Bicauk XapkiBCbKOTO HaIliOHANBHOTO YHiBepcuTeTy, cepis "Ximig", sum. 32 (55), 2019
https://doi.org/10.26565/2220-637X-2019-32-02

VK 544.169+519.237.5
A NEW APPROACH IN TOPOLOGICAL DESCRIPTORS USAGE.

ITERATED LINE GRAPHS IN THE THEORETICAL PREDICTION OF
PHYSICO-CHEMICAL PROPERTIES OF SATURATED HYDROCARBONS

A.B. Zakharov? and V.V. Ivanov®

V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., 61022 Kharkiv,
Ukraine

a) -] abzakharov@karazin.ua, "= https://orcid.org/0000-0003-1577-7261
b) -1 vivanov@karazin.ua, "= https://orcid.org/0000-0002-9120-8469

A new look on the problem of the molecular systems index description is presented. The capabilities of it-
erated line (edge) graphs in characterization of saturated hydrocarbons properties were investigated. It was
demonstrated that single selected molecular (graph-theoretical (topological) or informational) descriptor cal-
culated for the sequence of nested line graphs provides quite reliable progressive set of regression equa-
tions. Hence, the problem of descriptor set reduction is solved in the presented approach at list partially.
Corresponding program complex (QUASAR) has been implemented with Python 3 program language. As
the test example physico-chemical properties of octane isomers have been chosen. Among the properties
under investigation there are boiling point, critical temperature, critical pressure, enthalpy of vaporization,
enthalpy of formation, surface tension and viscosity. The corresponding rather simple linear regression
equations which include one, two or three parameters correspondingly have been obtained. The predictive
ability of the equations has been investigated using internal validation tests. The test by leave-one-out
(LOO) validation and Y-scrambling evaluate the obtained equations as adequate. For instance, for the re-
gression model for boiling point the best equation characterizes by determination coefficients R? = 0.943,
with LOO procedure — Q2 = 0.918, while for the Y-scrambling test 0; .. <03 basically.

It is shown that all the abovementioned molecular properties in iterated line graph approach can be effec-
tively described by commonly used topological indices. Namely almost every randomly selected topological
index can give adequate equation. Effectiveness is demonstrated on the example of Zagreb group indices.
Also essential effectiveness and rather universal applicability  of  the so-called
“forgotten” index (ZM3) was demonstrated.

Keywords: topological descriptors, line (edge) graph, regression analysis, determination coefficient,
leave-one-out cross-validation, Y-scrambling, “forgotten” index.

Introduction

Development and investigation of new materials are strongly connected with building of corre-
sponding mathematical models for target properties. Such a model can be based on either rigorous
physical conception (e.g. quantum theory, statistical physics) or statistical (chemoinformatics) inter-
pretation of available experimental data. The latter is usually based on the formal description of the
molecular structure with large numbers of molecular parameters — descriptors. Such parameters de-
scribe different aspects of molecular system. Among them the physico-chemical data (lipophilicity,
refractivity, efc) or pure mathematical values which are not connected directly with observed molecu-
lar properties. The subsequent usage of wide arsenal of statistical and mathematical methods provides
possibility to obtain corresponding equations for prediction of desired properties or make a classifica-
tion of molecular system according to certain criterion. In general, such tasks designated by widely
known acronym QSAR — quantity structure-activity relationships (QSPR — quantity structure-property
relationships) [1,2].

