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Abstract. We present an inventory model where a manufacturer (firm) uses for “production” a
“commodity” (resource), which is consumed with the unit intensity. The price of the commodity
follows a stochastic process, modelled by a continuous time Markov chain with a finite number of
states and known transition rates. The firm can buy this commodity at the current price or use
“stored” one. The storage cost is proportional to the storage level. The goal of the firm is to minimize
the long-run average cost functional. We prove the existence of a canonical triple with an optimal
threshold strategy, present an algorithm for constructing optimal thresholds and the optimal value
of the functional, and discuss issues of uniqueness.

DOI: https://doi.org/10.32523/2077-9879-2025-16-4-76-94

1 Introduction

There are various mathematical inventory models (see, for example, Arrow et al., 1951, [I]; Bather,
1966, [2]; Rubalskiy, 1972, [15]; Browne, Zipkin 1991, [4]; Bayer et al., 2010, |3|; Bulinskaya, Sokolova,
2015, [5]. These models allow us to find the optimal strategy for purchasing a product that minimizes
the total cost of purchasing, registration and delivery of the order, storage of goods, as well as losses
from its shortage.

In this paper, we will consider the following inventory problem.

There is a manufacturer (firm) who needs to consume an intermediate product (commodity)
with the unit intensity for production. If the price of a commodity is constant, then it is possible
to purchase the commodity with the same intensity, and thereby production will be ensured. If the
price changes over time, then at a low price it is reasonable to buy a one-time quantity in order not
to overpay at a high price. But if you make a one-time purchase, then the purchased product must
be stored, and you have to pay for this. An example of such a commodity is cotton, which, on one
hand, is still one of the most important world products, and on the other hand, is characterized by
significant price fluctuations, see for example Darekar and Reddy, 2017, [6].

[.M. Sonin proposed to consider the situation in which the price depends on the value of a Markov
chain with continuous time, a finite number of n states and known transition intensities. In this
case, it is reasonable to create a warehouse and make purchases and create a stock in accordance
with the price.

It is assumed that purchases at the current price can be made both in large quantities and by
continuously increasing (without decreasing) the quantity of the purchased goods.

It is assumed that the storage fee is proportional to the amount of goods in stock, the cost of
ordering does not depend on the size of the order, the order is processed instantly.
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The question is how to organize the work of the warehouse in order to minimize the expected costs
of storage and purchase of goods, while the costs can be considered both discounted and marginal
averages per unit of time.

This problem was studied first in the thesis of Hill, 2004, [8], and then in Hill, Sonin, 2006,[9],
Katehakis, Sonin, 2013, [10] for the case n = 2 and special cases for n = 3. In these works, the
marginal average expected costs per unit of time were considered and it was assumed that, in the
general case, the strategy for the optimal organization of the work of the warehouse is of a threshold
nature, i.e.:

for each state ¢ of a Markov chain, there is a threshold a; such that

if the inventory level x is less than or equal to a;, then it is necessary to make a one-time purchase
up to the level of this threshold, i.e. buy goods in the quantity a; — z, and then, until the next jump
of the Markov process (the moment of price change), it is necessary to purchase goods with the unit
intensity so that the inventory level is equal to the threshold value a;,

if x > a;, then purchases should not be carried out until the next jump of the Markov process or
the moment when the value of the inventory level, decreasing with the unit intensity becomes equal
to a;.

In Presman, Sonin, 2023, [14], using the methods developed in Presman, Sonin, 1982, [I1],
Presman, Sethi and Zhang, 1995, [12], Presman, Sethi, 2006, [13], a complete solution of this problem
was given for the case of discounted costs. The existence of an optimal threshold strategy was
proved, an algorithm for constructing optimal thresholds and the optimal value of the functional
was formulated, the problem of the uniqueness of the optimal control was investigated.

We first describe the main ideas and features of the results and proofs of [14]. First, it turned out
that in problems with Markov chains with continuous time it is convenient to write the optimality
equation (the Bellman equation) in the form of choosing the optimal control until the moment
of the first jump, i.e., consider an imbedded Markov chain. After that, from considerations of
the convexity of the value function, it is easy to show that there is an optimal threshold control.
Secondly, it turned out that in such problems it is convenient to pass from studying the value
function to studying its derivative. Thirdly, it turned out that instead of the smooth gluing condition
(continuity of the derivative of the value function), which arises in problems with diffusion processes,
the condition of twice smooth gluing appears (continuity of the second derivative). Fourth, as a
rule, the optimal control is unique, but, for some relations between the parameters, in which, in
addition, the corresponding transition intensities are equal to zero, for some states the optimal
control is unique, and for others, any optimal control is of quasi-threshold character, i.e., there is a
whole interval of optimal thresholds (from zero to maximum), and if in the corresponding state the
inventory level does not exceed the maximal optimal threshold, then any control that does not go
beyond the interval of optimal thresholds is optimal.

In this paper, we study the case with the long-run average cost functional under the assumption
that the chain is regular, i.e., from any state it is possible with a positive probability to get to any
other (not necessarily after the first jump). A passage to the limit is carried out with the discounting
parameter tending to zero. As a result, an analogue of the canonical triple, known in the theory of
controlled Markov chains with discrete time and a finite number of states, arises. It is shown that,
as in the case of discounting, there is an optimal threshold strategy, an algorithm for constructing
optimal thresholds is given, and issues of uniqueness are considered.
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2 Problem formulation and results for discounted costs

Let a right-continuous Markov process {m(t) }o<t<oo, m(0) = i, with a finite number of states n (a
Markov chain in continuous time) and an intensity matrix (infinitesimal operator)

A= ()\i,j), where )\iJ 2 O, )\m = _Z)\i’j = —>\7, < 0. Z,j € N = {1, .. ,n},
J#i
are given, i.e., if at some point in time the process is in state i, then in a short time A with probability
i ;O 4 o(A) it goes to state j, and with probability 1 — A\;A + o(A) it remains in state i.
Let F = {Fi}o<t<oo be the filtration generated by it, i.e., F; contains all information about the
Markov process up to and including the time ¢. Control u is

an F-adapted left continuous nondecreasing function u(t),u(0) = 0, whose value
at time ¢ corresponds to the total purchases of goods up to time ¢ inclusive.

