Metodoloski zvezki, Vol. 3, No. 1, 2006, 89-108

ROC Curve, Lift Chart and Calibration Plot

Miha Vuk! Tomaz Curk?

Abstract

This paper presents ROC curve, lift chart and calibration plot, three well known
graphical techniques that are useful for evaluating the quality of classification models
used in data mining and machine learning. Each technique, normally used and stud-
ied separately, defines its own measure of classification quality and its visualization.
Here, we give a brief survey of the methods and establish a common mathematical
framework which adds some new aspects, explanations and interrelations between
these techniques. We conclude with an empirical evaluation and a few examples on
how to use the presented techniques to boost classification accuracy.

1 Introduction

In research result presentation of machine learning systems, we observe their performance
under a specific setting. The way we observe their performance is tightly connected with
the specific problem that they are solving. Classification problems are most common in
machine learning and this paper will present three techniques for improving and evaluat-
ing classification models (called classifiers) used for automatic classification. ROC curve,
lift chart and calibration plot are techniques for visualizing, organizing, improving and se-
lecting classifiers based on their performance. They facilitate our conception of classifiers
and are therefore useful in research and in result presentation.

This paper gives a quick introduction to all three techniques and practical guidelines
for applying them in research. This part is already known from literature. The main con-
tribution of this paper is a deeper theoretical background with some new explanations of
areas under curves and a description of new interrelations between these three techniques
and between derived measures of classification performance.

The paper is divided in two parts. The first part (Sections 3 to 6) covers the theory.
In Section 3 we introduce the concept of a classifier and explain the difference between
binary and probabilistic classifiers. In Section 4 we present ROC curve, area under the
curve (AUC) and show how to use ROC curve to improve classification accuracy. In
Section 5 we present lift chart and describe the interrelation between area under the ROC
curve and lift chart curve. In Section 6 we introduce the calibration plot and show how
ROC curve, lift chart and the area under both curves can be derived from the calibration
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plot. In the second part (Section 7) of this paper we report on an empirical validation
of the proposed method to improve classification accuracy using ROC analysis and give
some practical examples. We show the presented techniques and approaches on different
classifiers and data sets. The paper’s main contributions can be found in Sections 4.1, 5.1
and 6.

2 Related work

Most books on data mining and machine learning (Witten, 2000; Phyle, 1999) dedicate
relatively short sections to a description of ROC curves and lift charts. ROC curves
[19, 20, 21] have long been used in signal detection theory to depict the tradeoff be-
tween hit rates and false alarm rates of classifiers (Egan, 1975; Centor, 1991). They are
widely used by the decision making community and in medical diagnostic systems (Han-
ley and McNeil, 1982). A deeper explanation and implementation details for applying
ROC analysis in practical research can be found in (Fawcett, 2003; with Provost, 2001,
1997).

Lift chart [14, 15, 16] is well know in the data mining community specialized in
marketing and sales applications (Berry and Linoff, 1999). Apart from their primarily
presentational purpose lift charts have not been much studied.

The term calibration and using graphs to present calibration quality is common in
all scientific and engineering fields including statistics and data mining. There is not a
single common name for calibration plots as they are often referenced as calibration map,
calibration graph, calibration chart, etc. In this paper we will use the term calibration plot.
Good references for calibration classifiers are Cohen, Goldszmidt (2004) and Zadrozny,
Elkan (2002).

3 Classifiers

One of the important tasks in data mining and machine learning is classification. Given a
set of examples that belong to different classes we want to construct a classification model
(also called a classifier) that will classify examples to the correct class.

When constructing a classifier we usually assume that the test set of examples is not
known, but there are some other previously known data that we can use to extract the
knowledge. The phase of constructing the classifier is called training or learning and
the data used in this phase are called training (learning) data or training (example) set.
Afterwards we evaluate the classifier on some other data called test data or fest set.

It is often hard or nearly impossible to construct a perfect classification model that
would correctly classify all examples from the test set. Therefore we have to choose a
suboptimal classification model that best suits our needs and works best on our problem
domain. This paper presents different quality measures that can be used for such classifier
selection. It also presents the techniques for visual comparison of different classification
models.

