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Abstract

Clustering is an important unsupervised learning problem used to group objects
based on their characteristics. Correlation clustering is arguably the most
natural form of clustering because it only assumes access to a pairwise similarity
measure between objects, where the similarities can be expressed as any positive
or negative real number. This makes correlation clustering widely applicable
to many problems, even when high quality feature vectors are not available.
However, obtaining pairwise similarities between all objects may be expensive
and impractical in many contexts. Motivated by this, we study the problem
of finding high quality correlation clustering solutions with a constrained
budget of queries for pairwise similarities. Acquiring the most informative data
within a constrained budget is generally studied in the field of active learning.
Therefore, we develop a generic pool-based batch active learning procedure
with the purpose of performing query-efficient correlation clustering, which is
highly robust to noisy oracle feedback.

Keywords

Active learning, active clustering, correlation clustering, acquisition function,
batch active learning, noisy active learning.
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Summary






Chapter 1

Introduction

Clustering is an important unsupervised learning problem used to group objects
based on their characteristics. The primary objective is to ensure that objects
within the same cluster are highly similar, while objects in different clusters
are distinctly dissimilar. Various clustering methods have been developed to
address this problem in different settings. When this abstract description of a
clustering task is directly formulated as an optimization problem, we obtain the
well-known problem of correlation clustering (CC) (Bansal et al., 2004). Given
a set of IV objects and a pairwise similarity measure between them, the objective
of CC is to partition the objects into clusters that maximize within-cluster
similarity and minimize between-cluster similarity. Unlike many other clustering
methods, CC does not require the number of clusters to be predetermined;
instead, it determines the optimal number of clusters automatically based on
the available pairwise similarities.

CC is arguably the most natural and simple form of clustering, as it
only requires a pairwise similarity measure between objects. This makes CC
highly general and is consequently applicable to a wide range of applications,
including image segmentation (Kim et al., 2011), bioinformatics (Bonchi et al.,
2013), social network analysis (Bonchi et al., 2012), and clustering aggregation
(Chehreghani & Chehreghani, 2020). CC was initially explored using binary
pairwise similarities in {—1,41} (Bansal et al., 2004), and was later extended
to support arbitrary positive and negative pairwise similarities (Charikar et al.,
2005; Demaine et al., 2006). Finding the optimal solution for CC is known
to be NP-hard and APX-hard (Bansal et al., 2004; Demaine et al., 2006),
presenting significant challenges. As a result, various approximation algorithms
have been developed to address this problem. Among these, methods based
on local search are noted for their superior performance in terms of clustering
quality and computational efficiency (Thiel et al., 2019; Chehreghani, 2023).

Existing CC methods typically presume the availability of all (];] ) pairwise
similarities in advance (where N is the number of objects). However, as
highlighted in (Bressan et al., 2019; Garcia-Soriano et al., 2020), generating
similarities can be computationally demanding and may require resource-
intensive queries, such as those provided by human experts. For example,
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identifying interactions between biological entities often necessitates the skills
of highly trained professionals, consuming both time and valuable resources
(Garcfa-Soriano et al., 2020). In tasks like entity resolution, obtaining similarity
queries through crowdsourcing can also incur monetary costs. Consequently,
we are interested in obtaining good CC solutions with a limited number of
queries for pairwise similarities between objects.

In machine learning, such a question is generally addressed by active learning.
Its objective is to acquire the most informative data within a constrained
budget. Active learning has proven effective in various tasks, including software
performance prediction (Samoaa et al., 2023), recommender systems (Rubens
et al., 2015), sound event detection (Zhao et al., 2020), analysis of driving time
series (Jarl et al., 2022), drug discovery (Viet Johansson et al., 2022), and
analysis of logged data (Yan et al., 2018). In the context of active learning,
the selection of which data to query is guided by an acquisition function.

Active learning is most commonly studied for classification and regression
problems (Settles, 2009). However, it has also been studied for clustering and
is sometimes referred to as supervised clustering (Awasthi & Zadeh, 2010).
The motivation for supervised clustering is that by including some supervision
in the clustering process, one can find clusters that are more relevant to the
application and better reflect the expectations of the users. The objective is to
discover the ground-truth clustering with a minimal number of queries to an
oracle (e.g., a human expert). In this scenario, queries are typically executed
in one of two ways: (i) By asking whether two clusters should merge or if one
cluster should be divided into multiple clusters (Balcan & Blum, 2008; Awasthi
& Zadeh, 2010); (ii) By querying the pairwise relations between objects (Basu
et al., 2004; Garcfa-Soriano et al., 2020), which we focus on in this thesis.

