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1 Introduction

Bifurcating autoregressive (BAR) processes are an adaptation of autoregressive (AR) processes to
binary tree structured data. They were first introduced by Cowan and Staudte [2] for cell lineage
data, where each individual in one generation gives birth to two offspring in the next generation.
Cell lineage data typically consist of observations of some quantitative characteristic of the cells over
several generations of descendants from an initial cell. BAR processes take into account both inher-
ited and environmental effects to explain the evolution of the quantitative characteristic under study.

More precisely, the original BAR process is defined as follows. The initial cell is labelled 1, and the
two offspring of cell n are labelled 2n and 2n + 1. Denote by X,, the quantitative characteristic of
individual n. Then, the first-order BAR process is given, for all n > 1, by

Xon = a + bX, + &y,
Xont1 = a + bX, + €341

The noise sequence (&,,,€5,41) represents environmental effects while a,b are unknown real
parameters with |b| < 1. The driven noise (&,,, €4,,1) was originally supposed to be independent
and identically distributed with normal distribution. However, two sister cells being in the same
environment early in their lives, €,, and €,,,, are allowed to be correlated, inducing a correlation
between sister cells distinct from the correlation inherited from their mother.

Several extensions of the model have been proposed. On the one hand, we refer the reader to
Huggins and Basawa [10] and Basawa and Zhou [1; 15] for statistical inference on symmetric
bifurcating processes. On the other hand, higher order processes, when not only the effects of
the mother but also those of the grand-mother and higher order ancestors are taken into account,
have been investigated by Huggins and Basawa [10]. Recently, an asymmetric model has been
introduced by Guyon [5; 6] where only the effects of the mother are considered, but sister cells are
allowed to have different conditional distributions. We can also mention a recent work of Delmas
and Marsalle [3] dealing with a model of asymmetric bifurcating Markov chains on a Galton Watson
tree instead of regular binary tree.

The purpose of this paper is to carry out a sharp analysis of the asymptotic properties of the
least squares (LS) estimators of the unknown parameters of general asymmetric pth-order BAR
processes. There are several results on statistical inference and asymptotic properties of estimators
for BAR models in the literature. For maximum likelihood inference on small independent trees, see
Huggins and Basawa [10]. For maximum likelihood inference on a single large tree, see Huggins
[9] for the original BAR model, Huggins and Basawa [11] for higher order Gaussian BAR models,
and Zhou and Basawa [15] for exponential first-order BAR processes. We also refer the reader to
Zhou and Basawa [14] for the LS parameter estimation, and to Hwang, Basawa and Yeo [12] for
the local asymptotic normality for BAR processes and related asymptotic inference. In all those
papers, the process is supposed to be stationary. Consequently, X, has a time-series representation
involving an holomorphic function. In Guyon [5], the LS estimator is also investigated, but the
process is not stationary, and the author makes intensive use of the tree structure and Markov
chain theory. Our goal is to improve and extend the previous results of Guyon [5] via a martingale
approach. As previously done by Basawa and Zhou [1; 14; 15] we shall make use of the strong
law of large numbers [4] as well as the central limit theorem [7; 8] for martingales. It will allow
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us to go further in the analysis of general pth-order BAR processes. We shall establish the almost
sure convergence of the LS estimators together with the quadratic strong law and the central limit
theorem.

The paper is organised as follows. Section 2 is devoted to the presentation of the asymmetric
pth-order BAR process under study, while Section 3 deals with the LS estimators of the unknown
parameters. In Section 4, we explain our strategy based on martingale theory. Our main results
about the asymptotic properties of the LS estimators are given in Section 5. More precisely, we shall
establish the almost sure convergence, the quadratic strong law (QSL) and the central limit theorem
(CLT) for the LS estimators. The proof of our main results are detailed in Sections 6 to 10, the more
technical ones being gathered in the appendices.

2 Bifurcating autoregressive processes

In all the sequel, let p be a non-zero integer. We consider the asymmetric BAR(p) process given, for
alln>2P71 by

in = q + Zi:l akX[zk%l] + E9n, (2 1)
Xony1 = by + Zizlbkx[zk“_l] +  &onq1s '

where [x] stands for the largest integer less than or equal to x. The initial states {X;, 1 < k <
2P~1 — 1} are the ancestors while (&, £5,41) is the driven noise of the process. The parameters

(ap,as,-.-ap) and (bg, by, ..., b,) are unknown real numbers. The BAR(p) process can be rewritten
in the abbreviated vector form given, for all n > 2P~ by
XZn = AXn + M2n>
(2.2)
{ X2n+1 = BXH + M2n+1>

where the regression vector X, = (Xn,X[%], ... ,X[an_l D5 Nan = (@g+€2,)e1, Nant1 = (bo+€2n41)e1
with e; =(1,0,...,0)" € RP. Moreover, A and B are the p X p companion matrices

a as ap bl b2 e ap

1 O 0 1 0 --- O

A == , B =
0 oot 0 s
0O 0 1 0 0O 0 1 o0

This process is a direct generalization of the symmetric BAR(p) process studied by Huggins, Basawa
and Zhou [10; 14]. One can also observe that, in the particular case p = 1, it is the asymmetric
BAR process studied by Guyon [5; 6]. In all the sequel, we shall assume that E[X ,f] < oo for all
1 <k <2P~! —1 and that matrices A and B satisfy the contracting property

B = max{||All,[|BIl} <1,
where ||A|| = sup{||Au||, u € R? with ||u|| = 1}.

As explained in the introduction, one can see this BAR(p) process as a pth-order autoregressive
process on a binary tree, where each vertex represents an individual or cell, vertex 1 being the
original ancestor, see Figure 1 for an illustration. For all n > 1, denote the nth generation by

G,={2",2"+1,...,2"1 —1}.
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Figure 1: The tree associated with the bifurcating auto-regressive process.

In particular, G, = {1} is the initial generation and G; = {2, 3} is the first generation of offspring
from the first ancestor. Let G, be the generation of individual n, which means that r,, = log,(n).
Recall that the two offspring of individual n are labelled 2n and 2n + 1, or conversely, the mother of
individual n is [n/2]. More generally, the ancestors of individual n are [n/2], [n/2%],..., [n/2™].
Furthermore, denote by
n
Tn = U Gk
k=0

the sub-tree of all individuals from the original individual up to the nth generation. It is clear
that the cardinality |G,| of G, is 2" while that of T, is |T,| = 2""! — 1. Finally, we denote by
Tpp = {k € Ty, k = 2P} the sub-tree of all individuals up to the nth generation without T,,_;. One
can observe that, foralln>1, T, , =T, and, forall p > 1, T, p =Gp.

3 Least-squares estimation

The BAR(p) process (2.1) can be rewritten, for all n > 2P~!, in the matrix form

Z,=0'Y,+V, (3.1)

Xon 1 €an
Zy,= , Y= , V= ,
" (X2n+1 ) " ( Xn ) " ( €an+1

where
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and the (p + 1) x 2 matrix parameter 6 is given by

ap by
0— a b}
a, by

Our goal is to estimate 6 from the observation of all individuals up to the nth generation that is
the complete sub-tree T,. Each new generation G, contains half the global available information.
Consequently, we shall show that observing the whole tree T,, or only generation G,, is almost the
same. We propose to make use of the standard LS estimator §n which minimizes

1
NMOESEDI FAATR A

kETnfl,pfl

Consequently, we obviously have for all n > p
b,=5Y Y. Yz, 3.2)
kETnfl,pfl
where the (p + 1) x (p + 1) matrix S,, is defined as
1 xt
Sn ke?lz: YkYk ke’]Iz: ( Xk kalt‘ ) .

n,p—1 n,p—1

In the special case where p =1, S, simply reduces to
_ L X
Su=, ( X X0 ) .
keT,

In order to avoid useless invertibility assumption, we shall assume, without loss of generality, that
foralln > p —1, S, is invertible. Otherwise, we only have to add the identity matrix I, to S,. In

all what follows, we shall make a slight abuse of notation by identifying 6 as well as §n to

(ao [ don )

)

p,n
bO,n

)

p and vec( §n) =

vec(0) = b
0

\ b, J \ B,

The reason for this change will be explained in Section 4. Hence, we readily deduce from (3.2) that

0, = L®s) >, vee(%z)
k€Tp 1p-1
Xok
- X1 Xok
= L,®s)) > Y
keTrayos 2k+1
X Xok41
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where ® stands for the matrix Kronecker product. Consequently, it follows from (3.1) that

0,—0 = (1,®s) > vee(nVy)

kETn—l,p—l
€2k
_ €91. X
= 1L,®S1) . 2B (3.3)
€2k+1
ke€T_1,p-1
Eok+1Xk

Denote by F = (,,) the natural filtration associated with the BAR(p) process, which means that &%,
is the o-algebra generated by all individuals up to the nth generation, &, = c{X;,k € T,,}. In all
the sequel, we shall make use of the five following moment hypotheses.

(H.1) One can find 0 > 0 such that, for all n > p — 1 and for all k € G, & belongs to L? with
Elex|Z,1=0 and E[e,flﬁ'n] =o? a.s.

(H.2) It exists |p| < o2 such that, for all n > p — 1 and for all different k,l € G, with [k/2] =

[1/2],
Elerel|lF ] =p a.s.

Otherwise, ¢, and ¢; are conditionally independent given %,,.

(H.3) Foralln>p—1and for all k € G, 4, & belongs to L* and

sup sup E[sﬂﬂn] < 00 a.s.
n=p—1keG,

(H.4) One can find t* > 0 such that, for alln > p — 1 and for all k € G4,
E[sg|ﬁn] =7t a.s.
and, for v2 < t* and for all different k, € G, with [k/2] = [1/2]

2 .2 2
Ele5 &5k 41| Fnl =V a.s.

(H.5) Foralln>p—1 and for all k € G, 4, & belongs to L® with

sup sup E[SEW'HJ < 00 a.s.
n=p—1keG,q

Remark 3.1. In contrast with [14], one can observe that we do not assume that (€,,,€9,41) IS
sequence of independent and identically distributed bi-variate random vectors. The price to pay for
giving up this iid assumption is higher moments, namely assumptions (H.3) and (H.5). Indeed we need
them to make use of the strong law of large numbers and the central limit theorem for martingales.
However;, we do not require any normality assumption on (€5, €2,41)- Consequently, our assumptions
are much weaker than the existing ones in previous literature.
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We now turn to the estimation of the parameters 2 and p. On the one hand, we propose to estimate
the conditional variance o2 by

1 ~ 1

~2 2 2 -2

o= E || Vi lI°= E (g5, +¢ ) 3.9
"2 ] 2Tp1l ot 2k T

n-1,p-1 n—1,p—1

where for alln > p — 1 and for all k € G,,, th = (&x, €9 y1) With

~ _ ~ p -~
€2k = Xox — Qopn — Zi:lai,nx[zi’il]:

~ _ N p N
Eoky1 = Xoky1 — bO,n - i=1 bi,nX k7.
(5]

One can observe that, on the above equations, we make use of only the past observations for the
estimation of the parameters. This will be crucial in the asymptotic analysis. On the other hand, we
estimate the conditional covariance p by

~ 1 F
Pn= 7 Z E2kE2k+1- (3.5)

4 Martingale approach

In order to establish all the asymptotic properties of our estimators, we shall make use of a martin-
gale approach. It allows us to impose a very smooth restriction on the driven noise (¢,) compared
with the previous results in the literature. As a matter of fact, we only assume suitable moment
conditions on (&,) and that (&4, £5,41) are conditionally independent, while it is assumed in [14]
that (&5, £5,41) is a sequence of independent identically distributed random vectors. For all n > p,
denote

€k
M = EXk | o g2+
n E .
£
keTrays 2k+§1§
E2k+10k

Let 3, =1, ®S,, and note that 2;1 =1, ® S;l. For all n > p, we can thus rewrite (3.3) as
0,—60=x"1M,. (4.1)

The key point of our approach is that (M, ) is a martingale. Most of all the asymptotic results for
martingales were established for vector-valued martingales. That is the reason why we have chosen
to make use of vector notation in Section 3. In order to show that (M,) is a martingale adapted
to the filtration F = (&,), we rewrite it in a compact form. Let ¥, = I, ® ®,, where &, is the
rectangular matrix of dimension (p + 1) x &,,, with 6,, = 2", given by

$, = .
in X2n+1 M X2n+1_1
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It contains the individuals of generations G,,_p; up to G, and is also the collection of all Y, k € G,,.
Let &, be the random vector of dimension 6,

(e )

€any2

82n+1_2
€41
€an43

\ 82n+1_1 }

The vector &, gathers the noise variables of generation G,,. The special ordering separating odd and
even indices is tailor-made so that M,, can be written as

n
M, = Z‘I’k—1§k-
k=p

By the same token, one can observe that

n n
So= Y. & and Ta= Y bl
k=p-1 k=p-1

Under (H.1) and (H.2), we clearly have for all n > 0, E[§,,1|%,] =0 and ¥,, is &,-measurable. In
addition, it is not hard to see that for all n > 0, E[&,11&},,,1%,] = T®I5 where I is the covariance

matrix associated with (&, €5,,41)
o? p
r= .
p o*

We shall also prove that (M,,) is a square integrable martingale. Its increasing process is given for
alln>p+1by

n—1 n—1
M>= Y BRIV, =T® > &, =I®S, .
k=p-1 k=p-1

It is necessary to establish the convergence of S,,, properly normalized, in order to prove the asymp-
totic results for the BAR(p) estimators §n, 8% and p,. One can observe that the sizes of ¥, and &,
are not fixed and double at each generation. This is why we have to adapt the proof of vector-valued
martingale convergence given in [4] to our framework.

5 Main results

We now state our main results, first on the martingale (M,,) and then on our estimators.
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Proposition 5.1. Assume that (&,) satisfies (H.1) to (H.3). Then, we have

. Sy
lim =
n—o0 |T,|

L a.s. (5.1

where L is a positive definite matrix specified in Section 7.

This result is the keystone of our asymptotic analysis. It enables us to prove sharp asymptotic
properties for (M,,).

Theorem 5.1. Assume that (&,,) satisfies (H.1) to (H.3). Then, we have

Mzt M, =0(n) as. (5.2)
In addition, we also have
1 n
L ts—1 _ 2
nll)ngo " kZMka_le 2(p+ 1o a.s. (5.3)
=p

Moreover, if (g,,) satisfies (H.4) and (H.5), we have the central limit theorem
1

\V |Tn—1|

From the asymptotic properties of (M,,), we deduce the asymptotic behavior of our estimators. Our
first result deals with the almost sure asymptotic properties of the LS estimator 6,,.

M, £, N(0,T®L). (5.4)

Theorem 5.2. Assume that (&,,) satisfies (H.1) to (H.3). Then, §n converges almost surely to 0 with
the rate of convergence

—~ log|T,_
18, -6 |2=0 (M) @s. (5.5)
|Tn—l|
In addition, we also have the quadratic strong law
1 ~ ~
lim =" |Ty_;|(6 — 0)'A(By — 0) = 2(p + 1)0 as. (5.6)
e

where A =1, ® L.

Our second result is devoted to the almost sure asymptotic properties of the variance and covariance
estimators G2 and p,,. Let

1
o2 =
2|Tn—1|

1
2 2
E (82k+82k+1) and p, = IT | E €2k E2k+1-
n—1

k€T, _1p keTp_1p

Theorem 5.3. Assume that (e,,) satisfies (H.1) to (H.3). Then, 831 converges almost surely to o2,
More precisely,

1 - .
nh_)ngo - Z (& — €91)* + (Bopsr — Eax1)*> = 2(p + 1)0? a.s. (5.7)

k€T,_1p
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Tl 5 )=2(p+1)o? a.s. (5.8)

n—oo

In addition, p,, converges almost surely top

nh_{folo - Z (E2k — €21 )(Eap1 — €axr1) = (P + 1p a.s. (5.9)
k€T,_1p
ATl
lim (Prn—pP)=2(p+1)p a.s. (5.10)
n—oo n

Our third result concerns the asymptotic normality for all our estimators 6,,, B'ﬁ and p,,.

Theorem 5.4. Assume that (&,) satisfies (H.1) to (H.5). Then, we have the central limit theorem

\/lTn_1|(§n—0)£></V(O,I“®L_1). (5.11)
In addition, we also have
L T4 —20% 42
_ g2 = - -
VT 162 = 0%) ,/V(O, > ) (5.12)
and r
VIToo1l(Bn — p) = H(0,v* = p?). (5.13)

The rest of the paper is dedicated to the proof of our main results. We start by giving laws of large
numbers for the noise sequence (&,) in Section 6. In Section 7, we give the proof of Proposition 5.1.
Sections 8, 9 and 10 are devoted to the proofs of Theorems 5.2, 5.3 and 5.4, respectively. The more
technical proofs, including that of Theorem 5.1, are postponed to the Appendices.

6 Laws of large numbers for the noise sequence

We first need to establish strong laws of large numbers for the noise sequence (&,). These results
will be useful in all the sequel. We will extensively use the strong law of large numbers for locally
square integrable real martingales given in Theorem 1.3.15 of [4].

Lemma 6.1. Assume that (&, ) satisfies (H.1) and (H.2). Then

Z & = a.s. (6.1)

keT,,

n—>+oo |']I‘ |

In addition, if (H.3) holds, we also have

nEToo |’Jl‘ | Z sk =02 a.s. (6.2)
and 1
m T Z EokEoks1 = P a.s. (6.3)

keTn—l,p—l
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Proof: On the one hand, let

We have

APy =Py — Py = Z k-
kEGn-H

Hence, it follows from (H.1) and (H.2) that (P,) is a square integrable real martingale with increas-
ing process

n
<P>,=(024p) > |G| = (02 + p)(IT,| = IT,_1]).
k=p

Consequently, we deduce from Theorem 1.3.15 of [4] that P, = o(<P >,) a.s. which implies (6.1).
On the other hand, denote
LI

k | lGGk

where e, = €2 — 0. We have

AQn+1 = Qn+1 - Qn =1~ Z €k-

|Gn+1 | kE€Gy41

First of all, it follows from (H.1) that for all k € G,,,.{, E[ex|Z,] = 0 a.s. In addition, for all different
K1 € Gy q with [k/2] # [1/2],
Elexe|Z,] =0 a.s.

thanks to the conditional independence given by (H.2). Furthermore, we readily deduce from (H.3)
that
sup sup E[eilgn] ) a.s.
n>p—1keGpy

Therefore, (Q,,) is a square integrable real martingale with increasing process

<Q>, < 2 sup sup E[ezlf}k]zlGl a.s.

p—1<k<n—1i€Gi4

< 2 sup sup Ele i2|£l'k]2n:(1)1 a.s.

p—1<k<n—1i€Gy,; s 2

< 2 sup sup E[eiZL%(] <00 a.s.

p—1<k<n—-1i€Gy4,

Consequently, we obtain from the strong law of large numbers for martingales that (Q,,) converges
almost surely. Finally, as (|G,,|) is a positive real sequence which increases to infinity, we find from
Lemma A.1 in Appendix A that

Z Z e; = 0(|G,]) as.

=pi€Gy
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leading to

Z Z =o(|T,|) a.s.

—p lEGk

as |T,| — 1 = 2|G,,|, which implies (6.2). We also establish (6.3) in a similar way. As a matter of

fact, let
Z |Gk 1l

Then, (R,) is a square integrable real martingale which converges almost surely, leading to (6.3). O

Z (€2i82i41 = P).

i€Gy_q

Remark 6.2. Note that via Lemma A.2

1
lim Z £, =0 Z € a.s.
Tl x5 |@ P
lim Z € lim Z € a.s.
n—-+0o0 |G | 2k — 9 oo |G | 2k+1 =

In fact, each new generation contains half the global available information, observing the whole tree T,
or only generation G,, is essentially the same.

For the CLT, we will also need the convergence of higher moments of the driven noise (¢,).

Lemma 6.3. Assume that (¢,,) satisfies (H.1) to (H.5). Then, we have

8 _T a.s.
n—-+o0 |']I‘| Z k

and

1
) 2 2 _ .2
HETOO T | § : Ekore1 =V as.
n—1 k€T, _1p—1

Proof : The proof is left to the reader as it follows essentially the same lines as the proof of
Lemma 6.1 using the square integrable real martingales

Z| 2(4_T

lEGk

and

Rl‘l

Z (821821+1 )

i€Gy_q

|Gk 1l

Remark 6.4. Note that again via Lemma A.2

n—>+oo |G | Z - and n—>+oo |G | Z fok+1 = s

keG,
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7 Proof of Proposition 5.1

Proposition 5.1 is a direct application of the two following lemmas which provide two strong laws
of large numbers for the sequence of random vectors (X,,).

Lemma 7.1. Assume that (¢,,) satisﬁes (H.1) and (H.2). Then, we have

lim X A=a(l,—A) e a.s. 7.1
n—-+o0 |T | k; k ( p ) 1 ( )

where @ = (ag + by)/2 and A is the mean of the companion matrices
_ 1

Lemma 7.2. Assume that (¢,) satisfies (H.1) to (H.3). Then, we have

D xxt =4, as. (7.2)

n—>+oo |T | =

where the matrix { is the unique solution of the equation

1
=T+ E(AEAf + B{B")

2 2 t 1 t t pt t tpt
T =(0"+a*)ee; + E(ao(A)Le1 +e1A'AY) + bo(BAe; +e;A'BY))
with a = (a§ + b3)/2.

Proof : The proofs are given in Appendix A. O

Remark 7.3. We shall see in Appendix A that
21
_ _ t
(= kZ—O 5 2 €TC
= Ce{A;B}

where the notation {A; B}* means the set of all products of A and B with exactly k terms. For example,
we have {A;B}° = {I} {A;B}' = {A,B}, {A;B}? = {A%,AB,BA,B?} and so on. The cardinality of
{A; B}* is obviously 2k.

Remark 7.4. One can observe that in the special case p = 1,

a

Z X = = a.s.

Tl—>+00 |T | kET 1 - b
42 a®+0?+2%ab

Z = —-—m a.s

”_’“‘00 |T | keT, 1—b?
where
a_:a0a1+b0b1 B:al‘i‘bl b—:a%—l-b%
2 ’ 2 7’ 2



8 Proof of Theorems 5.1 and 5.2

Theorem 5.2 is a consequence of Theorem 5.1. The first result of Theorem 5.1 is a strong law of
large numbers for the martingale (M, ). We already mentioned that the standard strong law is
useless here. This is due to the fact that the dimension of the random vector &£, grows exponentially
fast as 2". Consequently, we are led to propose a new strong law of large numbers for (M,,), adapted
to our framework.

Proof of result (5.2) of Theorem 5.1: For all n > p, let ¥, = MTE Z;EIMH where we recall that

2, =1, ®S,, so that Z;l =, ® S;l. First of all, we have
Vo1 = M£+1Z;1Mn+1 =M, + AMn+l)tZ;1(Mn + AM,14),

= M\Z'M,+2M!S 'AM, o + AM] 5T AM, g,

= Y-M!(= L -2 DM, +2M S P AM, o +AM) ST AM, .

By summing over this identity, we obtain the main decomposition
Vo1 + Gy =Yy + Buyr + W (8.1)

where
n
Ay =D MUT — B My,
k=p

n n
Boi1 =2) M{T'AMey  and  Hipy = O AME B AM .
k=p

k=p
The asymptotic behavior of the left-hand side of (8.1) is as follows.
Lemma 8.1. Assume that (&,) satisfies (H.1) to (H.3). Then, we have

=(p+1)o? a.s. (8.2)

n—-+o00 n
Proof: The proof is given in Appendix B. It relies on the Riccation equation associated to (S,,) and

the strong law of large numbers for (#,,). O

Since (¥,) and (.«/,) are two sequences of positive real numbers, we infer from Lemma 8.1 that
V41 = 0(n) a.s. which ends the proof of (5.2). O
Proof of result (5.5) of Theorem 5.2: It clearly follows from (4.1) that

V= (6, — 0)' 516, - 0).

Consequently, the asymptotic behavior of §n — 0 is clearly related to the one of ¥;,. More precisely,
we can deduce from convergence (5.1) that

. Amin(zn)
lim ———=A_,;,(A)>0 a.s.

n—co T
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since L as well as A = I, ® L are definite positive matrices. Here A;,(A) stands for the smallest
eigenvalue of the matrix A. Therefore, as

~ v,
16, —0I* < — =,
" Amin(znfl)

we use (5.2) to conclude that

~ log|T, _
||9n—9||2=0( ! )Zﬁ(M) a.s.
|Tn71| |Tn71|

which completes the proof of (5.5). O

We now turn to the proof of the quadratic strong law. To this end, we need a sharper estimate of the
asymptotic behavior of (¥,).

Lemma 8.2. Assume that (&,) satisfies (H.1) to (H.3). Then, we have for all 6 > 1/2,

| My, 7= 0(IT,—11n%) as. (8.3)
Proof: The proof is given in Appendix C. O

A direct application of Lemma 8.2 ensures that ¥, = o(n®) a.s. for all § > 1/2. Hence, Lemma 8.1
immediately leads to the following result.

