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Probability distributions are important models in all scientific fields; however, they are essential in statistics. We provide
a new class of mixed joint probability distributions with probability spaces that are sequences of nested piled 2D—lattices.
The methodology for producing these models involves embedding a discrete variable extended 5—Benford’s distribution into a
continuous variable modified Bernstein polynomial. (3 is the parameter of this family of distributions and denotes the base of an
arbitrary number system. Our purpose was to describe the mathematical structure and statistical features behind the interactions
of these probability distributions. On the basis of the theoretical development and its results, we conclude that these models are
valuable for numerous applications in various scientific disciplines. A concrete decimal system case is introduced to support
our hypothesis.
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Introduction

Probability distributions have played an important role in all fields of science, especially statistics, since the sixteenth
century, initiated by G. Cardano, followed by P. de Fermat and B. Pascal in the seventeenth century; this tradition is carried
on to this day by scientists such as (Franklin, 2015; Debnath, & Basu, 2015). For example, after the discovery of the
renowned Benford’s distribution in 1938 (Benford, 1938), which originally went back to 1881, as surmised by astronomer
(Newcomb, 1881). Since then, many papers and books supporting its theoretical and practical applications have been
published in various fields of science. Namely, in statistics, mathematics, in business (accounting, economics, finance,
and management), physics, chemistry, social science, computer science, etc. This means that there is rich and abundant
literature on Benford’s distribution.

Some researchers aimed to find generalizations of Benford’s law, achieving fruitful results, such as (Fu, Shi, & Su,
2007), who proposed an interesting, first-digit, generalized Benford’s law

p(z) = Nlogio (1+ > x=1,2,3,4,5,6,7,8,9,

s+ x4
where N is a normalization factor that makes p(x) to be a probability distribution, and s and ¢ are some model parameters,
see (Fu, Shi, & Su, 2007) for details. In addition, (Pietronero et al., 2001) showed that Benford’s law can be generalized
to a series of numbers generated from more complex systems, such as catalogs of seismic activity. (Barabesi, & Pratelli,
2020) provide some properties of the Generalized Benford Law, a flexible model for the distribution of significant digits, and
abundant references in the introduction of their publication. Although there is abundant literature on this topic, it remains
insufficient. This definition can be expanded to encompass broader domains. In addition, new probability distributions need
to be identified, and their applicability extended beyond the current distributions to both classical and quantum fields. This
need was one of the motivations for writing this paper.

In the introduction, we begin with a brief presentation of the well-known standard Benford probability distribution (SBPD)
for a discrete random variable W and for any positive integer 8 >2, defined by

B(w;ﬁ):log/ﬁ(]‘Jr%)? w:1727"'7/871’ (1)

where S~ B(w; 8) = 1 and B(w; ) is non-negative for all w, see the proof of (B). Note that for the decimal system,

B =10, win {1,2,3,...,9} is a special case that our brain understands the most. We derive the expected value, variance,
and moment generating function of this SBPD for any number of systems of base 5 > 2, and obtain the following:

(B=1)
E(w; B) = logs {m} ) 2)
FICERK gB-1 12
Var(w; B) = logs W - {loyﬁ(m)} ) 3)
/Be(ﬁ—l)t
Mw (t) = loggs P 1)6(171)t _ Gt | “)
i=2

where e denotes the Euler number. We note that these impressive results depend only on the parameter 3, which is the
basis of an arbitrary number system. Namely, if we consider the binary number system then 8 = 2, and E(w;2) = 1,
Var(w;2) =0, Mw (t) = €' for real ¢t.

ISSN 1812-5409 (Print), ISSN 2218-2055 (Online) © Huarca Javier M., 2026



~ 88 ~ B 1 CH MUK Kuiecbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LleBueHka

In Section fl we demonstrate the properties of the extended SBPD, defined in Equation (§), as a more general case to
clarify the veracity of Equations (B)), (8), and (#)). To the best of our knowledge, we do not know whether these interesting
results have been published in the literature.

Henceforth, we establish that parameter 3 functions as both the base of the numerical system and the base of the
logarithm. Any system and logarithm base chosen are automatically convertible by computers to either a natural logarithm
or a decimal logarithm during processing.

In this study, we provide a novel family of mixed joint probability distributions, denoted by H(x, w; 3, j), associated with
an extended 3—Benford distribution, Equation (B), and special polynomials formulated for an arbitrary number system of
bases 8 > 2. We show that each member of this family defines a mixed two-dimensional probability distribution with its own
features and characteristics. We then provide a concrete example for 8 = 10 in the decimal system to clarify the theory.

In other words, the primary goal of this research is to introduce finite families of mixed probability distributions char-
acterized by their nested-piled 2D-lattices and their features. It is organized as follows: Section [i] provides the proposed
extended 3—Benford probability distribution and its preliminary features and methodology. The crucial theoretical develop-
ments for a generalized H¢ (z, w; 8, j) distribution are formalized in Section J starting with Theorem B and its generalization
Theorem [3, followed by several propositions. To clarify this theory, we choose the decimal system 8 = 10 as an application.
All other bases work in the same manner. Section @ discusses some theoretical and practical implications of the main
findings and concludes with a brief summary of the contributions of this study.

This study makes four contributions. First, a new generalized 5—Benford distribution for all digits of any number system
of bases 3 was formulated. This distribution constitutes one of the two key components of the structure of our models.
Second, a family of 2-dimensional mixed joint probability distributions is introduced along with its statistical features. These
are the models called the H distributions. Third, a connection between these # distributions and Bézier curves of degree
B — 1 with 8 control points is provided. Fourth, an analytic allocation distribution function is established.

1. Material and Methodology

The Equations (@), (B), and (@) are the fundamental properties of the SBPD. This widely acknowledged SBPD is also
referred to as the first non-zero digit law or the distribution of the most significant digits, as it is restricted to sets of data with
non-zero first digits. This means that the digit zero of a number system is not an element of its domain. However, there
are many sets of data in all fields of science whose leftmost digit begins with zero, namely: SSN, student ID, ORCID, bank
accounts and loans, constants in physics, etc. Therefore, to examine the frequency of the first positional digit for this kind
of data, we need to extend the domain in (fll) of the SBPD to all digits of any number system.

Thus, to remedy these shortcomings, we provide an extended Benford probability distribution (EBPD), which includes
all basic symbols of an arbitrary number system of base 33, in the following theorem.

Theorem 1. Let W be a discrete random variable. W has an EBPD H(w; 3) given by

1
1 -
logs(1 + "

H(wvﬁ) +1)7 ’LUIO,l,Q,,ﬂ—l, (5)

1
- logs(B+1)
where 8 > 2 is a positive integer that plays the role of the base of a number system and, at the same time, is the base of
the logarithm function, as we established above.

