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Data, its volume, structure, and form of presentation are among the most significant problems in working in the medical
field. The probability of error is very high without innovative high-tech data analysis tools. It is easy to miss an important factor that
Is critical but lost among other, less important information. This work aims to study the proposed parallel gradient boosting algorithm
in combination with the Bagging algorithm in the classification of diabetes to achieve greater stability and higher accuracy, reduce
computational complexity and improve performance in medicine. The methods of parallelization of the Gradient Boosting algorithm
in combination with the Bagging algorithm are investigated in the paper. Performance scores were obtained. approximately 7 using
ThreadPoolExecutor and an eight-core computer system and 9.5 based on CUDA technology. Performance indicators that go to the
unit are calculated. This, in turn, confirms the effectiveness of the proposed parallel algorithm. Another significant result of the study
is improving algorithm accuracy by increasing the number of algorithms in the composition. The problem of diagnosing a patient’s
diabetes based on specific measurements included in the data set is considered. Detailed analysis and pre-processing of the selected
dataset were performed. The parallelization of the proposed algorithm is implemented using the multi-core architecture of modern
computers and CUDA technology. The process of learning models and training samples was parallelized. The theoretical estimation
of the computational complexity of the offered parallel algorithm is given. A comparison of serial and parallel algorithm execution
time using ThreadPoolExecutor when varying the number of threads and algorithms in the composition is presented. And also, the
comparative analysis of time expenses at consecutive and parallel execution based on CPU and GPU is carried out,

Key words: ensemble of models, acceleration, graphic processor, CUDA technology, machine learning, classification
problem.

Jlecs MOYYPA/]

HanionansHnii yHiBepcuTeT «JIbBiBChKA MOTITEXHIKA»

PO3ITAPAJIEJIIOBAHHSA AJITOPUTMY I'PAAJIEHTHOI'O BYCTHHI'Y TA
BEITIHI'Y IJS JIATHOCTUKHU JIABETY HA OCHOBI CUDA

BaXX/mBuM acriekToM, SKWH BigPIBHAE MeAnYHI AaHI Bif GIbLIOCTI IHILMX, € TE, 1O OB EKTUBHICTb, TOYHICTB, AKICTH |
CBOEYACHICTb Pe3ysibTaTIB € KDUTUYHO BaXI/MBUMK | [OBUHHI MOCTIVIHO CTaBUTUCS 114 CYMHIB.

OfHy 3 HaBIIbLLIMX CKIGAHOLYIB B MPOLIEC pob0TH B MEANYHIV CEpi CTaHOB/ISTL AaHi: iX 06'€M, CTpyKkTypa 1@ gopma
npegcrasieHHs. OYEBUAHO, YO 6E3 IHHOBALIIMIHUX BUCOKOTEXHO/IOMTYHMX IHCTDYMEHTIB aHa i3y AaHux, MMOBIPHICTL MOMU/IKY € JyXKe
BUCOKOIO, afpke JIErKO MPOIMYCTUTH SKMHCH BaXIBui QaKTop, O € KDUTUYHUM, aJle 3ary6/ieHuM CEPES HLUOL, MEHLL BaxJmBoi
IH@opmMauii. ¥ poboTi JoC/iKeHO METoaM napanesizadii anroputmy [pagieHTHoOro ByCTUHry y roEAHaHHI 3 aaropuTMoM berriHry.
Po3r/isiHyTO 3a4aqy AlArHOCTUYHOIO MPOrHO3YBAHHS HASBHOCTI ¥ NALIIEHTa AIabeTy Ha OCHOBI MEBHUX BUMIPIOBAHb, BKITIOYEHNX A0
Habopy famux. [IPOBEAEHO AET/IbLHM aHal3 Ta MONEPEHIO OBPOBKY 06PaHOro Aaracety. Po3rapane/itoBaHHs 3arporiOHOBaHOO
a/IrOPUTMY PEAsT30BaHO 3a AOMOMOror Mogy/da Python — concurrent. Futures, a came vioro kiacy — ThreadPoolExecutor Ta TexHosorii
CUDA. 3givicHeHO napanenizauiro npoyecy HaBYaHHS MOAEeH Ta HaB4ya/lbHOI BUOIPKW. HAaBEAEHO TEopeTwyHy OLUiHKY
0644 CTII0Ba/IbHOI CKIIGAHOCTI 3aripOriOHOBaHOro NapasiesibHoro aaroputmy. [IPOBEAEHO MOPIBHSAHHS Yacy BUKOHaHHS MOC/IIA0BHOMO 1a
118panesibHoro aaropuTMiB rpu BuKopucTaHHam ThreadPoolExecutor nipu Bapiauii KiflbKOCTi [IOTOKIB Ta a/iropuTMiB B KOMIounLii. A
TAKOXK 34IMCHEHO MODIBHS/IbHMY aHa/I3 YacoBux BUTPAT IPU MOCTHOBHOMY Ta NapasesibHOMy BUKOHaHHI Ha ocHosi CPU i GPU.
OTDUMAEHO TTOK33HUKU TPUKOPEHHS. NPUON3HO 7 rpyu BUKoOpucTaHHi ThreadPoolExecutor 1@ BOCbMUSAEPHOI 064YNC/TIOBA/IBHOI
cucremn 1a 9,5 Ha ocHosi Texrosorii CUDA. Ob64ncieHo rnoKasHuky e@EeEKTUBHOCTI, SKI NPpsMyroTs 40 oanHuli. LLjo, B cBoro dYepry,
MTIATBEDAKYE EPEKTUBHICTL 3arPOrIOHOBaHOMo apasae/ibHoro aaroputmy. Llje oaHum BaxsmsuM pe3y/ibTaToM AOC/KEHHS €
AOCArHEHHS KPALLOi TOYHOCTI a/iropUTMy 3a PaxyHOK 30I/IbLUIEHHST Ki/IbKOCTI a/1rOPUTMIB Y KOMITO3MLI.

