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Abstract: The present paper deals with a class of &(?)-quadratic stochastic operators, referred to as
QSOs, on a two-dimensional simplex. It investigates the algebraic properties of the genetic algebras
associated with &(®-QSOs. Namely, the associativity, characters and derivations of genetic algebras
are studied. Moreover, the dynamics of these operators are also explored. Specifically, we focus on
a particular partition that results in nine classes, which are further reduced to three nonconjugate
classes. Each class gives rise to a genetic algebra denoted as A;, and it is shown that these algebras are
isomorphic. The investigation then delves into analyzing various algebraic properties within these
genetic algebras, such as associativity, characters, and derivations. The conditions for associativity
and character behavior are provided. Furthermore, a comprehensive analysis of the dynamic behavior
of these operators is conducted.

Keywords: quadratic stochastic operator; associativity; dynamics

1. Introduction

Mathematical population genetics investigates the dynamics of frequency distributions
of genetic types (alleles, genotypes, gene collections, etc.) in successive generations under
the action of evolutionary forces. To explore the behavior of the population, the discrete
dynamical system associated with an evolution operator is the main object of the theory.
In ref. [1], a short history of applications of mathematics to solving various problems in
population dynamics is given.

On the other hand, there is another theoretical framework to investigate essential
properties of population genetics, which is based on an algebraic approach [2,3]. In this
scheme, most of the algebras are nonassociative. In the literature (see, for example, [4,5]),
plenty of nonassociative algebras (baric, evolution, Bernstein, train, stochastic, etc.) have
appeared to model inheritance in genetic systems. Such algebras are referred to as “genetic
algebras”. In general, problems of population genetics were started in [6] by employing
quadratic stochastic operators (see also [2]). It is worth recalling those operators which
present the time evolution of species in biology [7,8]. Namely, let us look at a population
consisting of m species (or traits) which are denoted by I = {1,2,--- ,m}. Assume that

0 0
x(0) — x§ ). (0)

e X, ) is a probability distribution of species at an initial state, and p;; « is

a probability that individuals in the ith and jth species interbreed to produce an individual
from a kth species. Then, a probability distribution x(!) = (xgl), e, xﬁ,} )) of the species in
the first generation can be found as a total probability, i.e.,

m
xl((l) = Z pl],kxl(o)x](()), k S {1/ . ‘Im}’

ij=1
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The correspondence x(©) — x(1) is called the evolution operator or quadratic stochastic operator

(QSO). In other words, such an operator describes a distribution of the next generation if
the distribution of the current generation was given. Applications of QSOs to population
genetics were given in [2,9-11]. The reader is referred to [12] for a self-contained exposition
of the recent achievements and open problems in the theory of QSOs.

QSOs find applications as discrete-time dynamical systems in various fields, including
economics, epidemiology, and social sciences [13-17]. They are valuable tools for analyzing
and predicting the behavior of complex systems that undergo discrete changes at fixed
time intervals. For instance, in economics, QSOs can assist in modeling and understand-
ing market dynamics, optimizing resource allocation, and predicting economic trends.
In epidemiology, QSOs can be employed to simulate disease spread, evaluate intervention
strategies, and forecast the progression of infectious diseases. Moreover, in social sci-
ences, QSOs can aid in studying social dynamics, opinion formation, and decision-making
processes within populations. By employing QSOs as discrete-time dynamical systems,
researchers can gain insights into the intricate dynamics of these complex systems, enabling
better understanding, planning, and decision-making.

Each QSO defines an algebraic structure on the vector space R™ containing the sim-
plex (see next section for definitions). The associated algebra is called genetic algebra. A
more modern use of the genetic algebra theory for self-fertilization can be found in [18,19].
Therefore, it is the interplay between the purely mathematical structure and the corre-
sponding genetic properties that makes this subject so fascinating. We refer to [2,3,20] for
comprehensive references.

In [21,22], new classes of QSO were introduced, which are called ¢ (25)_QSOs. We notice
that such classes of operators depend on the partition of the coupled index set (the coupled
trait set) P, = {(i,j) : i < j} C I x I. Furthermore, certain subclasses of these operators
have been intensively explored in [23-25]. However, in those investigations, the algebraic
structures of genetic algebras associated with &(9)-QSO are not considered. Therefore, to fill
that gap, in the present paper, we are aiming to study certain algebraic properties of genetic
algebras corresponding to &(*-QSO. We stress that the considered &(%)-QSOs are different
from Lotka—Volterra QSOs, which also have important applications in several branches of
sciences [26-29]. The genetic algebras associated with Lotka—Volterra operators have been
intensively explored in [30-33]. There appeared several works on the derivations of genetic
algebras [34-37]. Interpretations of the derivations have been discussed in [18]. Recently,
in [38-41], derivations of Lotka—Volterra algebras have been described. Furthermore, other
types of genetic algebras have been investigated in [42-47].

The paper is organized as follows. In Section 2, we collect necessary definitions from
the theory of genetic algebras. Section 3 is devoted to the construction of a class of &(*-QSO
on two-dimensional simplex. Furthermore, in Section 4, we study the associativity of these
operators along with their dynamics. The characters of these algebras are described in
Section 5. In Section 6, the derivations of genetic algebras associated with ¢(*) are described.
Moreover, in Section 7, the dynamics of these operators are discussed.

2. Preliminaries

Recall that a quadratic stochastic operator (QSO) is a mapping of the simplex

m
Sm‘l—{x—(x1,~~,xm)€Rm: x;i=1, x>0, i—l,m} (1)
i=1
into itself, of the form
m
=y Pyjxixj, k=1,m, )
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where V(x) = x" = (x{,- -+, x},), and Pjj is a coefficient of heredity, which satisfies the
following conditions

m
Pjx >0, Pjx=DPir Y Pjr=1 3)
k=1

Thus, each quadratic stochastic operator V : S~ — §"~1 can be uniquely defined by a
cubic matrix P = (Pjj) :"] 1, With conditions (3).

