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ALGORITHM BIDIMS FOR AUTOMATED SYSTEMATIZATION OF DATA ARRAY.
CASE STUDY: REDISCOVERING MENDELEEV’S PERIODIC TABLE
OF CHEMICAL ELEMENTS.

Andrey Zagoruiko and Nikolay Zagoruiko

Abstract: The method (algorithm BIDIMS) of multivariate objects display to bidimensional structure in which the
sum of differences of objects properties and their nearest neighbors is minimal is being described. The basic
regularities on the set of objects at this ordering become evident. Besides, such structures (tables) have high
inductive opportunities: many latent properties of objects may be predicted on their coordinates in this table.
Opportunities of a method are illustrated on an example of bidimentional ordering of chemical elements. The table
received in result practically coincides with the periodic Mendeleev table.
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Introduction

One of Data Mining purposes consists in reduction of the available data to such kind at which the person easily
perceives the basic contents of the analyzed information. The information advanced in such a way becomes a
little more substantial for the person. The specified purpose is achieved by different means. The important role
plays machine graphics, allowing the person to perceive the information through the powerful visual analyzer.
Various ways of ordering at which one-dimensional or bi-directional data file will be coordinated well with the
simple concepts (models) have a wide circulation. One-dimensional line of smoothly growing or decreasing
numerical values is evident, for example. Even more information is contained in bi-directional tables with
monotonic change of data on the first and second coordinate. It is not surprising that many fundamental laws of a
nature - the law of the Ohm, Newton, Mendel etc. are well illustrated by bi-directional data tables.

D.l. Mendeleev, studying dependencies between various properties of chemical elements, relied on many results
of the predecessors. In particular, the grouping of some elements on a generality of their chemical properties was
known, on similarity of nuclear weights etc. Mendeleev put the task before itself to make such bi-dimensional
ordering of all 63 elements known at that time at which the neighbouring elements of the table would be similar to
each other on maximum big set chemical and physical properties. Such their arrangement will be coordinated
with the concept of local smoothness, which provides easy perception of the general laws for the table.

The use of concepts beforehand prepared or the models is useful not only for an explanation of the data analysis
result, but also for the process of this result receiving. The rich history of scientific discoveries speaks about it, in
many of which traces of attempts of such type are obviously visible: " - It seems these objects have a S-structure.
And what if to try use such a model? And what if to order the objects by such rule?"

Let's illustrate the utility of the initial empirical data association with the simple concepts during revealing the laws
latent in data. We'll do it on an example of automatic rediscovering of the periodic law of chemical elements. Such
attempt was already done by us [1], but in a little bit idealized conditions. In particular, true nuclear weights and
valences on hydrogen, instead of those known to Mendeleev were used; the program was adjusted to the fixed
number of properties etc. In the given work those data and knowledge, which D.l. Mendeleev had at his disposal
during the creation of the periodic law of chemical elements, are used.

Description of Systematization Algorithm

Let us imagine that we have some data array, consisting of n elements A, each of them characterized by a set of
k properties. In the current formulation the task is to systematize this array in a form of a two-dimensional table
with internal uniformity in changing of element properties in both dimensions.

Let us also propose that we have some «embryo» of the table, i.e. credible group of small amount of elements,
constructed on the base of researcher intuition. Having such a group it is possible to try to predict the properties
of neighbouring elements. Assuming the uniformity of elements properties changing inside the «embryo» in both
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dimensions, this procedure may be performed using linear approximations. Possible types of such
approximations are given below:

Internal approximation may be applied if it is necessary to predict the properties of the element, situated between
two elements provided that their positions in the table are already known. In this case if known elements are
situated in the table at coordinates, for example, (i+1,j) and (i-1,j), then the value of m-th property in position (i,j)
F’ijrn may be predicted using the equation
m m
pMm _ Pi—lj t i+1] (1)
ij 2

Similar estimations may be obtained as well for combinations (i+1,j+1) u (i-1,j-1), (i+1,j-1) v (i-1,j+1), (i,j+1) v (i,j-
1), i.e. via the horizontal, vertical and two diagonals (total — 4 variants).

External approximation is used when it is necessary to construct the forecast for the table cell adjacent to the pair
of situated elements with known positions. For example, if known elements are placed in the cells with

coordinates (i-2,j) and (i-1,j), then value of P;" may be predicted as follows:

P"=2P" —RM,, @

ij i-1j

Here the predictions also can be made via horizontals, verticals and diagonals (total - 8 variants).

