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a b s t r a c t

A method to relabel noisy multi-criteria data sets is presented, taking advantage of the
transitivity of the non-monotonicity relation to formulate the problem as an efficiently
solvable maximum independent set problem. A framework and an algorithm for general
loss functions are presented, and the flexibility of the approach is indicated by some exam-
ples, showcasing the ease with which the method can handle application-specific loss func-
tions. Both didactical examples and real-life applications are provided, using the zero-one,
the L1 and the squared loss functions, as well as combinations thereof.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

We consider the problem of noise in the form of non-monotonicity. Three options present themselves given a data set
subject to such noise: keep the data set as it is, identify the noisy objects and remove them from the data set, or identify
the noisy objects and relabel them. It is this last option we will discuss here, for the specific case where an integer-valued
loss function is defined on the labels. Popular loss functions are the zero-one and L1 loss functions, for which we provide
some examples. The technique we describe is more general however: a loss function need not be a metric or distance
(the squared loss function, for example, is indeed not a metric). We use the maximum independent set concept to facilitate
monotone relabeling. Of key importance is the transitivity of the non-monotonicity relation, permitting the formulation of
the problem as one solvable by network flow algorithms and the design of loss optimal monotone relabeling algorithms.

The remainder of this paper is constructed as follows: Section 2 contains the required introduction to the notation and a
short mention of the problems non-monotone multi-criteria data pose. Next, we provide a brief introduction to the maxi-
mum independent set problem in Section 3, followed by an in-depth description of how we are able to translate the relabel-
ing problem to a maximum independent set problem in Section 4, where we also supply an algorithm which compares
favorably to the existing methods, as these are less flexible and/or computationally less efficient. The computational com-
plexity is discussed in Section 5, and some options for fine-tuning are given in Section 6. We provide some example appli-
cations to toy problems and a real-life data set in Section 7, followed by our conclusions in Section 8.
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2. Problem setting

We consider a data set hS;X; f i, where S is a set of N objects from an object space X, represented in an n-dimensional
vector space X and a labeling function f : S!L, assigning labels from a label set L. Objects are described by a set of n
criteria (features) qi : X! Xi making up the feature space X, in which an object a is represented by a feature vector
a ¼ ðq1ðaÞ; . . . ; qnðaÞÞ. As is common for multi-criteria data sets [4], for each feature qi we have a linear order relation 6Xi

,
the combination of which yields the natural product ordering 6X. The set of labels L ¼ f‘1; . . . ; ‘mg is equipped with a strict
linear order relation <L : ‘1<L‘2<L � � �<L‘m�1<L‘m.

Two objects a and b from hS;X; f i can now be compared on the basis of their feature vectors a and b, or their labels f ðaÞ
and f ðbÞ. We call the labeling function f monotone (w.r.t. X), if for all objects a and b from hS;X; f i it holds that
a6Xb) f ðaÞ6Lf ðbÞ (implying in turn the absence of doubt: objects with identical feature vectors should be assigned iden-
tical labels). This is the monotonicity requirement [6] extended to safeguard against doubt. A couple of objects ða; bÞ is said
to be a non-monotone couple, denoted by a � b, if a6Xb ^ f ðaÞ>Lf ðbÞ. The non-monotonicityrelation � constitutes a strict
partial order relation. Observe that non-monotonicity is defined w.r.t. both X and f. We call an object monotone if it does
not make up a non-monotone couple with any other object, and a data set monotone if it contains no non-monotone
objects.

Suppose, for example, that the objects have been labeled by a panel of experts. Each of these experts can have taken dif-
ferent characteristics into account, which may or may not be present in X. This can result in f being non-monotone. The ob-
ject of this paper is to determine a monotone labeling function f 0 that differs as little as possible from f. Crucial is then the
existence of an object-wise loss function D on the labels, more formally D : L�L! N. As we are dealing with a discrete set
of labels, we feel it is natural to only consider integer-valued loss functions. Some loss functions used in this paper are the
zero-one loss ¼minð1; ji� jjÞ, the L1 loss ¼ ji� jj and the squared loss ¼ ji� jj2, in which cases L is identified with the set of
first m integers. The loss function need not be a metric: it need not be symmetric, nor does it need to satisfy the triangle
inequality (as is the case for the squared loss). We consider a loss function any function D : L�L! N satisfying the fol-
lowing three properties for all ‘i; ‘j; ‘k 2L:

(p1) Dð‘i; ‘jÞ P 0
(p2) Dð‘i; ‘jÞ ¼ 0 () ‘i ¼ ‘j

(p3) ‘i<L‘j<L‘k _ ‘i>L‘j>L‘k ) Dð‘i; ‘jÞ 6 Dð‘i; ‘kÞ ^ Dð‘j; ‘kÞ 6 Dð‘i; ‘kÞ
The first of these natural conditions (p1) is non-negativity, the second (p2) is known as identity of indiscernibles, and
the third (p3) we consider a monotonicity-like property. We will sometimes refer to a strict version of (p3), denoting a
version where the inequalities on the right-hand side are strict:

(p4) ‘i<L‘j<L‘k _ ‘i>L‘j>L‘k ) Dð‘i; ‘jÞ < Dð‘i; ‘kÞ ^ Dð‘j; ‘kÞ < Dð‘i; ‘kÞ

It is useful to also write Dðf ; f 0Þ as shorthand to denote
P

a2SDðf ðaÞ; f 0ðaÞÞ. Finding a monotone f 0 that minimizes this
expression amounts to identifying a D-optimal monotone relabeling scheme for the data set hS;X; f i.

The interest in monotone data sets arises from the use of machine learning algorithms that are unable to be trained
on partially non-monotone data sets, such as the ‘‘Tool for Ordinal Multi-Attribute Sorting and Ordering” (TOMASO) algo-
rithm [12], and the monotone decision tree induction algorithm [15]. Nevertheless, noise is often present in real-life data,
which can, because of the monotonicity constraint, be all the more readily apparent in multi-criteria data sets (indeed,
Brodley and Friedl [5] mention that ‘‘for some learning tasks, domain knowledge exists such that noisy objects can be
identified because they go against the laws of the domain”). As an alternative to restricting oneself to algorithms that
are able to process partially non-monotone data sets [10,11] when faced with noise, monotone relabeled real-life data
sets allow use of any algorithm. Another area of application for monotone data sets is the formulation of monotone
benchmark data sets, where monotone (relabeled if needed) data sets could be of more interest than truly random
monotone data sets [8].

3. The maximum independent set problem

The independent set concept is relevant to the discussion of non-monotonicity in defining an optimal cleanup [17]. This
problem from graph theory deals with a graph G, comprised of a set of vertices V ¼ VðGÞ and a set of edges E ¼ EðGÞ (if the
edges are directed, they are commonly called arcs). We denote G ¼ ðV ; EÞ, and for our application, the graph G can be con-
sidered a simple directed graph: finite, loopless and without duplicate arcs or vertices. Finding a biggest subset of vertices for
which no arc has both the end and startpoint in the subset, is called the maximum independent set problem. In general, mul-
tiple maximum independent sets exist for a graph G. The intersection of all such maximum independent sets is called the
core, while the union is called the corona [3]. In our application, the set of objects corresponds to the set of vertices V,
and the arcs correspond to the non-monotonicity relation �. A data set hS;X; f i is thus monotone if there are no such arcs
in its graph representation. Consequently, finding a biggest monotone subset (of a data set), is in fact a maximum indepen-
dent set problem.
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