The central QSAR problem is the selection of minimal set of descriptors which guarantee reliable
(adequate) description of desired properties. Nowadays for such selection it is worth mentioning factor
analysis and different methods based on regularization technique: LASSO — Least Absolute Selection
and Shrinkage Operator, LARS — Least Angle Regression and Shrinkage, etc. [3]. However, today the
problem of suitable descriptors selection is still the one of the biggest problems in QSAR. The prob-
lem is essentially connected with the large number of available descriptors. For instance, in the popu-
lar computational QSAR software DRAGON [4] there are more then five thousand descriptors.
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During the long history of QSAR investigations, the large set of so-called topological descriptors
(TDs) based at chemical graph theory and information theory has been developed. Since the first Wie-
ner index [5] (1947 !) thousands of indices were proposed for description of different molecular prop-
erties for various classes of chemical compounds. Among them popular Randi¢ index [6] and corre-
sponding set of generalizations [7], large number of theoretically-informational indices [8,9], so-called
Zagreb group indices [10,11] etc. For general description of TDs see reviews [8,9,12].

It should be emphasized that development of brand new TDs is connected not only with pure
mathematical fancy but also with necessity to investigate the properties which cannot be described by
using compact (small enough) set of known descriptors. For instance, important hydrocarbon property
— octane numbers (ON) still cannot be described with rather simple, low parametric equation based on
TDs.

Recently we proposed a new graph-theoretical approach based on nested chains of line graphs [13].
Namely we build regular molecular (vertex) graph (G), then we build line (edge) graph” (G™), and
then a sequence of graphs where each next graph is line graph for the previous one (G*, G, ...,

G™). Subsequent calculation of chosen descriptor for vertex and all line graphs of molecule forming
a predictor set for regression analysis. Effectiveness of our approach was demonstrated in description
of ON for saturated hydrocarbons. In the presented article we continue the investigation of line graph
concept in QSAR/QSPR modeling. As the example we use the series of different physico-chemical
properties of octane isomers [14].

Line graphs in regression model building

According to our approach, for the molecular system with vertex graph G the iterative construc-
tion of a line graph sequence can be described symbolically in the following way:

G’ =V (mol), (D)
G" =E(G")=E(V (mol)), )
G? =E(G")=E(E(V(mol))), 3)
GV =E(G")=E(..V (mol)). (4)

Here by V(mol) we designate procedure of molecular vertex graph building, while G**" = E(G("))

corresponds to building of line graph from previous one.
Adjacency matrix for such a sequence can be easily calculated using well-known matrix expres-
sion:
A, =B'B, -2I, (5)

where 4, is adjacency matrix for graph G**V, B, — is the incidence matrix of current G’ graph,

k+1
and / is the identity matrix.

As an example the graph sequence for methyl derivatives of cyclopropane is presented in Figure 1.
From the picture one can notice that while first line graph (G") describes the connections between
edges through the vertexes, the next line graph (G'?) describes participation of vertices in connection
between edges, efc. For the first employment of the line graphs in chemometrics see [15-17].

In the present article we use the sequence of graphs for building QSAR models namely regression
equations. In particular the regression model of target property (Y) according to our approach is repre-
sented with the equation of the following form:

Y=a+a0X(0)+a1X(l)+a2X(2)+...=a+ZaiX(i), (6)
i=0
where X7, X x® .. are values of the selected descriptor for graphs G, GV, G?, ... corre-
spondently, z is the number of parameters.

) In contemporary mathematical literature for the edge graph there are several terms. Among them the covering
graph, the edge-to-vertex dual, the interchange graph, the adjoint graph, etc. In the present article we are using
probably most popular among them — the line graph.
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Figure 1. Methylcyclopropane (A), 1,2—dimethylcyclopropane (B), 1,2,3—trimethylcyclopropane (C),
their vertex graphs (G) and line graphs (G, G*?).

To evaluate the prognostic ability of obtained equations we use standard coefficients of determina-
tion R* and corresponding values obtained via well known leave-one-out (LOO) cross-validation pro-
cedure Q*:

Z(y,. —)3;)2 Z(yi _}’}i/i)z
R=l-———, Q*=l-i——. (7)

> (v-7) > (5 -7)

1 1

where y. is experimental, §, calculated and . predicted values via LOO procedure for i" molecule.

y is mean value for the training sample.

