to work in any hierarchy (DAG type).

• Number and depth of paths: The related works are proposed for a predefined
number of paths and depth. In this way, the proposed method (Proposed
SPP) will be extended to be able to predict multiple paths with partial depth
(Proposed MPP).

• Labeling strategy: Since self-training approach will be used, a labeling strategy
to select the unlabeled data with the most confident predictions is required.
But this labeling strategy has to consider the information provided by the
hierarchy. Note that some related works lack of a labeling strategy.

As can be seen, we would like to address two hierarchical problems with hierar-
chical structure Directed Acyclic Graph type, that have not been addressed before.
Furthermore, we will use a self training approach for the semi-supervised learning
but proposing labeling strategies suitable for hierarchical classification.
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Table 2: Comparative table of the related works and the proposed methods. HS: hierar-
chical structure, MD: maximum depth of datasets on which it was tested, HC: hierarchical
classifier, LCN: local classifier per node, (N)MLNP: (Non) mandatory leaf node predic-
tions, DAG: directed acyclic graph, N/A: not apply.

Method HS Paths Depth MD SSL approach Base HC Policy (LCN) Labeling strategy

Metz and Freitas [2009] Tree Single NMLNP 6 Self training
Top-Down

(decision trees)
extended
siblings

Threshold plus
self-train {A,B,C}

HMC-SSBR [2014] Tree Multiple NMLNP 2 Self training
Top-Down
(HMC-BR) siblings No

HMC-SSLP [2014] Tree Multiple NMLNP 2 Self training
Top-Down*
(HMC-LP) N/A No

HMC-SSRAkEL [2014] Tree Multiple NMLNP 2 Self training
Top-Down

(HMC-RakEL) N/A No

PCEM [2019] Tree Single MLNP 3 Generative Model PCNB N/A N/A

Proposed SPP
Tree/
DAG Single MLNP ? Self training

any/
based on ANN - not defined yet

Proposed MPP
Tree/
DAG Multiple NMLNP ? Self training

any/
based on ANN - not defined yet

4 Research Proposal

4.1 Motivation

A common problem in supervised classification is lack of data. This may be because
hand-labeling data is time consuming and costly or just hard to label [van Engelen
and Hoos, 2019]. Hence, training a classifier with few labeled data could produce a
unreliable classifier.

This is even more notorious in hierarchical classification, because the data of
a node is split among its children, hence, nodes in deeper levels of the hierarchy
only have a little fraction of data. So, an alternative way is to use semi supervised
learning, that is, use unlabeled data along with the labeled to train a classifier.
Moreover, considering that upper nodes contains general information while lower
nodes contains specific information, transfer learning (TL) may be applied, that is,
upper nodes could share their learned information to the lower ones.

Furthermore, large amounts of information can be obtained from different
sources of information, such as the internet. Information such as text, images,
videos, etc., is commonly desired, nevertheless, most of that information is unlabeled.
Moreover, unlabeled information could be required in scenarios where instances can
have associated multiple labels, like hierarchical classification, which makes more
challenging make use of unlabeled data. So strategies that take advantage of that
information are required.

Hierarchical classification methods have been applied in multiple domains,
showing better performance than flat classification (algorithms that do not consider

19



the hierarchy in any way), some of them are functional genomics [Giunchiglia and
Lukasiewicz, 2020, Serrano-Pérez and Sucar, 2019], text classification [Wu and Saito,
2018, Kowsari et al., 2017] and image classification [Sali et al., 2020, Kowsari et al.,
2020, Murtaza et al., 2019]. So, we consider that a suitable Semi Supervised Hierar-
chical Classification algorithm, that consider the hierarchy, trained with labeled and
unlabeled data, can produce a hierarchical classifier with better performance than
using only the few labeled data.

4.2 Justification

This research will address the following problems related to hierarchical classification:

• Few labeled data (Hierarchical classification): Training classifiers with few
labeled data could produce an unreliable classifier, but use unlabeled data
together with a suitable semi-supervised hierarchical classifier could help to
improve the performance of the classifier.

