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Abstract

We provide simple methods for computing exact
bounds on expected return and first passage times
in finite-state birth-death chains, when the transition
probabilities are imprecise, in the sense that they are
only known to belong to convex closed sets of proba-
bility mass functions. These so-called imprecise birth-
death chains are special types of time-homogeneous
imprecise Markov chains. We also present numerical
results and discuss the special case where the local
models are linear-vacuous mixtures, for which our
methods simplify even more.
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1 Introduction

A birth-death chain Section 9.4] is a special type
of time-homogeneous Markov chain that is used in
various scientific fields, including evolutionary biology
and queueing theory. We consider the generalised case
of an imprecise birth-death chain, where the transition
probabilities are imprecise, in the sense that they are
only known to belong to convex closed sets of proba-
bility mass functions—credal sets. This may be the
case because the transition probabilities are based on
partial expert knowledge or limited data, or for the
purposes of conducting a sensitivity analysis. Similar
models were already considered in Reference [2], which
presented results on limiting conditional distributions
for imprecise birth-death chains with one absorbing
state. Imprecise birth-death chains are themselves a
special case of so-called (time-homogeneous) impre-
cise Markov chains, which were studied in—amongst
others—References [9].

This paper focusses on—upward and downward—first
passage times and return times For precise birth-
death chains, these have been studied in, for example,

I These are often called recurrence times as well.

Reference [8]. For the more general case of imprecise
birth-death chains, we are not aware of any results.
Our most important contribution are simple methods
for computing lower and upper—exact bounds for—
expected values of first passage times and return times
in finite-state imprecise birth-death chains. We also
present numerical results and discuss the special case
where the local models are linear-vacuous mixtures,
for which our methods simplify even more.

We start in sectionby discussing the notion of a pre-
cise birth-death chain and then introduce our imprecise
version of it in Section[3] Section[4]defines return and—
upward and downward—first passage times and their
lower and upper expected values. In Sectionsand@
we provide our methods for computing lower and upper
expected upward and downward first passage times.
We use these methods in section[7]to calculate lower
and upper expected return times. Sectiondiscusses
the special case where the local models are linear-
vacuous mixtures and Section@presen‘cs numerical
results. We conclude the paper in Section

2 Birth-Death Chains

Finite-state birth-death chains are special cases of
time-homogeneous finite-state Markov chains. Their
state space, denoted by X, is finite and can be linearly
ordered by an integer. Without loss of generality, we
may assume that X = {0,..., L}, with L € N At any
time point n € N, the state of the chain is represented
by a random variable, denoted by X,,, which takes
values in the state space X'. For every n € N, the
sequence of variables X1,..., X, is denoted by Xi.,
and takes values 1., == x1,...,z, in X™. Similarly,
we use X1.oo as a shorthand notation for the infinite
sequence Xi,...,X,,... Also, for every k € N such
that k£ < n, we let X}.,, and X}. be the sequences of
states from time point k£ to n or infinity, respectively.

2We do not consider zero to be a natural number.
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Since finite-state birth-death chains are special cases
of (time-homogeneous) Markov chains, they satisfy
the Markov condition, which requires that

E,i1(-lz1.n) = Enga(|ay) for all 1., € X", (1)

where E,,1(|x,) is the expectation operator that cor-
responds to the probability mass function p(X,+1|z,)
for X,, 41, conditional on X, = z,, and similarly for
E,t1(-|z1.0). If the Markov chain is furthermore time-
homogeneous, then p(X,1|x,)—and therefore also
E,+1(+|x,)—does not depend on n, which implies that
all the transition probabilities can be summarised by
means of a single stochastic matrix P of dimension
L + 1, by letting P;; := p(j|i) for all 4,5 € X. In
the special case of a birth-death chain, this stochastic
matrix is tridiagonal, which expresses that transitions
are only possible between adjacent states. Hence, P
is of the form

o po O 0

G o m 0 0
P = : .. .

0 -~ 0 qr-1 TL—1 PL—1

O “ e “ e 0 qL T‘L

where the elements of each row sum to 1. For any
1€ X/{0, L}, we will assume that the probabilities p;,
q; and r; are positive, and similarly for rq, po, qr, rL-
Figuredepicts a graphical representation of a finite-
state birth-death chain.