An example: We want to develop a classification model to diagnose a specific illness.
Each patient is described by several attributes on which decisions of our model are based.
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Patients in the training set have an already known diagnosis (belong to either class ill or
healthy) and data about these patients are used to learn a classifier. The classifier is then
applied on the test set of patients where only attributes’” values without class information
are passed to the classifier. Finally, predictions are compared with the medically observed
health status of patients in the test set, to assess the classifier’s predictive quality.

In the example above we could use a classifier that makes a binary prediction (i.e. the
patient is either ill or healthy) or a classifier that gives a probabilistic class prediction * to
which class an example belongs. The fist is called binary classifier and the later is called
probabilistic classifier.

3.1 Binary classifiers

When dealing with two class classification problems we can always label one class as a
positive and the other one as a negative class. The test set consists of P positive and N
negative examples. A classifier assigns a class to each of them, but some of the assign-
ments are wrong. To assess the classification results we count the number of true positive
(TP), true negative (TN), false positive (FP) (actually negative, but classified as positive)
and false negative (F'N) (actually positive, but classified as negative) examples.
It holds

TP+ FN =P 3.1
and

IN+FP=N (3.2)

The classifier assigned TP + FP examples to the positive class and TN + FN examples to
the negative class.

Let us define a few well-known and widely used measures:

FPrate = 2 tPrate = I£ — Recatl  vrare = LI (33
rate = — rate = — = rate = .
ate i ate iz eca ate PN
TP TP + TN
Precision = TP+ FP Accuracy = Pi_—N (3.4)

Precision and Accuracy are often used to measure the classification quality of binary
classifiers. Several other measures used for special purposes can also be defined. We
describe them in the following sections.

3.2 Probabilistic classifiers

Probabilistic classifiers assign a score or a probability to each example. A probabilistic
classifier is a function f : X — [0, 1] that maps each example z to a real number f(x).
Normally, a threshold ¢ is selected for which the examples where f(x) > ¢ are considered
positive and the others are considered negative.

3Some classifiers return a score between 0 and 1 instead of probability. For the sake of simplicity we
shall call them also probabilistic classifiers, since an uncalibrated score function can be converted to a
probability function. This will be the topic of Section 4.
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This implies that each pair of a probabilistic classifier and threshold ¢ defines a binary
classifier. Measures defined in the section above can therefore also be used for probabilis-
tic classifiers, but they are always a function of the threshold .

Note that T'P(t) and F'P(t) are always monotonic descending functions. For a finite
example set they are stepwise, not continuous.

By varying ¢ we get a family of binary classifiers. The rest of this paper will focus
on evaluating such families of binary classifiers (usually derived from probabilistic clas-
sifier). The three techniques we mentioned in the introduction each offer its own way
to visualize the classification ”quality” of the whole family. They are used to compare
different families and to choose an optimal binary classifier from the family.

4 ROC curve

Suppose we have developed a classifier that will be used in an alarm system. Usually
we are especially interested in portion of alarms caused by positive events (that should
really fire an alarm) and portion of alarms caused by negative events. The ratio between
positive and negative events can vary during time, so we want to measure the quality
of our alarm system independently of this ratio. In such cases the ROC curve (receiver
operating characteristic) (Fawcett (2003), [19, 20, 21]) is the right tool to use.

ROC graph is defined by a parametric definition
x = FPrate(t), vy =TPrate(t). 4.1)

Each binary classifier (for a given test set of examples) is represented by a point
(FPrate, TPrate) on the graph. By varying the threshold of the probabilistic classifier,
we get a set of binary classifiers, represented with a set of points on the graph. The ROC
curve is independent of the P : N ratio and is therefore suitable for comparing classifiers
when this ratio may vary.

An example of a probabilistic classifier and its results on a given test set are shown in
Table 1. Figure 1 shows the ROC curve for this classifier.

ROC graph in the above example is composed of a discrete set of points. There are
several ways to make a curve out of these points. The most common is using the convex
hull that is shown in Figure 2.

Such representation also has a practical meaning, since we are able to construct a
binary classifier for each point on the convex hull. Each straight segment of a convex hull
is defined with two endpoints that correspond to two classifiers. We will label the first one
A and the other one B. A new (combined) classifier C' can be defined. For a given value
of parameter @ € (0, 1) we can combine the predictions of classifiers A and B. We take
the prediction of A with probability « and the prediction of B with probability 1 — a.. The
combined classifier C' corresponds to the point on the straight segment and by varying
the parameter o we cover the whole straight segment between A and B. If the original
ROC graph corresponds to probabilistic classifier, its convex hull also corresponds to a
probabilistic classifier that is always at least as good as the original one.