A point x € §m=1 g called a k-periodic point of V, if Vf(x) #x,0<j<k, Vk(x) =x.
If k = 1, then such a point is called a fixed point of V. The set of fixed points and k—periodic
points of V are denoted by Fix(V) and Pery(V), respectively. For a given point x(©) € 571,
a trajectory {x(")}%_, of V starting from x(*) is defined by x("+1) = v(x(")). By wy (x(0)>,

we denote a set of omega limiting points of the trajectory {x(") oo

Definition 1. A quadratic stochastic operator V is called reqular if for any initial point x € S™~1
the limit liﬁm V7 (x) exists.
n—o0

Note that each element x € S~ is a probability distribution of the set I = {1,...,m}.
Letx = (xq, -+ ,%m) and y = (y1, - - ,ym) be vectors taken from S"~1. We say that x is
equivalent to y if x; = 0 < v = 0; this relation is denoted by x ~ y.

Let supp(x) = {i: x; # 0} be a support of x € S"~1. We say that x is singular to y and
denote by x L v, if supp(x) Nsupp(y) = @.

We denote the sets of coupled indexes by

P,={(i,j):i<jlCIxI, Ap={(,i):iel} CIxL

For a given pair (i,j) € Py, U A, we set a vector ]P’ij = (Pij,lr s, Pij,m). It is clear due to
condition (3) that P’;; € sm=1,
Let ¢ = {Ai}f\i jand = {Bi}f\i 1 be some fixed partitions of P, and A, respectively,
N M
ie, AiNA; =9, BiNBj=©,and U A; =Py, U B; = Ay, where N, M < m.
= )

1= i=1

Definition 2. A quadratic stochastic operator V : S"~1 — S"=1 gjven by (2) and (3), is called a
&95)-QSO with regard to the partitions &,y (where the letters “as” stand for absolutely continuous-
singular) if the following conditions are satisfied:

(i)  foreachk € {1,...,N}andany (i,]), (u,v) € Ay, one has that Pjj ~ Py,

(i) foranyk # {,k,€ € {1,...,N}andany (i,j) € Agand (u,v) € A, one has that Py | Py,
(iii) foreachd € {1,..., M} and any (i,i), (j,j) € Bg, one has that P;; ~ Pj;
(iv) foranys # h,s,h € {1,...,M} and any (u,u) € Bs and (v,v) € By, one has that

Puy L Pyy.

Remark 1. If 1 is the point partition, i.e. & = {{(1,1)},...{(m, m)}}, then we call the corre-
sponding QSO by £)-QSO (where the letter “s” stands for singularity), because in this case, every
two different vectors Py; and P;; are singular. If i is the trivial, i.e., & = {Am}, then we call the
corresponding QSO by E\@-QSO (where the letter “a” stands for absolute continuous), because in

this case, every two vectors P;; and Pj; are equivalent. We note that some classes of ¢ (4)-QSO have
been studied in [21].

A BIOLOGICAL INTERPRETATION OF A (W) —QSO: We treat I = {1,--- ,m} as a set of
all possible traits of the population system. A coefficient P;;  is a probability that parents
in the i" and j* traits interbreed to produce a child from the k' trait. The condition
DPjjx = Pji x means that the gender of parents does not influence the probability of having a
child from the k" trait. In this sense, P, U A,, is a set of all the possible coupled traits of
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the parents. A vector P’;; = (Pijrl, S, Pij/m) is a possible distribution of children in a family
where the parents are carrying traits from the it" and j* types.

3. A Class of £()-QSO on 2D Simplex

In this section, we are going to define ¢ () —QSO in two-dimensional simplex, i.e., m = 3.
The set P3 has the following possible partitions:

G ={wL2)1{13)}1L{(23)}} 6] =3
&2 =1{{(23)}{(1,2),(1,3)}}, |82 =2,
&= {13} {(1,2),(23)}}, 18] =2,
¢a={H{(1L,2)}1{(1,3),(23)}}, |84l = 2,
&5 ={(1,2),(1,3),(2,3)}, &5 = 1.

We notice that ¢ (5)_QS0s corresponding to the partitions ¢; — ¢4 have been stud-
ied in [22-25]. Therefore, in the present paper, we concentrate on the partition {5 and
7 = {(1,1)(2,2)(3,3)}, which defines a class of #(-QSO. In the sequel, for the sake of
simplicity, we are going to consider the following coefficients (P,-]',k);.’jj’k:1 given by the table:

Py Py P33 Pyp Pi3 Py
(0,1—a,0) | (1—a,a,0) | (1—a,4«0) | (1,0,0) | (1,0,0) | (1,0,0)
(0,0,1—a) | (1—a,0,&) | (1—=,0,&) | (0,1,0) | (0,1,0) | (0,1,0)
(0,a,1—a) | (0,1 —w,&) | (0,1 —w,a) | (0,0,1) | (0,0,1) | (0,0,1)

where « € [0, 1].
The corresponding QSOs are listed as follows:

xp = ax} + (1 —a)xd + (1 —a)xd +2x1x0 + 2x2x3 + 2x1 %3
V= xy = (1—a)x? 4 axd + ax’ 4)
x/3 =0

x,l =ax?+ (1 —a)xd + (1 — a)x3 + 2x1x5 + 2xpx3 + 2x1 X3
Vai=1{x,=0 (5)
Xy = (1— )23 + axj + axj

xl1 = 2x1Xx2 + 2xpx3 + 2x1X3
Vi i= < xp = ax? + (1 —a)x3 + (1 — a)x (6)
X = (1—a)x3 +ax} +ax3

x; =ax? 4+ (1—a)x3+ (1 —a)x3
Vii=1Q xy = (1 —a)x} +ax3 + ax3 + 2x7x0 + 2xp%3 + 2x1 %3 )
x’3 =0

