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Abstract

This paper presents the continuous sweep quantifier, a smoothed adaptation of the median sweep
quantifier. Previous research has shown that the median sweep quantifier is a good quantifier. However,
it is not well understood why it performs well because it is hard to derive its theoretical properties. The
continuous sweep quantifier is a modification of the median sweep quantifier that enables computing
theoretical results. The continuous sweep quantifier 1) uses kernel estimates instead of the empirical
distribution, 2) constructs decision boundaries instead of applying discrete decision rules, and 3) uses the
mean instead of the median. We show that a simplified adaptation of the continuous sweep quantifier
performs similarly to the median sweep quantifier in terms of bias and variance on the LeQua 2022
dataset. The continuous sweep quantifier can therefore be used to provide insights into the median
sweep quantifier by computing theoretical expressions for bias and variance.
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1. Introduction

Quantification Learning, also known as learning to quantify or quantification, is a machine
learning task with the aim to compute the class prevalences from an unlabeled test set [1].
Quantification used to be seen as a side product of classification: a good classifier should also
produce good prevalence estimates. However, Forman has objected against this statement and
showed that simply classifying and counting the estimated labels from a classifier may lead to a
severe bias [2]. Therefore, more advanced techniques are needed.

Over the past decades, specific techniques for quantification learning called quantifiers have
been developed. Binary quantifiers can be categorized into three groups [1]: the group based
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on Classify, Count and Correct, the group based on direct learners, and the group based on
distribution matching [3, 4].

Currently, there is no consensus in the academic literature about which group of techniques
performs best. According to Vapnik’s principle [5], a problem should be solved directly without
solving a more general problem as an intermediate step. Quantification is a more generalized
task than classification. Therefore, Vapnik’s principle implies that quantifiers should be created
without the intermediate step of constructing a classifier [5, 6]. Schumacher compared quantifi-
cation techniques empirically using an extensive simulation study [7]. They conclude that some
techniques based on Classify, Count and Correct, that is, quantifiers that construct a classifier
as an intermediate step, performed best. Especially the median sweep method from Forman
performs well among all popular quantifiers [3]. These two approaches are rather different. An
open question is when and why median sweep is such a good quantifier [7].

In this paper, we take the first step in understanding why median sweep is a good quantifier.
We propose to perform a theoretical analysis. More specifically, we aim to derive the mean
squared error of the median sweep method as a quantifier for the prevalence of the positive class
(@) in a binary classification setting. Fortunately, theoretical results of several threshold-based
quantifiers have already been derived [8, 9, 10, 11, 12]. We aim to extend these results to median
sweep, which is, in fact, an ensemble of threshold-based quantifiers. The key challenge in the
theoretical analysis is the discrete nature of median sweep.

Therefore, this paper introduces the new continuous sweep quantifier. Continuous sweep is a
quantifier that is empirically similar to median sweep. It is constructed to have similar empirical
performance as median sweep and to allow for easier analytical derivations. Since continuous
sweep and median sweep are closely related, we anticipate that thoroughly understanding
the theoretical properties of continuous sweep will also provide insight into the properties of
median sweep. In this paper, we construct the continuous sweep quantifier, study its empirical
performance, and specify a research agenda for the theoretical analysis of this new quantifier.

The remainder of the paper is organized as follows. In Section 2, we will introduce the
mathematical notation and reiterate the mathematical expressions for the common quantifiers
from the group Classify, Count and Correct, including median sweep. Moreover, we will introduce
the continuous sweep quantifier and we will show how it is related to the median sweep
quantifier. In Section 3, we will evaluate and compare the performance of median sweep and
continuous sweep using data of the LeQua2022 Task [6]. In Section 4, we will discuss our new
continuous sweep quantifier and provide suggestions for feature research.

2. Methods

In this section, we introduce the continuous sweep quantifier and explain the differences
between the continuous sweep quantifier and the median sweep quantifier. First, we introduce
the notation and reiterate the definition of the median sweep. Second, we present three
theoretical difficulties in analyzing the median sweep quantifier and introduce the continuous
sweep quantifier.



