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Abstract

This paper is concerned with the development of rigorous approximations to various expecta-
tions associated with Markov chains and processes having non-stationary transition probabilities.
Such non-stationary models arise naturally in contexts in which time-of-day effects or season-
ality effects need to be incorporated. Our approximations are valid asymptotically in regimes
in which the transition probabilities change slowly over time. Specifically, we develop approxi-
mations for the expected infinite horizon discounted reward, the expected reward to the hitting
time of a set, the expected reward associated with the state occupied by the chain at time n, and
the expected cumulative reward over an interval [0, n]. In each case, the approximation involves
a linear system of equations identical in form to that which one would need to solve to compute
the corresponding quantity for a Markov model having stationary transition probabilities. In
that sense, the theory provides an approximation no harder to compute than in the traditional
stationary context. While most of the theory is developed for finite state Markov chains, we
also provide generalizations to continuous state Markov chains, and finite state Markov jump
processes in continuous time. In the latter context, one of our approximations coincides with

the uniform acceleration asymptotic due to [Massey and Whitt| (1998).

Key words: non-stationary Markov chains; asymptotic approximations; slowly changing; Pois-

son’s equation; expected discounted reward; transient expectation; expected cumulative reward




1 Introduction

The realistic modeling of many problems arising in operations research and operations management
requires explicit incorporation of time-of-day effects, day-of-week effects, or seasonality effects.
Such non-stationarities also occur in settings in which secular trends, such as a steady increase in
demand for a product, may affect the system dynamics over an operationally meaningful time scale.
Unfortunately, the development of closed-form theory for the great majority of stochastic models
requires an assumption of stationary dynamics, free of such non-stationarities. In particular, in the
Markov chain and continuous time Markov process setting, the assumption of stationary transition
probabilities gives one the ability to easily compute many performance measures as solutions to
systems of linear equations; see, for example, |Asmussen| (2008) and [Heyman and Sobel (1982).
Specifically, the equilibrium distribution of such processes can easily be computed by solving the
linear system corresponding to the stationarity distribution.

Given this state of affairs, it would be convenient if there were a general approach to obtaining
approximations for Markov models having non-stationary transition probabilities in which the
approximations involved linear systems of equations of identical structure to that obtained in the
setting of stationary transition probabilities. For example, the approximating linear systems for
non-stationary birth-death processes should ideally be tri-diagonal, just as are the linear systems
arising in the setting of stationary birth-death processes. As far as we are aware, there is no such
general approach presently available. In this paper, we provide such a set of approximations. Our
approximations are valid precisely in the context in which one would presume that an approximation
by a model with stationary dynamics should be valid, namely a regime in which the transition
probabilities change slowly over time (or are “slowly changing”).

In this slowly changing setting, we show how various performance measures for Markov chains
X = (X, : n > 0) with non-stationary transition probabilities can be approximated by correspond-
ing calculations involving stationary transition probabilities. In Section 2, we start by illustrating
this approach in the setting of expected infinite horizon discounted reward for finite state Markov
chains. Section 3 extends this to calculations involving the expected cumulative reward to the
hitting time of a set, such as those arising in dependability modeling and actuarial risk calculation.
Section 4 is concerned with two different approximations for transient expectations of the form
Er(X,), one involving “Taylor expanding” in terms of the transition matrix associated with the
first step over the horizon [0, n], while the second expands in terms of the last step n associated
with the horizon [0,n]. The second approach coincides, when specialized to the uniform acceler-
ation (UA) asymptotic regime, to a discrete-time version of the first term in the UA asymptotic
expansion of Massey and Whitt| (1998); see also Khashinskii et al.| (1996]). This section also shows
how the theory extends to continuous state space discrete time uniformly ergodic Markov chains.

In Section 5, we develop an approximation for expected cumulative reward over [0, n], that takes



into account the influence of the initial distribution. Our last theory section, Section 6, is concerned
with showing how the theory extends to Markov jump processes, and derives an approximation for
Er(X(t)), when X = (X (¢) : t > 0) is a finite state Markov jump process with a slowly changing
family of rate matrices (Q(t) : t > 0). When specialized to the UA setting, this coincides precisely
with the UA approximation of |Khashinskii et al.| (1996) and Massey and Whitt| (1998)). However,
our derivation makes clearer that the specific time acceleration associated with the UA expansion is
not required for the approximation to be valid. Rather, the only requirement needed for the validity
of this approximation is the slow variation of order € in the rate matrices Q(s) for value of s within
(log(1/€))? of t. In particular, the rate matrices can vary rapidly prior to such times s without
affecting the validity of the approximation. Section 7 concludes the paper with a brief numerical
study of these approximations. Throughout the paper, we make an effort to relate the asymptotic
theory, involving a parameter € being sent to 0, to modeling settings in which a given Markov chain
(with no asymptotic parameter) needs to be approximated, and make specific proposals for how
the approximation can be implemented.

A distinguishing characteristic of this work is the development of an approximation theory for
generic un-structured Markov chains and processes. In the present of specific models, one can
develop model-specific approximations that can provide effective numerical and analytical approx-
imations to non-stationary versions of such models. For instance, the work done by Massey| (1985)
for the non-stationary M/M/1 queue is in this spirit, as is the limit theory on non-stationary
reflected Brownian motion developed by |[Mandelbaum and Massey, (1995)). The work done by
Whitt| (1991) establishes the asymptotic correctness of the pointwise stationary approximation for
M;/M;/s queues by assuming local stationarity. There is also a substantial literature on exact
analysis of infinite-server queues that establishes that non-stationarity does not seriously compli-
cate such models relative to the stationary case. Finally, there is a significant and growing body
of contributions on closure approximations for queues that shows promise of generating efficient
numerical algorithms for analysis of such systems; see Massey and Pender| (2013), Pender| (2014a,b),
2015). A recent survey of this work is provided by [Whitt| (2017)). As noted above, the current

paper has a different focus, namely that of developing approximations for generic Markov models.

2 Approximating Expected Infinite Horizon Discounted Reward

Let X = (Xj : k> 0) be a finite state S-valued Markov chain. For each z € S, suppose that r(x)
is the reward obtained for spending one unit of time in state x. In this section, we are concerned

with the expected infinite horizon discounted reward defined by

k=EY e “r(X;) (1)
j=0



for a given (per period) discount rate o > 0. The Markov property implies the existence of a

sequence (Py : k > 1) of stochastic matrices for which
P(Xkt1=vy| Xo,..., Xx) = Prr1(Xk,y) a.s.

for k > 0. Put pu(x) = P(Xo = z) for x € S. We adopt the convention that all probability mass
functions on S are encoded as row vectors, and all real-valued functions with domain S are encoded
as column vectors. We further adopt the convention that in using the product notation [, A; for a
product of square matrices Ag, - - - , A, we always multiply them in increasing order of their indices
or time arguments, so that (for example) [, A; = Ag--- Ay and [[2, An—i = Ap—m - Api,
and a product over an empty set of indices equals 1. With this convention in hand, it is evident
that '
oo J
K= Z e Y (H Pk> T. (2)
j=0 k=1
It is well known that if X has stationary transition probabilities (so that P, = P; for & > 1),
then k = pv, where v satisfies

v=r+e “P. (3)

The only finite-valued solution of is then given by v = E]O'io e~ Plj = (I —e 2P~ 1r; see
Kemeny and Snell (1960). Given that can be solved by Gaussian elimination, v (and hence
k) can be computed in O(|S|?) arithmetic (or floating point) operations; see [Farebrother| (1988).
(Here, we use the notation O(g(|S],6,n,a,€))) to denote a function that is bounded by a multiple
of g(|S|,8,n,a,e) and and the notation o(g(e)) to denote a function for which o(g(€))/g(e) — 0 as
e | 0.) Alternatively, one can sometimes analytically calculate the solution to (3| in closed form.
For example, such a closed form is always available for birth-death chains, because the linear system
is then tri-diagonal (so that the only non-zeros entries in the coefficient matrix appear on the
diagonal, super-diagonal, and sub-diagonal).