In the present article we describe regression models of different properties for the set of octane
isomers as a test example. The rather small set of isomer molecules (18 molecules, see appendix
Table A1) is difficult problem for regression model building. We choose to study seven properties of
the isomers (Table 1).

As the descriptor set we use more than 30 indices from different types of topological and informa-
tional descriptors. From the large set of obtained successful equations here we will describe the results
given by several selected indices (Table 2). Especially the group of Zagreb indices attracted our atten-
tion since the latter systematically use vertex degree graph concept. Among them the so-called
“forgotten” index, ZM 3, which is of great interest in contemporary literature [11].

Table 1. Physico-chemical properties of octane isomers under QSAR investigation

property designation dimension

1 boiling point BP K

2 critical pressure CPr Pa

3 critical temperature CT K

4 enthalpy of vaporization HV KJ/Mol
5 enthalpy of formation HF KJ/Mol
6  surface tension ST N/m

7  viscosity Vs Pa‘s

For all indices the set of equations (6) has been obtained for n = 0, 1, 2 (due to small training set
the value n is restricted to two). Information about predictive ability of regression equations based on
ZM1, ZM2, and ZM3 indices is collected in the Table 3.
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Table 2. Most important molecular descriptors in the present investigation.
In this table d; is i" vertex degree, t; is graph distance between i andj vertices,
N is total number of vertices in corresponding graph.

descriptor designation

2

1 First Zagreb Index ZM1= de
2 Second Zagreb Index ZM2 = Z dd,

()]

3
3 “Forgotten” Index ZM3= Z 4,

4 S}lm of logarl.thms of row for LPRS = Zlngtij
distance matrix i J

5  Normalized quadratic index Qind =3-2N+7ZM1/2

It is worth noting that the equations based on “forgotten” index (ZM3) demonstrate good prognostic
ability for all presented cases. The equations for best models where R* and (7 are maximal and

R* ~ Q% enumerated below.

BP=436.14-0.971-ZM 3" +0.197 - ZMm 3" ®)
CPr-107 =2856-13.6-ZM3"" +7.58- ZM3" —0.431- ZM 3? 9)
CT =627.2-1.532-ZM3"") +0.396- ZM 3" (10
HV =48.86—0.514-ZM1" —0.048- ZM1" +0.017 - ZM1?) (11
HF =-180.37-0.757- ZM 3" +0.195- zM 3" —0.007 - ZMm 3? (12)
ST-10°=2.733-1.737-102 - ZM 3" +5.526-10 - ZM 3" -1.916-10™* - ZM 3"?) (13)
Vs-10° =4.739+3.794-107 - ZM 2" (14)

As an alternative to Eqs (9-12, 14) we demonstrate below several additional equations which are
the best, based on LPRS and Qind (see Table 2) along with corresponding determination coefficients.

CPr-10° =-9.681+1.415-LPRS” —1.133- LPRS" +0.01552- LPRS”, R* =0.980, 0* =0.973  (15)

CT =-1657+227.7-LPRS"” —168.3- LPRS"” —2.605- LPRS"”, R>=0.930, 0*=0.885 (16)
HV =34.73-0.9631-Qind'” —0.09515- Qind " +0.03312-Qind?, R*=0.950, 0*=0913  (17)
HF =-770.0+59.13- LPRS'” —43.96- LPRS"” —1.554- LPRS?, R*=0.926, 0> =0.877 (18)
Vs-10° =226.5-13.92- LPRS” +8.502- LPRS"” +0.1045- LPRS"”, R*=0.987, 0*=0.951  (19)

It should be stressed that in most cases only complete chain of descriptors shows satisfactory equa-
tion, i.e. if n = 2 and for example G is eliminated, the given solution will result in worse prognostic
ability. Corresponding determination coefficients for the model based at ZM3 index are given in the
Table 4.

