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Abstract: We consider a multidimensional inhomogeneous birth-death process. In this paper,
a general situation is studied in which the intensity of birth and death for each coordinate (“each type
of particle”) depends on the state vector of the whole process. A one-dimensional projection of
this process on one of the coordinate axes is considered. In this case, a non-Markov process
is obtained, in which the transitions to neighboring states are possible in small periods of time.
For this one-dimensional process, by modifying the method previously developed by the authors of
the note, estimates of the rate of convergence in weakly ergodic and null-ergodic cases are obtained.
The simplest example of a two-dimensional process of this type is considered.

Keywords: multidimensional birth-death process; inhomogeneous continuous-time Markov chain;
rate of convergence; one dimensional projection

1. Introduction and Preliminaries

Multidimensional birth-death processes (BDP) were objects of a number of studies in queueing
theory and other applied fields. The authors of these papers studied different special classes of
homogeneous multidimensional BDPs under some restrictions and considered fluid approximations [1],
simulations [2-6], large deviations [7], stability [8,9], and other features. The problem of the product
from solutions for such models was considered, for instance, in [10,11] (also, see the references
therein). If the process is inhomogeneous and the transition intensities have a more general form,
then the problem of computation of any probabilistic characteristics of the queueing model is much
more difficult.

In the general case, it is impossible to obtain explicit solutions and their characteristics, as well
as to construct any significant characteristics of the processes, as can be seen from the above list of
works. This paper fills this gap and proposes a method of research and evaluation allowing one to
estimate the rate of convergence for a one-dimensional projection of the multidimensional birth-death
process. The approach also makes it possible to evaluate the main characteristics of the projection, as is
demonstrated by the simplest example of an inhomogeneous two-dimensional process.

The background of our approach is the method of investigation of inhomogeneous BDD, see the
detailed discussion and some preliminary results in [12-15]. Estimates for the state probabilities of
one-dimensional projections of a multidimensional BDP were studied in [16,17]. However, within that
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methodology, it was impossible to obtain estimates of the rate of convergence, since the logarithmic
norm of the operator cannot be applied to the corresponding nonlinear systems.

Here, we substantially modify that approach so that it can be used for estimation and
construction of some explicit bounds on the rate of convergence for one-dimensional projection
of a multidimensional BDP. Namely, in Section 2, we develop a simple but efficient method for
bounding the rate of convergence for an arbitrary (which may be nonlinear, depending on the number
of parameters and so on) differential equation in the space of sequences /1, and in Section 3, we apply
this method to bounding the rate of convergence for one-dimensional projections of BDP.

Let X(t) = (Xy(t),...,X4(t)) be a d-dimensional BDP such that in the interval (t,t + h),
the following transitions are possible with order h: birth of a particle of type j, death of a particle of
type j.

Let A; m(t) be the corresponding birth rate (from the state m = (my, ..., my) = Z?Zl m;e; to the
state m + e;) and let ji; i (t) be the corresponding death intensity (from the state m = (my, ..., my) =
2?21 m;e; to the state m — e;). Denote pm (t) = Pr (X(t) = m).

To consider the existence and uniqueness, we renumber the states (only in this section),
transforming the process into a one-dimensional one. Now, let the (finite or countable) state space
of the vector process under consideration be arranged in a special order, say 0,1,.... Denote by
pi(t), the corresponding state probabilities, and by p(t), the corresponding column vector of state
probabilities. Applying our standard approach (see details in [12,14,15]), we suppose in addition that all
intensities are nonnegative functions locally integrable on [0, o), and, moreover, in new enumeration,

‘ . qii()h + aij(t, h), j#L
Pr(X(t+h)=j/X(t) =1i) = . _kgl%k(t)h‘f'“i(trh)r i 1)

where g;;(t) are the corresponding transition intensities and all a;(t, ) are o(h) uniformly in i, that is,
limy,_,o % sup; |a;(t,h)| =0, for any t > 0.

We suppose that )\j,m(t) <L < oo, yj,m(t) < M < oo, for any j, m and almost all t > 0.

The probabilistic dynamics of the process is represented by the forward Kolmogorov system:

P~ AWwp() @

where A(t) is the corresponding infinitesimal (intensity) matrix.

Throughout the paper, we denote the [;-norm by || - ||, i.e., ||x|| = X [x;[, and [|B|| = sup; ¥; |by;|
for B = (bl])?,(;:O

Let Q) be the set all stochastic vectors, i.e., [1-vectors with nonnegative coordinates and unit norm.
We have the inequality ||A(t)|| < 2d (L + M) < oo, for almost all t > 0. Hence, the operator function
A(t) from [; into itself is bounded for almost all # > 0 and is locally integrable on [0; o). Therefore, we
can consider (2) as a differential equation in the space /; with bounded operator.

It is well known, see [18], that the Cauchy problem for differential Equation (2) has unique
solution for an arbitrary initial condition, and p(s) € Q) implies p(f) € Q fort > s > 0.

