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Abstract. In the ordinal classification with monotonicity constraints,
it is assumed that the class label of an object does not decrease when
evaluations of this object on considered attributes increase. In this pa-
per, we formulate the problem of ordinal classification with monotonicity
constraints from statistical point of view, by imposing constraints both
on the probability distribution and on the loss function. We propose a
procedure for “monotonizing” the data by relabeling objects, based on
minimization of the empirical risk in the class of all monotone func-
tions. The procedure is then used as a preprocessing tool, improving the
accuracy of the classifiers. We verify these claims in a computational
experiment.

1 Introduction

Utilizing the domain knowledge is of fundamental importance in the learning pro-
cess. In order to generalize, every learning algorithm must be biased, however,
when this bias comes from the domain knowledge, the algorithm has a chance to
generalize better. A common type of knowledge encountered in applications of
machine learning are the statements about orders and about relationships among
these orders. Indeed, although the experts may fail in providing quantitative rela-
tionships between variables of the system under study, they can usually describe
their qualitative characteristic in terms of ordering and monotone dependencies
(e.g., “the higher, the better”), which happen to be the relations that are easiest
to express.

In the problem of ordinal classification (also referred to as ordinal regression),
the purpose is to predict for a given object x € X one of K ordered class
labels (ranks), y € Y = {1,...,K}. It is often assumed that the objects are
described in terms of m attributes, so that, without loss of generality, each object
is represented by a real-valued vector, x = (z,...,2™) € R™. In this paper we
consider the ordinal classification problem together with the domain knowledge
about the objects expressed by the monotonicity constraints, imposed on X.
Assume the attributes have ordered domains and it follows from the domain
knowledge that a higher value of an object on an attribute, with other values
being fixed, should not decrease its class assignment. We define a partial preorder



relation = in the set of objects X, called dominance relation, such that an object
x dominates =/, x = 2/, if 27 > 2’7 for j = 1,...,m. The monotonicity constraints
are then expressed in the following way: for any two objects z,z’ € X, if x = 2/,
then object z should be labeled with a class not lower than z’.

As an example, consider the customer satisfaction analysis [1], which aims at
determining customer preferences in order to optimize decisions about strategies
for launching new products or about improving the image of existing products.
The monotonicity constraints are of fundamental importance here. Indeed, con-
sider two customers, A and B, and suppose that the evaluations of a product by
customer A on a set of attributes are better than the evaluations by customer
B. In this case, it is reasonable to expect that also the comprehensive evaluation
of this product (its rank) by customer A is better (or at least not worse) than
the comprehensive evaluation made by customer B.

As another example, consider the problem of house pricing, i.e. classification
of houses with respect to their prices, into one of the following classes: “cheap”,
“moderate”, “expensive”, “very expensive”. The classification is based on the fol-
lowing attributes: lot size, number of bedrooms, garages, whether house contains
air conditioning, basement, etc. [2]. It is apparent that the price of the house
A should not be less than of the house B if, for instance, house A has greater
number of bedrooms and garages than B, and opposite to B, has basement, and
is as good as B on the other attributes.

The problems of ordinal classification with monotonicity constraints are also
referred to as monotone classification problems, and are commonly encountered
in real-life applications, where the ordinal and monotone properties follow from
the domain knowledge, e.g. bankruptcy risk prediction [3], medical diagnosis [4],
house pricing [5], surveys data [6] and many others. Moreover, such problems
are widely considered under a common name multiple criteria sorting within
multiple criteria decision analysis [7].

Since the partial order can be represented by a directed graph, monotone
classification bears resemblance to learning a graph labeling [8]; nevertheless,
the meaning of the arcs in a graph labeling is different from the meaning of
monotonicity constraints. On the other hand, the considered problem is the con-
strained case of ordinal classification. Although ordinal classification receives a
growing attention in machine learning community [9,10,11,12], the monotonicity
constraints are rarely considered. There are only a few methods which take the
monotone nature of data into account; let us mention Dominance-based Rough
Set Approach (DRSA) [7,13,14], monotone classification trees [15,16,17,5], mono-
tone networks [18], instance-based methods [19,6] or isotonic separation [4].
DRSA provides the most comprehensive theory for ordinal classification prob-
lems with monotonicity constraints, based on the rough set approach to knowl-
edge discovery.