70 71 T"L—1 rL
q1 q2 qr—1 qrL
A
S~
Po b1 Pr—2 pPr-1

Figure 1: A birth-death chain with X = {0,..., L}

3 Imprecise Birth-Death Chains

Imprecise birth-death chains are similar to precise
birth death chains. The main difference is that the
probability mass functions that make up the matrix
P do not need to be specified exactly. They are only
known to belong to convex closed sets of probability
mass functions, called credal sets. Formally, for every
finite set ), a credal set on ) is a closed and convex
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subset of the set

zy:{weRy;E:ﬂwzlmwegoﬂw>o}

yeY
of all probability mass functions on ).

For every i € X \ {0, L}, we consider a credal set Q;
on X, = {{,e,u}, where—for reasons that should
become clear soon—m stands for middle and ¢, e and
u stand for lower, equal and upper, respectively. For
the individual probability mass functions m; € @Q;, we
will make frequent use of the notational convention
that

(pisTi, qi) = (Wi(e)aﬂ—i(e)vﬂi(u))a

thereby establishing an intuitive connection with the
matrix P that characterises a precise birth-death chain.
Similarly, Qg and Qj, are taken to be credal sets on
Xy = {e,u} and Xp, = {{, e}, respectively. For their
elements 1y € Qp and 7, € Qy,, we adopt the following
notational conventions:

(ro,po) = (mo(e), mo(u))
and

(qr,rn) = (WL(K)vﬂ'L(e))-

Since A is binary, Qp is fully determined by the
minimum and maximum value of pg, as my ranges over
the elements of Qp. We denote this minimum and
maximum by p_ and P, respectively. Similarly, Qy, is
fully determined by q, and qr.

For reasons of mathematical convenience, we adopt
the following positivity assumption.

Assumption 1 (Positivity assumption). The local
credal sets Q;, i € X, consist of strictly positive prob-
ability mass functions.

This assumption implies—amongst many other use-
ful properties, such as Theorem that the lower
probabilities P, and ¢ ;, are strictly positive.

We now use the credal sets Q; to define corresponding
credal sets M; on X. For all i € X\ {0, L}, a prob-
ability mass function ¢; € ¥y belongs to M; if and
only if there is some 7; € Q; such that

g ifj=i—1

rg ifj=i

¢i(j) = for all j € X.

p; ifj=i+1
0 otherwise

Similarly, ¢o belongs to My if and only if there is
some g € Qg such that

To lf_] =0
do(j) =qpo ifj=1
0 otherwise

forall j e X
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and ¢y, belongs to My if and only if there is some
7w, € Qr, such that

qrL ifj:Lfl
or(j) =L

0  otherwise

ifj=1 for all j € X.

For any real-valued function f on X and any state @
in X, we now consider the corresponding lower and
upper expectation of f, defined by

E(fl) = mip, Fo,()) =¢%{Z¢Z 0

and

E(fli) = max Ey,(f) = max {Z@ }

where Eg, (f) = >_,cx ¢:(4)f(j). The resulting lower
and upper expectation operators are connected by con-

jugacy: E(f|i) = —E(—f|i). For that reason, without
loss of generality, we can focus on the lower expectation
operators E(-i), i € X.

An imprecise birth-death chain is now simply a time-
homogeneous imprecise Markov chain |5] that has these
lower previsions E(-|i)—or equivalently, the credal sets
M;—as its local transition models. The correspond-
ing global uncertainty models are derived from the
conditional lower expectation operators £, (:|Z1:n),
defined for all n € N and x1.,, € X™ b

E, (1) = Epp (o) = E(|zn),  (2)

where the first equality follows from the so-called im-
precise Markov condition and the second equality fol-
lows from time-homogeneity.