In this thesis, we present a generic framework for active learning of pairwise
similarities in the context of CC, where the queries for similarities are assumed
to be noisy!. The thesis is structured in the following way. Chapter 2 provides
the necessary background knowledge to help understand the material in the
appended papers. Chapter 3 summarizes the contributions of each paper in
detail. Chapter 4 contains concluding remarks on the work done so far and
includes a brief discussion on possible future directions for this research project.

The following research questions are considered in this thesis.

e RQ1. How can active learning be used to deliver satisfactory CC results
with a limited number of queries for pairwise similarities between objects
assuming a noisy oracle?

e RQ2. Can information-theoretic acquisition functions be extended to

active learning of pairwise relations, as well as to non-parametric models
such as CC??

Two papers are appended in the second part of the thesis, both of which

INoisy queries means the oracle may provide incorrect feedback with some probability
(see Section 2.2.4).

2Information-theoretic acquisition functions are commonly studied for active learning in
the context of supervised learning (see Section 2.2.5 for details).



are listed and briefly summarized below, where additional details are provided
in Chapter 3.

e Paper 1 (Aronsson & Chehreghani, 2024a) focuses on RQ1. The contribu-
tions are: (i) A generic framework for active learning for CC which offers
several advantages over previous work on query-efficient CC; (ii) An effi-
cient and noise-robust local search algorithm for CC, which automatically
determines the number of clusters, to be used within the framework; (iii)
Two acquisition functions called maxmin and mazxexp to be used within
the framework when selecting which similarities to query; (iv) Several
experimental studies demonstrating the effectiveness of our framework
compared to previous work.

e Paper 2 (Aronsson & Chehreghani, 2024b) builds on the framework from
Paper 1 with a focus on the development of more effective acquisition
functions. This means RQ1 is also considered in Paper 2, but RQ2 is
the main focus. The contributions of Paper 2 are: (i) Four information-
theoretic acquisition functions based on entropy and information gain; (ii)
Extensive experimental studies demonstrating the benefit of all proposed
acquisition functions.
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Chapter 2

Background

In this chapter, we provide a background of the concepts discussed in the
appended papers.

2.1 Correlation clustering

The following section provides a formal definition of correlation clustering (CC)
and describes common approximation algorithms for CC.

2.1.1 Definition

We are given a set of N objects (data points) indexed by ¥V = {1,...,N}.
The set of pairs of objects in V is denoted by € = {(u,v) | u,v € V}. Let
o : £ — R be a function representing the pairwise similarity measure between
all objects in V!. We assume o(u,u) = 0 and o(u,v) = o(v,u), resulting in
(1;) = (N x (N —1))/2 unique similarities. A clustering is a partition of V. In
this section, we encode a clustering with K clusters as a clustering solution
c € KN where K = {1,..., K} and ¢, € K denotes the cluster label of object
u € V. We denote by C the set of clustering solutions for all possible partitions
(clusterings) of V. We say a pair (u,v) € £ violates a clustering c if they are
in the same cluster with o(u,v) < 0 or in different clusters with o(u,v) > 0.
Given similarities o and a clustering solution ¢ € C, let V : £ — R™ be a
function representing cluster violations and is defined as follows.

V(u,v|c) 2 lo(u,v)| if (u,v) violates ¢
0 otherwise

Given this, the CC cost function R : C — RT aims to penalize the sum of
violations and is defined as

n Paper 2, we describe the pairwise similarities using a matrix § € RNV where
Suv = o(u,v), as this notation was better suited for the content of this paper.



8 CHAPTER 2. BACKGROUND

R(e)& > V(uv]e). (2.1)

(u,v)eE

The goal of CC is to find the optimal clustering ¢* = argmin_... R(c).
However, this problem is known to be NP-hard and APX-hard (Bansal et al.,
2004; Demaine et al., 2006). As a consequence, a number of approximation
algorithms have been derived in the CC literature. In the next section, we
describe some of these methods.