Our paper consist of two parts. In the first part, we aim at providing a
statistical framework for ordinal classification with monotonicity constraints.
We show, how such constraints can be expressed by making general assumptions
about the probability distribution. Moreover, we formulate the necessary and



sufficient conditions for the structure of the loss function which ensures the
monotonicity of the Bayes classification function. The analysis suggests that
some loss functions, such as 0-1 loss, are not suitable for monotone classification.

In the second part of the paper, we propose a general method for incorpo-
rating monotonicity constraints into the learning process. The method is called
monotone approrimation and is based on relabeling the training objects to re-
move the inconsistencies and “monotonize” the data. This is done by empirical
risk minimization within the class of all monotone functions. We show how our
method can be used as a preprocessing tool in combination with any algorithm
for ordinal classification. The main idea is to apply our method to the original
data, “monotonize” it and pass it to the learning algorithm, in order to improve
both accuracy and readability of the classifier. This approach has been verified
in computational experiment.

2 Problem Statement

The problem of ordinal classification can be stated as a problem of finding the
function f: X — Y, that accurately predicts values of y. The accuracy is mea-
sured in terms of the loss function L(y, f(z)), which is the penalty for predicting
f(z) when the actual value is y. The overall accuracy of the function f is defined
as the expected loss (risk) according to the probability distribution P(x,y) of
data to be predicted:

R(f) = E[L(y, f(z))] (1)

The loss function in the classification problems has the form of a matrix, hence we
denote Iy, = L(y, k) where y,k = 1,..., K. We assume that {x; = 0 and {5, >0
if y # k. Moreover, in the ordinal classification the loss should be consistent with
the order between class labels in the sense that the loss should not decrease, as
the predicted value moves away from the true value. Therefore, following [12],
we assume the loss matrix is V-shaped: for k <y it holds Iy p—1 = lyx, while for
k > y it holds [, < [y k+1. Notice that the proposed model is in the spirit of
[20,12] and is different from the previous rank loss formulation found in [9].

A Bayes classification function is a function f* minimizing the risk (1). Since
P(z,y) is unknown, f* is unknown and the classification function is learned
from a set of n training examples D = {(z1,y1), ..., (Zn,yn)} (training set). In
order to minimize the value of risk (1), the learning procedure usually performs
minimization of empirical risk:

Remp(f) =

S|

ZL(%JC(%’))’ (2)

which is the value of a loss function on the training set. In the paper, we denote
objects from the training set D by x; or x;, where 4,5 = 1,...,n; any objects
from X are denoted by z or z’.



Stochastic dominance. The monotonicity constraints require that if x = 2’ then
x should be assigned a class not lower than z’. In practice, these constraints are
not always satisfied, leading to the situations referred to as inconsistencies. This
suggests that the order relation > does not impose “hard” constraints and the
constraints should rather be defined in a probabilistic setting. Let =, 2’ € X be
such that z = z’. Then, the minimal constraint, which should be imposed on
the conditional distribution is the following:

P(y > klz) > P(y = kla'), 3)

for each k = 2,..., K. Expression (3) states that the probability of an event
{y > k} grows monotonically with the dominance relation. It is known as (first
order) stochastic dominance [21]. We will say that a probability distribution is
monotonically constrained if it satisfies the stochastic dominance relation (3) for
each z,2’ € X such that z = z’. The stochastic dominance relation is the core of
what we understand by monotonicity constraints. Notice that in [6], stochastic
dominance was also used, but to define the properties of an estimator rather
than the properties of a probabilistic model. In [9], one assumes that stochastic
dominance holds for all x,2’ € X, whereas we assume it is induced by the
dominance relation.

We now prove a simple lemma related to the stochastic dominance, which
will be used later in this paper. The lemma is a basic result in decision theory,
but we give the proof for clarity and completeness.

Lemma 1. Let x > 2’ so that P(y|z) stochastically dominates P(y|z'). Let
z:Y — R be a non-increasing random variable. Then it holds:

E[z|z] < E[z|2'], (4)

i.e. the expected value of z according to distribution P(y|z) is always smaller
then the expected value of z according to P(y|z').