We clearly observe that this discrete variable W includes all the basic values of a numerical system. For example, if
B = 2or 3 = 10, we have the well-known binary (w = 0,1) and decimal (w =0, 1, 2, ..., 9) systems and log2(-) and logio(-),
respectively. It is understood that any logarithm function of base § is related to the natural logarithm In. Fig. fi illustrates
the shapes of these probability distributions for distinct positive integer values of 5 > 2. For example, for 5 = 2, w = 0;1
with probability values #(0;2) = 0.63 and #(1;2) = 0.37. For 8 = 3, w = 0; 1; 2 with probabilities 4 (w;3) = 0.5,0.29,0.21
(or 50, 29, 21 %), respectively. Note that the total probability in these two examples, as well as in all other instances, is 1,
as required, and decays exponentially.

For each value of 8 and w = 0,1, 2, ..., 3 — 1, gluing together consecutive points, we have topological building blocks
called simplicial complexes. A 0-dimensional simplex is a vertex; a 1-dimensional simplex is a line segment with two
vertices; a 2-dimensional simplex has three vertices and three edges, and so on. We clarify these topological objects a little
more in Section f. See (Singer, & Thorpe, 1967) for more details.

Proof. ltis easy to verify that (B), as well as ({i]), satisfies the two universal properties of a probability distribution (p.d.). That
is, H(w; B8) > 0 for all w and Zi;g H(w; B) = 1. For the second property, when executing the summation, all terms cancel
out each other except for the last term, logg (8 + 1), which survives, and then it cancels out with the constant of normality
of (B). Also, to prove it, one should use the telescoping series. O

Equation () is one of the two fundamental pieces in the construction of the distribution H¢ (x, w; 8, 7). In what follows,
we write log(.) to denote logs(.). We now compute some natural properties of (§).

Proposition 1. Let W be a random variable distributed as in (B), then the expected value and the variance are given by

(8-1)
BOViH) = i stog(C ),

log(B+1) (6)
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Fig. 1. Graphs of H(w; 3) for distinct bases 8 = 2,3, ..., 10, 16.
1 L(B-1)7° 1 IRNCEY
VarW:8) = pegyteol S =)~ gy oo ) ™)

Proof. In general, one could show this proposition by finding the kth moment about the origin of the random variable W,
usually denoted by u;, the expected value of W*.
Symbolically, for 8 > 2, w =0,1,2,...,8 — 1, we have

1 = 1 1 S w2
ky .+ k _ w _
EWT) = log(B+1) wz::()w log(l+ =) 10g(6+1)log[g)(w+ ]
(B-1)F
= I 1 log[ (6+1)k X k]’
og(B+1) ., G =1)%—=(i—2)
where 1, = E(W;8) when k = 1 and Var(W; 8) = ps — (p1)> when k = 1,2. 0O

We can notice that as g increases, both the expectation and the variance increase.

Proposition 2. Let W be a random variable whose probability distribution is given in (B), then its moment generating function,
for all real values of ¢ is given by

(B-1)t
(B+1)°
Mw () = 100+ D) Og[]‘[ﬁ G G B2 2 1€ (Foo, o) 8)
=1
Proof. We use the definition of the moment-generating function
B—1 B—1
1 1 1 W+ 2 tw
Mw(t) = E(e™)=> €™ log(1 = l — ).
w(t) =E(e) 2= log(B+1) o9+ 1) = g1 Og[g)(w+1) ]

Expanding the product operator, on the right-hand side, associating the exponents of each pair of consecutive factors, and
simplifying, yields the proof. O
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Of course, from this My (t), we can generate all of the moments of W by successively differentiating Mw (¢), with
respect to ¢, and then evaluating the result at ¢ = 0. This is another way to prove the Proposition fi. We leave this to the
reader. Notice that Mw (0) = 1, forevery 8 > 2 and t € (—o0, +00).

2. Main theory and results
In this section, following all notations as above, we formulate the probability distribution #(.) of two random variables.
It is a joint distribution of a mixed random vector (X, W) that is described in the next theorem.

Theorem 2. A random vector (X, W) has a mixed joint probability distribution, denoted by H (z,w; 3), with parameter § > 2
if its joint distribution is given by

8- 1> 2 (B =)’

w ) B TogA11) 90T

H(x,w;ﬂ)z( ), w=0,1,2,...86—1. 0<x<p. (9)

w1

It is a bivariate distribution of a continuous random variable X and a discrete random variable W, sitting on a mesh
domain. The foundation of H(x, w; 3) is the result of embedding the EBPD defined in (B) with a generalization of 3-Bernstein
basis polynomials of degree 8 —1 over an interval [0, 3], for any number system of base 5 > 2. This theorem is the backbone
of this research from which abundant theoretical information emerges. This probability distribution has certain properties and
characteristics that, traditionally, any probability distribution must have. These include the cumulative distribution, marginals,
conditionals, expected values, variance, covariance, correlation coefficient, moment generating function, characteristic
function, etc. Our goal in this section is to investigate and characterize the mathematical and statistical structures underlying
these probability distributions. Primarily, #(z, w; 8) needs to satisfy the universal properties:

B-1 .8
(i) H(z,w;B) >0 forallvaluesof (z,w) and (i) Z/ H(z,w; B)dx = 1.
w=0"0

Proof. The property (4) is clear, since all factors of H(z,w; ) are positive for each value of (z,w) on their domains. For
(i7) the key step is to solve the integral [z (3 — z)P~*~1dz. To solve it, one may use any mathematical software. Here
we use (Maple.Soff, 2024), obtaining

1

BT —— 2" hypergeom([w + 1, —B + w + 1], [2 + w)

w41 ),

i
B
then, evaluating at the limits of the integral = = 8 and = = 0, we have 8°T'(8 — w)T'(w + 1) /T'(8 + 1)5. Now, replacing this
result in the Equation (i) then expanding the binomial coefficient and simplifying it turns out

A1 log(1+ %H)

1;) log(B+1) L

which is the case of Equation (B) and completes the proof. O

Proposition 3. Let (X, W) be a random vector with joint probability distribution established in Theorem B for 8 > 2, then
the marginal probability density function of X and the marginal probability mass function of W are, respectively,

B—1 —w—
o B—1\z“(B—a) " 1
H(x; B) = E:O: ( w > BF~Tlog(B+ 1) log(1 + w+ 1)7 0<z<pB, (10)
1 1
Hwih) = et o) v=0bze AL )

Proof. Obviously, to be H(z; 8) and H(w; 3) probability distribution, by themselves, they must satisfy the universal proper-
ties (i): non-negativity and (i): total probability. In both cases the non-negativity is clear. For the (ii) the Equation (f]),

H(w; B) = mlog(l + w%rl), w=0,1,2,.., 8 — 1., was shown in (B) that #(w; 3) satisfies the universal property.

That is, Zi;t H(w; B) = 1. Thus, it qualifies to be a discrete marginal probability distribution of H(z, w; 8). To show that
(f0) is a probability density function (p.d.f) it can be written as

B-1 _ w _ B—w—1
M f)= Y <5w 1) O Hw®). o<a<p (12)

w=0

Now, integrating both sides, we solve the definite integral foﬂ H(z; B)dx of Equation ({J) as we did in the Theorem B and
simplifying, we get the result foﬂ H(z; B)dx = 1. O

T'(m) = (m — 1)! is the discrete gamma function.
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We show a special case and its applications in the next section. We continue this section showing some standard
properties of H(z, w; 3).