2.1.2 Approximation algorithms

Many approximation algorithms have been proposed in the CC literature
(Bansal et al., 2004; Charikar et al., 2005; Demaine et al., 2006; Giotis &
Guruswami, 2006; Ailon et al., 2008; Elsner & Schudy, 2009). In this section,
we describe the methods most relevant to the appended papers of this thesis:
pivot and local search.

Pivot

Pivot-based CC algorithms are often noted for their simplicity and compu-
tational efficiency. In this section, we describe the classic pivot-based CC
algorithm QuwickCluster (Ailon et al., 2008). The procedure is outlined in Alg.
1. It begins by selecting a pivot v € V uniformly at random. Then, it forms a
cluster with u and all objects in V \ v which have a positive similarity with w.
This process is then iterated on all remaining objects until no objects are left.

Alg. 1 is the basis for all existing works on query-efficient correlation
clustering (Mazumdar & Saha, 2017; Bressan et al., 2019; Garcia-Soriano et al.,
2020; Silwal et al., 2023). However, it suffers from a number of limitations in
practice: (i) It is sensitive to noise. This is because after forming a cluster on
line 5 with pivot u, all objects with a similarity to « which is incorrectly positive
(due to noise) are permanently stuck in the wrong cluster; (ii) It cannot utilize
the magnitude of the similarities. In other words, if o(u,v) £ sign(o(u,v))
for all pairs, such that all similarities are binary in {—1,+1}, Alg. 1 would
produce the same clustering.

Algorithm 1 QwickCluster (Ailon et al., 2008)

Input: Objects V, similarity function o.
O+V
while O # () do
Select pivot u € O uniformly at random
Oy« {u}U{veO]o(u,v) >0}
Output cluster O,
O+ 0\0O,
end while
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Local search

Local search methods are often noted for their superior performance in prac-
tice, compared to other approximation algorithms for CC (Thiel et al., 2019;
Chehreghani, 2023). In Alg. 2, we outline a generic description of local search
for CC (Elsner & Schudy, 2009). The procedure begins by initializing a random
clustering ¢ € C with a fixed number of clusters K. Then, it iterates two
steps until convergence: (i) Select an object v € V uniformly at random; (ii)
Move the object u to the cluster which maximally reduces the cost R(c) in Eq.
2.1. The procedure has converged to a local minimum when there is no object
remaining which can decrease the cost if moved to a different cluster.

There are a number of ways to improve the local search method in Alg. 2:
(i) A slight modification of the algorithm allows it to automatically determine
the number of clusters. In Paper 1, appended in the second part of this thesis,
we describe the details of this; (ii) One can run Alg. 2 T times, and return the
clustering which converges to the best local minima (i.e., lowest cost); (iii) The
calculation of the cost R(c) on line 5 is O(KN?). This can be improved to
O(KN) by noting that the object u only impacts the cost R(c) for the O(N)
pairs to which it belongs.

Algorithm 2 Local Search (Elsner & Schudy, 2009)

Input: Objects V, similarity function o, number of clusters K.
¢ + random clustering in C with K clusters
while not converged do
Select u € V uniformly at random
Assign object u to cluster k € {1,..., K} that maximally reduces cost
R(c)
6: end while
7. return c

2.2 Active learning

In this section, we describe active learning (AL). We begin by motivating the
use of AL compared to traditional passive learning. After this, we provide a
formal definition.

2.2.1 Motivation

Many machine learning paradigms such as supervised learning and unsupervised
learning are traditionally performed passively. This means the learning al-
gorithm is given all input information beforehand (e.g., a fully labelled training
set for supervised learning), and is expected to return a satisfactory solution
for the given problem. However, in many cases this approach is problematic for
the following reasons: (i) The input information may be expensive to obtain,
motivating the need for cost-efficient querying of information; (ii) Part of the
input information may be noisy and misleading, hindering accurate and efficient



10 CHAPTER 2. BACKGROUND

learning; (iii) Many machine learning problems are inherently difficult. For ex-
ample, clustering is known to be an underspecified problem (Basu et al., 2004),
leading to arbitrary solutions (clusterings) that do not reflect the expectations
of the user.