We recall that a Markov chain X(t) is called null-ergodic, if all p;(t) — 0 as t — co for any initial
condition, and it is called weakly ergodic, if ||p*(¢t) — p**(¢)|| — 0 as t — oo for any initial condition
p*(0), p**(0), see for instance [12,14].

2. Bounds on the Rate of Convergence for a Differential Equation

Consider a general (linear or nonlinear) differential equation

dy _
E - HY(t)f (3)
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in the space of sequences /1 under the assumption of existence and uniqueness of a solution for any
initial condition y(0).

Let H = (hij), where all hij depend on some parameters (for instance, on y, ¢, .. .).

We have

dytl = hzzyi + Zhi]'yj'
J#

Now, if y; > 0, then

dy| d
|dytl| = 2 = halyil + 1 by < halyil + 1 Ly,
j#i j#

and if y; < 0, then we also have

dly; d
|dytl| - dytl = —hiyi — Y hijy; < hailyi| + ) hllyl.
J#i j#i

Finally, using the continuity of all coordinates of the solution and the absolute convergence of all
series, we obtain the estimate

d d *
% =Y i <Z<hﬁ|yi|+2|hij||yj|> < Fllyll @
i i J#i

where

p* =sup <hii + Z|hji|> : (5)

! j#i
Remark 1. One can see that inequality (4) implies the bound

ly(8)]| < eloB" @y (0)]. ©)

Moreover, if H is bounded for any t linear operator function from Iy to itself, then B*(t) = y(H(t)) is the
corresponding logarithmic norm of H(t), see [12—15].
On the other hand, in a nonlinear situation, B*(t) yields a generalization of this notion.

3. Bounds on the Rate of Convergence for a Projection of Multidimensional BDP

Again, consider the forward Kolmogorov system (2) in the original vector form. Then, we have

d
Pm Z I,m— e1 Pm e T 7)

ZVI mte (1) Pmte, — Z (Am + Him) (£) Pm,
]

for any m.
In this section, we consider the one-dimensional process X]-(t) for a fixed j. Denote
x(t) = Pr (X;(t) = k). Then, x(t) = Lom,mj—k Pm (). The process X;(t) has nonzero jump rates only

for unit jumps (41), namely, if X;(t) = k, then for small positive & only the jumps X;(t +h) =k +1
are possible with positive intensities, say A and fi, respectively. Moreover, (7) implies the equalities

Aiexe(t) = ) /\], m(f), 8)

mm]
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k() = Y #jm(Dpm(t), )
m,m]-:k
and hence 5 A (Opm(®)
~ m,m;=k Vj,m(t)Pm
A = ! 10
L SN () 1o
and > (t)pm()
“I/le _ m,mj:k .u],m Pm ' (11)

Zm,mj:k Pm(t)

Then, X;(t) is a (in general, non-Markovian) birth and death process with birth and death
intensities Ay and fiy, respectively, (that is, it is a process with possible infinitesimal jumps *+1,
the intensities of which depend on t and on the initial condition for the original multidimensional
process X(t).)

For any fixed initial distribution p(0) and any t > 0, the probability distribution p(¢) is unique.
Hence, Ay = Ay (p(0),t) and fix = p (p(0), t) uniquely define the system

Z—’t‘ = Ax(t), (12)
for the vector x(t) of state probabilities of the projection X;(t) under the given initial condition.
Obviously, different initial conditions specify different systems.

Here, A is the corresponding three-diagonal “birth-death” transposed intensity matrix such that
all off-diagonal elements are nonnegative and all column-wise sums are equal to zero.

Letforallmandany t > 0

L <Am(t) <Lj, mj<pjm(t) <M, (13)

Then, from (10) and (11), we obtain the two-sided bounds

i <Ay <Lj mj<ijix <M (14)
for any k, any ¢, and any initial conditions.
1. Let the state space of X;(t) be countable and
M] < l] (15)

Putoc = /M;/l; < 1,0, = 0", n>0,% = 6pxy, and X = (%0, %1,...). Let A be a diagonal
matrix, A = diag (éo, 01, ...).

Note that in this situation, |X(t)|| = Y72, dxk(t), and [|X(t)|| — 0 as t — oo implying null
ergodicity of X;(t), that is py(t) = Pr (X;(t) = k) — O as t — oo for any k.

Then,
ax _ AANTIX(1). (16)
dt
Then, we have
- Ok~ Or_1 . 5 -
/\k—l—yk—’;—:l/\k—%ﬂkZAk(l—U)—Hk(l/‘T—l)2 (17)

—~
—_
|
Q
~—
|
=
—~
—_
~
Q
|
—_
N
I
/N
|
?‘/
|
QR
N *
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implying the estimate

dl|x 1) - 0 -
L‘HH < sup (?1)% + g Ry - Vk) [[x]| =
k k

, ) St ‘ile
—inf ()tk—iryk g“Ak—’;klyk) %] < —a*||%|, (18)

and the following statement.

Theorem 1. Let (15) hold for some j. Then, X;(t) is null-ergodic and the following bounds hold:

Ix(B] < e I%(0)]], (19)
and
Pr(X;(t) <n/X;(0) =k) < cF e (20)
Hence,
Pr(X;(t) > n/X;(0) =k) >1—c*" e, (21)

and Pr (X;(t) > n/X;(0) = k) — 1ast — oo, for any n, k.
Remark 2. It should be noted that the above requirements are imposed only on this one coordinate.