Convex hull is just one approach for constructing a ROC curve from a given set of
points. Other approaches are presented in the next section.
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Table 1: Probabilistic classifier. The table shows the assigned scores and the real classes of
the examples in the given test set.

Inst# Class Score Inst# Class Score
1 p 9 11 p 4
2 p .8 12 n .39
3 n i 13 p .38
4 p .6 14 p 37
5 p .55 15 n .36
6 p .54 16 n 35
7 n .53 17 P .34
8 n 52 18 n 33
9 p S1 19 p .30
10 n 505 10 n 1
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Figure 1: ROC graph of the probabilistic classifier from Table 1. Thresholds are also
marked on the graph.

4.1 Areaunder curve — AUC

Area under ROC curve is often used as a measure of quality of a probabilistic classifier.
As we will show later it is close to the perception of classification quality that most people
have. AUC is computed with the following formula:

TP FP 1y
Aroc= | = X = _—_ | 7P arp 42
rc=1 P “N PN /0 (4.2)

A random classifier (e.g. classifying by tossing up a coin) has an area under curve 0.5,
while a perfect classifier has 1. Classifiers used in practice should therefore be somewhere
in between, preferably close to 1.

Now take a look at what Agoc really expresses. We will use the basic stepwise ROC
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Figure 2: ROC graph with a convex hull of the probabilistic classifier from Table 1.

curve (e.g. the dashed line in Figure 1) obtained from a given set of points and we will
also assume that our probabilistic classifier assigns a different score to each example.
Then the above formula instructs us: for each negative example count the number of
positive examples with a higher assigned scores than the negative example, sum it up
and divide everything with P N. This is exactly the same procedure as used to compute
the probability that a random positive example has a higher assigned score than random
negative example.

Agoc = P(random positive example > random negative example) 4.3)

Remark P(X) denotes the probability of event X and has no connection with P which
denotes the number of positive examples in test set.

If we allow that several positive and several negative examples can have the same
assigned score, then there are several equivalent approaches to construct a ROC curve,
each resulting in different AU C'. Table 2 shows an example of such classifier and Figure 3
shows ROC curves constructed using approaches defined below.

The equation 4.3 still holds true if two adjacent points are connected with lower sides
of a right-angled triangle (see Figure 3). We will label the AUC computed using this
approach as Agoci.

Agroc1 = P(random positive example > random negative example) “4.4)

A more natural approach is connecting the two adjacent points with a straight line.
AUC computed using this approach will labeled as Agoce. To compute Agoce We must
define the Wilcoxon test result IV (see Hanley, McNeil (1982)).

1, ifxp, >,
S(xp, Tn) = %, if xp, =, 4.5)
0, ifz, <z,
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W:% S S(ap ) (4.6)

TpEPOS. TnENEY.

Then the following equality holds true

1
Agoca = W = P(random pos. > random neg.) + §P (random pos. = random neg.)

4.7)
To better comprehend the difference between Agpc; and Agoco please see Figure 3. Note
that none of the areas defined in this section correspond to the area under the convex hull.

Table 2: Probabilistic classifier that assigns the same score (0.4) to two examples in a given
test set.

Example Number Class Score

1 p 0.9
2 p 0.6
3 n 04
4 p 04
5 n 0.2
0.4 0.2
1
Agoc2
0.4
Agoct
TPrate
¢0.9
0]oo
0 FPrate 1

Figure 3: Comparison of methods Agpc1 and Agoce.

Using the formulae above we can compute Agocy and Agpcs directly (without a graph)
and they both have a mathematical meaning and interpretation. In general, both measures
tell us how well a classifier distinguishes between positive and negative examples. While
it is an important aspect of a classification, it is not a guarantee of good classification
accuracy nor of other classifier’s qualities.
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Figure 4: Tangent on a ROC curve when % = g and the point of optimal classification
accuracy.

If the proportion of examples with the same assigned value between all examples is
small, then the difference between Agoc1 and Agoce becomes negligible.

