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Abstract: The problem of parameter estimation for the poly-
nomial in the input variables regression function is formulated and
solved. The input and output variables of the regression function are
multidimensional matrices. The parameters of the regression func-
tion are assumed to be random independent multidimensional matri-
ces with Gaussian distribution and known mean value and variance
matrices. The solution to this problem is a multidimensional-matrix
system of the linear algebraic equations in multidimensional-matrix
unknown — regression function parameters. We consider the partic-
ular cases of constant, affine and quadratic regression function, for
which we have obtained formulas for parameter calculation. Com-
puter simulation of the quadratic regression function is performed
for the two-dimensional matrix input and output variables.
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1. Introduction

To date, the most popular methods of estimating the parameters of the regres-
sion function are the maximum likelihood method and the least squares method,
see, e.g. Ermakov and Zhiglyavskii (1987) and Klepikov and Sokolov (1961).
The estimations, obtained with the use of these methods have good asymptotic
properties and this is the justification of their application. But the use of these
methods becomes problematic in the case of small sizes of the samples. In this
case the Bayesian approach to the estimation of the parameters of the regres-
sion function is more attractive. The case of a small size of the sample is very
important for the problem of dual control of regression objects when the re-
gression object is being studied and controlled simultaneously starting from the
initial moment in time (Feldbaum, 1966; Mukha and Sergeev, 1974, 1976). The
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interest in Bayesian inference appears also in econometrics, see Zellner (1971),
as well as in other areas, see Fahrmeir and Kneib (2011), or Wakefield (2013).

The existing investigations of the Bayesian approach relate mainly to the
regression functions that are linear in the parameters and in the input vari-
ables. Such regression functions can be represented in terms of usual matrices.
The regression functions nonlinear in the input variables can be represented as
a scalar product of the vector of the parameters and the vector of the basis
functions, see Mukha and Sergeev (1974). However, this approach is poorly
formalized and does not have the algorithmic generality; i.e. the mathematical
expression for the vector of the basis functions is not determined and the soft-
ware implementation is inapplicable for any number of variables and any degree
of the polynomial. It is a manual approach that is suitable for objects with a
small number of variables. This disadvantage is overcome in the present paper
within the framework of multidimensional-matrix mathematical approach. The
multidimensional-matrix approach uses the concept of a multidimensional ma-
trix and it is the approach that places the respective technique in the context
of “big data”.

The introduction to the theory of multidimensional matrices was developed
in the work of Sokolov (1972). This theory has its roots in the works of A. Cayley
(1842), R.F. Scott (1879/80), and other scientists. An extensive list of literature
in English is available in the work of Sokolov (1960). The multidimensional-
matrix approach has found effective application in many areas of research (see
Mukha, 2005, 2006, 2007a,b, 2008, 2011, 2012, 2017). We present in the Ap-
pendix the main definitions of this theory for a better understanding of the
content of the article.

2. Problem statement

Let us consider some object with g-dimensional-matrix input variable Tz =
(), 3 = (41,725, Jq), p-dimensional-matrix output variable 7 = (1;), i =
(i1,12,...,9p), see Sokolov (1972), Mukha (2004), and (A.1), and suppose that
the output variable 77 is stochastically dependent on the input variable Z, so
that there is a conditional probability density f(7/Z). We denote by § = ¢(Z)
the regression function 77 with respect to T and assume that the dependence of
7] on T can be represented in the form 77 = ¢(Z) + &, where € is a p-dimensional
random matrix. Assume that for some values Z1, T, ..., T,, of the input variable
Z we obtained the values g1, 9o, ..., Jn of the output variable 7 (observations,
measurements) as follows:

Up=(Tu)+ 2, p=1,..,n, (1)

where z,, is a realization of the random matrix &, which we will refer to as errors
of the measurements, and p is the sequential number of the observation. We
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will consider the Gaussian distribution of the matrix € with zero mean value
and variance matrix R., see Mukha (2004), and (A.7).

Hereinafter we will use the following notations for indices of multidimen-
sional matrices: 71,12, ..., are separate indices, i(,) = (i1,72,...,7p) is a set of

p indices (p-multi-index), g(ﬂk) = (g(p)71,i(p))2, o lpyk) 18 a set of k p-multi-
indices.

Let the hypothetic regression function be the polynomial of m-th degree,
Mukha (2004):

Ox) = "M ClprgT®) =D "M@ Clrgp), m=0,1,2,..., (2)
k=0 k=0

where C(, rq) and Cgq ) are multidimensional-matrix parameters of the regres-
sion function, C,, k) is (p + kg)-multidimensional matrix:

Cloka) = (i) Gy i) = (102,05 0p), J(gk) = (@15 J(@)25 - J(a)k)-

It is symmetric relative to p-multi-indices j(q)l , j(q)g, - j(q)k. The matrix C(iq,p)

is the transpose of the matrix C, 1), i-€.

Clpkay = (Cigp)) 5040, Clrgp) = (Clpog)) Prrrara,

where Hp kg kq and Bp g kq are transpose substitutions of the types ‘back’ and
‘onward’, respectively (Mukha, 2004, (A.4), (A.5), (A.6)). We also denote by
0-k2(C\, kq)a®) the (0, kg)-folded product of matrices C(, 4q), kq is product of
k and ¢, F = %9Z* is the (0,0)-folded degree of the matrix Z (Sokolov, 1972;

Mukha, 2004; (A.2)).