We want to stress here that the imprecise Markov con-
dition that is imposed by Equation is mot equiv-
alent to an element-wise application of the (precise)
Markov condition in Equation . We do not require
E,t1(|x1.n) and Ey41(¢|zy) to be equal; we only re-
quire the bounds on these expectations to be equal.
Imposing Equation element-wise would be equiva-
lent to considering a set of precise birth-death chains,
each of which is required to satisfy the usual pre-
cise Markov assumption. Our approach imposes less
stringent constraints. Using imprecise-probabilistic
terminology: we impose epistemic irrelevance rather
than strong independence; more information can be

found in Reference [1].

From the local assessments that are provided by Equa-
tion , we now derive global uncertainty models for

3In general, an initial model E, (-) is required as well. How-
ever, for our present purposes, it is not necessary to specify
one.

our imprecise Markov chain. For any ¢ € X and n’ € N
such that n’ > n, the global uncertainty model for the
variables X,, 1.5/, conditional on X,, = 1, is a lower ex-
pectation operator E, ... (:|7) that takes real-valued
functions on X™ " as its argument. It is given by the
natural extension of the models that were defined
in Equation ; see Reference |4] for more details and
alternative interpretations. For the purposes of this
paper, we need global uncertainty models that are
even more general. In particular, for every ¢ € X and
n € N, we need an uncertainty model for the infinite se-
quence of variables X,,11.00, conditional on X,, =1, in
the form of a lower expectation operator £, .. (- |z),
defined for all extended real-valued functions on AN,

These more general global models can be defined in
multiple ways, and typically require some additional
technical continuity argument; see Reference for
a definition in terms of submartingales, which is the
one that we will adopt here. However, for our present
purposes, the exact definition is only relevant for The-
orem which—due to the page limit constraint—is
stated without proof. Therefore, and in order to avoid
having to introduce the technical concept of a sub-
martingale, we choose not to provide a definition for
the global models E, ;... (:]i). All that is important
for the developments in this paper is that these global
models are time-homogeneous and satisfy—a specific
version of—the law of iterated expectation. For every
n € N and every extended real-valued function g on
XN it holds that

En+1:oo(g(Xn+1200)|i) = En+2:oo(g(Xn+2200)|i)' (3)

Furthermore, if we define the—possibly extended—
real-valued function f’ on X by

F'(0") = By 9.0 (9(7, Xngaioo) i) for all i € X,

then, if f’ is real-valued, we have that

B 100 (9(Xns1:00)ld) = E,, 1 (f'10) = E(f']i), (4)

where the second equality follows from Equation ll

4 Return and First Passage Times

Consider a timepoint n € N and two—possibly
identical—states i and j in X. If the variable X,
has 4 as its value, then the corresponding first pas-
sage time to j—the number of time-steps required to
reach j—is a function 7, (¢, X;,41.00) of the infinite
sequence of variables X, 1.0, defined by the following
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recursion equation:
Ti—j (Za Xn+1:oo)

1 if X1 =
1 + TX,,L+1 —J (Xn+1; Xn+2:(x>) lf Xn+1 7& .7

=1 +HjC(X"+1)TXn+1—>j(Xn+17Xn+2:oo) (5)

where I;c is the indicator of j¢ :== &X'\ {j}, defined by

If i = j, the corresponding first passage time is referred
to as the return time to i. The so-called upward and
downward first passage times correspond to the cases
i < j and © > j, respectively.

ifx=7j

] . forallz e X.
ifx#j

Due to Equation , we know that the lower expected
value

T

Tisjmn = En-{-l:oo(Ti—U (7’5 Xn+100)|7’)

and upper expected value

En-i—l:oo(Ti—)j(ia Xn-i—loo)lz)

= _EnJrl:oo(_T’i"j (27 Xn+1100) |Z)

Tisjn =

of the first passage time from i to 7 do not depend on
the specific timepoint n € N that is chosen. For that
reason, we can simply denote them by 7, ,; and 7,
respectively.

Theorem 1. If Assumptionz’s satisfied, then for all
i,J € X, the lower and upper first passage times T, ;
and T;—; are real-valued and strictly positive.

By combining Equations and with Theorem
we find that

Ty =1+ E(ljer,_, ;i) (6)
and -

Timsj =14 E(]ch?o—n'u), (7)
where 7, - and T._,; are functions on &, defined for
all z € X by

I.—>j($) =1, and Tes;(Z) = Tyosj.

