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Cancer stands as the foremost global cause of mortality, with millions of new cases diag-
nosed each year. Many research papers have discussed the potential benefits of Machine
Learning (ML) in cancer prediction, including improved early detection and personalized
treatment options. The literature also highlights the challenges facing the field, such as the
need for large and diverse datasets as well as interpretable models with high performance.
The aim of this paper is to suggest a new approach in order to select and assess the gen-
eralization performance of ML models in cancer prediction, particularly for datasets with
limited size. The estimates of the generalization performance are generally influenced by
numerous factors throughout the process of training and testing. These factors include
the impact of the training—testing ratio as well as the random selection of datasets for
training and testing purposes.
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1. Introduction

Machine learning has emerged as a promising tool for cancer prediction and diagnosis in recent years,
with a plethora of studies showcasing its potential in various cancer types [1-5]. Traditional methods
of cancer diagnosis, such as biopsy and radiography, can be invasive, time-consuming, and sometimes
inconclusive. However, machine learning techniques can analyze complex data patterns and identify
subtle changes in the human body, leading to earlier and more accurate cancer detection.

However, despite the promising results of ML, there are still challenges in applying machine learning
to cancer prediction and diagnosis. One of the major challenges is the lack of large-scale, high-quality
datasets, which are essential for training accurate machine learning models. Additionally, the inter-
pretability of machine learning models in the context of cancer diagnosis is still an open research
question.

When it comes to cancer prediction in small datasets, assessing the performance of a machine
learning model becomes challenging. In order to overcome the limitations of standard approaches
and improve the evaluation process of Machine Learning models, this study aims to suggest a novel
framework for model selection in cancer prediction based on a Hesitant Fuzzy MCDM methods.

The remaining sections of the paper are organized as follows: in Section 2, we provide a concise
explanation of the significance of MCDM in performance evaluation of ML models; in Section 3, we
present our proposed approach; in Section 4, we introduce the Hesitant fuzzy TOPSIS and Hesitant
fuzzy VIKOR; in Section 5, we demonstrate the application of our suggested approach to select an
optimal ML model for cancer prediction. Finally, in Section 6, we conclude the study.

2. Performance assessment of machine learning models

The assessment and selection of ML algorithms is a very interesting research topic in data science [6,7].
One way to assess the prediction quality of a machine learning model is through a training testing
strategy. The initial data is to be split into training and test set. The training set will be used for
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hyper-parameters tuning and models’ training and then the test set is to be used for the model’s
evaluation.

The literature highlights a panoply of performance Table 1. Confusion matrix.
measures for ML classifiers [8]. These criteria include: Predictod 0 1 Prodicted 1
accuracy score, precision, recall, F1-score and area under

AUC). Actual 0 TN FP
curve ( Actual 1 FN TP

These criteria are based mainly on the confusion ma-
trix (Table 1) and are commonly used by researchers and practitioners. Let TP, FP, TN and FN stand
for:

True positive (TP) refers to the instances where a model correctly predicts a positive outcome;
False positive (FP)occurs when a model incorrectly predicts a negative outcome as positive;
True negative (TN) refers to the instances where a model correctly predicts a negative outcome;
False negative (FN)occurs when a model incorrectly predicts a positive outcome as negative.

The aforementioned criteria are defined as follows:

— Accuracy: It is the number of observations correctly identified to the total number of observations.
This ratio is recommended when we have balanced classes; which means there is an equal number
of observations belonging to each class.

— Precision: It represents the percentage of predicted positive values that are really positive. The
precision measure is recommended when the cost associated with the false positive is high. For
example, if a sick patient is predicted as not sick, the risk will be very high if the sickness is
contagious.

— Sensitivity: Also known as recall, or the true positive rate (TPR). It represents the percentage
of actual positive values that are predicted positive. This measure must be chosen when the cost
associated with the false negative is high.