4.2 Optimal classification accuracy

Every point on a ROC curve corresponds to a binary classifier, for which we can calcu-
late the classification accuracy and other quality measures. To compute the classification
accuracy we need to know the P : NV ratio. Knowing this we can find a point on the graph
with optimal classification accuracy. Even the probabilistic classifier with a perfect ROC
curve (Agoc = 1), has 100% classification accuracy in only one point (upper left corner).

An algorithm for finding the point of optimal classification accuracy is given next.
Using the formula for accuracy

TP+ TN  TPrate P + (1 — FPrate) N
P+N P+ N

we can get a definition of a straight line connecting the points with equal classification

accuracy (iso-performance or iso-parametric line) (Fawcett (2003)).

Accuracy(P + NiD— (1 — FPrate) N _ %FPrate N Accuracy(P + N) — N

(4.8)

Accuracy =

TPrate =

4.9)
Using this formula we get a set of parallel lines each representing different classification
accuracy. The best one goes through the upper left corner and the worst one goes through
lower right one. The point of optimal classification accuracy of a probabilistic classifier is
the intersection of the iso-performance tangent and the ROC curve. A graphical example
is given in Figure 4.
Note that other points on a curve can have considerably lower classification accuracy.
Also, it is easy to imagine two ROC curves with the same Agoc, but with considerably
different classification accuracy (for the same P : NN ratio).
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We can define other iso-performance lines for other measures of classification quality
(e.g. error cost). Another important aspect of ROC performance analysis is the ability
to assign weights to positive and negative errors. Weights influence just the angle of the
tangential line and thus influence the selection of the optimal binary classifier.

5 Lift chart

Let us start with an example. A marketing agency is planning to send advertisements to
selected households with the goal to boost sales of a product. The agency has a list of all
households where each household is described by a set of attributes. Each advertisement
sent costs a few pennies, but it is well paid off if the customer buys the product. Therefore
an agency wants to minimize the number of advertisements sent, while at the same time
maximize the number of sold products by reaching only the consumers that will actually
buy the product.

Therefore it develops a classifier that predicts the probability that a household is a
potential customer. To fit this classifier and to express the dependency between the costs
and the expected benefit the lift chart can be used. The number off all potential customers
P is often unknown, therefore TPrate cannot be computed and the ROC curve cannot
used, but the lift chart is useful in such settings. Also the T'P is often hard to measure
in practice; one might have just a few measurements from a sales analysis. Even in such
cases lift chart can help the agency select the amount of most promising households to
which an advertisement should be sent. Of course, lift charts are also useful for many
other similar problems.

Although developed for other purposes, lift chart (Witten, Frank (2000), [14, 16, 15])
is quite similar to the ROC curve. We will therefore focus on the differences between
them. The reader can find the missing details in Section 4.

Lift chart is a graph with a parametric definition

TP(t) + FP(t)

x = Yrate(t) = AN

y =TP(t). (5.1)

Similarly as explained for ROC curve (Section 4), each binary classifier corresponds
to a point on a graph in this parametric space. By varying the threshold of a probabilistic
classifier we get a set of points, i.e. set of binary classifiers. The curve we get by drawing
a convex hull of the given (binary) points is called a [lift chart. Again it holds true that
each point on the convex hull corresponds to a combined classifier and the probabilistic
classifier that corresponds to the convex hull is always at least as good as the original
classifier from which the hull was derived.

Figure 5 shows an example lift chart for the marketing operation described above.
Unlike the ROC curve, lift chart depends on the P : N ratio.



98 Miha Vuk and TomaZz Curk

1000

B00 | |oreerrsrecmerrmonsrrerreeroreress >
600
TP

400 peeeeees

200

( 20% 40% 60% BO% 100%

Yrate

Figure 5: A typical marketing lift char for sending advertisements to 1000 households.

5.1 Area under curve - AUC

Area under lift chart A;;; can be used as a measure of classification quality of a proba-
bilistic classifier. It is computed with the following formula.

1 TP + FP 1 P N
A= | TP d = TP dTP TP dFP 5.2
lit /0 P+N P+N </0 +/0 ) (5-2)

Ajp = L P +PN-A (5.3)
PN 2 koc '
Random classifier (coin flips) has an area under the curve PJ+N (%2 + PN - Agoc) = g,

while a perfect classifier has an area P. Classifiers used in practice should therefore be
somewhere in between. As one can see from equation 5.2, A;;; always depends on P : N
ratio. If P is much smaller that NV then we can use the approximation A;; ~ Agoc - P.