In these conditions the measurement g, (1), has the probability density

@/, Ctp,0): Cpg)s -+ C(p,mq)) =

1 L E _
= CU exp <_ 5 072P(Rs 1(yu - ZO)kq(C(p,kq)xﬁ))2)> 9 n= 17 cey 1, (3)
k=0

where C is a normalizing constant, R; ! is (0, p)-inverse to R. matrix (Sokolov,
1972; Mukha, 2004; (A.3)).

The problem consists in finding the estimations of parameters C(y, rq) (Cq,p))
of the regression function (2) by using the given measurements (Z1, 71 ), (T2, J2)
PREED) (i'na gn)
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3. Maximum likelihood multidimensional-matrix polyno-
mial empirical regression

In this section we will find the maximum likelihood estimations (ML-estimations)
of the parameters of the polynomial multidimensional-matrix regression func-
tion. We formulate the main result in the form of the following theorem.

THEOREM 1 Let ¢(Z) be a multidimensional-matriz regression under condi-
tions (1)-(8). Then, the ML-estimations CA'(p)O),CA'(pﬂ),...,CA'(p)mq) of its pa-
rameters C,.0y, Cp.q)s - Clp,mq) ar€ defined as the solution of the following
multidinensional-matrixz linear system of equations:

Z O’kq(O(Mq)kawx) = Symx, A= O, 1, e, m, (4)
k=0
where
Syac" = 2070(%#@2)7 Spkgr = ZO7O($Z$[52). (5)
pu=1 p=1

Proof. The logarithmic likelihood function is defined as follows:

In fn(c(p,O)a ) C'(;D,mq)) = Z lnf(g#/:fltv C(p,O)a E) C'(;D,mq))'
pn=1

The necessary conditions of the maximum of the logarithmic likelihood function
are defined by the following system of equations:

d

Z In f(gu/:i“, C(p.,O)u ey C(pqu)) =0, A=0,1,...,m.

(P;NZ) n=1

dcC

We will obtain this system of equation for our case. The likelihood function, as
it follows from the distribution (3), is defined by the expression

2
o 1 - - _
hlf(y#/'r#v C(p,O)v ceey C(p,mq)) ~ _50721) Ra ! <y# - Z Oﬂkq(C(P,kq)IZ)> 5
k=0

where symbol ~ means equivalence for the maximization. Now we find the
derivatives of this function on the parameters C(, \4). For this, we denote

A A .
Wﬁ ) =0:7q (C(p),\q):zr#) = (wi(p))'
By the rules of the multidimensional-matrix differentiation, see Mukha (2004),
we have
A _
W;S : B 5OV ( dwi(p)
dCp,xg) !

des  :
J(p)st(a,n)

)= (u%ﬁ(p)fw,x))
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=02 (B0, p + Ag)zp)" = (Z)T,

where ZELA) = 0”\‘1(E(0,p—|—/\q):17;)2)7 E(0,p+ Aq) is the (0, p+ A\g)-identity matrix
(Sokolov, 1972; Mukha, 2004), T denotes transpose substitution of the ‘back’
type on the p + A\g indices Hpixgtpp+rg (Mukha, 2004), i. e

T= H2p+>\q,p+>\q = ( z(p) ]( ) t(q A ) .
Iy b i)
We convert the matrix Z,(f‘)
E(0,p+ \g):

considering the properties of the identity matrix

ZM) =02 (B(0,p+ A\q)z))) =

= Z ei(mf(q,k)J(p)f(m)x;*) - (27@)573) - (Z ef(p%j(mef(q,xwﬁqmIi(q’ﬂ) -

T(a.n) T

0,0 A
= (€ Tiuny) = EO0,P)T).

From the transpose relationship

( <>J<p>af<qx>>
ANT _ A Jp)> t(q, _rr(x
(2T = )\ T Tansier ) = g

it follows that u: so that

= Z= T - = €3 = s
()T (p) (a0 i)t andmy Gl d) Tig
A) _ 0,0 Y

Further, considering the previous results, we have

2
d 0,2p 0 kq _
dCp,xq) = Z Mk )

"t £ )

If we take into account the equation (6), we obtain

d
In f(9./Zu, Cip.0ys - Clpmg)) =
dC(p),\q) w/ L & (p,0) (p,mq)

_0p (0,17 (Ra_lgu) O’O(E(O,p)il);)) —
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( < 12“" k) | °

v

(E(0,p)z ))

1Zqu O(p,kq)'r )) 2)) =

k=0

— 00 (0,p (Rglg,u.) J_j;),\b)) _ 0,0 <07 (
_0p (p—10,0/~ =\ 0,p 1 - 0,0/0,kq A
- (Ra (yﬂxu)) - (Ra Z ( (C(p,kq)xu)xu)> -

= 0P (R 00 (g,a))) — O (Ral 20*%0@,@)0*0@5@2”) |
k=0

Now, by summing over u = 1,...,n and denoting

n
Z 5,2
yu.’IJ yx"

n

0,0/ =k =2\ _
E (I#I#) - mkw’\a
p=1
n

0,000\ —
g (Z,7,) = Spogo =10
p=1

we obtain the derivative

T Zlnf yu/:v,“ (p,0)> ,..,C(pqu)) =
(p.Aa) |,

OP(R:' S, 120 *9(Cp ) Serar) ) (7)

and the system of equations for the parameters of the maximum likelihood
regression

PRZYS OM(Clp gy Sarrn) ) = PP (R Syn)y A= 0,1,
k=0

If we multiply both sides of these equations from the left by R. in the sense
of (0, p)-folded multiplication, we obtain the system of equations (4). Thus, we
have proven Theorem 1. O