Corner approximation is applied when known elements are placed in the table in form of “corner”, for example, in
the cells with coordinates (i+1,)), (i,j+1) and (i+1,j+1). In this case it is necessary to use the equation

F)ijm — Pm + P_m . m (3)

i1 ij+1 i+1j+1

Four variants of “corner” positions are possible. The final prediction of the property Pijm is defined as averaged

value of all forecasts according to equations, which total number may reach 16.

The next step of the procedure is selection of optimal “pretending” element from the set of remaining elements,
which are not positioned in the table. The running through of all remaining elements in relation to every empty cell
of the table is made with definition of the positioning quality of every element/cell combination. The modulus of
deviation between predicted and real element property values may be used as quality criterion:

k
X => abs(P" —R") “)
m=1

where X i;‘ - quality criterion of h-th element in the cell with coordinates (i,j), R, - real value of m-th property for

this element. After running of every elements versus every table cell, the table is filled with only one element,
which at all set of h, i and j is characterized with minimum value of Xi;‘. This procedure is repeated until
completion of positioning of all initial elements.

The problem may be complicated by two factors. Firstly, range of parameter values may be significantly different
for different properties, resulting in different contribution of each property to the value of Xi? criterion and,
therefore, leading to their «inequality of rights». Secondly, it is not evident that every element is described by a
full set of properties, so property array actually may include missing values. Correspondingly, the reversed

situation is possible as well, when the definite element property is really present, but cannot be predicted,
because it is not present in the property sets of elements used for prediction.

First complication is easily solved by normalization of data for each of properties. In the second case it becomes
necessary to define for each cell and each element how many properties area really predicted and then normalize

criterion Xi'j1 value as follows:
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Kk
2. abs(R" —R)
=1
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where Zi;‘ - number of coincidence «successfully predicted property» / «presence of that property in the element

property set» under attempt to place the h-th element in the cell with coordinates (i,j). Moreover, as it was
demonstrated by test calculations, to improve systematization quality it is better to give preference to elements

with higher value of ZIJ , as more reliably determined. Such preference may be realized by different ways, but in

this work we used empirical method, based on application of ZIJ , raised to a power higher than one. Particularly,
the optimal order value was found to be 3, i.e equation (5) was transformed into:

Kk
bs(P" —R["
Xhh:mz_la S( ij h) (6)
: (Z5)’

Systematization of a Full Set of Chemical Elements

As a case study we used a complete set of chemical elements (see Fig.1), e.i. the essential aim of the work was
reopening of periodic law, discovered by Dmitry Mendeleev in 1869.

NMEPUOANYECKAST CUCTEMA JIEMEHTOB .M. MEHAEJIEEBA
neowolnlf Vil Vil
H) m’am A uzuzs He
1 ( 11 i1 v Vv | VI “BnaoPoL FEnKit
. 3 5 7 8 3 10
2 Li 5,939 Be 9,0?;2 10,811 B |z,?)msc w30s N 59504 O m‘wafd‘1 20,179 Ne
NUTHI BEPWIUTAN YTAEPOLL A30T § KWCROPOT ®T0P HEDH
1 12 s 1 15 16 17 18
3 Na 25,085 Mg 24,305 25 9815 Al ze,%as Sl» 6P |aese S [z C1 39,948 Ar
HATPUA | MATHUM Am{!MMHMM KPEMHUI]  0Ch0P CEPA XnDP API’OH
0 : 22 23 24 25 28
K 3_9{1%2 Ca 402,pa Sc 44,9_56 Ti s50|V a2 |CF sisss | Mn sl Fe seanr| Cosane| NI 5%
4 KaRi KAfibtiiii  [CKAHAWR | THTAH BAHALWA JXPOM MAPTAREW chE3G KBBARLY HHAKE ST
29 30 3 32 33 34 33
53,546011 5,37 Zn 69,72 Ga 72,59 Ge_ 74,92rsAS 78,96 Se 79,304 Br sa,sn Kr
MEﬂb - LIMHK TANRWK | FEPMAHUK MbllULSK CENEH E)PGPv KPUATOH
- > i
Rb 8547 Sr e:'li,gz Y s_s:.}agm ir 9?22 Nb 9_2?91116 Mo 9?,9& Tc [99] Ru 101,07 Rh 02, 905 Pd osa
5 PYBUAAR  {GTPOHUYYW |MTTPUM LUHPKOHUI |HUOBMA  |MOAMBIEH rJhELLlM PYTEHAR | POJMA NANARQUR
9 4] 51 52 34
;0451.7365 Ag nlgm Cd ui‘,az In_ 1155,89 Sn oy Ob 127,60 Te xzs,s‘uu 1 | Xe
~EPEBPOD KALMUH WHAKK 0NoBD CyPbMA TEATVP W,ﬂ KCEHDH
T 14 76 77
Cs 132,59%5 Ba 13?24 Laxxtsg?sl Hf Wg,%g Ta 1307,9:?15 183,85 R?r mbz Os 190,2 Ir 192,2 Pt 135, 09
8 UE3UY BAPUA TIAHTAH TAGHUIA | TAHTAR BDIIb@PAM PEHNI oCMii WPHIMA | TNATHHA
79 0 81 82 83 n; 85 8%
;g‘s,w Au zgu,sg Hg 204,37«‘T} 207,19 Pb zua,ganBl [zm] Po z]ﬁ’} At [222] Rn
301070 PTYThH TANHAY CBUHELL BUCMYT | nonexwna ACTAT PAAOH
104 1 105 ¢ 056030A4E A W HOME
7 Fr [28273] Ra [2826] AC [227] Ku [264] [ ! anCMAEqHH“E TOMHbA HoMER
HPAHLUA | PARMK AKTUHUH KYPUATUBMM} I _J
_____ Li '5'959\ ATOMHbBIA
TuTui o