Proposition 4. Consider all the random variables satisfying assumption of Proposition fil Then, the means and the variances
of X and W are, respectively,

B (B+1)°

Bwi8) = Gl ek 832, (13)
gy — b’ (B+1)7EHD i B+
B e o e N CEa 7GR e B (4

Proof. The expected value E(w; 3) and the variance Var(w; 8) have already been proven in Proposition fl. To demonstrate
(f3) and ({i4) we first determine the kth moment about the origin of X . Consider Theorem B and follow the strategy that we
have done in Proposition

B-1 .3 B-1 .3 w+k B—w—1
By k ) _ B—1\z¥" (B —x) 1
E(X") = wE:O/o " H(z,w; B)dx = wE:O/o ( w > B 11og(3 1+ 1) log(1+ P 1)da¢. (15)

Solving the integral in (f(8), with (Maple.Soff, 2024), and simplifying, we obtain

« Nw+DI'(B+kEk+1) log(B+1) (B+k'logﬁ+ w+1
il [H w+2 (w+k)' — 0,(8) [(ﬁ-f—l)(/tﬁiﬁlv)y] 52
- o T k(k+i—o2) by = b
T (B+k)log(B+1) w+ 1 I i S
where 05 = ¢ To obtain the last expression, of the right hand, expand the product for w then find the pattern
h 0(B (ﬁ+k)élog(ﬁ+1)

of the factors and combine their exponents.
Now, from the result of (8), we find E(X), E(X?) and Var(X) = E(X?) — (E(X))? as special cases. That is, for
k=1,

_ B
1) = G Dlog(B+ D)
and for k = 2, ,
_ B
20 = G DE+ DlegB+ 1)
Thus, the mean value in ({3) and the variance in (fi4) are, respectively,
B;6) = 0iegt CEV), 55,
B(B+1) B
Var(a; 8) = 02(8)logl L) — (6, (810 L2

[T, a

O

Additional key features of this H(z, w; 3) distribution include its covariance and the linear correlation coefficient, which
we present in a generalized form in Equations (25) and (26), respectively.

3. Generalization of Theorem 2

Now we present an analogue of Theorem P and more general features of the {—distribution. That is, the Theorem [,
Equation (8), can be generalized over an underlying family of nested 2D—lattices Qs(j) = {w} x [0,3 — j] for each
j,w=0,1,...,8 — 1 as follows.

Theorem 3. Consider all the data from Theorem B and let j = 0,1, ..., B — 1, then the generalized version of Theorem [ is

given by
. B—1 /Bl‘w(ﬁ—]—l‘)B w=l log(wH) .
H x,w; P, = 7’LU— ) 7'7 x< - J- 16
For any number system of base 8 > 2 and each fixed j there is a generalized mixed probability distribution, denoted
by H(.), defined in a sample space Q3(j) = {(z,w) : x € [0,8—j],w =0,1,2,,,8—1}. In other words, given 3, for each

j €40,1,2,...,8 — 1} there is a probability distribution H ¢ (z, w; 8, j) which is a homogeneous polynomial of degree 8 — 1
with 3 monomial terms, one term for each value of w. See Tab. 1 of Section f] and see Fig. | for 5 = 10. Note that when
4 = 0, Theorem @ shows up with all its features discussed above. Also, when j = 3 — 1 this generalization He(-) becomes
a standard Bernstein polynomial of degree 5 — 1 defined on the interval [0, 1] or Bézier curves with /3 control points given by
the marginal discrete probability distribution s (W; 3, j) of Equation (f9) and the curves are given by the marginal density
probability distribution #¢ (X, 8, 5) of Equation ({8).

ISSN 1812-5409 (Print), ISSN 2218-2055 (Online)



~ 92 ~ B 1 CH MUK Kuiecbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LleBueHka

We have found, from this generalization, sets of families of probability distributions, one family for each fixed base £,
with 8 members in the family. It is well-known that there are infinitely many number systems. Hence, we have infinitely
many families of probability distributions available. The news is good!. For example, for the family called the decimal system
B = 10, there are 10 probability distributions, one for each j. Thus, with j = 0,1, 2, ...,9, each probability distribution has
10 basis polynomials of degree 9 each, one monomial term for each w with w = 0, 1,2, ..., 9. So, this example gives us 10?
basis polynomials. See Tab. 1. We elaborate an example in the next section. All these probability distributions of number
systems are sitting over probability spaces (23, F3,P3) of descending sequence of nested 2D —lattices (or filtrations)

{w} % [0,8] D {w} x[0,8—1] > .. > {w} x [0, —4] D ... > {w} x [0,1], w=0,1,..., 0 — 1

foreach g8 and each j = 0,1,2,..., 8 — 1, respectively. These sequences are dependent on the parameter 3 of the number
system. We point out that these families of sets of descending chains are homotopic topological spaces that hold some
interesting properties of topological invariance. We briefly explain these properties in the next section.

Proof. The Theorem [, Equation ({§), must satisfy the universal properties of a probability distribution. That is,

(1) Ha(z,w; B, 4) = 0,for all (z, w),
w=0 0

(B—39)° log(B +1)

(i) is obvious. To show (ii), one may proceed as in Theorem P. We first solve the integral [ 2*(8 — j — x)?~*~'dx which
results
(B—g)P et
w41

hypergeom(fw + 1, -8 + w + 1], [w + 2], ﬁ)

Then we evaluate in the limits of the integral z = 8 — j and = = 0, then simplifying it results (B’j)ﬁrr(éj_’f)mw“).
Now, replace this result into (fI7), then run the sum and simplify to get 1. O

Same to Proposition 8, for any base 8 > 2, the marginal distributions for X and W, respectively, are given by

B—1 . —w—
54— B—1\pz“(B—j—a) ! L B
Hc(az,ﬁ,y)—g()( y ) B logar ) 90t ) 0Se<B-3.0=0.5-1, (18)
1
”Hc(w;/@:j):mloﬂl-l-m), w=0,1,2,.,8-1 (19)

Equations (B) and (f{1)) already explain ({9). To clarify ({8), let’s write it as follows

p-1 /. wig i \Bw—1
Ha(w:B.5) = <5w1> br (’3(5]_].;;) Ys(w), 0<z<B—j (20)
w=0

where 13(w) is discussed in Proposition B. With the expression (0) we have found a family of generalization of Bézier
curves of degree 8 — 1 with 8 control points given by v 3(w) for each w satisfying the condition ZZ‘ZB Ya(w) = 1. But, in
this case, these expressions are families of probability distributions. Furthermore, the equations

jow=0,1,2,...,8—1 1)

_ w s B—w—1
s = (1) B

are, for each fixed j in {0,1,2,3,..., 3 — 1}, the well-known Bernstein basis polynomials in a general form that we have
extended over an arbitrary real lattice {w} x [0, 5 — j] which includes the interval {w} x [0,1] as a special case. Claim:
All theories developed about Bernstein polynomials, Bézier curves, splines, binomial distribution, and relations to Gamma,
Beta, Hypergeometric, etc. and their applications are also applicable for this new distribution of probabilities Ha (X, W; 8, 7).
Explicitly, the distribution in (20) seen from the Bernstein basis polynomial point of view of degree 3 — 1 forms a partition of
unity, as we tested above. Subsequently, we present propositions that delineate the fundamental statistical characteristics
of the generalized distribution g (X, W; 8, j) as defined in ({6).

