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ABSTRACT. The method of classification multivariate samples using
Petunin ellipses is investigated in the paper. Several different types of
samples were generated for testing. Based on the calculated accuracy
of the criteria advantages and disadvantages of each of the linear
and quadratic criteria and the specifics of the method as a whole
were discovered. It has been found that both linear and quadratic
criteria give high accuracy for samples with small variance. As the
variance increases, the accuracy of the linear criterion remains high,
the accuracy of the quadratic criterion decreases. Both criteria are
resistant to sample noise.
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AHoTAILIIA. B crarti gocmimKyeTbes MeTosn, Kiacudikaril bararo-
BUMIpHUX BuOIpOK 3a goromororo eminci [lerynina. [lias TrecryBan-
He OyJI0 CTBOPEHO BUOIPKH, fKi MalOTh PO3mo/ian pizaux tumis. Ha
OCHOBI PO3PaxX0OBAHOI TOYHOCTI 3aITPOITOHOBAHUX KPHUTEPIIB Kiacudi-
KaIil Oy BUsIBJIEHI TIepeBaru Ta HeJIOJIIKM KOXKHOTO 3 KPUTEpiiB Ta
cruerudika MeTo iy B 1ijiomy. Bysio BcTaHOBJIEHO, IO sIK JIHIITHI, TaK
i KBaJIpaTUvHI KpUTepil Jal0Th BHCOKY TOYHICTB Jjis BUOIPOK 3 He-
BEJIMKOIO JUCIEePCiefo. 3i 301IbIeHHsIM IUCIIEPCil TOTHICTD JIHIHHOTO
KPUTEPI0 3a/IMIMAETHC BHCOKOIO, TOYHICTh KBAJIPATHIHOIO KPUTE-
pito 3menmyerbest. ObuuBa Kpurepil criiiki jo mrymy. Leit BaxkmBuit
dakT pobuTh IX KOPUCHUMH Y IPAKTHIHOMY 3aCTOCYBaHHI. 30KpeMa,
MEeTOJ] BUSIBUB BUCOKY €(EeKTUBHICTH IIPH JIATHOCTHUII PAKY MOJIOYHOT
3aJ1031 HABITH I MaJuX BUOIPOK.

Ki1to4oBI CJIOBA: eninc Ilerynina, craructuka Ilerynima, 6araro-
BUMipHa BUOIpKa, JIHIMHUN TUCKPUMIHAHT, KBaIPATUIHUN TUCKPU-
MiHAHT, KJacudikarris.
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1. INTRODUCTION

Analyzing data, researchers often face the problem of small amount of avai-
lable data. With the small amount of data available, achieving high accuracy is
an interesting and challenging task. In particular, it is interesting to consider
statistical nonparametric methods of classification that are accurate even for
small samples (starting from the sample size 40).

To solve this task in the context of breast cancer diagnosis Petunin et al.
[1, 2] developed methods of linear and quadratic multivariate analysis using
projections of data onto the plane. Thus, they reduced the problem of the
analysis of n-dimensional data to the problem of the analysis of 2-dimensional
data. This method is based on the concept of the Petunin statistics 3], which is
a measure of samples’ homogeneity and plays a role of coordinate at the plane.
In the turn, the Petunin statistics uses the MP-model and Hill® assumption
Amy 14,5, 6, 7).

The accuracy of the method, obtained in [2] is high, but the amount of
test data was limited and small, and the properties of data distributions were
not known. Thus, the purpose of the paper is to determine how accurate this
method is at data artificially generated with special properties and what are
its advantages and disadvantages. The novelty of the paper is that the linear
and quadratic methods proposed in [1, 2| are investigated on the small sample
set having different statistical properties for the first time.

2. PETUNIN ELLIPSE

Let S be a set of equally distributed random variables with an unknown
absolutely continuous distribution function F. Let si,ss,...,s, be sampled
values from S. Sorting sampled values in ascending order we get a variation
series $(1), S(2); - - - S(n)- 1ts components called ordinal statistics.

Theorem 1 (Hill's assumption A,y [7]). If F' is an absolutely continuous di-
stribution and s(,1) is independently sampled from S, then

j—i
n+1

P{smt1) € (50),55))} =
fori=1...n—1,7=2...n,i<].

As it will be shown, to analyze the multivariate data using investigated
algorithm, it is necessary to construct the Petunin ellipses in the R? space.
The Petunin ellipse of the set S is the ellipse with the confidence area that
includes n random points of set .S with the probability Z—;% Figure 1 illustrates
an example of the Petunin ellipse.