Like Agoc, Aiy also has a nice probabilistic (statistical) explanation. For this purpose
we will use a stepwise lift chart, where each point on the graph defines a column (or a step)
with the point in its upper left corner. The sum of areas of all columns gives us A;;. This
definition is consistent with the formula 5.2 that instructs us: For each example count the
number of positive examples with a higher assigned score than the chosen example, sum it
up and divide by P + N. This is exactly the same procedure used to compute the average
number of positive examples with a higher assigned score than a random example.

Ay = P - P(random positive example > random example) (5.4)

We could say that A;;; shows how good the classifier distinguishes positive examples
from all examples, but it does not seem to have more practical meaning.

In practice we usually do not want a stepwise lift chart, but a smooth curve, where the
adjacent points are connected with straight lines. Area under such curve can be expressed
with the following less elegant equation.

1
dTP TP + FP
/ (TP + +
0

d pu—
2 ) P+ N

Ajpe =

1 P dTP N dTP
= (/O 7P+ 5) dTP+/0 P+ %) dFP) (5.5)
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We use the integral notation even when d% is not arbitrary small. In our case this

corresponds to the difference in Y rate between two adjacent points on the graph and 7'P
corresponds to the 7' P value of the leftmost point of such an adjacent point pair. (Imagine
the stepwise lift chart from definition of Ag:.)

The graphical example of A and Ay is shown in Figure 6. Note that both formulae
(5.4 and 5.4) hold true when several different examples have the same assigned score.

Table 3: Probabilistic classifier that assigns the same score (0.4) to two examples in the
given test set.
Num Class Score

1 p 0.9
2 p 0.6
3 n 0.5
4 n 0.4
5 p 0.4
6 n 0.2
04 0.2
P
Aji e
0.6 0.5
TP
0.9 Aliftl
0
0 Yrate 1

Figure 6: Comparison of methods A;;s1 and A2 on data from Table 3.

As we have seen for ROC curves, it is possible to compute A4 and Ajpo directly
(without a graph) using formulae 5.2 and 5.5. If the number of all examples is big and the
proportion of examples with the same assigned score between all examples is small, then
the difference between Az and Az becomes negligible.

5.2 Optimal classification accuracy

Even though lift chart is not meant for this purpose, we can use a similar approach used
for ROC curve to get the point of optimal classification accuracy.
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A more interesting problem for lift charts is finding the point of maximal profit which
is tightly connected to the weighted classification accuracy. For this purpose we assume
profit consists of fixed benefit for every correctly classified example, reduced for a fixed
cost for every misclassified example. The point of optimal profit is where the (statistically)
expected benefit of the next positive example is equal to its expected cost.

Each point on a lift chart corresponds to a binary classifier, for which we can define
classification accuracy and other quality measures. To compute classification accuracy
we need to know P and N, but just to find the optimal point (with optimal classification
accuracy or profit) the P : N ratio will suffice.

From the equation

TP+ TN TP+ N — Yrate(P + N) + TP
P+N P+N
we get a definition of an iso-performance line of constant classification accuracy.

_ Accuracy(P + N) — N + Yrate(P+N) P+ N Accuracy(P+ N) — N
— 5 —

(5.6)

Accuracy =

TP Yrate+

(5.7)
In both described cases (accuracy and profit) the iso-performance lines are straight and
parallel, so it is easy to find a tangent to the curve. A graphical example is shown in
Figure 7.

o 0.2
P 0.4
6 0.5
P
0.9
0
0 Yrate 1

Figure 7: Tangent and point of optimal performance on lift chart, for P = N.

Note that other points on the curve can have considerably lower classification accu-
racy. There is also no direct connection between classification accuracy and area under
lift chart.

We can define other iso-performance lines for other measures of classification quality
(e.g. profit or error cost). Adding weights to positive and negative errors impacts only the
angle of these lines.
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6 Calibration plot

Calibration plot (Cohen, Goldszmidt, 2004) is quite different from the two previous
curves. In Section 3.2 we introduced probabilistic classifiers. Such classifiers assign each
example a score (from range [0, 1]) or probability that should express the true probability
that an example belongs to the positive class. One of the signs that a suitable classification
model has been found is also that predicted probabilities (scores) are well calibrated, that
is that a fraction of about p of events with predicted probability p actually occurs.