We notice that this system of equations coincides with the one obtained by
the least squares method in Mukha (2007b) and also with the one obtained on
the basis of the best theoretical multidimensional-matrix polynomial regression
(Mukha, 2007a, 2011).
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4. Bayesian multidimensional-matrix polynomial empiri-
cal regression

Let us consider multidimensional-matrix polynomial regression (2) in the form

Qb(:f) = Zqu(C(p,kq)jk) = ZOﬂkq(jké(kq,p)% m=0,1,2,... . (8)
k=0

k=0

In addition to the assumptions (1)—(3) we will consider the parameter é(pJ@
of the multidimensional-matrix polynomial regression (8) as a random matrix
with Gaussian a priori probability density

1 _
fa(Cpk)) = Kip.ka) eXp(_§(0’2(p+kQ) (Ra,%p,kq)(c(pykq) ~ Capia))?)s (9)

k=0,1,2,....m, m=0,1,2,... ,
where K, ) 18 a normalizing constant,

Bptkake ig g priori mean

Capkg) = (Ca(kap) ™, Co,qp) = (Capka)
value ((p + kq)-dimensional matrix),

)(Hp+kq,kqup+kq,kq), )(Bp+kq,kqup+kq,kq)

Ra(pkq) = (Ra,(ka.p) Ra,(kq.0) = (Ba,(p,1q)
is a priori variance matrix (2(p + kq)-dimensional matrix),

1 -1 -1 -1
Ray(pyktI) - (Raﬁ(kqﬁp))(Hqu’kq’Hqu’k‘Z)’ Ra,(kq,p) - (Ra,(p,kq)

are (0,p + kq)-inverses to the R, (, 1q), Ra,(kq,p) Matrices, respectively.

)(Bp+kq,kqup+qukq)

We will assume that the parameters C’(p)o), C’( . C'(qu) are indepen-

dent, i.e.

P,q) "

Fa(Cip0)s s Clpma) = | [ Fa(Clpria))- (10)
k=0

With these assumptions, on the basis of measurements (Z1,7), (@2, T2)y ees
(Zn, Yn) we will find the Bayesian estimations Cp 0y, Cp.q); - - > C(p,mq) Of the

unknown values C, 0y, Cip.q)» -5 Clpmq) Of the parameters Cp, 0y, Cp.q)s- - -5
C(p,mq), i-e. the estimations minimizing the average risk:

r=EW(Cp.09): - Cp.ma)s Cp.0g)s -+ Cpma)))s

where W(C'(pﬁoq), - C'(pqu), C'(pﬁoq), - C'(pﬁmq)) is the loss function, and F is the
symbol of mathematical expectation.
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THEOREM 2 Under conditions (1)-(3), (9), (10) relative to the multidimensional-
matriz polynomial regression (8) and quadratic loss function, the Bayesian es-
timations C'(pyo), C'(pﬁq), ey C'(pqu) of the parameters C'(pﬁo), C'(pyq), . C'(pﬁmq) sa-
tisfy the following system of linear multidimensional-matriz equations:

OO (R 0 Cna) + D TV 3 Clpgy) =
k=0

= OP(R:1 Sypn) + PR Coaprg))s A= 0,1,.0m, (11)

where Sy,x and Syrx are defined by expressions (5), Vi is (2p 4+ kq + Aq)-
dimensional matriz,

Vier = CO(RIT S k),

RZ1 is (0,p)-inverse to the R. matriz, VkT’f\’X is transposed in accordance with

substitution Ty x matriz Vi x, and

Tyr = ( ﬁp)@(q,x%,ﬂp), L) ) '
L(p)> I(p)> U(a:k) > V(a,N)

Proof. The posterior probability density of the parameters, considering the
independence of the parameters, (10), is defined as follows

m

kH fa(Clor)) I F(Gu/Z0u, Cip0)s -+ Clpomay)

=0 pn=1
f"(C(Pﬁo)’ Sl C(;Dqu)) = m n - .
kHO Ja(Cpkq)) Hl S G/ Cp,0)5 - Cpymag) ) dw
= =

(12)

C(w)

As it is known, Bayesian estimations are defined as a posteriori mean value
when the loss function is quadratic. The posterior probability density will be
Gaussian due to the linearity of the regression function in the parameters, and
the estimations may be obtained as maximizing the a posteriori probability
density, i.e. by maximizing the numerator in the formula (12). The numerator
in the formula (12) will be referred to as the joint likelihood function and we
will use the logarithmic joint likelihood function:

In fr(Cp,0, - Clp,ma)) = Zln fa(c(pykq))""z I f 7./, Cp,0) -+ Clpma) )-
k=0 p=1

(13)
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The necessary conditions of the maximum of the logarithmic joint likelihood
function (13) are presented as the following system of equations:

In fu( 1 , s Clomay) = 0,
dC'(p7)\q Z 1 fa(Cp,kg)) Z 0 f(Yu/Tp, Cp,0) (psma))

— p,/\q)
/\:O,l,...,m. (14)
This system of equations defines the parameters of the Bayesian multidimensional-
matrix polynomial empirical regression. It differs from the system (4) in the first

summand. In the light of the a priori probability density (9) we will have for
the first summand:

1 _
In fo(Cp,ag) ~ _5(072@“\(1) (Ra,}p,kq)(c(ﬂ)\ﬁ - Ca,(p,/\q))z)7

d _ 0,(p+Aq) —1 _
o) In fa(Cpag) = =T (R, g (Corg — Caprg)) =
—0 @ (Ra %p Aq)C(PJQ)) + 042 (R (P, Aq)c (p:Aa) ) (15)