X =ax}+ (1—a)xd+ (1—a)xd
V5 = x/2 = lexz =+ 2x2x3 + 2x1X3 (8)
Xy = (1 —a)x® + axd + ax?

x; =0

= ﬂéx% +(1- oc)x% +(1- tx)x% + 2x1x2 + 2x2x3 + 2x1X3 )
X3 = (1—a)x} +ax3 + axj

V6:

|
=
()
\
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X =ax}+ (1—a)xd+ (1—a)x
Vy = xl2 = (1—a)x}+axf+ax3 (10)
x/3 = 2x1x2 + 2xpx3 + 2x1X3

xp=axt+(1—a)d+ (1—a)xd+

Vg = x’2 =0 (11)
Xy = (1—a)x3 + axd + ax3 + 2x1x2 + 2x2%3 + 2x1 %3

Vg := x; =axi+ (1—a)xd+ (1—a)x3 (12)

!

xy = (1— a)x% + ax3 + txx% + 2x1xp + 2xpx3 + 2x1 X3

4. Associativity

Let V be a QSO, and suppose that x,y € R™ are arbitrary vectors. Then, one can define
a binary rule [9] on R™ by

m
(xoy y)k = ). Pijxix;j. (13)
ij=1
Using (3), one can see that x oy y = y oy x, i.e., the multiplication is commutative. Certain
algebraic properties of such kinds of algebras were investigated in [2,3,20]. In general,
genetic algebra is not necessarily associative.
The multiplication (13) in the canonical basis can be represented as follows:

m
e; oy e — Z Pi<,kek. (14)
) ]
ij=1

It turns out that the multiplication can be given terms of QSO

xovy = ;(Vix+y) = Vix—y))

One can check that
2

xoy x = x*> = V(x) foranyx € §"1,
This algebraic interpretation is useful, e.g., a state x is an equilibrium precisely when x is
an idempotent element of the algebra.
The algebra A is called associative if

(xoy)oz=xo(yoz) forall x,y,z € A.

In this section, we are going to investigate the associativity of genetic algebras gen-
erated by ¢(-QSO described in the previous section. To describe such algebras, we are
going to consider more general operators which cover all listed ones. For this reason, we
are going to evaluate the following table:

Piig=a1 Pup=b Puz=c
Pni=a Ppno=by Pnz=c0c
P31 =a3 Pyp=0b3 Py3=c3

where a;, b;,c; > 0
m+b+c=1 aa+by+cr=1, a3+bz+c3=1

Furthermore, we assume that the coefficients (Pij,k)?; 1 are given by
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Cases P12 P13 P23
1 (1,0,00 (1,0,0) (1,0,0)
2 0,1,0) (0,1,0) (0,1,0)
3 (001 (001 (0071

Then, the corresponding QSOs are described as follows:

!
Xy = a1x% + azx% + a3x§ + 2x1x2 + 2xpx3 + 2x1X3
!
Wy = Xy = blx% + bzx% + b3x§ (15)
!
Xy = 01%3 + X3 + 0323

!
X = a1x} + axx3 + azx3
/
Wy := X, = blx% + bzX% + ng% + 2x1xp + 2xpx3 + 2X1X3 (16)
!/
X3 = 01X + X5 + €3%3

L2 2 2
Xy = a1X7 + axx5 + azxz
!
W3 := Xy = blx% + bzx% + b3x§ (17)
!/
Xq = clx% + czx% + C3x§ + 2x1x9 + 2xpx3 + 2x1X3

The obtained operators Wi, W, and W3, according to (13), generate corresponding
genetic algebras which are denoted by A1, A, and Aj. Therefore, we are going to investigate
the associativity of these algebras. Let us list their table of multiplication.

Case I: In this case, we consider the QSO Wy; then, for the corresponding genetic
algebra Aj, the table of multiplication is given by

€] €2 €3
e | mpe; +biey+cie3 e e
en e a,e1 + byey + cres e
e3 e e aze1 + bzey + c3es

Case II: Now, let us consider W,, then the algebra A; has the following table of

multiplication:
€] €2 €3
el | ape1 +brex +cre; e e
) en a,e1 + brey 4+ cres e
e3 en e aze1 + bzey + czes

Case III: Using the same argument, the algebra A3 is defined by W3, and its table of
multiplication is given by

€1 €2 €3
e1 | ape1 +Dbrex +cre; e3 €3
en e3 a,e1 + byey + cres €3
es3 e3 €3 aze1 + bzey + c3es

Theorem 1. The algebras Ay, Ay and As are isomorphic.

Proof. Let W be given by (15) with the parameters 4;, b;, ¢;, and W, be given by (16) with
the following parameters a;, b;, ¢;, such that

a = b1/b2 =4a1,6 = (1
ar =by, by =a3,c1 =
a3 = b3, by =a3,c3 =¢3
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For the sake of simplicity, we prove that A; is isomorphic to A;. To do so, let us define
a mapping
a(xy, x2,x3) = (x2, X1, X3).