Kro4oBi crioBa. aHcaMb/1b MOJENEN, MPUCKOPERHS, rpagidHmi rpouecop, TexHosoris CUDA, MalumHHe HaByaHHs], 3a4a4a
Knacngikauii.

Introduction

Today, one of the most important factors influencing the development of human society is artificial
intelligence (AI). The latter is used in various fields of health and medicine [1-3]. An important aspect that
distinguishes medical data from most others is that results' objectivity, accuracy, quality, and timeliness are critical
and should be constantly questioned.

Various methods of machine learning for disease diagnosis have attracted attention in recent years [4]. With
the increase in the number of people coming to hospitals, conventional traditional methods may not be enough. Thus,
various forms of Al, such as natural language processing [5, 6], data processing algorithms [7, 8], clustering, and
classification [9, 10], should be used to improve the efficiency of the medical system significantly.

The use of Al has some benefits: it reduces human error, saves time and money, and improves service
delivery. Moreover, machine learning methods have repeatedly shown better accuracy compared to medical personnel.

The basis of medical diagnosis is the problem of classification. The diagnosis can be reduced to a problem
with displaying data to one of the different results. In some cases, the task is only to determine based on data (such as
radiographs or electrocardiography) whether the patient has a specific disease — (1) or not — (0).
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Over the past few years, the growth of diabetes among people has become exponential [11, 12]. A health
report shows that about 347 million people worldwide suffer from diabetes. Diabetes affects not only the elderly but
also the younger generation. Detecting diabetes at an early stage is a big problem. Therefore, diagnosing diabetes at
an early stage will be helpful in the decision-making process of the medical system and will help save lives. After all,
prolonged diabetes leads to the risk of damage to vital organs of the human body.

Globally, the incidence of diabetes is snowballing, even if we consider the increase in population in recent
decades. This, in turn, leads to rapid growth in the amount of medical data. This increase in health data means that Al
will be increasingly used in this area. In this case, for the effective operation of Al methods, their accuracy and the
speed of execution must be high, which makes the topic of the study relevant.

The healthcare information technology industry is changing daily. As a result of this rapid development, new
scientific advances in machine learning have enabled the healthcare industry to utilize several revolutionary tools that
use natural language processing, pattern recognition, and "deep" learning. Of course, enterprises still have work to do
before machine learning and Al can meet the needs of modern medicine. Still, it is worth noting that innovative
technologies are already leaving their mark in the environment of medical data analysis [13-16].

The main contribution of this article can be summarized as follows:

1. We have proposed an accurate and computationally efficient approach to the parallelization of the
combination of two algorithms — Gradient Boosting and Bagging — to solve the diagnostic prediction of the presence
of diabetes in patients based on specific measurements. This provides an opportunity to significantly optimize the
computational process by parallelizing it, solving significant data processing in medicine;

2. We have developed an algorithmic implementation of the proposed approach. The relevance of the
development of the multi-core architecture of modern CPUs and the use of CUDA technology for graphics processors
was taken into account;

3. We have demonstrated the reduction of computational complexity using the proposed algorithm; we have
an acceleration of approximately seven times for the octa-core architecture of the corresponding computing system
when using ThreadPoolExecutor (this result can be significantly improved by choosing a CPU with more than eight
cores) and 9.5 times for GPUs based on CUDA technology; the efficiency indicator which goes to the unit is
calculated; achieving better algorithm accuracy by increasing the number of algorithms in the composition, which is
an excellent opportunity to increase the efficiency of the model.