As soon as the training set is quite small we can not select a set for testing. Another way to evaluate
effectiveness of obtained equations (except LOO procedure) is internal Y-scrambling test. This test is
based on the random permutations of Y-column (target property) without corresponding transposition
of predictors. Comparison of determination coefficients from Table 3 (and Table 4) with those ob-
tained via Y-scrambling test gives information about causality effects in the regression models. For the
above mentioned models (7-13) we obtained pretty close results for Y-scrambling test [18]. Thus we
will not describe it completely but only for single general case. Namely for the Eq. (7) (see also corre-
sponding row in Table 3) thousand times Y-scrambling procedure was performed. In case when n =1,
98.8 % of random samples have LOO value Qfﬂu, < 0.3 while for the case when n=2, — 98.7 %.
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These values significantly less then corresponding data from Table3 (ie. ZM3, n=2,
0*=0.799 > Q; ). Hence the chosen model can be treated as statistically adequate.

Table 3. Determination coefficients (first value is R*, second value is Q*) for different regression

models based on Zagreb indices with n parameters in equation (6).
The best validation parameters are given in bold.

M1 M2 ZM3

n 0 1 2 0 1 2 0 1 2
BP 0.519 0.889 0.901 0.251 0.368 0.728 0.497 0.943 0.945
0.373 0.838 0.833 0.087 0.032 -0.167 0.341 0.918 0.799
CPr 0.524 0.839 0.862 0.817 0.885 0.934 0.510 0.894 0.976
0.429 0.791 0.738 0.780 0.831 0.803 0411 0.815 0.922
cT 0.000 0.795 0.795 0.083 0.233 0.653 0.0 0.938 0.953
-0.256 0.727 0.714 -0.120 | -0.171 -0.425 -0.258 0.885 0.871
oy 0.810 0.924 0.950 0.587 0.637 0.859 0.782 0.925 0.947
0.727 0.865 0.913 0.498 0.434 0.478 0.686 0.888 0.872
HF 0.631 0.846 0.851 0.340 0.559 0.723 0.629 0.904 0.916
0.565 0.791 0.774 0.208 0.356 0.211 0.557 0.774 0.793
ST 0.081 0.797 0.800 0.001 0.265 0.650 0.078 0.946 0.980
-0.137 0.730 0.685 -0.195 -0.099 | -0.304 | -0.146 | 0.893 0.962
Vs 0.848 0.849 0.925 0.874 0.882 0.945 0.805 0.807 0.919
0.776 0.757 0.658 0.811 0.796 0.768 0.724 0.697 0.609

Table 4. Demonstration of determination coefficients decay when incomplete
sequence of graphs is employed for ZM3 index example.

G(O) G(l) G(z) G(O) G(Z) G(l) G(ZJ

R? 0’ R? 0’ R? 0’
BP 0.945 0.799 0.895 0.707 0.450 -0.466
CPr 0.976 0.922 0.719 0416 0.717 0.578
CT 0.953 0.871 0.712 0.235 0.176 -0.893
HV 0.947 0.872 0.946 0.913 0.747 0.357
HF 0.916 0.793 0.821 0.605 0.463 -0.061
ST 0.980 0.962 0.693 0.219 0.091 -0.883
Vs 0.919 0.609 0.814 0.691 0.919 0.686

Conclusion

In the present article we demonstrated ability of iterated line graphs approach in building of QSAR
regression equations. In contrary to standard approach, where the combination of descriptors has to be
generated by different statistical approaches (like factor analysis, etc), we use simple stepwise ap-
proach for single selected descriptor. Subsequently we calculate the nested line graphs, the chosen
descriptor for it, and then corresponding regression equation. The simple comparison of determination
coefficients allows to identify the best equation, and evaluate its prognostic ability.