In other words, the total purchases up to time ¢ can only depend on the behavior of the Markov
process up to time ¢t and cannot take into account whether the Markov process jumped at time ¢.

The moments of jumps and the sizes of jumps at these moments correspond to the moments and
sizes of one-time purchases.
Since the consumption of a good occurs at the unit intensity, the equation

2'(t) =z —t +u(t) (2.1)

determines the inventory level at time ¢ with an initial level of z > 0.

Controls for which x*(t) > 0 for all ¢ > 0 and the values of the functionals are finite will be
called admissible. Denote by U(x) the set of all admissible controls for the initial point x.

For u € U(x), we consider the functionals

VO (@) = By / e eat (t)dt + / e Pugydu(t) ¢ for p >0, (22)
0 0
T T
1
V() zliglj:p 7B / cx"(t)dt + / Poydu(t) o (2.3)
0 0

where c is the cost of storage of a unit of goods per unit of time, P; is the price of a product under
condition that the Markov process is in the state i € N, E, ;{-} — mathematical expectation when
the initial state of the Markov process is equal to ¢ and the initial inventory level is x. Without loss
of generality, it is assumed that P, > P;,q for 1 <i<n—1.

The goal is to find for p > 0 the value

Vo) = inf VI(2). i€ N, (2.4)

and determine the optimal control. The function V;’(z) is called the value function. The name of
the value function is also used for the column vector V?(z) with coordinates V;’(z), i € N.
We will say that a control is a;-threshold in state i € N if it satisfies the following conditions.

Let m(ty) =i, z(ty) = x, be satisfied at some time to > 0 and let ¢ty + 7 be the moment of the
first jump after ¢ of the process m(t). To simplify the notation, we assume that to = 0.
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If < a;, then a one-time purchase of a; — x is immediately made to bring the inventory level to
the value of a;, and after that, up to the moment 7, purchases are made with the unit intensity to
keep the inventory at the level a;, and hence 2"(t) = a; for 0 <t < 7,ie. u(t) =u(0)+a; —x +1
for0<t<mT;

if > a;, then at first no purchases are made (in this case, the inventory level decreases with
the unit intensity), and this happens until the minimum from the moment 7 and the moment when
the inventory level becomes equal to a;, and then, if 7 > a; — x, until 7 purchases are made with
unit intensity to keep inventory level at a;, so u(t) = u(0) + max|[0,¢ — (x — a;)] for 0 < ¢ < 7, which
means x"(t) = x —t > a; for 0 < t < minfx — a;, 7|, and 2"(t) = a; for v —a; <t < 7.

Consider a vector a with coordinates ay,...,a,. We call a threshold strategy a control that is
a;-threshold for every ¢ € N.

As already mentioned, [T4] gave a complete solution of this problem for the case p > 0. Let us
first present the results obtained there.

Let P be an n-dimensional column vector with coordinates F;, © € N; I be an n-dimensional
column vector with coordinates equal to 1; E be an n x n diagonal matrix such that all diagonal
element are equal to 1; V?(z) be the column vector with coordinates V’(x), 7 € N; 0 be the
N-dimensional column vector with zero coordinates.

We define the vector v = (A — pE)(—P) + ¢l, so that

W=ct+Ni+pP=> N;Pr=c+pPi+> Nj(Pi—P), i€N. (2.5)
J# J#

It turned out that for any state ¢ € NV there exists an optimal threshold control, and the equality
of the optimal threshold to zero or its positiveness depends on the sign of b/.
Let us put
NP ={i: b;>0}, Ny={i: b;=0}, N’ ={i: b <0} (2.6)

Remark 1. The set N? is non-empty because P; > P, for all j # i, and from the second equality
in (2.5) we get that b; > 0.

Below, if it is clear which p > 0 we are talking about, we will omit the superscript p for all
considered quantities.
The following theorem was proved in [14].

Theorem 2.1. 1) There is a vector a* such that the a*-threshold strategy is optimal in the class of

all admissible controls in the problem of minimization of functional (2.2]).

dV (z

2) The vector function V (x) is convez and its derivative U(x) = is a unique continuously

differentiable solution of the equation

dU (z)
dx

= max[b(x),0], U(0) = —P, where

¢ (2.7)
b(z) = (A—pE)U(x)+cl = (A —pE) (U(x) - ;I) :

(hereinafter for any vector d the notation max|d, 0] denotes taking the coordinate-wise maximum),
moreover
b(0) =0b, bi(z)<O0for0<z<a;, bxr)>0forz>a;, i€N, (2.8)

which means
a; > 0 if and only if i € N_. (2.9)
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Let us put a™ = max;{a}}. It follows from (2.7) and (2.8)) that for x > a™

U(“T)_% [ — (A—pE)(a—a™) (U(am)—g ]) = A-rB)e=a™)py (am)—;e’)(’”“m)f : (2.10)

The function V(x) itself is determined from the relation

1 7
cpr I— /(U(y)—£]> dy
p p
e—p(x—am)+px_1 (A—pE)(z—a™) -1 m m
V(z)= =c 5 I+e% P (A—pE)""U(a™) for x>a™, (2.11)
p

(

m m

_/ Ul(y)dy +V(am):—/ U(y)dy—l-ca?f—i—(A—pE)lU(am) for 0<x <a™.

\ x x

a

For ™ > 0, in [14] an algorithm was formulated for successive construction of the vector-
function U(z) and the vector a* on successive intervals between thresholds, starting from the interval

(@™, a®], where ¥ = 0 and a® is the minimal positive threshold. On this interval, the vector-
function U(x) was first constructed, and then the threshold a(® and theset /@ = {i: a = a?}.
Then, if a™ > a®, then the same is done for the interval [a®, a®)], Where a(3) is the minimal

threshold of those thresholds that are greater than a®, etc., up to a), where the number r was
determined from the condition a(” = a™.

For a more precise formulation, we need some notation. For any set of thresholds a, which is
convenient for us to consider as a column vector with coordinates a;, consider:

the number r corresponding to the number of different threshold values;
increasing numbers a!)(a), ..., a™(a) corresponding to different threshold values;

sets I0(a), 1 < | <r(a), where IV(a) = {i: a; = aV(a)};

l
sets NV(a) = {i: a; < a¥(a)} = JI%(a), while N\ (a) = N; (2.12)
k=1
sets N (a) = N\ Nﬂ)(a) = {i: a; >aY(a)}).