Corollary 8.3. Assume that (&,) satisfies (H.1) to (H.3). Then, we have

<,
lim — =(p+1)o? a.s. (8.4)

n—+o00 n

Proof of result (5.3) of Theorem 5.1: First of all, ./, may be rewritten as

n n
— try—1 -1 _ ts—1/2 -1/2
Ay = MUS - S OM =Y MIT A M
k=p k=p
where A, =TIy41) — Zrll/_ 212); 12711/_ 21. In addition, via Proposition 5.1
. Zn
lim =A a.s. (8.5)
n—co [T|
which implies that
. 1
nh_)rglo A, = Elz(pﬂ) a.s. (8.6)

Furthermore, it follows from Corollary 8.3 that .o/, = @(n) a.s. Hence, we deduce from (8.5) and
(8.6) that

”‘Z{” 1 < ty—1
= ZZMkzk_lzvfk +o(1)  as. (8.7)
k=p
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and convergence (5.3) directly follows from Corollary 8.3. |
We are now in position to prove the QSL.

Proof of result (5.6) of Theorem 5.2: The QSL is a direct consequence of (5.3) together with the
fact that 6, — 0 = = M,,. Indeed, we have

1 & 1< - —~
Y Mm M = ;Zwk—e)fzk_l(ek—e)

k=p
= —Zm (B - 0) =1, — 0)
|Tk 1
= —Z IT,_11(B, — 6)'A(B, — 0) + 0(1) as.
n=
which completes the proof of Theorem 5.2. O

9 Proof of Theorem 5.3

The almost sure convergence of 5‘% and B, is strongly related to that of V,, — V.
Proof of result (5.7) of Theorem 5.3: We need to prove that

1 ~
i — — 2 = 2
nlglolo - E Vi = Vill* =2(p + 1)o a.s. 9.1)

kETnfl,pfl

Once again, we are searching for a link between the sum of ||V, — V|| and the processes (./,) and
(#,) whose convergence properties were previously investigated. For all n > p, we have

DIV—Vill? = D (Eox — ) + (Borsr — E2141)%
keG, keG,

= (6, —e)fq/ \pf(§ - 0),

= M!%~ \Il wty- M

n“~'n-1 n“~n-1
_ -1/2 —1/2
= Mz Az UM,

where

1/2

Ap=2Pw w25 25 3yt

n“~n-1

Now, we can deduce from convergence (8.5) that

nll)ngo A —_— 12(P+1) a.s.
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which implies that

ST - Vill? = Mz M, (1+o(1)) a.s.
keG,

Therefore, we can conclude via convergence (5.3) that

o1
nlgglo; Z Ve — Vi |2 = hm ZMkZ}k 1My = 2(p +1)o? a.s.
kETnfl,pfl =p

Proof of result (5.8) of Theorem 5.3: First of all,

~ 1 ~
Gi-on = g0 2, (WP =Ivd®),
| Yl—1| kETnfl,pfl
1

= DT V= Vel + 20V = Vi) ).
2|Tn71| kETn,lp,l

Set

n

Po= Y, G=V)Vi=D, > (-W)'V;

k€T 1p-1 k=pi€Gy_q

We clearly have
APpp1 =Pop — Py = Z (Vi = Vi) Vi
keG,
One can observe that for all k € G,,, V, — V;, = (I, ® ;) (6 — §n) which implies that V; — V; is
Z,-measurable. Consequently, (P,) is a real martingale transform. Hence, we can deduce from the

strong law of large numbers for martingale transforms given in Theorem 1.3.24 of [4] together with
(9.1) that

Po=o| D IWG-VIIP |=om)  as.
kETnfl,pfl

It ensures once again via convergence (9.1) that

T 1 ~
Tl 5 2) = lim — Z Vi = Vill> = 2(p + 1)o? a.s.
n—oo n n—oo n

kETn—l,p—l

We now turn to the study of the covariance estimator p,,. We have

1

Pn—pPn = m Z (Eakak+1 — E2kE2k41)>
n-1 keTnfl,pfl
1
= Z (&ak — €21 )(Eq1 — Eaks1) + 75—
|T)"l—1| keT |Tn 1|
n—1,p-1

where

Z (E2x — ea1)€art1 + (€1 — Eakr1)€2k = Z (Ve = Vi)' T2 Vi

keTnfl,pfl keTnfl,pfl
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with

01

Moreover, one can observe that J,I'J, = I'. Hence, as before, (Q,,) is a real martingale transform
satisfying

Qu=o| >, IG=WIP|=o0(m)  as.

keTn—l,p—l
We will see in Appendix D that
.1 . .
lim — Z (&2k — €21 )(Eaps1 — Eaxr1) = (P + 1)p a.s. (9.2)
n—oo n
kevlrnfl,pfl
Finally, we find from (9.2) that
ATl
lim —(p, —pn)=2(p+1)p a.s.
n—oo n
which completes the proof of Theorem 5.3. O

10 Proof of Theorem 5.4

In order to prove the CLT for the BAR(p) estimators, we will use the central limit theorem for
martingale difference sequences given in Propositions 7.8 and 7.9 of Hamilton [8].

Proposition 10.1. Assume that (W,)) is a vector martingale difference sequence satisfying

(a) For all n>1, E[W,W!]=Q, where Q,is a positive definite matrix and

n

where Q2 is also a positive definite matrix.

(b) For all n > 1 and for all i, j,k,1, E[W;,W;,Wj,,W;,,] < oo where W;,, is the ith element of the
vector W,.

(©) )
1
= Ww Z.a
=

Then, we have the central limit theorem

1 & P
ﬁ;wk =5 4(0,9).
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We wish to point out that for BAR(p) processes, it seems impossible to make use of the standard CLT
for martingales. This is due to the fact that Lindeberg’s condition is not satisfied in our framework.
Moreover, as the size of (£,,) doubles at each generation, it is also impossible to check condition (c).
To overcome this problem, we simply change the filtration. Instead of using the generation-wise
filtration, we will use the sister pair-wise one. Let

(gn = O-{Xl’ (X2k:X2k+1): 1 S k S n}

be the o-algebra generated by all pairs of individuals up to the offspring of individual n. Hence
(€915 €2n41) IS ¥,-measurable. Note that ¥, is also the o-algebra generated by, on the one hand, all
the past generations up to that of individual n, i.e. the r,th generation, and, on the other hand, all
pairs of the (r, + 1)th generation with ancestors less than or equal to n. In short,

g -0 (9: U{(Xapo Xope1)s kE€G,, k < n}).

Therefore, (H.2) implies that the processes (€4, X891, €2n41> Xn€2ns1)'s (9§n + egn N 202) and
(€9n€9n41 — P) are ¥,-martingales.

Proof of result (5.4) of Theorem 5.1: First, recall that Y,, = (1,X,,)". We apply Propositions 10.1
to the ¥,-martingale difference sequence (D,,) given by

€2n
X, €

D, =vec(Y, V)= n=2n

" €an+1

Xr1£2n+1

We clearly have
2
€ E9n€
D,Di=| "2n 7 ey, vl

Ean+1€2n €941

Hence, it follows from (H.1) and (H.2) that
E[D,D!] =T ®E[Y,Y'].

Moreover, we can show by a slight change in the proof of Lemmas 7.1 and 7.2 that

.1 . 1
Jim Z E[DiD{] =T'® lim —E[S,] =T'®L,
ST w50 [T,

which is positive definite, so that condition (a) holds. Condition (b) also clearly holds under (H.3).
We now turn to condition (¢). We have

> DDL=T®S,+R,

keT;—1p-1

where

2 2
£ — g €91 € —
R, = E 2k 2k2kt1 2‘0 RV Y.
82k+182k - p 82k+1 — 0
ke’]rnfl,pfl
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Under (H.1) to (H.5), we can show that (R,,) is a martingale transform. Moreover, we can prove that
R, = o(n) a.s. using Lemma A.6 and similar calculations as in Appendix B where a more complicated
martingale transform (K,,) is studied. Consequently, condition (c) also holds and we can conclude

that
1 1 L

S Z D= ——M, = #(0,T®L). (10.1)
V |Tn—1| k€T 1p-1 V |Tn—1|

Proof of result (5.11) of Theorem 5.4: We deduce from (4.1) that

~ M,
\% |Tn71|(9n —-0)= |Tn71|2__11—n-
! V |Tn—1|

Hence, (5.11) directly follows from (5.4) and convergence (8.5) together with Slutsky’s Lemma. O

Proof of results (5.12) and (5.13) of Theorem 5.4: On the one hand, we apply Propositions 10.1
to the ¥,-martingale difference sequence (v,) defined by

_ 2 2 _ 9.2
Vp =€y, T €5, —20°.

Under (H.4), one has E[v?] = 27* — 40* + 2v? which ensures that

Hence, condition (a) holds. Once again, condition (b) clearly holds under (H.5), and Lemma 6.3
together with Remark 6.4 imply condition (c),

1
lim Z v,f =27% —40% 4+ 2v2 a.s.
n—o0 I’]I‘n| KTy
Therefore, we obtain that
1
—— > we=2y/ITl(e2 - 0?) £, N (0,274 — 40 + 2v2). (10.2)
V |Tn—1 k€T, 1 p-1

Furthermore, we infer from (5.8) that

lim /|T,_,|(62—02)=0 a.s. (10.3)
n—oo

Finally, (10.2) and (10.3) imply (5.12). On the other hand, we apply again Proposition 10.1 to the
%¢,-martingale difference sequence (w,) given by

Wn = €an€ony1 — P-

Under (H.4), one has E[w;f] =v2 — p? which implies that condition (a) holds since

Z E[Wi] =v2—p2>0.
keT

lim
e 1T
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Once again, condition (b) clearly holds under (H.5), and Lemmas 6.1 and 6.3 yield condition (c),

1
lim Z W,% =v2_p? a.s.
Consequently, we obtain that

L
D wi=+ITurtl(pn — p) = # (0,42 = p?).
V |Tn 11 k€T, 1

Furthermore, we infer from (5.10) that

nll)rlgo V |Tn—1|(ﬁn - pn) =0 a.s.

Finally, (5.13) follows from (10.4) and (10.5) which completes the proof of Theorem 5.4.

Appendices

A Laws of large numbers for the BAR process

(10.4)

(10.5)

We start with some technical Lemmas we make repeatedly use of, the well-known Kronecker’s

Lemma given in Lemma 1.3.14 of [4] together with some related results.

Lemma A.1. Let (a,) be a sequence of positive real numbers increasing to infinity. In addition, let (x,)

be a sequence of real numbers such that

[e8)

Then, one has

Zxk—x.

1
lim — X =
i 2 oo |<G &

Proof: First of all, recall that |T,| = 2""! — 1 and |G| = 2". Assume that
lim — Xp = X.
Jim = 2.
We have the decomposition,
IEED IR
keT, keT,_, keG,

2512
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Consequently,

2%k = naoo|1r|+1zx" naoo|11‘,1|+1 2 %o

keT, keT,_4
= 2x—x = Xx.

Conversely, suppose that

IR

e |G | keG,

A direct application of Toeplitz Lemma given in Lemma 2.2.13 of [4]) yields

,}Eﬁloﬁzxk = A |ZZ

keT, =01i€Gy

- T, |Z |<Gk| 2, %i=

1€Gy

Lemma A.3. Let (A,,) be a sequence of real-valued matrices such that ZZ’;O IA, |l < oo and

n

fim D A =4

In addition, let (X,,) be a sequence of real-valued vectors which converges to a limiting value X. Then,

n

lim An_ka =AX. (A2)
n—.oo

k=0
Proof: For all n > 0, let

n
Up = A Xy
k=0

We clearly have for all integer ny with 1 < ng <n,

lu, —ax|| = HZAn ka—ZAkX S

k=n+1
< ZnAn el =X | + Z A1,
k=n+1,
<Z||An el =X + Z AnillIXe =X+ > IAlIlIX .
k=ny+1 k=n+1

We assume that (X,,) converges to a limiting value X. Consequently, we can choose n, such that for
all k > ng, ||X; — X|| < e. Moreover, one can find M > 0 such that for all k > 0, ||X; — X|| < M and
|[X]| £ M. Therefore, we obtain that

n o0
U, = AX|| < (no+ DM sup [Agll+e D IAu il +M D Al
kzn—ng k=ng+1 k=n+1
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On the one hand .
sup |4l and D Al

kzn—ny k=n+1
both converge to 0 as n tends to infinity. On the other hand,

n

o0
D7 1Akl D 1Al < 0.
n=0

k=np+1

Consequently, ||U, — AX|| goes to 0 as n goes to infinity, as expected. O

Lemma A.4. Let (T,) be a convergent sequence of real-valued matrices with limiting value T. Then,

nlggoi% D CT,Cf =t

k=0~ ce{a;B}*

where the matrix -
1
— t
(= E o E CTC
k=0 Ce{A;B}x

is the unique solution of the equation

1
(=T+ E(AﬂAt + B(B"Y). (A.3)

Proof: First of all, recall that § = max{||A|,||B]|} < 1. The cardinality of {A; B} is obviously 2.

Consequently; if
n

Up= Z% Z C(Tn—k - T)Ct,

k=0 Ce{A;B}*

it is not hard to see that

n 1 n B
10l Y o % 2% =7 = 3 %09 7= 7
k=0 k=0

Hence, (U,) converges to zero which completes the proof of Lemma A.4. O

We now return to the BAR process. We first need an estimate of the sum of the ||X,,||? before being
able to investigate the limits.

Lemma A.5. Assume that (¢,,) satisfies (H.1) to (H.3). Then, we have

dIdP=0(T,)  as (A4)

keT,,
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Proof: In all the sequel, for all n > 2P~ denote A,, = A and A, ;; = B. It follows from a recursive
application of relation (2.2) that for all n > 2P~!

'n—P
Xn:(gA[;k]) - pﬂ]+2 (]_[A 29) N2 (A.5)

with the convention that an empty product equals 1. Then, we can deduce from Cauchy-Schwarz
inequality that for all n > 2P~!

2

2 'n—p k-1
o= sl = | % (o)

k=0 i=0
'm—Dp k—1 2

< ( (T (]n)un[zr;{]n)
k=0 i=0
'n—P 2

< (L)
k=0

'n—P 'n—P
/3") (Z /3’<||n[;k]||2)
k=0

=P

Z B lingzl?

INA
JH ™

\_/

Hence, we obtain that for all n > 2P,

m—p 2

Xn—([([)/\[;k]) rler] (l_[A[ ) [per]

2 'n—P B
< =5 (Z/s I n]uz) T Al A

15>

k=0
Denote a = max{|ay|, |by|} and X; = max{||X ||,k < 2P~'}. Summing up over the sub-tree T, p, We
find that
2 y—p )
2l = 27 | 2Pl |+ 22850 e
keT,, keT,, i=0 keT,,
< ZZW el )+ 228X
ke’ﬂ‘ 2 keT,,
i 2 i
S D) Z pe Z Z p
keT,, i= keT
Z ﬁz(rk—pﬂ),
keT, ,
4P, 4a°Q,
< ——+——++2X R, A.6
=1t 15 1Rn (A.6)
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where

=2, Zﬁ P Qo= ) Zﬁ‘ = D p,

keT,, 2 keT,, keT,,

The last two terms of (A.6) are readily evaluated by splitting the sums generation-wise. As a matter

of fact,
< 2k =o(|T,)), (A7)
I )
and
R, = Z DB < Z(zﬁ)k O(IT, ). (A.8)
k=p i€Gy

It remains to control the first term P,,. One can observe that ¢, appears in P, as many times as it has
descendants up to the nth generation, and its multiplicative factor for its ith generation descendant

is (2B8)!. Hence, one has
n—rij

=, Z(zm

keT,,

The evaluation of P, depends on the value of 0 < 8 < 1. On the one hand, if § = 1/2, P, reduces to

Z (n+1—rk)8k Z(n—i—l—k)z

kET i€Gy

Hence,

P, < ((n—i—l—k))
IT,|+1 ; 2nHl-k IGXG:

However, it follows from Remark 6.2 that

S oot as
n—>+oo |G | Pl

In addition, we also have
. x k
lim == 2.
n ook:1 2

Consequently, we infer from Lemma A.3 that

li s =202 A9
n_l)l_‘li_loo T | o a.s. (A.9)
On the other hand, if § # 1/2, we have
b - Z 1 —(Zﬁ)n—rkﬂ 2(1 (2B k+1) Z
" 1-28 € =
€T, p 1€Gy
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Thus,

|TP|)+1 1—2/52(( )n_kﬂ_ﬁn_kﬂ) Z

LGG

Furthermore,

n~w1—2ﬁ2(( ) - )zﬁ

As before, we deduce from Lemma A.3 that

b, o?

lim = .
n—+0o ITn| 1- ﬁ

a.s. (A.10)

Finally, Lemma A.5 follows from the conjunction of (A.6), (A.7), (A.8) together with (A.9) and
(A.10). O

Proof of Lemma 7.1 : First of all, denote

Z X and P, = Z €,

k€T, -1 keT,,

As |T,| = 2"*+1 _ 1, we obtain from Equation (2.2) the recursive relation

Hy = Hyq+ Y. (AkX§ +nk),

keT,,

= H,,+ 2Zan_1 +2a(2" — 2P " Ye; + Poey (A.11)

where e; =(1,0,...,0)" € RP, a = (ay + by)/2 and the matrix

- A+B
A= ——.
2
By induction, we deduce from (A.11) that
H, H,, _H,, _s2"—2p"1 P,
on+1 = on+1 + on +a( on )61+ 2n+1

H 2k —op—1 P
n-p+1_"P~1 p 1 n—k p—-1 —( ) k
= @ +Z( ) ( 1 T4 ok e1+2k+1e1 :

We have already seen via convergence (6.1) of Lemma 6.1 that

. PT'L
lim
n—+oo 2nt1

=0 a.s.

Finally, as ||A|| < 1,
o0 _ _ o0 _
D@ <o and  (1G,-AT =3 @A
n=0 n=0

2517



it follows from Lemma A.3 that

. H, — =1
nh_)n(}o onl = a(l, —A) e a.s.

which ends the proof of Lemma 7.1. |

Proof of Lemma 7.2 : We shall proceed as in the proof of Lemma 7.1 and use the same notation.
Let
Ky= Y. XXt and L= Y &l
keTn,p—l kETn,p
We infer again from (2.2) that

t
Ky = K1+ ). (AkX[§]+nk) (AkX[§]+nk)
keT,,

= Kyt D elerel+ Y. (Axkx,iAUrBXkX,iBf)

keT, , k€T _1p-1
+ Z ((ao + €21 )Uk(A) + (bg + £2411)Ux(B) + 2(a® + Czk)ﬁei)

keTnfl,pfl

where Uy (A) = AXye] + ¢, X A" and Uy (B) = BXye] + ¢;X;B". In addition, = (a2 +b%)/2 and
Cox = (ap€qx + boeoiy1). Therefore, we obtain that

;:11 = % (AKgilAt +BK§Zle) +T; (A.12)
where
T, = %—i—g(zn;—frl)—k% Z Cor | er€]
k€T, 1p1
+ % (ao (A%ei +61H§;1At) + by (BH;:lei +e1H§;13f))
+ 2n1+1 Z (32kUk(A) +€2k+1Uk(B))-

kETnfl,pfl

The two first results (6.1) and (6.2) of Lemma 6.1 together with Remark 6.2 and Lemma A.2 readily
imply that

lim Ln =02 a.s
n—+oo 2nt1 "
and 1
HETOO on Z o =0 a.s.
kETnfl,pfl
In addition, Lemma 7.1 gives
. Hn—l _
lim =A a.s.




Furthermore, denote

Uy = Z (Ekuk(A) + 32k+1Uk(B))-

kGTnfl,pfl

For all u € R?, let U,(u) = u'U,u. The sequence (U,(u)) is a real martingale transform. Moreover,
it follows from Lemma A.5 that

2

keT

2 2
u'Up(Au| + =o(|T,|) a.s.

u'Ur(B)u

n—1,p—1

Consequently, we deduce from the strong law of large numbers for martingale transforms given in
Theorem 1.3.24 of [4] that U,(u) = o(|T,|) a.s. for all u € R? which leads to U, = o(|T,|) a.s.
Therefore, we obtain that (T,) converges a.s. to T given by

— 1
T =(0*+a?)ejel + 5 (Akaoei + age A'A" +BAbge| + boelltBt) .

Finally, iteration of the recursive relation (A.12) yields

K
2n—tl :2n —p+1 Z C p 1Ct+2 Z CT, kCt'

Cef{A;Byn—pHl k=0 CE{A B}k

On the one hand, the first term on the right-hand side converges a.s. to zero as its norm is bounded
BAn~PHU|IK,_1||/2P. On the other hand, thanks to Lemma A.4, the second term on the right-hand
side converges to £ given by (A.3), which completes the proof of Lemma 7.2. . O

We now state a convergence result for the sum of ||X,||* which will be useful for the CLT.

Lemma A.6. Assume that (&,) satisfies (H.1) to (H.5). Then, we have

DKl =0(T,)  as (A.13)

keT,,

Proof : The proof is almost exactly the same as that of Lemma A.5. Instead of Equation (A.6), we
have

4 < pn 64a Qn 4
k; 15l < T 55 + Ty + Kok

where
PIPHEMEED DRSS WA
keT, , i=0 ar ) keT,, i=0 keT,,

We already saw that Q,, = €@(|T,|). In addition, it is not hard to see that R,, = @(|T,|). Therefore,
we only need a sharper estimate for u,. Via the same lines as in the proof of Lemma A.5 together
with the sharper results of Lemma 6.3, we can show that P, = @(|T,|) a.s. which leads to (A.13). O
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B On the quadratic strong law

We start with an auxiliary lemma closely related to the Riccation Equation for the inverse of the
matrix S,,.

Lemma B.1. Let h,, and l,, be the two following symmetric square matrices of order 6,

h,=o's 1o, and L,=2's 1o

n“n-1"n°

Then, the inverse of S,, may be recursively calculated as

St=s1 —-s 1,05 +1,) " eLs ! (B.1)

n n“n-1°

In addition, we also have (Is —h,)(Is +1,) =15 .

Remark B.2. If f, = WS-, it follows from Lemma B.1 that
l=wl —n W (s — fIVS (B.2)
Proof : As S, =S, _; +®,%!, relation (B.1) immediately follows from Riccati Equation given e.g. in
[4] page 96. By multiplying both side of (B.1) by ¢,,, we obtain
ste, = sle,—S 1,05 +1,)7',
= $1®,—-S12,(Is +1,)7' (05 +1,— 15 ),
= 5. 1,%,(5 +1,)7"
Consequently, multiplying this time on the left by ®!, we obtain that
h, = ln(lﬁn + ln)_l =(,+ Iﬁn - I5n)(15n + ln)_ls
=I5, — (5, + 1)
leading to (Is, —h,)(I5, +1,) =15, . O
In order to establish the quadratic strong law for (M,,), we are going to study separately the asymp-
totic behaviour of (#,,) and (43,,) which appear in the main decomposition (8.1).

Lemma B.3. Assume that (&,) satisfies (H.1) to (H.3). Then, we have

.1 9
lim —%,=20 a.s. (B.3)

n—+oo n
Proof : First of all, we have the decomposition #}, .1 = Z,, 11 + Z,,1 Where
nOAME ATYAM

k+1
‘%H»l = Z |T | s
k=p k

L AMY (TS = AT AM 4

Furr = Z T

k=p
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We claim that 1
lim -7, =(p+1)o? a.s.

n—+oo n
It will ensure via (8.5) that Z,, = o(n) a.s. leading to (B.3). One can observe that 7,,; =
tr(A~Y2H, ;A1) where
" AM AM]

_ k+1
Hn+1 - Z |Tk|

k=p
Our goal is to make use of the strong law of large numbers for martingale transforms, so we start by
adding and subtracting a term involving the conditional expectation of AH,; given %,. We have
already seen in Section 4 that for all n > p — 1, E[AM,, 1AM, |#,] =T ® ®,®!. Consequently,
we can split H,,; into two terms

LT ® 9,
Hypy =Y~ +Kup
k=p

where

K.\ = +1
n+1 Z |Tk|

k=p

—T'® &P

On the one hand, it follows from convergence (5.1) and Lemma A.2 that

& Pt 1
im —1=2[ a.s.
oo TI,] - 2

Thus, Cesaro convergence yields

1 G T, 1
lim - ———=—-(I'®L a.s. B.4
n——+o0o n ;’ |Tk| 2( ) ( )

On the other hand, the sequence (K,,) is obviously a matrix martingale transform satisfying

AK K,1—K ! dir;e LoX
n+1 — Hn+l n_lTn+1|ij€G ij Xi XiX§

where
ro— [ f2f2j~ I_j0?  ey9501 — Lijp
ij= . | . o —T._.c2 |-
€2i4+182j i=jP €2i+1€2j+1 i=j0
For all u € R*P*D let K,(u) = u'K,u. It follows from tedious but straightforward calculations,
together with (A.4), (A.13) and the strong law of large numbers for martingale transforms given in

Theorem 1.3.24 of [4] that K,(u) = o(n) a.s. forallu R2(P*1) Jeading to K, = o(n) a.s. Hence, we
infer from (B.4) that

1 1
lim ~H,=_(I®L) as. (B.5)

n—+oo n
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Finally, we find from (B.5) that

1 1
lim -7, = —tr(A"Y2(T®L)A™Y?) a.s.
n—+oo n 2
1
= Etr((l“ ®L)A™Y a.s.