B kRaRPATHBIX CKOBKAX IPUBEREKLI MACCOBBIE
YACTA HAMBONEE YCTOMUMBLIX HI0TON0B

*J‘[AH’I‘AHOM[{E[

62 63 |, 64 67 68 69 i1
CBM%% Pr |4n_%n97 Ndmﬁgz: Pm [?4{7] Sim s Eu!sl,gs Gd 52 Tbl&agz D 15 50 Ho 550 Eflsy,zs Tml@a,w Ybna 04 Lu 72,97
UEPHA | NPAEOLMM|HEDAMM |nPOMETHA|cAMAPHW [ESPONMI |rARDNMHAW | TEPBMA YAMCNP03A| ronomin {986 [TYAMA  [MITEPGAA | NHOTENHH

**AKTMH ou A bl
Thzagu Pa 231 U 23?.023 NP [?3:4}] Pu [?44] Am o [243] Cm [_2?07] Bk [247] Cf [2%31, £s [?53] Fm [Izsﬂ 257; (NU)[ 255] Lr [12(5)3]

TGPUI HPUIAKTHHM YPAH - |RENTYHUA |NAYTOHWA JAMEPUUNA | KEOPUN BEPKNAY JRHITENHHIA ] DEPMAM | MENDENERRAI(HOBENMIA) " § NOYPEHCHM

Fig.1. Short-period table of elements

At the first stage we performed test calculations with application of full set of chemical elements, known at the
current moment. In case when the set of three basic properties (atomic mass, group number and period humber)
the described algorithm provided fast and correct solution. Of course, application of group and period numbers
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was equivalent to inclusion of already known correct solution into initial data. Therefore, this variant was for
software testing purposes only.

On the second stage we used a set of three basic properties, that were known to Mendeleev and which were
used by him in his work on periodic law construction: atomic mass, oxygen and hydrogen valence. As “embryos”
we used intuitive combinations which look, nevertheless, quite obvious from chemical point of view, such as:

Na 0 F

K Ca or S Cl

In this case it was possible to successfully construct the “framework” of the table, where periodicity and uniformity
of properties changing are evident, namely — 2" and 3 periods. The following table filling met significant
complications, mainly for transitional element and, especially, for triads Fe-Co-Ni, Ru-Rh-Pd, Os-Ir-Pt and inert
gases. Correct positioning of lanthanides and actinides was found to be completely impossible.

At the same time some interesting regularities were discovered. It was found that even one erroneous positioning
of an element leads to the chain of further errors, the sooner the error is made the more significant distortions are
contributed to the final result. It was also detected that table construction quality (quite logically) depends very
much upon the choice of initial “embryo”.

Explanations of all these problems are rather simple. Periodicity and uniformity of changing of atomic mass looks
evident (Fig.2), at least if will not consider natural mass gap in the area of lanthanides placement (this gap is
absent in a long-period table). At the same time the picture for oxygen and hydrogen valences is much more
complicated (Figs. 3 and 4).

Lanthanides "
)

250
200
150
Atomic mass

+100
50

Fig.2. Changing of atomic mass of elements in groups and periods of “short” periodic table.

Good periodicity is observed for hydrogen valence (Fig.4), but this data is present for less than a half of elements.
Furthermore, continuity of data is present in 2" and 3 periods only, and in higher periods the periodicity is
broken by transitional elements (i.e. is repeated “a string after”).