Proposition 5. Let Ha (X, W; 8,7) be a generalized p.d. of the random vector (X, W) defined in (16) with marginal distri-
butions given in ({{§) and ({d), respectively. The mean and variance of the random variable X from ({{§) are given by

_ 4 B8
B(X:8,5) = (5+1§10955+1)l0 [(5;!” L, =012 81, (22)
Caa (B—4)° (B+ 1P+ B—3j (B+1)7 o
Ve8I = e s e 0 ¥ i m G e g Ve @)

Proof. At this point, it is worthwhile to notice that the random variable W is immune to this generalization, however the
random variable X is infected, because of the changes in its domain for each value of j. It means that all properties of
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H(w; B), inclusive the E(W*) for k = 1,2, 3, ... and variance, remains as in Proposition fl. To prove (22) and (23) we just
need to find the kth moment of the marginal p.d. #(z; 3, j) given in (f{§), and proceed as in the case of Proposition [.

o (77 o ivae— [OOSR (B BB ) w2

Assuming convergence, first, we solve the integral to get

—5)*p! = (k +w)! w+2 (B+1) St
BixF) — _ (B=0)"P! Y = 0:(8, )1 L i=0,1,..,8—1, 24
S (B+kMog(B+1) = w! Og(w + 1) £(8,7) Og[HiﬁZI S(i+k=2) oy g g (24)
_k
where 05 (8,j) = % andk=1,2,3,...
Thus, from this result in (24), we get E(X; 3, 4) for k = 1, and E(X?) for k = 2 and Var(X, 3, j), respectively. O

We clearly observe that Equations ({3) and ({i4) of Proposition i emerge from Equations (22) and (23) when j is 0.

Proposition 6. Let Hg(x,w; 5,7) be a joint mixed p.d. defined in (8) with 3 > 2. Then, for j = 0,1, ..., 8 — 1, the covariance
and correlation coefficient? between X and W are given, respectively, by

_ (B+nP-VA . B (8-1)
(B =gl Zams] (8- j)logl CHPlog L]

Cou(X,W;B,7) = - ) (25)
( )= T B Doy (3 + 1) (5 + D(log( + )2
Cov(X,W;8,5
Corr(X,W;8,j) = BATD) EELRARR B-1?2 ’
(37100l TG o gl ey (9 ] o @P Dy (20)
[ (B+D(B+2)log(B+1)  ~ ~ (B+1)%(log(B+1))? ] [ log(B+1) T (log(B+D))?

Proof. The calculations for E(W), Var(W) in Equations (B) and (7), as well as E(X), Var(X) in Equations (2) and (23),
and E(XW), combined with substitutions in the standard formulas for covariance and correlation coefficients, make up the

proof. See the complete proof in the Appendix H: proofs. O
We have validated the findings with Maple 2024. Note that the effect of replacing Equation (25) in the numerator of

Equation (R6) produces the cancellation of the factors (5 — j) in Equation (26). It means that Corr(X, W; 8, j) depends only
on parameter 3. That is to say, the relationship between all members of a family 3 is the same. See details in Appendix [,
Equation BY. In other words, for each given j the S—distributions, for j = 0,1,2,...,3 — 1, have the same correlation
coefficient. As it could be, in practice, all members of a family should satisfy the same properties. We illustrate the decimal
system in the Section [.

Finally, but not least, we present the marginal characteristic functions of H¢(x, w; 8, j) as an alternative to their cumu-
lative probability distribution functions.

Proposition 7. Let H(z, w; 3, ) be a generalized p.d. defined in () with marginals distributions given in ({g) and (f9).
Then the characteristic function ¢ : R — C are, respectively, given by

B—1
ex(t) = B ) =Y 1F1w+ 1,8+ 1,i(8 - j)t|Ha(w; B), teR, (27)
w=0
(-1t
pwlt) = B™) = oy tonli P (28)

where i is the complex imaginary unit and ¢ € R is the argument of the characteristic function. Ha(w, 8) is given in ({9),
() and (B). 1F1[w + 1,3 + 1,i(3 — j)t] is the Kummer confluent hypergeometric function, see (Wolfram.Sofi, 2025). All
other notations are already presented above.

Proof. The proof of the characteristic function given in Equation (27) follows by solving the definite integral foﬁfj et BV x
x (8 — j — z)?~*~'dz. On this occasion, (Mathematica.Sofi, 2024) is our ally. We have

(ﬁ)_w(ﬂ — )P BI (B — w)T(w + 1) Hypergeometricl F1Regularized[w + 1, 8 + 1,i(8 — 5)t],

if Re(8) > Re(w) > —1.

2We compute the covariance Cov(X, W) and correlation coefficient Corr(X, W) using K. Pearson’s product moment because both
random variables are quantitative. However, due to the mixed nature of the variables, a point multi-serial correlation coefficient could be
considered, but it is not the focus of this study. Interested readers can see (Wiley.StatsRef, 2014; [Tate, 1954).

ISSN 1812-5409 (Print), ISSN 2218-2055 (Online)



~ 94 ~ B 1 CH MUK Kuiecbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LleBueHka

Next, consider the relation Hypergeometricl F1Regularizedw + 1,8+ 1, (8 — j)it] = 1F1[w+l£1(%:11,)(57j)it] . (Wolfram.Sof,
2025) and the result of the integral to replace in

B-1 _ B—j itz w i B—w—1

w=0
we have
/§ 6 _1 ﬁ(ﬁ%j)—w(ﬁ _ j)ﬁ—wF(/B - U))F(w + 1) 1F1[w + 1,ﬁ + 1, (ﬂ —j)’Lt]H (wﬁ)
- G ) .
2\ w (B—j)P T(6+1)
We now carry out the binomial coefficient formula and express it as discrete gamma function notation

51y G- _ TG+
w B-—w—-Dw! TB—-wl(w+1)

Subsequently, substitute this last outcome into the penultimate expression and simplify to complete the proof of Equation
(27). Proving (8) is simpler. Follow the proof of Proposition B. O

Remark 1. To find the mixed joint characteristic function
exw(t,s) = Elexp(i(tX + sW))],
where i is the imaginary unit, is a challenge exercise.

From these characteristic functions, one can derive all traditional concepts of probability distributions. Namely, all the
moments of marginals of H¢(z, w; 8, 7) and joint moments can be generated from ¢(.). We leave this challenge to the
reader.

We may keep computing many more consequences and propertiesIa to describe the H¢ (x, w; B, j) mixed joint probability
distribution, but these are enough for our purposes in this paper and the following section. We have purposefully left some
algebraic operations for the reader to perform in order to enhance their comprehension of the 7 distributions and to help
them identify additional properties and applications across a variety of scientific disciplines. This is an important point to
emphasize.