AL is a principled approach to solve one or more of the above issues,
depending on the context. More concretely, AL allows the learning algorithm
to iteratively query an oracle (e.g., a human expert) for information that
maximally improves the current solution. What constitutes improvement
depends on the context, and the selection of what information to query is
guided by an acquisition function. For example, in a clustering context, which
is the main focus of the papers appended in the second part of this thesis, the
information provided by the oracle can be used to guide the clustering algorithm
towards a better solution. The next section provides a formal definition of AL.

2.2.2 Pool-based batch active learning

Generally, three forms of AL are considered: pool-based, stream-based and
membership query synthesis (Settles, 2009). In this thesis, we consider pool-
based AL, which is the most common form of AL. In pool-based AL, one
assumes access to a pool of data items P, for which we initially have partial
information about, represented by Z. The kind of data items in the pool and
the type of information available for each data item depends on the context.
See concrete example in next section.

Alg. 3 describes a generic procedure for pool-based batch AL. Typically, AL
is iterated several times until a predefined querying budget is reached. Each
iteration of the procedure consists of three steps: (i) Update learning algorithm
f given pool P and available information Z to obtain current solution; (ii)
Select a batch B C P of B data items using query strategy Q. The goal of the
query strategy is to select the data items that provide the most information
to the learning algorithm in the current iteration; (iii) Query the oracle for
information about elements in B and add it to Z.

Algorithm 3 Generic Pool-Based Batch Active Learning

1: Input: Pool P, initial information Z, query strategy Q, learning algorithm
f, batch size B.
2: while querying budget not reached do
Update learning algorithm f given pool P and available information 7
to obtain current solution.
Select batch B C P of size |B| = B using query strategy Q.
5: Query the oracle for information about elements in B and add it to Z.
6: end while

In the next section, we describe an instantiation of the generic procedure in
Alg. 3 for supervised learning scenarios. In the appended papers of this thesis,
we propose an instantiation of Alg. 3 for active learning of pairwise similarities
in the context of CC.
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2.2.3 Active learning of labels for supervised learning

In this section, we describe active learning of labels of data points for supervised
learning scenarios (i.e., regression and classification problems), which is the most
commonly studied form of active learning (Settles, 2009; Ren et al., 2022). The
procedure is shown in Alg. 4, and is an instantiation of the generic procedure
in Alg. 3. In this case, the set of unlabeled data points U correspond to the
pool of data items P. In addition, the labels of data points in £ correspond to
the information Z queried so far. In some cases, the data points in £ are also
included in the pool. This is the case when multiple queries for the same data
item are allowed, which is common when the oracle is assumed noisy (see next
section). The goal of the procedure is to get the model f to perform well with
as few labels queried as possible, as each query incurs some cost.

Algorithm 4 Pool-Based Batch Active Learning for Supervised Learning

1: Input: Unlabeled data points U, initially labelled data points £, query
strategy Q, model f, batch size B.

2: while querying budget not reached do

3: Update model f by training on labeled data points L.

4: Select batch B C U of size |B| = B using query strategy Q.
5: Query the oracle for labels of data points in 5.

6: L+~ LUB

7 u+—u \ B

8: end while

In the following sections, we describe details of Alg. 4, including common
query strategies and assumptions about the oracle.

2.2.4 Noise model of oracle

There are different ways to model the oracle when evaluating an AL procedure.
The assumptions made about the oracle during evaluation are meant to reflect
the practical scenario of interest. For example, the oracle may correspond to a
human expert or a (possibly) less expensive automated process. Naturally, a
less expensive oracle may provide more noisy feedback.

In general, the oracle responds to a query with correct information with
probability 1 — v and a noisy response with probability -, for some noise level
v € [0,1]. In addition, the noise may either be persistent or non-persistent.
Persistent noise means each query for the same data item returns the same
(possibly noisy) feedback each time. Non-persistent noise means each query
for the same data item may return different feedback each time a query is
made. Consequently, multiple queries of the same data item are only useful
for non-persistent noise. Most work on AL consider perfect oracles (i.e., noise
level v = 0), in which case the persistence of the noise becomes irrelevant. In
studies that consider noisy oracles with v > 0, a non-persistent noise model is
a common assumption to deal with the noise (Sheng et al., 2008; Settles, 2009).
This assumption is natural in practice, because it models an oracle which is
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allowed to correct for previous mistakes. For example, if the query strategy
suspects that the feedback provided by the oracle of some data item was
incorrect, it may ask the oracle to take a closer inspection in a future iteration
and change its response if needed. The papers appended in the second part of
this thesis consider a strictly noisy oracle, where the noise is non-persistent.