We will now show how one can compute approximations to in the non-stationary setting.
These approximations involve linear systems of equations with coefficient matrices identical to
those arising in . Consequently, these approximations are typically no harder to compute, either
analytically or numerically, than are the linear systems associated with the stationary case.

In preparation for stating our main result, we define the following norms on row vectors 7,

column vectors f, and square matrices A:

Inll =" In()l;

11 = max | £



Al = max 3" Az, )]
)

We recall that |nf| < (gl - [[f]l, [nAll < [lnll - 1Al [AfI] < [A[-[[f]l, and [|ArAs|| < [[As]] - [ Az
for matrices A; and Aj; see, for example, |Golub and Van Loan| (2012]). We will need the following

basic result.
Proposition 1. Suppose that ||A™|| < 1 for some n > 1. Then:
i.) ||A™|| — 0 geometrically fast as n — oo, and > oo g A" = (I — A)~1;

i.) forj >1,

Y 4 i)n+j—1)-(n4+ 1A =T - A) T

n=0

Proof. Proof of Proposition |I} Part i.) is well known; see Kemeny and Snell (1960). Part di.) is

yielded by noting that (I — A)=9=1 = (3222 ; A")7*! is a Binomial series with a negative exponent
L

and equals ) > ("j 7)An, O

Because we wish to develop asymptotic approximations, we now consider a parameterized family

of infinite horizon discounted rewards defined by
00 ' i
Kle) = e p (H Pk(6)> T,
j=0 k=1

where the Py (€)’s are stochastic matrices. We now make the following assumption about the family
(Pg(e) : k> 1).

Assumption 1. Suppose that (Py(e) : k > 1,e > 0) is a family of stochastic matrices for which

there exist scalars (a;1 : i > 1), matrices P, PW | and scalars s, 8, and p > 0 such that
) SUD i tog(t /ey [1P2(6) — (P + e PO)]| = O(X(loa(1/e))") as € 1 0;
it) la;1| = O(P) as i — oo.
Theorem 1. Suppose that Assumption[]] holds. Then, there exists w < oo such that
~ o0 ~ ~ ~
k() = p(I — e *P)r+een > apsrpe *PFPU(I — e P)"Ir + O(?(log(1/e)")  (4)
k=0

as € ] 0.

We note that Assumption [1] asserts that the Py(e)’s are “slowly changing” over a time scale

of order (log(1/€))'*? (so that we require slow variation only over a small portion of the entire



horizon). In the presence of such an assumption, Theorem 1 provides a first-order correction to the
stationary formula (I —e~“P)~!r that reflects the non-stationary dynamics of the Markov chain.

One possible choice for (Pg(€) : k > 1,€ > 0) is one in which Py(e) = P(e), where P(-) is twice
continuously differentiable in a neighborhood of 0. In this case, Assumption [I| holds with a;; = 1,
P = P(0), PM = PM(0) (when PU)(8) is the j’th derivative of P(-) evaluated at ), and s = 0, in

which case
k() = p(I — e “P) lr 4 ee (I — e *P) " PW(I — e~ P)~1r + O(*(log(1/€))™)

as w | 0. Of course, in this setting, the P (¢)’s describe a Markov chain with stationary transition
probabilities, so our formula is then just computing the sensitivity of x(€) to a perturbation in
the common one-step transition matrix.

A genuinely non-stationary example arises when Pi(e) = P((k — 1)e), where P(-) is again
twice continuously differentiable in a neighborhood of the origin. (Note that Assumption (1| gov-
erns only the first (log(1/€))**?) transitions, thereby corresponding to the behavior of P(-) over
[0, e(log(1/€))'*9], so that only P(-)’s behavior near 0 plays a role.) In this case, a;; = (i — 1),
P = P(0), PM = PM(0), and s = 2(1+6). In view of part ii) of Proposition 1 with j = 1, formula
then takes the form

k(€)= pl —e *P) r +ee 2 uP(I — e “P)2PMW(I — e @ P)lr + O(2(log(1/e))”)  (5)

as as € | 0. Thus, with this parametrization, the infinite sum in the first-order approximation to

k(€) that accounts for the non-stationarity collapses to a quantity involving (I — e‘“P)_l. In fact,
k(€) = pv + ee 2 pPry + O(€(log(1/€))®)

as € J 0, where v, v1, and vy satisfy the linear systems

As proposed earlier, the coefficient matrices are all identical and equal to the coefficient matrix
associated with computing infinite horizon discounted reward in the stationary dynamics setting
(where Py(e) = P).

We now turn to the proof of Theorem 1. The key estimate is provided by the next result.



Proposition 2. Under Assumption[], there exists w > 0 such that

sup
1<m<(log(1/e))1+?

Pi(€) -+ Pp(e) — (Pm + ei aﬂﬁi—115<1>15m—i) H = O(2(log(1/€))")

=1

as € ] 0.

Proof. Proof of Proposition [2| For e sufficiently small, there exists d < oo such that
1Pi(€) = (P + ean PY)|| < dé*(log(1/e€))* (6)
and
|ai1] § dip

for 1 < i < (log(1/€))*%. Note that P must be stochastic, as can be seen from the fact that the
P;(e)’s are stochastic and sending € to 0 in (€]). Recalling that ||K|| = 1 for a stochastic matrix and
the fact that ||K7 Kz| < || K1||||K2| for arbitrary matrices K7 and Ko, it is evident that

m+1 m+1
Sm1 & H Pi(e (Pm+1 +eY anP T PO pmEs ) ||
=1
< (HB( (Pm—i—eZalP’ 1p(1) pm— )) 2
=1 =1

+ HPZ (m+1 €) — (P+€am+11P H

+ (Pm + eZauPi’lﬁ(l)ﬁm’i - HPi(€)> €1, PV

i=1 =1

m
+ (6 Z a“ﬁ)i—lp(l)pm—i) eamﬂyllj’(l)

i=1

< fon+ €d(10g(1/€))° + efmlamsr 1PV + lamsra] Y laa | P (7)
i=1

for 1 < m+1 < (log(1/e)'*°. But |am+1,1] < d(m + 1)?, and Y7 |an| < d'(m + 1)PFL <
d'(log(1/€))P+D01+9) for some d’ < oo when m 4 1 < (log(1/€))**9. So,