— F1 score: This metrics is used when we seek a balance between both the recall and precision, its

formula is as follows:

Precision x recall
2 X

Precision + recall
— Area under curve: The area under curve (AUC): the AUC range is from 0 to 1. The higher the
value of AUC is, the higher the performance of the model; the AUC is given by
1+ TPR — FPR
5 .

In practice, generally, there is no classifier that has the best results across all performance metrics.
So, it is slightly difficult to select the best ML model. According to Kou [9], the selection of machine
learning algorithms can be seen as a MCDM problem that involves more than one criterion.

MCDM techniques are a mathematical approach designed to help make decisions in the presence
of multiple and conflicting criteria. The idea of MCDM is to define a set of objectives or alternatives,
select criteria to assess these objectives, assign weights for criteria, and then apply an algorithm to
rank and classify alternatives [10].

Let My, Ms,..., M, be a set of alternatives to be classified with respect to a set of criteria
C1,Cq,...,Cp, and W = (w1, ws, ..., wy) be the weighs’ vector of all criteria. A MCDM problem is
defined as

AUC =

11 T12 oo T1m
21 T92 ... T9m

)
Th1 T™h2 -+ Tnm

where 7;; is the rating of the ith alternative with respect to the j* criterion. To solve such a kind
of problem, a panoply of Multi-Criteria-Decision-Making (MCDM) methods were developed such as
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TOPSIS and VIKOR. These methods were first developed to hand quantitative data, then they were
extended to cover qualitative, subjective, or uncertain data as well.

In classical MCDM techniques, the alternatives’ ratings 7;; are supposed known precisely, however
in many real-world situations, including the evaluation of a ML model, the ratings may be imprecise
and uncertain. Thus, fuzzy MCDM methods may be a practical solution.

In many real-world applications, which include cancer prediction, obtaining a large dataset poses a
significant challenge. There is a strong interest in exploring effective strategies to maximize the utility of
datasets with limited size |7]. Numerous approaches have been suggested to evaluate the performance
of machine learning (ML) models, with a primary focus on the size of the available dataset. The
holdout method [11] is among the widely adopted approaches. Despite its simplicity in programming
and speedy execution, the holdout method is statistically less robust. Whenever the initial dataset is
randomly divided into two parts, there is a possibility of altering the sample statistics [12] and then
we may obtain different results of the performance estimates [13]. The generalization performance of
a machine learning model is additionally influenced by the training-testing ratio [6,11].

The objective of this study is to propose an innovative approach for evaluating the predictive perfor-
mance of machine learning (ML) algorithms while considering the uncertainty inherent in performance
estimates. Our primary focus is on addressing the uncertainty stemming from both the training-testing
ratio and the random selection of training and testing data.

3. The proposed approach

In order to provide a comprehensive assessment of a machine learning model, we propose assessing its
performance using three distinct training-testing ratios (Table 2). We repeat the train-test splitting
procedure ten times for each ratio and subsequently calculate the average results of each performance
estimate.

Table 2. Commonly used training-testing ratios. A model M; performance according to a perfor-

Training dataset | Testing dataset mance estimate C is then given by three possible
60% 10% values p;; = (yilj,yizj,yg’j) each value represents the
0% 30% obtained score according to a specific training-testing
80% 20% ratio. To calculate the different values of p;; the fol-

lowing steps are adopted:

Gain insights into the data and perform necessary cleaning processes;

Select relevant variables for the model;

If required, address data imbalance issues that may negatively affect model training;

Repeat the following steps k times:

— Separate the data randomly into training and testing sets using a predefined training-testing
ratio, denoted as « €]0, 1[;

— Optimize the hyperparameters of the model using Cross validation on the training data.

— After identifying the optimal hyperparameters, train the final optimized classifier using the
complete training dataset.

— Assess the predictive performance of the machine learning model on the testing data.

5. Calculate the performance 7;; of the model M; based on a specific criterion C; and a predetermined
training-testing ratio by taking the average of the scores acquired from the k repetitions.

6. Repeat steps 4 and 5 for three distinct values of a. The model M; performance according to C is
now given by p;; = (yilj,ygj,yg’j). 3 is the number of distinct training-testing ratios.