It is enough to check
w(e;ow, e;) = a(e;) ow, a(e;), Vi,j e {1,2,3}.
Using Case I and Case II, we find

a(eq oy, e1) = a(er) ow, a(e)) = a2 =
w(ez o, e2) = a(ez) ow, a(ez) = a1 = by, by = a2,¢1 =2
w(e3) = a3 =

a(es ow,; e3) = a(es) Oow, & e3)

a(eqow, e2) = a(er) oy, a(ez2) = ez
a(er oy, e3) = a(er) ow, a(e3) = ez
a(ep ow, e3) = a(ex) ow, a(e3) = ez

which completes the proof. [

Furthermore, due to the proved theorem, we always consider the genetic algebra A;.

Theorem 2. The genetic algebra Ay is associative if and only if one of the following conditions

is satisfied.

(i) a=1b1=0,c1=0;a,=1,"b,=0,c0 =0;a3,b3,c3 —arbitary, bz # 0

(i) a3 =1,b =0,c1 =0;ay,by,cy —arbitary,c, #0;a3 =1,b3 =0,c3 =0

(ii)) ay =1,bp = 0,c1 = 0 ;ap —arbitary,by =1 —ay,cp =0 ;a3 —arbitary, bz = 0,c3 =
1-— as

Proof. To check the associativity, it is enough to establish the associativity on the basis of
elements eq, e; and ej3

ejo(ejoer) = (eoej)oe forall i,j,k=1,2,3

By checking all the cases, we obtain the following equations

bi(1—0by)=0 bic, =1 biag4+c¢1 =0
c1(1—c3)=0 c1bs = by cia3+bp =0
am =1 by =0 c1=0

0 azby =0 azc1 =0

0 abp =0 ac1 =0

b3(1—ay) =0 bsb, =0 bscr, =0
0 bz =0 c3cp = 0.

Solving these, we get
l.ag=1,b1=0,c0=0;a,=1,bp =0,cp = 0;a3,b3,c3 — arbitary, bz # 0.

Hence, the corresponding operator Wi has the following form:

P2 .2 2
Xy = X7 + x5 +a3x5 + 2x1x + 2x2x3 + 2x1X3
. / 2
W1 : Xy = b3x3
!
Xy = c;;x%
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2.a1=1,b; =0,c1 =0;ap,by,co —arbitary,cp #0;a3 =1,b3 =0,c3 = 0.
Hence, the corresponding operator Wy has the following form:

!
X = x% + azxg + x% + 2x1xp + 2xpx3 + 2Xx1X3
!
W1 : Xy = bQX%
!
X3 = C2X3

3.a1 =1,b1 =0,c1 =0;ap —arbitary,by =1—ay,cy = 0 ;a3 —arbitary, bz = 0,c3 =1 —as.
Hence, the corresponding operator W has the following form:

!
X = x% + azx% + ag,x% + 2x1xp + 2x9x3 + 2x1X3
!
Wi x,=(1—a)x3

xé = (1 —a3)x}
0

Dynamics of Wy

In this subsection, we are going to investigate the dynamics of a QSO corresponding to
associative genetic algebra A;. Let us study the dynamics of W; according to the different
cases described in Theorem 2.

According to part (i), Wi has the following form

2.2 2
x/1 = X7 + x5 + a3x5 + 2x1x2 + 2xX3 + 2x1X3
W1 : Xy = b3x§
!
X3 = 63x§

If x5 = 0, then W (x1,x2,0) = (1,0,0). I x3 # 0 = 0 < x3 < 1, then x§") = C312, =

xén) = C%le%n. Now, ifcy < 1= xgn — 0and xél) = b3x§2) = xén) = bg,cgnflflxgnf1 =

" =050, 6 420 42V = 1= 2P = 1. Thus, W (x) = (1,0,0). Tfez = 1,>
a3 = by = 0, which gives W;(0,0,1) = (0,0,1). Therefore, Wy (x1, x2,x3) = (1 — x%, 0, x%)
Frs <1= W"(x)— (1,0,0).

According to part (ii), W; is represented as follows

!
x| = x% + azxg + x% + 2x1xp + 2xpx3 + 2x1X3
. / 2
W1 : Xy = bzxz
!
X3 = sz%

If x, = 0, then Wy (x1,0,x3) = (1,0,0). If x5 # 0 = 0 < x, < 1, then x§) = byx2, =

xén) = b%n*1x§n. Now, ifb, <1 = xén) — 0and, xgl) = sz§2) = xén) = czbgl_l*lx%"_l =

2 = 0. 50, 6" + 6 45 =1 = %" = 1 Thus, W (x) = (1,0,0). Tfby = 1,=

ay = by = 0, which gives W;(0,1,0) = (0,1,0). Therefore, Wy (x1,x2, x3) = (1 — x%, x%,O).
Ifx, <1= W/ (x)— (1,0,0).
By part (iii), W is given by

.2 2 2
Xy = x] +axx5 + azx3 + 2x1xp + 2xx3 + 2x1X3

Wy : x,2 =(1 —az)x%

Xy = (1—a3)x3
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If ag = 1,a3 = 1, then Wi(xq,x2,x3) — (1,0,0). If a3 = 1,0 # ap < 1, then
X} = (1-a)x3 = xén) = (1 —a2)?'x3" because s < 1 = xén) — 0. Addition-
ally, x{") = 0 = x" — 1. Therefore, W\ (x) — (1,0,0). Ifa, = 1,0 # a3 < 1,

then x} = (1 —a3)x3 = x4 = (1—a3)? a3 because a3 < 1 = xé") — 0. Ad-
ditionally, xén) =0= x&n) — 1. Therefore, Wl(n)(x) — (1,0,0). Ifay < l,a3 < 1
x} = (1 — ap)x3, which gives xén) =(1-a)?" 1 = xén) — 0, x} = (1 —a3)x3, which
gives xé") = (1-a)" 13" = xé") - 0= x%") = 1. Therefore, Wl(")(x) — (1,0,0).