1 < fn(1+ ed(log(1/e)PTFV PU|)) + ¢ |d(log(1/€))* + dd(log(1/€) P+ + P+ 0+ P ”2]

£ f mC + d”a
for which it follows that

fn < d"(1+¢™) < 2d"¢™ < 2d" o8/ (8)
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for 1 <m < (log(1/€))**9. Note that d” = d”(e) = O(e?(log(1/¢)))* for some w > 0 as € | 0, and
1 < c(e) <1+ ¢€/2 for e sufficiently small, so that

(1 + c(e)) T8/ g

as € J 0. Consequently,
fmn = fin(€) = O(*(log(1/€))"),

uniformly in 1 < m < (log(1/¢€))'*°, proving the result. O

Proof. Proof of Theorem [1] Note that

J
> Y]] Puer| =0, (9)
j>(log(1/€))1+? k=1
Z e~ uPir|| = O(e?), (10)
> (log(1/€))1+?
J
Z ey H ap PP P PI—k| = O(?) (11)
j>(log(1/€))1+? k=1

as € /. 0. On the other hand, Proposition 2 shows that

J J
Z e Yy H Py(e)r — Z ey (]Sj + € Z aklpk_lp(l)ﬁj_k> r
k=1 )L+s

J<(log(1/€))1+5 J<(log(1/e k=1
< ) e 0((log(1/e)")
J<(log(1/€))1+9
= O(e*(log(1/€))"™). (12)

as € . 0. Relations @ through imply that
k(e) = Z e YPlr+eu Z e Y Z ap PP PW Pi=ke 1 O(e?(log(1/€))®) (13)
=0 j=1 k=1
as € | 0. But the second term on the right-hand side of equals
oo 5 N oo 5 o0 B B _
€L Z ap PP pMe—ak Z e Pl =ep Z ap PP PWemak (1 — emap)=1y
k=1 I=k k=1
proving the theorem. O

We now discuss how the approximation can be applied in the setting of a Markov chain having



dynamics governed by the sequence of transition matrices (P; : j > 1). If

P — P 14
1;?25/&” 5 — P (14)

is small for some value of b that is large, then (4) suggests the approximation
[b/a] o .
p(I—e )~ '+ Y e PP — )P,
j=1 k=1
where |z] denotes the floor of x. Of course, if

Pj— Py =(j—1)ePV (15)

(as occurs when the P;’s are consistent with the slowly changing smooth approximation P; = P(je)

for some value of €), then we have the more tractable approximation
(I —e P+ e 2 uP (I — e ®P) 2ePY(I — e @ P) ",

Note that P1) can be approximated via any of the finite differences

5 P ki

— (16)

associated with . Given the presence of the discount factor e™®, a reasonable choice for j is
likely to be something on the order of (1 — =)7L,
There is no intrinsic difficulty in computing j’th order corrections, for any j > 1. To illustrate

this point, we state the associated second-order correction.

Assumption 2. Suppose that (Pg(e) : k > 1,e > 0) is a family of stochastic matrices for which

there exist scalars ((ai1,ai2) < i > 1), matrices P, PY, P®) | and scalars s, 6, and p > 0 such that
i) SUD1<i<(iog(1/e1+5 | Pi(€) = (P + eain PO + Sain PA))|| = O(e(log(1/€))*) as € | 0;
ii) |a;j| = O(i?) as i — oo, for j =1,2.

In the presence of such slowly changing transition matrices over the logarithmic time scale

(log(1/€))'*9, the following theorem is available.

Theorem 2. If Assumption[q holds, then there exists w > 0 such that

e}
k(e) =p(l —e ®P) lr 4 ee p Z ak+1716_0‘k15k1f’(1)(1 R 2
k=0
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2 oo
€ —a —ak pk p —a p\—
+§€ ,uZakJrLge kpkpRl ([ —e=@p)~ly
k=0
" 626—204#Zaklpk—le—a(k—l)P(l) Z ap PR e =k=D) p) (1 _ gmapy-1,
k=1 I=k+1
+0((log(1/€))*) (17)

as € ] 0.

We omit the proof, since it is a direct extension of the argument used to establish Theorem 1.

As in the setting of the first order correction, this formula greatly simplifies if we consider the
case where Pj(e) = P((j —1)e) for j > 1, where P(-) is three times continuously differentiable at 0.
In this case a;; =i — 1, ap = (i — 1)2, P = P(0), PN = PM(0), PG = PA)(0), and s = 3(1 + 9).
Proposition 1 shows that the third term on the right-hand side of then equals

2 0 o _
%e_au Z k2 (e=*P)F PO ([ — e~ P) 1y
k=0
2

_ %e—mup [26_0‘]5(1 e OP) B 4 (I — e—aﬁ)—z} PO — e=oP)~ 1y,

Similarly, the fourth term equals

e 3 (k- (e PO 3 (1 (e P PO(L - Py
k=1 l=k+1

=223 uP(I — e *P) 3P — e P) ' PO —e7P)
+ e 1 uP(I — e *P)2PMP(I — e *P) "Iy,

yielding the second-order approximation

2 .

w(l — e P) "y 4 ee 2 uP (I — e‘aj5>_ PO —e@P) 1y

2 ~ ~ ~ ~ ~ ~
+ %e_QQ,uP [Ze_aP(I e Py 4 (I - e_O‘P)_Q] PO — e=oP) 1y
+ 2626_3°‘u15(1' — 6_0‘15)_3]5(1)@ — e_o‘]s)_lp(l)(l — e_ap)_lr
+ e uP(I — e *P) 2PUP(I — e P) "1 (18)

for k.

As with the first order approximation, the terms ePM) and 2pP(?) appearing in the approxima-

tion can be replaced by finite difference approximations, given by and

Py -2+ Py

P ~ : , 19
(j—1)? 19)
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yielding an implementable approximation to £ when condition is in force.

3 Approximating Expected Reward Cumulated to a Hitting Time

In this section, we extend the analysis of Section 2 to expectations of the form

0=E

J

T
r(Xj),
=0
where T' = inf{n > 0: X,, € C°} is the hitting time of a subset C¢ C S. Such expectations arise in
computing expected hitting times, and computing absorption probabilities of the form P(Xrp = y)
(where r(y) = 1if y € C° and 0 otherwise). These expectations are also of interest in dependability
modeling and in actuarial risk calculations.
Fori > 1, let B; = (Bi(x,y) : z,y € C), where B;(x,y) = P;(z,y) for z,y € C, so that B; is the

principal matrix of P; corresponding to “C' to C” transitions. Then,
00 J
=3 (H Bk) 20)
j=0  \k=1

where r;(2) = r(z) +>_ cce Pj(z,y)r(y) for z € C.
Suppose that X has stationary transition probabilities. If (I — B;)~! exists, then § = uw, where

w = (I — By)"'ry and w is the unique finite-valued solution of the linear system
w =71+ Biw. (21)

As in Section 2, our goal is to improve upon this zero’th order approximation w to J, under the
condition that X has slowly changing transition probabilities. We adopt the framework of Section

2, and consider the function
0o J
5e)=> n (H Bk(€)> rit+1(e),
§=0 k=1

where By (€) is the corresponding principal sub-matrix of Py(e) and ri(e) = (rx(€,z) : x € C), with
ri(e,z) = r(x) + X2, cce Prle 2, y)r(y), for k> 1.