2.2.5 Query strategies

In this section, we explain the most common query strategies proposed in the
AL literature (Settles, 2009). We begin discussing single-sample selection, when
the batch size is B = 1. Using a batch size larger than one leads to a number
of difficulties, all of which are discussed in Section 2.2.7.

It is common to define a query strategy in terms of an acquisition function
a: P — R. The value a(i) indicates the informativeness of data item i € P,
where a larger value indicates higher informativeness. A selection is then made
according to i* = arg max;cp a(i).

Uncertainty sampling

Uncertainty sampling is the most commonly used query strategy in AL (Lewis
& Gale, 1994). It corresponds to selecting the data item for which the current
model f is the most uncertain about. This is most straightforward for probab-
ilistic models that output conditional class probabilities f(z | £) = P(y | x),
such as neural networks with a softmax output layer. The conditioning on £
means the model f is trained using labeled dataset £. The following acquisi-
tion function is one way to quantify the uncertainty of the model given class
probabilities.

a*“(z) =1 - Pr(§ | o),

where § = argmax, P(y | ). It is referred to as least confident (LC) in
the literature (Lewis & Gale, 1994). aC only considers the most probable
class. There are other alternatives that consider more or all information of
the distribution P, (y | ). For example, let y; and y2 be the first and second
most probable classes according to Pz (y | ). Then, margin sampling (MS) is
defined as follows (Scheffer et al., 2001).

aMS(2) = Pe(y1 | 2) — Pe(ye | @).

Finally, the most popular approach to quantify the model uncertainty is to
calculate the Shannon entropy from information-theory (Shannon, 1948).

aPrOPY (1) = — Z Pr(y; | z)log Pe(yi | @). (2.2)

(2

For regression problems, it becomes less straightforward. A common solution
is to consider Bayesian regression models such as Gaussian Process Regressors,
which provide uncertainty estimates (Holzmiiller et al., 2023).
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Expected error reduction

An ideal query strategy for AL selects the data point € U which minimizes
the expected future error (risk) (Roy & McCallum, 2001). Let

Bn(£.D) = [ P)L(P( | o). Poly | 2))dz
be the risk of classifier f trained on a labeled dataset D, where P(x) and
P(y | ) are the true marginal and conditional input distributions, respectively,
and L(-,-) is some loss function. We can then define an acquisition function
based on the error reduction (ER), that selects the data point that maximally
reduces the risk if included in the training set.

a"R () = Exr(f, £) — Er(f, £ U{(x,4)}).

However, there are three problems with this: (i) The true marginal input
distribution P(x) is unknown; (ii) The true conditional input distribution
P(y | ) is unknown; (iii) The true label 3’ of the candidate data point = € U is
unknown before we query the oracle. The first problem is solved by Monte-Carlo
estimation over the pool of unlabeled data points . The second problem is
solved by estimating P(y | «) with current model Pz (y | ). The third problem
is solved by considering pseudo-labels in expectation w.r.t. the current model
Pr(y | z).

Consider the cross-entropy loss L(P(y | x),Pp(y | ) = —>_, P(y: |
x)log Pp(y; | «)). Under the assumption that P(y | ) = Pp(y | x), this loss
reduces to the entropy H(y | ,P) = —>_, Pp(y; | «)log Pp(y; | ). Given
this, we obtain