Ifa2=0:>x/2:x§:>x2:0,10ra3:O=>x;:x§:>x3:0,1.
Hence, we can formulate the following theorem.

Theorem 3. Let Wy be a QSO whose genetic algebra A1 is associative, then Wy is regular, moreover
one has
Wl(")(x) — ey, forevery x € S2.

5. Character

In this section, we characterize all characters of genetic algebras. Let A be a genetic
algebra. Let us recall that a character of A is a linear functional on A with

h(xoy) =h(x)h(y) vV x,y €A
We notice that the functional
h(x) =Xx1+x2+x3

is a trivial character for any genetic algebra. Therefore, we are interested to find other
nontrivial characters A;.

Theorem 4. Let us consider algebra Ay. Then, the following statements hold.

(i)  Ifci1 =cy =0,c3 #0, then h(x) = c3x3 is a character;
(i) Ifby = b3 =0,by # 0, then h(x) = byxy is a character;
(iii) otherwise, there is only a trivial character.

Proof. Let h(x) = hi1xy + hyxp + h3x3 be a linear functional, where x = (x1,xp,x3). To
check h is a character, it is enough to verify

h(e;oe;) = h(e;)h(e;) forall i,j=1,2,3. (18)

It is clear that h(e;) = h;; then, checking (18) yields

aihy +bihy + cihy = I3 (19)

hy = hihy = hi(1—hy) =0 (20)
hy = hhy = hi(1—h3) =0 (21)
axhy + bohy + cohy = h3 (22)

hy = hohs (23)

azhy + b3hy + cshy = h3 (24)

Now we want to solve these equations. Consider several cases.

Case I: h; = 0, then hyhz = 0.
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Sub-case [;: Assume that i = 0, h3 # 0.

Then, from the above given equations, we find

cith3 =0=cy =0and coh3 =0=c, = 0. Moreover,h%—@,hg, =0=>h3=c3#0
Hence, h(x) = c3x3, ¢3 #0,¢c1 = ¢ = 0.

Sub-case I: hy #0,h3 =0

bihy =0=0b; =0

bshy =0=b3=0

W3 —byhy =0=hy=by #0

Thus, h(x) = byxa, by #0,b; = b3 =0.

If hy # 0,hy = 1, h3 = 1, then we get the trivial derivation. O

Remark 2. It is worth mentioning that the characters of Lotka—Volterra and other kinds of genetic
algebras have been investigated in [40,44].

6. Derivations

In this section, we are going to describe derivations of genetic algebras associated with
&(®)-QS0s. We recall that a derivation on algebra (A, o) is a linear mapping D : A — A
such that D(uov) = D(u) ov+uo D(v) forall u,v € A. Itis clear that D = 0 is also a
derivation, and such a derivation is called a trivial one. It is important to know whether
the given algebra possesses a nontrivial derivation. Notice that a genetic interpretation of
derivations was discussed in [35].

Let A be a genetic algebra associated with Wj. Its table of multiplication is given in
Case 1. It is well known that d is a derivation if and only if

d(eioe]-) :d(ei) oej—l—eiOd(e]-) (25)

To describe derivations of the algebra A, we check the validity of (25). Assume that

3
D(ei) = Zdl"]‘e]‘, i€1,2,3 (26)
j=1
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for some matrix (d;;). Then, we obtain the following system of equations:

aydyy + bidy + c1ds = 2(ardqy + diz +dis) (27a)
a1di1p + bydpn + c1dsp = 2bydyy (27b)

a1d13 + bydaz + c1dsz = 2c1dyy (27¢)

axd1y + baday + cadzy = 2(doy + azdon + do3) (274d)
azd1n + badp + cadzy = 2byda) (27¢)

ad13 + badps + cadsz = 2cadn (271)

azdiy + baday + cadsy = 2(ds1 + azdsp + ds3) (27g)
azdyz + badx + c3dzy = 2bzds; (27h)

asdqz + bzdos + c3dsz = 2c3ds3 (271)

axdip +di3 + arday +dan +dyz =0 (27)

dip = bydyp + bydoy (27k)

di3 = cad1p + c1d 271)

asdyz + dip +ards1 +dsp +dsz =0 (27m)

dip = bydsy + bsdys (27n)

diz = cadi3 + c1d3 (270)

do1 + d + azdys + day + azdsy +dzz = dpg (27p)
diz = bsdaz + badsy (27q)

d13 = c3dy3 + c2d32 (27r)

In what follows, for the sake of simplicity, we restrict ourselves to case ¢; = 0 Vi €

{1,2,3}. In this case, the system is reduced to

bydpy = aydyy +2d1p + 2dy3 (28a)
a1dip + bydy = 2bydy (28b)
bidys =0 (28¢)
azdyy + bydy = 2(dy1 + azdy + das) (28d)
ardip = 2bydyy (28e)
bydr; =0 (28f)
azdyy + baday = 2(d31 + axdsy +dsz) (28g)
azdip + bzdy = 2bzdsz (28h)
bydy; =0 (28i)
ardip +diz +aidyy +dyp +dz =0 (28j)
(by —1)dya + bydy =0 (28k)
azdiz + dip + ardsy +dzp +dsz3 =0 (281)
di2 = bids1 + badiz (28m)
dp1 + dy + azdys + d3y + azdsy +dzz = dg (28n)
dip = badaz + bads) (280)
di3 =0 (28p)