For a = a* we will omit the dependence on a and simply write r; a®, 1", Nﬁ), Nil), 1 <1 <.
In addition, in further notation, if it is clear which [ we are talking about, we will not write the
superscript "(1)".

Let us introduce the following notation:
A= ig)ijene s A= g jeno s Ae = ig)icno jen s
Ay = (Ai,j)ieN(_l),jeNj_l) . A=A-pb, A=A —pE,, A=A -—-pE_,

for any vector d = (d;);en we set d, = (d;) d- = (d;),.yw - Here the subscript "+" (respec-

ieN®
tively "—") defines a vector with coordinates from Nﬁ) (respectively Ng)) and transitions from Nﬁ)
to NJ(FZ), (respectively, from ND o NO ). The subscript "+" (respectively "F") defines transitions
from NJ(FZ) to NV (respectively from N 4o NJ(FZ)).

Remark 2. From the fact that A, corresponds to a Markov chain with the state set NJ(FZ) and the
killing rate in state ¢ equal to p; = p+ Z A1, the existence of the inverse matrix (A,)~" follows.

jen®
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Given [, 1 < [ < r, for 0 < z < oo we define the column vector-function F'(x) as follows:
F(z) =U(z) for 0 < 2 < a®, and for y > 0

F (aD+y)= —P_
(2.13)
Fi(aV+y)= - (A+)_1 [cl — AP ]+ (A+)_1 €A+$b+(@(l))‘
Counsider also the vector-function
f(x)=cl+(A—pE)F(x), 0 <z < o0, (2.14)

so that f(z) = b(z) for 0 <z < aW.
It follows from relation 1} that f;(a)) > 0fori ¢ Nﬁ), fi(a®) < 0foric NY. Consider now

the function

o (x) = mj\?(}l% fi(z), z>a®. (2.15)
[ASTA

Proposition 2.1. Algorithm for constructing the vector-function U(xz) and the vector
a*. Assume that for some | < r we have constructed a®”) and I for 1 < i <1, and also U(x) for

0 < <al, satisfying 2.7). If | < r, then
Uz) = F(z) for o <z <a*Y, (2.16)

a™) = inf{z: @) >0}, 1Y ={i: ieNY oY) =0}, (2.17)

where F(x), f(x) and f™(x) are defined in (2.13)), (2.14)), (2.15).

Let us pass to the study of the uniqueness of the optimal control. Let a; = inf{z : b;(z) > 0}.
From it follows that a; > a}. It turns out that if a; = a}, then the optimal control in state i
is unique, and if a@; > a}, then a’ = 0, and in the state ¢ any threshold control with a threshold not
exceeding a; is optimal. Moreover, in this state, the control is optimal if and only if, in this state,
it prescribes not to make purchases at an inventory level greater than a;, and if the inventory level
does not exceed a;, then it prescribes to make such purchases so that the trajectory of the inventory
level does not go beyond the segment [0, a;].

We say that a control in state @ € J is a;-quasi-threshold if it satisfies the following conditions.

Let m(ty) =i, x(to) = x, be satisfied at some time ty > 0 and let ty + 7 be the moment of the
first jump after ¢y of the process m(t).

If x > a; and ty <t <ty + min(z — a;, 7), then, as for threshold control, u(t) = u(ty). If x > a;
and x —a; <t <ty+7,orx <a;and ty <t < to+ 7, then the control u is such that 0 < z%(¢t) < a;.

Let N C N. The set of (a, N )-quasi-threshold strategies is the set of all admissible controls that
satisfy the following properties: in states i ¢ N they are a;-threshold, and in states i € N they are
a;~quasi-threshold.

Denote by N the set of those states from N, from which one can get to states belonging to /N
only by visiting states from N_. The following theorem was proved in [14].

Theorem 2.2. If Ny = (), then a; = a} for all i € N and in the optimization problem the
optimal control is unique and is given by a*-threshold strategy, and if Ny # 0, then from i ¢ Ny
it follows that a; = af, from i € Ny it follows that a; > af =0, bi(x) =0 for 0 < x < a; and the
control is optimal if and only if it belongs to the set of (a, Ny )-quasi-threshold strategies. Wherein:

a) Uj(x) = =P, for 0 <z < a; and b;(x) > 0 for x > a; (and hence, by virtue of the first equality
in 2.7), Ui(z) strictly increases for v > @;), i € N.

b) ifi € Nél), then there exists I, 2 <1 < r such that a; = a) > 0, and if @; > a'¥, then \;; = 0
for any such j, that a; < a®.



Sonin’s inventory model with a long-run average cost functional 82

For 1 <[ <7r we set:

[él) = {Z T E NQ, C_Li = a(l)}, Nélil) = {’l D1 E No, C_LZ' 2 a(l)}, N_s_l) = {Z : C_Li < a(l)}.
It follows from here that Néo) = Ny = Z Iél), No(l) = Nélil) \ [él). It follows from Theorem [2.2| that
I=1

NV = N;.

In paper [14] the following algorithm for the sequential construction of sets [0(l
algorithm is related to the structure of the zero elements of the matrix A.

At first it was shown how the set I(()l) is constructed. First, one includes in it all those elements
i € Ny for which there exists j € Ny such that \;; > 0, then all those elements ¢ € N, for which
there exists \; ; > 0 for j included in the previous step, and so on.

) was given. This

Proposition 2.2. Algorithm for constructing sets Iél). Let the sets ]éi), 1 <1 <1 be constructed
for some | < r (this was done above for | = 1). From statement b) of Theorem 3.2, it follows that

for any i € Nél) it s true that: \;j = 0 for any j € NJ(FZ). To construct [é”l), we first include in

it those elements i € Nél) for which there exists j € It such that Aij > 0. If this set is empty,
then the set I(()ZH) s also empty. Otherwise, to those included in I(()Hl) at the first stage, we add
those elements i from the elements remaining in Nél) for which there exists j included in the first

step such that \;; > 0. If this set is empty, then the construction of the set ]élﬂ)

1s complete. If

not, then we repeat the procedure, and so on. As a result, the set ) will be constructed.