Let us give a description of construction algorithm. The initial data for the
algorithm for the construction of a Petunin ellipse is a set of two-dimensional
points T, = {(a1,b1),...,(an,by)}. First, we construct the convex hull of the
points T},. Then we find two points (a;, b;) and (aj, bj) that lying on the diameter
of the convex hull. Draw the line M through the points (a;, b;) and (aj,b;).
Find the farthest vertices (ag,br) and (a;, b;) of the convex hull from the line
M. Draw through the points lines M; and My parallel to the line M. It is
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FIGURE 1. Petunin ellipse.

important to note that the points (ax, bx) and (a;, b;) must be on opposite sides
of the line M. If all points of the convex hull are on one side of line M, then
the line M coincides with line My. Draw through the points (a;, b;) and (a;, b;)
two lines M3 and My perpendicular to the line M. The intersection of the lines
My, Ms, M3 and My form a rectangle whose sides have lengths k& and m.

Without loss of generality, let & < m. Let’s rotate and move the coordinate
system so that the lower left corner of the rectangle is located at the begi-
nning of the new coordinate system. The points (a1,b1), ..., (an,by) will turn
into points (all, bll), el (a;l, b,,). Than we perform the system compression by
multiplying the abscissas of the obtained points by u = % Obtained points
(pai,b1), ..., (pay,b,) will lie in square K. Let (ag, bg) be a center of the square.
Find the distances di,ds, ..., d, from the obtained points to the center.

Now we construct a circle centered at the point (ag,bp) and radius R =
mazx(dy,dsy, ..., dy). All points (ay,b,),. .., (a,,b,) lie inside of obtained circle.
Stretch the circle along the abscissa with coefficient % Then we apply the
inverse transforms of transfer and rotation and obtain an ellipse in the initial

coordinate system. The results is the Petunin ellipse.

61



D. A. KLYUSHIN, Ya. V. SHTYK

3. PETUNIN STATISTICS

The Petunin statistics is a measure that estimates the probability that two
samples were generated from the same distribution. In other words, this is
a measure of the heterogeneity of samples. Let us have two samples u =
(u1,ug,...,uy) and v = (vy,ve,...,v,) taken from two general sets S; and
So with unknown distribution functions Fyg, and Fj, respectively. We want to
find the probability with which we can argue that Fg, = Fg,.

Arrange the elements of each of the samples in ascending order. We obtain
variation series u = (u(),U(2); -+, U(ny)) and v = (V(1),V(2)s- - - V(ny)). Let
event [;; consist in the fact that vy belong to the interval (u;),u(j)). According

to the Hill's assumption: p(I;;) = Z55 = pij. We can find the frequency f;; of
event I;; on the given sample v = (v1,v2,...,vy,) and find confidence intervals

for a given probability p;;.
The formulas for the boundaries of confidence intervals are:

12 Jima + 02 /2F \/fij (1 — fij)no + b2 /4
(Y Ny + b2
In this case, we assume that ng is small, so according to the 3o-rule we assign
b = 3. In general case, b must satisfy the condition ®(b) = 1 — /2, where ®
is the Gaussian distribution function and ~ is a given significance level. The

number of possible confidence intervals D;; = (pilj, p?j) isequal to N = w

Let D be the number of intervals for which the inclusion p;; € (pz-lj, p?j) is true.

Find the relative frequency f = %. The relative frequency f is a measure of

homogeneity of the two samples that called p-statistics or Petunin statistics.

4. HOMOGENEITY MEASURE OF A SAMPLE AND A SET OF SAMPLES IN THE
UNIVARIATE CASE

Let u = (u1,u2,...,uy) be a sample from the general set S; with di-
stribution Fs,. Let V = (vi,v2,...,v,) where v; = (vi1,v12,...,V1n), 02 =
(v21,v22, .« -, V21)s -+ -y Um = (U1, Um2, -+, Umn), be a set which elements is a

sample from general set Sy with distribution Fg,. In the studied method, it was
proposed to determine the measure of homogeneity of u and V' by averaging
the Petunin statistics.