Let us consider several cases:
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Case 1: Assume that b; = 0,i € {1,2,3} which means 4; = 1,7 € {1,2,3}; then, from the
above equations, we obtain

di1=0d;p=0d;3=0

dy1 +dyp+dy =0
dz1 +d3p +dzz =0

which yields
0 0 0
D=|a f —a-— ﬁ} , a,B,7,0is arbitrary.
Y 6 —v—9¢

Case 2: Assume thatb; =0,Vi € {1, 2, 3} ; then, from the above equations, one finds

d
diz =0, dy =0, dzp = #,
2

_dp _a @
dz1 = B dy = Edlz; dy = Fldlzl

_dpfar | ay _dipfaz | ay
d“_z{m+b}d%_2{m+@}

From azdy3 + dip + a1ds + dzp + d33 = 0, substituting values of d31, d3p, d33, we get

as an a1 1
dpd =+ =3 =231+ — + — »dqo.
12{53+b2} { Jrblebz}12
If di, # 0, because R.H.S is a negative number, then L.H.S must be negative, which is

impossible, so dio = 0. This implies that d;; = 0, Vi, j € {1,2,3}. In this case, we have only
the trivial derivation.

Case 3: Assume that by # 0,b, = 0,b3 = 0 which means a1 = 1,a, = 1; then, from the
above equations, we get

diz =0, d3=0, dip=0,

dz1 =0, dyy =0 ,d»n =0,
dsz = —dz, d;1 =0

which yields
00 O
D= |0 0 0|, pisarbitrary.
0 p P

Case 4: Assume that by = 0,b; # 0, b3 = 0; this means a; = 1,43 = 1. Then, using the same
argument, we obtain a nontrivial derivation given by

0 0 O
0 0 0|, Pisarbitrary.
p 0 —p

D =
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Case 5: Assume that b; = 0,b, = 0,b3 # 0, which means a; = 1,a, = 1. In this case, we
need to examine the system

d

iy = —dp, 3= =7,

_ dy

d31 = —d3 — ==,

which implies
0 0 0
D = — « 0|, w«, pBisarbitrary.

3-8 B

Case 6: Assume that b; = 0,b, # 0,b3 # 0; here a; = 1, hence

diz =0, d3=0, dip =0,
dz; =0, dy =0 ,dyp =0,
d33 = —dz1, di1 =0

which gives

00 O
D= |0 0 0|, pisarbitrary.
p 0 —p

Case 7: Assume that by # 0,b; = 0,b3 # 0; this means a; = 1. Then, using the same
argument, we obtain a nontrivial derivation given by

00 O
D= |0 0 0|, pisarbitrary.
0 p —P

Case 8: Assume that by # 0,0 # 0,b3 = 0, then we obtain d;; = 0,Vi,j € {1,2,3}. Hence,
in this case, there is only a trivial derivation.

Now let us finalize the obtained results.

Theorem 5. Let Aq be the genetic algebra generated by Wy (15) with c; = 0,Vi € {1,2,3}. Then,
the following statements hold.

(i) Ifallb; #0,i € {1,2,3} or by # 0,by # 0,b3 = 0, then there is only a trivial derivation.
(i) Ifby #0,bp =0,b3 =0o0rby # 0,bp = 0,b3 # O, then there is a nontrivial derivation
given by

00 O
D=10 0 O B is arbitrary.
0 p —P

(iii) Ifby = 0,by # 0,b3 = 0or by = 0,by # 0,b3 # O, then there is a nontrivial derivation
given by

0 0 O

00 0 B is arbitrary.

B0 —p
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(iv) Ifby =0,bp = 0,b3 # 0, then there is a nontrivial derivation given by

0 0 0
D= —u « 0| «pBisarbitary.
—5-B B 3
(v) Ifb; =0,Yi € {1,2,3}, then there is a nontrivial derivation given by
0 0 0
D=|a B —a—pB| wPp, 7, 0isarbitary.
Yo =9

7. Dynamics of Some &(?)-QSOs

This section is devoted to the investigation of the dynamical behavior of ¢(*)-QSOs.
We concentrate on the investigation of V1, V3, ..., Vg operators given in Section 2. Using the
argument of Theorem (1), we can establish that V; is conjugate to V,, V; V4 is conjugate to
Vg, Vo, and V3 is conjugate to Vs, V7. Therefore, we concentrate on the investigation of the
V1, V4 and V; operators, which will be studied separately. Furthermore, in order to provide
a visual representation of the behavior of the considered class of &(?)-quadratic stochastic
operators (QSOs), we present accompanying images that illustrate their dynamics. These
images aim to aid in understanding and interpreting the behavior of the operators in a
graphical manner.

7.1. Dynamics of V;

Now, we are going to study the dynamics of V;. The dynamics of V; depend on the
value of the parameter «. For this reason, we are going to consider three cases; namely,
whenae =1, =0,and 0 < & < 1.

Letl, = {(x,y,0),x,y > 0,x+y =1}

Proposition 1. The following statement holds for V;:

1. Ifx(0 ¢ Fix(Vy) be any initial point, then Vy(x()) € I,_,.
2. The line l,— is invariant.

Proof. The proof is straightforward. [J

Let us assume that &« = 1. Then, V; has the following form:

x' = x? 4 2xy + 2xz + 2yz
V]Z y/:y2+22
Z =0

Due to Proposition (1), it is enough to study the dynamic of V; on the line I,—(. Hence,
the second coordinate becomes y’ = 2. So, the fixed points of V; when a = 1 are (1,0,0)
and (0,1,0). Because y' = y?, then the sequence {y("™)} is decreasing and bounded; this
implies that y(”) — 0. Hence, x(" — 1 — y<”). Thus, w(x(o)) = (1,0,0), as shown in
Figure 1.
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0.4+

X

Figure 1. Trajectory when & = 1.