2.1. Notation and median sweep

Consider a population of observations where each observation consists of a feature vector
x € £ = RP and class label y € % = {+,-}. The feature vector x consists of p (numeric)
covariate values. Denote a training set of size ny,in by Dirain Where the feature vectors are
independent and identically distributed (i.i.d.) with density fi;4in. Moreover, we denote a
validation set of size ny, by Dy, with corresponding density f,,;. Last, denote the test set of
8ize Nyegt bY Diegt With density fiegt.

Importantly, the class label yis only observed in Dy;,i, and Dy,j. The class label yis unobserved
in Dyegt- The aim of quantification in a binary setting is to estimate the proportion of observations
with a positive label in Dy using the available data and machine learning techniques.

We denote the probability density functions of the feature vector for observations in the posi-
tive and negative class by f(+)(x) and f(_)(x), respectively. The probability density functions
of the feature vector for the training, validation and test set are each a mixture of f )(x) and
f(_)(x), but with different mixture parameters @i ain, a1 and oest, respectively. So, we assume
Ferain(%) = @train* f ) + (1= train)* F ), frar() = avar+ fO) + (1 = ) - £ (), and
Jrest(X) = Gtest - f(+) (%) + (1 — tgest) - f(_)(x). In other words, we assume that the distributions
of the positive class in the training, validation, and test set are identical (and we make the same
assumption for the negative class). Moreover, we assume that the mixture parameters differ
across the data sets. The combination of these assumptions is referred to as prior-probability
shift [13].

We consider a soft-classifier 5 that maps each feature vector x to an estimate of P(Y = +|X = x).
The soft-classifier § can be obtained from a machine learning algorithm which is trained using
the training data Dy;,i,. Then, we compute probability estimates 5(x) for all feature vectors
in the validation set Dy,. Note that these values can only be interpreted as classification
probabilities if the classifier is properly calibrated. Otherwise, we interpret these values as
scores. With those scores, we can estimate marginal densities for 3(x) for both classes. We
define f(i) as the estimated marginal probability density function for 3(x) given that y = i. The
true positive rate and false positive rate can be computed by integrating f(i). Hence, F*)(x)
denotes the true positive rate and FO)(x) denotes the false positive rate.

Quantifiers of type Classify, Count and Correct use a threshold to make an initial guess of the
prevalence. The threshold value is based on the estimated score that an observation in Dyegt
has a positive label. Usually, classifiers use a threshold with a score/probability of % to classify

an observation. Observations with an estimated score larger than or equal to % are labeled as

positive and observations with an estimated score smaller than L are labeled as negative. Other
score values could also be chosen as the threshold value. We will define the threshold value
by 6, where we assume 0 € [0, 1] for convenience. Then, observations with an estimated score
larger than 0 are positively labelled and observations with an estimated score smaller than 0 are
negatively labelled.

There are several ways to estimate the prevalence of Dyeg using Dyp,in and Dy, which we
will discuss in the next subsections.



Classify-and-count (dcc)

The most straightforward technique to estimate the prevalence « is by simply counting the
number of observations that have a score larger than a certain threshold 6 € [0, 1] in Dieg; and
dividing it by the total number of observations in Dj.g. This technique is more commonly
known as the classify-and-count quantifier &cc. The classify-and-count quantifier dcc is not a
good quantifier for o, even when the underlying classifier performs well. Good classification
performance is not sufficient enough for reliable quantification [1]. The most common threshold
for Ois %, which makes sense for classification but is, in general, suboptimal for quantification.

For a biased soft-classifier 3(x) and/or when the prevalences differ across the training, validation
and test set, a threshold of 8 = 0.5 is suboptimal for quantification. Given the notation from the
previous paragraphs, we define the classify-and-count quantifier as

R 1
acc(Diests 0) = — Z ]l{é(x)ze}' (1)

Niest X€Dgest

In the next subsection, we use the classify-and-count quantifier to define the adjusted-count
quantifier.