Calibration plot is a method that shows us how well the classifier is calibrated and
allows us to calibrate it perfectly (Zadrozny, Elkan (2002)). Nevertheless, even after per-
fect calibration of a classifier, its ROC and lift chart are not affected and its classification
ability remains unchanged.

Calibration plot is a graph with a parametric definition

x = true probability, vy = predicted probability. (6.1)

True probabilities are calculated for (sub)sets of examples with the same score. If there

are not enough examples with the same score, examples with similar score are grouped
by partitioning the range of possible predictions into subsegments (or bins). In each sub-
segment the number of positive and negative examples is counted and their ratio defines
the true probability. When working on a small test set the points are often spread out,
therefore a LOESS [17] method is used in such cases to get a smooth curve. Additionally,
true example distribution in the test set is presented by showing positive examples above
the graph area (on the x-axis) and negative example below the graph area, in what is called
“arag” (see Figure 8). A good classifier (with good classification accuracy) gathers pos-
itive examples near the upper right corner (near 1) and negative examples near lower left
corner (near 0).
The P : N ratio influences the true probabilities, so it also influences the plot. Calibra-
tion plot only shows the bias of a classifier and has no connection with the classification
quality (accuracy). Nonetheless, if a classifier turns out to be very biased, it is probably
better to find a different one.

A perfectly calibrated classifier is represented by a diagonal on the graph, which can
be quite misleading for the previously mentioned fact that It is possible to calibrate al-
most every classifier to express the diagonal on the graph without improving its quality
of classification. The calibration preserves the “ordering” of examples that the classifier
makes by assigning scores (which is tightly connected to the classifier’s ability to distin-
guish between the two classes). If the original classifier assigned the same value to two
examples, the same will hold true also after calibration.

perfectly calibrated (unbiased) classifier # perfect classifier

Transforming a calibration plot into a ROC, lift chart or calculating accuracy requires
knowledge about the distribution density p of the classifier’s predictions, and the values of
P and N. Let p denote the true probability that an example with a given prediction (score)
is positive, o denotes a classifier’s prediction and 7" denotes the classification threshold.
It holds true

1
/ 0(0) do = 1. 6.2)
0
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Figure 8: Calibration plot.

For a given threshold 7" we get the following equations:

P]—Z)N = /T p(0)o(0) do, PZPN = /T (1 —p(0))o(o) do, (6.3)
oy = | oo, 5 = [ a—peneto)do. 6

From these we can derive the ROC and lift curve and all the derived measures.
For example we will derive Agoc:

e = [ (6.5)
(P+N)? (1 TP FP

P-N /OP+NdP+N (6.6)

B (Pp+. ]]:;l /0 (/T p(0)o(o) dO) (=1 =p(T)o(T))dT  (6.7)

= % /0 (p(T) = 1)o(T) /T p(0)0(0) do dT (6.8)

Similar equations can be derived for Ay, classification accuracy and other measures
of classification quality. None of these derivations seem to be obviously useful, but it is
good to know that they do exist. For example, if we are given a calibration plot and we
know the prediction distribution g, we can calculate the classification results (TP, FP, etc.)
In such case the above transformation might be useful, but besides that the primary and the
only purpose of the calibration plot is classifier calibration. To the best of our knowledge,
we are not aware of any other mathematical meaning and purpose of the calibration plot.
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7 Experimental validation and some examples

ROC curve performance analysis is the most appropriate and widely used method for a
typical machine learning application setting where choosing a classifier with best classi-
fication accuracy for a selected problem domain is of crucial importance. In this section
we focus on ROC performance analysis and present an empirical validation of how such
analysis can be used to boost classification accuracy. We also show some example graphs
of the three curves on selected data sets. The experimental validation was done with the
open-source machine learning system Orange (Demar, Zupan, Leban (2004)). We im-
plemented and extended Orange with a set of graphical components (called widgets) for
ROC curve and ROC performance analysis, lift chart and calibration plot. We used the
implemented widgets to generate graphs and process the data presented in this part of
empirical research.

In Section 4.2 we described a method to determine the classifier’s score threshold for
optimal classification accuracy (for a given P : N rate). To assess the success of this
method we used ten-fold cross-validation (10xCV) on fourteen data sets with binary class
which are included in Orange and come from various sources (for details about the data
sets see Orange web site). We inferred naive Bayesian and decision tree classifiers and
measured the increase in classification accuracy after optimal threshold selection. The
decision tree classifiers were inferred with the parameter m for pruning set to 2, all other
were default parameters set by Orange.