7. Construct the decision matrix using hesitant fuzzy numbers.

WD =

The Multiple Criteria Decision Making (MCDM) problem can be represented as shown in Table 3.
Where My, Ms, ..., M, is a set of machine learning models to be classified with respect to a set of
criteria Cq,Co, ..., Cp,.

Mathematical Modeling and Computing, Vol. 11, No. 1, pp. 230-238 (2024)



Machine learning models selection under uncertainty: application in cancer prediction 233

The performance p;; = (%13',%2]',7%) of a model Table 3. The proposed decision matrix.

; with respe?ct to a specific criterion .CJ can be Model | Cy | ... ] Coy
seen as an hesitant fuzzy number. A hesitant fuzzy

) My | pu |- | Pim
(HEN) [14] offers a more comprehensive represen-

) . o My | pa| ... | p2m
tation of fuzzy and uncertain information, it is ex- . . .
pressed as : : : :

h = (/717727/73)7 i Pri Prm

where (v1,72,73) is a set of ratings in [0, 1] denoting the possible membership degrees of an element
x € X to a given set A. Under hesitant fuzzy information, the decision matrix is given in Table 4,
where h;; = (yilj,yizj,yg’j) is a Hesitant Fuzzy Number (HFN) that represents the evaluation of the
algorithm M; with respect to the performance estimate C; according to 3 different training testing
ratios.

To select the best ML model, we need to solve Table 4. Decision matrix under hesitant
the hesitant fuzzy decision-making problem using a fuzzy information.
MCDM method like hesitant fuzzy TOPSIS or hesi- Model | C; | ... | Cp
tant fuzzy VIKOR [15]. VIKOR operates by select- M, hit | ... | him
ing a compromise solution from a set of alternatives, M, hot | ... | hom

aiming to maximize group utility and minimize indi- : . :
vidual regret. On the other hand, TOPSIS identifies ) ’ ' '
a solution that has the shortest distance to the ideal My | ot | - |
solution and the farthest distance to the negative-ideal solution. Both TOPSIS and VIKOR can be
employed to rank the predictive performance of a collection of ML models and subsequently determine
the optimal choice.

Hesitant fuzzy logic is an expansion of classical fuzzy logic [16] used to address situations where
a single element can have a range of possible membership values [14]. It considers all possible values
instead of using an aggregation operator to obtain a single value.
Definition 1. A hesitant fuzzy set B is defined as B = {(x,hp(x))|x € X}, where h = hp(x) is a
HFN comprising a set of membership degrees in [0, 1] indicating the potential degrees of membership
of element x € X to B. A HFN can be represented as h = (V1,72 ..., Vk)-

Consider three HFNs denoted as h, hq, hp, and A > 0, some arithmetic operations are defined as
follows:
The complement of h is given as h® = Uyep {1l —7};
h = U'yeh{'y)\};
Ah = Uyen{l — (1 =)}
ha Uy = Uy, ehg pachy max {71,72};
ha N Ay = Uy ehg yoeh, min {71, 72}
ha @ hy = Uy ehgmaeh, {71+ 72 — 1172}

ha @ hp = Uy, hgmoen, {1172}
The first hesitant Hamming distance between h, and h; is defined as [15]:

where hg(l)(l = 1,2,...,k) and hg(l) (I = 1,2,...,k‘) are the I smallest value in h, and hy
respectively.
9. The second Hamming distance between h, and h; under hesitant information is defined as [17]:

Dalhas ) = & (90 ) + gl b)),

where g(h;, hj) = ﬁ z%ehi )anel}n v —5l-
i Jj€h;

PO N Ot W

Dy (hq, hp) = ||ha — | =

ho’(l 0' ‘

wl}—‘
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4. Hesitant fuzzy MCDM approaches

In order to enhance decision-making processes, numerous models and tools have been developed. An il-
lustrious example in this regard is the Multi-Criteria Decision Making (MCDM) framework. It involves
employing a scientific approach to make decisions that take multiple criteria into account [18]. The
fundamental principle of MCDM lies in dissecting a problem into smaller components (alternatives,
criteria, etc.) and subsequently establishing a hierarchical order among the choices, thereby enabling a
comprehensive mathematical understanding of the problem. Within the scope of this study, we under-
take a comparative analysis of two methodologies, namely TOPPSIS and VIKOR, both applied in the
context of hesitant fuzzy information. These methods are highly adaptable, easy to comprehend, and
possess a robust mathematical foundation when compared to various other MCDM approaches [19,20].