– Furthermore, It is well known, that in hierarchical classification, the
amount of instances is split from a node to its children, which result
in deeper nodes with very few instances.

• Single and Multiple path prediction: The unlabeled data is used in a scenario
where the instances can be associated to multiple labels. So, keep the most
confident pseudo-label instances is necessary, to train a hierarchical classifier.

4.3 Problem Statement

When training a hierarchical classifier with few labeled data, it can result in an
unreliable HC. Using unlabeled data could help to improve the performance of the
HC. In the literature (see section 2.3) have been proposed several methods that make
use of labeled and unlabeled data to perform learning tasks. Nevertheless, most of
them were proposed for flat classification and applying them directly on hierarchical
classification means that the information provided by the hierarchy is ignored.

Hence, a suitable semi-supervised hierarchical classifier (SSHC) is required,
that is, a SSHC that pseudo-labels unlabeled instances and selects the best of them
to retrain itself, in order to get a better performance than the HC trained only in
the labeled data.

Formally : let X = {x1, x2, ..., xn} and U = {xn+1, xn+2, ..., xn+m} be instances
sets where xi ∈ Rd, that is, each instances xi is described by a vector of d attributes,
let |L| be the number of labels, let Y = {y1, y2, ..., yn} be the set of labels for X,
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where yi ∈ {0, 1}|L|, that is, each yi,j indicates if the i-th instance is associated to the
j-th label, in this way (X, Y ) is a labeled set and U is an unlabeled set. Additionally,
let HS = (L,E) be the Directed Acyclic Graph (DAG) that represents the hierarchy,
where L is the set of nodes and E is the set of edges that link the labels.

Therefore, from (X, Y, U,HS) is required a classifier to predict labels for new
instances: fSSHC : Rd → {0, 1}|L|, and whose performance is better than the classifier
trained only with the labeled data (X, Y,HS): fHC : Rd → {0, 1}|L|, that is:

performance(fSSHC) > performance(fHC) (12)

4.4 Research Questions

• Will training a semi supervised hierarchical classifier (SSHC) with unlabeled
and few labeled data produce a classifier with better performance than the
hierarchical classifier (HC) trained only in the few labeled data?

• Will transfer learning help to improve the performance of nodes by taking into
account the information learned from their ancestors?

• Will pseudo-labeling instances with multiple paths of labels produce a SSHC
(that can predict multiple paths of label) with better performance than pseudo-
labeling instances with a single path of labels?

4.5 Hypothesis

Training a semi supervised hierarchical classifier (SSHC), that uses as base hierar-
chical classifier to HC, with unlabeled and labeled data will produce a classifier with
better performance than training the hierarchical classifier HC only on labeled data.

4.6 Objectives

Propose a semi-supervised hierarchical classifier for hierarchical multi label classi-
fication, that can be trained with labeled and unlabeled data; whose performance,
in tree hierarchies, is competitive with state of the art methods, and in DAG2 hi-
erarchies its performance is better than the supervised classifier trained on labeled
data.

2We could not find any previous work on semi-supervised hierarchical classification for DAG hierar-
chies.
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4.7 Specific objectives

• Propose a methodology for semi supervised hierarchical classifiers based on self
training approach.

• Propose a strategy for labeling unlabeled data considering the hierarchy, while
keeping the best ones for training.

• Propose a SSHC based on the proposed methodology.

• Incorporate transfer learning between neighboring nodes.

• Extend the SSHC method to Multiple Paths Prediction.

4.8 Scope and Limitations

In hierarchical classification there are different hierarchical classification problems
(description and examples can be found in section 2.5.1), however, the problems to
cover in this research are the following:

• Problems with Tree/DAG type hierarchical structure, where instances are as-
sociated to a single path of labels, and the paths always reach a leaf node (full
depth).

• Problems with Tree/DAG type hierarchical structure, where instances are as-
sociated to multiple paths of labels, and the paths can finish in internal nodes
(partial depth).

On the other hand, there are multiple approaches in semi supervised learning
for flat classification. Nevertheless, most of them have not been explored/researched
in hierarchical classification. Hence, this research is focused in the self training
approach.

