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MATHEMATICAL MODELING OF STOCHASTIC SYSTEMS USING THE
GENERALIZED NORMAL SOLUTION METHOD
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Abstract. Operation of complex engineering systems gives rise to various physical processes, in-
cluding thermal, electrical, hydrodynamic, mechanical, electromagnetic, etc. The parameters of the
elements of an engineering system and the processes going on in the same are stochastic, which
results both from a stochastic nature of the parameters of the elements and from a random nature
of the parameters of the environment and external influencing factors. Mathematical modeling of
stochastic engineering systems developed in this paper relies on a universal structural conceptual
model of an engineering system represented as a directed graph which reflects the structure of the
engineering system and the modeled physical processes. State variables in a structural conceptual
model of a system are the potentials in the graph nodes and flows at the graph edges, which edges
may contain elements modeling the processes of energy dissipation, potential energy accumulation
and kinetic energy storage, and also independent sources such as potential and physical quantity
flow with the a priori known value. Stochastic processes in a graph of an engineering system model
for each elementary event w from the space of elementary events 2 are described through the math-
ematical model H(w)X (w) = Y(w), w € Q with a stochastic matrix H(w) = AG(w)AT, where A
is an incidence matrix and G(w) is a stochastic diagonal matrix of such parameters of the elements
of a graph as conductance. The present paper offers a method based on the generalized normal so-
lution concept, known also as pseudosolution, pseudoinverse matrix and generalized inverse matrix
method allowing one to determine an equation for statistical measures (expectations, covariances,
dispersions, standard deviations) of the stochastic solution X (w) of the mathematical model of a
stochastic engineering system under the a priori known statistical measures of the matrix of system
elements G(w) and the stochastic right-hand side vector Y (w). Utilization of the method in modeling
of stochastic thermal processes and statistical measures for complex electronic systems has shown
that the method is adequate and efficient.

Various physical processes going on in complex engineering systems are stochastic in the majority
of practically important cases resulting both from a random nature of the internal parameters of the
elements and structure of the system and from the external influencing factors. To allow mathematical
modeling of physical processes, the design of an engineering system should, first of all, be represented
as a structural conceptual model (SC model) constructed as a graph, which replaces the real design
of the engineering system by a simplified, but still sufficiently adequate model reflecting both the
structure of the engineering system and the physical processes going on in the same [3,6,14]. State
variables in the SC model graph are the quantities such as potentials in the graph nodes and flows
at the graph edges. The graph nodes are connected to each other by edges including such elements
as R, where energy is dissipated; C' accumulates potential energy; L stores kinetic energy, and also
the elements that determine independent sources of state variables potential or physical quantity flow
with the a priori known values [3,6,13,14]. The SC models of engineering systems are sufficiently
universal and allow to get efficient and highly adequate modeling of complex engineering systems and
various physical processes (thermal, hydrodynamic, mechanical, electrical, etc.) going on in the same.

A mathematical model of a stationary stochastic physical process in a SC model of an engineering
system is represented by a stochastic matrix equation [1, 6]

HW)X(wW) =Y (W), we®, (1)
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where H(w) is a stochastic n x n-square matrix reflecting the structure of the SC model graph and
component relations between state variables and graph elements; X (w) is an n-column vector of
stochastic state variables; Y (w) is an m-column vector of independent stochastic sources of state
variables; w are elementary events from the space of elementary events {2 in the probability space
{Q,U, P}, U is the o-algebra, P is probability in U. It should be noted that random elements of the
stochastic matrix H (w) and vector X (w) are stochastically interdependent and statically independent
of the elements of the stochastic vector Y (w).

The stochastic vectors X (w), Y (w) and the matrix H(w) in equation (1) are the interval stochastic
[7-9] quantities (w), whose values are evenly distributed within the interval of values [£gown,, &up] With
a density be = Ag_la §(w) € [Sdowna fup] and be = 0, {(w) ¢ [gdowna fup]a where Af = gup — &down is the
length of the interval [£gown, Supl; Sup and Egown are the upper and lower interval limits.