4. Example of decimal system 5 = 10
In this section, our purpose is to clarify the properties and usefulness of Ha (X, W 10, ). We summarize the results in
Tab. 1. From (f{6) for 8 = 10, summing over w, we have

Ho(Xi10.5) = 3 (w)loxz(ﬂl(é(i—j)g‘lg x)°~

w=0

Yro(w), j=0,1,2,...,9. 0<2<10—j.

Is is clear that there are 10 probability distributions; one homogeneous polynomial of degree 9 for each j in {0,1,2,...,9.}.
See Tab. 1. To get the E(X;10,7) and Var(X;10,5) of Ha(X; 10, 5) let's write Equations (2) and (R3) as follows

(i) BE(X;B,4)=(B—7)A1(8) and (i) Var(X;B,j)=(8-75)"0:(8) - [(B—)A(B)] (29)
where ( )B
1 B+1
MO = G Do+
and B(B+1)
_ 1 (B+ 1)+t
22000 = G DiogB+ 0 [,
Thus for 5 = 10 we have
10
A1(10) = mlog[lllo! ] ~ 0.3364518821
and . 1110
As(10) = 132l0g(11)log[12243648m1020] ~ 0.1883053492.

Replacing A1(10) and A2(10), in (), we get 10 different expected values, 10 variances, 10 covariances, one for each j
and a single correlation coefficient, due to (#0). See Tab. 1. Simplifying (i) and (i) of (29) with (Maple.Sofi, 2024)) we get
simpler formulas

E(x;8,7) = (B — j)A1(B8) = 3.364518821 — 0.33645188215, j = 0,1, ..., 9,

3We trust that readers will have the opportunity to continue developing more properties and applications of this machine built for the
advancement of probability and statistics and related fields.
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Var(z; 8,7) = (8 — j)*[A2(B8) — AT(B)] = 0.07510548034(—10 + 5)°, 7 =0,1,2,...,9.
Now we describe the relationships between X and W. From Equations (25) and (26) we have
(9)(10)
(10 — j)log[ 15— — Moa D175, A0
. I;2 i(21-2) (10 ])log[ 1 ]l [ ! .
Cov(X,W;10,5) = =1 - 10! 100~ forj =0,...9.
( 7 (Dlog(11) (11) oy (11))? 7
Evaluating at each j in {0,1,2,3,4,5,6,7,8,9} and rounding we get:
j 0 1 2 3 4 5 7 8 9
Cov(.) | 6.780 | 6.102 | 5.424 | 4.746 | 4.068 | 3.390 | 2.712 | 2.034 | 1.356 | 0.678

Another way to find these results is by simplifying with (Maple.Soft, 2024)) the Cou(-) for j and get

Cov(X,W;10,j) = 6.780137493 — 0.6780137493 x j for j =0,1,2,...,9,

from which one can verify these results.

Next we calculate the correlation coefficient with Equation (R6), for j = 0,1, ...

Corr(X,W;10,j) =

Cov(X,W;10,7)

,9:

(11y1o11)

(10— )2 (log[ L1212 })2

(1n®?

i(2i—3)]

(log[*—<gr—

(11)( )

)2

(A1) (12)log(11)

\/ (10—1)2509[W]
[ i=1 _

(11)2(l09(11))2

} [“’g[nzgl

log(11)

(log

(11))z

Simplifying, with Mapleg, surprisingly we found that Corr(X, W; 10, j) = 0.9059142578¢csgn (10 — j) or

Corr(X,W;10,j) =

1.336129624(6.780137493 — 0.67801374935)

We note that all Cov(X,W;10, j) are positive and decay linearly as j gets closer to its highest value, ; — 5 — 1, and
+0.90591425 are also positive invariant for all j in {0,1,2,3,4,5,6,7,8,9} since csgn(z) is £1 and all

unation (28).
n

Corr(X,W;10,j) =

covariances are positive. We explain this fact above and further in the lines below of E
Additionally, with the Proposition [, Equation (R7), we get the characteristic functio

x(t;8,7)

w=0

(10 — 4)?

where i is the imaginary unit of complex numbers. In particular, if 5 = 10, we have

9

w=0

for 7=0,1,2,..,

9.

9
=Y 1Flw+1,8+1,(8 - j)itlHa(W;8) foreach j=0,1,2,..,9,

= 1F1[w+1,11,(10 — j)it]Ha(W;10) foreach j=0,1,2,..,9.

Ten probability distributions # (X 10, j) (left column), one for each j, and some properties for 5 = 10

7 Ho(X:10,7) E(X; 10) Var(X;10)
0 () 103””*“;010(@[;), 0<2<10 | 10A1(10) | 100A2(10) — [L0A(10)]2
1 o )quo(w), 0<z<9 | 9A1(10) 81A5(10) — [9A1(10)]2

2| 39,0 )%zplo(w)? 0<z<8 | 8A1(10) | 6485(10) — [8A1(10))?
3| 20, () T ), 0< 2 <7 | TA1(10) | 498a(10) — [T, (10)
4] 30 (O)C T (), 0< s <6 | 6A1(10) | 36A(10) — [6A;(10)]2
5 o (3)%ww<w>, 0<w<5 | 5A1(10) | 25A5(10) - [5A:(10)]2
6 9 o (91U Ty j(w), 0<a <4 | 4A:1(10) | 16A2(10) — [4A,(10))?
7 o (%) %ﬁg”ww(w), 0<z<3 | 3A:(10) 9A5(10) — [3A1(10)]2
8| 50 ()T () 0<a<2 | 28,0100 | 425(10) — PAL(10)2
9 0 (20T (), 0<a <1 | 141(10) | 1A5(10) — [1A4(10))

Based on the results of distinct cases (8 = 10 is included), we dare to Conjecture: Let Cov(X, W, 3,j) = a+bj for any
,B8—1,then Corr(X,W;,5) =r - csgn(B

base 8 > 2 and let ¢ and b be real numbers, j =0
The proof or disproof is in progress.

4The csgn(z) function is used to determine in which half-plane (left’ or 'right’) the complex-valued expression or number z lies.
5We leave the study and analysis of the characteristic function o xw (¢, s; 3, ) of Hg (X, W; 3, 7) to the interested reader, which we

will develop in another project.
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We also illustrate some properties of the marginal distribution Ho(W; 3, j) for 8 = 10. By Proposition [l and Equa-
tions (B) and () we have

1 11°
E(W;10) = =2
(W;10) log(ll)log[ 10!] 70097070, (30)
1 118 1 118,
Var(W;10) = log (1) 109[21334557...1017] — (log(ll) log[ 101 1) =~ 0.08729569, (31)

and using Equation (R§) from Proposition [, we get

9it

_ 1 log| 11°¢
~ log(11) ' e g e g e

Mw (t) ] (32)

We observe that the behavior and properties of the marginal distribution ¢ (WW; 8, ) are independent of j and are solely
dependent on the parameter 5. Consequently, they are distinct for each number system. In Tab. 1, each row constitutes a
probability distribution over its specific sample space, pile nested lattices, {w} x [10 — j], for w = 0,1,2,...,9 and each j in
{0,1,2,...,9}. Each p.d. is a homogeneous polynomial of degree 9, with 10 monomial termsE and they satisfy the universal
properties. Each term has an initial original contribution to the probability distribution. For instance, for j = 0,0 < = < 10
expanding the probability distribution H«(x, w; 10, 0) given in the Tab. 1, then integrating each term, we have

w=0 w=1 w=9

—_—N—
log(11/10) o

) _ log(2) o . 9log(3/2) 3
10 . _In(2) | In(3/2) | In(4/3) In(11/10)
/0 Halz,wil0,00de = ms + 0any Y ean T T Ay

= 0.2890648263 + 0.1690920837 + 0.1199727426 + ... 4+ 0.03974743221 =1

or [ He(z,w;10,0)dz =29% + 17% + 12% + ... + 4% = 100 %.