Theorem 3. Assume that there exist 1 > 1, s >0, § > 0, and matrices P and P such that:
i) SUP1 << (tog(1/e)1+8 [|1Pi(€) — (P + (i = 1) PW)|| = O(e*(log(1/e))*) as € | 0;

i) SuP>0, >0 | Bit1(€) Bea(€) - - Bryi(e)|| < 1.
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Then, there exists w < oo such that
5() = (I —B) ™ Yr+euB(I — B)"2BYW(I — B)™ Y7 + epuB(I — B)"%*) 4+ O(%(log(1/€))*)

s € L0, where #7(2) = r(z) + Syece P y)r(w), 7¥0(@) = ¥yeoe PO y)r(y), B = (Play) -
z,y € C), and BV = (P (z,y) : z,y € C).

Proof. Proof of Theorem [3| Condition i) ensures that
[B1(€e) -+ Bru(e)| < 8™,
where 8 £ sup{||By;1(€) - - - Bryi(€)|| : k > 0,e > 0} < 1. Furthermore,
IB'|| = hnjj)ul) [Bi(e) - - Bi(e) || < B,

from which it follows that

oooowm <H Bk(ﬁ)) ri+1(e)|| = O(e?), (22)
k=1

j>(log(1/€))1+2
Y juBlE | =0(), (23)
j>(log(1/€))1+2
and
S B | = 0@) (24)
3> (log(1/€))1+2
as e} 0.

On the other hand, condition 7) (and an argument identical to that used to establish Proposition

2) guarantees that there exists v < oo such that

sup
1<m<(log(1/e))1+?

m—1
Bi(€) -+ Bm(e) — (Bm +e Z Z’BZ’B(DBm—z‘—l)

=1

| = O(*(log(1/€))")  (25)
as € | 0. In addition, condition 7) also ensures that

sup lrm(€) — (7 + e(m — 1)7:(1))” _ 0(62(10g(1/€))s) (26)
1<m<(log(1/€))1+6



13

as € | 0. Now and guarantee that

2 <ﬁ ) rj+1(e) — oo <Bj + ejzz'BiB(UBm—i) 7

j<(log(1/€))1+? j<(log(1/€))1+? i=1

—e Y pBljiW| = O(¢(log(1/€))") (27)

i< (log(1/€))1+?

as € | 0, where w = max(s,v + 1+ §). Combining with , , and , we conclude that

00 j 00 oo j—1
Zu(HBk )rﬁl €) — ZquF—EZZzuBB B~ ’r—eZguBJ
Jj=0 k=1 j=0 j=0 i=1
= O(*(log(1/¢€))") (28)

as € | 0. We now use Proposition 1 to simplify the sums in , thereby yielding the theorem. [J

Suppose now that Pj(e) = P((j — 1)e) for j > 1 and € > 0. In this case, Theorem 3 holds when
P(-) is differentiable in a neighborhood of 0, and

sup || B'(0)]| < 1,
>0

where B(0) is the appropriate principal sub-matrix of P(f). In this setting, B =3B (0), BM) =
BMW(0), and 7 and #() have entries given by #(z) = r(z) + > yece PO, z,y)r(y), FD(z) =
> yece PM(0,z,y)r(y). While Theorem 3 can be stated directly in terms of P(-), we choose to
use the hypotheses of Theorem 3 to make clear that the slow variation of the B;’s is only required
for the first (log(1/€))'*9 transitions.

We follow the same approach as in Section 2 to apply this approximation to models with a

given sequence (P; : j > 1) of transition matrices. Assuming that

Pi—P—(j-1)(P-P
Lma [Py = P (= )(P = )|

is small for b large, Theorem 3 should provide a good approximation to §, with B = By, 7 = rq,
eBY) = (By — By), and (") having entries given by () (z) = > yece(Ba(z,y) — Bi(z,y))r(y).
As in Section 2, we can also develop a second order correction for § that reflects the “curvature”

in the sequence (P; : j > 1); we omit the details.
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4 Approximating Er(X,)

We turn next to the question of how to approximate the transient quantity Er(X,), when X is
a Markov chain with slowly changing transition probabilities. In particular, given the sequence

Py, Py, ... of transition matrices, x, = Er(X,,) can be expressed as
Xn = uP1Po--- Ppr.

We develop two different approximations in this setting. The first is appropriate when n is small,
while the second requires that n be large. Once again, we consider a parameterized family of

transition matrices (P;(€) : 4 > 1,€ > 0).

Theorem 4. Assume that n = n(e) is such that n/log(1/€) — oo and n = o(e”V/3) as e | 0.

Suppose that there exist matrices P, P(1) for which

sup ||Pi(e) = (P +e(i = 1)PY)| = O(e*n?) (29)

1<i<n

as € 1 0, where P is aperiodic and irreducible. Then,

1 H Pj(e)r =7r + eniPWO(I — P+ 1)y — eaPY(I — P+ 1) 2r + O(*n®)
j=1

as € 1 0, where 7 is the row vector corresponding to the stationary distribution of P, and 11 is the

rank one matriz with all rows identical to 7.

Theorem [4] states that if we have slow variation of the Pj(e)’s over [0,n]|, then we have an
approximation to p [i_; Pj(e)r with an error of order O(€2n?) as € | 0. Note that the error term
is of smaller order than the two asymptotic corrections of orders ne and € when n = o(e~/3).
We further note that the asymptotic corrections involve the fundamental matriz (I — P+ 1)~ =
S (P —T)" = I+ 32 (P" —1I); see Kemeny and Snell (1960) for a discussion of its role in
the analysis of Markov chains with stationary transition probabilities.

The hypotheses of Theorem [4] hold when Pi(e) = P((i — 1)e) for @ > 1, where P(-) is twice
continuously differentiable in a neighborhood of 0, with P(0) aperiodic and irreducible. In our

proof, we exploit the fact that IIP = II and that AII = IT whenever A is stochastic.