Adjusted count (@ac)

The adjusted-count quantifier (@ac) corrects the classify-and-count quantifier dcc using esti-
mated classification rates. The adjusted-count quantifier uses the true positive rate and false
positive rate for the classifier S(x) > 0 to adjust the classify-and-count estimate. The two
classification rates are estimated from the validation set. The classification rates of class i are
computed by counting the proportion of observations in Dy, with a label y = i that have a
score 3(x) larger than 6. Then, the classification rates are defined as

R z(X:y)eDval ty=i {]1{8()6)29}}
FO(Dy,1,0) = : )

zyEDval {]l{y:l}}

The adjusted-count quantifier is then derived as

&CC(Dtests 9) - ﬁ(_)(Dvab 9)

A ~ : ®3)
F(+)(Dval’ 9) - F(_)(Dvala 9)

OA{AC (Dtest: Dval’ 0) =

In contrast to classify-and-count, the adjusted-count quantifier has been proven to be asymptot-
ically unbiased [8, 10, 12]. The adjusted-count quantifier does not compute reliable prevalence
estimates for each threshold value 6. If 0 is such that the difference between true positive rate
FH)(Dyy, 0) and false positive rate F (5)(D,,1, 0) is small, then the numerator of Eq. (3) is small,
which, in turn, leads to a large variance of the quantifier [8, 12].



Median sweep (pms)

The median sweep quantifier uses the adjusted-count quantifier to compute prevalence estimates
for a range of threshold values. Then, it takes the median value of the computed range of
prevalence estimates as the final estimate [3]. As a remedy for the large variance of the adjusted-
count quantifier, Forman advised to only compute the adjusted-count quantifier for those
tlhreshold values 0 for which the difference between F(*)(D,,y, 0) and F()(Dy,, 0) is bigger than

2 [3]. In notation, the median sweep is

A . S N 1
aMS(Dtest’ Dval) = med ({aAC(Dtest: Dyal, 0) : F(+)(Dva1a 0) - F( )(Dval) > Z}) . (4)

This can be simplified by only considering thresholds 6 € {S(x) P x€ Dtest}a which can be
computed easily. Now, we have a finite set of prevalence estimates, which makes it easy to
compute the median.

We implement median sweep by fitting the estimated probabilities/scores of the validation
set Dy, to an empirical cumulative density function (ecdf). The empirical cumulative density
function is computed similarly to the classify-and-count quantifier &-¢, but then using the

validation data D, conditional on the labels. Hence, I:“IEAJFS)(x) defines the function of the true

positive rate using the median sweep paradigm and IS}E,[_S)(x) defines the function of the false
positive rate using the median sweep paradigm.

2.2. Continuous sweep

In this section, we first explain why it is difficult to derive the mean square error for the median
sweep quantifier. Second, we introduce the continuous sweep quantifier. We introduce two
variants of the continuous sweep quantifier: the original continuous sweep quantifier and the
simplified continuous sweep quantifier.

Difficulties median sweep

In Section 2.1, we explained how the median sweep quantifier works. The median sweep
quantifier has a few properties that make it difficult to derive the mean square error. We present
the three most important reasons.

First, the classify-and-count quantifier 4o and classification rates F(-) and F(*), are inter-
preted as step functions in 6. Step functions are not differentiable, so are therefore difficult to
study analytically. Second, outliers are removed using a complicated data-dependent function,
see Eq. (4). Every test set has a different number of observations that pass the data-dependent
function and therefore computations grow fast since we need to compute the variance for every
number of observations that pass the data-dependent function. Third, it is in general difficult to
compute the mean and variance of the median as a function, especially for complex algorithms
and distributions. Even for proper densities, we need to invert the cumulative density function
to compute the median analytically, which is often unavailable.

In the next subsection, we propose solutions to the problems that occur with median sweep
and we introduce the continuous sweep quantifier.



Continuous sweep quantifier

The continuous sweep quantifier is a smoothed adaptation of the median sweep quantifier. The
continuous sweep quantifier provides solutions for the problems that occur for the median
sweep regarding computing theoretical results.