Related works

Since the problems investigated in this paper are relevant, an analysis of the literature related to this range of
tasks was conducted. This provided an opportunity to study the studied algorithms in detail, determine the
achievements in their use for the diagnosis of diabetes, and explore existing approaches to improve the Gradient
Boosting algorithm.

In [17], the author used boosting and running to enhance the decision tree algorithm in predicting diabetes
risk. An accuracy of 89.65% was achieved. Despite the high precision, the question of the execution time of the
algorithms remains open. After all, small amounts of data (768 instances) [ 18] were used by the author, which suggests
that the time will be too extensive with more data. So, in contrast to the previous one, in this paper, the dataset [19]
that provides information about 10000 patients was chosen in order to find and test methods of accelerating the
proposed algorithms.

Many machine learning methods have been discussed, starting from different basic algorithms such as the
logistic regression, a modified support vector machine, a decision trees, to further classification including the Iterative
Dichotomiser 3, C4.5, C5.0, J48 and Classification and Regression Tree and the naive Bayes on diabetes detection
[20]. Ensemble methods, such as Bagging, Boosting, and Random Forest (RF) regressors, are further used to enhance
the accuracy and performance of models. These techniques have been implemented on all types of platforms such as
Python or MATLAB, and the models have been analyzed using different parameters such as area under curve or
confusion matrices or mathematical terms such as the Root-mean-square error or Mean absolute error. However, the
work does not provide an analysis of parallel algorithms for solving the problem of big data analysis on diabetes
detection. And today, the possibility of speeding up decision-making in medicine is extremely important.

A comparison of gradient boosting with two other machine learning algorithms: RF and neural networks on
a dataset for diagnosing diabetes was carried out in [21]. Studies have shown the benefits of boosting. This article
provided a better understanding of the benefits of the practical application of this method.

The research paper [22] presents a methodology forclassification of diabetic and normal heart rate variability
signals using deep learning architectures. The classification system proposed can help the clinicians to diagnose
diabetes using electrocardiogram signals with a very high accuracy of 95.7%. As the authors note, the highest value
published for the automated diabetes detection with HRV as input data was obtained in the work. And further
improvement in accuracy can be obtained using a very large-sized input dataset. However, this, in turn, requires
modification of existing algorithms in order to obtain a solution in real-time.

In [23], the authors improved the parallel efficiency of the decision tree by proposing a new GBDT system —
HarpGBDT. This approach includes a block strategy of parallelism and extension of the TopK tree growth method
(which selects the best K candidates of tree nodes to allow more levels of parallelism without sacrificing the
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algorithm's accuracy). In addition to the description of this approach, the paper presents a comparative analysis with
other parallel implementations, which states that despite the many advantages over other approaches, the operating
time is longer. This, in turn, indicates the need to find a method of parallelization, which will give a significant
acceleration among the many advantages presented in the paper.

The authors paralleled Boosting and Bagging [24]. The research was conducted using decision trees and two
standard data sets. The main results are that the sample size limits the achieved accuracy, regardless of the
computational time. Therefore, this work encourages experiments on larger data and attempts to improve accuracy.
The paper also demonstrated the parallelization of Boosting and Bagging methods separately, confirming our proposed
method's novelty.

In [25], the authors developed the idea of ensemble learning, combining adaptive Boosting and Bagging for
binary classification. The algorithms were tested on different data sets, showing improved accuracy and reduced error
rates. However, this algorithm has increased the computation time. This study further actualizes the problem of
parallelization of the combination of Boosting and Bagging algorithms.

In the work [26] a stacked ensemble-based deep neural network approach is proposed for diabetes possibility
assessment in the early stages. As a result, the proposed method achieved the highest success rate with 99.36%
accuracy and 99.19% AUC. But the proposed approach was tested on a dataset of 520 patients. In the work, the authors
did not investigate the problem of speed of decision-making and changes in accuracy when the number of patients
increases.

Thus, an analysis of the literature has shown that the use of the Gradient Boosting algorithm to diagnose
diabetes is not sufficiently studied. Researches usually use an insignificant volume of data, and the realized
parallelization marches do not provide the expected acceleration. In addition, no works have been found that describe
the development of a similar algorithm to what will be implemented and investigated in the following sections. This
once again confirms the value and relevance of this work.

Methodology

Combining Gradient Boosting and Bagging

As is known [27], Begging classification technology uses compositions of algorithms, each of which learn
independently. In this case, each model is studied on a separate sample formed from the original data set. The output
of the ensemble is determined by averaging the outputs of the basic models. The method allows to improve the
accuracy and stability of machine learning algorithms, reduce error variance and reduce the effect of retraining. The
method was initially developed for classifiers based on decision trees, but now it can be used for any model. At any
given time, the model results are weighted based on previous results. Correctly predicted results are given less weight,
and those that do not meet the classification — more. Therefore, several subsets are randomly selected from the set of
source data, containing the number of objects corresponding to the number of objects in the original set. Remember
that because the selection is random, the set of objects will always be different: some examples fall into several subsets
and some into none. A classifier is built based on each sample. The results of the classifiers are aggregated.
Aggregation of results usually occurs by averaging or voting. Moreover, the first option is used in the regression
problem, and the second — classification.