Proof. Proof of Theorem We note that implies that for e sufficiently small, there exists
d < oo such that
|1P;(€) — (P +e(i — 1)PW)|| < dé®n?

for 1 < i < n. With f,, describing the same quantity as in the proof of Proposition 2, we now
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apply inequality to conclude that

i1 < fn + de’n® + efmm”js(l)H 4 62mZZHp(1)H2
=1

< Jn(1+ em||POY) + de*n® + 2n?| PO
< fm(1+ en||PY|)) + d"e*n?

for 1 <m + 1 < n and for some constant d”. The proof of Proposition 2 then shows that
Fm < 2d"¢*n3(1 + en|| PO
for 1 < m < n. Because n = o(e~/2), nlog(1 + en||[PM|) — 0 as € | 0, and hence
fm = O(6*n?)

as € | 0 and uniformly in [1,n], proving that

n n—1
L H Pj(€)r = pP™r + ep Z iPT P Pr=i=lr 1 O(e2n?) (30)
=1 i=1

as € J. 0. Observe, the second term equals

n—1 n—1
en Z z’(]5 _ ﬁ)iﬁ(l)pnfifl,r + e Z 1P pr—i—1,.
=1 i=1
n—1 n—2 n—1
=ep Z i(P— ﬁ)z‘p(l)(p S e Z i(P— ﬁ)i—lp(l)ﬁn—i—lr Te Z i7p() pr—i-1,.
i=1 i=1 i=1

(31)
Next we show that PII = 0. Divide through by € and note that

bi( - P

—(i—-1)PY| =0

as € | 0, due to the fact that n = o(e~'/2). Let e be a column vector consisting all 1’s. Note that
(Pi(€) — P)e = 0 since both matrices P;(¢) and P are stochastic. Therefore P(Me = 0, implying
PWII = 0 (since II has identical entries in each column). It follows that the second term on the
right-hand side of vanishes.

The aperiodicity of P ensures that ||(P —II)¥|| = || P* —II|| — 0 geometrically fast in k. In view
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of the fact that n/log(1/e) — oo as € | 0, this implies that

as € | 0, for each k > 1. Hence, uP"r = 7r + O(¢*) and

n—1
p> AP —T)PW(P -1y
=1
< sup [[(P=T07| - || D@ =T PO [lrf + || D PP 10" - [|r|
jz5-1 i< n<i<n
= ( sup H(P—ﬁ)jH) = 0(c") (32)
j25-1

as € J 0, for each k£ > 1.
Finally, the third term on the right-hand side of equals

n—1
ey inPMV(P -y
=1

n—2
=ent PO — P+ 17 + O(e") — € Y (j + DRPV(P — TI)ir
7=0
—entPU(I = P+ 1) — ex PO(1 — P+ T1)7*r + O(") (33)

as € | 0, for each k > 1. Note, the first step uses part i) of Proposition I} Combining , ,
, and the fact that the second term vanishes, yields the theorem. ]

We turn next to an approximation that is appropriate for larger value of n. While the first
approximation effectively “Taylor expands” in terms of P; = Pj(¢), the second “Taylor expands”

in terms of P, = P,(¢).

Theorem 5. Suppose that n = n(e) is such that n/log(1/€) — oo as e L 0. For a(e) — oo ase |0,
let m = m(e) = |min(n/2,a(e)log(1/e))|. Assume there exist matrices P, P for which

sup || Pa-i(e) — (P — ekPD)|| = O(Em?)

0<k<m
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as € | 0, where P is irreducible and aperiodic. Then,
n ~ ~ ~ ~
1 H Py(e)r = 7r — ex PO (I — P+ T1)2Pr + O(*m?)
k=1

as € | 0, where 7 is the stationary distribution of P and II is the rank one matriz having rows

identical to .
Proof. Proof of Theorem [5] Proposition [2| implies that

I Por(e)— | P = > P PUPI ||| = O(?m?) (34)
0<k<m j=1

as € [ 0. As in the proof of Theorem 4, we find that the aperiodicity and irreducibility of P imply
that |[P™ — TI|| = O(é¥) as € | 0, for each k > 1. Similarly,

o) =| > jpr7PWpi— S1IIPM pi
1<j<m/2 1<j<m/2
=|| > mapWpi— N IPM(P -1y (35)
1<j<m/2 1<j<m/2

as €} 0, for each £ > 1, and

o =| > uPO@P-1) - japH (P —T11)
1<j<m/2 Jj=1
= > apPY(P -1y —1IPY(I - P +11)2P (36)
1<j<m/2

as € | 0, for each k > 1, where part i) of Proposition [1| was used in the last line. Relations ,
v and imply that

I[I Por(e) =T+ IPM(1 - P+ 1) 2P| = O(*m?)

0<k<m

as € | 0. Because AIl = II for any stochastic matrix A, it follows that

OEe@m®) = | [[ Pok(e) | JI Paokle) M+ edPD(I—P+I)2P

m<k<n 0<k<m
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proving the theorem. O

We note that when n/(log(1 + €))% — oo as € | 0 for some § > 0, we can always choose
m = (log(1 + ¢€))' 9 ensuring that our error term O(e?m?) is of smaller order than these correction
terms of order e.

Theorem 5 makes no assumptions whatsoever on the Py (e)’s for k outside a “logarithmic neigh-
borhood” of time epoch n (outside [n — a(e)log(1/€),n]), and n can grow arbitrarily rapidly as a
function of €. In particular, the assumptions of Theorem 5 hold when P,_x(€) = P(1 — ke), where
(P(#) : —oo < 0 < o) is such that P(-) is twice continuously differentiable in a neighborhood of 1,
with P(1) aperiodic and irreducible.

Given a family (P : j > 1) of transition matrices, Theorem 5 suggests approximating x,, via

P —P,
T — T, ("”9) (I — P, +11,) 2P,r,
J

for some user-defined choice of difference increment j > 1, where m, is the stationary distribution
of P, (assumed irreducible and aperiodic), and II,, is the rank one matrix having identical rows
equal to m,. We note that the first-order correction y,; = —eﬂnP,gl)(I — P, +11,,)2P,r can be

computed by solving the linear system

(I - Py + Hn)hnl = Py,
(I - P’n + Hn>hn2 = hnl; (37)

and setting x,1 = —7rnP7(ll)hn2. The fact that the coefficient matrices for these two linear systems
are identical simplifies both numerical and closed form computation.

By pre-multiplying by m,, we conclude that m,r = m,hn,1 = Thhpe. So, we may re-write
(37) as

(I — Py)hp1 = Pyr — mpre,
([ - Pn)hn2 = hp1 — thnley (38)

where e = (1,...,1)T is the column vector consisting 1’s. We recognize as two Poisson
equations for the Markov chain having stationary transition matrices P; = P, for j > 1. This is a
discrete-time function analog to the first order term in the uniform acceleration (UA) asymptotic
deduced by Massey and Whitt| (1998). (Their result is obtained for finite state Markov jump

processes and focuses on the probability mass function version of Poisson’s equation, where the
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unknown appears as a row vector pre-multiplying (I — P,), rather than the function version of
Poisson’s equation.) In addition to extending the theory to discrete time, our result makes clear
that the approximation applies in much greater generality than the previous literature suggests.
In particular, this first-order refinement holds whenever n is large and € is small, with no serious
restriction on how large n must be relative to 1/e (other than the very mild requirement that n be
large relative to (log(1/€))). In contrast, we note that the uniform acceleration asymptotic relies
on a time scaling of order 1/¢ in its derivation. In addition, our argument makes clear that only
the transition matrices in a logarithmic neighborhood of the time n under consideration play a role
in the validity of the approximation.

