Algebra, Analysis and Quantum Probability IOP Publishing
Journal of Physics: Conference Series 697 (2016) 012010 doi:10.1088/1742-6596/697/1/012010

b— Bistochastic Quadratic Stochastic Operators and
Their Properties

Farrukh Mukhamedov!', Ahmad Fadillah Embong?

! Department of Computational & Theoretical Sciences, Faculty of Science, International
Islamic University Malaysia, P.O. Box, 25200, Kuantan, Pahang, Malaysia
2 Department of Computational & Theoretical Sciences, Faculty of Science, International
Islamic University Malaysia, P.O. Box, 25200, Kuantan, Pahang, Malaysia

E-mail: farrukh m@iium.edu.my, ahmadfadillah.90@gmail.com

Abstract. In the present paper, we consider a class of quadratic stochastic operators (q.s.0.)
called b-bistochastic q.s.o. We study several descriptive properties of b- bistochastic q.s.o. It
turns out that, upper triangular stochastic matrix defines a linear b-stochastic operator. This
allowed us to find some sufficient conditions on cubic stochastic matrix to be a b—bistochastic
q.8.0.

1. Introduction

The history of quadratic stochastic operators (q.s.0.) can be traced back to Bernstein’s work [1]
where such kind of operators appeared from the problems of population genetics (see also [7]).
Such kind of operators describe time evolution of variety species in biology are represented by so-
called Lotka-Volterra(LV) systems [20]. Nowadays, scientists are interested in these operators,
since they have a lot of applications especially in modelings in many different fields such as
biology [5, 15], physics [17, 19], economics and mathematics [7, 15, 19].

Let us recall how g.s.0. appears in biology. The time evolution of species in biology can
be comprehended by the following situation. Let I = {1,2,...,n} be the n type of species (or
traits) in a population and we denote z(*) = (xgo), . ,x&o)) to be the probability distribution
of the species in an early state of that population. By FP;;; we denote the probability of an
individual in the i*" species and j* species to cross-fertilize and produce an individual from k"

species (trait). Given z(0) = (:vgo), e ’$1(1O))’ we can find the probability distribution of the first
generation, (1) = (azgl), . ,mg)) by using a total probability, i.e.

H?S) = Z Pij,kxEO)xg'O)a ke {17 e 7n}'

ij=1

This relation defines an operator which is denoted by V' and it is called quadratic stochastic
operator (q.s.o0.). In other words, each q.s.0. describes the sequence of generations in terms of
probabilities distribution, if the values of Pj;; and the distribution of the current generation are
given. The main problem in the nonlinear operator theory is to study the behavior of nonlinear
operators. Presently, there is only a small number of studies on dynamical phenomena on higher
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dimensional systems, even though they are very important (see for example, [6, 11, 12, 13, 18]).
In case of g.s.0., the difficulty of the problem depends on the given cubic matrix (Pijk)zz‘,kzl' In
[3, 10], it has given along self-contained exposition of the recent achievements and open problems
in the theory of the g.s.o.

In [16] a new majorization was introduced, and it opened a path for the study to generalize
the theory of majorization by Hardy, Littlewood and Polya [4]. The new majorization has an
advantage as compared to the classical one, since it can be defined as a partial order on sequences.
While the classical one is not an antisymmetric order (because any sequence is majorized by
any?2 of its permutations), it is only defined as a preorder on sequence [16]. Most of the works in
the mentioned paper were devoted to the investigation of majorized linear operators (see [4, 16].
Therefore, it is natural to study nonlinear majorized operators.

In what follows, to differentiate between the terms majorization and classical majorization
that was popularized by Hardy et al.[4], we call majorization as b—order (which is denoted as
<%) while classical majorization as majorization (which is denoted as <) only. In [2] it was
introduced and studied q.s.0. with a property V(x) < x for all x € S”~!. Such an operator
is called bistochastic. In [9], it was proposed to a definition of bistochastic ¢.s.0. in terms of
b- order. Namely, a q.s.0. is called b—bistochastic if V(x) < x for all x taken from the n — 1-
dimensional simplex. In this paper we continue our previous investigations on b-bistochastic
operators. We study several descriptive properties of b- bistochastic g.s.0. It turns out that,
upper triangular stochastic matrix defines a linear b-stochastic operator. This allowed us to find
some sufficient conditions on cubic stochastic matrix to be a b—bistochastic g.s.o.