Advantages:

e asignificant increase in the accuracy of the prediction of the ensemble relative to the basic classifiers
(from 10% to 40%). It is achieved by reducing the variance of the predictions of the basic models in averaging. Scatter
is the variance of the answers of our models. The scatter shows how sensitive to small changes in the sample the
algorithms are;

e  small offset. Offset — the deviation of the average answers of all models from the answers of the most
optimal model. The offset characterizes how complex the family of algorithms is, how much it can restore complex
patterns;

e the use of bagging reduces deviations.

Disadvantages:

e  insufficient mathematical justification for improving the accuracy of predictions.

Like bagging, the main task of this method of aggregation is to convert a set of weak classifiers (i.e., those
that assume many errors in the test sample) into a stronger one. But, unlike the previous one, the training takes place
sequentially, and each subsequent classifier aims to compensate for the shortcomings of the previous one. The result
is usually a weighted linear combination of responses of all algorithms used.

The general idea of Boosting algorithms is to consistently apply predictors so that each subsequent model
minimizes the error of the previous one [26].

Advantages:

e as an ensemble model, boosting is an easy-to-read and interpretive algorithm that makes predictive
interpretations easy to use;

e the ability to predict is effective through the use of cloning techniques, such as bags or RF, and decision
trees;

e  boosting is an elastic method that easily curbs re-equipment.
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Disadvantages:

e  cmission sensitive, as each classifier is obliged to correct the errors of the predecessors;

e the method is almost impossible to increase. This is due to the fact that each evaluator bases his
correctness on previous predictors, which complicates the ordering procedure.

The gradient boosting method works consistently by adding new ones to past models to correct the mistakes
made by previous predictors.

This method changes the weights with each iteration, teaching new models on the residual error of the past
(moving to a minimum loss function).

Here are the steps to implement gradient Boosting:

1. The model is based on data collection.

2. This model makes predictions for the entire data set.

3. Errors are calculated according to forecasts and true value.

4.  The new model is built, taking into account errors as target variables. At the same time, we strive to
find a better separation to minimize error.

5. The predictions made with this new model are combined with the previous ones.

6.  Errors are recalculated using these predicted values and true values.

7.  This process is repeated until the error function stops changing or until the maximum number of
predictors is reached.

Basic algorithm learning is consistent. Suppose that at some point N—1 algorithms b,(x),...,b, ,(x) are

N-1

trained, i.e. the composition has the form: a,_(x) = Zb,, (x).

n=1

Now another algorithm b,;(x) is added to the current composition. This algorithm is trained to minimize the

!
composition error in the training sample: ZL(y,a(x) +b(x)) > min, .
i=1

First, it makes sense to solve a simpler problem: to determine what values of S,,...,5, should take the

algorithm b,/ (x.) =S5, on the objects of the training sample, so that the error in the training sample is minimal:

1
F(S)= ZL(y,a(X) +5) = min_, where §=(,,...,5;) — vector of shifts.

i=1
In other words, it is necessary to find a shift vector s that will minimize the function F(S). Since the

direction of the greatest decrease of the function is given by the direction of the antigradient, it can be taken as a vector
s:8==VF=(=L(y,ay,(x), .. —L.(y,a,,(x))).

The components of the shift vector s are, in fact, the values that the new algorithm b, (x) must take on the
objects of the training sample to minimize the composition error. Learning b, (X), thus, is a learning task on marked
data, in which {(x, S)} is a training sample.

It should be noted that the information about the initial loss function L(y, z), which is not necessarily

quadratic, is in the optimal shift vector s. Therefore, for most tasks in learning b, (x) we can use the quadratic loss

function.

When it is necessary to solve a complex computational problem and no algorithm is ideal, ensembles are
used [28]. Ensembles make it possible to combine several algorithms that learn simultaneously and correct each other's
mistakes. To date, they give the most accurate results.

A total sample of elements is first taken, then divided into sub-samples. Then the sample data are fed
parallelly to the input of the basic algorithms, as in the bagging. The difference is that the basic algorithms are gradient
boosting algorithms. After completing the process of independent learning, the algorithms are combined into an
ensemble model. By inputting test characteristics to the algorithms, we can obtain the final prediction of the model,
taking the average value of all predictions.