4.9 Expected Contributions

The expected contributions are:

• A methodology for semi supervised hierarchical classification, independent of
any base hierarchical classifier.

• A SSHC method which considers the hierarchy when the model is built.

• A SSHC method that can handle hierarchies of tree and DAG type, and is able
to predict single and multiple paths of labels.
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Figure 8: Diagram of the research methodology. An analysis of hierarchical classifiers
will be carried out, also an analysis of semi-supervised classifiers. Later, labeling strate-
gies to pseudo-label unlabeled data will be designed. Then, a semi-supervised hierarchical
classifier (SSHC) will be designed taking into account the previous analysis and incorpo-
rating the labeling strategy. The proposed SSHC will be evaluated with a collection of
datasets. Transfer learning strategies will be incorporated to the SSHC taking into ac-
count the hierarchy in which the labels are arranged. Finally, the proposed SSHC will be
extended to predict multiple paths of labels.

4.10 Methodology

The methodology is composed by the points below, additionally, in Fig. 8 is shown
the diagram.

1. Analysis of hierarchical classifiers: Analysis of the hierarchical classifier (HC)
is important, due that HC are proposed for a special type of hierarchical prob-
lems, so the selection of those methods that try to solve hierarchical problems
equal to the addressed by this proposal is required.
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Furthermore, there are methods that used independent local classifiers, such
as those based on the approaches LCN and LCPN, while others builds a global
classifier.

2. Analysis of semi-supervised classifiers: In hierarchical classification only a few
semi-supervised methods have been proposed, but for flat classification several
methods and approaches have been proposed [van Engelen and Hoos, 2019].
The analysis of those techniques can help to overcome the situation where
few labeled data is available in HC. Approaches such as self-training and co-
training are of greatest interest, because they pseudo-label the unlabeled data
and use them to retrain a model, so it keeps learning until there is no unlabeled
data.

3. Creation and collection of datasets: Datasets will be collected to evaluate
the performance of the SSHC in real world datasets. Furthermore, artificial
datasets (AD) will be generated because they are a good option to extend the
evaluation and analysis of methods.

• Design and creation of artificial datasets : They are useful to show the
behaviour of classifier under certain conditions. So, in order to extend the
evaluation and analysis of methods, some AD will be generated, Serrano-
Pérez and Sucar [2021] proposed a method to generate AD for hierarchical
classification, hence we could take advantage of that method to generate
labeled and unlabeled data, so both sets would be generated from the
same distribution, and the amount of data would not be a limitation.

• Collection of datasets : Real world datasets that will be used to evaluate
the performance of the proposed SSHC. Currently, we have access to
two sets of challenging hierarchical datasets from the field of functional
genomics [Vens et al., 2008b]:

– Functional Catalogue (FunCat)

– Gene Ontology (GO)

4. Design of labeling strategies: Labeling strategies are required in order to
pseudo-label and select the most confident unlabeled instances for re-training
the hierarchical classifier. The labeling strategies have to be focused on build-
ing paths of labels instead of a fully local pseudo label process. Pseudo-labeling
an unlabeled instance with a path of labels assures consistence when the clas-
sifier is trained, because the hierarchical constrain is satisfied.

5. Design the SSHC: The design of the SSHC has to be based on the semi-
supervised learning approach selected, as well as it has to consider the hierarchy
when is trained. Furthermore, it incorporates the labeling strategy designed
in step 4.
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In this stage, the SSHC can predict only a single path of labels. Initially, it can
handle tree hierarchies, which will be later extended to handle any hierarchy
of directed acyclic graph type.

6. Incorporate transfer learning: Transfer learning is a set of techniques that
could help the model to converge faster. Two different strategies are consid-
ered:

• In hierarchical classification, the upper nodes represent general informa-
tion, while the lower nodes represent specific information. In this way,
the information learned by a upper node may be shared to the lower ones,
for instance, to its children.

• Taking into account that the classifier will iterate, the trained model could
be re-trained in the next iteration, instead of training a new hierarchical
classifier from scratch.