Instead of using step functions for the classify-and-count quantifier & and the classification
rates F(7) and F(*), the continuous sweep quantifier uses continuous functions. If we know
the type of distribution, estimating the classify-and-count quantifier &-¢ and the classification
rates F(7) and F*) can be done parametrically with maximum likelihood estimation. If we do
not know the type of distribution, we use kernel methods to estimate the marginal densities.
In this paper, we use kernel estimates to compute the continuous functions for the classify-
and-count quantifier d-c and the classification rates F) and F). These functions are now
continuous instead of discrete. Then, classification rates FO) and FP are kernel cumulative
density functions given a soft-classifier 5(x) and validation data Dy, and where the classify-
and-count quantifier dcc is a kernel cumulative density function given a soft-classifier 5(x) and
test data Dyq. Figures 1a, 1b and 1c show some examples. The black dots in Figures 1a and
1b show the observations in D,; where from we construct the empirical density functions for
the true positive rate and the false positive rate. The red lines show the continuous function of
the classification rates using a kernel. The black dots in Figure 1c show the classify-and-count
estimate for each observation in Di.¢ and the red line shows the continuous function of the
classify-and-count quantifier for each threshold value 0. Figure 1d shows two things: the
continuous function of the adjusted-count quantifier using the functions in Figures 1a, 1b, and
1c, and the prevalence estimates of each observation in Dy that we need to compute median
sweep. All continuous functions seem to resemble their discrete equivalent.

With continuous sweep, we should still consider that prevalence estimates for extreme values
of @ have large variances. With median sweep, we discard every prevalence estimate where the
difference between the classification rates is smaller than i. In order to keep the differences
between continuous sweep and median sweep as small as possible, we propose to apply the same
decision rule to continuous sweep as to median sweep. Consider two decision boundaries 6; and
6., where 0 is the lower (left) threshold value where F()(Dy1, 0) — FC)(Dya1, 0) =  and 6, is the

upper (right) threshold value where F (Dyy1, 0) — FOU(Dyy, 0) = i. In Figure 1d, the decision
boundaries § and 6, are showed with a vertical orange line. Then we integrate to compute the
area between 6 and 6, where F(Y)(D,1,0) — FCO)(Dyy, 0) > i, and divide it by the difference
between 6 and 6,. In Figure 1d, we see a slight difference between the decision boundaries of
the continuous sweep quantifier and the decision rule of the median sweep quantifier. In this
example, the median sweep quantifier allows observations with more extreme threshold values
0 than the continuous sweep quantifier in their calculations. This can be seen by the blue dots
that lay at the outside of the orange decision boundaries. Therefore, the kernels do not exactly
match the discrete observations.

Using the estimated continuous distributions, we can estimate the adjusted-count quantifier
for any threshold. Hence, instead of computing the median of discrete data points, we propose
to use integration across the whole probability range to compute the expected value of (dcs).
Finding the median is more complex since we need to find the quantile function of &4c. In
Figure 1d, we see that the function of the adjusted-count quantifier against the threshold values



is not bijective. This property makes it hard to find the inverse function, which enables to
compute the median. Therefore, we propose to compute the (weighted) mean instead of the
median. Even though the median is a more robust estimator, we think that the mean should give
similar estimates because the outliers are discarded using the decision rule. The mean can be
computed by computing the area under the curve using integrals of the continuous functions.

In order to make the continuous sweep quantifier as similar as the median sweep quantifier,
we should weight areas with many observations in Dy.g more than areas with little observations
in Dyeg;- The probability density function of the observations’ threshold values in Dyeg; ( fg(x)(G))
defines the weights of the continuous sweep quantifier. In fact, this is the (negative value of the)
derivative of the classify-and-count quantifier with respect to 6. We have already computed
the function of the classify-and-count quantifier and can use its derivative with respect to 6 to
compute the weights. Taking into account the decision boundaries, the expected value of the
continuous sweep quantifier &cg is given by

0,
1 N
acs(Dyests D ,9,9):fj (0) - gc(Drest> Dyqp, 0) dO
CS\Prest> Pvals VI Ur, F(Qr)—F(Ql) ezelfé(x) AC\FPtest> Myval
1 o 4
- (LoD ,e))A Diests Doals ) d0
dcc(Diest-0) — &ac(Dies0) L:@ (GgecPrn ) feclDrs D 0
0,