2. Preliminaries
In this section we recall necessary definitions and facts about b-bistochastic operators.
Throughout this paper we consider the simplex

sl — {x = (21,22, ...,2n) €ER™ |z; >0, Z% = 1} . (2.1)
=1

For each k € {1,...,n — 1} we define functional U}, : R™ — R by

k
Up(z1,... 2n) = Y ;. (2.2)
=1

Let x,y € S™!. We say that x is b-ordered or b-majorized by y (x <b y) if and only if
Up(x) < U(y), forall ke{l,...,n—1}.

The introduced relation is partial order i.e. it satisfies the following conditions:

(i) For any x € S"~! one has x <% x,
(i) If x <’y and y <’ x then x =y,
(iii) If x <by, and y <%z then x <’ z.

Using the defined order, one can define the classical majorization [8]. First, recall that for
any x = (r1,22,...,7,) € S" 1 by Xy = (Tp)s 2] - - - Tpn)) one denotes the rearrangement of
X in non-increasing order, i.e. Ty > g > --+ > x},). Take x,y € S7~1 then it is said that an
element x is majorized by y and denoted x <y if x| <b y(y- We refer the reader to [8] for

more information regarding to this topic.
Recall that any operator V with V(S™"~1) ¢ ™! is called stochastic.

Definition 2.1. A stochastic operator V is called b—bistochastic if one has V(x) <b x for all
x e Sl
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Note that, the simplest nonlinear operators are quadratic ones. Therefore, we restrict
ourselves to such kind of operators. Namely, a stochastic operator V : S"~1 — S"~1 is called
quadratic stochastic operator (q.s.o.) if V has the following form:

n
V(X)) = Z Pjrrizy, k=1,2,...,n, x=(x1,22,...,2,) € S" 1, (2.3)
ij=1

where {P;; 1} are the heredity coefficients with the following properties:

n
Pjr >0, Pjr=DPig, > Pjx=1 ijk=12..n. (2.4)
k=1

Remark 2.2. If a g.s.0. V satisfies V(x) < x for all x € S"™1, then it is called bistochastic
[2]. In our definition, we are taking b—order instead of the majorization. Note that if one takes
absolute continuity instead of the b—order, then b—bistochastic operator reduces to Volterra ¢.s.0.

[14].
Let V be a g.s.0., then one can define an associated matrix Ty, (x) = [T (x)]%,_;, x € S" !
by

le(X) = Zpij’kmj’ X = (.%'Z) € Sn_l, (2.5)
j=1

where {P;;} are the heredity coefficients. One can see that T,(x) is a stochastic matrix.
n

Moreover, one has V(x) = xT,(x), and T,(x) = > 2;T,(e;). Hence, each q.s.0. V can be
=1

uniquely defined by stochastic matrices, i.e.
V= {Tn(el)v Tn(eQ)v ey Tn(en)} . (26)

3. Description of b-bistochastic q.s.o.
In this section, we are going to provide some general properties of b—bistochastic g.s.0. In [9],
we have proved the following fact.

Theorem 3.1. [9] Let V be a b—bistochastic q.s.o. defined on S" ™1, then the following
statements hold:

k n
(1) > > Pijm <kn, ke{l,...,n}
m=1i.j=1

(it) Pijr =0 foralli,j e {k+1,...,n} where k € {1,...,n—1}
(iii) Py = 1

(iv) for every x € S"~! one has

k k n
V(x)g=> Pugei+2> > Pyrvz; where k=1,n—1
=1 1=1j=I+1
n—1 n—1 n
V(X)n =25+ Y Pupai+2Y. Y Pynziz;.
=1 =1 j=I+1

1
(v) Plj,lgiforalljzl—kl,le{l,...,n—l}.
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This properties are only necessary conditions for a b—bistochastic q.s.0.. Indeed, consider the
following example.