7. Extension of the SSHC to multiple path predictions: Initially, the method
predicts a single path of labels, hence the SSHC will be extended to be able to
predict multiple path of labels.

Furthermore, evaluation measures such as accuracy, hierarchical precision (hP), hi-
erarchical recall (hR) and hierarchical F-measure (hF) will be used to evaluate the
performance of the proposed method, details of the measures are found in section
2.6.

4.11 Schedule

In figure 9 is depicted the schedule of activities for the development of this research.

Figure 9: Gantt chart of the work plan.
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4.12 Publications Plan

• Conference paper : the manuscript “Semi-Supervised Learning for Hierarchical
classification” (tentative name) will be written and submitted to “International
Conference on Machine Learning” (2022).

• Conference paper : the manuscript “Semi-Supervised Hierarchical Classifica-
tion with Transfer Learning” (tentative name) will be submitted to “European
Conference on Artificial Intelligence” (2023).

• Journal paper : The article “Semi-Supervised Hierarchical Classification” (ten-
tative name) will be written and submitted to the journal “Data Mining and
Knowledge Discovery” (2024).

5 Preliminary Results

Finally, a summary of results is presented in this section.

5.1 A methodology for Semi-Supervised Hierarchical Classification

The steps that we are considering for proposing a SSHC (so far) are the following:

1. Select a hierarchical classifier (HC).

2. The HC is trained with labeled data.

3. Predict positive probabilities (scores) for each node for the unlabeled data.

4. Select the unlabeled instances with the most confident predictions and add
them to training set. (labeling strategies.)

5. The HC is trained with labeled and pseudo-labeled data.

6. If all unlabeled data was pseudo-labeled or maximum number of iteration was
reached, finish, else go to step 3.

In order to select the instances with the most confident probabilities labeling strate-
gies are required, which should consider the hierarchy. An example of a labeling
strategy is proposed in section 5.2.2.
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5.2 Semi-Supervised Hierarchical Classifier Based on Local Infor-
mation (SSHC-BLI)

A preliminary version of the semi-supervised hierarchical classifier has been devel-
oped. This method is mainly based on the smoothness assumption, that is, neigh-
boring instances must have the same (or similar) paths of labels. SSHC-BLI begins
building pseudo-labels for each unlabeled instances using its neighboring labeled in-
stances, but if the unlabeled instance is not similar to its labeled neighbors, it stays
unlabeled; this process iterates until the all the pseudo-labels do not change.

Algorithm 1 shows the general steps. It is an iterative method where the
unlabeled data is pseudo-labeled using its k-nearest neighbors (lines 6 - 8), details
of how pseudo-labels are built (line 8) are shown in subsection 5.2.2. Also, the
similitude of the unlabeled point with its neighbors (line 10) is considered, if they
are not similar the unlabeled point stays unlabeled, details of how the similitude
is estimated are shown in subsection 5.2.3. The method finishes when the pseudo-
labels for the unlabeled data did not change from an iteration to other, or whether
the maximum number of iterations was reached.

5.2.1 Variants

Variant 1: It correspond to the version described in Algorithm 1.

Variant 2: Due that in each iteration the pseudo-labels for the whole unlabeled
set are re-estimated, after the first iteration an instance uj that was added to training
set, it will have as one of the k-nearest neighbors to itself (with distance zero). This
results in a new pseudo-label biased, because the instance is contributing to itself.
In order to avoid this, the function getKNN (line 6) is modified so that it guarantees
that none of k-nearest neighbors is the instance itself.

Variant 3: Considering that the number of instances in the training set could
increase in each iteration, it may be interesting increase the number of nearest neigh-
bors. In this way, from variant 2, variant 3 allows to increase the value of k after a
predefined number of iterations.

5.2.2 Pseudo-label an instance

A way to pseudo-label instances is required. So for building a pseudo label for an
unlabeled instance, labeled instances close to it are required.