Assume that « = 0; then V; becomes

I

<

{ X' = (y? +2%) + 2xy + 2xz + 2yz
Vi 2

X
zZ =0

To find the fixed point of V; in this case, we use the second coordinate and x = 1 —y.
Hence, y = (1 — y)?, which is equivalent to y?> — 3y + 1 = 0. The solution of the last

equation is y = % However, % > 1. Hence, the fixed point in this case Fix(V;) =
{ (_1+‘/§, 3%@, 0) } In this case we have also periodic points. From the second coordinate,
one has y” = (1 — (1 — y)?)?, which is equivalent to y"" = (2y — y?)%. So, ¥’ = y if and only
ify € {0, V5 1}. So, the periodic points of V; when a = 0 are as follows:

2
o (521550
e}, ey, > T ,0 .

Define the function f(y) = (1 — y)?, this function is decreasing on [0, 1]. Consider g(y) :=
f(fy)) —y = y* — 4y® + 4y> — y. After simple calculations, one has g(y) < 0 when

0<y< 3*2‘/§,andg(y) > Owhen¥ <y<Ll
Assume that x(9) € I,_g is any initial point. If x(*) is chosen such that y(©) < *1%\/5,

because f(y) is decreasing, then y(!) > _1%\/5 Then, the trajectory implies that the

sequence 71%6 < {y@)} < 1 and the sequence 0 < {y+1)1 < 71%‘/5 One can find
that the sequence {y(?**1)} is decreasing. Hence, y(**1) — 0, consequently, x(%+1) — 1.
Additionally, the sequence {y(?} is increasing. Hence, y(2¥) — 1, consequently, x(%+1) —
0. Thus,

w(x) = {ey, e2}.
From Figure 2, one can see that the trajectory jumps between the periodic points
{el, ez}.
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Figure 2. Trajectory when & = 0.

Now, consider 0 < a < 1. Then, to find the fixed points, we shall solve the follow-
ing systems
wx?+(1—a)1—x)?+2x(1—x) =
P+Qu—-2y+l-a =

From y? 4+ (2a —2)y +1 —a = y,onefindsy = 3=20—vaa~—8a+5 W.Hence,x = (2a71)+\§m‘
So ((Zal)+\/24a28a+5 3_2,1_\/%,,‘2_% 0)

is a fixed point. Define the function

hy) =y* 4+ (e —2)y +1—a.

This function increases for any y > 1 — « and decreases forany y <1 —a.
Let us denote A = 4a%2 — 8a + 5. The following result is well known [48] (see
also [49]).

Theorem 6. The following statements hold:

(i)  If0 < A < 4, then all the trajectories of V converge to the fixed point.
(i) If4 < A <5, then there exist two periodic points of V, and all trajectories go to them except
for the fixed point.

Now we are going to clarify under which conditions of « we can explicitly find the
fixed and periodic points respectively.

(i) Assume that0 < A < 4, then

V3

4a2—8a+5<4:>4«x2—8a+1<0:»1—7<a§1.

The unique fixed point is given by

(20 — 1)+ V4a? —8a+5 3 —2a — V4a? —8a+5
fir= > , > ,0].

(ii) Letusassume that4 < A <5, then, keeping in view the above calculations, we have

0<1x§1—§.
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In this case, V has two periodic points. To find them, we need to solve

yid (da—4)y + (40> —8a+4)y  —y+a—a®> =0.

The solutions of this equation are

3—20++v4a2 —8x +5 1—2a++V4a? —8a+5
Y= 2 V= 2 '

Hence, two periodic points are given by

; <1+2a—\/4zx2—8a+1 (1—2a) + v4aZ — 8+ 1 0)
2: 7

2 ’ 2

1420+ vV4a?2 —8a+1 (1—2a) —V4a? —8a+1
fa= 7 , ,0].

2

We note that

f ((20&—1)4—\/40{2—80(4-5 3—2a—V4a2 —8a+5 0)
1= , ,

2 2

is a fixed point of V;.

Furthermore, the point

[ (@2ax—1) —V4a? —8a+5 3 —2a +V4a? —8x +5
f4_ 7 2 /0

2

does not belong to the simplex S?. Now, keeping in mind theorem 6, we can summarize
the following result:

i) o<a<1l-— @, then for any x(0) € §2 we have w(x(o)) ={f2 f3}.

(i) If1- @ < a < 1, then for any x(©) € $2 one has w(x(o)) ={f1}.

Remark 3. We stress that the dynamics of V4 can be investigated by the same argument as V7.
Therefore, we leave this without going into detail.

7.2. Dynamics of V;

In this section, we are going to study the general properties of the operator V;. The
finding of a fixed point depending on the parameter « is a difficult task. Hence, we are
going to estimate the region of the fixed point.

Proposition 2. The following statements hold for V7 :

i x'+y >1/3.

(i) Ifz < 3, then the sequence {2} is strictly increasing.