Remark 3. It is worth paying attention to the fact that, although in the formula the vector
F, () is written as an exponent, nevertheless, if @; > a(¥), then i € NJ(FZ) and Fj(x) = P. Tt is
possible to reformulate Proposition 2.2 in such a way that all coordinates of the new vector F, (z)
are represented as constants minus decreasing functions, which are linear combinations of decreasing
exponentials, perhaps multiplied by sines or cosines (in the case of complex eigenvalues of the new
matrix A, ), and, perhaps, multiplied by polynomials (in the case of multiples of eigenvalues). To
do this, NJ(FZ) should be determined not according to , but according to the formula: Nfrl) =
Nourl?, N = NSD OO ULl for 1 <1< r—1. In the sequel, we will talk about the algorithm
in this formulation.

The aim of this paper is to consider the case p = 0, i.e., studying functional (2.3). This is carried
out by passing to the limit as the discount coefficient tends to zero. Therefore, in what follows we
return to the use of the superscript p.

3 Main results

3.1 Main theorems

If the chain m(t) is regular, then it is natural to assume that in the problem of minimization of
functional (a long-run average cost) the optimal value of the functional V°(z) does not depend
on ¢ and x and is equal to some number, which we will denote V*. In this case, it is natural to
consider the problem of finding

o0

Gi(r) = ig(f )Em- /[(cx“(t) — V*)dt + Ppdu(t)] p, i € N. (3.1)
uct(x
0
If such a function exists, then, by virtue of the Bellman optimality principle, for any stopping
time 7 (with respect to the process m(t))) with a finite mathematical expectation, the following

relation holds:
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T

GZ(I):uellr,{lfx)ExZ / [(ca™(t) = V*)dt+ Poyydu(t) | + Gy (z*(T)) ¢, i € N. (3.2)
0

A vector-function G(x) that for any Markov moment with a finite mathematical expectation
satisfies relation is naturally called an invariant function for the problem of minimization of
functional (2.3).

Let there exist a strategy u* (i.e. a set of controls that assigns to each i € N and x > 0 a control
uy ;(t) € U(z)) on which the minimum of functional (3.1) is achieved. Let z*(f) be the trajectory
corresponding to the control u ,(t). If E, ;G (2*(T)) is bounded with respect to T for each x
and 7, then

T

Gi(x) = By / ((cx*(£) — V*)dt + Pyt 1(8)) + Gy (@*(T)) b (3.3)
0
In this case (V*; u*; G(x)) is called the canonical triplet for the problem of minimization of
functional (2.4) by analogy with the corresponding concept in control problems for discrete-time
Markov chains (see [7], Chapter 7).

Theorem 3.1. Let a chain be reqular and ¢ > 0. Then:

a) there exist a vector a®*, a number V*, and a vector function W (z) such that

*

Vv
I, a™* = lim a”*, (3.4)
P p—0

W(zx) = })ig(l) WP(x), where W*(z)=V?(z)—

and V*, a%*-threshold strategy and W (x) form a canonical triplet for minimization problem ({2.3)),
dW (x)

b) the function U°(x) =

differentiable solution of the equation

d 0
W) (AU) 41,0), 090) = P, for 0. <, 35)

here V* = ca®™ —AU®(a®™), where the row vector A denotes the invariant distribution of the Markov
chain.

0, . . .
for 0 < z < "™ = maxi{ai *} 1S a unique continuously

c) ap* >0 ifi € N° and a)* = 0 otherwise,

d) the solution of equation (3.5) and the numbers a)* are constructed in accordance with the
algorithm from Proposition 2.1.

Remark 4. To find V* in case ¢ > 0 it is not necessary to find W (z) for z > a®™, but it suffices
to solve equation (3.5)). Nevertheless, below, in (4.12) we give an explicit expression for W (x) for
x> a’m.

For ¢ = 0, the situation differs from the case ¢ > 0. We show that if ¢ = 0 and p — 0, then
VP* — P, and the solution of problem is obtained by passing to the limit as p — 0. It is clear
that for c = 0 and V* = P, to solve problem ([3.2)), it is necessary for i # n to minimize the expected
costs until the hitting time of state n. We show that when solving the latter problem, the optimal
control is a threshold strategy for which the thresholds coincide with " = lim a”*,i # n. At the

p—0
same time, it turns out that if for « = n one uses the y-threshold control and after the first jump

uses the obtained optimal strategy, then the larger y the smaller the value of functional is (it is due
to the fact, that a2* — oo as p — 0). Thus, when solving problem , there exists an invariant
function, but for ¢ = n there is no optimal control, while in problem for any control, the value
of the functional is infinity.
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Before we formulate and prove these facts, we introduce the following notation. Denote N, =
N\ {n}. By analogy with the previous ones, the subscript "4+n" of the vector means that we are
considering a vector with coordinates from N.,.

Theorem 3.2. Let a chain be regular and ¢ = 0. Denotle a = rr;axaf’*. Then the following

statements hold
a) There erist ag’;kl = lir% atr; numbers g > 0, u > 0, and an integer number mo > 0 such that
p—
apt—ap 1 . . R
lim *———" = — where a(p) > myq is the root of the equation [a(p)]™ e = gp; for 0 < x <
=0 a(p) [
there exists U°(z) = liII(l) U?(x) such that U)(x) = =P, and the function U?, (z) for 0 <z < o0 is a
p—

unique continuously differentiable solution of the equation

du° (z) "
;—x = max (A, U%, (2) —A™P,,0.,), U, (0)=—Py,, (3.6)
where A is the column-vector with elements Ain, 1 <1< n—1. The numbers al*, i # n, and

U0, (z) are constructed in accordance with the algorithm from Proposition 2.1.
b) In the problem of minimization of functional (2.3) V* = P, and there exists W(x) =

1
lin(l) [V”(x) — (aﬁ + —) Pn[], which is an invariant function that for © # n is equal to the min-
p— P
imal expected costs until the hitting time T™ of state n minus P, E;{T™}. Herewith
Wo(z) = —2Py,  Won(2) = —2Pulen — / U0, (0) + L] dv, (3.7)

x

where UY, (v) + P, 14, exponentially converges to 04y as v — 0o.

¢) For any i € Ny, the a?’*—threshold control is optimal in the problem of minimization of the
right hand side of (where ¢ = 0, V* = P, and G(x)) = W(x)). There is no optimal control
fori=mn. For any e > 0, there exists such y(e) that for y > y(e) the y-threshold control is e-optimal
for the state i = n. In the problem of minimization of functional for any control, the value of
the functional is infinity.