1

= Etr(r‘ ®L)=(p+ 1o? a.s.

which completes the proof of Lemma B.3 O

Lemma B.4. Assume that (¢,) satisfies (H.1) to (H.3). Then, we have
B =o0(n) a.s.
Proof : Recall that

n
B =23 M My =23 M
k=p k=p
The sequence (43,,) is a real martingale transform satisfying

A9371-1—1 = Bnt1— By = ZMriz:;l\Ijnng—l'

n

Consequently, via the strong law of large numbers for martingale transforms [4], we find that either
(%,) converges a.s. or %, =o(v,) a.s. where

n
Vo= D MES WU M,
k=p
However, for all n > 2P~1, ¥, w! =1, ® ¢, ®' which implies that
n n
Vo= > MIS (I, ® 905 My = > M{(I, ® S &S, M.
k=p k=p
Furthermore, it follows from Lemma B.1 that
St =S =8"9,(I5 +1,)8'S, ' >S5 9, P!

as the matrix [,, is definite positive. Therefore, we obtain that
n
try—1 -1 _
Vo < MUEE, - SOM =
k=p

Finally, we deduce from the main decomposition (8.1) that
Vi1 + o, =o0(A,)+ 0(n) a.s.
leading to ¥,,; = 0(n) and ./, = 0(n) a.s. as ¥,,; and .o/, are non-negative, which implies in

turn that 98, = o(n) a.s. completing the proof of Lemma B.4. O

Proof of Lemma 8.1 : Convergence (8.2) immediately follows from (8.1) together with Lemmas B.3
and B.4. O
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C On Wer’s Lemma

In order to prove (8.3), we shall apply Wei’s Lemma given in [13] page 1672, to each entry of the
vector-valued martingale

0 €2i
X.g .
Mn — E E 81 21
k=p i€Gy_, 2i+1
Xi€2i41

We shall only carry out the proof for the first (p + 1) of M,, inasmuch as the proof for the (p + 1) last
components follows exactly the same lines. Denote

n n

Pn:Z Z € and Qn:Z Z Xi&;.

k=p iEGk_l k=p ieGk_l

n
On the one hand, P, can be rewritten as P,, = Z AV |Gy_1|v, where
k=p

1
e Y ey
V |Gn—1| i€G,_1

We clearly have E[v,,|%,] = 0, E[v2,,|#,] = 0% a.s. Moreover, it follows from (H.1) to (H.3)
together with Cauchy-Schwarz inequality that

Ebial#] = o |2Z (17 + |ZZZEE%|9 1E[e2,17,]

i€G, i€G, j#i

IA

3 sup E[sgilgn] a.s.
i€G,

which implies that supIE[v;t +11Z4] < +00 a.s. Consequently, we deduce from Wei’s Lemma that for
alld >1/2,
Prf =o(|T,_1|n®) a.s.

n
On the other hand, we also have Q,, = Z \/ |Gi_1|wy where
k=p

1
W= —F/—— Z Xi82i'
V |Gn—l| i€G,_1

It is not hard to see that E[w,,|%,] = 0 a.s. Moreover, for all 1 < k < p, let w, (k) be the kth
coordinate of the vector w,. It follows from (H.1) to (H.3) and Cauchy-Schwarz inequality that for
all1<k<=<p,

4 4 2 2
E[Wn+1(k) |gn] =< IG |22X i ]E[821|g ]+|G |ZZ ZX ! X

i€G, j#i [ L= ol
2

1
3supE[el|Z,] X2, a.s.
i€G, 20 |G |1§ 2*1]

IA
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Hence, we obtain from Lemma 7.2 that for all 1 < k < p, supE[w,_;(k)*Z,] < +o0o a.s. Once
again, we deduce from Wei’s Lemma applied to each component of Q,, that for all 6 > 1/2,

1Qull* = 0(ITp—11n°) a.s.

which completes the proof of (8.3). O

D On the convergence of the covariance estimator

It remains to prove that

1 ~ ~ . Ry
nh_)ngo 0 Z (&2 — e21)(Eap 1 — €2k41) = nlglgo o (p+1p a.s.

kETn—l,p—l

where
Ro= Y (V= Vi) Ua(V— V).

kETn—l,p—l

It is not possible to make use of the previous convergence (9.1) because the matrix

01

is not positive definite. Hence, it is necessary to rewrite our proofs. Denote

-1/2 -1/2
V! =Mn (0, ®1,,0)%, M,

n“~n-1

As in the proof of Theorem 5.2, we have the decomposition

,,V/

n+1 (D.l)

+sz‘; :7/1/"' ‘%r/l-i-l +Wri+l

where

n
o = ZM,E(J2®(S,:_11—S,:1))M,<,
k=p

n
By = 22 MU, ®5 )AM,,
k=p
n
Wi = D AML (J®S AM,.
k=p

First of all, via the same lines as in Appendix B, we obtain that
1
lim -/ = Etr((J2 QL HATreL)J,® L 1)) a.s.

1
= Etr(rJz ® Ip+1) = (p + 1)p a.s.
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Next, (4,) is a real martingale transform satisfying %, +1 = o(n) a.s. Hence, we find the analogous

of convergence (8.2)

,.j// /
lim —H

n——+o00

Furthermore, it follows from Wei’s Lemma that for all § > 1/2,
/ )
¥, =0(n°) a.s.

Therefore, we infer (D.1), (D.2) and (D.3) that

1
lim —/) =(p+1)p a.s.

n—+oo n

Finally, by the same lines as in the proof of the first part of Theorem 5.3, we find that

/

. Rn . ‘”dn
lim —=21lim —=2(p+1)p a.s.

n—oo n n—oo n

which completes the proof of convergence (9.2).
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1. Introduction

Bifurcating autoregressive processes (BAR) generalize autoregressive (AR) pro-
cesses, when the data have a binary tree structure. Typically, they are involved
in modeling cell lineage data, since each cell in one generation gives birth to two
offspring in the next one. Cell lineage data usually consist of observations of
some quantitative characteristic of the cells, over several generations descended

1313



1314 B. de Saporta et al.

from an initial cell. BAR processes take into account both inherited and environ-
mental effects to explain the evolution of the quantitative characteristic under
study. They were first introduced by Cowan and Staudte [4]. In their paper,
the original BAR process was defined as follows. The initial cell is labelled 1,
and the two offspring of cell k are labelled 2k and 2k + 1. If X denotes the
quantitative characteristic of individual k, then the first-order BAR process is
given, for all k > 1, by

Xog = a+ka+€2k,
Xokt1 = a+bXyk+eopt1-

The noise sequence (£2k, £25+1) represents environmental effects, while a, b are
unknown real parameters, with |b| < 1, related to the inherited effects. The
driven noise (g2x, £25+1) was originally supposed to be independent and identi-
cally distributed with normal distribution. But since two sister cells are in the
same environment at their birth, e9; and 9541 are allowed to be correlated, in-
ducing a correlation between sister cells, distinct from the correlation inherited
from their mother.

Recently, experiments made by biologists on aging of Escherichia coli [15],
motivated mathematical and statistical studies of the asymmetric BAR process,
that is when the quantitative characteristics of the even and odd sisters are al-
lowed to depend on their mother’s through different sets of parameters (a,b),
see Equation (2.1) below. In [9, 8], Guyon proposes an interpretation of the
asymmetric BAR process as a bifurcating Markov chain, which allows him to
derive laws of large numbers and central limit theorems for the least squares
estimators of the unknown parameters of the process. This Markov chain ap-
proach was further developed by Bansaye [2] in the context of cell division with
parasite infection, and by Delmas and Marsalle [5], where the cells are allowed
to die. Another approach based on martingales theory was proposed by Bercu,
de Saporta and Gégout-Petit [3], to sharpen the asymptotic analysis of Guyon
under weaker assumptions.

The originality of this paper is that we take into account possibly missing
data in the estimation procedure of the parameters of the asymmetric BAR
process, see Figure 1 for an example. This is a problem of practical interest,
as experimental data are often incomplete, either because some cells died, or
because the measurement of the characteristic under study was impossible or
faulty. For instance, among the 94 colonies dividing up to 9 times studied in
[15], in average, there are about 47% of missing data. It is important to take
this phenomenon into account in the model for a rigorous statistical study.

Missing data in bifurcating processes were first modeled by Delmas and
Marsalle [5]. They defined the genealogy of the cells through a Galton-Watson
process, but they took into account the possible asymmetry problem only by
differentiating the reproduction laws according to the daughter’s type (even or
odd). The bifurcating process was thus still a Markov chain. However, consid-
ering the biological issue of aging in E. coli naturally leads to introduce the
possibility that two cells of different types may not have the same reproduc-
tion law. In this paper, we thus introduce a two-type Galton-Watson process to
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Fia 1. A tree associated with the bifurcating auto-regressive process up to the 4th generation.
The dashed cells are not observed.

model the genealogy, and lose the Markovian structure of the bifurcating chain,
so that we cannot use the same approach as [5]. Instead, we use the martingale
approach introduced in [3]. It must be pointed out that missing data are not
dealt with in [3], so that we cannot directly use their results either. In particular,
the observation process is another source of randomness that requires stronger
moment assumptions on the driven noise of the BAR process and careful choice
between various filtrations. In addition, the normalizing terms are now random
and the convergences are only available on the random non-extinction set of the
observed process.

The naive approach to handle missing data would be to replace the sums over
all data in the estimators by sums over the observed data only. Our approach is
slightly more subtle, as we distinguish whether a cell has even or odd daughters.
We propose a joint model where the structure for the observed data is based
on a two-type Galton-Watson process consistent with the possibly asymmetric
structure of the BAR process. See e.g. [12, 1, 10] for a presentation of multi-type
Galton-Watson processes and general branching processes. Note also that our
estimation procedure does not require the previous knowledge of the parameters
of the two-type Galton-Watson process.

This paper is organized as follows. In Section 2, we first introduce our BAR
model as well as related notation, then we define and recall results on the two-
type Galton-Watson process used to model the observation process. In Section 3,
we give the least square estimator for the parameters of observed BAR process
and we state our main results on the convergence and asymptotic normality of
our estimators as well as estimation results on data. The proofs are detailed in
the following sections.

2. Joint model

We now introduce our joint model, starting with the asymmetric BAR process
for the variables of interest.
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Fia 2. The tree associated with the bifurcating auto-regressive process.

2.1. Bifurcating autoregressive processes

On the probability space (£2,.4, P), we consider the first-order asymmetric BAR
process given, for all £ > 1, by

{sz = a + bXy + e, (2.1)

Xogr1 = ¢ + dXp + Eopq1.

The initial state X7 is the characteristic of the ancestor, while (e2, €25+1) is the
driven noise of the process. In all the sequel, we shall assume that E[X{] < cc.
Moreover, as in the previous literature, the parameters (a, b, ¢, d) belong to R*
with

0 < max(]b], |d|) < 1.

This assumption ensures the stability (non explosion) of the BAR process. As
explained in the introduction, one can see this BAR process as a first-order au-
toregressive process on a binary tree, where each vertex represents an individual
or cell, vertex 1 being the original ancestor, see Figure 2 for an illustration. We
use the same notation as in [3]. For all n > 1, denote the n-th generation by
G, = {2",2" +1,...,2""t — 1}. In particular, Go = {1} is the initial genera-
tion, and Gy = {2, 3} is the first generation of offspring from the first ancestor.
Let G,, be the generation of individual k, which means that r, = [logy(k)],
where [x] denotes the largest integer less than or equal to x. Recall that the
two offspring of individual k are labelled 2k and 2k + 1, or conversely, the
mother of individual k is [k/2]. More generally, the ancestors of individual k
are [k/2],[k/2%),..., [k/2"*]. Denote by T, = |J,_, G the sub-tree of all indi-
viduals from the original individual up to the n-th generation. Note that the
cardinality |G, | of G,, is 2", while that of T,, is |T,| = 2"t — 1. Next, T de-
notes the complete tree, so to speak T = J,,~(Gn = ;50 Tn = N* = N\{0}.
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Finally, we need to distinguish the individuals in G,, and T,, according to their
type. Since we are dealing with the types even and odd, that we will also label 0
and 1, we set

GY=G,N(2N), G.=G,n(2N+1), T°=T,n(2N),

T. =T,N(2N+1), T =TnN(2N) and T!'=Tn 2N+ 1). (2.2)

We now state our assumptions on the noise sequence. Denote by F = (F,,)
the natural filtration associated with the first-order BAR process, which means
that F,, is the o-algebra generated by all individuals up to the n-th generation,
Fn = o{Xk,k € T,}. In all the sequel, we shall make use of the following
moment and independence hypotheses.

(HN.1) For all n > 0 and for all k£ € G,,;1, i belongs to L8. Moreover, there
exist (02, 7%, k%) € (0,+00)3, (|p'],v%, A\*) € [0,1)3 such that:

e Vn>0and k € Gy,
Elex|Fn] = 0, E[e:|F,] = 02, Elei|Fn] = 74, E[}|Fy] = &° aus.
e Vn>0 Vk#Il€e Gy with [k/2] =[1/2],
Elexer Fo] = p = p'o?, E[€§k5§k+1|}_n] = V7%, Elegpeoni|Fa] = X6° as.
(HN.2) For all n > 0 the random vectors { (2, €2x+1), k € G, } are condition-

ally independent given F,.

2.2. Observation process

We now turn to the modeling of the observation process. The observation process
is intended to encode if a datum is missing or not. The natural property it has
thus to satisfy is the following: if the datum is missing for some individual, it is
also missing for all its descendants. Indeed, the datum may be missing because
of the death of the individual, or because the individual is the last of its lineage
at the end of the data’s gathering, see Figure 3 for an example of partially
observed tree.

2.2.1. Definition of the observation process

Mathematically, we define the observation process, (Jx)ker, as follows. We set
01 = 1 and define recursively the sequence through the following equalities:

(Sgk = (Skgg and 52]@—{—1 = 5;&,%, (2.3)

where (¢, = (¢Y,¢})) is a sequence of independent random vectors of {0,1}2,
¢} standing for the number (0 or 1) of descendants of type i of individual .
The sequences ((;, k € 2N*) and ({;,k € 2N + 1) are sequences of identically
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FiG 3. The tree associated with the observed data of the tree in Figure 1.

distributed random vectors. We specify the common laws of these two sequences
using their generating functions, f(©) and f(!) respectively:

fOG0,51) = p(0,0) +p©(1,0)s0 + p(0,1)s1 + p'O(1,1)s051,
fP(s0,51) = p1(0,0) +pP(1,0)s0 + p (0, 1)s1 + pM(1,1)s081,

where p() (jo, j1) is the probability that an individual of type i gives birth to jo
descendants of type 0, and j; of type 1. The sequence (dy) is thus completely
defined. We also assume that the observation process is independent from the
BAR process.

(HI) The sequences (d;) and () are independent from the sequences (X})
and (eg).

Remark that, since both ¢ and ¢} take values in {0, 1} for all k, the observation
process () is itself taking values in {0, 1}. Finally, Equation (2.3) ensures that
if 65, = 0 for some k > 2, then for all its descendants j, ; = 0. In relation with
the observation process (Jx), we introduce two filtrations: Z,, = 0{(;, k € T, },
O, = o{dk, k € T,}, and the sigma field O = {0,k € T}. Notice that
On+1 C Z,. We also define the sets of observed individuals as follows:

G, ={keG,:0,=1} and T, ={keT,:d =1}.

Finally, let £ be the event corresponding to the cases when there are no indi-
vidual left to observe. More precisely,

€= |J{IGyl =0} (2.4)

n>1

We will denote € the complementary set of €.
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2.2.2. Results on the observation process

Let us introduce some additional notation. For n > 1, we define the number
of observed individuals among the n-th generation, distinguishing according to
their types:

7% =|G:N2N| and Z! = |G N (2N+ 1), (2.5)

and we set, for all n > 1, Z,, = (Z9, Z1). Note that for i € {0,1} and n > 1 one

has
Z= Y ot
keG,—1

One has G = Gy = {1}, but, even if 1 is odd, the individual whose lineage we
study may as well be of type 0 as of type 1. Consequently, we will work with
possibly two different initial laws: P(:|Zo = e;), for i € {0, 1}, where eg = (1,0)
and e; = (0,1). The process (Z,,n > 0) is thus a two-type Galton-Watson
process, and all the results we are giving in this section mainly come from [12].
Notice that the law of ¢}, for even £, is the law of reproduction of an individual
of type 0, the first component of ¢, giving the number of children of type 0, the
second the number of children of type 1. The same holds for ¢, with odd k,
mutatis mutandis. This ensures the existence of moments of all order for these
reproduction laws, and we can thus define the descendants matrix P

P= < Poo  Po1 ) :
Pio P11
where p;o = p(i)(1,0)+p(i)(1, 1) and p;; = p@(0,1)+p@(1,1), for i € {0,1}. The
quantity p;; = E[¢] ;] is thus the expected number of descendants of type j of an
individual of type . We also introduce the variance of the laws of reproduction:
or = E[(¢Jy; — pij)?], for (i,7) € {0,1}?. Note that o7, = pi;(1 — pi;). It is
well-known (see e.g. Theorem 5.1 of [12]) that when all the entries of the matrix

P are positive, P has a positive strictly dominant eigenvalue, denoted 7, which
is also simple. We make the following main assumptions on the matrix P.

(HO) All entries of the matrix P are positive: for all (i,) € {0,1}2, p;; > 0,
and the dominant eigenvalue is greater than one: m > 1.

Hence, still following Theorem 5.1 of [12], we know that there exist left and
right eigenvectors for m which are positive, in the sense that each component
of the vector is positive. We call y = (y°,y!)! such a right eigenvector, and
z = (2%, 2%) such a left one; without loss of generality, we choose z such that
29 4+ 21 = 1. Regarding the two-type Galton-Watson process (Z,,), 7 plays the
same role as the expected number of offspring, in the case of standard Galton-
Watson processes. In particular, 7 is related to the extinction of the process,
where the set of extinction of (Z,,) is defined as U,,>1{Z,, = (0,0)}. Notice that
{Z, = (0,00} ={Z°+ 7] =0} = {|G}| = 0}, so that this set coincides with &,
defined by Eq. (2.4). Now let g = (¢°, ¢*), where, for i € {0, 1},

qi = P((‘:’Zo = 61‘).
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The probability ¢’ is thus the extinction probability if initially there is one
individual of type 7. These two probabilities allow to compute the extinction
probability under any initial distribution, since P(€) = E[(¢°)% (¢")%], thanks
to the branching property. Hypothesis (HO) means that the Galton-Watson
process (Z,) is super-critical, and ensures that 0 < ¢* < 1, for both i = 0 and
1 = 1. This immediately yields

P(&) < 1. (2.6)

Under that condition, we also have the existence of a non-negative random
variable W such that for any initial distribution of Z,

Zy
lim — = lim ZZg Wz as. (2.7)

n—-+oo M n—-+oo 7'('”"’1

It is well-known that {W = 0} = & a.s., so that the set {W > 0} can be

viewed as the set of non-extinction £ of (Z,,), up to a negligible set. These
results give the asymptotic behavior of the number of observed individuals,

since |G| = Z0 4+ Z}, and |T}| = >°)_(Z) + Z}):
Gal _ ™

lim lim 7|T*] = a.s.
n—too T  n—too 1
Roughly speaking, this means that 7™ is a deterministic equivalent of |T} | and
Eq. (2.7) implies that 2% is the asymptotic proportion of cells of type i in a given
generation. We will thus very often replace |T} | by 7" for computations, and
the next lemma will be used frequently to replace 7™ by |T%|.

Lemma 2.1. Under assumption (HO), we have

sk T—11
lim 1{|G*|>O}|T*| - W]lg a.s.

n—-4o0o

2.3. Joint model

The model under study in this paper is therefore the observed BAR process
defined by

doXor = o (o + bXp + eak),
dok+1Xok+1 = Ookt1 (¢ + dXp + eopy1).

The aim of this paper is to study the sharp asymptotic properties of the least-
squares estimators of the parameters (a,b,c,d) and the variance matrix of the
noise process.

3. Least-squares estimation

Our goal is to estimate @ = (a,b, ¢, d)! from the observed individuals up to the
n-th generation, that is the observed sub-tree T .
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3.1. Definition of the estimators

We propose to make use of the standard least-squares (LS) estimator §n which
minimizes
An(0) = Y Gok(Xok — a— bXg)? + b1 (Xows1 — ¢ — dXp).
keTnfl

Consequently, we obviously have for all n > 1

an ok Xok
-~ b _ 0o X X
oy | b | -y 26 Xk Xok 7 31
(On) Cn "_1%; 02k+1X2k+1 (3.1)
d,, "\ Ok 1 X Xokt1

where, for all n > 0,

SY 0 ; Xk
E”:(o Si)’ and S° Z‘SQW(X Xk>

keT,

for i € {0,1}. In order to avoid intricate invertibility assumption, we shall
assume, without loss of generality, that for all n > 0, 3, is invertible. Otherwise,
we only have to add the identity matrix I to 3,,, as Proposition 4.2 states that
the normalized limit of 3,, is positive definite.

Remark 3.1. Note that when all data are observed, that is when all §x equal 1,
this is simply the least squares estimator described in the previous literature.
However, one must be careful here with the indices in the normalizing matrix,
as there are now two different matrices S° and S}, while there was only one in
the fully observed problem. The intuitive way to deal with missing data would
be to restrict the sums to the observed data only. Note that our estimator is
more complex as it involves sums depending on the absence or presence of even-
or odd-type daughters of the available data.

We now turn to the estimation of the parameters o? and p. We propose to
estimate the conditional variance 02 and the conditional covariance p by

N 1 o | N
0-721 = T | Z (ggk + €§k+1)7 Pn = >.<01 Z E2kE2k+1,

keT* _, kET,,

where for all k£ € G,,,
gk = o (Xop — @n — buXy),
Fops1r = Oop1(Xoppr — @ — dnXp). 7

and
T = {k € T, : Sordors1 = 1},

so to speak T*%L is the set of the cells of the tree T,,_; which have exactly two
offspring.
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3.2. Main results

We can now state the sharp convergence results we obtain for the estimators
above. We introduce additional notation. For i € {0,1}, let us denote:

Ii_ w2zt R 700 _ p(1,1) ROt

- Bio ki - 01 L0:1
where z = (29, 2%) is the left eigenvector for the dominant eigenvalue m of
the descendants matrix P introduced in section 2.2.2, h?, k% are defined in

Propositions 6.3 and 6.5 and the four terms of L%! defined in Proposition 6.6.
We also define the 4 x 4 matrices

LO 0 0'2L0 LO,l
Y= ( 0 Ll )7 and I = ( pLOJ IZ.QLI ) (32)

Our first result deals with the strong consistency of the LS estimator 0...

Theorem 3.2. Under assumptions (HN.1), (HN.2), (HO) and (HI), 0., con-
verges to 0 almost surely on £ with the rate of convergence

) log [T, 1|
n—1

In addition, we also have the quadratic strong law

m—1

. L= e 113 A
Jim 1g6; 50~ > IT; 416, — 0)'2(0, — 6) =4 o a.s. (3.4)
=1
Our second result is devoted to the almost sure asymptotic properties of the

variance and covariance estimators 2 and p,,. Let

2 1 1

_ 2 2 _
Opn = T | E :(5%5% + (52k+152k+1)7 Pn = 01 E 02kEok 02k +1E2k+1-
nlkeTr n=1l ger* |

Theorem 3.3. Under assumptions (HN.1), (HN.2), (HO) and (HI), 5, con-
verges almost surely to o> on £. More precisely, one has

1
. 1 ~
lm 1(c; >0 E E Ook+i(Eanti — conti)? = 4(m — 1)o*1z a.s. (3.5)

n— 00 ‘
kGTn,1 1=0

LT
m L{Gy >0}

n— 00 n

(62 —02) = 4A(r — 1)o”15 a.s. (3.6)

n

In addition, p, converges almost surely to p on € and one has

: 1 ~ ~
Jim. Lie; >0t Z 2k (€2 — €2k )02k +1(E2k+1 — E2k+1)
keTn—l
m—1 _ _
=p tr(LY) N L)L) N1z as. (3.7)




Estimation for missing data BAR 1323

] PR _ m—1 IN—1770,1\2/70y—1\q__
= (Pn = pn) = Pm”((L )THLPDALY) )1 as.
(3.8)

lim 1icx 03

Our third result concerns the asymptotic normality for all our estimators 5n, o2

and p,, given the non-extinction of the underlying Galton-Watson process. For

this, using the fact that P(€) # 0 thanks to Eq. (2.6), we define the probability
P(ANE)

P(€)
Theorem 3.4. Under assumptions (HN.1), (HN.2), (HO) and (HI), we have
the central limit theorem

JITE (6, — 0) =5 N(0,27' TS on (E,Pp). (3.9)

In addition, we also have

Ps(A) = for all A € A.

/—!T§|(3Z—02)L>N(O,W(T —o*) 4+ 2p(1, 1) (v — 0o )) on (E,Py),

T
(3.10)

where p(1,1) is defined in Eq. (6.6) and
T3 |(Pn — p) £, N(©O,27 = p*) on (€,Pz). (3.11)

The proof of our main results is going to be detailed in the next sections.
It is based on martingale properties, and we will exhibit our main martingale
(M ,,) in Section 4. Sections 5 to 7 are devoted proving to the sharp asymptotic
properties of (M,,). Finally, in Section 8 we prove our main results. Before
turning to the definition of the martingale (M, ), we present a short application
of our estimation procedure on data.