&CC(Dtests 9) - ﬁ(_)(Dvab ‘9) do

r d .
—(ZLé40-(D ,9)) - ;
<d g Drest FO(Dya, 0) — EO)(Dyy, 0)

1

&AC(Dtest’ 9,) - &CC(Dtest’ 91) J,H:GZ
&)
The integral of Eq. (5) is numerically tedious because it contains many estimates from the
data. In order to reduce numerical complexity, we introduce the simplified continuous sweep
quantifier agcs. The simplified continuous sweep quantifier does not contain f5(x)(9) in the
integral. The interpretation of leaving out this density is that we no longer weight areas with
many observations in Dy more than areas with little observations in D;.s;. We believe that
the impact of this omission on the theoretical properties of the quantifier are limited. We
include a brief explanation, as an elaborate theoretical analysis is out of scope of this paper.
First, we note that the adjusted count estimator is asymptotically unbiased for every threshold
value 0 [8, 10, 12]. Hence, the continuous sweep quantifier can be interpreted as a weighted
average of asymptotically unbiased estimators and the simplified continuous sweep quantifier
can be interpreted as an unweighted average of asymptotically unbiased estimators. Both
quantifiers are therefore asymptotically unbiased estimators. The difference between the two
is the asymptotic variance. A more detailed theoretical comparison between median sweep,
continuous sweep, and simplified continuous will be included in a future paper. The key take
home message is that the simplified continuous sweep quantifier is theoretically similar to
the continuous sweep quantifier and has more appealing numerical properties. The simplified

continuous sweep quantifier &gcg that can be computed as

1 (%
ascs(Drests Dyals 01, 6) = m J dAc(Dyests Dyal, 0) dO
r — Yl Jo=6,

— 1 Jer &CC(Dtest: 9) - ﬁ(i)(Dval’ 9)
0~ 0=0, ﬁ(+)(Dval’ 0) — ﬁ(_)(Dval: 0)




Concluding, the continuous sweep quantifiers are continuous adaptations of median sweep,
but makes it easier to compute theoretical results. In the next section, we compare the continuous
sweep quantifiers with the median sweep quantifier with the data provided by the LeQua2022
Task.
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Figure 1: This figure shows the strong numerical similarity between median sweep as in Eq. 4 and our
continuous sweep method as in Egs. 5 and 6. In subfigures (a)-(c), the red curves are the continuous
version of the discrete median sweep estimates (black dots). In subfigure (d), the black line shows the
estimated adjusted-count value for every threshold value 6 using the curve from subfigures (a)-(c). The
vertical, orange lines show the decision boundaries §, and 6.. The blue dots shows the adjusted-count
estimates from median sweep that pass the criterion that the difference between the true positive
rate and the false positive rate is larger than i, the red dots are the estimates that fail the criterion.
The median sweep quantifier is computed by taking the median of the blue dots in subfigure (d). The
simplified continuous sweep quantifier can be computed by integrating the area between the decision
boundaries of subfigure (d) and divide it by the distance between the decision boundaries. The original
continuous sweep quantifier can be computed by integrating the weighted area between the decision
boundaries of subfigure (d) and divide it by the weighted distance between the decision boundaries.
These weights are based on the classify-and-count quantifier.



3. Evaluation

In this section, we evaluate the continuous sweep quantifiers and the median sweep quantifier. In
short, the objective is to quantify the prevalence & of positive product reviews (from a webshop)
as accurate as possible across 5, 000 test sets. For more information on the quantification task,
we refer to the paper of the LeQua 2022 Task [6]. First, we explain the technical details of our
study. Second, we show the results of the quantifiers on the test datasets. Third, we explain the
similarities and differences between the continuous sweep quantifiers and the median sweep
quantifier regarding the quantification task.

3.1. Technical setup

The analysis is performed using statistical software R version 4.1.3 [14]. Besides the core
packages, we used tidyverse and tidymodels [15, 16]. The training data consists of 5,000
observations, each with 300 covariates and a label on whether the review is positive or negative.
The training set is imbalanced: 3, 870 reviews are positive and 1, 130 reviews are negative. We
randomly split this dataset in two parts: a training set D;,;, containing 4, 000 observations and
validation set Dy, containing 1, 000 observations from the complete training data. The training
data Dy,in, Was balanced, which means that some of the negatively labelled observations are
replicated to match the number of positively labelled observations.