See Fig. B, which is an illustration for j = 0,3,5,9. One can verify that E(z, 10, 5), Var(x; 10, §), Cov(z; 10, j) decay
linearly, as j — f, from the left, and 3 large. Each figure in Fig. B shows 10 smooth curves, one for each term of a
homogeneous polynomial of degree 9. Each curve represents the path of a polynomial term obtained by replacing each
value of w € {0,1,2, ...,9} in Equation ([{6]). See also Tab. 1.

The distribution H¢ (z, w; 8, ) or more easily Hq (w; 3) gives us precisely the contribution of each value of the random
variable W and surprisingly, those are the Benford distribution probabilities, but counting all digits (0 is included) of a decimal
system. It means, in finance, each value of W has a role to allocate a proportion of resources or investments. This function
is non-negative and satisfies the universal property in its domain [0, 10] for j = 0. For others values of j = 1,2,...,9. the
same probabilities are redistributed. That is, for example, for ;7 = 9 the distribution H¢ (z, w;10,9) is on [0,1] x {w} and
integratingE we have

w=0 w=1 w=9
log(2) o  90log(3/2) 8 10log(11/10) o
;1 =1 1-— ———z(1l - e ————
He(r,w;10,9) Olog(ll)( x)” + log(11) z(l—x)"+.. + log(11) ;

1
/ He(z, w; 10,9)dz = 0.2890648263 + 0.1690920837 + ... + 0.03974743221 =1
0

or fol He(z,w;10,9)de =29 % + 17 % + 12 % + ... + 4 % = 100 %. We can arrange these integration results in the
rows and columns of a 10 x 10 matrix whose entries are transition probabilities of a Markov chain with 5 = 10 states. The
family of distributions H¢ (x, w; 10, j) have 100 monomial terms, each of degree 9, and 10 homogeneous polynomialsE or
probability distributions in their own probability space (Q10, F10,P10) given by the nested, closed, and bounded intervals
[0,10] D [0,9] DD ... D [0,1]. These intervals are topological spaces with a rich set of properties, see (Munkres, 2000).
Because the mixed variables in our study, namely, X is continuous and W is discrete, the underlying probability spaces
are filtrations of a series of nested lattices. For instance, if ; = 0 there is a rectangular lattice, with the right-hand rule
orientation, [0, 10] x {0, 1,2, 3,4, 5,6, 7, 8,9} with vertices at (0, 0), (10, 0), (10,9) and (0, 9) and if j = 9 there is a rectangular
lattice [0,1] x {0,1,2,3,4,5,6,7,8,9} with vertices at (0,0), (1,0), (1,9) and (0,9). In Fig. B, we provide a 3D geometric
representation of Ha(z,w; 10, 7) for 7 = 0,3,5,9 whose lattices have right side continuous frontier intervals 0 < z < 10,
0<x<7,0<x<5and0 <z <1, respectively.

6The curve described by each monomial is the path followed by an object with an initial and final state. For 3 = 10, there are ten simple
paths, which simultaneously change over time according to the change in each value of 5 and W in the Ha (X, W 10, 5) distribution. See
Fig. B. We might think that these changes describe random motions over time. But polynomials are smooth functions and follow the rules
of standard calculus,

7Also, the same allocations are obtained evaluating the marginal He (w; B = 10) foreach w = 0,1, ...,9.

8In this research, homogeneous polynomials are smooth functions in a single variable that have nonzero 3 terms, each of degree 3 — 1,
and obey to all calculus laws.
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(b) Probability distribution H¢ (x, w; 10, 3) when j = 3 and

(a) Probability distribution Hg (z, w; 10, 0) when 5 = 0 and
w=0,..,9and0< z < 7
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(d) Probability distribution H¢ (z, w; 10,9) when j = 9 and

(c) Probability distribution H¢ (x, w; 10, 5) when 5 = 5 and
w=0,...,9and0 <z <1

w=0,...,9and 0 <z <5

Fig. 2. The subfigures, (a)-(d), illustrates the shapes of four probability distributions for j = 0, 3,5, 9., for a fixed 8 = 10

All these closed and bounded intervals are topological spaces in the Euclidean space, and satisfy several topological
properties of invariance, such as compactness, connectedness, path-connectedness, locally connectedness, simple con-
nectedness, contractibility, homotopy equivalence, and are simplicial complexes of dimension 1. Any interval [0, 3 — j] for
j=0,1,2,...,8 — 1 can be deformed continuously into [0, 1]. Simply, the variable s = %J maps z in [0, 8 — j] to sin [0, 1].
Nicely, each space [0, 8 — j] is contractible and behaves as a single point. Therefore, all have the same homotopy type,
all are correlated, for any positive integers 5 and j. For our purpose, let [0, 3 — j] be a contractible topological space with
standard topology. Then all maps H¢ : [0, 83— j] — [0, %] are homotopic if and only if [0, %} is contractible. In particular,
5 and j are both even or both odd. With this support, we may construct a family of homotopies as follows.

Let [0, — j] and [0, %] be topological spaces, and let Ha1(z, w; 3,7) and Haz(z, w; B, j) be polynomials maps
He : (0,8 — j] — [0, %] of degree 8 — 1. Then a polynomial H¢1 is homotopic to polynomial H¢: if there exists a
continuous map H : [0, 8 — 5] x I — [0, 23] such that H(z,0) = He1(z) and H(xz, 1) = Hez(z) for all z in [0, 3 — j]. The
map H is called homotopy from Hq1(x) to Haz(z). For (z,t) € [0, 8 —j] x I, we may interpret t € I = [0, 1] as a parameter
measuring time. Then H(z, t) is 1-parameter family of maps [0, 3 — j] — [0, %}. As time increases from 0 to 1 the map
Hea(z) is deformed continuously into the map Ha2 ().

In particular, for 5 = 10, j = 0,2,4,6,8 if we choose j = 0, then H(z,¢) : [0,10] x I — [0,5] and from Tab. 1 it
corresponds to H(z, w; 10,0) = 30 _(9) mlw(ﬁ]’iﬁ)www(w) and H(z,w;10,5) =30 _ (2) mw‘g%ﬁ“wm(w).
Then, a linear homotopy can be given by

H(z,t) = (1 —t) - Her(z, w; 10,0) + ¢ - Haz(z, w; 10, 5). (33)

For every z € [0, 10], the line segment joining Ha1 (z, w; 10, 0) lies completely inside [0, 5]. Essentially we move values
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of the probability distribution H¢1(x, w; 10, 0) into probability distribution Hea2(z, w; 10,5) along a straight line. In general,
it is well known that homotopy is an equivalence relation. With regret, we leave this topological discussion of the sample
space of these distributions, but those interested could read any textbook of algebraic topology. For example, (Munkres,
2000, Chap. 9). This specific example is merely one among hundreds or possibly thousands of other number systems that
can be investigated. We hope to keep working on this topic and release its results shortly.