Proof. Let us denote p, = P(y = k|z), qr = P(y = k|2’) and 2z, = z(k). Then
(4) can be rewritten in the following way:

K

K
PrZE S Z qkZk-
1

k= k=1

Let us denote the cumulative distribution as Py, = Zle prand Qp = Zle q (we
assume Py = Qo = 0). From the stochastic dominance it follows that P, < Qg
for each k. Then:

K K K K—1
Zpkzk = Z(Pk — Py_1)zi = ZPka - Z Pyzpy1 =
k=1 k=1 k=1 k=0
K—1 K—-1 K
=2+ Y Pelzk — 21) < 2+ Y Qulze — 2k41) = Y _ w2k, (5)
k=1 k=1 k=1

where the inequality follows from the fact that z; — 241 > 0 for each k.00



3 Monotonicity of the Bayes classification function

Let us call a function f: X — Y monotone if for any z, 2’ € X it holds x = 2’ —
f(z) = f(z'). Moreover, let us call vector v = (vy,. .., v,) monotone, if for every
i,7 =1,...,n it holds that z; = z; — v; > v;.

In the classification problem, we aim at finding the classifier which is as close
as possible to the Bayes classification function. In other words, the Bayes clas-
sification function is our “target function” which we try to approximate. Thus,
not surprisingly, we require that in the ordinal classification with monotonicity
constraints the Bayes classification function must be monotone?.

However, although the probability distribution is monotonically constrained,
the monotonicity of the Bayes classification function does not always hold. For
instance, the Bayes classification function for 0-1 loss (the mode of the distri-
bution) is not monotone under stochastic dominance assumption. It appears
that some specific constraints must be imposed on the loss function in order to
maintain the monotonicity of the Bayes classification function:

Theorem 1. Let Iy, be V-shaped. The Bayes classification function is a mono-
tone function for every monotonically constrained distribution P(x,y) if and only
if the loss function satisfies the following constraints:

Ly k1 — lyk = lypi k41 — lys1k if k>y 6)
lyo—1 = lye 2 ly—1 -1 — ly—1k if k<y

Proof. We prove the “if” part. Suppose conditions (6) hold. Let us define d,, in
the following way:

5 — lyk — ly7k_1 for k > Y,
VR V gk — lypyr for k<.

Let P(x,y) be any monotonically constrained probability distribution and let
x,2’ € X be any two points such that = = 2’. Let us denote pr, = P(y = k|z)
and qx = P(y = k|a’). Let u be a predicted class label. The expected loss for
the prediction u according to the distribution P(y|z) is as follows:

K u—1 u K y—1
E[L(y,u)|z] = Zpylyu = Zpy Z (lyk = lyk—1) + Z by Z(lyk_ly,k+1)ﬂ
y=1 y=1 k=y+1 y=u-+1 k=u
or by using dy:
u—1 u K y—1
E[L(y, u)|z] = Zpy Z Oyk + Z Dy Z Oyk-
y=1 k=y+1 y=u+1 k=u

3 The Bayes classification function may not be unique, because it is defined only up to
a zero measure set. To avoid this problem, we assume that for every x € X, the Bayes
function returns the class label k& with the smallest conditional risk E[L(y, k)|z]; in
case of ties on the conditional risk, the lowest label is always chosen.



Consider A(ulz) = E[L(y,u + 1)|z] — E[L(y,u)|z], the difference between the
expected losses for u + 1 and wu:

u u+1 K y—1 u—1 u K y—1
A(ulw>=2py Z Oyk + Z Py Z Oyl — Zpy Z Oyl — Z Py ) Oyk =
y=1 k=y+1 y=u+2 k=u+l y=1 k=y+1 y=u+l k=u
u K u K
= Zpyaynwl - Z py(syu < Z(Iy(sy,u+1 - Z Qy(syu = A(U|£L’l)7
y=1 y=u+1 y=1 y=u+1

where the inequality comes from Lemma 1, since the function z(1) =
Ottty - 2(W) = Oyut1s Zutl = —Outiu,---,2(K) = —dk, is non-increasing
from the assumptions (6). This means that the difference in expected loss for
any two contiguous class labels u + 1 and u does not increase as we move from
x to z’. But this means that the difference in expected loss between any class
labels v and w does not increase.

Now, suppose v is a Bayes classification function for z’, i.e.:

— inE[L .
v = arg min [L(y, k)|2']

Choose some u < v. We have:
0> E[L(y,v)|2'] — E[L(y, u)|2"] = E[L(y, v)|z] — E[L(y, u)|],

which means that u cannot be the Bayes classification function for x. Thus,
Bayes classification function must be monotone.