Let My, Ms, ..., M, be a set of alternatives to be evaluated with respect to a set of criteria
C1,Cq,...,Cp and let W = (w1, ws,...,wy,) be the weight vector of all criteria. A hesitant fuzzy
decision matrix is given by

hir hia ... hip
hor hae ... hom
hnl hn2 v hnm

where h;; is a Hesitant Fuzzy Number (HFN) which represents the score of the alternative A; with
regards to the criterion C; as perceived by the decision makers.

According to [21], the TOPSIS method, when applied in the context of hesitant fuzzy information,
can be succinctly outlined through the following steps:

1. Determine the hesitant positive ideal solution (HPIS) I™ and the hesitant negative ideal solution
(HNIS) I~
It ={ni,h3,... by},
where

I = max {h;}(k)‘z‘ - 1,2,...,m} - {(h;)+,(h§)+,...,(h§.)+}, I~ ={hy, hy,....h;},

- . o(k)|. _ 1\~ 2\~ INT
b —mln{hij ‘z - 1,2,...,m} - {(hj) (B2, (hh }
h?j(k) is the k™ smallest value in hij.
2. Calculate the separation measure D;t and D;~ of each alternative from the HPIS and HNIS,
respectively using hesitant Hamming distance:

n
Dz+ :ijuhij _h;Ha i=1,2,...,m,
j=1

n
Dy =Y wjlhy —hyll, i=12....m,
j=1

where w; denotes the weight of 4 criterion.
3. To compute the relative closeness coefficient C; for each alternative with respect to the hesitant
ideal solution, use the following formula:
__ D
- Df+D;
The alternatives are then ranked according to C; values. The best alternative is that with the
highest C; value.

7

When it comes to hesitant fuzzy VIKOR, its development process can be summarized as follows [15]:

1. Identify the HPIS It and the hesitant HNIS I—.
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2. Compute the values of R; and S;

— |lhij = B3l
S; = - 1=1,2,...,m;
Z by =Bl
[hiy — B3Il
Ri:max _7* z=1,2,...,m
|
3. Calculate the @; values
(S; —ST) (R; — R™) .
i =Vt (1 —v) o 5——5, e{l,2,...,m},
Q V(S__S+)+( V)(R_—R+) ¢ { m}

where
ST =maxS;, S =minsS;,
(3 1
Rt = max R;, R~ =minR;,
(3 (3

and v represents the maximum group utility, typically set to 0.5 [22].
4. Arrange the alternatives in descending order based on the values of S, R, and @. This process will
yield three separate ranking lists.
5. If the following two conditions are met, the compromise solution M’ is the alternative with the
minimum value according to the ) measure:
— C4: Acceptable advantage: Q(M") —Q(M’) > —L5, M" is the second-best alternative in terms
of @; and m is the number of alternatives being compared.
— (4 : Acceptable stability in decision making: The alternative M’ must also be the best in terms
of S and R.
6. If one of two conditions is not satisfied, a set of compromise solutions is proposed, which includes:
— Select the alternatives M’ and M” if only condition C5 is not satisfied.
— Select the alternatives M’, M”, ... M®*) if the condition C; is not satisfied. The alternative
M®) is determined based on the relation Q(M®) — Q(M') < L.

m

5. Application in cancer prediction

In this section, the proposed approach is applied in order to compare the performance of different
machine learning models in cancer prediction. The ML models are trained with the Breast cancer
Wisconsin (diagnostic) dataset from scikit-learn library (Table 5).

Table 5. Description of Breast cancer Wisconsin dataset.