Another aspect of the article concerned to so-called “forgotten” index, ZM 3. It was observed be-
fore that usually ZM 3, can not give good predictive ability itself however in combination with other
indices it can give quite adequate equation [11,19]. We argued with this issue and demonstrated that
ZM 3 calculated for a sequence vertex and line graphs gives regression equation with good yet rather
universal predictivity.
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Appendix

Table Al. Physico-chemical properties of octane isomers
(acronyms according to the Table 1)

name BP Cfr CcT HV HF 6S T 5Vs

K 10” Pa K KJ/mol KJ/mol 10° N/m 10° Pa-s
2,2-dimethylhexane 379.99 2.53 549.8 32.37 -224.6 1.92 591
2,3-dimethylhexane 388.76 2.63 563.4 33.18 -213.8 2.05 5.89
2,4-dimethylhexane 382.58 2.56 553.5 32.48 -219.2 1.96 591
2,5-dimethylhexane 382.26 2.49 550.0 32.73 -222.5 1.93 5.84
3,3-dimethylhexane 385.12 2.65 562.0 32.64 -220.0 2.02 5.94
3,4-dimethylhexane 390.88 2.69 568.8 33.31 -212.7 2.12 591
3-ethyl-2-methylpentane 388.81 2.71 567.0 32.97 -212.8 2.11 5.96
3-ethylhexane 391.69 2.61 565.4 33.69 -210.7 2.11 5.83
3-ethyl-3-methylpentane 391.42 2.81 576.5 32.81 -214.9 2.15 6.00
2-methylheptane 390.80 2.49 559.6 33.44 -215.4 2.02 5.71
3-methylheptane 392.08 2.55 563.7 34.04 -212.5 2.08 5.76
4-methylheptane 390.86 2.54 561.7 33.88 -212.0 2.05 5.77
octane 398.83 2.49 568.8 34.77 -208.8 2.11 548
2,2,3,3-tetramethylbutane | 379.60 2.87 567.8 31.42 -225.9 2.02 6.20
2,2, 3-trimethylpentane 383.00 2.73 563.5 32.16 -220.0 2.02 6.05
2,2 4-trimethylpentane 372.39 2.57 544.0 31.02 -224.0 1.83 6.05
2,3,3-trimethylpentane 387.92 2.82 573.5 32.40 -218.5 2.11 6.05
2,3,4-trimethylpentane 386.62 2.73 566.3 32.62 -217.3 2.07 6.01
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Haoicnarno oo peoaxyii 17 keimus 2019 p.

A.B. 3axapos, B.B. ViBaHOB. HoBbI MOAx04 B MCMNONb30BaHMU TOMOMOMMYECKNX OECKPUMNTOPOB. MTepupoBaH-
HbI pebepHbIn rpad B npobrneme hrnsnKO-XMMNYECKNX CBOWCTB HACbILLEHHbIX YTNeBOAOPOAOB.

XapbKOBCKWI HaLMOHanbHbIN YHUBEpPCUTET uMeHn B.H. KapasuHa, xumuueckun cakyneteT, nn. Ceoboakl, 4,
XapbkoB, 61022, YkpauvHa