Our classification model was a support vector machine (SVM) [17], denoted by 5. The SVM is
trained with the training data Dy,,i,. The model had a linear kernel boundary and a regularisation
parameter C = 1. We converted the decision values of the SVM to probabilities/scores using
Platt scaling [18], such that we could use the theory of the previous section.

We computed the classify-and-count estimator &c¢ and classification rates FISIS) (x)and FIE/[_S)(x)
for the median sweep quantifier using the ecdf function. The ecdf function fits a empirical step
function from the input data.

We computed the classify-and-count estimator &c¢ and classification rates Fgg)(x) and F((:g)(x)
for the continuous sweep quantifiers using the kcde function from the ks package [19]. Moreover,
we computed f(;(x)(Q) using the kde function from the same ks package. We added no additional
arguments for both functions, except the boundaries for the estimated probabilities, which are
set to 0 and 1.

3.2. Results

In this section, we evaluated the median sweep quantifier and the continuous sweep quantifiers
on the test sets of the LeQua2022 task. First, we compared the median sweep quantifier and
the continuous sweep quantifiers with the true prevalences. Second, we compared the median
sweep quantifier with the continuous sweep quantifiers.

First, we evaluated the median sweep quantifier on the test sets. Figures 2a, 2b plot the
estimated prevalence by the median sweep quantifier against the true prevalence, and the
residuals. Obviously, the error of very small estimated prevalences is positive and the error of
the very large estimated prevalence is negative. Moreover, it seems that there is a small positive
bias among the estimated prevalences.



Table 1
Comparing summary statistics between the median sweep and continuous sweep quantifiers with the
test sets.

Quantifier ‘ Bias Variance  MAE
Continuous sweep 0.02565 0.00302  0.0473
Simplified continuous sweep | -0.00916  0.00151 0.0317
Median sweep 0.00650 0.00129  0.0289

Second, we evaluate the continuous sweep quantifiers on the test sets. Figure 2c and 2e plots
the estimated prevalence by the continuous sweep quantifiers against the true prevalence, Figure
2d and 2f plot the estimated prevalence by the continuous sweep quantifiers against the residuals.
We see different results between the continuous sweep quantifiers. The continuous sweep
quantifier performs worse than the simplified continuous sweep quantifier: the continuous
sweep quantifier has a large bias for large prevalence values and it has more variance than
the simplified continuous sweep quantifier. It is clear that the simplified continuous sweep
quantifier performs better than the original continuous sweep quantifier and therefore, we will
now only compare the simplified continuous sweep quantifier with the median sweep quantifier.

When we compare the median sweep quantifier with the simplified continuous sweep quan-
tifier, we see some similarities and differences. The two quantifiers seem to have only little
bias across the range of prevalences, however, the direction of the bias is different. Moreover,
the pattern of the bias is different. The bias of the median sweep quantifier is monotonically
increasing (Figure 2b) while the bias of the simplified continuous sweep quantifier seems to have
a local minimum and a local maximum (Figure 2f). The variance of the simplified continuous
sweep quantifier is slightly larger than the variance of the median sweep quantifier, see Table 1,
hence the mean absolute error (MAE) of the simplified continuous sweep quantifier is slightly
larger than the MAE of the median sweep quantifier.

The simplified continuous sweep quantifier has more variance than the median sweep quan-
tifier. A reason could be that the mean is more sensitive to extreme values than the median.
Figure 3 shows nine examples of the adjusted-count integral and the median sweep estimates.
Remarkable is that the continuous sweep function is close to the discrete estimates over the
whole range of 6, except around the value of 6,. This difference can be a possible cause of the
small difference between the continuous sweep quantifier and the median sweep quantifier.