The “only if” part of the proof is long and quite technical, hence we give
only the sketch of the proof. Suppose that one of the conditions (6) is violated;
without loss of generality, we may assume that the first one is violated, i.e.
lyoko = lyo,ko—1 < lyot+1,ko — lyo+1,ke—1 for some kg > yo. We shall find some
probability distribution and objects z = z’ such that the Bayes classification
function violates monotonicity condition, i.e. f*(z) < f*(z'). However, we can
set P(y = k|xz) = 0 for each x € X, for every class label k& ¢ {yo, ko, ko — 1}.
This will effectively eliminate other classes (they never occur in the problem)
so that we end up with three-class problem which is much easier to analyze
than a general K-class problem. The rest of the proof consist in constructing
the distributions P(y|z) and P(y|z’) such that f*(z) < f*(2’). O

From Theorem 1 it follows that conditions (6) are necessary and sufficient for
monotonicity of the Bayes classification function. The latter property is desired
in the monotone classification, otherwise there would be no point in minimizing
the risk within the class of monotone functions. Therefore we will call the loss
function satisfying (6) a monotone loss function.

Monotone Bayes classification function and converity. We investigate the con-
ditions (6) for a popular subclass of the loss functions. Let us call a func-
tion ¢:Z — R conver? if for all i,j € Z and for every A € [0,1] such that

4 We denote the set of integers by Z.



Mi+ (1 —MN)j € Z, we have:
c(id + (L= A)j) < Ac(i) + (1 = A)e(y)

The loss function is very often expressed in the form I, = c¢(y—k), with ¢(0) =0
and c(k) > 0 for k # 0. The loss functions of such type are, for instance, 0-1
loss (c(k) = 1p.0)°, mean absolute error loss (c(k) = |k|) or squared error loss
(c(k) = k?). Moreover, every binary loss has this form, because it is determined
by two values l12 = ¢(—1) and la; = ¢(1).

Theorem 2. Let l, = c(y — k) be the V-shaped loss function and K > 3. Then
the Bayes classification function f*(x) is monotone if and only if c(k) is convez.

Proof. One can show by induction that the function ¢:Z — R is convex if and
only if for each k € Z it holds:

(k) < c(k—l);—c(k’—i-l). (7)

The conditions (6) can now be expressed as:

cly—k—1)—cly—k)

cly—k)—cly—k+1) if k>y,
cly—k+1)—cly—k) = cly —

(y—k)—cly—k—1) if k<uy,

VWV

which is equivalent (along with condition ¢(0) < % holding for every loss
matrix) to the condition (7).00

Corollary 1. Let ly, = |y — k|P, for p > 0, be the loss function and K > 3.
Then the Bayes classification function is monotone if and only if p > 1.

Corollary 1 explains why 0-1 loss (p — 0) does not lead to the monotone
Bayes classification function under the stochastic dominance assumption, while
absolute error loss (p = 1) and squared-error loss (p = 2) do ensure monotonic-
ity. Those results support our opinion that 0-1 is not a proper loss for ordinal
classification with K > 3, if one assumes stochastic dominance between the con-
ditional distributions (the stochastic dominance assumption is related not only
to the monotonicity constraints — see e.g. [9]). Notice, that for K = 2, all loss
functions are monotone.

Linear loss function. Let us consider a specific class of the loss functions, called
linear loss functions [22], defined as:

~ Ja(k-vy) itk>y
O i o )

where 0 < o < 1. For a = 1 we have an absolute error loss [, = [k—y| (up to the

proportional constant). The purpose of introducing (8) is to model asymmetric

5 14 is an indicator function equals 1 if A is true, otherwise 0.
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Fig. 1. Example with K = 5. The function h(k) changes the position of each class
label on the scale.

costs of misclassification: for o > %, predicting higher class then the actual

class y is more penalized than predicting the lower class; for a < % we have
the opposite case. Such loss function can be useful e.g. in medicine: consider
classifying patient into classes according to her/his health condition: “good”,
“moderate”, “bad”, “very bad”. Then classifying the patient’s condition to be
better than it really is, will probably be more dangerous to her/his health than
regarding the patient to be in worse condition than the real one.