Example 3.2. Let V : S3 — 83 be a q.5.0 given by the following heredity coefficients

01 0 0 0 1 0 0
01 0 0 0 1 0 0
01 0 0 "1 0 1/2 P3as 1/2—Pyos |
0 0 P13 1—Py13 0 1/2 Pyos 1/2 — Pyos
0 1 0 0 0 0 Pus 1—Pus
0 1/2 Pso3 1/2— Piag 0 1/2 Pios 1/2— Pias
0 0 Pys3 1-Pyz3 | |0 0 Pugz 1-Pigs |
0 0 P33 1—PFP33 0 0 0 1

where 2P4,173 + 2P372’3 + 2P4’273 + P373’3 + 2P47373 < 4. Note that Pij,k = Pji,k- One can see that
such an operator is not a b—bistochastic q.s.o., since for x = (0.1,0.1,0.8,0) we have

V(X)1 + V(X)Q = P17171$12 +2 P17271$1:L‘2 +2 P17371$11‘3 +2 P174,1.7J1 (1 —T1 — Ty — xg)
+P1,1,2IE12 +2Pigox1x2 + 2P 3ox123+ 2P a0z (1 — 21 — 290 — 23)
+P20979% + 2 Pygomoxs + 2 Pygors (1 — 21 — 29 — 73)
= 0+028>0.1+0.1.
Moreover, under the condition 2Py 1 3+2P323+2Py 23+ P333+2Ps33 <4, the property (i) in

Theorem 3.1 holds. The other properties also satisfy accordingly due to the construction of the
q.S.0.

In what follow, we want to recall a fascinating result on b—bistochastic linear operators. Let
T be a linear stochastic operator T : S»~! — S”~! such that

n n
T(x) = Ztikxi where t; >0, Ztik =1, x=(x1,...,2p) € St (3.1)
i=1 k=1
In [16], it was showed the simplified form of linear b—bistochastic operators. Namely,

Theorem 3.3. [16] Let T be a linear stochastic operator defined on S™1. Then T is a
b—bistochastic if and only if T is an upper triangular stochastic matriz, i.e.

(t11 tiz tiz ... tin

0 tog tog ... top
T=10 0 ts3 ... i3
0 0 0 ... 1]

From this theorem, it is interesting to know the following question: if we take {T,(ex)} (in
the representation (2.6)) all the stochastic matrices to be upper triangular, then would V' be a
b-stochastic q.s.0.?

For each j € {1,...,n} let T,,(e;) be a stochastic matrix given be
- n
Ta(e) = (af) 5 i=12....n. (3.2)
i,k=
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We define a quadratic operator V : S~1 — §7~1 by

n
X)p = Zagi)mixj; E=T1,n, x=(x1,29,...,2,) € S" L. (3.3)

Let us assume that, T, (e;) is taking upper triangular stochastic form i.e.

CRCRC I
0 a;JQ) agjg) a(])

Toe))=|0 0 af .. aggg (3.4)
0 0 0 1]

for every j =1,2,...,n

Theorem 3.4. Let {T,(e;)}, j = 1,2,...,n be a collection of upper triangular stochastic
matrices and V' be the associated q.s.o. defined by (3.3). Then V is a b-bistochastic operator.

Proof. Let x = (21,2, ...,2,). Using the fact

n .
X))k = Z al%):nimj ZZCLM LT

1,j=1 =1 j=1
one gets
k k n
(4)
E V(x) = Zall T1xj + Z E :‘%2 TiTj+ -+ Z Zaik TiLj
=1 i=1 j=1 i=1 j=1

= 21 Z agjl)xj + 21 i a%)xj + X9 i a%)xj +
xlzalkx] +x22a§]k)x] +mk2akkx3
= ZZ@U Tj | +x2 ZZ@QZ T +xk2akkx]

=1 j=1 =2 j=1
k
()
= Zmz LS
7=1 l=i

We know that Zl _;a ) <1 for each i, hence
k k n k
YIICCIED St Dot I o

=1 i=1 j=1 i=1

This completes the prove. 0
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Remark 3.5. It is worth to note, in general the necessary and sufficient conditions of
b—bistochastic quadratic operators may not need to be upper triangular stochastic matrices. Let
us choose the following quadratic operators (indeed it is a q.s.0.):