Taking into account our definition for E(:|7), Equa-
tion @ results in the following system of non-linear
equalities: for all j € X, we have that

Toyj = 1+ min {rolje(0)To_,;+polje ()T}, (8)

n
T0EQo
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Tr—j = 1+ wineirQIL {QL]IJ'C(L - 1)IL—1—>j
—+ T'L]ch (L)IL%j}

and, for all ¢ € X/{0, L}, that

Tisj = 1+ ﬂfirggi {Qiﬂjc(i - l)Lelaj + TiHjc(i)L‘aj
+ pillje(i + 1)Ii+1ﬁj}' 9)

A similar system of non-linear equalities can be derived
from Equation as well. In the remainder of this
paper, we will solve these non-linear systems, leading
to simple expressions that can be used to compute
Tiy; and Tiyj, for any 4,7 € X.

5 Lower and Upper Expected
Upward First Passage Times

We start by computing lower expected values of up-
ward first passage times, that is, for any 7,5 € X such
that i < j, we will compute 7,_,;. We initially focus
on calculating 7;_,;,, for i € X\ {L}, and then show
that any lower expected upward first passage time can
be obtained as a sum of such terms. Similar results
are obtained for upper expected upward first passage
times.

Finding 7,_,, is easy. It follows from Equation 7
with j = 1, that

To =1+ W{)ngo{rolo—n}
=1+ min {(1—
wOer{( PO)I(HJ
=141, — max {poTy_}
ToEQo

=1+7o1 —PoTo1; (10)

where the second equality holds because 7 is a proba-
bility mass function and the last equality holds because
we know from Theorem|1|that 7,_,, is real-valued and
therefore finite. Since Theorem [1]also tells us that
To_,; is strictly positive, we infer from Equation
that

(11)

To—1 =

=

Finding 7,_,;, for j € {2,...,L}, is more involved.
We start by establishing a connection with 7;_,;. By
applying Equation , we find that
A ]_ i . .
Tomy =1+ min {roTo; +poTi;}

=14 ﬂ{]réigo{(l — po)Ioﬁ»j +pozlaj}

=1+7o,,+ ﬂ?ggo{iﬂo(llaj - IO—>j)}7
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which implies, due to Theorem that

min {p0(11—>j _IO—>j)} =-1L (12)
ToEQo

Since the minimum in Equation is negative and
Po is a probability and therefore non-negative, it must
be that 7;_,; — 7y_,; < 0. Therefore, Equation is
minimised for pg = p, and we find that

1
To—j = Do + T (13)
0

By combining Equations and <| we see that
IO*}j:IO%l +I1*>J for aﬂjG{Q,,L} (14)

Since we already know 7,_,;—see Equation —We
are now left to find 7,_, ;.

We first consider the case j = 2. It follows from
Equation @, with ¢ = 1 and j = 2, that

T =14 min {qi17_, + 71715}
T1EQ
=1+ min {i7g0 + (1 —q1 —p1)71 0}
T1E€EQ1L
=147+ min {qi(792 — T1,2) = P1T1 0},
T1EQ
which implies, due to Theorem that

min {q1(Too — T12) = P1T10} = —1.
T EQ,

By applying Equation , for j = 2, we find that

min {q17y ,; — P17; 50} = —1. (15)
T1EQ7

Since we already know 7,_,,, it follows from Assump-
tionand the following lemma that 7,_,, is the unique
solution to Equation (15).

Lemma 2. Consider a credal set Q on X, that con-
sists of strictly positive probability mass functions and
let ¢ be a real constant. Then

min{gc —
mj Q{q pp}
is a strictly decreasing function of .

This unique solution 7,_,, is furthermore easy to com-
pute. It follows from Lemmathat a simple bisection
method suffices.