We now provide a second-order refinement for y,, based on “Taylor expanding” in terms of
P, = P,(e). As with the first order refinement, it corresponds to a discrete time analog to the
second order term in the uniform acceleration asymptotic expansion due to Massey and Whitt

(1998)). (The proof of Theorem |§| is omitted, given the similarity to that of Theorem )

Theorem 6. Suppose that n = n(e€) is such that n/(log(1/e)) — oo, and let m = m(e) be defined

as in Theorem 5. Assume there exist matrices ]5, 15(1), and P® for which

~ ~ 2 ~
sup ’ P,_(e) — <P — kP 4 62/@2]3(2)> H = 0(e*m?)

0<k<m
as € 1 0, with P irreducible and aperiodic. Then,

pl] Pele)r =7r — e PO — P+ 1) "' Pr+ 7P — P+ 1) 2PW(I - P+11)*Pr
k=1

+é2 (;frlﬁ@) +7PW(I - P+ ﬁ)115<1>> : [2(1 —P4+I) - (I-P+0)72% Pr

+ O(e¥m*)

as € | 0, where 7 is the stationary distribution of P and II is the rank one matriz having rows

identical to 7.

As with Theorem 5, one possible choice for m is m = (log(1/€))'*? for some § > 0, in which
case the error term O(e*m?) is of smaller order than the correction term of order €.

We close this section by noting that our arguments generalize (with essentially no changes to the
proofs) to continuous state space Markov chains, provided that we suitably generalize the norms

that are used. In particular, if S is a general state space, we use the definitions

[n]| = sup |n(B)],
BCS

| All = sup [|A(=, )],
zeSsS
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If]l = sup[f(z)],
zES

for finite (signed) measures 7, kernels A (so that A(x,-) is a finite (signed) measure for each = € S),
and functions f. (Strictly speaking, our supremum over B is over measurable subsets of S, and we
require that A and f be suitably measurable.)

With these definitions in hand, Theorem 5 (for example) generalizes as follows:

Theorem 7. Suppose that n/log(l/e) — oo as € | 0, and let m be defined as in Theorem 5.

Assume there exist kernels P and PV for which

sup ||Po_i(€) — (P — ekPW)|| = O(2m?)

0<k<m
as € | 0, where P has a stationary distribution 7. Let T1 be the kernel for which 11(z, dy) = 7(dy)
for each x,y € S, and suppose there exists | > 1 such that
|Pf -1 < 1. (39)
Then, (I — P 4 11) has an inverse on the space of bounded (measurable) functions on S, and
[ f[ Py(e)r = 7r — ex PO(I — P+ T1)72Pr + O(2m?)
k=1

as € 0, provided ||r| < oo.

The assumption 1) on the transition kernel P is identical to assuming that P is aperiodic and

uniformly ergodic (or, equivalently, that P is Doeblin; see [Doob| (1953)).

5 Approximating Cumulative Reward

In this section, we develop an approximation for

when X is slowly changing. Our approximation relies on the first approximation of Section 4, in

which Er(X;) is approximated by “Taylor expanding” in terms of the P; dynamics.

Theorem 8. Suppose that n = n(e) — 0o, so that n/log(1/€) — oo and n = o(e~Y/*) as € | 0.

Assume that there exists § > 0 and matrices P, P for which

sup [|[Pi(e) = (P +e(i = 1)PY)| = O(e*n?)
1<i<n
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as € 1 0, where P is aperiodic and irreducible. Then,

n—1 J

S ou]] Peler = —Dir+pd - P+I)"'r+epP(I - P+I)2PO(I - P+10) 77

j=0 k=1
2)

+ M=V =2 50 p 1) Yy — e(n— DFPO(I — P ) 2P

2
+ ex PO — P+ 1173 Pr + o(e)

as € | 0, where 7 is the stationary distribution of P and II is the rank one matriz having rows

identical to 7.

Proof. Proof of Theorem [8] As in the proof of Theorem 4, we find that the hypotheses guarantee

that
pl[Pile) = pPir+end iP'PYPIT1 =i 4 O(e%5%)
=1 =1

as € | 0, uniformly in 1 < 5 < n. Consequently,
n—1 7 n—1 o
Z H r—uZPjr—l—euZzP’ Z Pi=i =1 L O(2n?)
as € | 0. Since n/log(1/e) — oo and ||P" — II|| — 0 geometrically fast, it follows that
n—1 o _ ~
p>  Pir=(n—1)ir+p(l - P+1I)""r + O(c")

=0

as € | 0, for each k > 1. The second term on the right-hand side of equals

n—2 o n—2—1i n—2—i
ep» iP(P—T)'PY Y (P —TI) r+e,uZzHP(1) Z
=1 7=0
—epP(I—P+1)2PMW(I - P r+eZz‘frP 1>Z P-1
=1

T2
1

=epP(I —P+1)7 2P (I — P4+ 1) (”_1)2(”_2) W1 - P+~
(2n — 3)7PW(I — P + 10) 2Pr+§7ﬂ5<1> (I-P+TI)3—(I—-P+1)2

(40)

(41)



22

O(e")

(n—1)(n—2) L

—epP(I—P+M)2PWI —P+1)'r + e PO — P+ 1)y

—e(n—1)FPY(I — P+ 1I)72Pr + ex PV (I — P+ T1) 3 Pr + O(c¥) (42)

as € J 0, for each k > 1. The theorem is proved by using relations , , and , noting that

our assumption that n = o(e~'/4) implies that O(e?n*) = o(e) as € | 0. O

So, for moderate values of n (of smaller order than e/ 4), we can approximate the expected
cumulative reward via the stationary dynamics of a Markov chain having transition matrix P;. In
particular, to obtain an approximation for a given sequence (P; : i > 1), we replace P by P, and
approximate ePW) via a finite difference as in .

Finally, we observe that the hypotheses of Theorem 7 hold when P;(e) = P((i — 1)e) for i > 1,
with P(-) twice continuously differentiable in a neighborhood of 0, assuming that P(0) is irreducible

and aperiodic.

6 Extension to Markov Jump Processes

The theory of Sections 2 through 5 extends in a straightforward fashion to finite-state continuous-
time Markov jump processes. We illustrate this by generalizing Theorems 5 and 6 to this setting.

Let (Q(t) : t > 0) be the family of rate matrices associated with the Markov process X =
(X (t) : t > 0) having non-stationary transition probabilities, so that

ELf(X(E+h)X(u): 0 <u<t] = fX(1) + (QE) ) (X (£))h + o(h)

a.s. as h ] 0, for any f: S — R. Also, for 0 < s < ¢, let P(s,t) be the square matrix having
entries P(s,t;x,y) = P(X(t) = y|X(s) = z) for z,y € S, where S is (as in the earlier sections of
this paper) the state space of X. Then, P(0,u +t) = P(0,u)P(u,u +t) for u,t > 0. Also, if

el s e,

2 u<s<u-+t

then

o0

n et pt t |
P(u,u—|—t):Ze_>‘t()Z')/ / / R(t—un)---R(t—ul)dun---dm%
n=0 . 0 ul Up—1

= M R RG( - U) - REQ - ).
n=0

where (U(l), cees U(n)) are the order statistics from an independent and identically distributed sam-
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ple of size n from a uniform distribution on [0, 1], and R(s) = A=Y\l + Q(s)) for u < s < u + t.
This representation follows directly from the fact that X can be “uniformized” with respect to a
Poisson process having rate A > 0, and the transition probabilities for X, conditional on a jump at
time s, are given by the entries of the transition matrix R(s); see Massey and Whitt| (1998) for a
further discussion.