Majority of oxygen valence data (Fig.3) is fit into irreproachable flat plane, but with significant anomalies at the
table periphery, notably:

- decrease of observed valence in triads Fe (6+) - Co(3+) - Ni(2+), Ru(8+) — Rh (4+) — Pd(2+), Os (8+) — Ir(4+) —
Pt(4+);

- zero valence for inert gases (except Xe(8+) and Kr(2+));

- high valences of copper (2+) and gold (3+) instead of expected (1+).
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Hydrogen valence 2|

Group number 2y

Fig..4. Changing of hydrogen valence.

In general it may be stated that in relation to mentioned properties the data array in Mendeleev’s table is not
uniform, as it was proposed at the stage of problem formulation. Nevertheless, the attempts were made to
“smooth” these nonuniformities by application of greater number of properties in element descriptions. The
properties that were definitely known to Mendeleev during his work on Periodic Law (densities, melting and
boiling temperatures for elements and their oxides and chlorides; acid/base properties of oxides etc) were chosen
to expand data array.

Surprisingly, this attempt was even less successful. The reason for this fault may be demonstrated on the base of
element density changing (Fig.5).
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Element density,
g/cub.cm

Period number

Fig.5. Changing of density of elements in groups and periods of “short” periodic table.

"Carbon gap"

Period number

1 Group number

Fig.6. Elements density gap in the 2" period.

Fig.5 shows strong nonlinearity and nonuniformity of plotted surface. Notably, such oscillations are typical not for
densities only, but for all other mentioned properties as well. In principle, if we will switch to long-period table,
then these oscillations will become smoother, but such switching is incorrect, because it will require choice of
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elements from 4t and higher periods for formation of the “embryo”, what looks unobvious. Construction of table
from more reasonable “embryo” elements of 2"d and 3 periods will in any case lead to short-period type of the
table.

Moreover, there also exists the problem that cannot be resolved even by transfer to long-period table. Let us
consider the fragment of Fig.5 related to 2 period. Here (Fig.6) it is seen that between starting elements in this
period (Li, Be, B, C) and further sequence (starting from N) there is a gap in densities (by a few orders of
magnitude — values in vertical axis are given in logarithmic scale). Similar anomaly behaviour is also observed for
other physical properties. Gap position may shift from C/N to C/B zone (e.g. for melting and boiling temperatures
of oxides), but is always connected with carbon. Existence of such anomaly (“carbon gap”) finally leads to
impossibility to construct correctly even the 2" period of the table and to completely absurd construction of
following periods.

Therefore, expansion of data array by introduction of additional physics-chemical properties only decreases the
quality of systematization process. Of course, it is possible to try using modern elements characteristics (atomic
electron configuration, ionization potential, electro negativity etc.), but it looks incorrect, because this information
was not available to Dmitry Mendeleev, and, besides, in this case the data array will artificially contain correct
solution, thus “killing intrigue” of this study.

Systematization of “Mendeleev’s” Set of Elements

Though the systematization of complete set of elements was unsuccessful, in this pert of the study we tried to
systemize the elements set that was known to Mendeleev during his work. This set is different from complete one
in following:

- inert gases are completely absent (they were discovered later);
- majority of lanthanides and actinides, as well as heavy elements (heavier this bismuth) are absent;
- few elements from middle periods are also undiscovered (Sc, Ga, Ge).

Furthermore, for some elements Mendeleev has doubtful and incorrect data for atomic weights and valences.
Due to aforementioned reasons here we used only data on atomic mass and valences. It should be noted that
Mendeleev also used this information as basic in table construction process.

Surprisingly, it was found that in this case systematization is much more simple than that for complete set of
elements. First of all, it is explained by absence of inert gases, which actually are placed in the table quite
illogically (none of them, except xenon, demonstrate 8+ oxygen valence, which is predicted for this group).
Additional advantage is absence of lanthanides, because their position in short-period table also looks quite
unusual.

In this case we’'ve managed to reproduce the major part of the table, but here as well we met the effect of “wrong”
behaviour in triads of transitional elements. For example, cobalt (quite logically) was “trying” to fill the cell of
absent gallium due to coincidence of maximum oxygen valence (3+) with relatively low error in prediction of
atomic mass. From chemical point of view it is absolutely evident that cobalt is an analogue of iron and nickel, but
not aluminum (as gallium), but such “chemical” understanding cannot be described in data array within existing
data structure. Anyway, incorrect cobalt positioning led to distortions in further construction of the table. The same
may be told about triads of noble metals.