3.2 Uniqueness

When studying functional , it makes no sense to talk about the uniqueness of the optimal
control, since an arbitrary control on any fixed time interval with subsequent use of the optimal
control gives the same value of the functional. But it makes sense to talk about the uniqueness of
the optimal control for solving problem with G(z) = W (z), which, as mentioned, also gives a
solution to problem (12.3]).

After constructing W (z) you can define numbers @ and sets 10", NJ
it was done for p > 0.

l_l), 1 <1 <r, just as

Theorem 3.3. The statements of Theorem 2.2 and Proposition 2.2 are also true in the optimization

problem (3.2)) with G(x) = W (x) for i € N in the case ¢ > 0 and for i € N4, in the case ¢ = 0.

Remark 5. In [T4] it was noted that, as a rule, optimal control is unique. If we fix all parameters
except p, then non-uniqueness is possible only for a finite set of values of p at which some of b; (see
(2.5))) vanish, and even then, provided that the corresponding JA;; equals zero. It follows directly

from 1) that for p = 0 it may turn out that NS’{I} # () and therefore optimal control is not unique,
while for sufficiently small p it is always true that Nj = () and optimal control is unique.
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4 Proofs

4.1 Proof of Theorem 3.1

In this section, we consider a regular Markov chain, for which with positive probability it is possible
to go from any state to any other one, possibly after some jumps.

4.1.1. Let us first show how (3.4) yields and statement b) of Theorem 3.1. Let us write
down the obvious identity:

-
Vi) = inf Eo.i / e (ca(t)dt + Prgydu(t)) + e ?TVE o (z*(T))
uel(x
0
T (4.1)
= E.; /e”t (cx™” (t)dt + Py du*(t)) +e*pTV£(7_)(x“p’*(7'))
0
r 1—e T
Using the equality /e‘ptdt = ——  relation (4.1) can be rewritten as:
/ p
-
Wr(x)= 12{ )Eac,i /e_pt ((ca™(t) = V*)dt + Prydu(t)) + e_pTWTZ(T) (x“(T))
uel(x
0
. (4.2)
= E,, /e‘pt ((cx®™ (t) = V*)dt + Py du?*(t)) +e_pTW£(T)(xap’*(7‘))
0

We know the structure of the functions W/ (z), and therefore we can take a limit as p — 0. So we
get (3.2) and assertion b) of Theorem 3.1.

4.1.2. Let us move on to the proof of the existence of the limit vector function W (zx).
First, we show that using the algorithm from Proposition 2.1, one can construct a vector a

such that a”* = lim a”*, and a vector-function U%(z) defined for 0 < z < a®™ = max ay”*, such
p— 1€

that U°(z) = lim UP(z) for 0 < z < a®™, U%x) is the only continuously differentiable solution of
p—

equation ([3.5)).
It is easy to see that for this it suffices to prove the existence of a finite limit liH(l) a”*, because
p—

then relation (3.5 and assertion d) of Theorems 3.1 follow from the continuous dependence on the
parameter of the solution of the system of linear differential equations. To prove the existence of a

finite limit hI% a”*, in turn, it suffices to prove that for any 1 < [ < 9, there exists () € N such
p—

that lim fﬁ;gl)(x) > 0 for all p > 0 because, according to the algorithm, ff’(l)(ap’(l)) < 0 for any
T—00

0,

1€ Ng), and the positiveness of the corresponding limit guarantees the existence of a”(¢+b.

In [I4] the proof of the existence of a”* was based on the study of the optimality equation and
made essential use of the property p > 0. Here we give an independent proof of the existence of a”*,
which is valid for both p > 0 and p = 0. Therefore, later in this section we will omit index p.

For f_(z) formula can be written as

fo(r)=cl_+AzF (z) —A_P_ (4.3)
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where, according to (2.13)), for x > a(®)
Fu(a® +2) = (~A0) 7 [l = AeP] 4 (=AM Db, (a), (4.4)

In Remark [2| it was said that since A, corresponds to a Markov chain with state set Nfrl) and the
killing rate in state 4 is equal to p; = p + ZjeN(l) A, the existence of the inverse matrix (A)7

follows. For p = 0, for some i € NJ(FZ) the corresponding sum may turn out to be zero. However, the
following lemma will be proved in Appendix A1l.

Lemma 4.1. If p > 0 or p =0 and a chain m(t) is reqular, then

a) there exists (Ay)™', and all elements of this matriz are nonpositive,

b) the eigenvalue of the matriz A, with the maximal real part is negative, and therefore e+* — 0
for x — oo, and the convergence is exponential.

From this lemma and from (4.4)) we get

Fy = lim F(z)=(—Ay) " [el, — ALP_], (4.5)

T—r0o0

and from this and from (4.3)) it follows that

fo=:lim f (z) =c[l_+As (-A,)"'I,] - BP_, (4.6)

T—r00

where
B=A_+A; (—A+)71 Ay, (4.7)

In Appendix A2 an interpretation of the elements of the matrices (A, )™*

and the following lemma will be proved.

and B will be given

Lemma 4.2. If p > 0, or p = 0 and the chain m(t) is regular, then
a) all off-diagonal elements of the matriz B are non-negative, and the sum of the off-diagonal
elements over each row is positive,
b)
BI_ +p(I-+ Az (-Ay) ' 1) =0_. (4.8)

jeN(l)

Define i from the condition P,;) = max P;. Multiplying 1} by P,u and adding with (4.6

we get
fo=(c+ Pwp)l-+ Az (=A) " I1] + B(Pwl- — P.). (4.9)

All elements of the matrix (—A+)_1 are nonnegative, consequently all elements in the first square
brackets are positive. All elements of the matrices A, and Ay are also non-negative. Therefore, all
coordinates of the vector in square brackets on the right side of are non-negative. As for the
last term on the right side of , its component corresponding to i) is obtained by multiplying
the row corresponding to i") by the vector PwI_ — P_, whose coordinate corresponding to i) is
equal to zero, and all other coordinates are strictly positive. Therefore, it follows from assertion
a) of Lemma 4.2 that f,oy > 0. This proves the existence of a(*?), and hence the existence of the
limit a”* and the limit function U%(z) on the interval [0, a”™], while U°(x) is the only continuously
differentiable solution of equation (3.5). Thus, we have proved also both statements c¢) and d) of
Theorem 3.1. To complete the proof of Theorem 3.1, it remains to consider the interval [a”™, c0).