Description of the proposed algorithm

1. Specify the required number of gradient boosting models that we want to build. Let itbe 7.

2. Divide the initial data N by n subsamples, where 7 is the number of models of gradient boosting,
which is specified in step 1. We obtain Nl, s Nn models of size m, where m = N/n is the amount of data in each

model of gradient boosting.
3. Next, we implement the Bagging algorithm, running the training for each model of gradient boosting
separately. In this case, each model is given a corresponding sub-sample for training (the first model is the first sub-

sample, etc.). We get W (), w,(), ..., w, () independent weak learners (one for each subsample).
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4. At each iteration, we fit the weak learner to the gradient of the current selection error relative to the
current ensemble model. s,(-)=s,,()—c,*V, E(s, ), where E() is the fit error of this model, ¢, is the coefficient

corresponding to the step size, =V, E(s, ) is the gradient of the fit error relative to the ensemble model.

5. Atthe output of the Bagging algorithm, we obtain n trained models (classifiers) of the Gradient Boosting
algorithm.

6. To perform the prediction (assigning an object to a certain class), we pass the object to each of the
models, namely a number of its features that need to be classified.

7.  As aresult, each model of Gradient Boosting assigns an object to the class to which the probability of
belonging of the object according to its calculations is the highest. Belonging of object x to each of the classes:

1
1+exp(—a(x))’

1

PO == ety

P(y=1x)=

8. Then find the average value between all predictions obtained from n models.

9. Round off the determined average value to the nearest integer, which will be the result of the algorithm
of combining Bagging and Gradient Boosting, and, consequently, the class to which the transferred object belongs.

It is possible to parallelize the combination of algorithms in step 3 of the proposed algorithm, during which
the models are studied sequentially, independently of each other.

Since the models learn independently, we can run their training parallelly. This is one of the main reasons
why we used the idea of combining the Bagging algorithm with Gradient Boosting.

For example, when classifying the Gradient Boosting model, several classifiers are also trained. Still, this
process cannot be parallelized, because here each subsequent classifier uses the results of the previous one and does
not work independently, as in Bagging.

Therefore, when parallelizing, we change step 3 in the algorithm for combining Begging with Gradient
Boosting, running parallel training for each model of Gradient Boosting separately. In this case, each thread will work
with its subsample and its model.

Parallelization

Gradient boosting is a sequential algorithm for learning trees because the result of the previous weak
algorithm is the input for another. That is why it is impossible to perform training parallelly. However, using gradient
boosting as a basic algorithm for bagging will allow us to perform training parallelly.

The parallelization of bagging is quite simple. The training set is divided equally among the available
processors (streams). Each processor (thread) executes a sequential algorithm until the appropriate predictions are
made. In general, it is a good idea to divide the training set randomly to make sure that the predictions created by each
processor (thread) do not contain unnecessary biases.

Parameters to select for the parallel ensemble technique: sample size used and number of iterations.

We will implement parallelization using the Python module — concurrent Futures, namely its class —
ThreadPoolExecutor and CUDA technology [29].

We will parallel the learning process. The training sample will also be parallelized. In a single-threaded
system, the training vectors will be sent to the classifier one by one. In a parallel system, these learning vectors will
be separated between streams.

Threads in Python are a form of parallel programming that allows a program to perform multiple procedures
simultaneously. Flow-based parallelization is especially well suited for accelerating applications that work with large
amounts of data.

ThreadPoolExecutor is a utility that is built into Python 3, is located in the concurrent Futures module [30]
and is designed to distribute code execution among threads (a pool of threads is formed). You must first import it from
the specified module, then initialize the ThreadPoolExecutor() object.

The map function was also used, the syntax of which is as follows: map(func, *iterables).

The map method applies the func function to one or more iterating objects; in this case, the function is to
build and train a model of the Gradient Boosting algorithm, and iterating objects are the parts into which the total data
sample is divided. In this case, each function call is started in a separate thread. The map method returns an iterator
with the function results for each element of the iterating object. The number of threads in which the code will run is
specified in the max_workers parameter when declaring the ThreadPoolExecutor() object, applied to the map function.

So, on input ThreadPoolExecutor().map accepts a function that needs to be parallelized and arguments that
need to be transferred to it. On an output, we receive an array that consists of the models trained on subsamples.

Next, a quality check will be performed independently for each model, and their quality metrics will be
calculated (score and fl_score). In the end, when we leave the parallel area of our program, we will re-check the
quality for a set of all models. The prediction of such a composition will be averaged and rounded.

As is known [31], the GPU speeds up programs running on the CPU by unloading some computing and time-
consuming parts of the code. The rest of the program is still running on the CPU. From the user's point of view, the
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program runs faster because it uses the powerful parallel processing power of the graphics processor to increase
performance.

The CPU consists of several processor cores, while the GPU consists of hundreds of smaller cores. Together
they work to process data. This highly parallel architecture is what gives the GPU high computing performance.