It is easy to check that the linear loss is a monotone loss function. It is
also known [22], that such loss function is minimized by (1 — «)-quantile of
the conditional distribution® i.e., by such y;_, that P(y < y1_4) = 1 — « and
P(y > y1-a) 2 a . For a = £ this results in the definition of a median.

One can extend the linear loss in the following way:

_[e—hy)  ik>y
e Fi T )

where h(k):Y — R is a strictly increasing function. It can be interpreted as
a “scale changing” function, which positions class labels on the real axis, thus
changing the distances between them. Introducing an arbitrary scale may at first
look like a strong generalization of (8). Surprisingly, an arbitrary scale will not
change anything on the population level:

Theorem 3. The Bayes classification function for the extended linear loss (9)
does not depend on the function h(k). In particular, this implies that Bayes clas-
sification function for extended linear loss is the (1—a)-quantile of the conditional
distribution.

Proof. First notice, that since h(k) is strictly increasing, it has an inverse
h=Y:h(Y) — Y. Let y € Y be a random variable according to distribution
P(y|x). Let us define the random variable y' = h(y). Moreover, for each k € Y

5 We remind that, in general, p-quantile of probability distribution P(z) is defined as
a value x, such that P(z < zp) > pand Plx 2 2,) > 1—p



let k' = h(k). Then:
argmkinIE[L(h(y),h(k)ﬂx] =hnt <argn}ii,nIE[L(y’, k’)|x]> , (10)

i.e. minimizing the extended loss (9) is equivalent to first minimizing the expected
loss (8) with random variable y" and then taking the h=! inverse of the obtained
minimizer. The Bayes classification function for (8) is y;_,,, the (1 — «)-quantile
of distribution P(y'|x). Since P(y’ = k|x) = P(y = h™1(k)|x) for every k =
1,..., K, then we must have y|__, = h(y1_). According to (10), the Bayes
classification function for (9) is A= (yi_,) = A (h(y1-a)) = Y1—a-

4 Monotone Approximation

We now propose a general method for incorporating the monotonicity constraints
into the learning process. The method is based on relabeling objects from the
training set in order to remove the inconsistencies and “monotonize” the data.
Let us consider the minimization of the empirical risk (2) within the class of all
monotone functions. This leads to the following problem:

minimize Z L(y;,d;)

i=1
subject to x; = x; — d; > d; ,j=1,...,n
d;e{1,...,K} i=1,...,n. (11)

The problem has already been considered in statistics [23] for absolute error loss;
in logical analysis of data [24] for the binary case, and in the isotonic separation
method [4] for any loss function. Although variables d; are integer, the constraint
matrix is totally unimodular [25], so that integer constraints can be relaxed and
the problem can be solved efficiently via the linear programming; moreover, its
dual is the maximum network flow problem [4] and hence can be solved in O(n?).
The analysis of the problem presented in this paper includes only our own results.
Optimal values of variables d; can be regarded as new class labels for the
training objects. Thus, the problem can be interpreted as follows: relabel (reas-
sign) the objects to make the dataset monotone such that new class labels are
as close as possible to the original class labels, where the closeness is measured
in terms of the loss functions. The set of new labels will be called monotone
approzimation. Notice, that (11) may have more than one optimal solution.

Reduction of the problem size. We are able to reduce the size of the monotone
approximation problem by removing some of the variables from the optimization
process. Let us call an object x; consistent, if for every z;, we have y; > y;
whenever x; = x;, and y; < y; whenever z; < x;, 1,5 = 1,...,n. Let us call
the dataset D monotone if every object z;, i = 1,...,n, is consistent; this is
equivalent to the statement that vector y = (y1,...,¥y,) is monotone.



For each x;, let us define the lower and the upper class labels, respectively
as:

l; =min{y;:z; = x;,j=1,...,n}

w; = max{y;:x; x5, =1,...,n}. (12)

It always holds that [; < y; < u; and [; = u; if and only if object x; is consistent.
Moreover, for every z;,z; such that x; = x;, we have [; > [; and u; > u;. The
lower and upper labels can be used to put constraints on some of the variables
in the monotone approximation:

Theorem 4. Let CL‘, 1 =1,...,n, be any optimal solution to the problem (11)
with arbitrary monotone loss function. Then we have l; < d; < u;.