To perform ten-fold cross-validation we randomly divided the data into ten parts (or
folds) of equal sizes and with similar class distribution as the entire data set. Nine parts
of the data (the learning set) were used to select the optimal threshold and to infer clas-
sifier(s). The remaining part (test set) of the data was then used to evaluate the inferred
classifier(s) with the selected optimal threshold. We repeated this ten times, each time
selecting different nine parts as learning set and the remaining part as test set. Inside each
step of the main cross-validation loop an internal ten-fold cross-validation was performed
to select the classifiers’s optimal threshold on the learning set.

Results on the ten folds from internal cross-validation were merged (for details see
Fawcett, 2003; with Provost, 1997) and a single ROC performance analysis was per-
formed to determine the optimal threshold. The P : /N rate needed by ROC performance
analysis was calculated using class distribution in the entire learning set from the main
cross-validation loop. Then, the classifier was inferred on the entire learning set and its
threshold (i.e. the threshold above which a positive class is predicted) was set to the op-
timal threshold determined for the current learning set. The classifier was then tested on
the main cross-validation test set.

Predictions from the main cross-validation loop were used to calculate the fold-average
classification accuracy of classifiers with selected optimal thresholds. To compare the
change in classification accuracy after optimal threshold (¢,) selection we also performed
a ten-fold cross-validation of classifiers with the default threshold value (i.e. threshold
0.5) on same data folds. These two classification accuracies were then compared (see Ta-
ble 4). Change (A) is calculated by subtracting the classification accuracy of a classifier
with default threshold (C'A,) from the classification accuracy of that same classifier but
with optimal threshold selected (C'A,).
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Table 4: Change in classification accuracy (CA) after optimal threshold selection.
Classification accuracy for classifiers using default threshold 0.5 is shown in second column
(C'Ay). Third column (C A,) shows classification accuracy for classifiers using optimal
threshold (¢,) determined by ROC analysis. Fourth column shows the change in
classification accuracy (A = C A, — C' Ap). Classifier ’bayes’ indicates a naive Bayesian
classifier and ’tree’ indicates a decision tree classifier. Rows are sorted by decreasing change

in classification accuracy (A).

Aroc CA; CA, (A)  classifier t, data set
0.741 0.695 0.752 0.056 bayes  0.40 tic_tac_toe
0.999 0.933 0.980 0.047 bayes  0.76 shuttle-landing-control
0.879 0.804 0.844 0.041 bayes  0.87 adult_sample
0.538 0.622 0.657 0.035 bayes  0.43 monks-2
0.960 0.868 0.895 0.027 bayes  0.55 promoters
0.987 0.968 0.984 0.016 tree 0.36 monks-1
0.937 0.889 0.897 0.008 bayes  0.01 ionosphere
0.869 0.862 0.871 0.008 tree 0.20 tic_tac_toe
0983 0964 0971 0.007  bayes 0.76 monks-3
0973 0901 0908 0.007  bayes 0.22 voting
0.906 0.829 0.835 0.006  bayes 0.40 heart_disease
0.676 0.642 0.647 0.005 bayes  0.49 bupa
0.959 0.961 0.966 0.005 tree 0.42 voting
0.923 0.861 0.862 0.001 bayes  0.46 crx
0.726 0.789 0.791 0.001 tree 0.83 titanic
0.715 0.779 0.779 0.000  bayes  0.56 titanic
0.991 0.989 0.989 0.000 tree 0.92 monks-3
0.982 0.980 0.980 0.000 tree 0.45 shuttle-landing-control
0913 0.930 0.930 0.000 tree 1.00 wdbc
0.912 0914 0.914 0.000 tree 0.99 ionosphere
0.843 0.846 0.846 0.000 tree 0.78 crx
0.726 0.746 0.746 0.000  bayes 0.53 monks-1
0.983 0.953 00951 -0.002 bayes 0.93 wdbc
0.655 0.780 0.778 -0.002 tree 0.74 adult_sample
0.653 0.667 0.664 -0.003 tree 0.43 bupa
0.622 0.682 0.679 -0.003 tree 0.41 heart_disease
0.736 0.749 0.736 -0.013 tree 0.61 monks-2
0.818 0.830 0.811 -0.019 tree 0.56 promoters