Let Y = [y1, ..., yk] be the labels of k instances close to the unlabeled instance
x, where yi ∈ {0, 1}|L|, that is, yi,j is 1 if the i-th instance is associated to the j-th
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Algorithm 1 Algorithm of SSHC-BLI

Require: (X, Y ): labeled data, U : unlabeled data, k: number of nearest neighbors,
THR: similitude threshold, t2label: threshold to pseudo-label an instance, HS hier-
archy, maxIterations: maximum number of iteratios.

Ensure: fsshc: semi supervised hirarchical classifier
1: T ← 1 ▷ Iteration
2: LD ← X ▷ LD: Labeled data
3: CL← L ▷ Labels of labeled data
4: while True do
5: for each uj ∈ U do
6: INDj ← getKNN(k, uj, LD) ▷ Get k-nearest neighbors
7: DIj ← distancesKNN(INDj, uj, LD) ▷ Get distances to the knn
8: PSLj ← getPseudoLabel(INDj, LD, t2label) ▷ Pseudo label for uj

9: for each uj ∈ U with valid PSLj do
10: if similitude(uj, INDj) < THR then
11: PSLj = Ø ▷ Invalid pseudo-label
12: if (T > maxIterations) or (PSLT == PSLT−1) then
13: break cycle (while)
14: else ▷ join labeled data with valid pseudo-labeled data
15: CL← Y ∪ valid(PSL)
16: LD ← X ∪ U [valid(PSL)]

17: T ← T + 1

18: fSSHC ← trainHC(LD,CL,HS) ▷ Train a hierarchical classifier

label, 0 otherwise. So the probabilities for each individual label can be estimated in
the following way:

ppsl =

[∑k
i=1 yi,1
k

,

∑k
i=1 yi,2
k

, ...,

∑k
i=1 yi,|L|
k

]
(13)

Then a threshold (t2label) is used to determine if an instance is associated to the
label:

pslj =

{
1 ppslj >= t2label
0 ppslj < t2label

, ∀j ∈ L (14)

1 >= t2label >= 0 (15)

Finally, psl is the pseudo label for x, but if psl is full of zeros, then it is a invalid
path, therefore, x is still unlabeled.

Fig. 10 shows an example of how a pseudo label for an instance is built.
Labels of the labeled instances in vector representation are required, which are used
to calculate ppsl, that contains the probability of each label, then a threshold is
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applied to generate the pseudo-label. 3 thresholds are applied that generate different
pseudo labels, in this example, the threshold 1 generate an invalid pseudo-label, so
the instance is still unlabeled.

Figure 10: Example of how pseudo-label an instance. 1. Labels of the nearest neighbors
are required in vector representation, 2. ppsl is calculated from the labeled instances, 3.
A threshold is applied to ppsl to obtain the pseudo-label (psl), results of three thresholds
are shown.

5.2.3 SISI: Similarity of an instance with a set of instances

In this work, a similarity function to know how similar or how close is an instance
to a small set of instances is required. Also, it is required that the result is in the
interval [0, 1], that is, 1 if the instance is similar to the set of instances, or 0 in the
opposite case. Nevertheless, it is not known3 a similarity function that complies the
previous requisites by the author.

The heuristic function Similarity of an Instance with a Set of Instances (SISI)
is proposed in this work. This is a local measure, because it does not consider the
complete data distribution, but just the instance of interest and the set of instances.

SISI takes into account the distances among the set of instances A, lavg, and
the distances of an instance p with the instances of set A, uavg. Both equation are

3Even though, there is the Mahalanobis distance, it is focus on the distance between a point and a
distribution. Furthermore, this measure does not comply with the interval result, [0, 1].
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shown below:

lavg =

∑k
i=1

∑k
j=i+1 d(xi, xj)
k(k−1)

2

(16)

uavg =

∑k
i=1 d(p, xi)

k
(17)

where xi ∈ A, k is the length of A and d(A,B) is any metric (see Appendix A).
Additionally, two assumptions are made:

Assumption 1: It is assumed that if uavg is equal or lower than lavg, the
instance p is similar to the set of instances A with probability 1.

Assumption 2: It is assumed that if uavg is greater than n times lavg, with
n > 1, the instance p is not similar to the set of instances A, that is, probability 0.