Taking into account the expressions (15), (7), we obtain the following system of
equations instead of (4):

OEAD(R A Corg) + P(RZTD T OM(Clprgy Sukar) ) =
k=0

= 0’p(R;1 Syzk) 0,(p+Aq) (R }p,,\q)CO o, )\q)) A=0,1,....m. (16)

Now we transform the second summand on the left-hand side of the system (16)
to look like the first one. For this, we perform the following transformations for
the second summand on the left-hand side of the system (16):

Zy = O7p(R;1 O7kq(c(p,kq)smkz’\))
- (Z Tty i Z iy ar SFar Bany) = Fiey Ba.n))

I Eq,n)
0,(p+ka) (7 Tk A
Z Z Ti0),3 5% (.8 +0(a,0) Sip) ke, k>) e ( Cp’kq ), (17)
J(P) t(q k)
where
_0,0/p-1 _
Vkﬁ)\ = (RE Smkm)\), k,)\—(),l,...,m, (18)

R-1is (0, p)-inverse to the R. matrix, VkTi‘* is transposed in accordance with
substitution T} » matrix Vj, x. We find the substitution 7} . Since, in accor-

dance with the formula (18), Vi» = (v - = - and, in accordance
(18), Ve (Z(p)d(p)vtm,k)vv(q,m) ’
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T, x

U(p)10(a,0) I () b (a k) 5

with the formula (18), V,;Ff\’* = (v

(Sokolov, 1960) v **

B _ =v; =z 7 =
l(p),v(q’)\),](p),t(q’k) l(P)’J(P)7t(ka)’U(Qv>\)

Tyr = ( ﬁp)@(q,x%,ﬂp), L) ) '
tp)» J(p)2 Ua:k) V(g.N)

), then we have the equality

. It means that

In the light of the performed transformations the system of equations (16) takes
the form (11). This completes the proof of Theorem 2. ad

5. Bayesian multidimensional-matrix quadratic empirical
regression

Assumption m = 2 in the expression (8) gives us the quadratic regression func-
tion:

y= CN'(p7011) + 0710(6’(177111)3_3) + 072p(é(p72Q)‘7_32)' (19)

We obtain the Bayesian estimations of the parameters for the regression func-
tion (19).

The system of equations (11) for these parameters contains three equations:

07(p+0q)(R—} 00)
a,(p,Yq

Clp.oq)) + @09 (VO?S’OC(an)) + o) (Vl%oc(p,lq))
HHEED (V57 Clp ) =

= OP(RZ! Sypo) + "PHOV(RL  Cap00))s

07(p+1q)(R;%p,1q) O(mq)) + 0:(p0) (VOZ,F(IL1 O(p,oq)) + 041 (Vli,ri’lc(p,lq))
HHED (V3 Clp ) =

= OP(RZ! Sypr) + OPHD(RL | Cap1))s

07(p+2q)(R;%p,2q) O(p72q)) + 0:(p0) (VOC,FSYQO(ROQ)) + 041 (Vligzc(p,lq))
HO PR (V)32 Clp0) =

= OP(RZ! Sype) + PR Ca(p2))-

Upon collecting similar terms we obtain the following system of equations:

O’p((R_l

1T T T
rtpog) F V0.0 )C0.00) + TV 50 Clpag) + 0P (V 5°Cpp, ) =

= O’p(Rs_l Syw") + 07P(R;%p,0q) Oa,(pﬁq))v
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T T:
710(‘/0 To, 1O(p 00) ) 40 (p+q)((R to1a) +V L 1)C(p,lq)) 4 0,(p+29) (‘/21%,1 C(p,2q)) _

_ O’p(Rs_l Sye) + 0(p+q)(R %p)lq)c 1(p11q))7

T T T
0’p(V0,g’20(p7OQ)) + 0 V12" Clpiq) + 0 (P20 (R, Vs, 2°)Cp,2q) =

,(p,2¢

= O,P(Rs—l Syz ) 0 (ph2a) (Ra %p 2q) Cav(pqu))'

With notations

_ T
R(P7OQ) = (Ra,}p,Oq) + ‘/0,810)’

_ T
R(PJ‘J) = (Ra,}p,lq) + ‘/1&11)5

_ T
Rip2g) = (R (09 + V2",

,(P,29)

B(;D) = 07P(Rs_ Sy;v 0) + Op(R %p Oq)Oav(ﬂOQ))a

B(;D+q) = O)p(Rs_l Syz ) 0 (p+a) (R ' Ca,(p,lq))7

a,(p,1q)
Bpraq) = “P(RZ Sya2) + O(+20 (R; (P, 2q)Ca1(P12q))v

we rewrite this system in the form:

O (Rp,00 Cpon) + D (Vg Clpigy) + P20 (Vg5 Cp0) = By,
0’p(V0T$JC(p,0q)) + 0@t (Rip,19)Clp1g)) + (pH20) (1, 1" Cp.29) = Bpta)
P (Vo Cpog)) + 0T (V37 Clpagy) + W20 (R p,2q>C p20)) = Bpt2q)-
(20)
This system of equations can be solved by the elimination method.