af ZHy|:v£ ZnglMc (y| 2, LU{(x,y:)})
‘u|¢eu
(2.3)
:I(YUayI|x7‘C)a

where Yy, is a random vector of the labels of data points in U/ and ¥, is a
random variable for the label of the candidate data point z € U. Under
these assumptions, we observe that maximizing the expected error reduction
is equivalent to selecting the data point x € U that maximizes the expected
information gain between labels Yy, and label y,, where the expectation is
w.r.t. the current model Pz(y | ). In other words, the expected reduction
in entropy over labels in Yy, if  is included in the training data. Expected
error reduction, unlike uncertainty sampling, may select data points which are
representative of the input distribution (approximated by the pool ). Because
of this, a®® may be less sensitive to selecting outliers. Concretely, an outlier
(which could be uncertain according to the model) will provide little to no
information about labels Y;,, and is therefore unlikely to be selected by aPF
However, computing Eq. 2.3 for all x € U can still be computationally
demanding in practice because one needs to re-train the model K|U| times,
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where K is the number of classes. This problem can be mitigated in different
ways (Roy & McCallum, 2001): (i) One can evaluate Eq. 2.3 for a subset of
data points in the pool U, by first filtering out data points we suspect will
not be informative; (ii) Some models f allow efficient incremental re-training
when only a single data point is added to the training set (such as Naive Bayes
classifiers); (iii) In some cases, one can approximate full training of the model
f, for example through estimation of output variance based on the Fisher
information matrix (MacKay, 1992; Cohn et al., 1994).

Much work on AL, including state-of-the-art deep AL query strategies, cor-
respond to approximating the information gain (i.e., expected error reduction)
in different ways (Ash et al., 2020; Kirsch & Gal, 2022; Ren et al., 2022). Motiv-
ated by this, in Paper 2 appended in the second part of this thesis, we propose
information-theoretic acquisition functions based on entropy and information
gain, to be used in the context of active learning of pairwise similarities for CC.

2.2.6 Selection bias

When the query strategy utilizes model uncertainty, such as for uncertainty
sampling and expected error reduction explained in the previous section, the
selections may be biased. This occurs because in early iterations of the AL
procedure, the model is trained on limited (biased) information £. As a
consequence, selections that utilize uncertainty quantified by the model will
also be biased. This means the model will continue to be biased in following
iterations and make further suboptimal selections, and this may be hard to
recover from. This is a common problem in AL (Settles, 2009).

A common approach to address this issue is to consider a warm start of the
AL procedure. This means one assumes that £ contains a sufficient amount of
labeled data points initially, to avoid the bias as much as possible. This can be
argued to be unrealistic, as in practice we may have very little or no information
initially, which is referred to as a cold start. Because of this, some studies try
to make AL work in a cold start setting (Yuan et al., 2020). Interestingly, it
has been found that selection bias may be helpful in certain contexts (Farquhar
et al., 2021).

2.2.7 Batch selection

With the rise of deep learning, batch selection has become increasingly popular
in the context of AL. The reason for this is that if the model is expensive to train
(e.g., neural networks) and/or if the pool P is huge, one can not afford to re-train
the model for each selected data point (Ren et al., 2022). Single-sample acquis-
ition functions, such as those explained in Section 2.2.5, can be used for batch
selection by top-B selection according to B* = argmaxgcp gj=p 2_ics @(i)-
However, this approach will not ensure diversity among elements in B, leading
to redundant information being queried. For example, assume we have a dense
region in feature space where the model is currently uncertain. Acquisition
functions based on uncertainty sampling may naively select all B samples from
this region, when only a single sample in this region might have been sufficient
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to generalize.

Consequently, many works on batch AL propose query strategies that
explicitly consider interactions between samples in a batch, leading to better
diversity (Kirsch et al., 2019; Ash et al., 2020; Ren et al., 2022). However, the
number of possible batches grows exponentially with batch size B and pool
size |P|, leading to significant challenges. As a consequence, such methods are
often computationally inefficient in practice.

The work in (Kirsch et al., 2023) proposes a simple method for improving the
batch diversity for single-sample acquisition functions using noise. They propose
three different approaches: softmax, power and soft-rank. For single-sample
acquisition functions that produce non-negative scores and where samples with
a score close to zero should be avoided, power acquisition is generally the best
choice.? Power acquisition works as follows. Given any single-sample acquisition
function aX, let a?°"*'X (i) = log(a®(i)) + ¢; where ¢; ~ Gumbel(0; 37 1) for
all i € P, where 8 € R is a hyperparameter. This approach leads to diversity
in the selected batch, while being efficient in practice due to top-B selection.
Kirsch et al., 2023 show that this approach is competitive with more complex
and computationally inefficient batch selection methods.

2.2.8 Evaluation of active learning procedures

The key step in active learning is the construction of query strategies. In this
section, we present two common ways to evaluate the performance of different
query strategies. Both approaches are illustrated in Figure 2.1. The most
common way is to use active learning curves, as shown in the left plot of Figure
2.1. This corresponds to measuring the model performance w.r.t. some metric
(e.g., accuracy) at each iteration of the AL procedure (Alg. 3) for all query
strategies. In this case, we see that Strategy 1 is the best, as it reaches a
good model performance with the least number of queries. In some cases, it
is convenient to summarize the performance of a query strategy in a single
number. A common approach is to compute the area under the corresponding
active learning curve, as illustrated in Figure 2.1.