First, find the value of Petunin statistics p(v;,u) for i = 1,...,n. We average
the obtained values and get a measure of proximity homogeneity p of the sample
and the set of samples:

1 n
i=

Let us try different approach that can be used based on the combining

samples v1 = (V11, V12, .-, V1n), V2 = (V21,022 -+, V2n)s - - -, Um = (Um1, Um2, - - -
Umn) into one sample. So after combining we obtain sample N = (va1,v22, . . .,
Vs V215 V225 « -+« s U2y« + s Uy Um2s - « - s Umn ). We use N to find a measure of
homogeneity p between the sample and the set of samples:

p=p(N,u).
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5. HOMOGENEITY MEASURES OF A SAMPLE AND A SET OF SAMPLES IN
THE MULTIDIMENSIONAL CASE

Petunin et al. [1, 2| proposed and described a variant of feature-less discri-
minant analysis, based on tha Petunin ellipses and Petunin statistics. Let us
consider groups of objects Vi = (a1, a2, ...,a,) and Vo = (by,ba,...,by) from
classes A and B respectively. Each object is represented by a matrix consisting
of rows containing features. For example, in [1, 2| objects are patients, and
a matrix corresponds to a patient consists of rows containing some features
of cell nuclei (nuclear area, integral density etc.). Each matrix has a certain
number of rows (from 10 to 30). The columns of such matrices form samples
from some distributions (from 10 to 30 real numbers). The main idea is to
compare the samples pairwise reducing the multivariate case to a sequence of
two-dimensional cases where axes are heterogeneity measures between samples
and points are the pairs of the heterogeneous measures computed for each
object.

Since the amount of data is small at the kth stage of the test we carry out
the one-leave-out cross-validation excluding the kth sample P from the group

V1 and getting the group Vl(k) = (a1,a2,...,a5_1,Qk+1,---,0p). Let

k 1 1 1
YA(@) = () sy

k 2 2 2
Y]\(@) N )

Vi, = i gl
be the object ai, where Y;,i = 1,..., ji is sub-objects of object a; and j; is a
number of sub-objects in ag,k = 1,...,n. In this case the number of features
is K.
After exclusion we form a training sample for each feature z;,i =1,..., K.
For feature x; the training sample has the form
1 1) (2 j
Y1( )= (ygl),y&), e >1/§J11))
1 1) (2 j
O = Yt

O = Ol o)

n

Similar samples are obtained for all features. We apply the method described
above for finding the heterogeneity measure between samples for each feature.

For example, for first feature y; the sample is the features y; of kth object

(y&),yﬁ), e ,yg:)) and the set of samples is a training sample for the feature

y1. As a result, we get a heterogeneity measure p,(cl). In the same way we find

heterogeneity measure of the object a; and training sample for each feature

yi,t = 1,..., K. Replacing the object of the group V; with the object of the

group Vo we get heterogeneity measures (p,gl),p,(€2), e ,p,(CK)) for kth object of
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group Va. If we replace the group Vi by V, and carry out similar calculati-

ons, we obtain the heterogeneity measures (zz-(l), zi(?) e ,zi(K)) i=1...nand
NONNe) (K)
(zj V25 s 7 ,i=1...m

For the ellipses COIlth"uCthIl we combine the averaged Petunin statistics into

pairs (p]gi),plgj)) (pgl),pg )) k=1,...,n,t=1,...,m,i,j=1,..., K. Similarly
we get the pairs (z,(g),z,i)) (zt(l), (j)),kzl, nt=1,...,myi,5=1,..., K.
So we obtain points in space R?. Then by point (pl(ﬁ),pg)) k=1...n,i,j =

. K we construct Petunin ellipses £;;. Then we construct Petunln ellipses

E;j which contains points (p/,(c),p/,(€ )) k=1,...,m,i,j =1,..., K. Respectively

using points (z,(c),z,(j)) and (z, () (J))k =1,...,n,4,5 = 1,..., K we obtain

Petunin ellipses D;s and Dys.
The linear discriminant functions is using to separate two sets in space.
We construct the linear discriminant functions that separate the set SP .=

{(pg ),pij)) t=1,...,n} from the set S?; {(pk ,pk ) k=1,...,m} and set
—{(zt ,zt ) t=1,...,n} fromtheset SZ —{(z,C ,z,g)) k=1,...,m}.