Let us eliminate the variable C', oq) from the second equation of the system
(20). Multiplying the first equation on the left by ° pR(_ 0q) in the sense of

(0, p)-folded product, and then by Vj ] 701 0 the sense of (0, p)-folded product
gives us the equation

T, - T
P (Vo Cpog)) + 7 Vot O PR O (Vg Cpag )+

T, _ T T
+07P(VEJ,£)’1O’p(omR(p%oq)o’(p—i_%)(‘/2,8’00(10,2@))) = O,p(VO7(1),10,p( PR, 1oq)B( )

which is transformed to the equation

PV Clpog) + T (OP(OP (Ve TR

T
(p, Oq))V ) O)C(P»1Q))+

T - T T
+0’(p+2q)(O’p(o’p(vo,(l”lO’Z)R(p%oq))Vz,é’o)c(p,w)) = O’p(Vo,(ljylo’p( ’pR(p 0g) Bw) ))-
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By subtracting this equation from the second equation of the system (20), in-
stead of the second equation of the system (20) we will have the following
equation:

0,(p+q) (A22Cp1q) + 0,(p+2q) (A2,3C(p24)) = Do,
where

Ao = Ripag) = " OP Vo1 O Rl Vi),

p,lq) — (p,0q)

T: T — T:
Ang = Vot = OP(OP(Vo " O R 0 )Va o),

T _
Dy = B(p+q) - 07p(Om(%,?lO’pR(pToq))B(p))-
Now we shall eliminate the variable C(,, o,y from the third equation of the system
(20). Multiplying the first equation on the left by O*T’R(;loq) in the sense of (0, p)-
folded product, and then by VO?[Q)’Z in the sense of (0, p)-folded product gives us
the equation

P (Ves? Clpon) + P (Vorg 0P (P RO PHD) (V30 Clp 1))+

p,0q) q

T - T T _
+07 (Voo™ op (O’pR(;oq) 0:(p-20) (V2,0 Clp2q)))) = 0P (Voo™ op (0’pR(p%oq) Bp)),

which is transformed to the equation

T T _ T
0’p(V0,3’2C(p,0q)) + Oeta) (0’p(0’p(%,3’20’pR(;@q))Vl,6’0)C(pﬁlq))'f‘

+0(pF2a) (O’p (O’p (VOI:S’2 O’Z)R(;}oq) )Vgéo )Cp.29) )= 0P (Voj,g’2 P (O’pR(;ioq) Bp))-

By subtracting this equation from the third equation of the system (20), instead
of third equation of the system (20) we will have the following equation:

0,(p+q) (A32Cp1q) + 0,(p+2q) (A33C(p29)) = Ds,
where

T T _ T
Az = Vl,;z - pr(o’p(%,g’zoﬁpR(p%oq))Vl,éyo)a

T — T
Az = Rp,2q) — Oﬁp(o’p(vo,gyzprR(pToq))Vz,(z)’O)v

T _
D3 = Bpi2q) — 0’p(0’p(Vo,§’20’pR(p%oq))B(p))-

As a result, instead of (20), we obtain the following system:
T T
0’p(R(p70q)C(p,0q)) + 0’(p+q)(vl,5’oc(pqu)) + 0’(p+2q)(v2,3’oc(p,2q)) = By
0,(p+q) (A2)2C(p71q)) + 07(P+2Q)(A2)30(p72q)) = D,

0@t (A35C0,19) + O P2V (A33C(,54) = Ds.
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(21)

Further, we will eliminate the variable C, 14) from the third equation of the
system (21). We multiply the second equation on the left by 0’(1’+‘Z)A2_é in the
sense of (0, p+¢)-folded product, and then by A3 5 in the sense of (0, p+¢)-folded
product and obtain the equation

0,(p+q) (Ag,zc(p,lq)) + 0.(pt+a) (A37201(p+q) (0,(p+q)A2*é07(p+2q) (A273C(p)2q))))

_ 0,(p+q) (As L0 () (0,(1?4r11)1412—§D2))7

which is transformed to the form
0,(p+a) (A32Cp10) + 0,(p+2q) (O,(p-i-q) (A3720,(P+Q)A;§)A2)3)C(pgq))
= 0:(P+a) (45 ,0:(p+0) (0.(0+9) A71 DY)

By subtracting this equation from the third equation of the system (21), instead
of third equation of the system (21) we will have the following equation:

0.(p+29) (F3730(p12q)) = G37
where
Fi3=Ag3 — 0,(p+q) (07(p+q) (A31207(p+q)A2*é)A273),

G3 = D3 — 019 (0,(P+¢Z) (A37207(P+Q)A;§)D2).

This completes the process of elimination. We have transformed our system of
equations (20) to the following form

T T
O’p(R(p,Oq)C(p,Oq)) + 0,(p+q)(v175w00(p71q)) + 0’(p+2q)(V2,§YOC(p,2Q)) = B(P)7
0.0F9) (A25C(p1q)) + P20 (A2 3C p 2g)) = D2,
0.(0+29) (F3 5C(p 2q)) = Gs.
(22)

Now we find the solution of the system of equations. From the third equation
of the system (22) we obtain the estimation C{, 24) of the parameter C(, 24y of
the quadratic regression function (19):

C(p,2q) — 0,(p+2q) (0,(p+2q)F3T§G3)_ (23)

Then we obtain the estimation CA'(pJq) of the parameter C,, 1) from the second
equation of the system (22):

C(p,lq) — 0,(pt+a) (0,(p+q)A2—é(D2 _ 0,(p+29) (A2,3é(p,2q)))' (24)
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Finally, we obtain the estimation O(p,Oq) of the parameter C, oq) from the first
equation of the system (22):

C( _ O,p(O,prl

Tio A Too A
p:0q) = (p,0q) (B(p)_07(p+Q)(‘G,é’oc(pqu))_o’(pwl])(VQ,S’DC(]DBq))))' (25)

It should be noted that the solution to the system of equations (20) always exists
due to the positive definiteness of the matrices R, 0q), R(p,1q), R(p,2q)- This
statement also applies to the system of equations (11). This is the advantage of
the Bayesian approach, which provides the ability to use the samples of small
sizes.