Hence, from Assumptions 1 and 2, the equation of the line that passes through
points (lavg, 1) and (n ∗ lavg, 0) is defined as:

score =
lavg − uavg

(n− 1)lavg
+ 1 (18)

That is, equation 18 scores the similitude of the point p with the set of instances A
in interval (lavg, n ∗ lavg).

Finally, from assumption 1,2 and equation 18, function SISI is defined as
follow:

SISI =


1 uavg <= lavg
0 uavg >= n ∗ lavg

lavg−uavg
(n−1)lavg

+ 1 otherwise
(19)

n > 1 (20)

The general behavior of SISI is shown in Fig. 11. However, SISI still requires a
parameter, n. For simplicity it was set to 3, therefore, the experiments shown in
this work were made with this configuration.

5.3 Datasets

Artificial and real world datasets were used to evaluate the performance of the pro-
posed SSHC.

5.3.1 Artificial Datasets

An artificial dataset was generated in order to show the behavior of the different
methods in a simple case. The hierarchy is tree type and the instances are associated
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Figure 11: General behavior of function similitude of an instance with a set of instances,
SISI. If uavg is lower or equal than lavg then SISI returns 1, but if uavg is greater or
equal than n ∗ lavg then SISI returns 0, else, a score is calculated with equation 19.

Table 3: Description of artificial datasets. MD: maximum depth.

Dataset #Labeled #Unlabeled #Test #Attr. #Nodes MD

HAD 01 24 600 300 2 9 3

to a single path of labels which always reach a leaf node, that is, it is a hierarchical
problem type (Tree, SPL, FD). The instances were sampled from half moons4, that
is, each leaf node has associated a half moon. Description of dataset is shown in
Table 3, the hierarchy is the same as the shown in Fig. 10. In this case, the unlabeled
data is initially separated from the labeled.

5.3.2 Real world datasets

A subset of real world datasets from the field of functional genomics are used. The
datasets are a subset of the Functional Catalogue (FunCat) Vens et al. [2008b], their
hierarchies are trees, the instances are associated to a single path of labels which
always reach a leaf node, that is, they are hierarchical problems type (Tree, SPL,
FD). Description of datasets is shown in Table 4.

5.4 Results SSHC-BLI

The three variants of the SSHC-BLI were applied to the HAD 02 dataset, the pa-
rameters for each variant are shown in Table 5. The hierarchical base classifier is
Top-Down, that trains support vector machines (regularization parameter: 1000,
kernel:rbf , gamma=1/n features) for each node, and the less inclusive policy is
used to select positive and negative instances in each node.

4scikit-learn make moons
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Table 4: Description of FunCat datasets. MD: maximum depth.

Dataset Instances Attr. Classes MD

cellcycle FUN 2339 77 36 4
derisi FUN 2381 63 37 4
eisen FUN 1681 79 25 3
gasch1 FUN 2346 173 36 4
gasch2 FUN 2356 52 36 4

Table 5: Parameters of the SSHC-BLI variants. Note, the parameters k, ST and t2label are
the same for the three variants. THR: similitude threshold, t2label: threshold to positively
label an instances, MI: maximum number of iterations.

Variant k ST t2label MI Increase k

V1
3 0.5 0.5

∞ False
V2 10 False
V3 ∞ each 5 iter.

Fig. 12 shows how the variants pseudo-label the unlabeled data. In the first
iteration all of them pseudo-label the unlabeled data in the same way, as shown
in Fig. 12 a). Afterwards, variant 1 pseudo-labeled the complete unlabeled data,
nevertheless, most of wrongly pseudo-labeled instances are found at the ends of the
half moons (circled in blue), as can be seen in Fig. 12 b).

Variant 2 got better results at the ends of the half moons (circle in blue), see
Fig. 12 c), but still has some issues. Also, points that were pseudo-labeled in the first
iteration finished unlabeled, because only neighbors are considered (avoiding that
an instance contribute itself to maintain its pseudo-label), also there are unlabeled
points that are surrounded by points with the same labels, so its natural to think
that they should have the same set of labels, nevertheless, they were not pseudo-label
because the estimation of similitude with its k-nearest neighbors.