3.3. Results on real data

The biological issue addressed by Stewart et al. in [15] is aging in the single cell
organism Fscherichia coli, see also [7] for further biological details. E. coli is a
rod-shaped bacterium that reproduces by dividing in the middle. Each cell has
thus a new end (or pole), and an older one. The cell that inherits the old pole
of its mother is called the old pole cell, the cell that inherits the new pole of
its mother is called the new pole cell. Therefore, each cell has a type: old pole
(even) or new pole (odd) cell, inducing asymmetry in the cell division.

Stewart et al. filmed colonies of dividing cells, determining the complete lin-
eage and the growth rate of each cell. Their statistical study of the averaged
genealogy and pair-wise comparison of sister cells showed that the old pole cells
exhibit cumulatively slowed growth, less offspring biomass production and an
increased probability of death. Note that their test assumes independence be-
tween the averaged pairs of sister cells which is not verified in the lineage.
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TABLE 1
Estimation on the data set penna-2002-10-04-4

parameter a c
estimation 0.03627 0.03058

C.L [0.03276; 0.03979] [0.02696; 0.03420]
parameter b d
estimation 0.02662 0.17055

C.L [—0.06866;0.12191] | [0.07247;0.26863]

Another analysis was proposed in [9]. They model the growth rate by a
Markovian bifurcating process, allowing single-experiment statistical analysis
instead of averaging all the genealogical trees. Asymptotic properties of a more
general asymmetric Markovian bifurcating autoregressive process are then in-
vestigated in [8], where a Wald’s type test is rigorously constructed to study
the asymmetry of the process. These results cannot be compared to ours be-
cause this model does not take into account the possibly missing data from the
genealogies, and it is not clear how the author manages them, as not a single
tree from the data of [15] is complete. In [5], the authors take missing data into
account but, contrary to our approach, they allow different sets of parameters
for cells with two, one or no offspring, making the direct comparison with our
estimator again impossible.

We have applied our methodology on the set of data penna-2002-10-04-4
from the experiments of [15]. It is the largest data set of the experiment. It
contains 663 cells up to generation 9 (note that there would be 1023 cells in a
full tree up to generation 9). In particular, we have performed

e point estimation of the vector 0,
e interval estimation for the coefficients (a, b, ¢, d),

e Wald’s type symmetry tests for the entries of 6,,.

Table 1 gives the estimation 8y of 6 with the 95% Confidence Interval (C.L)
of each coefficient. The variance given by the CLT for € in Eq. (3.9), is ap-
proximated by X 'T', 3! thanks to the convergence given in Corollary 4.3.
The confidence intervals of b and d show that the non explosion assumption
(|b] < 1 and |d| < 1) is satisfied. Some empirical computation on the process
(0r) gives the following estimation for the highest eigenvalue of the Galton-
Watson process: © = 1.35669 (with confidence interval [1.27979,1.43361], see
[14]), also satisfying the super-criticality assumption. Wald tests of comparison
between the coefficients of 8 have been deduced of the CLT. The null hypotheses
(a,b) = (c,d) (resp. a = ¢, b = d) are rejected with p-values p= 0.0211 (resp.
p= 0.0158 and p=0.0244). Hence on this data set the cell division is indeed
statistically asymmetric.

4. Martingale approach

To establish all the asymptotic properties of our estimators, we shall make
use of a martingale approach, similar to [3]. However, their results cannot be
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used in our framework, since the randomness comes now not only from the state
process, but also from the time space (genealogy). These two mixed randomness
sources require careful choice between various filtrations, and stronger moment
assumptions on the driven noise of the BAR process. For all n > 1, denote

t
M, = E (O2k€2k, 02k XkE2k, 02k+1E2k+1, 02k+1XKE2k+1) -
keTn—l

Thus, for all n > 2, we readily deduce from Equations (3.1) and (2.1) that

dokE2k
-~ _ 091 X1LE _
gyl 2k XkE2k 1
6,—-60=x." ke; Sonronns » 1M, (4.1)
"\ Gokp1 XkEokt1

The key point of our approach is that (M,,) is a martingale for a well chosen
filtration.

4.1. Martingale property

Recall that O = 0{0y, k € T} is the o-field generated by the observation process.

We shall assume that all the history of the process (i) is known at time 0 and
use the filtration F© = (F¢) defined for all n by

FO =0Va{op X1, k€ T} =0Va{Xy,keT:},

where F V G denotes the o-field generated by both F and G. Note that for all
n, ]—",? is a sub o-field of O V F,,.

Proposition 4.1. Under assumptions (HN.1), (HN.2) and (HI), the process
(M,,) is a square integrable F© -martingale with increasing process given, for all
n>1, by

n—1

pS%t 528!

2 g0 0,1
<M>n:Fn_1:<US pSn_l );
n—1

where S° and SY are defined in section 3.1 and

1 X
St = 3wt (% 2):
e n

Proof. First, notice that for all n > 1, one has

d2kE2k

AM, = M, — M, _, = Z dor Xk

02k+1€2k+1
kEanl k+ k+

02k +1XkE2k+1
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Now, we use the fact that for all n, F© is a sub-co field of O V F,,, the indepen-
dence between O and F,, under assumption (HI) and the moment hypothesis
(HN.1) to obtain

Eldokear | FS 1] = OumE[Elear | OV Fuoa] | FS 4]
= 52kE[E[52k | fn—l] | fg—l} = 0.

We obtain similar results for the other entries of AM,, as dor+1 and Xj are

also F9_|-measurable. Hence, (M) is a FO-martingale. It is clearly square in-
tegrable from assumption (HIN.1). The same measurability arguments together

with assumption (HN.2) yield

E[AM,(AM,)" | 7]

o2 0o, 02691, X, pO2r02k+1  PO2rdoki1 Xk
_ Z 02091, X, 0200k, X2 pOorlokt1 Xk  pdogdori1 X7
s pO2r02k+1  PO2kO2kt+1Xk 0202k41 02 02k11X
"\ pookbori1 Xk pOokboki1 XPE 020kt 1 Xk 02001 X7
Hence the result as < M >,= 3", | E[AM(AM,)" | 72 ,]. O

Our main results are direct consequences of the sharp asymptotic properties
of the martingale (M ,,). In particular, we will extensively use the strong law of
large numbers for locally square integrable real martingales given in Theorem
1.3.15 of [6]. Throughout this paper, we shall also use other auxiliary martin-
gales, either with respect to the same filtration F©, or with respect to other
filtrations naturally embedded in our process, see Lemma 5.1.

4.2. Asymptotic results

We first give the asymptotic behavior of the matrices S°, S} and S%*. This is
the first step of our asymptotic results.

Proposition 4.2. Suppose that assumptions (HN.1), (HN.2), (HO) and (HI)
are satisfied. Then, for i € {0,1}, we have

i 0,1
. a7 . _ 4_70,1
nh_)rgo 1{‘G2‘>0}ﬁ =1zL" a.s. and nh_)rgo 1{|G:|>O}ﬁ =1L a.s.

In addition, L° and Ll, hence 3 are definite positive.

A consequence of this proposition is the asymptotic behavior of the increasing
process of the martingale (M,,).

Corollary 4.3. Suppose that assumptions (HN.1), (HN.2), (HO) and (HI)
are satisfied. Then, we have
=, 'y

A Lgje; >0y ey = 1g¥, and -l Tqs; 50y o = LT
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This result is the keystone of our asymptotic analysis. It enables us to prove
sharp asymptotic properties for the martingale (M ,,).

Theorem 4.4. Under assumptions (HN.1), (HN.2), (HO) and (HI), we have
L{cs >0y M, 201 M, = O(n) a.s. (4.2)

In addition, we also have

: 1 - tgv—1 2
Jim 1416 50) ;1\/1624_11\/[1Z = 40%15 a.s. (4.3)

Moreover, we have the central limit theorem on (€,Pg)

1

VIl

As seen in Eq. (4.1), (0,, — 0) is closely linked to M,, and this last theorem
is then the major step to establish the asymptotic properties of our estimators.
The proof of this Theorem is given in Section 7. As explained before, it is a
consequence of Proposition 4.2 which proof is detailed in Section 6. In between,
Section 5 presents preliminary results in the form of laws of large number for
the observation, noise and BAR processes.

M, 5 N(0,T) on (E,Pg).

5. Laws of large numbers

We now state some laws of large numbers involving the observation, noise and
BAR processes. They are based on martingale convergence results, and we start
with giving a general result of convergence for martingales adapted to our frame-
work.

5.1. Martingale convergence results

The following result is nothing but the strong law of large numbers for square
integrable martingales, written in our peculiar setting, and will be repeatedly
used.

Lemma 5.1. Let G = (G,,) be some filtration, (H,) and (G,) be two sequences
of random variables satisfying the following hypotheses:

(i) for alln > 1, for all k € G,,, Hy, is G,—1-measurable, Gy, is G,,-measurable,
and E[(HrGy)?] < 400,
(ii) there exist ¢ > 0, r € [—1,1], such that for all n > 1, for all k,p € G,,

2 ifk=p,
E[Gk|Gn-1] =0, E[GrGp|Gn-1] =< rc* ifk#p and [k/2] = [p/2],

0 otherwise,
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(iii) there exists a sequence of real numbers (a,) that tends to oo such that
>ker, Hi = Olan).
Then ZkeTn H,. Gy is a G-martingale and one has
1
lim — > HyGr=0 as.

nTee ln Lot
n

Proof. Define Dy, =}, .r HyGy. Assumptions (i) and (ii) clearly yield that
(D,,) is a square integrable martingale with respect to the filtration (G,, ). Thanks
to (ii), its increasing process satisfies

<D>, = CQ(ZH;er?r > szH%H)

keT, keT, 1
< e(Smer Y o)
keT, keT, 1
< Alr+1) Z H?,
keT,

and now, (iii) implies that < D >,= O(a,). Finally, since the sequence (a,,)
tends to oo, Theorem 1.3.15 of [6] ensures that D,, = o(a,,) a.s. O

We also recall Lemma A.3 of [3] that will be useful in the sequel.

Lemma 5.2. Let (A,,) be a sequence of real-valued matrices such that

n=0 k=0

In addition, let (X,,) be a sequence of real-valued vectors which converges to a
limiting value X . Then,

lim ZAn_ng — AX.
=0

5.2. Laws of large numbers for the observation process

We now give more specific results on the asymptotic behavior of the observation
process (0x)k>1. Recall the notation T? defined in (2.2).

Lemma 5.3. Under the assumption (HO), we have the following convergences,
for (i, 5) in {0,1}?

. 1 ™ i
keTe
lim i Z 52k52k+1 :p(i)(l, 1)LVVZZ a.s.
n—+oo T—1

keT?,
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Proof. Recall that dop4; = 5kC,Z, so that

Z dokt+j = Dij Z o + Z 0k (¢l — pij) = pij <Z+ZZé> + Dy,
=1

kET;, kET?, kET;,

since Gy = {1}, so that T, contains 1 or not, according to i = 1 or not, and where
D,, = Zkeﬂr; 0% (¢] — pij). To deal with D,,, we use Lemma 5.1, with G = (Z,,)
(recall that Z,, = O'{Ck, ke Tn}), H;, = 5k]l{k€r]ri}, and Gy = (Cljg - pij)]l{keqyi}.
Assumption (i) of Lemma 5.1 is obviously satisfied, since 0, for k € G, is
Z,_1-measurable. Regarding (ii), since the sequence (Ck) is a sequence of i.i.d.
random variables with expectation p;; and variance 0 , we have E[G|Z,—1] =0

and E[G2|Z,,_1] = O'U, for k € G,, and E[G,G)p ]Zn 1] =0, for k # p € G,,.
Finally, we turn to assumption (iii):

S hE= X ou=i+ 37 o)
keT, keT?,
thanks to (HO) and Eq. (2.7). Finally, D,, = o(7™), and again using Eq. (2.7),
we obtain the first limit. The proof of the second one is similar using the Z-
martingale:

Z Ok (dor021 — ' (1,1)) = Z ]l{keTi}fsch]l{keTi}(CgCé —p(1, 1));

keT: keT, ~ ~
€ Hy, Gy

and Lemma 5.1 again. ]

5.3. Laws of large numbers for the noise process

We need to establish strong laws of large numbers for the noise sequence (&, )
restricted to the observed indices.

Lemma 5.4. Under assumptions (HN.1), (HN.2), (HO), (HI) and for i €
{0,1}, one has

lim — g 02k+i€2k+i = 0 a.s.

n—-+oo N
kETn 1

Z 52k+z E2k+i -
—— ——

keT, H, G

Proof. Set

We use Lemma 5.1, with G = (IFnH) Assump‘mon (i) is obvious. For k € G/, 4,
we have E[Gk|Fn+1] = 0 and E[G;|FS,,] = 02, and E[GxG,|FS, ] = 0, for
k # p € G . Finally, we turn to assumption (111)

n+1

D HE=) =) Zi=0("),
(=1

keT,, keT,



1330 B. de Saporta et al.

as n tends to infinity, thanks to Eq. (2.7). We obtain the result. O

Lemma 5.5. Under assumptions (HN.1), (HN.2), (HO), (HI) and for i €
{0,1}, one has

1 T .
1' _ 26 — 2 W v .S.
keT: \To
. 1 i i i
nkl}rloow—n 252k52k+1€2k€2k+1 = pp()(l,l)sz a.s.

kET: \To

Proof. In order to prove the first convergence, we apply again Lemma 5.1 to the
FO-martingale:

Qn = Z (5z - 0‘2)6k = Z :ﬂ'{kGTZ}alj:ﬂ'{keTl}(gi _ 0_2),

kETi \T k€T, \T ~~ ~~ -
€Ti\To €T, \To H, Cr

Under (HN.1), (HN.2), we have E[G,|FY] = 0 and E[G2|F9] = ¢ — 0%, and
E[GrG,|F9] =0, for k # p € G,,. Thanks to Eq. (2.7), we have:

1 S s ;
ﬁde:ﬁ;ZKWﬂ__lWZ a.s.

which both implies assumption (iii) and the first convergence. To prove the
second convergence, we write

1
— > orlori16akErrt1
k€T, \To

1 1
= = Z LiperiyO2k02k+1 Liperiy (€20€2k4+1 — p)+7r—np Z O2k02k+1
kETn\TQ ]CGT;L.L\TO

Hy Gi
We use Lemma 5.1 to prove that the first term converges to 0; Lemma 5.3 gives

the limit of the second term. O

Corollary 5.6. Under assumptions (HN.1), (HN.2), (HO), (HI) and for
i €{0,1}, one has

1 T .
1. 2 - = 2 .. (2 5.
n—1>r-|r—loo " Z €k52k+] 0 Pij 71'—— 1 W z a.s

keTi \To

lin = D Oud p(1,1)—— W

1m ELE = a.s.
n s too n 2k 02k-+1€2kE2k+1 pp(1,1)—
keTn\To

Proof. The proof of the first limit is similar to the preceding ones, using the
decomposition dox4; = 0x(, and the properties of the sequence (¢7). Using
Lemma 5.5 the second one is straightforward. ]
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Lemma 5.7. Under assumptions (HN.1), (HN.2), (HO), (HI) and for i €
{0,1}, we have

. 1 T ,
lim — E oper = Tt Wz' a.s.
n—+oo " , m—1
k€Ti, \To
1 . T ,
lim — E 52102k +1691E = (1, 1) — w2t a.s.
notoo TN . 2k02k+1€2kE2k+1 P (1, )W_ 1
keT:

Proof. The proof follows essentially the same lines as the proof of Lemma 5.5
using the square integrable real martingales

— E 4 4 _ § 2 2 2.4
kET: \To kET: \To

It is therefore left to the reader. O

6. Convergence of the increasing process

We can now turn to the proof of our keystone result, the convergence of the
increasing process of the main martingale (M ,,).

6.1. Preliminary results

We first need an upper bound of the normalized sums of the 52n+iX72L, and
82n02n41X2 before being able to deduce their limits.

Lemma 6.1. Under assumptions (HN.1), (HN.2), (HI) and (HO), and for
i€ {0,1}, we have

Z SorsiXi = O(") and Z Sorlor 1 X7 = O(1™)  a.s.
keT, keT,

Proof. In all the sequel, for all £ > 1, define asr, = a, boy = b, agxy1 = c,
bor+1 = d and n = ag + €, with the convention that 7; = 0. It follows from a
recursive application of relation (2.1) that, for all £ > 1,

rp—1 r,—1 /-1
Xy = ( I1 b[;}>X1 + ) <Hb[2’z}>”{;@]7 (6.1)
/=0 /=0 p=0

with the convention that an empty product equals 1. Set a = max(|al|,|c|),
B = max(|b|, |d|) and notice that 0 < § < 1. The proof of Lemma A.5 in [3]
yields
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Tk— 1 Tk — 1
Z SorriXp < — ﬁ Z 02k+i Z BFe Z Ook+i Z B
keT,\To k€T, \To keT \To
+2X7 Z Sak+i 37"k,
keTn\TO
4 402 .
< —AZ BZ 2X? C” 6.2
where, for ¢ € {0, 1},
Tk—l T — 1
_ . 4 % - Q2r
= 2621::—1—1 Z 5 % Z5Qk+z Z 5 C Z 52k+zﬁ k.
kGTn\TQ =0 keT, \TO kETn\TO

The last two terms above are readily evaluated by splitting the sums genera-
tion-wise. Indeed, the last term can be rewritten as

- Z Z Ook+i 3> Zﬁ%ZeH =7 Z —hyne e(ﬁze Z;“gl).

=1 keGy

We now use Lemma 5.2 with A,, = 7" and X,, = $°"Z! ;7 ™. On the one
hand, the series of (7~™) converges to w/(m — 1) as m > 1 by assumption; on the
other hand, 3°" tends to 0 as n tends to infinity as 3 < 1, and Z! 7~ converges
a.s. to Wz" according to Eq. (2.7), hence 8**Z, ;7" tends to 0 as n tends to
infinity. Lemma 5.2 thus yields

" Z} .
nli_)rrgo ;(Wl)"é (52£%> =0 and C; =o(n") a.s.
We now turn to the term B :

£
S Y ks 53 Y s < 2 = o)

=1 keGy f 1 keGy

due to Lemma 2.1. It remains to control the first term A?,. Note that ) appears
in A? as many times as it has descendants up to the n-th generation, and its
multiplicative factor for its p-th generation descendant k is GPds;. This leads to

— 2P —1

Z Z é‘kZﬁp Z 02(20k+m)+

=1 keGy p=0 m=0

Now, note that Zm 0 52(2pk+m)+2 O Zf: 352(2pk+m)+1 is the number of
descendants of type ¢ of individual k£ after p + 1 generations. We denote it
Z! 1 (k), and split A7, the following way:

Z Z Zﬁp(sk p+1 k) +Z Z (52 Zﬁ ¥ p+1 . (6.3)

{=1 keGy, p=0 {=1 keGy,
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We first deal with the second term of the above sum.

n n—~_
Z Z - U2)Zﬁp5kzé+1(k) =
{=1 keG, p=0

3
I

M |

Z ()

€Gy

T
- o
"@ -

: ~

= P yi

£,ps

=
Il
=)
~
I
—_

where Y/ = >, ¢, (7 — 0%)0kZ]) 1 (k). Tedious but straightforward compu-

tations lead to the following expression for the second order moment of Yﬁi,p’
relying on assumptions (HI), (HN.1) and (HN.2). We also use the fact that,
for k € Gy, conditionally to {6, = 1}, Z; (k) follows the same law as Z,, ,

and is independent of any Z/ ,,(k'), for k" # k € Gy.
E[(Yéi,p)Q] = (t" = o"E[Z] + Z}]JE[(Z]’;H) ]

+(*rt — oME[Z) 4] [ Z 52k-52k;+1]

keGy_q
< (7 - oMEIZ + 2] (Bl(Z)4)%) + ElZp i ]?),

since Zk‘GGg_l Ooplopi1 < ZkeG[_l((bk + dokt1) = Z9 + Z}. Now, using results
on the moments of a two-type Galton-Watson process (see e.g. [12]), we know
that E[(Z],,)?] = O(x*"). Recall Eq. (2.7) to obtain that ]E[(YZP)Q] = O(rtn?p),
which immediately entails that [V} | = o(m*77P) as., for any a > 1/2 and
v > 1. We thus one gets

Zﬁpzygp O((Br")™) = O(x™) a.s.,

since we can choose v close enough to 1 to get fnY < 7, as < 1. We have thus
proved that the second term in the sum in (6.3) is O(7"™), we now turn to the
first one

n n—~¢
S0y pronz) (k)

=1 keGy p=0

n n—/¢ n n—{
= (72225” Z 5kZ]§+1(k) = OQZZﬂpZé}pJA
=1p=0  keG, £=1p=0

= QZBPZZEH)H <o Zﬁpﬂl‘ 41l =0(@") a.s.

Finally, Al = O(n™), and the first result of the Lemma is proved. The second
result follows immediately from the remark that the second sum in Lemma 6.1
is clearly smaller than the first one. Il
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Lemma 6.2. Under assumptions (HN.1), (HN.2), (HI) and (HO), and for
i€ {0,1}, we have

Z SorsiXp = O(r"™)  and Z Sorlopi1 Xy = O(T™)  a.s.
kET,, k€T,

Proof. The proof mimics that of Lemma 6.1. Instead of Equation (6.2), we have

64 ’ 64a* 4 ,
4 i i 4 i
k€T, \To
with, for ¢ in {0,1}
’l"kfl kal
A= borsi Y Fele), B, = D Okt Y B Ch= ) dappiBE
k€T, \To (=0 > k€T, \To (=0 k€T, \To

We can easily prove that (Bf, +C?) = O(r™). Therefore, we only need a sharper
estimate for A?. Via the same lines as in the proof of Lemma 6.1, but dealing
with e} instead of €2, we can show that A’ = O(7") a.s. which immediately
yields the first result. The second one is obtained by remarking that the second
sum is less than the first one. O

6.2. Asymptotic behavior of the sum of observed data

We now turn to the asymptotic behavior of the sums of the observed data. More
precisely, set H), = >, 0ok 1iXp, for i in {0,1}, and H,, = (H,), H,)". The
following result gives the asymptotic behavior of (H,,).

Proposition 6.3. Under assumptions (HN.1), (HN.2), (HI) and (HO), we
have the convergence:

where

. h() o S \—1 Pt (lZO D 1 t b 0
h_<hl)_(12_P1) P CZl and Pl—;P 0 d .
Proof. We first prove that the sequence (H ) satisfies a recursive property using

Equation (2.1).

H2 = X102 +Z (a + bX[g] + 5k> Dok + Z (c—l— dX[g] + 8k) dok
keT? k€TL\To

= X102+ (IZ(S% + bZX[%}fbk +c Z dor +d Z X102k
keTo keT9 keTL\To k€T \To

+ > erdu

kETn\TO
= bpooH? | +dpioH! |+ BY,
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with
Bg = X6 +a Z dog + ¢ Z 0ok + Z exdak
keT?, kETL\To keTp\To
+b > XpOok(dar —poo) +d Y Xiboki1(Sarya — P1o)-
k€Tr 1 keT,, 1

Similarly, we have

H% = bp01H2_1 + dpllH%_l + B71w

with
Brll = Xi03+a Z Ook+1 + € Z Ook+1 + Z Ek02k+1
keT? k€T \To k€T, \To
+b Z X102k (0441 — po1) +d Z Xi02k+1(0ak+3 — P11)-
k€T, -1 keT, _1

Let us denote B,, = (B2, Bl)t. The last equations yield in the matrix form:

H, ~ H,_ B,
n _ P, !

T 7-‘-n—l T

5 _ 1 ( bpoo dpio Ly b 0
P =" —_P .
" ( bpo1  dp11 T 0 d
One has ||1-"711|| < 77 "g"||P"||. It is well known that 7= " P"™ converges to a
fixed matrix (see e.g. [13]) as P is a positive matrix with dominant eigenvalue

with

7. Since 8 < 1, the sequence P, thus converges to 0 as n tends to infinity. In
addition, > HP?H is bounded, I, — Py is invertible and ) -, P;L converges

to (Iy — 131)*1. In order to use Lemma 5.2, we need to compute the limit of
B, /n". First, we prove that

D ekbokyi = o(r"), (6.4)

kET, \To

for i € {0, 1}, thanks to Lemma 5.1. Indeed, set G = FO, Hy, = opri, G = €.
Thus hypothesis (i) of Lemma 5.1 is obvious, (ii) comes from (HN.1) and
(HN.2). Finally, the last assumption (iii) holds, since

n+1

D Bewi=) Zi=0("),
(=1

kET,\To

the last equality coming from (2.7), which holds thanks to (HO). Now, we turn
to the terms

Z Xibokri(O2(2k+i)+j — Dij) = Z Xk;52k+i(C§k+z- — Dij),

keT, keT,
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for (i,7) € {0,1}%. We use again Lemma 5.1, with the following setting: (G,) =
(Zn+1 V fn-i-l), Hk = Xk52k+i7 Gk = Cgk‘—i—z — Pij- For k € Gn, we check
that Xydox+; is G,—1-measurable, since X, is F,,-measurable and oy, is Z,-
measurable. Next, because of (HI) and of the independence of the sequence
(Cr)s E[¢2)ss — Pij| Zn V Fn] = 0. The same independence hypothesis yields that
E[GrGp|Z, V Fn] # 0 only if k = p, and then equals afj. Finally,

Z (XpOopsi)? = Z XZbokti = O(n™),
keT, keT,
thanks to Lemma 6.1. Now, Lemma 5.1 allows to conclude that
> Xibokti(S22kt)1j — pij) = o(7"), (6.5)
kET,

for (i,7) € {0,1}%. Next, Lemma 5.3 gives the limit of the term Y, -1 Gop+j,
for (i,7) € {0,1}2, so that we finally obtain:

B, T az%poo + cz'pio T . [ az’
lim — = =W P a.s.
n—oo N T —1 ( azpo1 + cz'pin m—1 cz!
and we use Lemma 5.2 to conclude. O

Remark 6.4. Putting together Proposition 6.3 and Eq. (6.5) above, we imme-
diately get that under the same assumptions as that of Proposition 6.3,

. 1 T
lim — Z XkO2k+i02(2k+i)+j = p—

n—oo -1
keT,

hipijW a.s.
for all (i, ) € {0,1}2, result we will use for the study of the limit of > X 20k

6.3. Asymptotic behavior of the sum of squared observed data

We now turn to the asymptotic behavior of the sums of the squared observed
data. Set K}, = >, cp Ooryi X7, for i in {0,1}, and K, = (K}, K})". The
following result gives the asymptotic behavior of (K,).