B paHHOM cTatbe npeacTaBneH HOBbIN B3rMaA Ha NpobneMy onucaHus MOMEKYNAPHbIX cucTeM. M3yyeHsl BO3-
MOXXHOCTW UTEepMpPOBaHHbIX pebepHbiX rpadoB NPV ONUCaHWM CBOWCTB HaCbILWEHHbIX yrnesodopofos. lNpoae-
MOHCTPUPOBAHO, YTO €AUHCTBEHHbIA BbIOPaHHbLIA MONEKYNAPHbIN (rpadMKo-TEOPETUYECKUIN (TOMOMOTNYECKMNIA)
WM MHOPMALMOHHBIN) AECKPUNTOP paccyMTaHHbIN AN MOCe4oBaTeNbHOCTU BMOXEHHbIX pebepHbIx rpados
NO3BOMSET NONy4YnTb JOCTATOYHO HafEXHbIE PEerpeccuoHHble ypaBHeHus. TakuMm obpasom, npobrnema cokpatle-
HWS OeckpunTopHOro Habopa pelueHa B JaHHOM MoAaxofde Mo KpawnHew mepe vacTuuHo. PaspaboTtaH n peanuso-
BaH cooTBeTCcTBYOLWMIA nporpammHbiv nakeT (QUASAR) ¢ ncnonb3oBaHneM si3bika nporpammuposaHuns Python 3.
B kayectBe TectoBoro npumepa usbpaHHbl PU3MKO-XMMMYECKME CBONCTBA M30OMepOB OKTaHa. Cpean u3yvyeHHbIX
CBOWCTB - TemrnepaTtypa KUMeHusl, KpUuTndeckas TemnepaTypa, KpUtuyeckoe AaBreHne, SHTanbnvs ucrnapeHus,
3HTanbnua obpasoBaHuUsi, Cua MOBEPXHOCTHOTO HATSXEHWS, a TakkKe BA3KOCTb. [MofnyyeHbl COOTBETCTBYHOLLME
[OCTaTO4HO MPOCTbIe NIUHEVHbIE PErPECCUOHHBbIE YPaBHEHUSI BKIIOYaloOWMe OAWMH, ABa M TpU napameTpa CcooT-
BeTCTBEHHO. lNpeAcka3aTenbHas CNnocobHOCTb YpaBHEHUI M3ydYeHa C MCMoNb30BaHWEM Npoleayp BHYTPEHHeN
Banvaaumu. Mo npouenypam leave-one-out (LOO) n Y-scrambling gokazaHa ageKkBaTHOCTb NOMyYeHHbIX ypaBHe-
HWA. Hanpumep, ONsi perpeccMoHHOn Moaenu, MonyvyeHHOW ANsi TemnepaTtypbl KUMEHWs, nydlive ypaBHEHWUs
XapakTepuayrTcsa koaddpuumeHTammu getepMmmHanmm R?=0.943 1 Q2 = 0.918 (npouenypa LOO), B To BpemMsi kak
no npoueaype Y-scrambling 0} .. <03.

Takke nokasaHo, YTO Bbllleyka3aHHble MOMEKYNSpHbIE CBOWCTBA B MOAXOAE BMOXEHHbIX pebepHbIx rpados
MOryT BbITb OMMCaHbl C UCMOMb30BAHUEM OBLLENPUHATBLIX TOMOMOMMYECKMX AECKPUNTOpoB. B obliem noyuTtu nio-
6ol M3GpaHHbIA TOMONOrMYECKUIA AECKPUMNTOP MOXET AaBaTb afekBaTHble ypaBHEHUS. DPHEKTUBHOCTL Npoae-
MOHCTPMpOBaHa Ha npumepe uHaekcoB 3arpebcekon rpynnbl. «3abbiThii MHAEKC» (ZM3) 3apekomeHgoBan cebs
KaK [OCTaTOYHO YHMBEpCcasibHbIA MHOEKC NPY ONUCaHWK BbilLeyKasaHHbIX CBOWCTB.

KnroyeBble cnoBa: Tononornyecknii Aeckpuntop, pebepHblii rpad, perpecCcuMoHHbIi aHanms, KoadduuneHT
netepMuHaumn, leave-one-out Banugaums, Y-scrambling, «3a0bIThIny MHAEKC.

A.B. 3axapos, B.B. IeaHoB. HoBWIA nigxig y BUKOpPUCTaHHI TONOMOMYHUX AeCKpUNTOpIB. ITepoBannii pebepHui
rpad y npobnemi ianko-ximiyHMX BTACTUBOCTEN HACUYEHNX BYTTIEBOAHIB.