Proof. Before we prove the theorem, we must first show that the monotone loss
function is always strictly increasing, i.e. lyr > ly p+1 if b <y, and ly x—1 < lyk
if K > y. We will show only the first inequality; the second one can be shown
analogously. From (6) we have that for k& > y, ly kst — Ly 2 lys1 p+1 — lyt1.k-
Repeating this iteratively, we must finally have

Lyt = lyr = lysoipr —lysok 2 -0 2 loprr — loe > 0,

where the last inequality comes from lj, = 0 and I, > 0 for y # k.

Assume we have any optimal solution cii, i=1,...,n. Let I be a subset of
those i for which cZZ < l; . Similarly, let J be a subset of those i for which czz > Uy
Let us introduce the solution a@ such that JZ =1; fori €I, ciz = u; for i € J and
d; = d; otherwise. As the monotone loss function (6) is always strictly increasing
and we know that [; < y; < uy, it follows that d; has lower objective value that
d;, if any of the sets I or J is nonempty. Indeed, for every i € I and every i € J,
the label d; is surely “closer” than d; to the real label y;. Therefore it is enough
to prove that the solution d; is feasible. Then, I and J must be empty, because
otherwise it would contradict the optimality of d;.

To prove the feasibility of d; in the problem (11), we must show that:

i aj=d;>d; i,j=1,....n (13)

Notice that for i € I, d; > JZ and for ¢ € J, d; < cfz Choose any z; = x;. First
we consider ¢ € I, then ¢ € J and finally the case i ¢ T U J:

1. CaSGiEI.Thenif;jEI,Czizli%lj:Jj.Ifj¢J,Czi>di>CijZCZ]'.
2. Casei € J. Then d; = u; = u; > dj.
3. CaSG’L'%IUJ.TheniijI,diZZiZZj:dj.Ifj¢I,di:diZdjEdj.

O

Theorem (4) implies that we can remove consistent objects (for which I; = ;)
from the optimization process, since we know a priori that d; = y; for such
objects. This dramatically reduces the size of the problem: for real-life data we
have found that in most cases more than 80 — 90% of objects are removed.



Handling non-uniqueness of the solution. The optimal solution of the problem
(11) may not be unique (and, in fact, is not unique in most cases). For instance,
consider a very simple binary-class example with only two objects x5 = x1, but
y2 = 0 and y; = 1. Assume 0-1 loss. Then, either x5 can be relabeled to yo = 1
or 1 to y1 = 0, and both solution has the same cost equal to 1. Thus, the
particular solution found by the algorithm is accidental, which is unwanted and
doubtful from theoretical point of view.

The problem of non-uniqueness of the optimal solution has been consider in
[26,13]. We only report the main results here and refer for the proofs to the cited
papers. Although the optimal solution may not be unique, there always exist
two optimal solutions d*i, and dj‘, i =1,...,n, such that d.; is the smallest and
cf;‘ is the greatest optimal solution. In other words, let cii, i=1,...,n, be any
optimal solution. Then it holds that:

for all i = 1,...,n. The smallest and the greatest solutions can be found effec-
tively for linear loss function (8). One can show that the smallest solution d.; is
obtained by solving the monotone approximation with the value « increased by
a sufficiently small amount e. Similarly, the greatest solution 0?;* is obtained by
decreasing o by €. One can show that the value € < n~?2 is sufficiently small.
Finally, we notice that a modification of the results obtained in [13] will
lead to the conclusion that the monotone approximation is not sensitive to the
choice of the scale function in extended linear loss (9). In other words, monotone
approximation with extended linear loss is the same for every function h(k);
in particular, it is the same as for ordinary linear loss function. This shows an
unusual property of the linear loss function: being independent of the metric
scale. Although linear loss seemingly imposes a distance measure between the
class labels, an arbitrary change of the distance measure leads to the same result.

5 Experimental Results

The monotone approximation can be used to improve the training set by re-
moving inconsistencies, contradicting the domain knowledge. This is done by
relabeling inconsistent objects in a way which is the safest in the probabilis-
tic meaning. It corresponds to the domain knowledge-based error correction (or
outliers detection) method. Our method can be used as a preprocessing tool
in combination with any ordinal classification algorithm, by applying it to the
original data, “monotonizing” all training examples and passing them to the
learning algorithm, in order to improve the accuracy and comprehensibility of
the classifier. We thoroughly investigate the method on the artificial data.