Next, we consider the case j € {3,..., L}. By applying
Equation @, for such a j and with ¢ = 1, we find that

Ti; =1+ ﬂrlréirgll{qIIO%j + 11T, + P1To )
=1+ min {qi7g,; + (1 —q1 —p1)T1,; +P1To;}
T1EQ
=1+71y,;+ min {q:(7o; — 1)
T1EQ:

+p1(Tos; — T155) )

which implies, due to Theorem that

min {q1(To_,; — T1-;) + P1(Tary; — T15)} = —1.
T1EQL

In combination with Equation , this results in

Hggl{(hI(Hr + 1 (IQ—)j - Ilaj)} =—-1L (16)

T

Since we know from Assumptionand Lemmathat
the equation

mi

-1
i gl{qlzoﬂ +pLu}

has a unique solution p, it follows directly from Equa-

tions and that
T15 =T149 +12—>j for all je {37 . ,L} (17)

At this point, we already know how to compute 7,_,;
and 7,_,, and we have also established the following
additivity property:

Tisj = Limvit1 T Tit1j

foralli € {0,1} and j € {i+2,...,L}. Continuing in a
similar way, we now derive an expression for computing
To_,5 and prove that the above additivity property
holds for ¢ = 2 as well. By applying Equation @, for
i =2 and j = 3, we find that

To3 =1+ min {ga7 3+ 72Ty ,3}
ToEQo
=1+ min {go7;_3+ (1 — g2 — p2)To_,3}
T2€Q2
=141y ,3+ min {g2(713 — To_y3) — P2T2 3},
T EQo
which implies, due to Theorem that

min {q2(7y_,5 — Ta_,3) — PaTo 3} = —1.
T2 E€Qo

By applying Equation , for j = 3, we find that

min {g27; . — P27y 3} = —1. (18)
To€Q2

Since we have already computed 7,_,,, it follows from
Assumptionand Lemmathat To_,5 is the unique
solution to Equation and that this unique solution
can furthermore easily be computed by means of a
bisection method.

Next, by applying Equation @, for i =2 and j in
{4,...,L}, we find that

Ton; =1+ Wrzléi&{qﬂHj +raToy; +P2Ts )

=1+ min {QQ11_>]' + (1 —¢q2 *pQ)IQ_U‘ +P213_>j}
T2€Q2

=147, + 7}21282{%(11%]‘ ~Toj)

+ (T35 — Tossj)}
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which implies, due to Theorem that

wglglgg{QQ(IlHj _I2aj) +p2(134j _I2Hj)} =-1

In combination with Equation , this results in

WEHEHQIQ{(DL%Q +P2(I3aj - IQ%]’)} =-L (19)
It now follows from Equations and , Assump-
tionand Lemma that

Toj = Tas3 +I3—>j for all RS {4, . ,L}

At this point, it should be clear that, by continuing in
this way, we obtain the following two results.

Proposition 3. For alli € X\ {0, L}, we have that

min {QiL'_1—>i - Pz‘L'—n'H} =-1 (20)
T €Qi

Proposition 4. For alli,j € X such that i+ 1 < j,

we have that

Tisi = Tiyit1 T Tip1 -

For any i € X'\ {L}, the value of 7, ,;,; can therefore
be computed recursively. For i = 0, we simply apply
Equation . For any other i € X'\ {0, L}, it follows
from Assumption Lemma and Propositionthat
T; 41 is the unique solution to Equation , which
can be obtained by means of a bisection method. In
this equation, the value of 7,_;_,; has already been
computed earlier on in this recursive procedure.

The following additivity result is a direct consequence
of Proposition

Corollary 5. For any i,5 € X such that i < j, we
have that

Jj—1
Tisj = E Tk—sk+1-
k=i

It implies that the recursive techniques that we devel-
oped in this section can be used to compute any lower
expected upward first passage time.

Similar results can be proved for upper expected values
of upward first passage times. We only provide the final
expressions; the derivation is completely analogous. In
this case, the starting point is that

1
Tos1 = — (21)
b,

For any i € X\ {0, L}, the value of 7;_,; 41 can then
be computed recursively, due to Assumptionand the
following two results.
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Proposition 6. For alli e X\ {0,L}, we have that

gggi{%ﬂ—l—n — PiTimiy1} = —L.
Corollary 7. Consider a credal set Q on X, that
consists of strictly positive probability mass functions
and let ¢ be a real constant. Then

max{qc —
max{gc — pi}
is a strictly decreasing function of p.

Due to the next result, this recursive technique allows
us to compute arbitrary upper expected upward first
passage times.