2In Paper 2 appended in the second part of this thesis, we consider such acquisition
functions.
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Figure 2.1: Illustration of evaluation of AL procedures. The left plot shows
typical AL curves comparing the performance of different query strategies.
The y-axis shows the model performance w.r.t. some performance metric (e.g.,
accuracy). The x-axis shows the number of queries made so far. In some cases,
it is convenient to summarize the performance of a query strategy with a single
number. A common approach is to compute the area under the corresponding
active learning curve, as illustrated in the figure.



Chapter 3

Summary of Included
Papers

In this chapter, we provide a summary of the two papers appended in the
second part of this thesis.

3.1 Paper1

In Paper 1, we study correlation clustering where the pairwise similarities
are not assumed to be known beforechand. Instead, we aim to perform cost-
efficient queries for the most informative pairwise similarities to a noisy oracle.
Unlike previous work, we aim to address this problem using active learning.
In particular, we describe a framework following the generic pool-based active
learning procedure in Alg. 3. In this context, the pool P of data items to
query information about correspond to all pairs of objects. This implies the
size of the pool is |P| = (§) = O(N?). In addition, the currently available
information Z corresponds to the queried pairwise similarities between objects.

For generality, our framework makes no assumptions about the similarities
provided by the oracle. This means the pairwise similarities can be any
positive or negative real number, and might even be inconsistent (i.e., violate
transitivity). Without loss of generality, we restrict the similarities to the range
[—1,+1]. In this case, +1 and —1 respectively indicate definite similarity and
dissimilarity. Thus, a similarity close to 0 indicates a lack of knowledge about
the relation between the two objects. This yields full flexibility in the type of
feedback that the oracle can provide, in particular in uncertain settings. For
example, assume the true similarity between objects u and v is +1. With binary
feedback, the oracle may simply return —1 in the case of uncertainty /mistake.
However, with feedback in [—1,1] their mistake/uncertainty may yield for
example —0.1. A faulty feedback of —0.1 is much less severe than —1, and our
framework can take advantage of this.

In this context, the learning algorithm (responsible for the update step of
Alg. 3) corresponds to some approximation algorithm for correlation clustering

17
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(see Section 2.1.2). The goal of the clustering algorithm is to find a clustering
that (approximately) minimizes the correlation clustering cost in Eq. 2.1,
given the pairwise similarities available in the current iteration. Ideally, we
want a correlation clustering algorithm that (i) is robust to noisy/inconsistent
similarities, (ii) automatically determines the number of clusters given the
similarities and (iii) is computationally efficient. Motivated by this, we propose
a correlation clustering algorithm based on local search, which fulfills the
mentioned criteria.

We propose two ways to select informative pairs to query, called marmin
and mazezp. In short, both of these methods aim to query pairs with small
absolute similarity that belong to triples (u,v,w) that violate the transitive
property of pairwise similarities. In other words, the goal is to reduce the
inconsistency of the similarities by resolving violations of the transitive property
in triples. We assume a non-persistent noise model for the oracle, which both
of these query strategies take advantage of.

Finally, we evaluate our framework on both synthetic and real-world data-
sets. We compare our framework to a query-efficient pivot-based correlation
clustering algorithm called QECC (Garcia-Soriano et al., 2020) and two ad-
apted state-of-the-art active constraint clustering methods, called COBRAS
(van Craenendonck et al., 2017) and nCOBRAS (Soenen et al., 2020). Our
framework outperforms the baseline methods in a noisy setting.

3.2 Paper 2

In Paper 2, we follow the framework developed in Paper 1, with a focus on the
selection step. In other words, we propose a number of effective acquisition
functions to be used within the active correlation clustering framework. In
particular, we consider information-theoretic acquisitions function based on
entropy and information gain. As explained in Section 2.2.5, information-
theoretic acquisition functions are commonly studied in traditional active
learning for supervised learning scenarios, where labels of data points are
queried. Especially, the information gain is theoretically well-motivated due
to its connection to expected error reduction. We extend these methods to
active learning of pairwise similarities in the context of correlation clustering.
However, the proposed methods are more general than this and may be used for
active learning of pairwise relations for any non-parametric learning algorithm.