00 1] [$ 03] [oo01

1 1

50 3.0 0 1],{0 0 1f5}. (3.5)
0 0 1] |00 1] [0 01

Let x = (x1,m2,23) € S?, then one has V(x)1 = z122 and V(x)o = 0. In addition, the statement
ry < 1 and x129 < 21 is always true for any x = (w1, w2, x3) € S?. Therefore, one finds that

V(x)1 =210 < 1, V(X)1+ V(X)2 = 2122 < 21 + 0.

which shows q.s.o. given by (3.5) is a b—bistochastic q.s.o..

Furthermore, due to Theorem 3.1, we introduce a stochastic cubic matrix such that

(1 1 1 D7 1.2 2 2 2)7
GG
a%ll) a%%) a%% .. a%ﬁ 0 a%g) a%g) .. a%g)
az/ Gy Q33 ... Az |, | 0 azy azy ... ag, |,
_01(111) 532) agg) e a%lyg_ | 0 ag) a%) o a,(f,z_
(3 3 3 3)7 [ (n n n n)]
a§1) agz) ag:s) agn) a§1) 0(12) ags) a(ln)
A9 azés azg Qgo" Qo3 Qo
0 0 aff Dl 1o 0 o o
o 0 % ald) | 0 0 0 1
In short,
M\" _
Ty (ej) (aik )i,k:17 ji=1,2,...n
where
o) =0; i j=k+Ln k=Tn-1 (3.6)

Note that, under the constraints given by (3.6), we shall use Theorem 3.1 which reduces the
components of vector V (z); to

Vx)r = Zalkxl +Z Z <alk )xlxj where k=1,n—-1 (3.7)

=1 j=I+1
n
V(x), = z —i—Za xl—i—z Z (aln—i—a )xlxj (3.8)
=1 j=l+1

Theorem 3.6. Let V be a quadratic operator given by (3.3) and let the corresponding collection
{T,.(e;)} satisfy the constraints (3.6). If

n—1
Z <a§Jl) + a%) <1 forevery j=i+1,n wherei=1n—-1, (3.9)
=1

then V' is a b-bistochastic operator.
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Proof. Clearly from (3.7) one gets
1 j 1
Ve = aifat+ Y (o} +al) oz,
=2

V) = atal+afad+ Y (al)+ad) ma; + Y (af) + o) vz
j=2 J=3

V(x)r = agll)cm% et algk,lxi + (agj,)C + agllz) 125+ -+
j=2
+ Z (a,(gzc + a§-7k)> TR
Jj=k+1
Therefore, one finds that
k k . n k ,
ZV(X)Z = o1 |2 (Z aﬁ}) + <Z (aﬁj} + a;l))) zj | +
=1 =1 j=2 \i=1
k n k
T2 | T2 (Z aé?) + <Z (agjl) + af}) xj | + +
1=2 j=3 \i=2
o (62) + 3 (o))
j=k+1

forany k=1,2,...,n— 1.
Due to stochasticity, then we know Zf:z agll) < 1 for every i = 1,k. Moreover, based on the
conditions (3.9), we have

k n
o | 2 (Z ag}) i Z (Z (atl g?)) AR
=2

Jj=t+1

for any t € {1,...,k}. By virtue of the last inequality, it will imply that

k n n n
ZV(X)[ 1 xl—l—ij + x9 :Ug—l—Za:j + ot x| TR+ ij

<
=1 =2 j=3 j=k+1
k
< Z Ty
=1
This completes the proof. ]

Remind that, the reverse is not true. For instance, a quadratic operator (again it is a q.s.o0.)

00 1] [3 5 0] [o 01

1 1

3 2 0[,]0 0 1],]0 0 1], (3.10)
0 0 1] [0 0 1] [0 0 1
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which is a b—bistochastic operator i.e.
V(x)1 = 2122 < x1 and V(%) + V(X)2 = z129 + 2122 < 71 + 22.
o : 2) 1)
One can see that if i =1 and j = 2, then 2a77 + 2a3, =2 > 1.
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