Concluding, the simplified continuous sweep quantifier is a quantifier that performs slightly
worse than the median sweep quantifier using the procedure described in this section. The
original continuous sweep quantifier performs much worse than the other two quantifiers. The
results for the simplified continuous sweep quantifier and the median sweep quantifier are
similar and we believe that we can use the (simplified) continuous sweep quantifier to compute
theoretical results that are related to the median sweep quantifier.
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Figure 3: Nine examples of the adjusted-count integral. The black line denotes the estimated adjusted
count quantifier at threshold 6 for a development set. The orange vertical lines are the two decision
boundaries 6 and 6, and the grey horizontal lines denote the prevalence of each development set. The
blue dots show the adjusted-count estimates from the median sweep that pass the criterion that the
difference between the true positive rate and the false positive rate is larger than i, and the red dots are
the estimates that fail the criterion.



4. Conclusion and Discussion

The goal of this paper was to design the continuous sweep quantifier, study its empirical
performance, and specify a research agenda for the theoretical analysis of this new quantifier.

In this paper, we constructed the continuous sweep quantifier. We provided two versions
of the continuous sweep quantifier: the original continuous sweep quantifier where every
threshold is weighted with the classify-and-count quantifier and the simplified continuous
sweep quantifier without weights. The continuous sweep quantifiers are based on the well-
known median sweep quantifier. Previous research has shown that the median sweep quantifier
is a good quantifier. However, it is not well understood why it performs well because it is hard
to derive its theoretical properties. The median sweep quantifier uses empirical distributions
for the classify-and-count quantifier @ac and the classification rates F(+)(x) and F() (x) which
makes it hard to do proper calculations on, like differentiating and integrating. Moreover,
median sweep uses discrete decision rules to remove outliers, which makes the calculations
more complicated. Last, the median is hard to compute analytically since the functions of the
prevalence « against threshold 6 is non-bijective. Therefore, we proposed a new quantifier
named the continuous sweep. The continuous sweep quantifier is a modification of the median
sweep quantifier that enables computing theoretical results. The continuous sweep quantifier 1)
used kernel estimates instead of the empirical distribution, 2) constructed decision boundaries
instead of applying discrete decision rules, and 3) used the mean instead of the median. Figure
1 showed that the continuous functions are closely related to the empirical functions.

The simplified continuous sweep quantifier performed similar to the median sweep quantifier
in terms of bias and variance. The original continuous sweep quantifier performed much worse
than the simplified continuous sweep quantifier. Both continuous sweep quantifiers can be
further optimized by choosing better kernels and other hyper-parameters.

The outline for the theoretical agenda is separated into two parts: defining the assumptions
of the continuous distributions, and second we discuss how to compute the theoretical results.

First, we make assumptions about the continuous distributions. In this paper, the continuous
distributions are kernels with default parameters estimated from the training and validation
data. Deriving theoretical results from default kernels is still a cumbersome task. Therefore, we
can make assumptions on the distributions. We start using basic distributional distributions
such as the uniform. Later on, we can extend it to more complex distributional distributions
such as the beta.

Second, we discuss how to compute the theoretical results. In the first step, we assume that
the classification rates follow a uniform distribution where the limits are given. Then, we can
compute the expected value of the classify-and-count quantifier for each prevalence a over
each threshold value 6. Adding the information of the distributions of the classification rates,
we can compute the expected value of the adjusted-count quantifier using [8] and iterate over
the whole range of 8 to compute the expected value of the continuous sweep quantifier. We
can apply a similar strategy for the variance. Combining the expected value and the variance
results in a value for the mean square error for the continuous sweep quantifier. Having the
mean square error of the continuous sweep quantifier, we can compare it with the mean square
error for other quantifiers like the adjusted count, calibration or mixed quantifier [8, 9, 10].

After computing theoretical results for the continuous sweep quantifier, we can further im-



prove the continuous sweep quantifier. The continuous sweep quantifier has been constructed to
compute theoretical results for the median sweep quantifier. With innovative techniques regard-
ing kernel estimates and handling large variances, we can improve the predictive performance
of the continuous sweep quantifier.

In conclusion, the continuous sweep quantifier can be used to understand median sweep
more thoroughly. It enables us to compute theoretical results for bias and variance in future
papers.
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