In standard active learning, information-theoretic acquisition functions
depend on conditional class probabilities Pr(y | ) (see Eq. 2.2 and Eq.
2.3). In our setting, we replace class probabilities with cluster assignment
probabilities, which allow us to compute both the entropy and information
gain using the same general ideas from Section 2.2.5. In short, the cluster
assignment probabilities are obtained through mean-field approximation of the
Gibbs distribution over clustering solutions, given the current similarities. The
computational difficulties of information gain (explained in Section 2.2.5) also
apply in this setting. We mitigate this issue in the following ways: (i) We filter
the pool to only contain the pairs with large entropy; (i) We perform efficient
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incremental updates of the cluster assignment probabilities; (iii) We use the
symmetry of information gain (or equivalently the mutual information) to obtain
an alternative formulation, which allows for a more efficient approximation in
practice.

Finally, we extensively evaluate all proposed acquisition functions on syn-
thetic and real-world datasets. We observe that all information-theoretic
acquisition functions outperform all baseline methods, including maxmin and
maxexp. Expectedly, information gain is an overall better option compared to
entropy.
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Chapter 4

Discussion and Future
Work

In this thesis, we study correlation clustering where the pairwise similarities are
not assumed to be known beforehand. This is an important problem because,
in many practical scenarios, obtaining similarities between objects can be
expensive. Therefore, the goal is to find the ground-truth clustering, with as
few queries for similarities between objects as possible.

In machine learning, the problem of finding the most informative data
within a constrained budget is usually studied by active learning. Consequently,
we address this problem by developing a generic pool-based active learning
procedure for query-efficient correlation clustering, following the structure of
Alg. 3. The procedure is generic because it can be used with any approximation
algorithm for correlation clustering and any acquisition function. In contrast,
in previous work on query-efficient correlation clustering, the selection of which
similarities to query is tightly integrated into the clustering algorithm (which
tends to be based on QwickCluster, see Alg. 1), leading to restrictions in
practice.

We find that our proposed framework is highly robust to noisy feedback,
and significantly outperforms baseline methods in the presence of noise. In
addition, we find that all proposed acquisition functions (maxmin, maxexp and
information-theoretic methods) outperform random selection of similarities.
Overall, we have observed that acquisition functions based on information gain
perform the best. However, this may depend on the setting (e.g., how the
pairwise similarities are initialized). We refer to the appended papers in the
second part of the thesis for more details on this.

An important aspect of query-efficient clustering is inferring the pairwise
relation between pairs of objects which have not been queried, based on the
pairwise relations between other (correlated) objects which have been queried.
For example, given three objects u, v, w, assume the following similarities have
been queried: o(u,v) = 41 and o(u,w) = +1. Given this, one can infer that
o(v,w) = 41, using the transitive property of similarities. If the oracle is
assumed to provide perfect feedback (i.e., zero noise), exploiting this can lead to

21
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a significant improvement in performance. However, with even a small amount
of noise, we have found that inferring leads to worse performance compared to
not doing so. Studying ways to perform noise-robust inferring of similarities is
an important area of future research, as it may drastically decrease the number
of queries required.

The proposed framework scales quadratically with the number of objects
N in terms of both runtime and memory. This limits the applicability of the
framework to fairly small problems (e.g., N < 10000). Therefore, a future
direction of research is to study how the framework can be modified to support
large-scale problems.

As explained in Section 2.2.6, selection bias is a common problem in active
learning. This also applies to our setting, in particular for the information-
theoretic acquisition functions that utilize model uncertainty. In future work,
we may investigate ways to mitigate this problem without the need for a warm
start of the active learning procedure (see Section 2.2.6 for details).

Finally, we consider batch selection B > 0, meaning that many similarities
are queried in each iteration of the active learning procedure. As explained
in Section 2.2.7, diversity among the elements in a batch is important for
query-efficient learning. In our framework, we ensure batch diversity using
acquisition noise (see Section 2.2.7 for details). However, there may be better
ways to achieve batch diversity by explicitly considering interactions between
elements in a batch, which may be investigated in future work.
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