6. Numerical simulation of the Bayesian quadratic em-
pirical regression

We perform the numerical simulation of the Bayesian quadratic empirical re-
gression function (19) with two-dimensional input and output variables Z and
g, i.e. we assume that in (19) p = ¢ = 2. In this case the regression function
(19) has the following form

y=¢) = CN'(p7011) + 0’2(0(17,111)1_7) + 0’4(6(17,211)572) (26)
where C’(p)oq) is a two-dimensional matrix, C’(p)lq) is a four-dimensional matrix
and (', 2¢) 18 a six-dimensional matrix. We present the results of the simula-

tion for the matrices Z, ¥, C(p.0q), C(p,19), C(p,2¢) Of order two. In this case the
number of the parameters for estimation is 22 + 24 + 26 = 84, The matrices
Cip,0g)» Cip,1q)» Clp,2q) are supposed to be random independent Gaussian.

The following mean values Cy (p.04), Ca,(p,14)s Ca,(p,2¢) Of the matrices CN’(ILOQ),
CN’(pJq), é(p)gq) are used. The matrix Cy (p,0q) 18 Co,(p,0q) = ( g i > The ma-
trix Ca,(p,19) = (Ca,(p,10).01,i2.5,02) Das the element Co (p1g),1,1,21 = 3 and all
other elements are equal to 1. The matrix Cy (p 2q) = (Ca,(p,2),i1,is,is,iasi5,i6) NS
the elements C, (p.2¢),1,1,2,1,2,2 = 0.5, Cy (p29),1,2,2,1,2,1 = 0, Cu (p2¢),1,2,1,2,2,1 =
0 and all other elements are equal to 0.1.

The real values of the parameters C'(pyoq), Cip,1q)> C(p,2q) Were chosen as fol-
lows: Cipoq) = < g % > The matrix C(,19) = (Cp,1q).i1,izsis,is) has the
element C,14),1,1,21 = 5 and all other elements are equal to 1. The ma-
trix Cp2q) = (C(p,2q),i1,is.is,iasi5.i6) has the elements Cy (p2g)1,1,21,22 = 0,
Ca,p2).1,1,2,2,21 = 0, Ca (p29)1,2,2,1,21 = 2, Ca(p29),1,2,1,2,21 = 35 Ca,(p,29),1,2,2,1,1,2 =
3 and all other elements are equal to 0.1.
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The elements of the matrices C(;,04), C’mlq), é(p)gq) are supposed to be inde-
pendent. The variances of the elements of the matrix C(, o, are equal to 4, the
variances of the elements of the matrix C(, 1,) are equal to 5 and the variances
of the elements of the matrix é(pﬁgq) are equal to 3.

The measurements were simulated according to the formulas (26) and (1).
The elements of the two-dimensional matrix of the errors of the measurements
€ are supposed to be independent with variances equal to 4.

Bayesian estimations CA’(ILOQ), CA’(pJq), é(p)gq) were calculated by the formulas
(23), (24), (25), and the empirical Bayesian regression — by the formula

§ = CAv(foyoq) + 072(0(1071@@) + 0’4(0(@2:1)@2)' (27)

The Bayesian empirical regression function 1,1 = Y171(x171,x172), (27), when
Z21 = T2,2 = —H, constructed on the four measurements at the points

(=10 —10 /10 -10
xl - _5 _5 bl ‘TQ - _5 _5 9

[ =10 10 /10 10
B s -5 ) T 5 -5

is shown in Fig. 1 (top surface). The measurements are marked as asterisks
in the figure. The bottom surface in the figure is a general (true) regression
function y11 = y1.1(x1,1,21,2), (26), when 21 = x22 = —5. This figure con-
firms the correctness of the theoretical results and illustrates the capacity of the
Bayesian approach to make use of the samples of small sizes.

7. Conclusion

In conclusion, we outline the main results of this work and note their particu-
larities.

1. The problem of constructing the maximum likelihood multidimensional-
matrix polynomial regression was formulated and solved. This regression has the
following particularities, when compared to existing regressions: 1) a more gen-
eral multidimensional-matrix polynomial regression function, when input and
output variables are the multidimensional matrices, is considered; 2) a new non-
traditional multidimensional-matrix form of the representation of the regression
function in the manner of multidimensional-matrix polynomial is used. The
general solution of the problem is a system of linear multidimensional-matrix
equations relative to the multidimensional-matrix parameters of the regression
function (Theorem 1).
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2. The problem of constructing the Bayesian multidimensional-matrix poly-
nomial regression with the same particularities as in the point 1 above was
formulated and solved. Besides, the prior distributions of the multidimensional-
matrix parameters of the regression function are supposed to be Gaussian. The
general solution of this problem is the system of linear multidimensional-matrix
equations relative the multidimensional-matrix parameters of the regression
function (Theorem 2). 3. On the basis of the general solution, the algorithm of

Figure 1. Bayesian empirical quadratic regression function (27) built on four
measurements (the top surface) compared with the true regression function (the
bottom surface)

calculation of the parameters of the Bayesian multidimensional-matrix quadratic
empirical regression functions was obtained.

4. The algorithm of calculation of the parameters of the maximum likelihood
multidimensional-matrix affine empirical regression functions was presented.