We now consider a parameterized setting in which we have a family (Q(e;t) : t > 0,e > 0) of

rate matrices, with associated transition matrices (P(e;s,t) : 0 < s < t,e > 0).

Theorem 9. For e > 0, let s = s(¢) = (log(1/€))'*0 for some 6 > 0. Suppose that t = t(e) is such

that t/s — 0o as € | 0, and assume there exist matrices Q, Q(l) such that

sup [|Q(e; ¢ — u) — (Q — eQWu)|| = O(*s?) (43)

0<u<s
as € 1 0, where Q is an irreducible rate matriz. Then,
pP (€ 0,t)r = 7r — erQW I — Q)21 + O(*s%)

as € | 0, where 7 is the stationary distribution associated with Q, and II is the rank one matriz

having all rows identical to 7.

Proof. Proof of Theorem @ Note that for some ¢y > 0, ensures that
1, ~ N
sup [|Qest —u)| = SlIQI+1= A,
0<u<s
uniformly in € € (0, €y). Then, set R(e;u) = ;\*1(5\1 + Q(e;u)) for t —s <u <t. So,

wP(e0,t)r = uP(e0,t — s)P(e;t — s, t)r
o

5. (As)™
= Z e (n!)uP(e; 0,t — s)ER(e;t — sUpy)) - - - R(est — sUgy)r
n=0

= Z e ()\;') pP(€0,t — s)ER(e;t — sUy)) -+ - R(e;t — sUgyy)r + O(e®)  (44)

LX<

s

as € | 0, for each k > 1 (since the probability that a Poisson random variable with mean As lies
more than \s/4 from its mean is of the order of exp(—c(log(1/€))'*9) for some ¢ > 0, using a
standard large deviations tail bound; see |Dembo and Zeitouni (2010)).

Assumption guarantees that

sup ||R(e;t —u) — (R — eRWu)|| = O(e?s?) (45)

0<u<s
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as € | 0, where R = A'(AI + Q) and RM) = QM /X, Furthermore, the stochastic matrix R is
irreducible and aperiodic (since it has positive diagonal entries because A > ||Q||/2). The bound

, based on , establishes that

R(e;t — su)) -+ R(e;t — suqy ( Z U(it1) R" 1RO R ) H

< Ed"s3(1+eds)" < E2d"s*(1 + ec s)%;\s

uniformly in 0 < gy < -+ <, < 1 for some constants c, d". Tt follows that

n—1
R(e;t — sugyy) - -+ Rt — suqy) — (R —eZsu(ZH R 1RM) )H
=0

as € | 0, uniformly in 0 < uy < <) <L Hence,

P n+1

n—1 .
- I\ =
ER(e;t — SU(n)) - R(et — SU(l)) - <R” — € E s <Z - > R”ZlR(l)RZ>

| = O(e*s%)

as € | 0, uniformly in n € [As(3/4), As(5/4)], where we have used the fact that EU;) =i/(n+1) for
1 <i < n; see |Arnold et al.| (2008). We now apply the same argument as in the proof of Theorem
5 (using the fact that ||R" — II|| — 0 geometrically fast) to obtain

€ ~ ~ ~
n+1

HER(e; t—sUp) - Rlet — sUqy)r — (fr - =0(%s%)  (46)

as € | 0, uniformly in n € [As(3/4), As(5/4)]. Plugging into , we conclude that

uP(€e0,t) = Z e (As) [frr _ 7?}?(1)([7 R+1:[)_2T] + O(€%s%)

n! n+1
n_J<2
=7r — XﬁR(l)(I — R+1)"%r + O(%5?)
=7r — Eﬂ'Q(l (I — R+1)"%r + O(®s?)

= 7r — erQW AL — Q) 2r + O(%5%)

as e} 0.
We now consider W = Q(l)(j\ﬁ — Q)_2, so that W(S\ﬁ — Q)2 = QW. Since II = QI = 0 and
2 =11, we find that
W+ Q%) = QW, (47)
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Since Q(l) = ARW it follows that Q(l)e = 0. Of course, Qe =0 as well, so implies that
N WIle = 0,

which yields A2We = 0. But \ # 0, so we conclude that We = 0. Since II = e, implies that
wQ?=QW,

and hence

Wi - G = QY.

It is well known that IT — Q is non-singular when @ is irreducible, so consequently W = Q(l)(f{ —
Q)2. Hence, 7 QW (AL — Q)~2r = #QW (I — Q) 2r, proving the theorem. O

As in our discrete time theory, the slow variation assumption is required only in a “loga-
rithmic neighborhood” of time ¢. No time re-scaling is required in order that this result be valid,
nor do we need to assume that the supremum of ||Q(¢;-)|| is bounded over [0, ] uniformly in e. We
further note that is valid (for example) when Q(€;u) = Q(eu) for u > 0, and t(e) = t/e with
Q(-) twice continuously differentiable in a neighborhood of ¢, where Q= Q(t) and QW = Q(l)(t).
This is precisely the “uniform acceleration” (UA) asymptotic environment considered by Massey
and Whitt| (1998).

There is no intrinsic difficulty in extending to higher order approximations. As an illustration,

we state the following result (without proof) for the second order approximation.
Theorem 10. For € > 0, let s = s(e) = (log(1/€))'*% for some § > 0. Suppose that t = t(e) is

such that t/s — oo as € | 0, and assume there exist matrices Q, Q(l), and Q(Q) such that

sup
0<u<s

Qe;t —u) — <Q —eQWu + jQ(Q)u2>

‘ = 0(¥s%) (48)
as € 1 0, where Q is an irreducible rate matriz. Then,

UP(e;0,)r = 7r — er QW — Q)2 + %8%@(”@ —-Q) 7

+7QW (- Q)2 QW1 - Q) +2(1 - Q) QW (I - Q)*) r+ O(e¥s")

as € | 0, where 7 s the stationary distribution associated with Q, and 11 is the rank one matriz

having all rows identical to 7.
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7 Numerical Example

In this section, we illustrate our methodology by applying it to the problem of computing the
infinite horizon discounted reward for a Markov chain X = (X, : n > 0) having non-stationary

transition probabilities. Specifically, we consider an (s, S) inventory model in which r(z) = = and

Xk—Dk lek—DkZS
Xp1 = (49)
S if X, — Dy, < S,

for £ > 0. The non-stationarity arises as a consequence of time-varying demand. In particular, we

assume that the Dy’s are independent Poisson random variables in which
EDj =m-+e j

for some j > 1, where m > 0 and ¢ > 0. In our experiments, we chose m = 1 and performed
calculations at (s, S,a) € {(4,10,0.1), (4,10,0.5), (4,10, 1), (40, 100, 0.1), (40, 100, 0.5), (40,100, 1)}.
We then studied the quality of our approximations as a function of e.