A random process is fully characterized by the sequence of all its distribution laws of various order
over time [1,11]. At the same time, it is impossible to determine the laws for the stochastic vector
X (w), which is a solution to the matrix equation (1), as the task is extremely difficult. However,
modeling of stochastic processes going on in engineering systems does not require any knowledge of
distribution laws, as the most informative and most important ones in the engineering practice are
statistical measures of the vector of stochastic state variables X (w), in particular:

—n-column vector of expectations X = E{X(w)} with elements 7; = E{z;(w)}, i = 1,2,...,n,
where FE{-} is the expectation operator;

— covariance n x n-matrix K x x = E{X (w)XT (w)} with elements ij, equal to kij = E{z;(w)z;(w)},
i,7=1,2,...,n, where 2;(w) = x;(w) — T; is a centered stochastic quantity with a zero expectation,
()T is the operation of transposition;

— n-column vector of dispersions Dy, equal to diagonal elements d,; of the correlation matrix
KXX7 i.e., dzz = k” = E{(il(w))Z}, 1= 1, 2, ey Ny

— n-column vector of standard deviations ox with elements 0, ; = \/dz i, 1 =1,2,...,n.

The determined vectors of statistical measures X = {Z;}7 and ox = {0,;}} of the stochastic
vector X (w) = {z;}} allow to determine the vectors of the lower Xyown = {%i down T and upper
Xup = {Tiup}t interval limits [2; dgowns Tiup)s ¢ = 1,2,...,n, which will contain real values of the
interval stochastic quantities z;(w) € [;,down, Ti,up)-

In the simplest case, where the matrix H of the set of equations [6] is deterministic, while external
perturbations being a part of the right-hand side vector Y (w) are stochastic only, the statistical
measures X and Ky x of the stochastic vector X (w) are determined by using the equations X = H~'Y
and Kxx = H 'KyyH™!, where H~! is the deterministic inverse of the matrix H, Y = E{Y (w)}
is the vector of expectations of the stochastic vector Y (w), Kyy = E{Y (w)Y7T (w)} is the covariance
matrix of the stochastic vector Y (w).

If the matrix H(w) in equation (1) is stochastic, it is impossible to determine statistical measures
of the vector X (w) by a direct impact of the expectation operator on the both sides of equation [6]
in view of the statistical relationship between the stochastic elements of the matrix H(w) and vector
X(w); so, E{Hw)X(w)} # E{H(w)} - E{X(w)}. In this case, to determine statistical measures
of the stochastic vector X (w), papers [1,6] represent the stochastic matrix of the system H(w) as
H(w) = H(I + H *H(w)), and the stochastic inverse of the matrix H~(w) for each w € € is
expanded along an infinite almost surely uniformly convergent series [1]

H'w)=(I+H '"Hw) - H ' =3 (-)"H "Hw)" 7, (2)
k=1
provided the condition ||H~'H(w)|| < 1 is satisfied for all realizations of w € Q. Here, || - || is the

matrix norm [5]; H(w) = H(w) — H is the centered stochastic n x n-matrix with a zero expectation;

H = E{H(w)} is the expectation of the stochastic matrix H(w); H " is the inverse of the deterministic
matrix H, which can be easily determined.
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Then, the statistical measures X and Kxx of the stochastic vector X (w) = H!(w) - Y (w), being
a solution to equation (1), will be determined by using the following equations:

X=E{H Yw)}-Y and Kxx=FE{H Y)Y ()Y (w)(H" (w))™'},

where H~!(w) is the stochastic inverse matrix to be determined by equation (2).

Practical calculations are limited to the terms of the infinite series (2) containing a matrix H(w)
of degree max. 2. The above method, known also as a stochastic inverse matrix method, allows to
obtain the results with errors, sufficient to be used in practice and not exceeding 5 — 7% [1,6]. At the
same time, the range of applicability of the method is subject to the condition || H ' H (w)|| < 1, which
imposes significant limitations on the allowable values of the parameters of the engineering system.

It should be also noted that the use of the perturbation and hierarchy methods [1] described in
literature to determine the statistical measures X and Kxx of the stochastic processes in engineering
systems have not found practical use. The reason is that the first of the above methods is good only for
extremely small perturbations, which do not occur in real practice, while the second one is heuristic
and does not have mathematical justification. The assumptions concerning special types of random
processes, such as Wiener or white noise, presented in a great number of papers, allow to obtain final
solutions for statistical measures in many cases, but are unrealistic and cannot exist in practice of
engineering systems operation. The use of the statistical test method [12] may not be recommended
for designing engineering systems, as far as it requires a huge input of machine time and memory
caused by the necessity to solve multiple (up to several tens of thousands) simultaneous equations (1)
to achieve an acceptable accuracy [11].

This paper offers a method to determine the statistical measures of the stochastic vector X (w),
which is a solution to the matrix equation (1) describing physical processes in SC models of engineering
systems. The method is based on the generalized normal solution concept and allows to get final closed-
form equations for statistical measures of stochastic processes in engineering (electronic) systems of
any complexity, which are adequately simulated by SC models, being free from the above defects. The
developed method is used in modeling of stochastic thermal processes in real electronic systems and
has proven to be adequate and efficient.