We construct the linear dlscrlmlnants using the Rocmo method so that the line
lfj = {(z,y) : fij(x,y) = 0} is perpendicular to line on which the centers of

the sets S}, and S?. lie and is located at the same distance from the centers.
Moreover, the center of set S is in the half-plane 7;; and the center of set St, is
in the half-plane p;;. The function f; is constructed in the same way. So if we
have K features we obtained K (K — 1) pairs of half-spaces (1;5, tij), (15, pij)-

Let R be an object that needs to be classified. Using the algorithm from
Section 2 we find averaged Petunin statistics p and d. We will analyse obtained
heterogenelty measures using Petunin ellipses. Introduce the following events:

J1 = {(pR ,pg)) € Eij}, Jo = {(pR apg)) € Ets} Jy = {(pR ,pg%)) € Eis
ik Jo = {02, 09 € B — Brs}, Jr = {2, 29y € Dy}, J5 = {2V, ,z;{)) €

U} J; ={(2, ) € D ~ D). i —{<237Zg>>epm D},

= {2, p7)) € aij}, Ko = {0, 0])) € Bis}, K = {(21). 20) € af;}, K =

{(z;),z,g)) € Biyti < j H = J3UJf, Hy = JyUJ;, Hs = J1UJE, Hy =
LU Jr, Hy = K1 K%, He = Ks\JK?.

Let us introduce a relative frequencies h; = h(H;),i = 1,...,6 of each of
the events H;,i = 1,...,6 in N tests, which we can run changlng values of i
and j. The relative frequency h1 corresponds to class A excluding overlapping
with class B, hg corresponds to class A including overlapping with class B, ho
and hy4 as relative frequency of class B excluding overlapping with class A and
relative frequency of class B including overlapping with class B respectively.
The frequencies hs and hg corresponds to the half-planes containing objects of
class A and class B respectively.
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6. CLASSIFICATION OF MULTIVARIATE SAMPLES

In this section, we test the investigated algorithm. To check the correctness of
the algorithm, we will construct an experiment with linearly separable samples.
We will generate samples using the Gaussian normal distribution.

We have two classes A and B. Each class object is a matrix. Each matrix
contains from 10 to 30 rows. Columns of the matrixes are samples containing
features. Fach feature has Gaussian distribution with variance equal to 1 and
its own mean value. Let the number of features be K. Objects features of class
A have average values from 0 to K. That is, the first feature is generated from
the Gaussian distribution N (0, 1), the second one is generated from distribution
N(1,1), the fifteenth is generated from the distribution N(14,1). Features of
class B have Gaussian distributions with averages from 15 to 30 and a variance
equal to 1. That is, the first feature of class B is generated from the distribution
N(15,1), the second one is generated from N (16, 1), the fifteenth is generated
from N(29,1).

We generate a sample that consist of 25 objects of each class. Then we
perform one-leave-out cross-validation. In fact, at each iteration of the test we
divide initial sample into a test sample, which consists of one object, and a
training sample that includes all others objects. That is, the result of each
iteration of the test is the conclusion about the belonging of the tested object
to each of the two classes A and B. Conclusion is presented in the form of 6
statistics h;, i = 1,...,6, which described below. As a result of the algorithm,
we obtain a set of relative frequencies of each object of initial sample. Analyzing
the set we can draw conclusion about correctness of the algorithm.

In [1, 2] the quadratic and linear tests for determining the class of a tested
object were proposed. These tests were formulated as follows.

Quadratic test: hg > hy = A, hg < hy = B.

Linear test: hs > hg = A, hs < hg = B

Stable test: hg > hay Ahg > ho = A, h3 < hg ANh1 < hy= B

The effect of the stable dominance of the group A is the case when hs > hy
and hs > hg. Similarly the effect of the stable dominance of the group B is the
case when hs < hy and hs < hg. Analyzing h-statistics we obtain the accuracy
of the described criteria. The accuracy of each criteria in percents is equal to
100. It can be seen that on a linearly separable sample the method has absolute
accuracy. Obtained result allows us to argue that the algorithm is correct and
it is possible to use it in practice. Now it is important to check the accuracy
of the method on more complex samples. As we can see the accuracy of the
criteria has decreased. At the same it is high level of accuracy. Obtained results
suggest that for samples with a small variance we can successfully use studied
method.

Analyzing h-statistics obtained for each of the cases, it was noticed that the
hy is give an information of belonging to class A at most cases. The similar
relations was noticed between statistics ho and class B. In this connection, let
us introduce a modified test that is based only on h; and ho statistics. We
formulate the criteria as follows: hy > ho = A, hy < hy = B. The accuracy of
the introduced criterion for each of the cases is shown in Table 1.
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We complicate the classification task by increasing the variance of the Gaussi-
an distribution. Let the variance be 2 for all the distributions that are used.
Means of distributions are the same as in the previous section and are equal
(0,2,...,28) and (1,3,...,29) for class A and B respectively. It should be
noticed that the intervals between the averages of the same features of different
classes are equal to 1, and the variance is two times greater than this value.