(iii) Ifa < % then x(") > y(") if o > % then x") <y, and if o = % then x(") = y(n),

Proof. Consider x’ 4y’ = x? + y* + z2. Using the Lagrange Multilayer method, one has
that the minimum value of the function x2 + yz +22, subjecttox+y+z=1and x,y,z > 0,
is % This implies that x" + ' > %

To prove (ii), let us take

7 —z=2z(x+y)+2xy —z=1z— 222 4 2xy.
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It is not hard to show that z > 222 in [0, %], then z — 222 + 2xy > 0. This implies that z’ > z.
Hence, the sequence {z(")} is strictly increasing.
For (iii), consider

) —ym = 20 — 1) (x"V)2 4+ (1 = 2a) (" V)2 4 (1 — 2a) (2"~ D)2,

By (ii) we have that z("~1) is going to be the maximum value of {x("~1),x(=1) z(n=1)1,
1

This implies that, if « < 5, then
0 — () = (20 — 1) (22 4 (1 —20) (v D)2+ (1 —20) (z" V)2 > 0
and if & > %, then x(") — y(”) <0,and if & = %, then x(") — y(”) =0. O

7.3. The Dynamic of V; When e =1

In this subsection, we are going to study the dynamic of V; when a = 1. Substituting
« = 1in V7, one has the following operator:

~

X = x2
Vi v = +2)
z/ = 2xy +2xz+42yz

Theorem 7. The following hold true for V; when o =1 :
(l) FiX(V7) = {e1,e2, (0, %, %)}
(ii) Ifx©) ¢ Fix(Vy) is any initial point, then w(x(0)) = { (0, 1, %) }

Proof. To find the fixed point, we must solve the following system

¥ =
v+z2 =y
2xy +2xz+2yz = z.

Then, x € {0,1}. If x = 1, we have the fixed point e;. If x = 0, then we use the fact
x +y +z = 1, which implies that z = 1 — y. Putting this value into the second equation of
the above system yields 2y> — 3y + 1 = 0. Hence, y € {},1}.If y = 1, then we get the fixed

point ey. If y = %, thenz=1-y = % Consequently, we have the fixed point (0, %, %)

To prove (ii), we note that the sequence {x(")} is strictly decreasing and bounded.
Hence, it converges to a fixed point, which is 0. Thus, it is enough to study the dynamic on
the line /,—¢. Define the function k(y) = 2y*> — 2y + 1. One can show that the last function
is decreasing when 0 < y << 1 and increasing when } <y < 1. Using (i) of Proposition

(2), we gety’ > 1. Because k(y) is decreasing when 0 < y << 1, then k( [%, %D C {%, 1} .
Because k(y) is increasing when <y < 1, then k( {%, 1} ) C [%, 1} . So, the dynamic of V3
is reduced to the region when y € [%, 1} Now, consider k(y) — y = 2y*> — 3y + 1. It is easy
to show that k(y) < yin [%, 1}. Hence, the sequence {y(")} is decreasing and bounded.

Therefore, y") — 3. This implies that

O

The following Figure 3 shows the dynamic of V; when a = 1.
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Figure 3. Trajectory when & = 1.

7.4. The Dynamic of V; When o = §

In this section, we are going to study the dynamic of V; when a = % Substituting
o= % in V3, one has the following operator:

x' =% +y? + 22
Vil y =x2+y?+ 22
z = 2xy +2xz+42yz

1

Theorem 8. The following hold true for V; when « = 5 :

(i) Fix(Vy) = {(% i @@)}
(ii)  The line lx—y is invariant.
(iii) Ifx0) ¢ Fix(Vy) is any initial point, then w(x(©)) = {(% B @) }

Proof. To find the fixed point, we shall solve the following system:

To 1, 1, _
Ex +§y +§z = x
To 1, 1, _
2x +2y +2z =y
2xy+2xz+2yz = z

Clearly, x = y and we use z = 1 — x — y; then, the first equation becomes 3x? — 2x + % =0.

The solutions of the last equation are x = % — @, X = % + g. The solution x = % + ? is

rejected because x + y < 1. Hence, we have the fixed point (% — ?, % — %, ?)

The proof of (ii) is straightforward.

To prove (iii), it is enough to study the trajectory on the line I,—,. To complete this
task, define the function m(x) = 3x2 —2x + % This function is decreasing when 0 < x < %
and increasing when 1 < x < 1 due to the fact x = y; this implies that x < 1. Additionally,

from the fact x +y > %, this implies that x > %. So, it is enough to study the dynamic when

% <x< % One can show that m([%,x*D C [x*,ﬂ where x* = % — ?. Additionally,
m([%, %D C {%, ﬂ Consider the function m(m(x)) —x = 27x* —36x> +15x% — 3x +

%- One can see that this function is increasing when x € [%, x*} and decreasing when
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X € {x*, ‘ﬂ So, x(2) — x* and x(2"t1) — x* Hence, if x(0) ¢ Fix(V5) is any initial point,
then w(x()) = {(% _ ?,% _ §’§>} .

The following Figure 4 is the dynamic of V; when a = %

0.6
0.5
0.4

0.3

X

Figure 4. Trajectory when o = %

Remark 4. From the results, we infer that the considered operators are reqular to the unique fixed
point. This indicates whether these operators are contractions or not. It turns out that these operators
are not contractions. Indeed, to verify this, one needs to check the condition [11]

d
max Y |pik;j — Piok,il <1
iy.ip,k =1

One can check, for example, for V;, that

< 1= 2<1 isacontradiction

3
Z |P1,1,1 —P21,1
j=1

which implies that V; is not a contraction. Up to now, there is no clear rigorous proof of the
reqularity of these operators in a general setting.

8. Conclusions

In the current paper, we investigated the algebraic properties of the genetic algebras
associated with ¢(*)-QSOs. The associativity of these operators corresponding to partition
¢5, along with their dynamics, were studied. The characters of these QSOs were described.
We also fully characterized all derivations of such kinds of algebras. Finally, the regularity
of the dynamics of ¢ (”)-QSOS were investigated. However, the study of the behavior of
these operators in higher dimensional simplex still remains as an open problem. Further
work could include generalization to other classes of QSOs; while the present paper focuses
on a specific class of QSOs corresponding to the partition (s, there are other partitions
and classes that could be explored. Investigating the algebraic properties, dynamics,
and behavior of these different classes could provide a more comprehensive understanding
of QSOs as a whole.
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