5. Simulation of the quadratic Bayesian empirical regressions function with
two-dimensional input and output variables was performed. The simulation con-
firmed the correctness of the theoretical results and illustrated the important
benefits of the Bayesian approach in terms of having the algorithmic generality
and obtaining the estimations for the cases with the small number of the mea-
surements.
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Some aspects of the work, reported in this article were presented in a short
form at the international conference, Mukha (2020).

8. Appendix

For more details on the subjects here considered, see Sokolov (1972), Mukha
(2004).

The definition of a multidimensional matriz. A multidimensional (p-dimensional)
matrix is a system of numbers or variables iy igyoips o = 1,250, Mg, a0 =
1,2, ...,p, located at the points of the p-dimensional space defined by the coor-
dinates i1, %2, ..., Ip.

The p-dimensional matrix is denoted as

A= (ail,ig,...,ip)a z'oz = 17 27 vy Ny a = 17 27 - Dy (A]‘)
or
A= (ai),

where i = (41,142, ..., ip) is a multi-index, i =1,2,...,nq, « = 1,2, ..., p.

If ny = ng = ...np = n, then the matrix (A.1) is called p-dimensional matrix
of the order n (a hyper-square matrix). In this connection the matrix (A.1)
with different n,n2,...n, could be called a hyper-rectangular matrix.

Thus, a zero-dimensional matrix is a scalar, a one-dimensional matrix is
a vector and a two-dimensional matrix is an ordinary matrix in traditional
notation.

Matrices associated with multidimensional matrices. Let the p-dimensional
matrix A = (a4, i,,....i,) of the order n be represented in the form of A = (a;s.c),
where I = (I1,ls, ..., l), s = (s1,52,...,5x), ¢ = (c1,...,¢,) are multi-indexes,
K+ A+ p = p. In this case we say that the matrix A has the (k, A, u)-structure
and is denoted A, ). The multi-indexes [, s, ¢ of this matrix have n”, n? and
n* values, respectively. Let us arrange the values of [, s, ¢ in some way:

[=10, @ o)

g ey

The cell-diagonal matrix

g M 4@ (n)
A = diag { AR, o AD ooAl) L

h)

~,0,1)? h =

consisting of the elements of the matrix A, where the diagonal cells AE

1,2,...,n*, are two-dimensional (n" x n*)-matrices

() o= (aam o)y 1=, 0D = D) @ o)
r,0,1 ) 3 90t ) ) 9t 3
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is called (k, A, p)-associated matrix with the matrix A, .-

The associated matrix A, x ,) represents fully the initial multidimensional
matrix A, x ), because it contains all of its elements.

Addition of multidimensional matrices. If A = (a4, iy,...i,), B = (biyia,....i,),
then C = A =+ B = (Ci17i2 777 ip), Where Ci11i2 777 ip = ail,iz
o =1,2,...;nq, a=1,2,....p.

Multiplication of multidimensional matriz by a scalar. If ¢t is some scalar
number or a variable and A is a p-dimensional matrix, then C' = tA = (¢4, 4,....1,),
where ¢y iy,...5, = 103y in,.ips Ta = 1,250,000, = 1,2, ..., p.

Multiplication of two multidimensional matrices. If a p-dimensional matrix A
is represented in the form of A = (a, 4,,....i,) = (a1,s,c), where | = (I1,1a, ..., 1),
s = (81,52,...,81), ¢ = (c1,...,¢,) are multi-indices, K + X\ + ¢ = p, and a ¢-
dimensional matrix B is represented in the form of B = (b, j,,....j,) = (be,s,m)-
where m = (mq,...,m,) is a multi-index, A\ + u + v = ¢, then the matrix
D = (djs,m) is called a (A, p)-folded product of the matrices A and B, if its
elements are defined by the expression

dl,s,m = § al,s,cbc,s,m = § § § al,s,cbc,s,m-
c

C1 Cc2 Cu

The (), p)-folded product of the matrices A and B is denoted **(AB). Thus

D = X’M(AB) = (Z ahs,cbc)&m) = (d[)s7m). (A2)

In the case of the (0,0)-folded product we often omit the left upper indices
and write AB instead of “°(AB).

In the general case M*(AB) # M (BA).

The associative law of multiplication of the multidimensional matrices is
fulfilled. If N + p/ < v, then

Nl (M(AB) €) = M(ANH (BCY)).

The distributive law of multiplication of the multidimensional matrices takes
the form as follows:

MUA(B + C)) = M(AB) + M(AC).

The degree of multidimensional matriz. The matrix

D = 1(AA) = A2
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is called a (A, u)-folded square of the matrix A, and the matrix
D= >\7M(A>\7M(A. .. /\,H(AA))) = Mgk

is called a (A, p)-folded k-th degree of the matrix A. If it is (0, 0)-folded
k-th degree of the matrix A, then we omit the left upper indices and write A*
instead of 99AF

A multidimensional identity matriz. The matrix E(X, u) is called a (X, u)-
identity matrix if for any multidimensional matrix A the equality

MAEA, p) = M(E(\, p)A) = A

is fulfilled. E(\, p) is (A + 2u)-dimensional matrix whose elements are defined
by the formula

1, if c=m,
E()\aﬂ) = (ec,s,m) = ({ 0 Z}f c#m ) )
c=(c1,.nCp)y  §=(51,52,...,57), m=(mi,..,my).

A multidimensional inverse matriz. The matrix A=Y(\, u) is called the (A, p)-
inverse to the matrix A, if the equalities

MIAATEH (A ) = MATHN p)A) = E(A, ) (A.3)

are satisfied.