It is important to understand that generated data is difficult to test. In fact
it is not distinguished by human. It can be seen that the linear criterion has
better accuracy and can be successfully used in practice. Quadratic criterion
can be successfully used for data with small variance.

In most practical tasks, we work with data that are inaccurate, or noised.
Analyzing it we understand that the actual data may vary. Therefore it is
important to check how much noise affects accuracy. For this purpose we will
generate a sample with the means (0,2,...,28) and (1,3,...,29) for classes A
and B respectively and variance equal to 1. We add to obtained sample the
noise generated from the Gaussian distribution N(0,0.2).

Analyzing accuracy of the tests shown in the Table 1 we may argue that
the stable test is resistant to noise. Moreover it is seen than both linear and
quadratic criteria give good accuracy in this case. For original linearly separated
samples the linear, quadratic, stable and modified tests demonstrate the ideal
accuracy. For samples with small variance the accuracy of the quadratic test
decreases while the accuracy of the linear, stable, and modified tests are quite
high. For samples with large variance the accuracy of the quadratic and stable
tests decreases. For samples with the Gaussian noise the stable test is the most
accurate.

Test Original Small variance | Large variance | Gaussian noise
es

A|B|AB| A | B |AB|A|B| AB |A| B | AB

Linear | 100 [ 100|100 | 100 | 88 | 94 |88 192 90 |88 | 96 | 92
Quadratic | 100 | 100 | 100 | 100 | 96 | 98 |50 |80 | 50 |64 | 8 | 76
Stable 100 [ 100 | 100 | 100 | 88 | 94 |68 | 72| 70 | 72| 88 | &0
Modified | 100 | 100 | 100 | 100 | 100 | 100 | 80 | 84 | 82 |88 | 100 | 94

Table 1. Accuracy of tests with different variances and noise.

7. CONCLUSIONS

It has been found that both linear and quadratic criteria give high accuracy
for samples with small variance. As the variance increases, the accuracy of the
linear criterion remains high, the accuracy of the quadratic criterion decreases.
Both criteria are resistant to sample noise. This important fact makes them
useful in practical applications. The future scope of the method is connected wi-
th the applications in different fields and investigations of more strong variants
of relative frequencies comparisons based on confidence intervals. The question
of the accuracy of the method when using confidence intervals for comparing
binomial proportions in the Matveychuk-Petunin scheme remains open.
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AHHOTAILUA. B crarbe uccaeayercss MeTO T KiiaccuduKaun MHOTO-
MEPHBIX BBIOOPOK € TOMOIIBIO jumcoB Ilerynuna. g Tectupo-
BaHUs OBLIN CreHEePUPOBAaHBI HECKOJIBKO BBIOOPOK C Pa3HBIMH Pac-
npejeeHusiMu. Ha OCHOBaHWM PACCYUTAHHON TOYHOCTU KPHUTEPHUEB
OBLIM BBISIBJIEHBI IPEUMYIIECTBA U HEJOCTATKU KaXKJIOT0 U3 JIMHEel-
HBIX U KBaJIPATUYHBIX KPUTEPUEB U crenuduKa MeTOIa B IEJIOM.
Bruto obHapyzkeHo, 9TO Kak JIMHEHHbIe, TAK U KBAIPATUIHbIE KPU-
TepUH MAI0T BBICOKYIO TOYHOCTD [IJIsi BHIOOPOK C MAJION JucIepcu-
eit. C yBeJm4eHneM JUCIIEPCHH TOYHOCTD JIMHEHOT'O KPUTEPHST OCTa~
eTCsi BBICOKOI, TOYHOCTb KBAJIPATUIHOIO KPUTEPHS yMEHBIIAETCS.
Oba KpuTepust yCTOINYMBBI K IIYMY.

KUIFOYEBBIE CJIOBA: sjutnnic [lerynuna, crarucruka [leryruna, MuO-
roMepHasi BbIOOpKA, JTUMHEHHDIN TUCKPUMUHAHT, KB IPATUIHBIN JTHC-
KPUMUHAHT, KJIACCUPUKAIIHA.
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