Proposition 8. For any i,j € X such that i < j, we
have that

j—1
Fi%j = g Thk—k+1
k=t

6 Lower and Upper Expected
Downward First Passage Times

Lower and upper expected values of downward first
passage times can be computed in more or less the
same way. The main difference is that the recursive
expressions now start from the other side, that is, from
1t = L. We find that

1
Tp—»L—-1~= = (22)

qar,

and 1
TLsL—1= — (23)

4

For any i € X \ {0,L}, due to Assumption the
values of 7, ,, ; and 7,,;_1 can now be computed
recursively, using the following two results.

Proposition 9. For alli € X\ {0,L}, we have that

WriréiIgli{—QiIiﬁifl “"piIiJrlai} =-1
and

max {—¢;Tisi—1+PiTit1i} = —1

T, €Q;

Corollary 10. Consider a credal set Q on X, that
consists of strictly positive probability mass functions
and let ¢ be a real constant. Then

min{—qu + pc} and max{—qu + pc
min{—qu + pc} max{—qu + pc}
are strictly decreasing functions of p.

Once we have computed 7, ,,_; and 7;—;_; for all
i € X\ {L}, the following result enables us to easily
obtain all other lower and upper expected downward
first passage times.
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Proposition 11. For any i,j € X such that ¢ > j,
we have that

1—1 1—1
Tisj = E Tht1-k and Timsj = E Th+1—k
—j k=)

7 Lower and Upper Expected Return
Times

Lower and upper expected return times can now be
computed very easily. By applying Equations 7@,
with 7 equal to 0, L and i, respectively, we find that

Too = 14 min {po7; o} =1 +PyT1-05 (24)
ToE€EQo

Trop =1+ min {qr; 1} =1 t4; 7151
TLEQL
(25)
and, for all i € X'\ {0, L}, that
Tisi =1+ ﬂr_fgfgl’_{%liq—m +PiTiv1i} (26)

In these expressions, the lower expected first passage
times 71 _,q, Ty 1,1, T;_1_5; and 7,1 _,; can be com-
puted using the recursive techniques that we developed
in the previous two sections. Similarly, for the upper
case, we find that

To—o = 1+ max {poT10} = 1 + D710, (27)
To€Qo

Tror =1+ max {¢zTr—1-0} =14+ G, 7151
TLEQL
(28)
and, for all i € X'\ {0, L}, that

Tisi =1+ gnaé(_{qﬁiqm + DiTit1-i}- (29)
Again, the upper expected first passage times 71_.¢,
TL-1-L, Ti—1—i and T;4+1-,; that appear in these ex-
pressions can be computed with the recursive tech-
niques that were introduced above.

8 Linear-Vacuous Mixtures

We now apply our results to the special case where all
the local models are linear-vacuous mixtures. In that
case, the computation of lower and upper expected
first passage and return times becomes even simpler.

We start from given strictly positive probability mass
functions 7§ = (r§,p5) € Tay, 71 = (¢},7]) € Zx,
and, for all ¢ € X\ {0, L}, n} = (¢, r},p}) € Sx,,.
Furthermore, for all i € X, we consider some real-
valued ¢; € [0,1). We use these parameters to de-
fine the following so-called linear-vacuous Sec-

tion 2.9.2] local credal sets:

Qo = ,ET% = {(1-60)7‘1’84—607‘(6:7‘1’662/\50},

QL= erLL ={(1—ep)m} +erny 7, €Xx, }
and, for all i € X'\ {0, L},
Q; =

w = —e)m el i m € T,

which can be regarded as neighbourhood models for
the probability mass functions 7, ¢ € X. Furthermore,
for all i € X\ {0}, we define

q. = (1

=7

—¢&)gqf and @; = (1 — &)} + &
and, for all i € X\ {L},
p, = (1 —&i)p; and p; = (1 — &;)p; + i,

which are the minimum and maximum values of ¢;
and p;, for m; € Q;, respectively.