Discussion and conclusions

The outcomes of this research provide a new class of two-dimensional mixed probability distributions and their char-
acteristics. The development of these distributions focused on both the general theoretical foundation and their practical
implications in different scientific fields, particularly in statistics.

To achieve our findings: we first consider the F. Benford distribution in (fll) and extend its domain from {1,2,..., 8 — 1}
to {0,1,2, ..., 3 — 1} as shown in (B) and then embedding these generalized Benford distributions into an extended form of
Bernstein polynomials. It is mathematically demonstrated that these models satisfy all the universal properties that every
probability distribution must fulfill.

A key feature of these distributions is that all moments are functions only of their parameter 8 > 2, which is the base
of a number system. Since there are infinitely many number systems, we are faced with an infinite family of probability
distributions, all well-defined and supported mathematically. Here, we only present the finite family’s case. The cornerstone
of the development of these families of distributions lies in the Theorems || and (), whose proofs and the implicated truth
propositions guarantee their theoretical rigor. Our study is rigorously documented and is easy to understand for an advanced
undergraduate audience in probability theory.

This "machine”, known as the # distribution, is advantageous for the production of statistical congruence data for
arbitrary congruence modules under standard arithmetic operations of addition and/or multiplication. The result presented
in the context of the decimal system scenario with 5 = 10 indicates that we have developed a method for generating doubly
stochastic Markov chains. Once the statistical data is made and put into the Markov chain’s transition matrix, it can be used
to study how a stochastic system changes over time and make predictions, among other things.

We refrain from employing historical data and acknowledge that our theoretical probability distributions require more
tangible real-world applications, as they are novel and in the exploratory phase. Based on the results, we modestly believe
that these distributions have a significant application impact across several scientific domains.

The main contribution of this study is to give an analytical tool that is easy to use and understand, capable of solving
many problems in different fields, especially in statistics. Based on the mix of variables, the type of applications that could
be focused on are amphoteric phenomena. That is, experiments or phenomena that behave continuously and discretely
at the same time or alternately. This is similar to what occurs in price valuation in finance, with continuous models with
discrete jumps. During the writing of the research, the following contributions were observed and noted: first. We have
extended the Benford distribution to more general domains by including the digit zero in its definition for any number system
with base 8 > 2. Second. The marginal distribution H¢(z; 3, 5) in (BQ) is related to the family of Bézier curves of degree
B — 1 with 3 control points given by s (w). Third. A new family of probability distributions H (X, W; 8, j) is introduced
into the statistical literature. Fourth. We introduce a methodology using these models to simulate statistical congruence
data, specifically focusing on the operations of addition and multiplication within congruence classes across various num-
ber systems. Fifth. We provide a mathematical allocation function, which can be represented by either the H (W, 8) or
Hea (X, W; B, j) distribution, to optimize resource distribution in statistical models.

Also, we have demonstrated that all moments (expected value, variance, covariance, correlation coefficient, etc.) of
the H distributions depend only of the parameter 5. Therefore, they are easy to calculate. Future research should focus
on refining this family of models with real-world data and finding new applications.

Finally, there are other applications of the # distributions that were planned for inclusion in this project, but there is a
limitation of space in the document. Therefore, we are aware that we are leaving several parts of our study open, as they
were not included in our objectives, and we believe this will be a source of inspiration for readers who decide to investigate
further.

APPENDIX: Proofs
Proof of Proposition [§. We recall the well-known expressions of covariance and the cross-correlation coefficient. Recall
thatfor 8 > 2, j,w=0,1,....,0—1:

oxw = Cov(X,W;3,5) = E(XW) — E(X)E(W), (34)

pxw = Corr(X,W;8,5) = COU(X"W;BJ) —. (35)
VIVar(X; B, j)[Var(W; 8, )]
We use (Maple.Soff, 2024) to solve some summations and integrations, as needed. Results of E(X) = E(x;3,7) and
E(W) = E(w; 8, 7) are given in Equation (22) and Equation (B), respectively. Next, we compute E(XW):

. (B—1)
(b — f)log[ET 7]

M, i%2 36
(B+Dlog(B+1) (36)

E(XW) = E(XW,B,j) =
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Thus, replacing Equations (B), (22) and (B6) into (B4) we have the covariance given in Equation (25), which is

(8 —j)log[i(rfﬁfﬁﬁ} (8= loglEE log| U
(B +1)log(B +1) (B+1)(log(B +1))?

On the other hand, we have computed the variances Var(X; 3, j) in Equation (3) and Var(W; 8, 7) in Equation (7).
Thus, we replace Equations (#), (23) and (87) into (85) as follows

Cov(X,W;B,j) = ,j=0,1,..,8 -1 (37)

Corr(X,W;8,j) =

Nogl B0 PDB _
(B—J)ZOQ[W (B*j)log[(ﬂ_gyl)ﬁ]109[(ﬁ+1}s(!ﬁ =3
_ (B+Dlog(B+D) (B+1)(log (3+1))? =0, 81 (38)
. (B+1)B(B+1) (ﬁ+1)(/3*1)2 B ’ T ’
(ﬂ—j)2log[ﬁ71_[{:1 2 (ﬂ—j)z(log[(ﬁ-;—f})ﬁ])z 109[41_[?:1 @5y (log[(‘[ﬂ'l}#])?
B+D(B+2)log(B+1)  —  (B+1)%(log(B+1))2 log(B+1) o (log(B+1))2
Simplifying the common factors, (8 — j), of the numerator and denominator, we have
Corr(X,W;B,j) =
(B+1)(B—1)6 _
log[nle =) log[(ﬁgll)ﬂ]log[(wrlg(!ﬂ 1)]
_ (B+Dlog(BFD)__ (5D (log(p+1)? =0, .81 (39)
(B+1)BB+D (5+1)<5,1)2 B ’ PREES) .
tos| ne_, 2 J _ (log[(ﬂfgill)ﬁ])z log[nle @) B (log[wﬂzgﬁl)2
(B+1)(B+2)log(B+1)  (B+1)2(log(B+1))?2 log(B+1) (log(B+1))2
It is clear that the correlation coefficient does not depend on j; it only depends on the parameter g > 2. That is,
] (B-1)B B
R T L (A D (LA Gt}
o - 2
CO’I“T(X, I/Vvﬁ) _ — (B+1)log(B+1) (/3‘9‘1)”09(5;;1))1)2 . (40)
B+1)ABHD) ogl BFDPE—D” _
log| Hf:“m‘, ] - (log[(f*‘gi!l)ﬂ])’z ! 9[1—153:113(2173)] B (log[(/ﬂ‘*'lg#])z
(B+1)(B+2)log(B+1)  (B+1)2(log(B+1))? log(B+1) (log(B+1))2
O

One can easily evaluate these formulas using Maple or any other software for any value of 5 > 2, as shown in the
previous sections above.