Proposition 6.5. Under assumptions (HN.1), (HN.2), (HI) and (HO), we
have the convergence:

lim — = Wk a.s.,
n—oo TN T—1
where
0 . 2+ 2\.,0 2 bh()
b= () =By e (T ).
k (®+ 022t + ;cdh1
and
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Proof. We use again Equation (2.1) to prove a recursive property for the se-
quence (K,). Following the same lines as in the proof of Proposition 6.3, we
obtain:

where C,, = (C?, C1)! is defined by

Ct = X255y +a? Z Sopri + ? Z X262k (Sakti — poi)
kGT% keTn—l

+2ab Z Xi0ok0akti + 2a Z ex02k+i + 2b Z X151€k02k+i
kET, 1 keTO keTO

+ ) eborri+ Y oy + A7) XiGorar (Bansari — p1i)
k€T, \To k€T \To keT, 1

+2¢d Z Xi02k1104k424 + 2¢ Z Ex02k+i + 2d Z [£1€k02k+i
k€T, 1 k‘GTl \To k‘GTl \To

for i € {0,1}. Note that HP2 | < 7= "3%"||P"|, so that P2 converges to 0. In
addition, ||P2 | is bounded, I — P> is invertible and »_ ., P, converges

to (I — Pg) ! In order to use Lemma 5.2, we have to compute the limit of
C,,/7". Following the proof of (6.4), we already have, for (i, j) € {0,1}?,

Z exlopti = o(m") a.s.

kETI,

We now turn to the terms Y7, r X2 02k1i(02(2k+4)+5 — Pij)for (i, 5) € {0,1}2.
To deal with these terms, we use Lemma 5.1 with the same setting we used to
prove Eq. (6.5), except that we replace X with X7. Assumptions (i) and (ii)
of Lemma 5.1 have thus already been checked, and regarding (iii), we have
ZkeTn_l X 6ok 4i = O(7™) a.s. thanks to Lemma 6.2. We conclude that

> XPOokyi(Gansiyes — pij) = o(x")  aus,
k}eTn—l

Next, we study >, X(51€k02k+;, for (i,7) € {0,1}2. We use the same mar-
tingale tool, so to speak Lemma 5.1, with G = F©, H), = X[g]égk_l_j]]_{ke']ri} and
G = €. Assumptions (i) and (ii) are easily checked, and since

Z Xﬁ%]dmﬂ—j Z Xk;62 (2k+i)+3 < Z Xk;(SQk-H - O(ﬂ—n)a
kET? keT, _1 keT,,_1

the last equality coming from Lemma 6.1, assumption (iii) is satisfied and

E Xg €p0ok+j = o(m") as.
keT?,
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Now, Corollary 5.6 yields that for ¢ € {0, 1},

: 1 2 2 0 T
nh—>n;o7'('_n Z €x02k+i = 0-(poiz" + p1iz )HW a.s.

Finally, Remark 6.4 gives the limit of 7=" Zkeﬂl‘n,l Xk02k+i02(2k+i)+5, and Lem-
ma 5.3 that of 77" Zkeﬁl‘% d2k+4, SO that we finally obtain

a? + 02)2% + 2abh°
lim ﬂ:ﬂ Poo P10} ( ) 2 a.s.
nsoo  mw—1\ po1 P11 (¢ +0%)zt + 2cdh?
And we conclude using Lemma 5.2 again. O

Propositions 6.3 and 6.5 together with Equation (2.7) give the asymptotic
behavior of the matrices S° and S.. The next result gives the behavior of matrix
S?L’l given through the quantities Zkeﬁl‘n 0ok 02k 11 X and ZkeTn 52k52k+1Xg. It
is an easy consequence of Propositions 6.3 and 6.5, together with Lemma 5.3
for the first limit.

6.4. Asymptotic behavior of covariance terms

Finally, we turn to the asymptotic behavior of the covariance terms, which
are involved in matrix 59;1. We thus define HO! = Zkeﬁrn 0ok 02k +1 X and

01 _ 2
Kn — Zke'ﬂ*n 52k52k+1Xk-

Proposition 6.6. Under assumptions (HN.1), (HN.2), (HO) and (HI), we
have the almost sure convergences:

1 T
li — 0210 = —Wpn(1,1
1m Z 2k02k+1 1 p( ) )7

n—oo TN

kET,
01 01
im 22— T a0t gnd fim Dn - Wk,
n—oo T m—1 n—oo T m—1
where
p(1,1) = pO1,1)" +pM(1,1)2, (6.6)
h? h!
ot = p01,1) (azo + b—) +pM(1,1) (cz1 + d—) :
s T
K R0
KL = pO(11) <a220 + b2+ 2ab—)
T T

k! h!
+p(1,1) <c2zl +d*= + 20d—> +0?p(1,1).
T T

Proof. The first limit is a consequence of Lemma 5.3. Next, using Eq. (2.1)
we obtain H)'w~" and KJ'7v~" in terms of 7™ %, i Ok, Hi_j7~™ and
n—1

K! _7~™ and the result follows from Propositions 6.3 and 6.5. 4
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Proof of Proposition 4.2. We are now in a position to complete the proof of
Proposition 4.2. Simply notice that we have proved in Propositions 6.3, 6.5 and
6.6 all the wished convergences, except that we normalized the sums with 7.
Thanks to Lemma 2.1, we end the proof. L

Remark 6.7. In the case of fully observed data, the matrix P is a 2 X 2 matrix
with all entries equal to 1, m equals 2 and the normalized eigenvector z equals
(1/2,1/2). One can check that in that case, our limits correspond to those of [3].

7. Asymptotic behavior of the main martingale

Theorem 4.4 is a strong law of large numbers for the martingale (M,). The
standard strong law for martingales is unhelpful here. Indeed, it is valid for
martingales that can be decomposed in a sum of the form y_,_, ¥,_1&, where
(W) is predictable and (&,) is a martingale difference sequence. In addition, (¥y)
and (&,) are required to be sequences of fized-size vectors. Such a decomposition
with fixed-sized vectors is impossible in our context (see Lemma A.2), essentially
because the number of observed data in each generation asymptotically grows
exponentially fast as 7. Consequently, we are led to propose a new strong law
of large numbers for (M), adapted to our framework.

For all n > 1, let V,, = MiE;ian where X, is defined in Section 3.1.
First of all, we have

Vn+1
(Mn + AMn+1)t2_1(Mn + AMn—l—l),

n

= VML= -2 M, +2MLS  AM o +AMY S PAM

Note that M.3 *AM, ; and AM! > "M, are scalars, hence they are
equal to their own transpose and as a result, one has M;E;lAMnH =
AM ;E; ‘M n+1. By summing over the identity above, we obtain the main
decomposition

Viot1+Ap = V1 + Bpg1 + Why, (7.1)

where
A= M= - =My,
=1

n n
Boi1=2) MiS;'AMyy1, Waii =Y AM} S, AM ..
/=1 =1

The asymptotic behavior of the left-hand side of (7.1) is as follows.

Proposition 7.1. Under assumptions (HN.1), (HN.2), (HO) and (HI), we

have . " " )
) nt+1 + An m—1
lim 1{j6;50) = =

02115 a.s.
n—-+4o0o n s
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Proof. Thanks to the laws of large numbers derived in Sections 5 and 6, the
proof of Proposition 7.1 follows essentially the same lines as [3] and is given in
Appendix A. O

Since (V,,) and (A,,) are two sequences of non negative real numbers, Propo-
sition 7.1 yields that 1{g+|>0)Vn = O(n) a.s. which proves Equation (4.2). We
now turn to the proof of Equation (4.3). We start with a sharp rate of conver-
gence for (M,,).

Proposition 7.2. Under assumptions (HN.1), (HN.2), (HO) and (HI), we,
we have, for alln > 1/2,

Lijcy >0y | Mo |I*=o(|T;, 4 |n") a.5.

Proof. The result is obvious on €. On &, the proof follows again the same lines
as [3] thanks to the laws of large numbers derived in Sections 5 and 6. It is given
in Appendix B. O

A direct application of Proposition 7.2 ensures that 1yg: >0} Vn = 0(n") a.s.
for all n > 1/2. Hence, Proposition 7.1 immediately leads to the following result.

Corollary 7.3. Under assumptions (HN.1), (HN.2), (HO) and (HI), we

have 4 A )
n (7T - ) 0,2 ]]-E

Jm Tge;>0p— p.

Proof of Result (4.3) of Theorem 4.4. First of all, A,, may be rewritten as

a.s.

_ — —1/2 —1/2
An = ZMZ(EK_11 _p 1)M€ = ZMZEZ—{ Afzé—l/ My,
/=1 (=1

where A, =1, — 2711/7212;12:/721. Thanks to Corollary 4.3, we know that

T—1

nlLIr;O 1{\GZ\>O}An = - I4]].g a.s.
Besides, Corollary 7.3 yields that A,, ~ an—1402 a.s. on &. Plugging these two
results into the equality

T Tm—1

. 1 n n B
Au= TS M M o M (A

™
/=1 /=1

14) s, 2 M,

gives that Y, M/, M, ~ A, "< a.s. on € and convergence (4.3) directly
follows. O

8. Proof of the main results

We can now proceed to proving our main results.



Estimation for missing data BAR 1341
8.1. Strong consistency for 0,

Theorem 3.2 is a direct consequence of Theorem 4.4.

Proof of result (3.3) of Theorem 3.2. Recall that V,, = M.X ' M, It clearly
follows from Equation (4.1) that

Vo = (0, — 0)'2,_1(6, — 6).

Consequently, the asymptotic behavior of §n —0 is related to the one of V,,. More
precisely, we can deduce from Corollary 4.3 and the fact that the eigenvalues of
a matrix are continuous functions of its coefficients the following result

. )\min En
m 1{|@;|>0}W = Auin(E)Lg - as.

where Apin(A) denotes the smallest eigenvalue of matrix A. Since L as well as

¥ is definite positive, one has Ayin (%) > 0. Therefore, as

Vn
o )\mln(zn—l) ’

we use Result (4.2) of Theorem 4.4 to conclude that

3 n log | T _ |
1{|G:;|>0}H9n—9|!2=0(m |)115=0(ﬁ 1s a.s.

which completes the proof of results (3.3). O

16, — 6]> <

We now prove the quadratic strong law (QSL).

Proof of result (3.4) of Theorem 3.2. The QSL is a direct consequence of re-

sult (4.3) of Theorem 4.4 together with the fact that 0, — 6 = > 1M,
Indeed, we have

1 & .
Lije; >0 ) MiZ ! My

=1
1 = - .
= ]1{|G;|>O}E Z(Gé - G)tEg,l(Og — 9)
/=1
)37
= 1{|G*|>0}—Z\Te (80— 0)'1gjc:_ T 1l(w—e)
- H{IG*|>0}_Z‘T6 11( 9£ 6)" (94—9) o(1) a.s.

which completes the proof. L]
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8.2. Strong consistency for the variance estimators

Forn > 1, set
Vi = (62k€2k, 02k 162641)" Vi = (62121, 02k 182641)" -
The almost sure convergence of 52 and p,, is strongly related to that of Vi—V.

Proof of result (3.5) of Theorem 3.3. Equation(3.5) can be rewritten as

. 1 S
nlLII;O ]]-{|(G;§\>0}5 Z HVk - VkHQ = 4(7r - 1)0213 a.s.
k‘eTn—l

Once again, we are searching for a link between the sum of ||V — V|| and the
processes (A,) and (V,,) whose convergence properties were previously investi-
gated. For i € {0,1} and n > 0, let

& — da(2n)4i O2(2n +1)+i Oa(2n+1-1)4i
" Og(2n)4iXan  Oganyny4iXont1 -0 Ognti_1y4iXont1q

be the collection of (dox14, dok+i Xk, k € Gy, and set

® 0
wo (Ve )

Note that ¥, is a 4 x 2”11 matrix. For all n > 1, we thus have, in the matrix
form

Z Vi — V|2 = Z Sk (B2 — €2k)* + Ook1(Bakt1 — €ak41)7,
kG, k€G,
= (6,-6)¥,¥,(0,-0).
= M2 e eyl M,
= M!S A VM,
where

A, =30, = 5 (S, -2, )R
Now, we can deduce from Corollary (4.3) that
nh—>Holo ﬂ{|@;‘>0}An = (7‘(’ — 1)14]].3 a.S.

which implies that

Lies >0y O Ve = Vil = MLSE M, (7 — 14 0(1) Ljje: |50y &S,
keG,
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Therefore, we can conclude via convergence (4.3) that

. 1 oS
S Lie; >0t S V=Vl

k€T, 1
= lim 1 ! thZ]_lM—éL 1)o?1
- {lG*|>0}mZ o My = A(m —1)o71g a.s.
which completes the proof. ]
Proof of result (3.6) of Theorem 3.3. First of all, one has
N 1 =
Gn —0n = | Yo UVel? = 1Vl?),
n keTn—l
1 ~ ~
= Vi = Vil +2(Vi, = Vi)' V).
| Z (Vi el +2(Vi K)'Vi)
kETn—l
Set
Po= > (Vi-Vy)'Vi= Z (Vi — Vi)'V
keT'n—l l= G

We clearly have

APyp1=Poj1—Po= Y (Vi = Vi)'V
kEGn

One can observe that for all k£ € G,,, ‘7k -V, is .7-",,? -measurable. Consequently,
(P,) is a real martingale transform for the filtration F€. Hence, we can deduce
from the strong law of large numbers for martingale transforms given in Theorem
1.3.24 of [6] together with (3.5) that

Lig:sopPe=0| D V=V | =on) s,
kETnfl

It ensures once again via convergence (3.5) that

- Tl . 1 _
dm e soy 0@ —on) = I Lgeg e )L V= Vil
k€T, _1
= 4(m— 1)02]13 a.s.
which completes the proof of result (3.6). O

Proof of results (3.7) and (3.8) of Theorem 3.3. We now turn to the study of
the covariance estimator p,,. We have
. 1 PO
Pn — Pn = 0T | Z O2k02k+1(E2kE2k+1 — E2kE2k+1),
k€T, —1
1 ~ ~
0L ke; Ook (Eak — €2k )02k+1(E2kt1 — E2k41) + ‘
n—1

T*Ol | Qn;
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where
Qn = Z 02k02k+1(E2k — €2k)E2k+1 + O2k02k+1 (E2k+1 — E2k+1)E2k
keTn—l
= > (Vi = ViV,
keT,,—1
with

0 1
=1 4)

The process (Q.,) is a real martingale transform for the filtration F© satisfying

Qn =0 Z H‘/}k—VkH2 =o(n) a.s.

kGTnfl

It now remains to prove that

1

nlirgo 1{|GZ|>0}E Z dok02k+1(E2k — €2k ) (E2k41 — €26+1)
k€T, —1
= lim B _ p(m — Dtr(LY) "1 (L") (L) 1)1z a.s. (8.1)

n—oo N
where "
R, =Y MZ; (], e (@)=, M,
(=1

where ® denotes the Kronecker product of matrices, i.e.

0 @01 @Ol t

and <I>21 is defined similarly as <I>2 and @% by the collection of (d2x02k+1,
Sordor 1 Xp)t, k € Gp. As ®@21(@N) = 8% — 891 | proposition 4.2 implies
that

Tim ST, 0@ S Y = (r - )R TV2T, @ LS T2 as.

n—1 n

so that the asymptotic behavior of R,,/n boils down to that of
n
ST MNP (I 0 LYE M.
=1
A proof along the same lines as in Section 7 finally yields the expected results,

1.e.

T—1

nllnéoﬂ{|G:|>o}7n = p tr((Ll)_l(LO’l)Q(LO)_l)]lg a.s.
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which completes the proof of convergence (8.1). We then obtain

: T, | m—1 1y— 0,1 0\—
Jim 16: 50— (Pn = pn) :Pm”((lf )THEMALY) T as.
which completes the proof of Theorem 3.3. O

8.3. Asymptotic normality

Contrary to the previous literature on BAR processes, we cannot use the central
limit theorem given by Propositions 7.8 and 7.9 of [11] as in [8, 3] because the
normalizing term is now the number of observations and is therefore random.
The approach used in [5] strongly relies on the gaussian assumption for the noise
sequence that does not hold here. Instead, we use the central limit theorem for
martingales given in Theorem 3.11.10 of Duflo [6]. However, unlike the previous
sections, this theorem can not be directly applied to the martingale (M,,) be-
cause the number of observed data in a given generation grows exponentially
fast and the Lindeberg condition does not hold. The solution is to use a new
filtration. Namely, instead of using the observed generation-wise filtration, we
will use the sister pair-wise one. Let

G =0V o{01X1, (626 Xok, 02641 Xokt1), 1 <k < p}

be the o-algebra generated by the whole history O of the Galton-Watson pro-
cess and all observed individuals up to the offspring of individual p. Hence
(021E2k, 02k +1E2k+1) 1S Q,?—measurable. In addition, assumptions (HN.1) and
(HI) imply that the processes (dorcor, Xk0okEok, dokt162k+1, Xk0okt162k+1),
(02k€3), + O2kt165441 — (O2k + O2kg1)0?) and (oxl2kt1(E2ke2kt1 — p)) are G-
martingale difference sequences. In all the sequel, we will work under the prob-
ability Pz and we denote by Ez the corresponding expectation.

Proof of Theorem 3.4, first step. We apply Theorem 3.I1.10 of [6] to the G-
martingale M™ = (M]g")){le} defined by

, d2kE2k
1 X001
M) = D with Dy = RO2k=2k
p VT ; i 4§ 02k+1E2k+1
Xi02k+1€2k+1

Set v, = |T,| = 2! — 1. Note that if & ¢ T}, then Dy = 0 which implies that

m_ _ 1 __1
M = T s 2

k=1 kET?
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As the non-extinction set £ is in Q,? for every k > 1, it is easy to prove that

Eg[Dy.D}|G 1] = EID DG 1]

o280k 2501 X, pPO2k02k+1  PO2kO2k+1 Xk
028501 Xk 02091, X7 pOoklont1 Xk  poakdokt1 X
pPO2k02k+1  PO2kO2k+1 Xk 0282k 11 0280k 11Xk ’

pO2102k+1 Xk pOokdori1 X7 020akt1 Xk 0202541 X7

and Corollary 4.3 gives the Pz almost sure limit of the increasing process

r,
T, (82)

|TW| n— o0

<M >, = a1 Z E¢[D,D|GE || =

| keT?

Therefore, the first assumption of Theorem 3.I1.10 of [6] holds under Pz. We
now want to prove the Lindeberg condition that is the convergence in probability
to 0 of the following expression L,, for all € > 0:

In = |1r*| 2 EelllDil? 1{||Dk|\>e\/nr_*}|gk 1

keTs
< T* > Eell Dil" G 1JP(|1 Drll > e/ T3l 1GE-1)
T heTe
_ Sk BlIDk[I"G ] T Eell| Dx | 1G7]
- IT5,] €| T ’

kET?

for some r > 2 and thanks to Holder and Chebyshev inequalities. Besides, using
Eq. (6.1) and similar calculations as in Lemma 6.1, one readily obtains

Tn—1

X$<2"(1- Z BF e | + 2765 XF.

Now, assumption (HN.1) together with 5 < 1 yield the existence of a constant
C' such that

sup E[X}] < C(1 +E[X})),

k>0
and recall that E[X}] < oo. Finally, since the entries of Dy are combinations of
eor+i and Xy, using again (HN.1) and (HI), one obtains that

sup E[| D |G- 1] < o0 a.s.
k>0

with » = 8. The Lindeberg condition is thus proved, plugging the convergence
(8.2) into the following equality:

S EllDul? 16841 = o o

keTy,

Z Eg[D).D}, \g,?_l]) — tr(D).

n—0o00
keT?y

!T*
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We can now conclude that under Pz

1
Y Dp= =M, 5 N(0,T).
\/ n 1 keT: | |Tn—1|

Finally, result (3.9) follows from Eq. (4.1) and Corollary 4.3 together with Slut-

sky’s Lemma. [l

Proof of Theorem 3.4, second step. On the one hand, we apply Theorem 3.11.10
of [6] to the G€-martingale M (") = (Mé")){pzl} defined by

1 p
M,S") = ka and v = Gopesy, + Oont16441 — (O2k + O2pt1)0”
1

VITA 12

As above, one clearly has

= IT; /(07 — o)
Ve

Using assumptions (HN.1), (HI) and Lemma 5.3 we compute the limit of the
increasing process under Pz

—1

2p(1,1
lim < M™ >, = (7'4—04)—1—7]9( 1)

Therefore, the first assumption of Theorem 3.11.10 of [6] holds under P¢. Thanks
to assumptions (HN.2) and (HI) we can prove that for some r > 2,

(2t —o?) Pz a.s.

supEgllonl 168, ] <00 as.
k>0

which implies the Lindeberg condition. Therefore, we obtain that under Pz

VI|Tx| (02 — 62) £, N, (7 = oh) + —2]5(71; D) (it —oh)).

Furthermore, we infer from Eq. (3.6) that

lim /|T%[(G2 — 02) =0 Pz as.

n—oo

which yields result (3.10).
We turn now to the proof of result (3.11) with another GP-martingale (M (n))
defined by

1
M}gn) N 252k52k+1(52k52k+1 p)-
\/Wk 1

As above, one easily shows that

1
M = Y aibaia(eiezins — p) = \/ITo (o — p)-

by -
n /|T*Ol |'L€T;‘1 )
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Using assumptions (HN.1) and (H.I), we compute the limit of the increasing
process
lim < M™ >, =274 — )2 Pz a.s.

n—oo

We also derive the Lindeberg condition. Consequently, we obtain that under Pz,
one has

- c
T8 [(pn — p) — N(0,°7% — p?).

Furthermore, we infer from (3.8) that
lim /|TY (P — pn) =0 Pz a.s.
n—oo
Finally, result (3.11) follows, which completes the proof of Theorem 3.4. O

Appendix A: Quadratic strong law

In order to establish the quadratic strong law for the main martingale (M,,), we
are going to study separately the asymptotic behavior of (W),,) and (B,,) which
appear in the main decomposition given by Equation (7.1).

Lemma A.1. Under assumptions (HN.1), (HN.2), (HO) and (HI), we have

1 4(m—1
lim ]]-{|G:|>O}5Wn = Ma%lg a.S.

n—-+oo

Proof. First of all, we have the decomposition W,, 11 = 7,41 + Ry, 41 where

" AM, ST AM
Z’H‘l = Z ’T*| )
=1 ¢
" AML (TS - S THAM
Rn+1 = Z |,]I,>£| .

(=1

We first prove that

i 1 4(m—1
hHl ]l{|G:L|>O}E7;L = 7< )

n—-+o0o

0’1z a.s. (A.1)

As 7, is a scalar and the trace is commutative, one can rewrite 7,41 as 7,,4+1 =
tr(B™Y2H, 1 27 Y?) where

n t
AM 1AMy
Hn+1 - Z |T*| .
=1 £
Our goal is to make use of the strong law of large numbers for martingale trans-
forms, so we start by adding and subtracting a term involving the conditional
expectation of AH,, .1 given FO. We have already seen in Section 4.1 that for
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all n, E[AM ,, 1AM ||F9] =T, — T',,_1. Consequently, we can split H,1
into two terms

T, -Ty,
S
=1

where
NAM AMy,, — (T =Ty )

e =2 T;

/=1

On the one hand, it follows from Corollary 4.3 and Lemma 2.1 that

r,-r,, =n-1
n_l)l}_loo {IG >0} T | . I3 a.8

Thus, Cesaro convergence and the remark that {|Gj| = 0} C {|G}| = 0} for all
¢ < n yield

1 ry—T, 4 — Ty
B [cE YR ZW - nETooﬂ{‘G*‘>0}_Z {‘G*'>°} |1r*|
=1
Tm—1
- R .
- I3 a.s

On the other hand, the sequence (IC,,) is obviously a matrix martingale trans-
form and tedious but straightforward calculations, together with Lemmas 6.1
and 6.2 and the strong law of large numbers for martingale transforms given in
Theorem 1.3.24 of [6] imply that 1ygx|~03/C,y = o(n) a.s. Hence, we infer from
the equation above that

T—1

lim 1yg: |>0}—’H | a.s. (A.2)

n——+oo
Finally, we obtain

T—1 -1

lim ]l{|G*|>0} ’T tr(E_l/QI‘E_l/Q)]lg:?T 40%1F as.

n—-+00

which proves (A.1). We now turn to the asymptotic behavior of R,4+1. We
know from Proposition 4.2 that 1{|G;|>O}(’T;|2;1 — 271 goes to 0 as n goes
to infinity. Hence, for all positive € and for large enough n, one has

1{|G;|>O}|AM;+1(|T2|2;1 — Eil)AMn_Fl’ < ]]-{|(G;§|>0}4€AM¢L+1AMH+1-
Using again that {|G;| = 0} C {|G};, | =0} for all £ < n + 1, we rewrite

AM} (T3B! - 2 HAM 4y
Lijcs,, 1500 Rut1 =161, 1503 _L{I6;1>0} IT7 | |
/=1
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Hence,

" AM!,,  AM,,,
Lie;,, >0l Ruta| < dellye;  >0p)_Lez1>0) i
(=1 £

" AM,  AMyy
< 46]1{|G12+1|>0}Z T} ]
/=1

< delyg:, >0p tr(Hat).