Number of Instances 569
Number of Attributes of variables | 30 numeric, predictive variables and the class
Missing variable Values None
Class Distribution 212 — Malignant 357 — Benign

It is a widely used benchmark dataset for breast cancer classification. The features are computed
from digitized images of breast mass samples and represent quantitative measures of their morphological
characteristics. The dataset is labeled with binary outcomes, where 1 indicates malignant (cancerous)
and 0 indicates benign (non-cancerous) cases. The goal of using this dataset is to train machine
learning models to accurately classify breast masses as benign or malignant based on the provided
features. This dataset is widely used in research and educational settings to study and develop breast
cancer classification algorithms and assess their performance.

Five ML algorithms are trained using python scikit-learn library and according to the suggested
approach. The performances of the different models are assessed based on four criteria: accuracy,
precision, recall and F1-score. These algorithms are Logistic regression, Decision tree classifier, support
vector machine (SVM), K-Nearest Neighbors (KNN) and Random Forest.
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Logistic regression (LR) is a generalized linear regression classifier very used in binary classification.
LR uses the logistic, called also sigmoid function to predict the probability of belonging to a default
class. The assumptions of logistic regression are quite similar to those of linear regression.

The Support vector machine (SVM) is a classifier used to model linear and non-linear phenomena.
The fundamental idea is to look for the best hyperplane to separate two or more classes based on
training data.

The K-Nearest Neighbors (KNN) is one of the simplest and well-known classifiers. Its main idea is
to use all training data to predict the outcome of unlabeled data based on a similarity measure (e.g.,
Euclidian distance). Each new point is assigned to the most frequent category among its K nearest
neighbors.

Decision tree classifier is a fast classification and regression algorithm that provides a simple vi-
sualization and interpretation of data patterns. However, over-fitting is a significant feature of this
algorithm. One of several solutions to overcome this issue is the ensemble learning. The basic idea is
to develop a model that makes predictions based on a combination of multiple individual models. In
this study Random Forest algorithm was implemented.

Random forest is a popular ensemble-learning algorithm that integrates a large number of decision
tree classifiers and then selects the optimal solution by means of voting.

The obtained results are summarized in Table 6. One can notice that there is no big difference
between the performances of the used machine learning classifiers. That may be explained by the
high-quality of the data, its balanced classes, and its highly relevant features for classifying breast
cancer as malignant or benign.

Table 6. Hesitant fuzzy decision matrix for the adopted machine learning classifiers.

Model Accuracy Precision Recall F1 Score
SVM (.95,.95,.96) | (.94,.95,.96) | (.97,.97,.98) | (.96,.96,.97)
Random forest (.95,.96,.97) | (.94,.96,.97) | (.97,.97,.98) | (.96,.96,.97)
Logistic regression | (.94,.94,.95) | (.93, 94 95) | (.97,.97,.98) | (.95,.95,.96)
CART (.92,.92,.93) | (.92,.92,.95) | (.94,.95,.96) | (.94,.94,.95)
KNN (.93,.93,.94) | (. 92 92 93) | (.97,.97,.97) | (.95,.95.95)

To select the best machine learning model, extended versions of both TOPSIS and VIKOR methods
are implemented [15]. The weights of criteria are also calculated using an extended version of the
entropy measure under hesitant environment [17]. Let h, a hesitant fuzzy number, the hesitant fuzzy
entropy measure is given by

E(h) = S(h7 hC) = 1 - DQ(h7 hc)7
where h® = U,ep{1 —7}. The criteria weight is obtained as follows:

1-FE;

m — Z;n Ej ’
where E; = % Z?:l E(hij), j=1....m

The obtained criteria weights as well as the results of both TOPSIS and VIKOR are given in
Tables 7, 8 and 9 respectively.

wj: j:1,...,m,

Table 7. Obtained weights of criteria.