In this special case, Equation can be solved ana-
lytically. For all i € X' \ {0, L}, we find that
W?éigi{QiIi71m - piIHiH}

= min {[(1—&)g +ed]Ti_1

€S x,,
—[(1 = &)p} + eipi)Tiipr }
= (1 — 51)(q2‘1i_1_>¢ *p;'kzi—n-&-l)
+ g4 ﬂfglzh; {giri_1i — p;L'—n‘H}
= =)@ Tic1ms = PiTinit1) — EiTinig

=4,Ti-1—i — PiTivit1s

where the third equation holds because we know from
Theoremthat T;_1_;and 7, ;. are real-valued and
positive.

herefore, for all ¢+ € X \ {0, L}, it follows
directly from Equation that

1 g

Tisiyl = i + %Zziflﬁi'
By combining this recursive expression with Equa-
tion , we can derive explicit expressions. For all
i€ X\ {L}, we find that:

i

HZ:k 14
Tisit1 = Z =t (30)

=0 [e P

In combination with Corollary this equation allows
us to easily compute all lower expected upward first
passage times for the linear-vacuous case.

Similar results can be obtained for upper expected
upward first passage times and for lower and up-
per expected downward first passage times. For all
i€ X\ {0, L}, we find that
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_ L g
Ti—i+l — — + —Ti—1—i>
7 Bz
1 p
Tiyi—1— = + = Ti41—4
q; )
and
_ 1 pi_
Ti—i—1 = — + sz+1ﬁz

By combining these recursive equations with Equa-

tions , (22) and (23), respectively, we can obtain
explicit expressions. For all i € X'\ {L}, we find that

7 7 —
_ . HZ:k+1 qe
Tisitl = —

k=0 Hm:k Bm

and, for all i € X'\ {0}, we find that

L kflp
l=i Ey

Tisi-1 = Z -5 _ (31)
it L= m

and
k—1_

Tz—>z 1—2 HE sz-

k=1 m 1q7n

In combination with Propositionand these equa-
tions allow us to easily compute all upper expected
upward first passage times and all lower and upper
expected downward first passage times for the linear-
vacuous case.

For the lower and upper return times, we still use
Equations and if ¢ = 0 and Equations
and \l ife = L. Ifie X\{0,L}, then, for this
linear-vacuous case, Equations t» and can be
simplified. We find that

Ty =1+ min {Qizi—l—m' + PiTip1-i}

mEQ

=1+ min { 1*&)% +€ZQz] Ti—1—i

€D Xy,
+ [(1 )pz + Elpz} z+1~>z}
=14+ 1 =)/ Ti—15i T PiTit154)
=1 + q Tz 1—1 +p171+1—>1 (32)
and that
Tisi =14+ (1 =) (¢ Tic1mi + PiTit1i)

+ &, max{T; 14, Tit1-i}
= 1+ max{q;Ti—1-i + P, Tit1-i,

q,Ti-1-i + PiTit1-5i)-
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9 Numerical Results

We end by computing lower and upper expected first
passage and return times for two examples of imprecise
birth-death chains. The first is a general example of an
imprecise birth-death chain and the second one is an
imprecise birth-death chain with linear-vacuous local
models. In both examples, we take Q; to be identical
for all i € X\ {0, L}, and simply denote it by Q, which
is a credal set on A},. Some of the lower and upper
expected values that we compute have many decimal
points; we present them up to the third decimal point.

General Example

Consider an imprecise birth-death chain with state
space X = {0,1,2,3,4}, that is, L = 4. Let Qqy be
determined by p, =0.15 and p, = 0.4 and let Q, be
determined by q, = = 0.2 and g; = 0.6. The credal set
Q is taken to be the convex hull of the following 10
extreme points, which are of the form = = (g, r, p).

(0.65,0.15,0.2), (0.6,0.25,0.15), (0.5,0.4,0.1),
(0.43,0.45,0.12), (0.33,0.5,0.17), (0.27,0.43,0.3),
(0.25,0.35,0.4), (0.3,0.25,0.45), (0.4,0.17, 0.43),
(0.55,0.1,0.35)

Figureprovides a graphical representation of this
credal set Q

Figure 2: The grey zone depicts the credal set Q from
the birth-death chain in the general example.

For this particular example, we now compute 7,_,,,
T0—4, T4—yo and Ta.