This last inequality holding for any positive € and large enough n, the limit
given by Equation (A.2) entails that

1
lim 1{|G;|>0}5Rn =0 a.s.

n—-—+oo
which completes the proof of Lemma A.1. ]
Lemma A.2. Under assumptions (HN.1), (HN.2), (HO) and (HI), we have

. 1
nEI—IO—loo ﬂ{|@;|>0}58n =0 a.s.

Proof. The result is obvious on the extinction set £. Now let us work on .

Now for i € {0, 1} and n > 1, let 6:1 = (€2n+i,€2n+2+i, . ,€2n+1_2+i)t, be the
. ; t .

collection of 1, k € Gj,, and set §,, = (52, 5711) . Note that &, is a column vector

of size 2", With these notation, one has

Boi1=2) M{S;'AM =2> MZ;'Wg, .
=1 =1
The sequence (B,,) is a real martingale transform satisfying
AByi1 =By — B, =2MLS M6

Consequently, via the strong law of large numbers for martingale transforms,
we find that either (B,,) converges a.s. or B,, = o(< B >,,) a.s. where

n
<B>p=4) M;3;'®,C¥;x;'M,,
(=1

a2 p
C—( p 0_2 ®12n.

As C is definite positive under assumption (HN.1), one has C < 202Iyn+1 in
the sense that 202I5n+1 — C' is semi definite positive. Hence, one has

with

<B>p1<80% ) ME,; ', U5, M,
/=1
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Now, by definition, one has

_ _ SH 1@ (®Y)t(SY) T 0
Zl\Ilf\Iltz 1:<(£ 4 L l 7 B .

‘ o 0 (Sp)~ @4 ()" (Sy) !
We now use Lemma B.1 of [3] on each entry to obtain

2w s <5 -
as the matrix [ in that lemma is definite positive. Therefore, we obtain that
<B>p1<80% ) Myl - B )M, = 80%A,.
=1

Finally, we deduce from the main decomposition given by Equation (7.1) and
Lemma A.1 that

14ix |50} (Vnr1 + An) = 0o(An) + O(n) a.s.
leading to 1f|gx|>01Vn+1 = O(n) and 1yigx >0y An = O(n) a.s. as Vyy1 and A,

are non-negative. This implies in turn that 1;g«|>01 B, = o(n) a.s. completing
the proof of Lemma A.2. [l

Appendix B: Wei’s Lemma

In order to prove Proposition 7.2, we shall apply Wei’s Lemma given in [16]
page 1672, to each entry of the vector-valued main martingale

n
t
M, = g g (021E2k, 02k XkE2ks 024162511, 02k+1 X kE2k41) -
=1 keGy_4

For i € {0,1}, denote

P7:LL = Z Z 0ok +i€2kti and Q; = Z Z 02k+i X kE2hti-

=1 keGy_4 =1 keGy_4

On the set &, these processes can be rewritten as

Pi=>"\/IG;_vi, QL= VIGei|uwj,
/=1 /=1

where

:@.

1
Lie:_ >0 02k i€2k+i,
nt V ‘Gn—1| Z

keG,—1

:S.

1
w, = lge:_ |50~ O2k+i X kE2k+i-
n—1 /|Gn_1| Z

kEGn—l
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On the one hand, we clearly have E[v!, , ;|FO] = 0 and E[(v})?|FS] = o2 fé:"l
a.s. on £. Moreover, it follows from Cauchy-Schwarz inequality that
A Trig=
Elp) Y] = S nm D dauniBlebil 7]
n keG,
L{jcsl>0
Gor 2 O OBl i Bl | )
" p€Gy k#p

< 3C1g:|>0} Sup ]E[e%k+i\.7:,?] a.s.
keG,
as Z! |G|~ is bounded.This implies that sup E[(v} ,;)*|FS] < +o0 a.s. Con-
sequently, we deduce from Wei’s Lemma that for all n > 1/2,
Lye: 03 (Ph)? = o(|T;_1[n")1g a.s.

On the other hand, it is not hard to see that E[w! _,|FS] = 0 a.s. Moreover, it
follows from Cauchy-Schwarz inequality that,

E[(w) 1)1 7]

L{icx|>0
= {||G7;||>2 ! Z Ook+i XpElegy i FY ] + o Z Z5zp+i52k+iX5X;3
n keGy pEG,, k#p
2
1
< 3]1{\GZ|>0} <kS€uGI,’ E[53k+i|f¢?]> <\G*| Z 52k+¢Xl2> a.s.
" ke,

which is finite from Proposition 6.5. We deduce from Wei’s Lemma applied to
Q}, that for all n > 1/2, Tgje:_ |501[|QulI> = o(|T};_;|n") a.s. which completes
the proof of Proposition 7.2. O
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1. Introduction

Bifurcating autoregressive (BAR) processes were first introduced by Cowan and Staudte (1986). They generalize
autoregressive processes when data are structured as a binary tree, see also Hwang and Basawa (2009, 2011) for processes
indexed by general trees. Typically, BAR processes are involved in statistical studies of cell lineages. Cell lineage data consist
of observations of some quantitative characteristic of the cells over several generations descended from an initial cell. One
may need to distinguish the two offspring of a given cell according to some biological property, leading to the notion of type.
The initial cell is labeled 1, and the two offspring of cell k are labeled 2k and 2k + 1, where 2k is of type even, and 2k + 1 is
of type odd. If X}, denotes the quantitative characteristic of cell k, the first-order asymmetric BAR process is given by

Xok = a + bX + &2, (1)
Xok+1 = ¢ + dXy + €ax41,

forall k > 1. The noise sequence (&2, €2¢+1) represents environmental effects, while a, b, ¢, d are unknown real parameters
related to the inherited effects. Various estimators are studied in the literature for a, b, c, d, see Guyon (2007), Delmas and

* Corresponding author. Tel.: +33 5 24 57 41 69; fax: +33 5 24 57 40 24.
E-mail addresses: saporta@math.u-bordeaux1.fr (B. de Saporta), anne.petit@u-bordeaux2.fr (A. Gégout-Petit), laurence.marsalle@univ-lille1.fr
(L. Marsalle).

0167-7152/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.spl.2012.04.003



1440 B. de Saporta et al. / Statistics and Probability Letters 82 (2012) 1439-1444

Marsalle (2010), Bercu et al. (2009) and de Saporta etal. (2011). Here the genealogy is modeled by a two-type Galton-Watson
process (GW), allowing the reproduction laws to depend on both the mother’s and daughter’s types. The aim of this paper is
to propose asymmetry tests for both the GW process defining the genealogy of the cells, and the BAR process with missing
data. In particular, we propose original tailor-made estimators for the reproduction probabilities of the GW process, give
their asymptotic behavior and derive Wald test for the equality of the means of the reproduction laws for even and odd
mother cells. We also investigate asymmetry of the parameters a, b, ¢, d. A detailed study on simulated data, as well as a
new investigation of the Escherichia coli data of Stewart et al. (2005) are provided.

2. Notation

For alln > 1, denote the n-th generation by G, = {k € N : 2" < k < 2""! — 1}, and the sub-tree of all cells up to
the n-th generation by T,, = UZ:O Gy. The cardinality |G,| of G, is 2", while that of T, is |T,| = 2™! — 1. We encode the
presence or absence of cells by the process (J): if cell k is observed, §, = 1, if cell k is missing, §y = 0. We define the sets of
observed cells as G} = {k € G, : 8§y = 1} and T}, = {k € T, : §; = 1}. Finally, let & be the event corresponding to the case
when there are no cell left to observe: € = | J,.,{|G}| = 0} and € its complementary set. For n > 1, we define the number
of observed cells in the n-th generation distinguishing their type: Z0 = |G N 2N|, Z! = |G} N (2N + 1)|, and we set, for all
n>1,2, = (Z% Z"). Note that fori € {0, 1} and n > 1 one has Z' ZkeGH O2kti-

n’>=n

3. Asymmetry in the lineage

We now describe the mechanism generating the observation process (§x) and recall some classical assumptions taken
from Harris (1963). We define the genealogy of the cells by a two-type GW process (Z,). All cells reproduce independently
and with a reproduction law depending only on their type. For a mother cell of type i € {0, 1}, we denote by p® (jo, j1)
the probability that it has j, daughter of type 0 and j; daughter of type 1. For the cell division process we are interested
in, one clearly has p® (0, 0) + p® (1, 0) + p?(0, 1) + p” (1, 1) = 1. The reproduction laws have moments of all orders,
and we can thus define the descendant matrix as the 2 x 2 matrix P = (pj)o<i j<1, Where p;y = p?(1,0) + p?(1, 1) and
pin = pP(0, 1) + p?@(1, 1), for i € {0, 1} i.e. p; is the expected number of descendants of type j of a cell of type i. We make
the following main assumption.

(AO) All entries of the matrix P are positive and its dominant eigenvalue 7 satisfies 7 > 1.

In this case, there exist component-wise positive left eigenvectors for m. Let z = (z°, z!) be the one satisfying z° +
zl = 1. Assumption (AO) means that (Z,) is super critical and ensures that extinction is not almost sure: P(§) < 1. On
I3 |’]I‘*| 1 Z, 1 Z| converges to z', meaning that z' is the asymptotic proportion of cells of type i. Our context is very specific
because the 1nf0rmat10n given by (8;) is more precise than the one given by (Z,,) used in the literature, see Guttorp (1991).
Empiric estimators of the reproduction probabilities using data up to the n-th generation are, for i, jg, j; in {0, 1}

Y Sakti®i (S22k+i)) Djy (B202k4i)+1)

keTp_o
Y Skt

keTp_2

PV Go, j1) =

where ¢ (x) = 1—x, ¢1(x) = x, if the denominators are nonzero (zero otherwise). The strong consistency is readily obtained
on the non-extinction set & by martingale methods.

Lemma 3.1. Under (AO) and for all i, jo and j; in {0, 1}, one has
lim,, o 1{|@,’;\>0}5§P Go. 1) = PV (o, j1) 15 as.
Set p? = (p®(0,0), p@(1, 0), p? (0, 1), p?(1, 1))! the vector of the 4 reproduction probabilities for a mother of type

i,p= (P, (pV)")" the vector of all 8 reproduction probabilities and p, = @2(0,0),...,p(1, 1)) its estimator. As
P(&) # 0, we define the conditional probability Pz by Pg(A) = P(AN &)/P(€) for all events A.

Theorem 3.2. Under assumption (AO), we have the convergence \/|T:_,[(Pn — P) £, N(0,V) on (E, Pg), with V. =

0,0 . . . . . .
(V éz v‘?ﬂ) and for all i in {0, 1}, Vi = W' — p® D), Wi is a 4 x 4 matrix with the entries of p® on the diagonal

and 0 elsewhere.
Proof. Foralln > 2,andq > 1,set M{" = ((MO(”))[ [ Y ) with

Saki((1 = 820214 (1 — S22k +1) - p?(0,0))
im 1 d Sate+i (822K (1 — S22k40011) — pP (1, 0))
T T = Sa+i((1 = 8202140 22k4p+1 — (0, 1)
Sateri (8202082020041 — PP (1, 1)
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Let (§4) be the filtration of cousin cells: §o = o{81, 82, 3} and forallq > 1, §¢g = Gq—1 V 0{84q, Sag+1, Sag42, 4q+3}. For all

n>2, (M(")) is a (§4)-martingale. We apply Theorem 3.1.10 of Duflo (1997) with the stopping times v, = |T,_;|. The Pg
a.s. 11m1t of the increasing process is

Z 8o V° 0

1 keTy_p

0y;0
z’V 0
J— —> G = .
|T:_1| 0 E 82k+1v1 n—00 ( 0 Z1v1>

keTy_p

<M(n))vn =

In addition, the Lindeberg condition holds as the §; have finite moments of all orders. Thus, we obtain the convergence
M) = N(0,G)on (€, Pg). On the other hand, A, |T: M = \/IT:_|[(Bn — P), with

i N, 0

=1
A, = . :

0 >z,
=1

and 1, is the identity matrix of size 4. As |T}|~' > ",_, Z,f; converges a.s. to z' on (&, Pg), we have the asymptotic normality,
using Slutsky’s lemma. O

We now derive Wald’s test for the asymmetry of the means of the reproduction laws. Set m = (p©(1,0) + p©(0, 1) +
2p9(1, 1)) = (p™"(1, 0)+p™ (0, 1)+2p™ (1, 1)) the difference of the means of the types 0 and 1 reproduction laws and i,
its empirical estimator. Set H{"W: m = 0 the symmetry hypothesis and HW: m = 0. Let (YSW)? be the test statistic defined
by YW = T 1|1/2(AGW)*1/2ﬁn where ASY = dgw'V,dgw, dgw = (0, 1,1,2,0 — 1, —1 —2)t, and V, is the empirical
version of V, where z' is replaced by |T}| ™! Z, IZI and the p? (jo, j;) are replaced by ()0 j1). Thanks to Lemma 3.1, V

converges a.s. to V and the test statistic has the following asymptotic properties.

HCW

Theorem 3.3. Under assumption (AO) and the null hypothesis one has (YSW)? N x2(1) on (&, Pg); and under the

HGW

alternative hypothesis H{Y, one has limy,_, o (Y,'V)? = 400 a.s. on (€, Pg).

Proof. Let g be the function defined from R® onto R by g(x1,...,Xs) = (X2 + X3 + 2x4) — (X + x7 + 2xs), so that
m, —m = g(Py) — g(p), and dgw is the gradient of g. Theorem 3.2 yields ,/|T;;_,[(g(®,) — g(p)) £ N(0, AY) on
(€, Pg), with A®Y = dgw'Vdgw. Under H§Y, g(p) = m = 0, so that |T;_1|(AGW)‘1g(n)2 £ ¥2(1) on (€, Pg). One

then uses Slutsky’s lemma to replace ASYW by ASW. Under HSW, since Y?W = |T7_ 1|1/2(AGW) /211, and m, converges to
m # 0, YSW tends to infinity a.s. on (€, Pg). O

4. Asymmetry in cell’s characteristic

We turn to the asymmetry of the BAR model with missing data. Assume that E[Xls] < oo and 0 < max(|b|, |d|) < 1.
Denote by F = (#,) the natural filtration associated with the BAR process: #, = o {Xy, k € T,}.

(AN.1) One has sup, SUpyeg, ,, E[ef|F1] < oo as, Vn > 0and k € Guyq, E[ek|Fn] = 0, E[¢}|F,] = 0% as., Vk € Gy,
E[eawsarr11Fnl = p as.
(AN.2) Vn > 0, {(e2k, €2k+1) }kec, are conditionally independent given #,.
(AI) The sequence (i) is independent from the sequences (X) and (&y).

The least-squares estimator of & = (a, b, ¢, d) is given forall n > 1 byle\n = (dn,/l;n,a,an)t with

821Xk
—~ 8ok XpeX. 2 0
en — Z‘;_% Z 2k Ak A2k , En — < n 1) ,
W | Sk Xk 0 S,
B2k 1XkXok+1
X X
=) Susi ( 2) Si' =" Sabai (
keTp X X) keTy X Xk
Denote also L% L', L% their as. limits: limp_ o0 Lygs-0pSh/IThH = gLl limpooo Lyjgz =050 /IT;] = 1gL%7, see

Proposition 4.2 of de Saporta et al. (2011). We now recall Theorems 3.2 and 3.4 of de Saporta et al. (2011).
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Table 1
Proportions of p-values under the 0.05, 0.01 and 0.001 thresholds of the asymmetry tests for the means of
the GW process (1000 replicas) p©® = (0.04, 0.08, 0.08, 0.8) (under (H1), p‘" = (0.15, 0.08, 0.08, 0.69)).

Generation Under H§W Under H{W
p < 0.05 p < 0.01 p < 0.001 p < 0.05 p < 0.01 p < 0.001
7 6.4 19 0.3 27.8 11.8 03.6
8 5.6 14 0.3 44.2 22.2 07.6
9 5.5 1.1 0.3 58.6 38.5 17.0
10 5.7 15 0.2 79.4 60.8 359
11 4.8 1.0 0.1 93.1 82.0 64.2

Theorem 4.1. Under (AN.1-2), (AO) and (Al), the estimator/e\n is strongly consistent lim,_, o ]l{|<r;;|>0}§n = 01z a.s. Inaddition,
we have the asymptotic normality \/|T%:_, [(6, — 0) £ N0, Z'TZ ") on (€, Pz), where

L 0 o210 101
E == (0 Ll> N and F == <pL0’1 g'ZL] .
We now propose two different asymmetry tests. The first one compares the couples (a, b) and (c, d). Set Hg: (a, b) = (c, d)

the symmetry hypothesis and H§: (a, b) # (c, d). Let (Y5)"Y5, be the test statistic defined by Y, = |T}_, |1/2(Zﬁ)*1/2 @, —
T, by — dy)t, with A, = |T*_,|°dgc =, "\ T, 1=, dgc,

dgc = (1 0 -1 0 )t 71 Gor1Sn PnsaSy”
= _ 5 n — -~ oy ’
01 0 1 [T \ Dy 12! 0r12+lsrll

6.‘]12 = |T;|_l Zke'ﬂ‘,’;il(g\gk +§§k+1)y ﬁn = |T:(111|_1 Zk€'ﬂ‘n_1§2klg\2k+l9 T;m = {k € T, : 82k52k+1 = 1} and for all

k e Gnv/g\Zk = 52I<(X2k _an - bTIXk)1/8\2k+l = 82k+](X2k+1 —Cn — ank)-

. . £L —
Theorem 4.2. Under assumptions (AN.1-2), (AO), (Al) and the null hypothesis H§, one has (Y5)'Y5, — x2(2) on (€, Pg); and

under the alternative hypothesis HS, one has limy_. o [|Y]|* = +o00 as. on (€, Pp).

Proof. We mimic the proof of Theorem 3.3 with g the function defined from R* onto R? by g(x1, X2, X3, X4) = (x1 — X3,
Xy — x4)[. O

Our second test compares the fixed points a/(1 — b) and c/(1 — d), which are the asymptotic means of Xy, and Xpx+1
respectively. Set H(f,: a/(1 —b) = c/(1 — d) the symmetry hypothesis and Hﬁ: a/(1—>b) #c/(1—d).Let (Y,{)2 be the test
statistic defined by Y} = |T*_,|"V/2(&)="/2(@,/(1 = b,) — /(1 —d,)), where A, = [T _, [2dgf ="\ T, %, dgf, dgf =
(1/(1 = b), a/(1 — b)?, =1/(1 — d), —c/(1 — d)?)".

Theorem 4.3. Under assumptions (AN.1-2), (AO) , (Al) and the null hypothesis HE, one has (YL)? —5> x2(1) on (€, Pg); and
under the alternative hypothesis Hf, one has lim,Hoo(Y,{)2 = +oo as. on (€, Pg).

Proof. We mimic again the proof of Theorem 3.3 with g the function defined from R* onto R by g(x1, X2, X3, X4) =
t
(x1/(1=x) —x3/(1—x4))". O

5. Application to simulated data

We now study the behavior of our tests on simulated data. For each test, we compute, in function of the generation n and
for different thresholds, the proportion of rejections under hypotheses Hy and Hy, the latter being an indicator of the power
of the test. Proportions are computed on a sample of 1000 replicated trees. In Table 1, the observed proportions of p-values
under the given thresholds are close to the expected proportions of rejection under ng suggesting that the asymptotic law
of the statistic (Y$")? is available by generation 8. Under wa, the power of the test increases from 27.8% for generation 7
to 93.1% for generation 11 for a risk of type 1 fixed at 0.05. In Table 2, the observed proportions of p-values under the given
thresholds, are close to the expected proportions of rejection under H§ suggesting that the asymptotic law of the statistic
IYS | is also available at generation 8. Under HS, the power of the test increases from 37.4% for generation 7 to 95.7% for
generation 11 for a risk of type 1 fixed at 0.05. In Table 3, the observed proportions go away from the expected ones under
H(f,, suggesting that the asymptotic law of the statistic is not reached before the 10th generation. The power is also weak
until the 10th generation.
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Table 2

Proportions of p-values under the 0.05, 0.01 and 0.001 thresholds of the asymmetry test for the parameters

of the BAR process (1000 replicas) a = b = 0.5 (under (H1),c = 0.5;d = 0.4).

Gen Under Hg Under Hj
p <0.05 p < 0.01 p < 0.001 p < 0.05 p < 0.01 p < 0.001
7 6.6 2.2 0.6 37.4 19.7 08.0
8 5.5 1.5 0.3 53.6 31.0 14.6
9 5.5 13 0.3 711 52.3 30.3
10 6.3 1.2 0.1 86.8 75.5 56.1
11 5.9 0.6 0.1 95.7 90.8 814
Table 3

Proportions of p-values under the 0.05, 0.01 and 0.001 thresholds of the asymmetry test for the fixed points

of the BAR process (1000 replicas) a = b = 0.5 (under (H1), c = 0.5; d = 0.4).

Gen Under Hf Under HY
p < 0.05 p < 0.01 p < 0.001 p < 0.05 p <0.01 p < 0.001
7 2.2 0.7 0 23.1 07.4 01.4
8 33 0.5 0.1 413 20.5 06.1
9 3.8 0.5 0 64.6 41.6 18.6
10 4.7 0.8 0 82.9 68.1 46.3
11 5.5 0.7 0.1 94.5 88.5 74.5
o- _
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Fig. 1. Histogram of the 51 p-values of the test H{"
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Fig. 2. Histogram of the 51 p-values of the tests H§ and HE.

6. Application to real data: aging detection of Escherichia coli

1443

To study aging in the single cell organism E. coli, Stewart et al. (2005) filmed 94 colonies of dividing cells, determining
the complete lineage and the growth rate of each cell. E. coli is a rod-shaped bacterium that reproduces by dividing in the
middle. Each cell inherits an old end or pole from its mother, and creates a new pole. Therefore, each cell has a type: old pole
or new pole inducing asymmetry in the cell division. Stewart et al. (2005) propose a statistical study of the mean genealogy
and pair-wise comparison of sister cells assuming their independence which is not verified in the lineage. We ran our tests of
the null hypotheses ng, Hj and HfJ on the 51 data sets issued of the 94 colonies containing at least eight generations. Fig. 1
shows that the hypothesis of equality of the expected number of observed offspring between two sisters is not rejected
whatever the data set. This result is not surprising: data are missing most frequently because the cells were out of the
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range of the camera. The null hypotheses of the two tests are rejected for one set in four for Hy and for one in eight for Hf)
(see Fig. 2). A global conclusion on the asymmetry between the old pole and new pole cells is not easy. Regarding the
simulation results in Tables 2 and 3, this lack of evidence is probably due to a low power of the tests at generations 8 and 9.

References

Bercu, B., de Saporta, B., Gégout-Petit, A., 2009. Asymptotic analysis for bifurcating autoregressive processes via a martingale approach. Electron. J. Probab.
14 (87), 2492-2526.

Cowan, R, Staudte, R.G., 1986. The bifurcating autoregressive model in cell lineage studies. Biometrics 42, 769-783.

Delmas, J.F., Marsalle, L., 2010. Detection of cellular ageing in a Galton-Watson process. Stochastic Process. Appl. 120, 2495-2519.

de Saporta, B., Gégout-Petit, A., Marsalle, L., 2011. Parameters estimation for asymmetric bifurcating autoregressive processes with missing data. Electron.
J. Stat. 5, 1313-1353.

Duflo, M., 1997. Random Iterative Models. In: Applications of Mathematics, vol. 34. Springer-Verlag, Berlin.

Guttorp, P., 1991. Statistical Inference for Branching Processes. In: Wiley Series in Probability and Mathematical Statistics: Probability and Mathematical
Statistics, John Wiley & Sons Inc., New York.

Guyon, J., 2007. Limit theorems for bifurcating Markov chains. Application to the detection of cellular ageing. Ann. Appl. Probab. 17, 1538-1569.

Harris, T.E., 1963. The Theory of Branching Processes. In: Die Grundlehren der Mathematischen Wissenschaften, Bd. 119. Springer-Verlag, Berlin.

Hwang, S.Y., Basawa, L.V., 2009. Branching Markov processes and related asymptotics. ]. Multivariate Anal. 100, 1155-1167.