Finally, variant 3 seems to smooth the results obtained by the 2nd variant, see
Fig. 12 d).

The pseudo-labeled instances are used to train a hierarchical classifier. So
results of the SSHC with its different variants are shown in Table 6. The column TD
correspond to the hierarchical classifier, Top-Down, trained only on labeled data,
while the variants of the SSHC are trained with labeled and pseudo-labeled data.
As can be seen, using KNN strategy to pseudo-label instances helped to improve the
performance of the hierarchical classifier. Additionally, the variants 2 and 3 tend to
outperform the other one.
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Figure 12: Pseudo-labels for HA 02 datasets. a) Pseudo labels at first iteration for all
variants. b) pseudo labels of variant 1. c) pseudo-labels of variant 2. d) pseudo-labels of
variant 3. (Best seen in color)

5.4.1 Results in real world datasets

The SSHC-BLI was applied to the real world datasets, the parameters its variants
are shown in Table 7. The hierarchical base classifier is Top-Down, that trains a
random forest classifier (number of trees: 100, criterion: gini, bootstrap: True) for
each node, and the balanced bottom-up policy is used to select positive and negative
instances in each node.

Furthermore, the datasets were stratified split in the following way:

• Test: 20%

• Training (80%), which also was stratified split in labeled and unlabeled:
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Table 6: Results of SSHC-BLI (variants 1,2 and 3) and the supervised classifier Top-Down
(TD) in artificial dataset HA 02. In bold the best score.

TD V1 V2 V3

Exact Match 0.5000 0.9233 0.9233 0.9200
Accuracy 0.4662 0.8928 0.8951 0.8930
h Recall 0.7692 0.9492 0.9477 0.9492
h Precision 0.7082 0.9551 0.9595 0.9596
hF 0.7375 0.9522 0.9536 0.9544

Table 7: Parameters of the SSHC-BLI variants. Note, the parameters k, THR, t2label and
MI are the same for the three variants. THR: similitude threshold, t2label: threshold to
positively label an instances, MI: maximum number of iterations.

Variant k THR t2label MI Increase k

V1
3 0.3, 0.5, 0.7 0.5 45

False
V2 False
V3 each 10 iter.

– Labeled: {10, 30, 50, 70, 90}%
– Unlabeled: {90, 70, 50, 30, 10}%, complement with respect to labeled.

The division of training was randomly carried out 3 times, so results are the averages
of 3 executions.

The similitude threshold varies in each variant of the SSHC-BLI, so, for each
variant the threshold results in the highest average rank among the datasets is se-
lected. That is, for variant 1 THR = 0.5, variant 2 THR = 0.5 and variant 3
THR = 0.3.

The results in terms of accuracy and hF for the datasets cellcycle, derisi, eisen,
gasch1 and gasch2 are shown in Figs. 13, 14, 15, 16 and 17, respectively. Each graph
compares the three variants of SSHC-BLI with the baseline, TD, that considers only
labeled data, for different percentages of labeled /unlabeled data.

Table 8 summarizes the results of the SSHC-BLI variants and the supervised
classifier, that is, it presents the average rank of each classifier over the datasets.

5.4.2 Statistical Comparison

Demšar [2006] recommends the Wilcoxon signed-rank test when the performances of
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(a) Accuracy (b) hF

Figure 13: Results for cellcycle dataset. (Best seen in color)

(a) Accuracy (b) hF

Figure 14: Results for derisi dataset. (Best seen in color)

two classifier are compared. In this case, the performance of each SSHC-BLI variant
is compared against the supervised classifier TD.

The null hypothesis (one-side) states that the median of the performance dif-
ferences is negative, against the alternative that states it is positive. 25 real world
datasets (5 datasets x 5 divisions) were considered, and the confidence level was set
to α = 0.05. Therefore, the results are the following:

• For all variants (variant 1 (THR = 0.5), variant 2 (THR = 0.5), variant 3
(THR = 0.3)): the null hypothesis can be rejected in favor of the alternative,
that is, the median is greater than zero (positive) for both evaluation measures,
accuracy and hF.