Due to Corollary we know that

Tosa = To1 T T150 T To 3+ T3 44, (33)

4We represent Sy, by means of a equilateral triangle of
height one. The elements © = (q,7,p) of Xx,, correspond to
points in this triangle. For every such 7, the value of ¢, r,p is
equal to the perpendicular distance from that point to the edge
that opposes the corresponding corner.
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Tooa | 16.635
To—4 1420
Tao | 8.093
T4-0 81.32

Table 1: Final results for the general example.

To1 2.5 Ty4_y3 | 1.666
Ti_o 3.889 Ts_o | 2.051
To_3 4.814 To_yq | 2.169
T3 44 5.432 Ti0 | 2.206
To—1 6.666 T4s3 5

T19 43.333 T39 12

Tog | 226.666 | Toyp | 23.2
T3a | 1143.333 | T1o | 41.12

Table 2: Intermediate results for the general example.

where, using Equation ,
Tos1 = 1/Pg = 25.

By plugging this value for 7,_,; in Equation || for
i =1, we find that

in {2.5¢, — -1
glé%{ Q1 — P1T1_0}

As we know from Lemma this equality has a unique
solution that can for example be obtained by means of
a bisection method. We find that 7, _,, = 3.889. Simi-
larly, in a recursive fashion, we find that 7,_,; = 4.814
and 74_,, = 5.432. A final application of Equation
tells us that 77, = 16.635. To_4, T4_o and T4
can be computed analogously; the results are given in
Table[1] Intermediate results can be found in Table[2]

Linear-Vacuous Example

Consider a precise birth-death chain with state space
X ={0,1,2,3,4}—L = 4—and the following proba-
bility matrix:

055 045 0 O 0
03 05 02 O 0

P=|0 03 05 02 0
0 0 03 05 02
0 0 0 06 04,

which is completely characterised by the probability
mass functions 7§ = (0.55,0.45), 7} = (0.6,0.4) and,
foralli e X\ {0,L}, 7f = 7* =(0.3,0.5,0.2).

We now let ¢;, = ¢ = 0.4 for all i € X and consider
the imprecise birth-death chain that has the corre-
sponding linear-vacuous credal sets as its local models.

In this way, we obtain the following lower and upper
probabilities:

p, = 0.27, By = 0.67, ¢, = 0.36, 7, = 0.76
and, for all ¢ € X'\ {0, L}:
q,=0.18,q; = 0.58, p, = 0.12, p, = 0.52.

For all i € X\ {0, L}, the credal set Q; is equal to
° ., which is the convex hull of the following three
extreme points:

(0.58,0.3,0.12), (0.18,0.7,0.12), (0.18,0.3,0.52).

Figureprovides a graphical representation of this
credal set QF..

p r

Figure 3: The grey zone depicts the credal set Q.
from the birth-death chain in the the linear-vacuous
example.

The lower and upper expected return times that cor-
respond to this particular example can be found in
Table For the sake of this example, we compute
T1_,; explicitly.

We start by applying Equation (32) for ¢ = 1, which
tells us that

Ty =1 +¢,To1 + P72

= 140187, ,, +0.127, .

Therefore, since we know from Equations and
that

1
Tos1 = p—o = 1.492
and
1 p p,p
To_ 1 = — *+ % + % = 2.154,
qo d293 424394

we find that 7,_,; = 1.526.
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{ Tisi Tii
0| 1.584 91.41
1| 1.526 | 24.956
2| 1.678 | 17.845
3 | 1.656 79.71
41 2.037 | 503.724

Table 3: Lower and upper expected return times for
the birth-death chain in the linear-vacuous mixture
example.

10 Summary and Future Work

We have presented a simple method for computing
lower and upper expected—upward and downward—
first passage times and return times in imprecise birth-
death chains, have presented numerical results, and
have discussed a special case for which our method
simplifies even more.

In future research, we plan to try and apply similar
methods to (a) other simple types of imprecise Markov
chains—different from birth-death chains—such as,
for example, the Bonus-Malus systems that are de-
scribed in Reference [6] and (b) continuous—rather
than discrete—time models.
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