Hwang, S.Y., Basawa, L.V., 2011. Asymptotic optimal inference for multivariate branching-Markov processes via martingale estimating functions and mixed
normality. J. Multivariate Anal. 102, 1018-1031.

Stewart, E., Madden, R, Paul, G., Taddei, F., 2005. Aging and death in an organism that reproduces by morphologically symmetric division. PLoS Biol. 3, e45.



1.4 [dSGP*13a] B. DE SAPORTA, A. GEGOUT PETIT, AND L.
MARSALLE. Random coefficients bifurcating autoregres-
sive processes. En révision pour ESAIM PS, arXiv :1205.3658,

2013.

88



arXiv:1205.3658v2 [math.PR] 7 Sep 2012

Random coefficient bifurcating autoregressive
processes
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Abstract

This paper presents a model of asymmetric bifurcating autoregressive pro-
cess with random coeflicients. We couple this model with a Galton Watson
tree to take into account possibly missing observations. We propose least-
squares estimators for the various parameters of the model and prove their
consistency with a convergence rate, and their asymptotic normality. We use
both the bifurcating Markov chain and martingale approaches and derive new
important general results in both these frameworks.

1 Introduction

In the 80’s, Cowan and Staudte [1| introduced Bifurcating Autoregressive processes
(BAR) as a parametric model to study cell lineage data. A quantitative characteris-
tic of the cells (e.g. growth rate, age at division) is recorded over several generations
descended from an initial cell, keeping track of the genealogy to study inherited
effects. As a cell usually gives birth to two offspring by division, such genealogies
are naturally structured as binary trees. BAR processes are thus a generalization of
autoregressive processes (AR) to this binary tree structure, by modeling each line of
descent as a first order AR process, allowing the environmental effects on sister cells
to be correlated. Statistical inference for the parameters of BAR processes has been
widely studied, either based on the observation of a single tree growing to infinity
[1, 2, 3, 4] or on a large number of small independent trees [5, 6]. See also |7, 8] for
processes indexed by general trees.

Various extensions of the original model have been proposed, e.g. non gaussian
noise sequence |9, 10|, higher order AR [3, 10] or moving average AR [6]. Since 2005,
evidence of asymmetry in cell division has been established by biologists [11] and an
asymmetric BAR model has been introduced by Guyon [12| where the coefficients of
the AR processes of sister cells are allowed to be different. This model was further
extended to higher order AR [13], to take missing data into account [14, 15, 16] and
with parasite infection [17].

To our best knowledge, only two papers [18] and [19] deal with random coefficient
BAR processes. In the former by Bui and Huggins it is explained that random
coefficients BAR processes can account for observations that do not fit the usual
BAR model. For instance, the extra randomness can model irregularities in nutrient
concentrations in the media in which the cells are grown. Other evidence for the need



of richer models can be found e.g. in [20]. In this paper, we propose a new model for
random coefficient BAR processes (R-BAR). It is more general than that of Bui and
Huggins, as the random variables are not supposed to be Gaussian, they may not
have moments of all order and correlation between all the sources of randomness
are allowed. Moreover, we propose an asymmetric model in the continuance of
[12, 13, 14, 15, 16, 19] in the context of missing data. Indeed, experimental data
are often incomplete and it is important to take this phenomenon into account for
the inference. As in [14, 15| we model the structure of available data by a Galton
Watson tree, instead of a complete binary tree. Our model is close to that developed
in [19], but the assumptions on the noise process are different as we allow correlation
between the two sources of randomness but require higher moments because of the
missing data and because we do not use a weighted estimator. The main difference is
that the model in [19] is fully observed, whereas ours allows for missing observations.

Our approach for the inference is also different from [18, 19]. As we cannot use
maximum likelihood estimation, we propose modified least squares estimators as
in [21]. In [18], inference is based on an asymptotically infinite number of small
replicated trees. Here, as in [19], we consider one single tree growing to infinity but
our least squares estimator is not weighted. The originality of our approach is that
it combines the bifurcating Markov chain and martingale approaches. Bifurcating
Markov chains (BMC) were introduced in [12] on complete binary trees and further
developed in [14] in the context of missing data on Galton Watson trees. BAR models
can be seen as a special case of BMC. This interpretation allows us to establish the
convergence of our estimators. A by-product of our procedure is a new general result
for BMC on Galton Watson trees. Indeed, in [12, 14| the driven noise sequence is
assumed to have moments of all order. Here, we establish new laws of large numbers
for polynomial functions of the BMC where the noise sequence only has moments
up to a given order. The strong law of large numbers [22] and the central limit
theorem (23, 24, 22| for martingales have been previously used in the context of
BAR processes [9, 10, 4] and adapted to special cases of martingales on binary trees
[13, 15, 16, 19]. In this paper, we establish a general law of large numbers for square
integrable martingales on Galton Watson binary trees. This result is applied to our
R-BAR model to obtain sharp convergence rates and a quadratic strong law for our
estimators.

The paper is organized as follows. In Section 2, we give the precise definition
of our R-BAR model on a Galton Watson tree and state our main assumptions.
In Section 3, we give modified least squares estimators and state the convergence
results we obtained: consistency with convergence rate and asymptotic normality.
In Section 4, we recall the BMC framework, prove a new law of large numbers
under limited moment conditions and apply it to our R-BAR model to derive the
consistency of our estimators. In Section 5 we establish a new general law of large
numbers for square integrable martingales on Galton Watson trees and use it to de-
rive convergence rates and quadratic strong laws for our estimators. In Section 6 we
establish the asymptotic normality by using central limit theorems for martingales.
Finally in Section 7 we apply our estimation procedure to E. coli data of [11].



2 Model

In the sequel, all random variables are defined on the probability state space (€2, .4, P).

As in the previous literature, we use the index 1 for the original cell, and the two

offspring of cell k are labelled 2k and 2k 4 1. Consider the first-order asymmetric

random coefficients bifurcating autoregressive process (R-BAR) given, for all £ > 1,
by

{ Xop = (b +  m)Xe + (a2 + ),

Xoprr = (barrr + )X+ (a2rr + E2011),

where for all k& > 1, one has ag, = a, byy = b, aspr1 = ¢ and by = d. The
initial state X7 is the characteristic of the original ancestor while the sequence
(€9ks Mok, E2k+1, M2k+1)n>1 1S the driven noise of the process, and the parameter (a, b, ¢, d)
belongs to R*. One can see this R-BAR process as a random-coefficient first-order
autoregressive process on a binary tree, where each vertex represents an individual
or cell, vertex 1 being the original ancestor. For all n > 1, denote the n-th generation
by G,, and the sub-tree of all individuals from the original individual up to the n-th
generation by T,:

(2.1)

G, ={2",2"+1,..., 2" — 1}, Tn:UGg
/=0

In particular, Gy = {1} is the initial generation and G; = {2, 3} is the first generation
of offspring from the original ancestor. Finally, denote by T the complete tree. Note
that the cardinality |G,| of G,, is 2" while that of T, is |T,| = 2" — 1. In the
sequel, we shall make use of the following hypotheses.

(H.1) The sequence (£ag, Mok, E9k+1, Mok+1)k>1 1S independent and identically dis-
tributed. It is also independent from Xj.

(H.2) The random variables eq, 19, €3, 73 and X; have moments of all order up to
4+, for some v > 1. One has
Eley) = Eles] =0, Ele3d] = E[e2] =02 > 0, Eleses] = p.,
Ene] = Elns] = 0, E[n3] = E[n3] = 07 >0, Elnans] = py,
Eleayinzy ] = pij, for (i,7) € {0,1}, and p = %(Pm + p10)-

In addition, for all p, ¢, r, s such that p+ ¢+ r + s < 47 denote
Eleinsesns] = 9(p, g, 7, s).

When dealing with the biological issue of cell division, it may happen that a lineage
is incomplete. Indeed, cells may die or measurements may be impossible or faulty on
some cells. Taking into account such a phenomenon, we introduce the observation
process, (0g)ker. Basically, o, = 1 if cell k is observed, d;, = 0 otherwise. We use
the same framework as in [14], and not the more general introduced in [15]. We set
01 = 1 and define the whole sequence through the following equalities:

52k = 5k£[2 and §2k+1 = (5]95]1, (22)



where the sequence (f L = (&, 5,1))k 7 18 a sequence of independent identically dis-

tributed random vectors of {0,1}? with generating function

0 1
]E[sglsfl} = (1 = po —p1 — po1) + PosSo + P151 + Po1Sos1-
We also suppose independence between the observation and state processes.

(H.3) The sequence (&;,)ger is independent from (9x, ok, 241, Nokt1)ker and from
Xi.

Notice that the process (0x)rer takes its values in {0, 1}, and that if £ € T is such
that 0, = 0, then dgngr; = 0, for all ¢ € {0,...,2" — 1} and all n > 1. So to speak,
if individual £ is not observed, all its descendants are also missing. We now define
the sets of observed data

G, ={keG,:0,=1} and T, ={keT,:d =1} =U;_Gj.

Thanks to the i.i.d. property of (§,), the sequence of cardinalities (|G|),>0 is a
Galton-Watson (GW) process with reproduction generating function

2+ (1 —po—p1 —por) + (po + p1)z + po12?,

and mean m = 2pg; + po + p1. According to the position of m of with respect to 1, it
is well known that the population extincts a.s. or not. More precisely, if m < 1 then
we have extinction almost surely, in the sense that P(U,>o{|G}| = 0}) = 1. But if
m > 1, there is a positive probability of survival of the population: P(N,>o{|G}| >
0}) > 0. This latter case is called the super-critical case, and we assume that we are
in that case.

(H.4) The mean of the reproduction law is greater than 1: m > 1.

On the non-extinction set, the growth of the population is exponential. There exists
some non-negative square integrable random variable W such that

G*
lim s =W as., and {W >0} = Nu>o{|G},| >0} a.s. (2.3)

n—oo M

This immediately entails that

T*
lim T4 =W x —— as. (2.4)

n—oo MM m— 1

We will denote £ the extinction set & = U,>0{|G},| = 0} and £ its complementary

set. Note that under assumption (H.4), one has P(£) > 0. We need one more
assumption combining the R-BAR and GW processes.

(H.5) There exist 1 < k <+ such that

+ +
E BB (b + o)) + PR E[(d 4 )™ < L.



This is the analogous of the usual assumption max{|b|, |d|} < 1 in the case of fixed
coefficients. The assumption above is slightly weaker: in the fully observed case and
when 1, = 13 = 0, it reduces to (b + d**)/2 < 1.

Finally, denote by F = (F,,) the natural filtration of the R-BAR process (Xj)ker,
which means that F,, is the o-algebra generated by all individuals up to the n-th
generation, F,, = oc{Xy,k € T,}. We also introduce the sigma field O = o{dy, k €
T} generated by the observation process. We assume that all the history of the
observation process (0;) is known at time 0 and use the filtration F© = (F9) defined

for all n by
FO=0Va{ X,k €T} =0Vo{Xy, keT:}.

Note that F© is a sub-o-field of O V F,,.

3 Estimation

We now give some least-squares estimators of our main parameters and state our
main results on their asymptotic behavior.

3.1 Estimators

We propose to make use of the standard least-squares (LS) estimator /O\n = (Zin,/l;n, [ c/i\n)t
of @ = (a,b, ¢, d)" which minimizes the following expression

1
An(e) = 5 Z 62k<X2k —a — ka>2 + 52k+1(X2k+1 — C— ka)2

k€T, -1

Consequently, we have for all n > 1 and i € {0, 1}

b\n =81 Z (0ok Xo, 02k Xk Xok, O2ky1Xokr1, okt XpXors1)

k€T, -1

. SY 0 : 1 X
with Snfl = ( 0 ! 571171 )7 and Snfl = ZkETn—l 52k+i ( X, Xl% )

We now turn to the estimation of the parameters of the conditional covariance
of (52,172,53,773) Following [21]|, we obtain a modified least squares estimator of

o = (02, poo, p11, 77) by minimizing

Z Z En — €2k|f€ )? (E%k—f—l E[€§k+1|}_g)])2’

25 keGy

where for all £ € G,,,

€2k = Ook(e2n + morXi), €k = O (Xop — @n — 0, Xp),

€okt1 = Oopr1(Cors1 + Mors1Xk), €1 = Oop(Xogpr1 — G — aank)
Under assumptions (H.2) and (H.3), one obtains the following estimator

~ _ ~g A~ ~ ~ t

o, = UL Z (€5 + Epy1, 2X0eay, 2X 00,1, X (63 +63411)) (3.1)

kETnfl



where

Ook + O2k41 200, Xy, 209541 Xs (O + Oopt1) X7
U. — Z 2091 X, 400, X} 0 200, X}
" 252k+1Xk: 0 462k+1X§ 262k+1X]§

kET,
© (o + Oops ) X7 200k X} 200501 X2 (Ook + o1y Xt

Note that if 02 = 0 the estimator of ¢ above corresponds to the empirical esti-
mator already used in [15]. Similarly, the least-squares estimator of p = (p., p, p,;)’
minimizes )

1< S
An(p) = 3 > (uorsr — Eleaneana | 7)),
=1 keGy
and one obtains
~ 1 ~ o~ ~ o~ 2~ o~ t
p,=V, Z (€2k€2k+1a2Xk€2k52k+1an€2k€2k+l) ) (3-2)
k)eTn—l
where
12X, X?
V=) dudoyr | 2Xp 4X7 2X}
ke, Xpo2Xi Xy

Note that one cannot identify po; from pyg, hence the use of p = (po1 + p10)/2. Again
if o7 = 0, we retrieve the empirical estimator of p. used in [15].

3.2 Main results

We now state our main results. The first one establishes the consistency of our
estimators on the non-extinction set.

Theorem 3.1 Under assumptions (H.1-5), and if k > 2, one has
lim Ty 2000 = 01 a.s.

and if in addition k > 4 then one also has

7}1_)11;0 L{c:|>010n = 0lg a.s., nh_)nolo Lijc:|>01P, = plg a.s.

The next results give convergence rates for the estimators.

Theorem 3.2 Under assumptions (H.1-5) and if k > 4, one has
16, — 6> = o(R’m™) a.s.

for all § > 1/2, and the quadratic strong law

: I~ (/3 e _
JL%1{|G%‘>O}EZ|T5_1\(96—e)tsz 'S0, — 0) =tr(Tx Y1z  as.

/=1

where S, T' and X are 4 x 4 matrices defined respectively in Proposition 4.14,
Lemma 5.4 and Lemma 5.5.



For all n, set

_ —1 2 2 2 2 2/ 2 2
o, = U, E : (€2kz + €41 2Xk€5,, 2Xk€2k+1a Xk(€2k + 621~:+1) ) (3-3)
k€T, -1

p, = V.1 (Exn€anrt, 2X k€okConi1, Xj€on€ont) - (3.4)
k€T, -1
Theorem 3.3 Under assumptions (H.1-5) and if k > 8, one has

lim ]]-{|(G;‘L|>0}0'n = 0']13 a.s.
n—00

T

m Lie; >0 (G0 — o)
= U " (q(0) + @ (0), 2g0(1), 2q1(1), qo(2) +q1(2))" 1z a.s.

where U is a 4 x4 matriz defined in Proposition 4.1/ and the q;(r) are scalars defined
i Lemma 5.8.

Theorem 3.4 Under assumptions (H.1-5) and if k > 8, one has

lim Tygy 00 = Pl as.
, Tl - t
m Tie; >0 - =(Pn—p) = V H001(0),200(1),q01(2)) 1z a.s.

where V' is a 3 X 3 matriz defined in Proposition 4.14 and the qo1(r) are scalars
defined in Lemma 5.11.

We now turn to the asymptotic normality for all our estimators 5n, o, and p, given
the non-extinction of the underlying Galton-Watson process. Using the fact that

P(£) # 0 thanks to the super-criticality assumption (H.4), we define the probability
Pz on (2, A) by Pg(A) =P(ANE)/P(E) for all A € A.

Theorem 3.5 Under assumptions (H.1-5) and if k > 8, one has
T, (B, — 0) 5 N (0,57'TS™) on (,Ps) (3.5)
with S defined in Proposition 4.1/ and I' in Lemma 5.4. If moreover k > 16,
;2@ —0) 2 N(0UTTU) on (EP2), (3.6)
T (B, —p) 5 NO,VITVTY) o (E,Pg), (3.7)

where the matrices I'? and I'? are defined in Eq. (6.1) and (6.2).

The proofs of these theorems are detailed in the next sections.



4 Bifurcating Markov chains and consistency

In order to investigate the convergence of our estimators, we need laws of large
numbers for quantities such as (954X X5, X5, .| )ker. To obtain them, we use the
bifurcating Markov chain framework introduced by J. Guyon in [12] and adapted to
Galton-Watson trees by J.-F. Delmas and L. Marsalle in [14]. Note that we cannot
directly use the results in [14] because our noise sequences do not have moments
of all order. Therefore, our first step is to provide a general result for bifurcating
Markov chains on GW trees with only a finite number of moments. We first recall
the general framework, then prove the ergodicity of the induced Markov chain and
finally derive strong laws of large numbers. We conclude this section by establishing
the strong consistency of our estimators.

4.1 Bifurcating Markov chain

Let B be the Borel o-field of R, and B? be the Borel o-field of R?, for p > 1. We
add a cemetery point d to R, denote by R the set R U {9}, and by B the o-field
generated by B and {0}. This cemetery point models the state of a non-observed
cell. We recall the following definitions from [14].

Definition 4.1 We call T*-transition probability any mapping P from R x B onto
0, 1] such that

o P(-, A) is measurable for all A in E2,
e P(x,-) is a probability measure on (ﬁz,EQ) for all v in R,
e P(0,{(9,9)}) = 1.

For any measurable function f from R’ onto R, one defines the measurable function
Pf from R onto R by

Pi(x) = / f(x.y,2)P(z, dy, dz),

provided the integral is well defined. Let v be a probability measure on R. In the
sequel, v will denote the distribution of X;.

Definition 4.2 We say that (Z,)ner is a bifurcating Markov chain with initial dis-
tribution v and T*-transition probability P, a P-BMC in short, if Zy has distribution
v and for all n in N, and for all families of measurable bounded functions (fy)kec,
on R?, one has

E

H fi(Zak, Zagi1) | 0(Z5, 5 € Tn)] = H P fi(Zy).

keGn keGy

As explained in [12], this means that given the first n generations T,,, one builds gen-
eration G,,1 by drawing 2" independent couples (Zo, Zoy+1) according to P(Zy, ),
k € G,. In addition, any couple (Zsy, Zor+1) depends on past generations only



through its mother Z,. As P(0,{(0,0)}) = 1, 0 is an absorbing state, and this
hypothesis corresponds to the fact that a cell that is not observed cannot give birth
to an observed one. We also assume that P(z,R?), P(x,R x {9}) and P(x, {0} xR)
do not depend on x € R. The P-BMC is thus said to be spatially homogeneous.
Such a spatially homogeneous P-BMC with an absorbing cemetery state is called a
bifurcating Markov chain on a Galton Watson tree, see [14] for details.

Now let us turn back to our observed R-BAR process. In order to use the
framework of P-BMC’s, we define the auxilliary process (X),er by

X; = Xn]l{(;n:l} + 61{5n:0}, (4.1)

which means that X = X, if cell n is observed, X, = 0 the cemetery state oth-
erwise. It is clear from assumptions (H.1) and (H.3) that the process (X )er is
a P-BMC on a GW tree with T*-transition probability given for all x in R and all

measurable non-negative functions f on R’ by

Pf(x) = puE [f(z,(b+mn)z+a+es, (d+m3)x+c+e5)] (4.2)
+poE [f (2, (0 +m)z +a+ep,0)]
+p1]E [f(l’, 87 (d + 773)-75 +c+ E3” + (1 — Po1 —Po — pl)f(% 87 a))
if # # 0 and Pf(0) = f(0,0,0). As explained in [12], the asymptotic behavior of

the P-BMC is driven by that of the induced Markov chain (Y;,) defined on R as
follows.

e For all n > 1, define the sequence (A,, By,),>1 to be i.i.d. random variables
with the same distribution as (ast¢ + €2+¢, batc + 124¢), where ¢ is a Bernoulli
random variable with mean (po; + p1)/m independent from (g9, 12,€3,73).

e Then, set Yy = X] = X; and Y, is recursively defined by
YTL+1 - An+1 + BTL+1Yn‘ (43)

The sequence (Y;,),en is clearly an R-valued Markov chain with transition kernel
given for all x in R and A in B by

Oz, 4) = Py(xz, A) + Pl(x,A)7 (4.4)

m

with R(ZE, A) - (p[)l +pz)E []lA((bQ_H‘ + ’I’]Q_H')ZE + Ao+ + 52—}—1’)]- Note that P() and P1
are sub-probability kernels on (R,B), whereas () is a proper probability kernel on
(R, B).

4.2 Ergodicity of the induced Markov chain

We now turn to the ergodicity for the induced Markov chain (Y},),en. We start with
some preliminary results on the random variables A; and Bj.

Lemma 4.3 Under assumptions (H.2) and (H.5), the random variables A; and
By have moments of all order up to 4. In addition, Ellog|Bi|] < 0 and for all
0 < s <4k, one has E[|B|*] < 1.



Proof First, for all 0 < s < 47, one clearly has

+ +

ElA 7] = P2TPUR[a 4 6] + PUR e )],
m m
+ +

BB = P PRt pl] + PP 4+ )

Hence, under assumption (H.2), it is clear that E[| A1 |*] and E[| B;|*] are finite. Next,
notice that the function s — E[|B;|*] is convex, that E[|B;|°] = 1 and E[|B;[*] < 1
by assumption (H.5). This implies that E[|B;|*] < 1 for all 0 < s < 4k. Last, con-
sider E[| log | By ||]: if it is finite, E[log | By |] is the right-derivative at 0 of s — E[| B[],
and convexity arguments with assumption (H.5) yield that E[log|B;|] < 0 ; if it is
infinite, the moment assumptions on B; gives that necessarily E[(log|B:|)*] < oo
and E[(log|Bi|)~] = oo, so that finally E[log |B;|] = —oo < 0, as expected. O

The next result states the existence of an invariant distribution for the Markov chain
(Y )nen- It is well known as (Y;,) is a real-valued auto-regressive process with random
i.i.d. coefficients satisfying Lemma 4.3, see e.g. [25, 26].

Lemma 4.4 Under assumptions (H.2) and (H.5), there exists a probability distri-
bution v on (R, B) which is the distribution of the convergent series Yoo = >0 | B1Bs
such that for all continuous bounded functions f on R and all x in R, one has

n—0o0o

We investigate the moments of the invariant distribution p to extend the above
result to polynomial functions. For all s > 1, set || X ||, = (E[|X[*])/.

Lemma 4.5 Under assumptions (H.2) and (H.5), i has moments of all order up
to 4k. In addition, for all 1 < s < 4k, all v € R and all n € N, (E,[|Y,]*])Y* <
]+ [ Axls/ (1 = [[Bul]s) < oo

Proof Set 1 <s <4k. As the sequence (A,, B,,) is i.i.d., one has
s11/s - s11/s - —
EllYol1Y* =E[| Y Bi - B A" < Y IBS Al
=1 =1

Since E[|B|*] < 1 and E[|A;]°] < oo thanks to Lemma 4.3, the series converges.
Now let us turn to Y;,. The recursive equation (4.3) yields

Y, =YyBi---B,+ Y B, By,
(=1

with the usual convention that an empty product equals 1. As the sequence (A, B,,)
is i.i.d., Y;, also has the same distribution (under P,) as

xBy - B, + Z By By 1Ay, (4.5)
=1

10
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so that, for 1 < s < 4k, one has

S S n - - HAlHS
B[V < 2l BT+ D 1B Al < fol + 37
/=1 ’

hence the result. O

Corollary 4.6 Under assumptions (H.2) and (H.5), all polynomial functions f
of degree less than 4k are in L1(p): (u, |f]) = E[|f(Yo)|] < 00.

We state a technical domination result that will be useful in the next section.

Lemma 4.7 Under assumptions (H.2) and (H.5), for all polynomials [ of degree
less than 2q with q < 2k, there exists a nonnegative polynomial g of degree less than
2q such that for alln € N and all z € R one has

Eo[f (Ya)]| < g(2).

Proof By linearity, it is sufficient to prove the result for f(z) = 2P with p < 2q.
For p > 1, Lemma 4.5 yields

A Aqp
(‘x’ i [ Al )p < 2p71(’x|p + 1A 15 >
L—{[Bullp (1= [[Bullp)?

If p is even, we set g(x) = 2/~ (2 + [|A1[[2/(1 — || Billp)?), and if p is odd, we set
g(z) =207 (2P + 14 || AL |l2/ (1= || By|lp)?) as for all 2 € R, 2|7 < 2P™ + 1. Notice
that if p is odd and p < 2q, one also has p + 1 < 2¢, hence the result. O

B, [Y)7]

n

Finally, we prove the geometric ergodicity of (Y;,) for polynomial functions.

Lemma 4.8 Under assumptions (H.1-2) and (H.5), for all polynomial functions
f of degree less than 2q with q < 2k, there exist a nonnegative polynomial function
g of degree less than 2q and a positive constant ¢ such that for all n € N and all
x € R, one has

ELf(5)] = (. f)] < g@)|Bills.,  and

Ef(Ya)] = . )] < cllBull.