We propose the following algorithm for generating artificial data with mono-
tonically constrained probability distribution. We assume for simplicity that
K =2and Y = {0,1}. Objects x = (z!,...,2™) € R™ are generated uniformly
on a cube [0,1]™, i.e., x ~ U™(0,1). The most important characteristic of the



data from the prediction point of view is the underlying “target” function, mod-
eling the Bayes classification function f*(z). We assume that f*(z) = 1j()>0.
where h(x) is a real-valued function, described below. The noise (non-zero Bayes
risk) is introduced to the model in the following way: the observed label y equals
f*(x) with probability 1 — v and equals 1 — f*(z) with probability ~. In other
words, the noise causes random errors in label assignment with probability ~.
One can easily show that the Bayes risk R* = . The conditional distribution
made this way is monotonically constrained as long as the function h(z) is mono-
tone.
The target function h(z) has the following form:

T
h(z) =Y ari(z) -0, (14)

where a; is positive and each r;(z) has either of the following forms:

mg ms
ri(z) = H Lyds >pe ri(z) = — H Lois <bes
s=1 s=1

where j, € {1,...,m} and b* € [0,1]. One can show that h(z) is a monotone
function. Moreover, every monotone function can be approximated arbitrarily
close (with respect to an L, norm) by functions of the form (14). Notice, that
r¢(x) have the form of a hyperrectangle.

All the parameters of the model, apart from 7T, R* and 6, are chosen at
random: we set a;,bs ~ U(0,1); each js is chosen randomly from {1,...,m};
values mg are chosen according to the exponential law P(ms = j) = 277. Any of
the two forms of r;(x) is equally likely. Parameter T' models the “smoothness”
of the function and is set to 50 x m in the experiment. The threshold 6 is chosen
so that the prior probabilities of both classes are equal: P(y = 1) = P(y = 0).
The parameters to be changed are: sample size n, dimensionality m and Bayes
risk R*. We choose n = 1000, m € {4,6,8,10} and R* € {0.1,0.2,0.3,0.4}. For
each combination of these parameters we generate 20 models of the form (14).
For each model, we train the method on 10 separate sets of size 1000 and test
on 10 separate sets of the same size.

The problem is binary, so we can use any binary classification algorithm min-
imizing 0-1 loss, since all symmetric loss functions (0-1, absolute error, squared
error, etc.) are equivalent for binary classification and are monotone loss func-
tions, as described in Section 2. We choose C4.5 [27], AdaBoost [28] with C4.5 as
a base learner (20 iterations), logistic regression and RankBoost [11] with stump
as a base learner (100 iterations). Notice that RankBoost is designed to minimize
the rank loss, but can be easily adapted to deal with ordinal classification for
any loss function, as described in [20]. We use 0-1 loss as a measure of accuracy.

Each classifier was learned in two copies, either with or without monotone
approximation (in monotone approximation, we always choose the greatest so-
lution ch‘ without loss of generality). In other words, one copy of the classifier
was learned on the original data, while another copy — on the monotonized data,



Table 1. Results on the artificial data. For each classifier, two values are shown: the
first is the testing error (in %) when the classifier is trained on the original data (ORIG),
while the second concerns testing error (in %) with training on the monotonized data
(MON), i.e. with monotone approximation. The significantly higher result is marked
with bold.

DATASET C4.5 ADABOOST LogisTiC RANKBoOOST
R* m ORIG MON ORIG MON ORIG MON ORIG MON
10% 4 20.7 19.4 20.4 16.7 14.2 14.1 16.8 14.7