5.4.3 Discussion

The previous experiments show that using unlabeled information in a hierarchical
classification scenario can help to improve the performance of a hierarchical classifier
trained only on labeled data.
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(a) Accuracy (b) hF

Figure 15: Results for eisen dataset. (Best seen in color)

(a) Accuracy (b) hF

Figure 16: Results for gasch1 dataset. (Best seen in color)

The amount of labeled and unlabeled information vary from 10% to 90% which
is useful to see the behavior of the semi-supervised classifier with different amount
of information. As can be seen in the result graphs, the SSHC-BLI variants tend to
outperform the baseline when there is few labeled data. However, as the labeled in-
formation increased and the unlabeled decreased, the performance difference among
the SSHC-BLI and the supervised tends to reduce, which is a expected behavior.

Finally, a statistical comparison was carried out using the Wilcoxon signed-
rank test, where is shown that the SSHC-BLI variants get better performance than
the supervised classifier TD with a confidence level of 0.05.

6 Conclusions

In this work the research proposal was presented. The aim of this research is to
develop a semi-supervised hierarchical classifier (SSHC), which can be trained with
labeled and unlabeled data.
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(a) Accuracy (b) hF

Figure 17: Results for gasch2 dataset. (Best seen in color)

Table 8: Average rank of each classifier in the FunCat datasets. In bold the best (lower is
better).

TD V1(0.5) V2(0.5) V3(0.3)

Acuracy 3.28 2.4 2.4 2.14
hF 3.24 2.64 2.16 1.96

Currently, large amounts of information can be obtained from the internet, such
as images, text and videos, nevertheless, that information is unlabeled. Moreover,
methods that take advantage of unlabeled information in a hierarchical contexts
are scarce. Furthermore, hierarchical classification naturally suffers of scarce data,
mainly in deeper nodes of the hierarchy, because the amount of data is split from a
node into its children, which result in deeper nodes with few labeled.

Consequently, the SSHC will be useful in scenarios where the labels (classes)
are arranged in a hierarchy, and there is few labeled data but unlabeled information
is available. The final version of the SSHC is expected to be capable of handling tree
and DAG type hierarchies, as well as be capable of predicting single and multiple
paths of labels.

Until now, we have been working on the first three specific objectives. First,
a initial methodology for semi-supervised hierarchical classification was proposed,
which is based on self-training approach. Second, a strategy to pseudo label and
keep the most confident instances was proposed (section 5.2.2). And third, the
semi-supervsied classifier based on the local information (SSHC-BLI; section 5.2)
was developed, which is based in the methodology and makes use of the proposed
labeling strategy.

Experiments were conducted on artificial and real world datasets and, where
the results obtained by the SSHC-BLI are promising, because in the artificial dataset
the baseline (hierarchical classifier trained on labeled data) was outperformed. Fur-
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thermore, the SSHC-BLI tends to outperform the baseline in the real world datasets,
even with statistical significance.

The immediate future work will be focused in three points: first, extend the
SSHC-BLI to be able to handle any hierarchy of directed acyclic graph type; sec-
ond, generation of artificial datasets to extended the analysis of the semi-supervised
methods; and third, write a manuscript to report the obtained results so far, and
submit it to a conference.
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Y. Grandvalet, F. d’Alché Buc, and C. Ambroise. Boosting mixture models for semi-
supervised learning. In G. Dorffner, H. Bischof, and K. Hornik, editors, Artificial
Neural Networks — ICANN 2001, pages 41–48, Berlin, Heidelberg, 2001. Springer
Berlin Heidelberg. ISBN 978-3-540-44668-2.
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Appendices

A Metric

Let X be a set, and let d be a function defined on pair of elements of X. d is a
metric of space X if the following axioms are satisfied for all x1, x2, x3 ∈ X:

• d(x1, x2) ≥ 0

• d(x1, x2) = 0, if and only if x1 = x2, Identity.

• d(x1, x2) = d(x2, x1), Symmetry.

• d(x1, x2) ≤ d(x1, x3) + d(x3, x2), triangle inequality.
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