4.1.3. Note now that on the interval [a”™, co) the situation becomes more complicated for
p = 0. On this interval, for p > 0, the function V() is given by formula (2.11]), which contains the
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matrix (A — pE)_1 eA=PE)@=a™) " Therefore, to carry out the passage to the limit as p — 0, we need
to consider the structure of the matrix (A — pE) ™" eA =B,

Let a Markov chain m(t) be regular, and let u;, i = 1,..., N be the eigenvalues of the matrix
A. Then the eigenvalue with the maximal real part (we will assume that this is p;) is single and
equal to zero. It corresponds to the right column eigenvector I, consisting of ones, and the left row
eigenvector A, which defines the unique invariant distribution of the chain. All other j;,i # 1, have
a negative real part. For the case N = 3 in [I4] it is shown that among them there can be both
complex conjugate and coinciding.

Let us first consider the situation in which all roots are different and real, and hence p; < 0 for
i # 1. In such a case the following representation is valid:

1
eA=PE)T(A — pE)1 = Xdiag < e(‘”p)x> X!
Hi —p

e(m—p):inyi7

1 N
— T

pe X1Y7 + Z —,
where diag (f;) is a diagonal matrix with diagonal elements f;; X; is the i-th column vector of the
matrix X, which is the right eigenvector of the matrix A corresponding to the eigenvalue pu; (with
X, = I); Y; is the i-th row vector of the matrix Y = X! which is the left eigenvector of the matrix
A corresponding to the eigenvalue p; (where Y; = A).

In the general case, instead of the diagonal matrix, there are the corresponding Jordan cells, in
which there are decreasing exponentials (with sines and cosines in the case of complex eigenvalues),
multiplied by polynomials in the case of multiple eigenvalues.

In the general case, the following representation takes place

—px

_ep IA + B?(z), B°(x)I =0. (4.10)

G(A—pE)w(A —pE) =

where the matrix B”(z) has a limit as p — 0, while the elements of the limit matrix B°(x) are
combinations of decreasing exponents, possibly multiplied by sines, cosines and polynomials, and
the last equality follows from the fact that Y = X1

Hence, using (2.11)), (2.10)), and (4.10) we obtain that for x > a”™

(e=Pe=a"™) 4 py — 1) e—pla—atm)

Ve(z) =c p I- SN =B (2 =) | U7 (@)
_ e p);L pr=1), ep(xpam TAU(a"™) + B (& — a®™ UP (a#™)  (411)
_ Vp*f+§ (2—a%™)* I —(z—a%™) IAU° (™) + B (z—a®™) U (a®™)+o(p)1,
where V* = ca®™ — AU® (a%™). Thus, for & > a*™
Wia) =5 (¢ =a")" 1= (x=a"") IV (a"") + B (x —a®") U° (). (4.12)

If 0 <z < a®™, then

aO,m

Wi(x) =— / U(y)dy + W (ao’m) ,

where the vector-function U%(z) was constructed in Section 4.1.2. U
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4.2 Proof of Theorem 3.2

First we will prove statement a) of the theorem.

For ¢ = 0, the proof that there exists a®¥) = lim, ,oa”® for 1 <1 < r, and for 0 <z < a®"~Y =
a? there exists a limit U%(x) = lim,_,o U?(z) is not different from the corresponding proof for ¢ > 0.

In order to prove that lim, . a”, = oo we first prove by induction that b2 (a”") < 0 for sufficiently
small p for any 1 < [ < r. For [ = 1, a»® = 0 holds, and, according to , b2 (0) = pP, +
> (P, — Pj). Since P, < P; for any j # n, then for sufficiently small p this expression is
gggative. Thus, for [ = 1 the induction hypothesis is satisfied. If » = 2, then everything is proved.
Let r > 2 and we have proven that b2 (a”(®) < 0 for some 1 <[ < r — 1 for sufficiently small p.

Let us rewrite for ¢ =0 and in the form

f-=—-BP_, (4.13)
0-=Bl +p(I-+ Az (-Ay) ' L), (4.14)

Multiplying (4.14)) by P, and adding with (4.13]) we get:
fo=pll- + Az (=A) " L)P, + B(P,I_ — P.). (4.15)

We will show that the last coordinate of the vector B(P,/_ — P_), which corresponds to the state
of the chain with the number n, is negative. In fact, this last coordinate is equal to the product of
the last row of the matrix B by a vector whose last element is zero, and all the others are negative.
But, according to Lemma 4.2, for p > 0 all coordinates other than the last one of the last row of
the matrix B are non-negative, and at least one is positive. This proves the negativity of the last
coordinate of the vector B(P,I_ — P_). From here and from it follows that for sufficiently
small p, the last coordinate of the vector f_ is also negative. Thus, in the interval a®® < z < oo,
the function f,(z) increases from the value b2 (a”") < 0 to a negative value set by formula ,
remaining negative. According to the algorithm, on the interval a”»® < z < a”(*D the equality
b (z) = fu(v) holds, and therefore b2(a”(*YV) < 0, which completes the proof of the induction
assumption.

Thus, for z > a? and a sufficiently small p, the set NV consists of one element n, and due
to Lemma 4.1 for such p the matrix (A%,,)~" exists, is continuous at p = 0 and all its elements are
nonpositive.

We define the matrix A(p), column vectors G(p) and H(p), and row vector A, as follows:

A(p) = (Ain)717 G(ﬂ) = A(p)A(n)a A(n) = ()\n,la ) /\n,n—l) )

. (4.16)
H(p) = Usnl@}) — PaG(p) = Alp) [AL,U (@) — PAA™] = A(p)V,(af) < 0.

It is evident, that Ay Iy, = Ay, G(p) = —11n — pA(p)I4, (the last equality is obtained from the
elementary equality A = — [A,, + pE,,] I, by multiplying from the left by A(p)).