6 25.1 24.7 22,5 19.6 14.1 14.0 17.5 16.0
8 28.7 28.4 23.4 22.1 14.5 14.4 18.1 17.3
10 31.6 31.6 24.5 23.8 14.7 14.6 18.6 18.2
20% 4 29.7 27.8 29.7 26.0 23.4 23.2 26.5 24.1
6 33.6 32.5 33.1 29.3 23.8 23.7 27.2 25.3
8 36.0 35.3 34.8 32.5 24.1 23.9 27.6 26.2
10 37.2 37.2 35.8 34.5 24.3 24.1 28.0 27.2
30% 4 38.6 36.0 38.3 34.9 32.9 32.7 35.9 33.3
6 41.2 39.2 40.5 37.7 33.3 33.0 36.5 33.9
8 42.0 41.2 41.3 39.9 33.9 33.4 37.0 34.9
10 43.5 42.9 42.6 41.6 34.1 33.6 37.3 35.9
40% 4 46.5 43.5 46.4 42.9 42.4 41.7 44.7 42.0
6 47.5 45.2 47.4 44.3 43.0 42.0 45.3 42.4
8 47.9 46.1 47.8 45.4 43.4 42.1 45.5 42.9
10 47.8 46.9 47.8 46.6 43.7 42.7 45.6 43.8

with inconsistencies removed. Each classifiers was run on 20 models, For each
model, the average accuracy (0-1 error) over 10 testing sets was calculated for
both copies of the classifier. We then performed a sign test between models to
verify if any of the methods is significantly better. We chose the significance level
a = 0.05, which means that one copy of the classifier must outperform another
copy on at least 15 out of 20 models.

The implementation of RankBoost was taken from [20]. Implementations of
other algorithms were taken from the Weka software [29]. The results of the
experiment are shown in Table 1. They unquestionably show that removing
inconsistencies can only improve the accuracy. The strength of the improvement,
however, depends on the learning algorithm and properties of the dataset. The
highest improvement is gained by the most complex classifiers which can closely
fit to the data, AdaBoost and RankBoost. Removing the inconsistencies may
help to push the learning process in the right direction and avoid overfitting. The
smallest improvement is gained by the logistic regression; this is caused by the
fact that linear classifiers are more stable and “weaker” (in the sense that they
cannot push the training error down to zero) than tree or stump ensembles. This
result is consistent with [30], where it is proven that a linear fit can determine
monotonicity direction for a wide class of probability distributions.

It also follows from the experiment, that the amount of the improvement
increases with increasing Bayes risk, mostly due the fact that monotone approx-
imation works as error correction based on the domain knowledge about the
monotonicity. When the level of noise in the data is high, using the knowledge



Fig. 2. Left chart: test error of RankBoost decreased by Bayes risk as a function of
Bayes risk for m = 6. Right chart: test error of RankBoost as a function of m for Bayes
risk 0.3.
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about the probability distribution (monotonicity constraints) to relabel the ob-
jects towards Bayes classification function, increases the quality of the dataset.
Notice, that the improvement decreases with the number of attributes m. This
can be explained by observing that the dominance relation becomes sparse in
high dimensional space and only few objects are then relabeled. The relation-
ships mentioned above are shown in greater details in Figure 2 for RankBoost,
with and without monotonizing the data. The left chart shows the loss in accu-
racy compared to the Bayes classification function (test error minus Bayes risk)
as a function of Bayes risk R*. The improvement on monotone approximation
increases with the R* up to R* = 0.45; for R* = 0.5, surprisingly, both methods
detect that there is no dependency between y and x and equate their risks with
R*. The right chart shows the influence of the number of attributes m on the
testing error. At first, the improvement on monotone approximation increases
with m, but later, due to the sparseness of the dominance relation it starts to
decrease.

Another issue related to data monotonization is that the classifiers tend to be
more comprehensible when the domain knowledge is incorporated in the learning
process. We leave this problem for further research.

6 Summary

We presented a statistical theory for the problem of ordinal classification in
the presence of monotonicity constraints. Although the constraints follow from
domain knowledge and often appear in the real data, they are rarely taken into
account and were not deeply considered from the theoretical point of view in
machine learning. We considered the problem in its most general formulation,
when the knowledge about the objects is expressed only through the dominance
relation >. We introduced a probabilistic model for monotone classification,
based on the concept of stochastic dominance, and investigated the possible loss
functions in this setting.



We also proposed a general method for incorporating the monotonicity con-
straints into the learning process, called monotone approximation. The method
is based on relabeling the training objects in order to remove inconsistencies
and monotonize the training data, and can be used as a preprocessing tool in
combination with any algorithm for ordinal classification. Our approach was
thoroughly verified on the artificial data and proved to increase the accuracy of
many classifiers. The highest gain in accuracy is achieved when the classifier is
complex and the level of noise (Bayes risk) is high.
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