The system that executes the software implementations presented in this paper supports CUDA technology,
which provides the ability to use GPUs for parallelization and acceleration of program execution.

We will use LightGBM to call CUDA technology [32]. This Python framework has been used to improve
gradient boosting. It is designed to increase efficiency with the following benefits:

. Faster training speed and higher efficiency.
Less memory usage.
Better accuracy.
Support of parallel, distributed and GPU learning.
Able to process large-scale data.

Classification will be done by calling the LGBMClassifier() method from the LightGBM library described
above.

The complexity of the Boosting algorithm: the complexity of the training time: O(M *n*log(n)*d), where
M is the number of trees, d is the number of signs, log(7) is the depth of the tree; 7 is the total amount of data.

The complexity of Boosting in conjunction with Bagging: O(n)+O(K * M *m*log(m)*d), where m is the
sample size of the data used, O(n) is the difficulty of sampling, 7 is the total data size. O(K * M *m*log(m)*d) —

Boosting complexity for K iterations (K — number of Gradient Boosting algorithms).
The difficulty of one round of parallel learning for Boosting in conjunction with Bagging can be expressed

n
in the formula: 0(;, MJ+ O(M *m*log(m)*d), where m is the size of the data subsample used, O[%, m] is the

complexity of sampling (which depends on both the size of the local data set in the round and the size of the selected
set according to the specified number of threads), 7 is total data size, P — number of threads. O(M *m*log(m)*d)

— Boosting complexity in one round.

Data review and analysis

The paper uses a data set based on a long-term survey conducted among residents of Framingham,
Massachusetts [19]. The purpose of the classification is to predict whether a patient is at risk of developing diabetes.
The dataset provides information about 10000 patients and contains 15 attributes.

Each attribute is one of the potential risk factors: demographic, behavioral, and medical risk factors.

Demographic attributes:

. Sex: man or woman (nominal value);

. Age: age of the patient (continuous values).

Behavioral attributes:

. Current Smoker: whether the patient was a smoker at the time of the examination (nominal value);

. Cigs Per Day: the number of cigarettes a person smoked on average in one day (continuous value).
Medical attributes:

. BP Meds: whether the patient was receiving medication for blood pressure (nominal value);

. Prelevant Stroke: whether the patient has suffered a stroke (nominal value);

. Prevalent Hyp: whether the patient had a hypertensive crisis (nominal value);

. Risk of coronary heart disease (CHD): whether the patient was at risk of coronary heart disease

(nominal value);

. Tot Chol: total cholesterol (continuous);

. Systolic blood pressure (Sys BP) (continuous);

. Diastolic blood pressure (Dia BP) (continuous);

. Body Mass Index (BMI) (continuous value);

. Heart Rate (continuous value — in medical research, variables such as heart rate, although discrete,
are considered continuous due to a large number of possible values);

. Glucose: Glucose level (continuous).

Variable for prediction:

. Diabetes: a binary value of “1” means that diabetes has been detected and “0” has not been detected.

We performed the pre-processing and analysis of data to achieve the best quality of the model and detailed
acquaintance with the data.
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ThreadPoolExecutor and analyze them, where K — the number of algorithms in the composition.

Experiments
Time costs of sequential and parallel implementations
Let's present the execution time results of the sequential and the proposed parallel algorithm using the module

Table 1
Program execution time for sequential and parallel processing (ThreadPoolExecutor), s
K S tial Parallel (threads)
equential 2 7 3 6
1 0.8053 0.8185 0.8109 0.8523 0.7743
2 1.6932 0.9073 0.8598 0.9075 0.8426
4 3.1604 1.7761 0.9813 1.1275 1.0676
8 6.5957 3.3760 1.9017 1.5271 1.6136
16 12.8843 6.5524 4.0012 3.4891 3.1071
30 23.9632 12.7330 9.4793 6.1386 5.9924
30
25
. 20 M Sequential
g 15 u2
© 10 4
5 i ms
0- =16
1 2 4 8 16 30
The number of algorithms in the composition

Fig. 1. Visualization of comparison of execution time of sequential and parallel algorithm (using ThreadPoolExecutor) with variation of
flows and number of algorithms in a composition

From the graph shown in Figure 1 and Table 1, it can be seen that in comparison with the sequential execution
of the program, run time is significantly reduced by parallelization. The greater is the number of threads, the lower is
the time. Only when using more than eight threads, the time value hardly changes. This is due to the capabilities of
the system's architecture on which this program was implemented (only four cores and eight logical processors, i.e.,

the maximum efficiency can be obtained by using eight threads).

Now let's perform a comparative analysis of the execution time of the sequential and the proposed parallel

algorithm based on CPU and GPU.