The transpose of a multidimensional matriz. The matrix AT = (a;ﬁ,z‘g,...,ip)
is composed of the elements a;{)i%m’ip, which are connected with the elements
Qi iy,....i, Of the matrix A = (a;, j,,..., ) by the equalities

tp

al . . =a (A.4)

1,820, ip layslagy-mlap?

where iq,, oy, -, o, 18 Some permutation of the indices i1, iz, ..., i, and is called
transposed according to the substitution

T = .17 ) .p
(FPI
of matrix A.

In Mukha (2004) some standard substitutions are introduced that allow us
to form various substitutions: of the types ‘onward’, ‘back’, and ‘onward-back’.
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The substitution on the p indices, the lower string of which is formed from
the upper string by the transfer of the r left indices to the right (onward) is
called substitution of the type ‘onward’:

B _ 11, 12, ) tp—r, lp—r+1, ) p
p,r = . . . . . )
lr+1, tr+2, ) ip, 11, ) 28

D= (A.5)

The substitution on the p indices, the lower string of which is formed from
the upper string by the transfer of the r right indices to the left (back) is called
substitution of the type ‘back’:

H.o - 11, 19, s Iy, Irg1, s ip
p,r = . . . . . y
lp—r+1, lp—r+2, veey Ip, 11, veey lp—r
P> (A.6)

The substitution on the p indices, the lower string of which is formed from
the upper string by the transfer of the r left indices to the right (onward) and the
s right indices to the left (back) is called substitution of the type ‘onward-back’:

B’I‘HS _ ( 1, ) .7‘7 ) .p s+1, ) 'p ) ,

Ip—s+1, veey Ip, veey 11, ceey (Z8
p>r+s.

The Matlab’s function ipermute.m performs a transpose of a multidimensional
array in accordance with the definition (A.4).

A multidimensional-matriz derivative (Sokolov, 1960). Let Y = (yp), m =
(m1, ma,...,my), be a p-dimensional matrix depending on a g-dimensional ma-
trix X = (xx), k = (k1, k2, ..., kg). The derivative of the matrix Y with respect
to the matrix X is a (p + ¢)-dimensional matrix Z, defined by the expression:

Z(X) = (zmx(X)) = d};;X) =Y'(X) = (%) :

The derivatives of the higher orders are defined by the sequential differenti-
ation:

dY(X)  d (dY(X)
dxn  dx \ dx 1 )’

or Y (X) = (Y(=D(X)).
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The derivative of the (A, u)-folded product of the matrice s (Sokolov, 1960). If
F(X) and ®(X) are p- and r-dimensional matrices, respectively, depending on a
g-dimensional matrix X, then the derivative of the (A, u)-folded product of these
matrices with respect to the matrix X is defined by the following expression:

Hptgtr—x—2p.q
d ., o [ (dEN P s (AP
ax | ()= X @ I\ Fax )

where Bpyq,q and Hpiq4r—x—2u,4 are substitutions of the types ‘onward’ and
‘back’, respectively.

The deriative of the composition of two multidimensional-matrix functions
(Mukha, 2004). Let

FY)=(fs(Y)), s=(s1,82,--,8),

be a r-dimensional matrix depending on the p-dimensional matrix
Y(X) = (ym (X)), m = (m1,ma, ..., my),

while Y'(X) depends on the ¢-dimensional matrix
X = (zx), k= (k1,k2, ..., kq),

with different elements, then the derivative dF/dX is defined as the following
(0, p)-folded product:

AF(Y) o, (dF dY
dx dy dX )

If the function F is explicitly dependent on the matrix X, i.e. if F' = F(X,Y),
then

AF(XY) o, (OFdYY | OF
ax oy dX ) = 0X’
The derivative of the implicitly defined multidimensional-matriz function (Mukha,

2004). Let
V(X)) = (), 1= (2, 1p),
be a p-dimensional matrix function,
X = (z5), s=(51,52,...,5q),

be a g-dimensional matrix and function Y (X) be defined implicitly by the equal-
ity
F(X,Y) =0,
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where F is an r-dimensional matrix function,

F=(fx), k= (ki ka,....k),

then the derivative dY/dX is the (p + ¢)-dimensional matrix that is defined as
the solution of the following multidimensional-matrix equation:

OF dY\ OF
Op (22 27 Z-
(ay dX) tox =0

The derivatives of some multidimensional-matriz functions (Mukha, 2004). If
X is a g-dimensional matrix and A is an r-dimensional constant matrix, then

dA dX

— — d 0,q _
ﬁ_oa K_E(an)v (AX)_Aa

X
where 0 is an (r + ¢)-dimensional zero matrix and F(0,q) is a (0, ¢)-identity
matrix (2¢g-dimensional matrix).

If X is a ¢g-dimensional matrix, B = (by¢;,co....,
constant matrix, such that each multi-index ¢y, ca, ..., ¢y, of it contains ¢ indices
and B is symmetric relative to these multi-indices, then

d o
— _Omqr g xmy — 0,(m—1)q AXx™ 1y
LLOMI(AX™) = g (X
The multidimensional-matric Gaussian distribution (Mukha, 2004). The ran-
dom p-dimensional matrix & with probability density of the form
=) — 1 _102p(g—1(m _ )2

e(®) = e expl(—§ O (2 - 00)?) (A7)
is called Gaussian or normal random matrix. In this definition, a¢ is the mean
value of the &, d¢ is the variance matrix of the &, dgl is the matrix (0, p)-inverse
to the d¢, and |d¢| is the determinant of the matrix d¢ (the determinant of the
matrix (0, p)-associated with the matrix dg).
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