Recall that our approximations require the derivative matrices P and P®. In a typical
application, the parameter ¢ is fixed, and these matrices need to be approximated via the finite
differences given by and . We choose j = [(1—e~%)7!] in these formulae, and re-compute
our finite difference approximations to P(Y) and P?) at each value of €. Since our finite difference
approximations are non-linear in €, this implies that even our first-order approximation to k(e) is
non-linear in e.

In the current experiment, however, we also have the ability to compute the exact derivatives
PN and P via component-wise differentiation of the matrices Pj(e) at € = 0. So, we compute
two first-order approximations for (e€), one based on our finite-difference approximation for P
(denoted “1%¢ order FD”) and the other based on the exact derivative (denoted “1¢ order Exact”).
Similarly, we compute two second-order approximations for (e) (denoted “nd ogrder FD” and “27¢
order Exact”, respectively).

Computing the exact value of k(e) is implemented by using , based on truncating the sum

over j at a suitable value n — 1. We note that the norm of the tail sum of is upper bounded via

o0

Y e =e (1 —e )18,

j=n

We want the contribution of the tail sum to be small relative to the magnitude of the first and second

order corrections to the stationary model in which € = 0, so we choose n so that e ™" (1 —e~%)"1§ <
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€0 (ie. n= {—é log (66(17%@)” ) We denote the value of k(e) obtained through this truncation
as “Truncated True.”

To test the quality of the truncation, we computed the exact derivatives x()(0) and (% (0) as
determined by the coefficients in € and €2 /2 appearing in , and compared them to finite difference
approximations to £1)(0) and x(*)(0) as obtained from the “Truncated True” approximations. The
relative errors were uniformly under 0.1% for S = 10 and were under 5% for S = 100.

Tables 1 through 6 below provide the percent relative error (i.e., 100|Approx — Truncated True|/
Truncated True %) of our approximations, as a function of €, at each of our six combinations of
(s,S,a). The tables are consistent with what we would expect from our approximations, in the sense
that the relative error is smaller when € is small, and typically also smaller when the second order
approximation is used as compared to the first order approximation. In addition, as the discount
rate a gets larger, the main contribution to the infinite horizon reward focuses to a greater degree
on the early transitions at which the Taylor approximation around P; will be good. As expected,
the tables do indeed show that the relative error typically decreases with larger discount rates.
Note that there is no theoretical guarantee that using exact derivatives in our approximations
will reduce the error relative to using finite difference approximations, and we find examples in the
tables in which each dominates the other. In conclusion, it appears that this numerical investigation

validates our approximations.

Table 1: Relative Accuracy of the First and Second Order Approximations

€ Truncated True | 1%! Order FD 1°¢ Order Exact 2% Order FD 27 Order Exact
0 64.0915 0.0000 0.0000 0.0000 0.0000

0.001 | 64.0170 0.0002 0.0000 0.0002 0.0000

0.004 | 63.7936 0.0032 0.0005 0.0035 0.0000

0.016 | 62.9040 0.0523 0.0090 0.0435 0.0040

0.064 | 59.4335 0.8079 0.1925 0.1375 0.0334

0.256 | 47.8842 10.8270 6.0198 34.3068 2.8580

1.024 | 26.9824 72.7559 145.4665 160.1515 55.6900

Parameters: « = 0.1, s =4, S =10

Table 2: Relative Accuracy of the First and Second Order Approximations

€ Truncated True | 1%% Order FD 1%* Order Exact 2% Order FD 2% Order Exact
0 13.0039 0.0000 0.0000 0.0000 0.0000
0.001 | 13.0014 0.0000 0.0000 0.0000 0.0000
0.004 | 12.9936 0.0000 0.0001 0.0000 0.0000
0.016 | 12.9627 0.0006 0.0019 0.0013 0.0000
0.064 | 12.8415 0.0070 0.0291 0.02117 0.0035
0.256 | 12.3875 0.0266 0.3892 0.2323 0.1520
1.024 | 10.9140 0.9337 5.2123 4.5863 4.6166

Parameters: a = 0.5, s =4, S =10
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Table 3: Relative Accuracy of the First and Second Order Approximations

€ Truncated True | 1°¢ Order FD | 1%F Order Exact | 2"? Order FD | 2"¢ Order Exact
0 5.8910 0.0000 0.0000 0.0000 0.0000
0.001 | 5.8906 0.0000 0.0000 0.0000 0.0000
0.004 | 5.8893 0.0000 0.0000 0.0000 0.0000
0.016 | 5.8843 0.0003 0.0005 0.0001 0.0000
0.064 | 5.8648 0.0057 0.0077 0.0026 0.0007
0.256 | 5.7904 0.0705 0.1041 0.0574 0.0320
1.024 | 5.5316 0.6203 1.2102 0.9747 1.0713
Parameters: a« = 1.0, s =4, S =10
Table 4: Relative Accuracy of the First and Second Order Approximations
€ Truncated True | 1% Order FD | 1°% Order Exact | 2"? Order FD [ 277 Order Exact
0 853.5824 0.0000 0.0000 0.0000 0.0000
0.001 | 852.8980 0.0008 0.0008 0.0000 0.0000
0.004 | 850.9225 0.0122 0.0124 0.0011 0.0010
0.016 | 843.9259 0.1637 0.1665 0.0524 0.0494
0.064 | 823.6448 1.6917 1.7372 1.8612 1.8027
0.256 | 778.7003 12.3135 13.1122 47.9461 46.7974
1.024 | 686.7012 62.0493 78.7922 852.3577 1008.1822
Parameters: a = 0.1, s =40, S = 100
Table 5: Relative Accuracy of the First and Second Order Approximations
€ Truncated True | 1°f Order FD | 1% Order Exact | 2"¢ Order FD | 2"¢ Order Exact
0 151.2317 0.0000 0.0000 0.0000 0.0000
0.001 | 151.2256 0.0000 0.0000 0.0000 0.0000
0.004 | 151.2075 0.0000 0.0000 0.0000 0.0000
0.016 | 151.1350 0.0000 0.0000 0.0000 0.0000
0.064 | 150.8452 0.0000 0.0000 0.0000 0.0000
0.256 | 149.6945 0.0059 0.0059 0.0059 0.0059
1.024 | 145.5617 0.3532 0.3531 0.3530 0.3531
Parameters: a = 0.5, s =40, S = 100
Table 6: Relative Accuracy of the First and Second Order Approximations
€ Truncated True | 1°F Order FD | 1°° Order Exact | 2"? Order FD [ 277 Order Exact
0 58.2770 0.0000 0.0000 0.0000 0.0000
0.001 | 58.2764 0.0000 0.0000 0.0000 0.0000
0.004 | 58.2748 0.0000 0.0000 0.0000 0.0000
0.016 | 58.2684 0.0000 0.0000 0.0000 0.0000
0.064 | 58.2427 0.0000 0.0000 0.0000 0.0000
0.256 | 58.1398 0.0000 0.0000 0.0000 0.0000
1.024 | 57.7292 0.0015 0.0015 0.0016 0.0015

Parameters: o = 1.0, s = 40, S = 100
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