Classification accuracy increased in 15 cases out of 28 total cases, with maximum
increase of 5.6% (i.e. 54 more examples correctly classified out of all 958 examples) for
the tic_tac_toe data set and naive Bayesian classifier. Only six cases resulted in worse
classification accuracy, with maximum decrease of 1.9% (i.e. two additional examples
misclassified out of all 109 examples by the decision tree classifier on the ”promoters”
data set). Four of them had low starting Agoc (below 0.75) which is an indication of the
learning algorithm inability to correctly model the problem domain. In such cases little
can be done to boost classification accuracy but to select a different learning algorithm.
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Classification accuracy remained same in seven cases; these are all cases where classifiers
achieved high Agoc and classification accuracy, and where further improvements are hard
to achieve. Overall the threshold selection method is performing as expected - generally
increasing the classification accuracy where possible.

We will now focus on two extreme examples with maximum increase and maximum
decrease in classification accuracy and explain the reasons for it. Naive Bayesian classifier
has the highest increase on the tic_tac_toe data set. The classifier has a relatively low
AUC of only 0.741 and the default classification accuracy 69.5%. Looking at the ROC
curve and optimal threshold analysis in Figure 9 one can see that the optimal threshold for
predicting positive class ’p” is t, = 0.403. The default threshold 0.5 is laying on the ROC
curve below the curve’s convex hull (point of default threshold 0.5 is shown in Figure 9)
which is the reason for lower classification accuracy when using the default threshold.

Predicted Class: p

5 i
0.403 Naive Bayes

TP Rate (Sensitivity)

T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
FP Rate (1-Specificity )

Figure 9: ROC curve and its convex hull for the naive Bayesian classifier on the tic_tac_toe
data set. The point with optimal threshold (¢, = 0.403) when predicting positive class ’p” is
where the iso-performance tangent intersects the ROC curve. Slope of the tangent was
calculated using the a priori class distribution. Point for the classifier with default threhold

(0.5) is shown on ROC curve.

A second example is the classification tree classifier used on the promoters data set.
Comparing the calibration plots in Figure 10 of both classifiers used (naive Bayes and
classification tree) on the promoters data set one can see that the tree returns extremely
uncalibrated probabilities. This is a clear sign of the difficulty for the tree learning method
to deal with the promoters problem domain. Bad calibration is also partly the result of
the tree’s tendency to return a relatively small number of different probabilistic scores
when classifying examples (now shown). We observed this in the classification plot rug
for the tree classifier and it can be also observed in the shape of the ROC curve shown
in Figure 11. The ROC curve of the Bayesian classifier has many more “steps” than the
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tree’s curve, which is a direct indication of a more diverse set of scores it can return on
the given data set. The main reason for the decrease in classification accuracy is the tree’s
model instability. Looking at Table 4 we can see that the average optimal threshold is
t, = 0.56 which could be an indication of good calibration, what we saw is not the case
here. Standard deviation of the optimal threshold across the ten folds is 0.316 (not shown
for the others) which only confirms the tree’s instability and explains why small changes
in the threshold could have great consequences on the final classification accuracy.

PP

15

actual probability
&
|

|
I T I 1
0.5 0.6 0.7 0.8 0.9 1
estimated probability
Figure 10: Calibration plots for naive Bayesian classifier (solid line), and decision tree

classifier (dashed line) when predicting positive class “pp.”

8 Conclusion

Three different graphical techniques (ROC curve, lift chart and calibration plot) used
to evaluate the quality of classification models were presented. Basic facts about each
technique are well known from literature, but this paper presents a common framework,
stresses and derives the similarities, differences and interrelations between them. Their
mathematical meaning and interpretation was given (more precisely than in related pa-
pers), with special focus on different measures of classification quality that are closely
related to these three techniques. The relations and possible transformations between the
curves and between some derived measures were also presented. These extensions are, to
the best of our knowledge, the main novelty and contribution of this paper.
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Predicted Class: pp
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Figure 11: ROC curve for naive Bayesian classifier (solid line), and decision tree classifier

(dashed line) when predicting positive class ”’pp.” Points on ROC curve closest to default
threshold (0.5) are shown for the two classifiers.
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