Table 2
Program execution time for sequential and parallel processing on the CPU and GPU, s
K Sequential Parallel (CPU) Parallel (GPU)
1 0.8053 0.7743 0.0842
2 1.6932 0.8426 0.2444
4 3.1604 1.0676 0.3494
8 6.5957 1.5271 0.7865
16 12.8843 3.1071 1.4916
30 23.9632 5.9924 2.8142
30
25
20 —
v
£ 15 Sequential
T 10 ——CPU
51—~ Z —W=GPU
O -l

1 2

4 8

16

30

The number of algorithms in the composition

Fig. 2. Visualization comparing the execution time of sequential and parallel algorithms (using CPU and GPU) with variation in the
number of algorithms in the composition
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Figure 2 and Table 2 shows how rapidly the program execution time decreases when using GPU-based
parallelization. To compare the time spent working with the CPU and GPU, we used the best results achieved on the
CPU and still got a fairly significant acceleration on the GPU. This confirms that the use of GPUs in parallelization is
very efficient and can provide impressive results. In this case, with 24 seconds of sequential execution, the graphics
processor provided the ability to speed up the program to 3 seconds, which is a significant improvement.

Accuracy of the model

Now let's evaluate the quality of the model. For a more accurate estimate, we use two metrics — Accuracy
and F1-score:

. Accuracy — an indicator that describes the overall accuracy of model predictions for all classes.

. F1-score is the harmonic mean value of Precision and Recall metrics, normalized between 0 and 1.
If F1 score = 1, it indicates an ideal balance.

Table 3
Values of metrics Accuracy and F1-score for different number of algorithms studied parallelly
Metrics K
1 2 4 8 16 30
Accuracy 0.986 0.987 0.991 0.925 0.992 0.998
F1-score 0.711 0.778 0.795 0.838 0.873 0.881
1,5
1 ©ecc00000000000000000000000000
0,5
0
1 2 4 8 16 30
eeesees Accuracy F1-score

Fig. 3. Visualization of Accuracy and F1-score metrics depending on the number of algorithms

Analyzing Figure 3 and Table 3, we conclude that the accuracy is very high even when using only one
algorithm but still increases slightly with an increasing number of algorithms. The value of the F1-score metric is
smaller than the accuracy. Still, here we see more clearly the influence of the number of algorithms on the model's
accuracy — the more algorithms in the composition, the higher the value of the metric.

Thus, the use of a parallel algorithm for combining Gradient Boosting with Begging tends to increase the
accuracy of the constructed model. And the accuracy results at different values of 10 fold cross validation of the
proposed algorithm were given in Table 4.

Table 4
Cross Validation Results
Fold Loss Accuracy(%)

1 0.015 99.685

2 0.016 99.789
3 0.011 99.899
4 0.019 98.987
5 0.013 99.843
6 0.091 97.345
7 0.026 99.341
8 0.051 98.562
9 0.016 99.876
10 0.065 97.560
Average 0.0323 99.0887

According to the results obtained (see Table 4), the proposed method reached 99.09% accuracy with 10 fold

cross validation and also showed higher performance with an accuracy rate of 99.80%, although the percentage split
(75:25).

Discussion of research results
Now we calculate the experimental indicators of acceleration and efficiency of parallel algorithms with
different numbers of boosting algorithms in the bagging composition.
To calculate these indicators of acceleration and efficiency, we will use the following formulas:

S, (n)=Ti(n) / T,(n), E,(n)=S,(n) / P, respectively, where 7,(n) is the time complexity of the sequential execution

of the algorithm, T » (n) is the time complexity of the parallel execution of the algorithm for p processors (threads).
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Table 5

Indicators of acceleration of the parallel algorithm with different number of threads and variation in the number of algorithms in the
composition (CPU)

K Number of threads
2 4 8 16

1 1.0164 1.0069 1.0583 0.9615
2 0.5358 1.9693 1.8658 2.0095
4 1.7794 3.2206 2.8030 2.9603
8 1.9537 3.4683 43191 4.0876
16 1.9663 3.2201 5.6927 5.1467
30 1.9819 3.5280 6.9041 6.9989

Table 5 shows the acceleration rates by parallel execution for different numbers of threads and algorithms in
the composition when working on the CPU.

]
-
6 ==
-
"-.
4 g
A T fesrrasaaas -
T T
2 o o — 8 — o — »
~ R :
0
1 2 4 8 16 30
— s ] ssaipes

Fig. 4. Visualization of acceleration values for different number of threads and different number of algorithms in the composition (CPU)

From Figures 4, we can see that the value of the acceleration index increases with an increasing number of
threads and increasing the number of algorithms in the composition. With a few algorithms, the results are ambiguous
and do not reflect a stable and significant increase in acceleration. When a small number of algorithms are used, more
time is allocated to the distribution of data between streams, i.e., to parallelization, than to the operation of the
algorithms themselves. In addition, the acceleration goes to the number of streams used, which is in line with the basic
idea of the acceleration rate. The highest acceleration was recorded when using 16 threads and 30 boosting algorithms
in the bagging composition.