Therefore, we've attempts to modify initial data array, based on exclusion of the most “odious” elements,
particularly:

- all elements from transitional triads, except first ones (Fe, Ru, Os), were excluded;
- present lanthanides were excluded (except La and Ce only).

Moreover, for copper and gold the basic oxygen valence 1+ was stated, though their actual maximum valences
are higher (2+ for Cu and 3+ for Au). It was done to reveal the fact that Cu and Au are analogues of silver.

The result of systematization in this case is shown in Fig.7.
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Group
Period
H
Li Be B C N 0 F
Na Mg S
K Ca Cr
Cu Zn Se
Rb Sr Mo
Ag Cd In Sn Sh Te
Cs Ba La Ta W
Au Hg Tl Pb Bi U

Fig.7. Result of systematization of “Mendeleev’s” set of elements.

It is seen that systematization quality is quite high. Practically all elements are placed in cells, where they should
be. Exclusion is made by uranium which actually should be situated in V-7 cell after thorium, but this error is not
important (Th and U actually should be placed in separate subgroup of actinides, which is stipulated in this type of
the table). Placement of thorium and cerium also does not look formally correct, but actually it is quite usual for
them to demonstrate 4+ valences, what gives the ground to position them in the IV-th group of basic table. Such
their dual behaviour is well known and is defined by objective specifics of their electronic structure, so such
placement may be accepted as appropriate. It is curious, that D.l. Mendeleev the same as also our program, has
placed in the initial kind of the table Thorium and Cerium in 4-th group. Moreover, in the same group he has
placed and Lantan [2,3]. We shall note that our program has placed Lantan on a correct place in third group.

Prediction of Undiscovered Elements Properties

Special attention should be paid to prediction abilities of the constructed table. As it is seen from Fig.7, after
systematization few cells inside the table were left unfilled. These cells strongly correspond to existing elements,
that were undiscovered at the time of Mendeleev’s study. To predict the properties of missing elements we used
the described algorithm. In this case only obtained data values being inside the normalized range ([0,1]) were
chosen.

Result of such prediction is quite impressive. First of all, 5 elements that must be positioned inside the table body
were clearly shown (their positions in the table are shown at Fig.7 by crossed cells). Description of predicted
values is given in Table 1.

Table.1

Position Atomic mass Oxygen valence Hydrogen valence Real
column/string | forecast fact forecast | fact forecast | fact element
3/4 43,90 44,95 3 3 - - Sc

4/5 69,00 72,59 4 4 4 4 Ge

3/5 65,20 69,72 3 3 - - Ga

716 101,10 98,91 7 7 1 - Tc

7/8 176,80 186,20 7 7 - - Re
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It is seen that coincidence between predicted and actual property values is quite good. Moreover, during analysis
of predictions that were excluded from consideration, because the predicted values were found to be outside
normalized range, we selected the group of similar elements, which formally should have been positioned in 8t
group and have formal valences 8+ for oxygen and 0 for hydrogen (shown by shadowed cells at Fig.7). The
reason of their exclusion was zero hydrogen valences, what was considered as inappropriate property value.
Actually these predictions are strongly equivalent to the group of inert gases and good coincidence between
predicted and actual properties is seen here as well (see Table.2). Furthermore, “wrong” prediction of zero
hydrogen valences in this case achieves real physical sense — inert gases do not form hydrogen compounds in
reality.

Table.2

Position Atomic mass Oxygen valence Real element
column/string forecast fact forecast fact

81 6,00 4,00 8 - He

8/2 20,05 20,18 8 - Ne

8/3 35,80 39,95 8 - Ar

8/5 80,30 83,80 8 2 Kr

8/7 138,80 131,30 8 8 Xe

It is interesting that after selection of predictions no forecasts were made non-existent elements, i.e. the algorithm
has made no attempts to fill empty cells of 1st period and cells to the right and to the left of the table body.

Conclusion

In general we may state that proposed algorithm BIDIMS (under definite assumptions and modifications)
successfully managed to systemize “Mendeleev’s” set of elements and, in fact, repeated the discovery of Periodic
Law in a form, which was possible in Mendeleev’s work period. Performed study, nevertheless, is not diminishing
Mendeleev's achievements in any extent. First of all, used assumptions and modifications were based on intuitive
and forced decisions, having no formally strong grounds. In second, the basic decisive properties (atomic mass,
valences) were chosen the same as ones used by Mendeleev. And the most important — the essence of genius
Mendeleev's discovery is proposition, that existing element may be systemized in form of two-dimensional table.
We used this proposition as acknowledged fact in our study.
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