Using these notations and relations, we can rewrite (4.4) and for ¢ = 0 in the following
form: for z > 0

Fo(af +z) = P,G(p) + V" H(p)

) (4.17)
= =Pl + pPyA(p) L + A(p)e 708, (af)
fﬁ(&ﬁ + [L’) = Pn()‘n + P) + A(H)F—ﬁn(&z + -77)
(4.18)
= pP, (1= Ay A(p)Lin) + Ny A(p)esn®tf,, ().
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Note also that according to Remark [3, all coordinates of the vector FY¥, (a2 + x) are strictly
increasing.

The function ff(a?+x) is strictly increasing and according to Proposition 2.2 f#(af) = b°(af) < 0
and, according to and due to Lemma 4.1 f = lim,_, fP(x) > 0. The threshold a?* is
determined from the condition ff(a?*) = 0, which, according to (4.18)), can be written as

PP (1= AyA(p) 1) = =AW =5 H (p). (4.19)

It follows from here that a”* — oo as p — 0, therefore we got that for z > a”("~ there exists
a finite limit 7 (2) = hH(l) F?,.(z). According to Proposition 2.2 for a1 < z < af we have
p—

F? (x) =U%,(x), Ur(x) = —P,.

n
Thus, we proved that for 0 < 2 < co there exists a limit U? (a5 + x) = lir% U, (a? + z), where
p—

U9, (x) = P,G(0) + M (U0 (a0) — P,G(0)) = P,Iy — pA(p) Ly + A(p)e™ @1, (ar),
while UQ(x) = —P,.
To complete the proof of statement a) of Theorem 3.2 it remains to study the limiting behavior
of a? as p — 0. In Appendix A3, the following lemma will be proved, which completes the proof of
statement a) of Theorem 3.2.

Lemma 4.3. a) There exist numbers g > 0, p > 0, and integer number my > 0 such that
ab* —ab 1

lim " = — where a(p) is the root of the equation [a(p)]™ =¥ = gp.
=0 a(p) p
1
b) There exists a finite limit lim —e" %)
p—0 P

Let us proceed to the proof of statement b) of Theorem 3.2. For ¢ = 0 and 0 < = < a”™,
expression ([2.11]) can be rewritten as

X
ab

Vo(r) = — / (U(y) + Pu)dy + V?(a2) + (a2 — 2)) P, for 0 <z < aP*.
It follows from this expression that to prove the existence of W (z), it suffices to prove the
existence and finiteness of two limits

*
af{ [e%]

lir% (UP(y) + P.I)dy = /(Uo(y) + P,1)dy < oo, (4.20)
p—
) 1
lim [V’”(aﬁ) - —Pnf} < 00. (4.21)
p—0 p

For i = n, the integrands in both parts of (4.20]) are zero, since Uf(x) = —P, for x < af, p > 0.
For ¢ # n, convergence and finiteness in @ follows from the proven statement a) of Theorems
3.2, from the second equality in , and from the exponential decay of integrands which in turn
follows from Lemma 4.1.

Let us move on to the proof of relation (4.21)). From the second equality in (4.11)) it follows that
forc=0

P UP(al) + P,1
—n gy

VP(ag) = 21 = A BP(0)U(af).
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Since V(af) = P, it follows from here that to prove (4.20), it suffices to prove the existence and
finiteness of the limit o
lim Ul (af) + P, 1, C
p—0 P
This follows from the second equality in , and from statement b) of Lemma 4.3.

To complete the proof of statement b) of Theorem 3.2, it remains to verify that W (x) is an
invariant function. The proofs of this fact and that the a?’*—threshold control in state i # n is
optimal in the problem of minimization of the right hand side of is similar to the proof of the
corresponding facts for the case p > 0, which is given in Section 4.1.1. One only needs to substitute
Vp + pa?* instead of V* in (4.2) and take into account that pa?* — 0 as p — 0.

Let us show that the y-threshold control is e-optimal for the state i = n in the problem (3.2).
Indeed, let us first consider the case in which 7 is the moment of the first jump of the process m(t).
Then the application of y-threshold control in the state (x,n) with y > z is reduced to a one-time
purchase of y — x and a subsequent purchase with intensity P, up to the moment 7. Therefore, the
difference between the value of the functional in (3.2), corresponding to the y-threshold control, and
the optimal value (equal to —zP,), is

(4.22)

n—1 n—1 o0
By = Eun 9P+ Goio0)] = X 52 loPa+ Gy(w)) = = Y52 [P+ Up(o)ds, (429
n j=1 n

where the last equality follows from (3.7)). Now e-optimality for sufﬁcie?;ltly large y follows from the
exponential convergence to zero of the integrands in , proved in statement b) of Theorem 3.2.
For an arbitrary 7 with a finite mathematical expectation, it is necessary to split the interval
from zero to 7 into a random number of intervals between successive hits of the chain in state n.
On each such interval, except for the last one, the increment of the functional value will be equal to
A,, and on the last one it will be only less. O

j=1

4.3 Proof of Theorem 3.3

According to Remark the value of V* in is uniquely determined. At the same time, if the
coordinates of the vector-function G(x) satisfy , then for any constant C' the vector G(x) + CI
also satisfies relation (3.1|). Therefore, without loss of generality, we will assume that G(0) is the
same as the value obtained from .

Let us write relation for the moment 7 of the first jump of the process m(t)

Gi(z) = elrzlf )Em /ca:z(t)dt — VT + P2(7) + Gy (2°(7)) 2 (4.24)
where Z(z) is the set of admissible dntrols between jumps, i.e., the set of nondecreasing left con-
tinuous deterministic functions z =: z(t) such that z(0) = 0 and z*(t) =: @ — t + z(¢) > 0 for any
t>0.