Sources of funding. This study did not receive any grant from a funding institution in the public, commercial, or non-commercial
sectors.

References
Barabesi, L., & Pratelli, L. (2020). On the generalized Benford law. Statistics Probability Letters, 160, 108702. https://doi.ora/10.1016/
1-spl.2020.108702
Benford, F. (1938). The law of anomalous numbers. Proceedings of the American Philosophical Society, 78(4), 551-572. http://www.jstor
.org/stable/984802
Debnath, L., & Basu, K. (2015). A short history of probability theory and its applications. International Journal of Mathematical Education
in Science and Technology, 46(1), 13-39. https://doi.ora/10.1080/0020739X.2014.936975
Franklin, J. (2015). The science of conjecture: evidence and probability before Pascal. Baltimore, USA: Johns Hopkins University Press.
https://books.google.com.pe/books?id=1zDECQAAQBAJ&Ipg=PP1&hl=es&pg=PP 1#v=onepage&a&f=false
Fu, D., Shi, Y. Q., & Su, W. (2007). A generalized Benford’s law for JPEG coefficients and its applications in image forensics. In Delp Il
& Wong (Eds.), Security, steganography, and watermarking of multimedia contents IX (Vol. 6505, p. 65051L). SPIE. https://doi.orgi
10.1117/12.704723
Maple.Soft. (2024). Online Help (Calculus, sec. 5.4. page 133). https://www.maplesoft.com/support/help/Maple/view.aspx?path=csan.
Mathematica.Soft. (2024). Wolfram Language and System. https://reference.wolfram.com/lanquage/ref/Integrate.htmi.
Munkres, J. (2000). Topology (2nd ed.). Upper Saddle River, USA: Prentice Hall.
Newcomb, S. (1881). Note on the frequency of use of the different digits in natural numbers. American Journal of Mathematics, 4(1),
39-40. https://doi.org/10.2307/2369148
Pietronero, L., Tosatti, E., Tosatti, V., & Vespignani, A. (2001). Explaining the uneven distribution of numbers in nature: the laws of Benford
and Zipf. Physica A: Statistical Mechanics and its Applications, 293(1), 297-304. https://doi.org/10.1016/S0378-4371(00)00633-6
Singer, 1., & Thorpe, J. (1967). Lecture notes on elementary topology and geometry. New York, NY: Springer. https://doi.org/10.1007/
978-1-4615-7347-0
Tate, R. F. (1954). Correlation between a discrete and a continuous variable. point-biserial correlation. The Annals of Mathematical
Statistics, 25(3), 603—607. nttp://www.istor.org/stable/2236844
Wiley.StatsRef. (2014). Point multiserial (pms) correlation. In Balakrishnan, Colton, Everitt, Piegorsch, Ruggeri, & Teugels (Eds.), Wiley
statsref: Statistics reference online. John Wiley Sons, Ltd. https://doi.ora/10.1002/9781118445112.stat00688
Wolfram.Soft. (2025). Mathematica. Wolfram language & system documentation center. https://reference.wolfram.com/language/refi
Hypergeometric1F1.html.
OTpumaHo pepakuieto xxypHany / Received: 22.02.26
MpopeueH3oBaHo / Revised: 14.04.26

CxBaneHo Ao apyky / Accepted: 16.04.26
Ony6nikoBaHo / Published: 05.06.26

ISSN 1812-5409 (Print), ISSN 2218-2055 (Online)


https://doi.org/10.1016/j.spl.2020.108702
https://doi.org/10.1016/j.spl.2020.108702
http://www.jstor.org/stable/984802
http://www.jstor.org/stable/984802
https://doi.org/10.1080/0020739X.2014.936975
https://books.google.com.pe/books?id=1zDECQAAQBAJ&lpg=PP1&hl=es&pg=PP1##v=onepage&q&f=false
https://doi.org/10.1117/12.704723
https://doi.org/10.1117/12.704723
https://www.maplesoft.com/support/help/Maple/view.aspx?path=csgn
https://reference.wolfram.com/language/ref/Integrate.html
https://doi.org/10.2307/2369148
https://doi.org/10.1016/S0378-4371(00)00633-6
https://doi.org/10.1007/978-1-4615-7347-0
https://doi.org/10.1007/978-1-4615-7347-0
http://www.jstor.org/stable/2236844
https://doi.org/10.1002/9781118445112.stat00688
https://reference.wolfram.com/language/ref/Hypergeometric1F1.html
https://reference.wolfram.com/language/ref/Hypergeometric1F1.html

~ 100 ~ B 1 CH MUK Kuiecbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LleBueHka
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YHiBepcutet CaH-MaprtiH-ge-MNoppec, Jlima, Mepy

MMOBIPHICHI PO3NO4INU TUMNY H

WmosipHicHi po3nodinu e saxnueumu ModensiMu @ ycix HayKosux 2asy3sax, 0OHaK 60HU Maromb euUpiWabHe 3Ha4eHHsl caMe 8 cmamucmu-
ui. Mu nponoHyemo Hoeuli Knac 3miwaHux cymicHux po3nodinie limogipHocmeli, liMmogipHicHi npocmopu sikux € nocsidoeHocmMsAMU eKnadeHuUx
2D —pewimok. Memodonoezisi no6ydoeu yux modesnel nepedbayaec eksadeHHs1 QUCKpemHo20 po3uwupeHo20 po3nodiny bengopda 3 napamempom
3 y HenepepeHuii ModughikoeaHuli noniHom BepHwmeliHa. 3 € napamempom ybo20o cimelicmea po3nodinie i susHa4ae ocHosy 008inbHOI cucmemu
yucneHHsi. Memoro po6omu 6ys10 onucamu MameMamuyHy CmpyKmypy ma cmamucmuyHi enrlacmusocmi 83aemModil yux liMoegipHicHux po3nodirnis.
Ha ocHogi meopemuy4Hux po3po6ok ma ixHix pe3ynbmamie Mu po6uUMO 8UCHOBOK, W0 3a3HayeHi Modesli € YiHHUMU OJ1s1 YUC/IeHHUX 3acmocyeaHb
y 6acambox Haykoeux AucyunniHax. [ns nidmeepdxeHHs 2inome3u HagedeHO KOHKpemHul npuknad decsimkoeoi cucmemMu YUCIIEeHHS.

Knw4yoBicnoBa: poswupeHul 3—po3nodin benghopda, noniHomu BepHwmeliHa, cucmema 4ucer, yHisepcasibHi eriacmusocmi limosip-
HiCHO20 po3nodiny, 2coMmomoniyHuli ceMnai4yHUli KOMIIEKC.

ABTOp 3asBrsie Npo BiACYTHICTb KOHANIKTY iHTepeciB. CnoHcopu He Gpanu yyacTi B po3pobreHHi JocnimkeHHs; y 36opi, aHanisi um
iHTepnperTauii AaHNX; Y HAaNMCaHHI PyKoOMuUcy; B piLLeHHiI Npo ny6nikaLilo pesynsraTis.
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