XapkiBCbkui HauioHanbHWI yHiBepcuTeT iMeHi B.H. KapasiHa, ximiuHni dakynbteT, mangaH Csoboam, 4, Xap-
kiB, 61022, YkpaiHa

B paHin ctatTi npeacTaBneHo HOBWUIA NOrNs4 Ha NpoGrnemMy Onucy MOMEKYNSPHUMX cucTeM. BMBYeHO 3gaTHOCTI
iTepoBaHnx pebepHux rpadis Npyu onNuci BNacTMBOCTEN HAaCUYEHMX BYrNeBOAHIB. [1poaeMOHCTPOBaHO, L0 €ANHUIA
obpaHuii MoneKkynsipHuin (rpad-TeopeTuyHui (TononoriyHuin) abo iHdopmauiiHuin) 0eCKpUNTop po3paxoBaHuUi
Ans NocnifoBHOCTI BkNageHux pebepHux rpadis A403BONSAE A4OCTaTHBO OTPMMATU AOCTaTHLO HagilHi perpecinHi
PiBHSAHHSA. TakuM YMHOM, Npobrema CKOPOYEHHST 4ECKPUNTOPHOrO HAbopy BUpilleHa B AaHOMY MiAXOAi NpUHAKMHI
yactkoBo. Po3spobrneHo Ta peanizoBaHo BignosigHui nporpamHuin naket (QUASAR) i3 BUMKOPUCTaHHAM MOBMU
nporpamyBaHHs Python 3. Y skocTi TectoBoro npuknagy obpaHi i3vko-XiMiYHi BMacTMBOCTI i30MepiB OKTaHy.
Cepen BUBYEHWX BNacTMBOCTEW - TemnepaTtypa KUMiHHA, KpUTUYHa TemnepaTypa, KPUTUYHUIA TUCK, eHTanbnis
NapoyTBOPEHHS, eHTanbnMis YTBOPEHHS, MOBEPXHEBUI HATAr @ TakoX B'A3KicTb. OTpumaHi BigNoBigHI 4OCTaTHLO
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NPOCTi NiHiViHI perpeciviHi PIBHAHHS WO BKMOYaloTb OAWH, ABa Ta Tpu napameTpu BignosigHo. NepenbadysanbHa
30aTHICTb PiBHAHb BUBYEHA i3 BUKOPUCTaHHSAM Mpoueayp BHYTPILWHBOI Banigauii. 3a npoueaypoto leave-one-out
(LOO) Ta Y-scrambling noBeneHa agekBaTHICTb OTPMMaHUX piBHSAHbL. Hanpuknag, ans perpecinHoi mogeni, Wwo
OTPMMaHO AN TemnepaTypyu KUMiHHSA, HalKpalwl PIiBHSHHSA XapakTepuayloTbeca koediuieHTamu petepMiHadii
R?=0.943 Ta Q° = 0.918 (Npouepypa LOO), B Toit Hac sik 3a npoueaypoto Y-scrambling ¢?  <0.3.

TakoX nokasaHo, L0 BULLEBKa3aHi MOMEKynsipHi BNacTMBOCTI Y Nigxoai BknageHux pebepHux rpadiB MOXyTb
OyTU onucaHi i3 BUKOPUCTaHHAM 3aranbHO BXXMBaHUX TOMOMOTMYHUX AecKpMnTopiB. Baarani maimxe koxeH obpaHui
TOMONOFYHUIA AECKPUMNTOP MOXe [aBaTu afekBaTHi piBHAHHSA. EdekTnBHICTL NpoaeMOHCTpOBaHO Ha npuknagi
iHgekciB 3arpebebkoi rpynu. «3abytui» iHgekc (ZM3) 3apekomeHayBaB cebe sik 4OCTaTHLO YHiBepCcanbHWUM iH-
[OEKC Npu ONUcaHHi BMLLIEBKa3aHNX BNACTUBOCTEN.

»

KnroyoBi cnoBa: TononoriyHuin geckpunTop, pebepHuii rpad, perpecinHni aHanis, koedildieHT getepMiHadii,
leave-one-out Banigauisi, Y-scrambling, «3abyTtuii» iHaekc.
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