2. Let
Lj <mj, Ay = l] —I—m]- -2 L]M] > 0. (22)
We have x(t) € Q for any t > 0. Set xo(t) = 1 — Y_;>1 x;(t). Then, from (12), we obtain the system

dz ~
=Bz +f 2
n + 1, (23)
where z = (x1,%,...)", f = (4,0,0,... )T, and the corresponding matrix B = (Ei]-)t.’o.z where
E,-]- = d;; — djp for the corresponding elements of the matrix A.

For the solutions of system (23), the rate of convergence is determined by the system

dw -
= Bw (24)

where all elements of B depend on t and the initial condition of the original process.
Now, let B = 4/ AL/I—; > 1 in accordance with (22). Let di,; = ¥, k > 0. Denote by D, the upper

triangular matrix

d d dy
0 dy dy -
D=9 o a5 ... |- (25)

Let w = Dw. Then, the following bound holds:

d||w d di—1 . s _
U < gup (23,014 B () ) ] =

i>0

mf(( i+ flir1 — BAivs — i/ B)) W] < —a| W] (26)
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Note that ||W| = |[Dw|| > 3||w]|, see detailed discussion in [15], therefore, if | W(t)|| — 0 as
t — oo, then X;(t) is weakly ergodic.
Thus, we obtain the following statement.

Theorem 2. Let (22) hold for some j. Then, X;(t) is weakly ergodic and the following bound holds:
IDw(t)[| < e~ | Dw(0)], (27)
for any t > 0 and any corresponding initial conditions.

4. Example

Consider a simple two-dimensional BDP with finite state space {i,j},0 <i < 10,0 < j < 10 and
the following transition intensities:

(i) Aio(t) = G2EA1(t) from (i,0) to (i +1,0);
(i) A (t) = Aq(t) from (i, ) to (i +1,/) if j # O;
(i)  Ag;(t) = A2(t) from (7, /) to (i +1,j);

(i) pa,ij(t) = pa(t) from (i, j) to (i — 1,j);

(V) H2,ij(t) = po(t) from (i, ) to (i,j — 1);

where A1 (t) = 1+ cos(27t), Ao (t) = 5+ sin(27t), pq(t) = 11 + sin(27t), pp = 3.

Then, g = \/ﬁf = /6, and Theorem 2 gives bound (27) with &, = 10 — 4+/6.

We computed some important characteristics for the original process and its projection
Xi(t), namely:

Figures 1-3 show the behaviour of the state probabilities for X;(t), namely Pr(X;(t) = 0),
Pr(Xi(t) = 1), and Pr(X;(¢t) = 2) under two initial conditions for the original BDP:

(i) pi,]-(O) = 1%1, for any i, j (blue); and
i)  poo(0) = %g?, pi(0) = ﬁ, for any i, j such that i 4+ j > 0 (green).

T
Note that the corresponding initial conditions for the projection are x(0) = (11,. _ 11—1) ,

and x(0) = (10/11,1/110,...,1/110)".

These Figures illustrate the rate of convergence in a weak ergodic situation.

Figures 4 and 5 show the birth intensities’ Ag and A; for X;(t) under the same initial conditions.

Note that all the quantities are found by numerically solving the Cauchy problem for the
forward Kolmogorov system (2) and the corresponding system (12) for its projection on the
corresponding interval.

As can be seen from Theorem 2 and the figures below, to construct all the characteristics of interest
with good accuracy, it suffices to carry out the numerical solution on the interval [0, 5].

As was already noted, the projection of the original process is not a Markov process, and all
probabilistic characteristics depend on the initial conditions of the original process.
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0 1 2 3 4 5
Figure 1. Pr(X; (t) = 0) under initial conditions (i) and (ii).
0.16 T T T T
T T 4
0.12
0.1
0.08
0.06 [ i
0.04 [ e 4
0.02 Heremee\eefeei 4
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1 2 3 4 5

Figure 2. Pr(X; (t) = 1) under initial conditions (i) and (ii).
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0.12 ! ! ! !

Figure 4. Ao under initial conditions (i) and (ii).
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Figure 5. A; under initial conditions (i) and (ii).

It can be seen that these characteristics present comprehensive information concerning the
behavior of the projection of the original process.

5. Conclusions

In the paper, some estimates of the rate of convergence were discussed for one-dimensional
projections of multidimensional inhomogeneous birth and death processes. Some specific queueing
models were considered. The applied approach allows one to use an analogue of the logarithmic norm
of an operator function for a nonlinear system of differential equations, as was shown in Section 2.
In addition, similar estimates can be obtained for other one-dimensional processes related to the
original one. For example, the total number of “particles” of all types can be studied. Moreover, it is
possible to study multidimensional processes with possible transformations of particles from one
type to another. Such processes play a very important role in stochastic models of epidemics, see,
for example, References [19,20] and the references therein.
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