Accuracy | Precision | Recall | F1 Score
0.245 0.245 0.259 0.251

Table 7 shows that the weights affected to the different criteria are quite similar. Tables 8 and 9
suggest that the random forest classifier is the best algorithm, followed by the SVM, and then KNN.
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Table 8. Results of the Hesitant fuzzy VIKOR.

Model S rank | R rank | @ rank | Final rank
Random forest 0.017 0.01 0 1
SVM 0.182 0.112 0.372 —
Logistic regression 0.2 0.172 0.516 —
KNN 0.273 0.234 0.717 —
CART 0.531 0.25 1 —

Table 9. Results of the Hesitant fuzzy TOPSIS.

Model DT D~ C Final rank
Random forest 0.017 | 0.580 | 0.971 1
SVM 0.004 | 0.014 | 0.791 2
Logistic regression | 0.571 | 0.571 | 0.500 4
KNN 0.008 | 0.012 | 0.587 3
CART 0.563 | 0.013 | 0.023 5

6. Conclusion

The aim of this paper was to introduce a new framework for selecting machine learning models in cancer
prediction under fuzzy environment. The adopted approach could be more practical as it considers
the uncertainty associated with performance estimates, arising from the training-testing ratio and
the random selection of datasets. By acknowledging and addressing these uncertainties head-on, this
framework opens the door to a more robust methodology for assessing ML models in cancer prediction.
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Bubip mopgeneii MalwWMHHOIro HaB4YaHHS B YMOBAX HEBU3HAY€HOCTI:
3aCTOCYBAHHS1 B NMPOrHO3yBaHHiI paKy

Jlampani Anayi }O.!, Benmip M.2, A6ymaiix P.2

! Inotcenepra wxona Moxammadia (EMI), Yrieepcumem Myzammeda V y Pabami, Pabam, Mapoxko
2 Inorcenepma wxona Moxammadia, Yrisepcumem Myzammeda V y Pabami, Pabam, Mapoxxo

Paxk € rosoBHOMO 171006aIbHOI0 IPUYUHOIO CMEPTHOCTI, 3 MiTbOHAMY HOBUX BUIAJIKIB Jia-
THOCTYBAHHS IIIOPOKY. BaraTo moc/iTHUIBKUX cTaTell 0O0rOBOPIOBAJIN MOTEHIIIHI TepeBaTrn
mammHHOro Hap4danHs (ML) y mporaosyBaHHI paxy, BKIIOYaIO9IN [OKPAIIEHe DAHHE BUSIB-
JIEHHSI Ta IIepPCOHAJII30BaHi BapiaHTH JIKyBaHHS. ¥ JITEPATYPI TAKOXK BUCBITIIOIOTHCS ITPO-
6J1eMu, IO TOCTAIOTH TEePe/T IiE0 ceporo, HAIPUKJIIAL, MOTPpeda y BEJIMKAX 1 PI3HOMAHIT-
HUX HaOOpax JAHWX, a TAKOYXK BUCOKOE(MEKTUBHUX IHTEPIPETOBAHUX MOJesIX. MeToro miel
CTaTTi € 3aIPOIOHYBATH HOBUH TiAXiJ 10 BUOOPY Ta OMIHKKM €(PEKTUBHOCTI y3araJbHEHHS
mogeneii ML y mporuosyBanni paky, 0cob/TUBO 710 HAOOPIB TaHUX 0OMEXKEHOTO0 pO3Mipy.
Ha oninku edexTnBHOCTI y3arajabHeHHs, K IIPABUJIO, BIUINBAIOTH YUCIEHH] (DaKTOPH IIPO-
TSATOM yCBOI'O IIPOIeCY HaBYaHHS Ta TecTyBaHHs. Li hakTOpH BKIIIOYAIOTH BILUIUB CIIiBBiJI-
HOIIIEHHSI HABYAHHS Ta TECTYyBaHHSI, & TAKOXK BUIIAIKOBHUI BUOIp HAOOPIB JAHUX ISl IIiJIei
HaBYAHHS Ta TECTYBAHHSI.

Knto4oBi cnoBa: npoz1os paky; mawunhe nasuahha; newimsa aozika; MCDM.
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