The method developed in this paper is based on the generalized normal solution concept, which
is also known in relation to the matrix equation as pseudosolution, pseudoinverse matrix method,
Moore—Penrose generalized inverse matrix method [4,5,10]. The essence of the method consists in the
following.

If the matrix A = {a,;}7 in the matrix equation Az = y is square and nonsingular, then an inverse
matrix A~ and a unique solution to the equation x = A~ 'y exist. If the matrix A is square, but
singular, or the matrix A = {a; }(xm) i a rectangular n x m-matrix (n and m are the number of lines
and columns), then the matrix A is known to have no inverse. At the same time, a unique so-called
pseudoinverse matrix AT can be constructed for such matrix, which pseudoinverse matrix allows one

to obtain the best approximate solution #° = ATy, 20 = (29,29,...,2%)7T to the equation Ar =y in

terms of the minimum value of the residual norm (Euclidian lo-norm) square achieved for x = 20, in

particular [4],
m
Yi — Z Qij T 5
j=1

In this case, the vector of the best approximate solution z° has the lowest length, i.e., ||«
(2°)T . 2% = min, where 27 - z is the scalar product of the vector z. It should be noted that if the
matrix A is square and nonsingular, then the inverse A~! is the same as the pseudoinverse matrix
AT, Further, it may be shown [4,5] that a rectangular n X m-matrix of the A range r = min{n, m}
can always be represented as the so-called skeleton decomposition A = BC, i.e., as a product of two
rectangular matrices, in particular, the n x r-matrix B and the r x m-matrix C. In this case, the
pseudoinverse matrix A+ is determined by using the equation At = C+B*, where Ct = CT(CCT)~!
and BY = (BTB)~!B7T [4]. Despite the fact that the skeleton decomposition A = BC' provides no
unambiguous determination of the multiplier matrices B and C, the equation AT = C* B* determines
the unique pseudoinverse matrix with any skeleton decompositions [4].

n 2
minHy—AxH2 = minz
x z 4

i=1

(3)

°? =
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Let us apply the generalized normal solution method to the stochastic matrix equation (1) describing
the physical processes in a SC model of an engineering system. Toward this end, let us represent the
n X n-matrix of the H(w) graph of the SC model for each w € Q as a product of three matrices
H(w) = AG(w)AT, in particular, as a deterministic incidence n x m-matrix of the A graph of the SC
model (n, m are the number of nodes and edges, respectively), which contains elements 0 and 1 only,
and a stochastic diagonal m x m-matrix of elements G(w) such as random conductance in the graph
edges. The decomposition H(w) = AG(w)AT can be always performed for a random graph in a single
way only [2,6]. Then the stochastic equation (1) can be written as follows:

AGWATX (w) =Y (w), weQ, (4)
where G(w) = diag(g1(w), g2(w), ..., gm(w)) is the stochastic diagonal m x m-matrix with stochastic
elements g;(w), i = 1,2,...,m at m edges of the graph of a SC model of an engineering system,

which elements are expressed through physical stochastic parameters of the engineering system and
the process going on in the same [2,6].

Let us apply the generalized normal solution method to the stochastic equation (4). To do this, let us
represent equation (4) as AZ(w) = Y (w), w € Q with a stochastic column vector Z(w) = G(w)AT X (w)
and multiply both right-hand sides by the transposed incidence matrix A”. We obtain the equation
AT AZ(w) = ATY (w) with a singular square n x n-matrix AT A = B, for which there exists no inverse
matrix. At the same time, the product AT A is, in fact, a skeleton decomposition of the matrix
B = AT A, thus we can build a pseudoinverse deterministic matrix B+ [4]

Bt = AT(AAT)"1(AAT) 14, (5)

and use the pseudoinverse matrix method to get the best approximate solution to the equation
AT AZ(w) = BZ(w) = ATY (w), in particular,

Z%w)=BTATY (w), weq, (6)
which is understood as the minimum residual norm square miny ||Y (w) — AZ(w)||? (3) for each real-
ization of w €  and has the lowest length || Z°]|2.

If we write equation [8] as G(w)AT X%(w) = BT ATY (w) considering that Z°%(w) = G(w)AT X°(w)
and successively multiply both its right-hand sides by the stochastic inverse matrix G~1(w) and then
by the deterministic incidence matrix A, we get

AATX(w) = AG"Hw)BTATY (w), we. (7)

Note that the stochastic inverse m x m-matrix G~!(w) is diagonal and easily determinable for each
w € Q; in particular, G~ (w) = diag(g; (W), g5 (W), -+, gt (W), i = 1,2,...,m.