Substituting here the expression 2*(7) + 7 — « instead of z(7) and taking into account that the
moment 7 of the first jump of the process m(¢) with the initial value ¢ has exponential distribution

with expectation equal to T we get
i

[e%s) t o0
P -V ) Y Ny
Gi(r) = ———— — 2P, + inf /)\ie Ait /cy(s)ds dt —1—132-/)\1-6 )‘”y(t)dt

i yEA(z)
0 0 0 (4.25)

+ /e—m (Z )\z',jGj(y(t))> dt|

0 J#i
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where A(z) is the set of all admissible trajectories between jumps, i.e. the set of deterministic
functions y =: y(t) such that y(0) = x, y(t) > 0 for any ¢ > 0 and z(¢) =: y(t) — z + t is a non-
decreasing left continuous function. Changing the order of all integration in the first term under the
inf sign, we obtain

o

P =V : Y
Gi(r) = )\—Z —xb; +y€13£n)/6 At (?J( )(c+ AiF) ;AZJG ) dt . (4.26)
0 1

Let Hi(y) = y(c+ N\ P)+ Z i jWi(y). The functions W;(y),i € N, are convex as limits of convex

functions, and from 11: follows that as y — oo they tend to +oo (quadratically for ¢ > 0 and
linearly for ¢ = 0). For each i € N the function H;(y) is convex, finite at zero, and tends to plus
infinity at infinity, and hence reaches a minimum. It follows that if the function reaches a minimum
at one point a, then the optimal control until the moment of the first jump of the Markov process is
unique and is a threshold control with a threshold a}, because any other admissible trajectory gives
a greater value of the functional. If the minimum is reached on the interval [a}, @], then the subset
of quasi-threshold strategies for which on the interval [a}, @;] you can use any admissible control that
does not go beyond this interval, and on the interval [0, af) you need to make a one-time purchase
in order to jump to any point in the interval [a}, a;].

It remains to prove that a; # a; implies that af =0, ¢ € Ng’_, and investigate the properties of
the solution to equation (3.5). This is done in exactly the same way as done in [I4] and we will not
dwell on it. O

5 Conclusion

In the paper there is considered the inventory problem, in which a manufacturer who needs to
consume an intermediate product (goods) with a constant intensity for production buys this product
at a price that depends on the value of a Markov process with continuous time, a finite number of
states and known transition intensities. The case of discounted integral costs, consisting of purchase
and storage costs, was considered in [14]. In this paper, we study the case with the long-run average
cost functional. A passage to the limit is carried out with the discounting parameter tending to zero.
As a result, an analogue of the canonical triple, known in the theory of controlled Markov chains
with discrete time and a finite number of states, arises. It is shown that, as in the case of discounting,
there is an optimal threshold strategy and an algorithm for constructing optimal thresholds is given.

Appendix

Al. Proof of Lemma The matrix A, is the intensity matrix for a Markov chain with the
killing (getting into a fictitious absorbing state) at the time of the first exit of the chain {m(t) }o<t<oo
from the set NJ(:), and the exit moment is associated both with the entry of the original chain into
a fictitious state (for p > 0) and with the entry of the original chain into states from NY,

Let us show that the matrix (—A,)~" exists and all its elements are non-negative. To do this,
we represent the matrix —A, as —A, = D (E+ — A+), where D is a diagonal matrix with entries
di; =p+ XN =—a;;, 1 € NELZ), and the matrix A, has zeros on the diagonal, and for the remaining
elements 0 M "

W (p+ ) N P"‘z:keN)\i,k7 b €N IF S
The matrix A, is the transition matrix for an embedded Markov chain (with discrete time) with
respect to the chain with continuous time corresponding to A..
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If p > 0, then for each row of the matrix A, the sum of the elements is less than one, so there

exists (B, — A,)~L. If p = 0, then for some i € Nfrl) it may turn out that the sum of the elements
is equal to one. However, if the chain m(t) is regular, then for each row the sum of the elements of

the matrix (A, )" is less than one, because for a regular chain the probability of exiting the set Ng)

after the nth jump is positive for any initial state ¢ € Nﬁ). Therefore, in both cases, we have the
representation

(—A) ' = (B, —A) "D = (Z (/L)’“) D, (A.1)

where the series converges. This representation implies the existence of the matrix (—A,)~! and
the non-negativity of all its elements, i.e., statement a) of Lemma

If the intensity matrix of a killable Markov chain is such that the corresponding transition matrix
of the imbedded chain has the property that for some power of this transition matrix the sum of
the elements for all rows is less than one, then the real part of any eigenvalue of the initial intensity
matrix is negative. U

A2. Proof of Lemma [4.2] Al =0 implies AI = —pI. This ratio can be written as:
Al + ALl = —pl, (A.2)
Al +A L =—pl (A.3)
From and it follows that
Bl =A T +A:(A) ALl = —pI. — Azl + Az (Ay) N ALT

= —pl_ 4+ Ap (AT AL+ A (Ay) T AL (A.4)
= —pl_ + Az (—A) T (AT, + ALT).

" Markov chain, which is obtained from
the original chain (with killing for p > 0) by discarding time intervals when the original Markov

The matrix B is the transition matrix of the state-set NY

chain is in states from NJ(:). The intensities of transitions in this chain increased compared to the
intensities of the original chain, due to the exclusion of time intervals when the original circuit was
in states from N, The first term in corresponds to direct transitions inside NEZ), and the
second term corresponds to transitions after entering, staying, and leaving the set NJ(FZ) , while the
first factor of the second term corresponds to the transition from NY to Nfrl), the second factor
corresponds to staying in NJ(FZ), and the third factor corresponds to returning from NJ(FZ) to N,
Both terms have off-diagonal elements that are non-negative. If for some 7 € N all elements
of the string were equal to zero, then this would mean that from this state to go to other states
from N is impossible either directly or after visiting NE), and this contradicts the regularity of
the chain. U

A3. Limit properties of a? and eAP)(an=a2) Tt follows from Lemma 4.1 and (4.18) that

1 _
FEa +.2) = P (1= Mg A9) Lo = ()™ (1 ) 007 4 0005001, (A

where —p is an eigenvalue of the matrix A, with the maximal real part (it is known that u > 0); mg
is the maximal size among the Jordan blocks corresponding to —u; Q(y) is a polynomial of degree
mg, where Q(0) = 1, g, > 0 for p > 0; p+ o < pq, where —py is the real part of the second
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eigenvalue in absolute value; g(x) is a bounded function. Recall that the right-hand side in (A.5))
is a function that increases from some negative value to a positive value, since all elements of the
matrix A(p) are non-positive, and vanishes at the point x = (a? — a?).

Let a(p) > my be the solution to the equation

[a(p)]™ =) = q—poPn (1= Ay A(0)) T4 (A.6)

From (A.5)), (4.20) and the fact that f?(a?) = 0, statement a) of Lemma 4.3 follows. Statement

b) follows from the Jordan representation of the matrix ~e ) in which in the limit all elements
P

vanish, with the exception of the elements corresponding to [a(p)]™ e~
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