Table 6
Indicators of the efficiency of the parallel algorithm with different number of threads and variations in the number of
algorithms in the composition

K Number of threads
2 4 8 16

1 0.5082 0.2517 0.1323 0.1202
2 0.2679 0.4923 0.2332 0.2512
4 0.8897 0.8052 0.3504 0.3700
8 0.9769 0.8671 0.5399 0.5112
16 0.9832 0.8050 0.7116 0.6433
30 0.9911 0.8820 0.8630 0.8749

Table 6 shows the performance indicators using parallel execution for different numbers of threads and
algorithms in the composition when working on the CPU.

1,2
> s »
0,8 :-'.__... *ee..,, '_,..”p
-t -
% -
0.6 7 =
7 O T
0,4 Y-—__-r‘
. -
0,2 '_.-—‘
L 4
0
1 2 4 8 16 30
— s D eecfpes i B =-g==106

Fig. 5. Visualization of performance indicators for different number of threads and different number of algorithms in the
composition

Analyzing Table 6 and Figures 5, we can say that the efficiency decreases with an increasing number of
threads in contrast to the acceleration. This decrease in efficiency is due to an increase in the load on the system when
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calling more threads. However, with the increase in the number of algorithms, the efficiency also increases and, at the
same time, goes to 1, which indicates the quality of the parallelization method.
Let's compare the work of parallel execution of the program using the CPU and GPU.

Table 7
Acceleration rates when running a program parallelly using the CPU and GPU
K CPU GPU
1 1.0583 9.1641
2 1.8658 6.9279
4 2.8030 8.0452
8 4.3191 8.3861
16 5.6927 8.6379
30 6.9041 9.5151
10
8 .\/o—-—‘—_/‘
6 - -
-
-
4 -
-
-
2 o=
o -
0
1 2 4 8 16 30
— 8= (PU =——p=—GPU

Fig. 6. Graphs of acceleration when using CPU and GPU with different number of algorithms in the composition

From Table 7 and Figure 6 we see that as the number of algorithms in the composition increases, the value
of acceleration increases both when working on the CPU and the GPU, but the use of GPU gives higher values of the
acceleration index, which indicates the high efficiency of CUDA technology.

Therefore, the results of experiments showed that the parallel implementation of the algorithm is most
effective when using graphics processors based on CUDA technology.

Conclusions

Modern technologies can improve the standard of living of humanity in various fields, and medicine is no
exception. The paper considered the relevance of the research topic: the use of data mining methods for diagnosing
the disease in a patient on a set of indicators, such as symptoms, test results, and more.

A pre-processed Framingham dataset (with the number of patients equal to 10 000) was used for the study.
The choice of this data set is primarily related to the need to test the proposed parallel algorithm on big data sets and
obtain the best performance indicators. A search and analysis of significant features and patterns between different
factors influencing the disease were conducted.

In addition, this paper proposed a parallel Gradient Boosting algorithm with Bagging to improve accuracy in
predicting disease risk and significantly speed up execution time by using a multi-core architecture of modern CPUs
and GPUs. So, the accuracy of the model with 10 cross validation is equal 99.09%, and for percentage split (75:25) —
99.80%. Parallelization is performed using two technologies — a pool of threads through the Python
ThreadPoolExecutor utility on the CPU and CUDA on the GPU. High rates of acceleration and efficiency were
achieved. Thus, with eight threads, an acceleration of approximately seven times is obtained, which indicates the
reliability of the obtained results and the possibility of significant improvement of this indicator by choosing the
architecture of a computer with more cores. The latter is especially relevant in modern trends in multi-core
architecture. When using CUDA technology on GPUs, the acceleration is approximately 9.5 times. As for efficiency
indicators, with the increase in the number of algorithms, the efficiency goes to 1, indicating the parallelization
method's quality.

After analyzing the results, we concluded that CUDA works much more efficiently and prevails over the pool
of threads for the selected method and data set. This is because GPUs are designed with thousands of processor cores
running simultaneously and thus provide massive parallelism when each core is focused on efficient computing.
Another significant result of the study is the achievement of better algorithm accuracy by increasing the number of
algorithms in the composition. Using more algorithms that are learned and whose values are then averaged, we get
even more accuracy values. Therefore this is a great opportunity to increase the efficiency of the model.

So, using several training algorithms to get the best forecasting efficiency, namely combining Boosting with
Begging, is a great solution. This ensemble allows using different methods of accelerating and improving algorithms,
which is very important today to make real-time decisions.
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