Considering that the matrix AAT is square, symmetrical and, hence, has an inverse matrix (AA7)~1,
we get the final stochastic solution X°(w) to the stochastic equation (7) understood in terms of the
generalized normal solution (3) as:

XO%w) = (AAT)TAG H(w) AT (AATY Y (W), weQ, (8)
which can after the introduction of the deterministic matrix
C=(AATYT4, CT =AT((AAT)™HT (9)
be written more compactly as follows:
X%w) =CG ' (w)CTY (W), we. (10)

The statistical measures of the stochastic vector X°(w), in particular, the expectation vector X0
and the covariance matrix K xoyo, are determined from the stochastic solution (10) considering the
stochastic independence of the elements of the stochastic vector Y (w) and stochastic matrix G(w),
and appear to be presented as follows:

— the expectation vector X0 = E{X%(w)}

X0 =cG-1C"y,
where G—1 = E{G~ (w)} = diag(E{g; " (W)}, E{g; (W)}, ..., E{g;; (w)}) is the diagonal matrix of

expectations with elements E{g; '(w)}, i = 1,2,...,m; Y = E{Y(w)} is the vector of expectations of
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the stochastic vector Y (w). As the elements g;(w) are interval stochastic ones, i.e., evenly distributed
within the intervals [gaown,i, Gup,s] With the length Ay, = gup.i — Jdown.s, E{gi_l(w)} = f In Jupi .
9q

— the covariance matrix K xoxo = E{(io)(w)XOOT(w)}
Kxoxo = CE{G™ (w)CT MyyCG~ (w)}CT — x0x0"

where Myy = E{Y (w)YT(w)} is the matrix of moments about the origin of the stochastic vector
Y(w). Note that the diagonal structure of the matrix G allows easy calculation of the equation
E{G71(w)CT MyyCG~Y(w)} in its final form.

Let us estimate the relative error of the stochastic generalized normal solution X°(w) of (8), (10)
relatively to the accurate stochastic solution X (w) of equation (4). We determine the relative error §
as an expectation of the stochastic error §(w), equal to the difference ratio between the norms || X°%(w)||
and || X (w)]| of the compared stochastic solutions and the norm || X (w)|| of the accurate solution to
equation (4), i.e.,

Gdown,i

5 ||X(w)||—\|X°(w)||}

31 =180 = B = : (1)
where ||©(w)]] is the stochastic I3(w)-norm determined for each realization of w € €, for the stochastic
vector O(w) = (01(w), O2(w),...,On(w))" or the stochastic diagonal matrix O(w) = {i;(w)};/2
according to the equations

Jgector (i) — <i@§(w)>1/z’ [atriv () — <

It can be shown that the estimate of the stochastic error §(w) (11) satisfies the inequality

I - s
IG=H W) - [1G(w

where ||I]|% and ||I||% ,r are Buclidean ly-norms of single matrices I, one of which has the shape of
the matrix G, and the other has the shape of the matrix AAT.

Considering that the product of the norms ||G~1(w)]||-||G(w)|| is equal to the stochastic conditioning
number pg(w) of the stochastic matrix G(w), and the lp-norms of single matrices I are equal to
|1]|2 = m and ||I||} ;» = n (n,m are the number of nodes and edges of the graph of the SC model of
the system), we get the following estimate of the stochastic error §(w) between the generalized normal
and the accurate solutions |1 — m - n/ug(w)| < |§(w)], w € Q. If we expand the equation 1/ug(w)
along the Taylor series retaining the first-order terms only and applying the expectation operator
to the resulting equation, we find that the expectation of the relative error § satisfies the inequality
|1—m-n/ug| < 19|, where uge = ||G71||-]|G|| is the conditioning number of the matrix of expectations
G with all elements being equal to their expectations G = diag(g1, g2, - - -, gm) and the ly-norms ||G||

and ||G~!|| being equal to ||G|| = (3 g2)"/? and |G| = (3 g; %)/, respectively. The equation
i=1 i=1

) @é(w))m-

7,j=1

1 >||‘ < W), weq,

for the expectation of the stochastic estimate of the error shows that ¢ depends on the conditioning
number ji¢ of the matrix G' and the number of edges (m) and nodes (n) in the graph of the SC model
of the engineering system.

The developed method is used in modeling of thermal processes in complex electronic systems and
has proven to be efficient.
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