Proof Without loss of generality, it is sufficient to prove the result for polynomials
f of the form x? with 1 < p < 2¢. Holder inequality yields

B/l — )] = [Ealvz —v2]| - Exm—mizlysyoz“]
< (B vl S (o)

s=0

11



We are going to study the two terms above separately. For the first term, Eq. (4.5)
and the definition of Y, yield

(ExHYn — Yoo|p]>1/P _ (E[!$B1 ...B, — i B - ~-B4_1A€|p]>1/p

l=n+1
n 1Bl
p

Al
< (Il + Bl
A

by Lemma 4.3 as p < 4k by assumption. We now turn to the second term. Holder
inequality with parameters (p —1)/s and (p —1)/(p — 1 — s) yields

» s/(p—1) (p—1-5)/(p—1)
(Bdveyz=a]) < (Bdval]) ™ (EVP)T
Al

e 3yt
- HBlllp> P

this last majoration coming from Lemma 4.5. Finally, one obtains

JAuf, o+
B2 =2l < 1B S (lel+ ) vl
|| 1||p

s=

< 1 Bullieg(2),

where ¢ is a polynomial function of degree at most 2¢ by a similar argument as
in the previous proof. Integrating this bound with respect to the initial law v and
using (H.1) gives the second result. O

4.3 Laws of large numbers for the P-BMC

We now want to prove laws of large numbers for a family of functionals of the P-
BMC (X}). We are interested in polynomial functions on R and R’ multiplied by
indicators. Precisely, for all ¢ > 1, let Fj, and G, be the vector spaces generated by

the following classes of functions from R’ onto R and from R onto R respectively,
F, = vect{z"y 1g(y), 2°2"1g(2), 2%y 2" Ig2(y,2), 0<a+pB+7<q},
Gy = vect{z1g(z), 0<a <gq},
where «, (3, 7 are integers. We first establish some technical results.
Lemma 4.9 Let f € F, and h € G,. Under assumption (H.2),
(i) if ¢ < 4v, then f € LY(P) and Pf € G,
(ii) if ¢ < 4v, then h € L'(Py) N LY(P) N LY(Q) and Pyh, Pih and Qh € G,
(iii) if ¢ < 27, then h®@ h € L'(P) and P(h® h) € Go,.

12



Proof Take ¢ < 4y and remark that Pf(J) = 0 for any f € Fy, so that Pf(r) =
Pf(z)lg(z) for all x € R. Next, set f(z,y,2) = 292 1g2(y, 2), fo = 2y’ 1r(y)
and f; = r°2°1g(2) in F,. Eq. (4.2) yields, for i € {0,1},

PIfl(x) = poile]"E[|(b+m)x +a + eo||(d+ms)x + ¢ + &3],
Plfil(z) = (po +Pi)|l’|aE[|(b2+z’+772+i)37+a2+i+52+¢‘ﬁ]-

Assumption (H.2) entails that the 4y moments of ((b+ 72)z + a + €2) and ((d +
n3)x + ¢ + 53) are finite, which gives the finiteness of all the above expectations,
since + 7 < ¢. The results of integrability for (i) is thus proved by linearity. In
addition, one has, for i € {0, 1},

BT
Pf(w) = pon Y > CHCIE[(b+ma) (a+2)" (d 4 1ms)*(c + £5) ] "5+,
r=0 s=0
B
Pfi(x) = (bor +pi) Z CEE[@?H + M24i) " (G245 + €2+z‘)ﬁiq e
r=0

so that Pf, Pf; and Pfy in G, since o+ [+ 7 < ¢, and (7) is obtained by linearity.
Now set h(z) = z*1g(x) in G,. One has

Pilhl(x) = (por + P)E[|(bosi + mori)T + agsi + 244 |,

which is similar to Pf; so that the same arguments as above imply (ii). Finally,
set p < 27, ho(z) = 2°1g(z), hi(x) = 271g(x) in G, and I(y, z) = ho ® hy(y, 2) =
ho(y)hi(2). One has

Pli|(z) = puE[|(b+mn)z+a +52|ﬁ‘(d+n3)$ +c+es|],

which is similar to Pf with §+ 7 < 2p so that (ii7) also holds. O

We are now ready to prove the main result of this section.

Theorem 4.10 Under assumptions (H.1-5), for all function f € Fy, one has the
following law of large numbers

. ]' * * *
nh—{goﬁ Z JX5, Xo Xopr) = (w, PHW as.
keG?

Proof:  This result is similar to Theorem 11 of [12] and Theorem 3.1 of [14].
The proof folllows essentially the same lines and is thus shortened here, the main
difference being that the class of functions F,, does not satisfy assumptions (i)-(vi)
from [12, 14| mainly because F}; is not stable by multiplication and (e, 79, €3,73) do
not have moments of all order.

For all f in F,, Pf is well-defined from R onto R thanks to Lemma 4.9 as x < 7.
As Pf(0) = 0, by a slight abuse of notation we will also denote Pf its restriction

13



to R. Thus, Pf is pu-integrable by Lemma 4.5. One has

m" Y FOG X X)) — (s PHW
keG
— -n )(*_Xj )(* . P )z K}Z|__
= m (f( kr <32k 2k+1) (1, f>)+</i7 f) mn w.
keG

By Eq. (2.3) the second term converges to 0 a.s. as n tends to infinity. In order to
prove the a.s. convergence of the first term, as in [12, 14], it is sufficient to prove

that )
Zm_%E[( Z g<X:7X;k7X;k+1)> ] < 00, (4.6)

n>0 keGy,

with g = f — (u, Pf) € F,. Thanks to Lemma 4.9, Pg € G, and as ¢g? € Fy,, one
also has Pg? € G,.. The expectation inside the sum decomposes as

E[( Z 9(X5, X5y X§k+1)>2}

keGH,

n

= E[( Y Polx)| +E[ Y (Pg*— (P9) (X)] = Cu+ D,

keGr, keGy,

We study the two terms C,, and D,, separately. Let us first prove that > m=2"D,, <
oo. We can rewrite D,, = E[ Y5, ¢. h(X})] with h = Pg®> — (Pg)®. As seen above,
h € G, and therefore h is p-integrable thanks to Lemma 4.5. To investigate the
limit of >~ m™2"D,,, we prove that m~"D,, has a finite limit. More precisely, one has

lm=" >~ A(XE) = ()W 5

keGx
= |lm™ Y (M) = () + (s h) (m (G| = W),
keGx
< lmm Y0 (R = G ) [l + L [~ "G | = W,
keGx

The second term converges to zero. For the first term, again let | = h— (u, h) € Go,
and (u, ) = 0, and by [14, Eq. (15) p 2504], one has

I Y (AXE) — () |13 (4.7)

keG?,

n—1
= m B [P(Y,)]+2m ) m (v, QP T e Q).
/=0

Concerning the first term in Eq. (4.7), as [ € G4, by Lemma 4.8 one obtains
lim, o E, [[2(Y,)] = (i, 1?) and m™"E[*(Y,,)] converges to 0 a.s. Concerning the sec-
ond term in Eq. (4.7), Lemma 4.8 yields lim,, ., Q" " 1(z) = lim, oo E,[I(Y,_r_1] =
(u,1) = 0 and by Lemma 4.7, Q""" is dominated by some ¢ € Gs,. Moreover, us-
ing Lemma 4.9, ¢ ® ¢ belongs to F},, it is P-integrable and P(¢ ® ¢) belongs to Gy.
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By Lemma 4.7, Q*P(¢ ® ¢) is dominated by some ¢ € Gy, which is v-integrable by
assumption (H.2). Lebesgue dominated convergence theorem thus yields

lim (v, Q"P(Q"" 1 ® Q")) =0,

and |(v, Q'P(Q" "1 @ Q"*~11))| < (v,v). This upper bound allows us to deal
with the limit of the second term of Eq. (4.7). Under assumptlon (H.4), 3 m~
converges and for € > 0, it exists £, such that Zz:&m “(v,7) < e. Finally, for
n > (., we have

n—1
‘ Z m—€<1/7 QEP(Qn—E—ll ® Qn—é—ll»
/=0

le—1

Z m_£|<1/, QEP(Qn—K—ll ® Qn_é_ll)>| + €,
=0

All the terms of the left sum converge to 0 with n, which finally proves the Lo-
convergence of m™ 37, e, h(X}) to (u, h)W. It implies the convergence of the
expectation m~"D,, to (u, h)E[W] (recall that 1 is square integrable). Therefore,
one obtains »_, . m~>" D, < co because m > 1.
Let us now prove that ) - m™"C, < co. Recall that g € Fy, (i, Pg) = 0 and
following [14, Eq. (15) p 2504], we have
1 2
=l 32 o]

(4.8)

m2n
keGy,

_ WlL B, [(Pg) 12 Z (v, QKP(@"“(IE)@@Q"“(P@))

The proof of the convergence of the first term of Eq. (4.8) is the same as that
of B, [I*(Yy)], and 3 -, m "E[(Pg)*(Yy)] converges. For the second term, setting
p=n—{—1, we can rewrite

ZZm (v, PPy Q" (Py))

n>0 (=0
>m(nQP(L Py 2 Q(Pg))
>0 p>0

By Lemma 4.8, there exists ¢ € G,41, such that |[E,[(Pg)(Y,)]| = |Q"(Pg)(x)] <
o(x)|| By}, and therefore one has

1> Q" (Pg) @ Q"(Pg))| < (¢ @) > _ Il

p=>0 p>0

By assumption (H.5), the series converges and there remains to study the asymp-
totic behavior of Y., m (v, Q*P(p®¢)). For this, let us remark that (v, Q*P(p®
©)) =E,[P(p® ¢)(Yy)] with P(¢p ® ) € Gaero. By Lemma 4.8, limy_, E,[P(¢ ®
©)(Y)] is finite and the series converges because m > 1. We have thus proved that
Eq. (4.6) holds, and hence the almost sure convergence of the series m™ >~ . f(X7, X3, X5p,1)

o (u, PfYW. O
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4.4 Laws of large numbers for the R-BAR process

Let us now turn back to our R-BAR process and see how the law of large numbers
given by Theorem 4.10 applies to our process.

Proposition 4.11 Under assumptions (H.1-5), for all integers 0 < q < k, and all
i € {0,1}, the following laws of large numbers hold

nlLHQOHUG*DO}W ] 252k+z X! = b9l as.

keTy,
Ji_{glo]l{m*po}m*l Z5Qk5zk+1Xq = lo(q)ls a.s.
keTs

with £;(q) = (po1 + pi)E[YZ] and Lo (q) = paE[YL].

Proof Set ¢ < k. We apply Theorem 4.10 to the function fy(z,y,z) = z91g(y)
if i = 0 and fi(x,y,2) = x%1g(z) if ¢ = 1 for the first limit, and fo (z,y,2) =
x91g2(y, z) for the second limit. The functions fy, fi and fo; clearly belong to
F, and moreover Pfi(z) = (po + pi)z?, Pfor(x) = pox?. Finally, notice that
(u, z?) = E[YZ]. Theorem 4.10 thus yields a.s.

. 1
lim — % i X{ = Li(@)W, and  lim — S G X = Lo ()W

n—oo m
keGH keGH

Now, one has, for instance

Tin S b X = Z (e S by,

kETs, kG

The sum above converges to ¢;(q)Wm/(m — 1) thanks to [13, Lemma A.3| and we
conclude using Eq. (2.4). O

Proposition 4.12 Under assumptions (H.1-5), for all integers 0 < ¢ < k—1, and
all i € {0,1}, one has the following almost sure convergences

1
Tim %zmzpwxzxzm = (por + pi) (a2 B[YZ] + bo i E[YZ ™)) 1,
lim L{c; />0

n—oo T ] Yorers P2kt X Xopys = por (a2 B[V + bo B[YL) L,

and if k > 2, for all integers 0 < g < k — 2, one has a.s.

1
Z OonsiXp X3 = (por + i)

n— 1| keT*

n—1

x (a3, + o2)E[YL] + 2(agqibati + pis) BYET] + (b5, + 0$>E[YO%+2]) Ig,

Jim 1{\@*\>0}|T N Z Ok O2k+1.X f Xop Xopt1
kET”

n—1

= poi((ac+ p)E[YZL] + (ad + be + 2p)E[YEIH] + (bd + p,)E[YLT]) 1g.

hm ]l{\(G* ‘>0} |
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Proof The proof follows the same lines as that of Proposition 4.11. O

We end this section by computing the moments of the invariant law pu.
Lemma 4.13 Under assumptions (H.2) and (H.5), one has
E[Y ] _ E[Al] E[A%] + ZE[AlBl]E[Yoo]
1 -E[B] 1 — E[B?] ’
and more generally, the moments of Yo, can be calculated recursively for all 1 < g <
4f thanks to the relation E[YZL] =371  CsE[AT °BiE[YZ].

Proof As Y, is the stationary solution of equation Y,, = A,, + B, Y, _1, Y has the
same law as Ag + ByY,, where (Ag, By) is a copy of (A1, By) independent from the
sequence (A,, B,)n>1. Hence, one has E[Y,] = E[Ag+ BoYa| = E[A1] +E[BE[Ya].
Similarly, one has

EYZ] = E[(Ao+ BoYx)?] = E[A]] +2E[A; Bi]E[Yoc] + E[BE[Y].

The general formula is obtained in the same way by developing the relation E[Y 4]
E[(Ao + ByYx)).

E[YS] =

oo

Note that one can easily compute the moments of A; and By from their definition.
In particular, one has

amg + cmy
ElY,] = ,
[ ] 1-— bmo — dm1
E[V?] — a*mq + ¢*my + 02 4 2((ab + poo)mo + (cd + p11)mq ) E[Ya]

1 — (0*mg + d*my + 032)
with mo = (po1 + po)/m and my = (po1 + p1)/m.

4.5 Consistency of the estimators

We are now able to prove the consistency of our estimators. We start with the
computation of the limits of the normalizing matrices S,,, U, and V,, which is a
direct consequence of Proposition 4.11
Proposition 4.14 Under assumptions (H.1-5), and if k > 2, for i € {0,1}, one
has

. S . 1 E[Y.]
nh_{f}o IL{|<Gr;§|>0}@ =81 = (po1 +pi) ( E[Ys] E[Y2] Ig as.

: S S0
Jim {|G;|>0}@=512 = ( 0 S )]lz a.s.

If in addition k > 4, the following convergences hold
U

s ez oy = Ule
B 2mE[Ya] 4moE[Y2] 0 2mE[YZ] |,
E[Y2] 2moE[Y3] 2miE[Y2] E[Y:]



and

Jim 1{|G;|>0}m‘—£’ =Vig=po | 2E[Y,

Besides, the matrices S°, U and V' are assumed to be invertible.

We now turn to the consistency of our main estimators.

Proof of Theorem 3.1 As regards our main estimator én, a direct application of
Proposition 4.12 yields

mo(a + bE[Y,])
mo(aE[Yy] + VE[YZ])

mi(c + dE[Yx])
my (cE[Y,] + dE[Y2])

l G0 g 5

m |T | ﬂg = Seﬂg a.s.

and the result follows from Proposition 4.14 and the definition of é\n The consistency
of &, and p,, is more complicated as their definition involves the €. We give a
detailed proof of the convergence of |T* |~ >"€2, | the other terms in U,,_;&, and
V ,._1p,, being treated similarly. For k € G,,, one has

%\gk = 52k<X2k - an _/l;nXk)Q

Hence, one has

n—1 n—1 n—1
ST & = Y@ o +2D A Y o X+ D 0F Y mXP (4.9)

keT?_, (=1 keGy —1 ey (=1  keG,
n—1 n—1
~ T 2
-2 E ay E Ooi Xop, — 2 E be E 0ok X Xop, + E 0ok X -
(=1  keG, (=1  keG, keTr_,

The limit of the last term is given by Proposition 4.12. Let us study the first term.

One has
e Z > du = ZAzm”Z T > O

/=1 keGy keGy

We apply Lemma A.3 of [13] to the sequence above. On the one hand,

lim @; [, 252k—a(p01+p0)w a.s.

l—o0
keGy

thanks to the previous result on the consistency of §n and Theorem 4.10. On the
other hand, the series Y m™" converges to m/(m — 1) under assumption (H.4).
Therefore, Lemma A.3 of [13] yields

i e Y =

/=1 keGy

(P01 +po)W  as.
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and Eq. (2.4) finally yields

Z Z Sar = a*(poy +po)lg as.

hm ]l{|(G*|>O} ’T 1|
=1 keGy

Note that the limit above is just the limit of a7 multiplied by the limit of [T _;|7' >~ dox.
The other terms in Eq. (4.9) are dealt with similarly using the results of Proposi-
tion 4.12. Finally, one obtains the almost sure convergences

~ | -9
€a T €3pt1

1 - 1> €2
lim —USal>% gy & gy —AIGa>0) 2§(Xk€2k —Uol;,
n—o00 |T ‘ n—oo | nfly T , k62k‘+1
Xi (€ + i)
LG =0y 1 R 1{G: >0y 1 EkEak 11
lim %Vn,lpn = lim % 2Xpepeant1 | = Vplg,
n— oo I n—1 | n—00 | | keT,_1 X]3€2k€2k'+1
hence the result using Proposition 4.14. O

5 Martingales and convergence rate

The aim of this section is to obtain sharper convergence results for our estimators,
namely rates of convergence. The P-BMC approach does not allow this, therefore
we now use martingale theory instead, as in [13, 15]. However, we cannot directly
apply the results therein mainly because our noise sequence (€ = €5 + N X [k /2}) now
contains the BAR process (X}) and thus does not satisfy the assumptions of [13, 15].

5.1 Martingales on binary trees

We start with a general result of convergence for martingales on a Galton Watson
binary tree, that we will make repeatedly use of in the following sections. Special
cases of this result have already been proved and used in [13] and [15]. Note that in
this binary tree context, we cannot make use of the standard asymptotic theory for
vector martingales (see e.g. |22]) because the size of data is roughly multiplied by
m at each generation.

Theorem 5.1 Let (M,,) be a p-dimensional F©-martingale on the GW-binary tree
T: M, =>,, Zker Wi, with Wi, = (wj,wi, ..., w})". We make the following
assumptions

(A.1) For alln, M, is square integrable.
Let < M >,= 2:01 Ty be the increasing process of (M), with
T, =EAM, AM! | FO).

(A.2) On &, |T: 4|7t < M >, converges almost surely to a positive semidefinite
matriz I
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(A.3) The p x p FO-matriz martingale (K, defined by

K, =Y [T (AM, AMY,, — EAM . AMY,, | FF))
=1
is square integrable and its component-wise increasing processes are O(n) a.s.
on &.

Let (2,,) be a sequence of p x p symmetric positive definite matrices, adapted to FC,
such that

(A.4) On &, |T:|~'E, converges a.s. to a positive definite matriz =Z.

Then M'E.Y M, = O(n) and |M,|*> = O(nm") a.s. on E. If in addition, the

n—n—1

entries of (M) satisfy
(A.5) sup, E[(m "/ > ke wi) | Fa] < oo as.,
then for all § > 1/2, ||M,|]* = o(n®m") a.s. and

. L peme —
7}1_}11010 ]1{|G;L|>0}52M2.:€_11M4 =tr(TE N1z a.s. (5.1)
=1

Proof of the first part of Theorem 5.1 From now on, let us suppose that we
are on the non-extinction set £. As =, is definite positive, it is invertible. For all
n > 1, denote V,, = M' =1 M,. We have
Vor1 = M, (B "My = (M, + AM . 10)'E (M, + AM, ),
=V, - M\ (E -E "M, +2M' E'AM, . +AM!, B 'AM, 1,

since M'Z 1AM, is scalar, and hence equal to its own transpose. By summing
over the identity above, we obtain

Vori + A, = Vi+ B+ Wi, (5.2)
where A, = Y ME! -EM,, (5.3)
/=1

Buipi = 2 ME/'AMyy and Wy = > AM E'AM,,.
=1 =1
The asymptotic behavior of V,, = M‘ =" M, is obtained in three steps trough the

study of W,, B,, and A,, respectively.

Step 1: Asymptotic behavior of W,. Let us prove the following convergence

—1 —
m tr(TE1) a.s. on & (5.4)

1
W, =
n

m

Recall that we work on €. Rewrite W, 1, as

Wi = ) (ITi 2P AM ) (ITHIE ) (1T 2AM ).

/=1

We want to apply the following Lemma (which proof is postponed) for A, = Z1|T,,|
and Z, = |T%|"Y2AM,, ;.
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Lemma 5.2 Let (A,) be a sequence of d x d real positive semidefinite symmetric
matrices and (Z,) a sequence of R?, such that lim, ... A, = A with A definite
positive. Then one has

1 n 1 n
n—oo N — n—oo N —
Indeed, one has lim, .., |T;|Z;' = E7" a.s. thanks to (A.4), and E' is positive

definite. Thus, there only remains to prove the a.s. convergence of the real sequence
(’I’L_l’];_;’_l), where

" AM  ET'AM

T = Z |T;] = tr(371/2Hn+1571/2) =tr(H,1E™),
/=1
" AM ., AM Ty,
Honp = =Y L4 K,
X 2Tt

On the one hand, by Assumption (A.3), we know that K, = o(n) a.s on £. On the
other hand, by definition, one has

I, _(<M>g+1_‘T>E1|<M>g> (F_£>_Fm—1
| T |T7| Ty Tl ) oo m m
by Assumption (A.3). Hence, Cesaro convergence yields
1 —1
lim —H,, = m71" a.s.
n—oo N, m

We have thus proved the a.s. convergence of =7, to tr(TE™')(m — 1)/m. All
the assumptions of Lemma 5.2 are satisfied, which leads us to (5.4).

Step 2: Let us prove that < B >, 1= O(1+ A,) a.s. on &.

By definition, the process (B,) is a scalar FO-martingale, and one clearly has

E[AB2 | FOl=4M!E'T,E,'M,, a.s. (5.5)

n

Let us prove that there exists some « > 0, some ny; > 1, such that for n > nq,
E,'T.E,'<aE" -5, (5.6)

1

=—1

in the sense that the symmetric matrix o(Z,!, — 21) - =
semidefinite. If we remark that this matrix equals

1,21 is positive

n

n Y

T~ (a( TS = THIE,Y) - 1T =, T T T |

N———

it is clear that it converges, as n goes to oo, to (amE~ ' —E7'TE ) (m —1)/m. For
u € RP, one has

=—1 t

u(amE —ETTE Yy = amu'Eu —u'ETITE

> (Ozm)\,(E_l) - )\+(E_1FE_1)>utu,



where A\, (A) and A_(A) denote respectively the greatest and smallest eigenvalues
of A. Since E7! is positive definite by Assumption (A.4), A_(E™") > 0, so that
we can find @ > 0 such that amA_(E7') — A\, (E"'TE"!) > 0. This last inequality
yields that (amE~' —E'TE ) (m — 1)/m is a symmetric positive definite matrix,
hence so are a(E, ', —E 1) —E T, E " for large enough n. Plugging the majoration
given by Eq. (5.6) into Eq. (5.5) then yields

n—1 n

ni—1

<B>n < 4(ZMt W - - E)My) + dad,
< (1+An),

with ¢ some constant with respect to n. This ends Step 2.
Step 3: Asymptotic behavior of V,, and M ,,.

Thanks to Eq. (5.6) and the fact that Z 'T',E " is positive semidefinite, (A,) is
nonnegative and increasing for large enough n, so that either it is convergent, or it
goes to infinity. In the former case, Step 2 with the law of large numbers for real mar-
tingales yield that (B,,) also converges, and Step 1 immediately gives V, 1 = O(n)
a.s. on &€ by Eq. (5.2). In the latter case, Step 2 again with the law of large numbers
for real martingales yield that B, = o(A,). We then deduce from decomposition
(5.2) and Step 1 that V,.1 + A, = o(A,) + O(n) a:s. on & leading to V,11 = O(n)

a.s. on &, since both A, and V), are non-negative.

We are now able to prove the first part of Theorem 5.1. By definition of V,,, we
have directly V,, = M'E1 M, = O(n). Moreover, the matrices Z,, being positive
definite, we have

IM,|> = M!M, < MYE,N M, (A (8,1)

n—1

on £. Finally, Assumption (A.4) and convergence (2.4) yield ||M,|? = O(nm™)
a.s., which completes the proof of the first part of Theorem 5.1. U

Proof of Lemma 5.2 Recall that if A is a symmetric matrix, then for any u €
RY A (A)ulu < u!Au < A (A)ulu. Applying this result for A, — A and A we
obtain

ZYA ~ A)Z)] < max{A(Ar - A), (A~ A} ZiZ,  (57)
max{| A, (Ar — A)[,]A_(A
A (A)

By assumption, max{|A; (A, — A)|, [A\_(A; — A)|} converges to 0 as ¢ goes to oo,
so that for any € > 0, one has

< Mgz, )

—Z|Z€ (Ay— A Zg|<—+5 Zz;Azg,
Z 1
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for some c. constant with respect to n. If % Dy Z,AZ, converges to Z, letting n
go to oo leads to

lim sup — Z|Zt (Ay—A)Zy| < eZ,
and this holding for any € > 0, we obtain that = >°7 | Zj(A, — A)Z, converges to

0, and therefore %22:1 Z,A,Z, converges to Z. The same arguments, replacing A
by Ay in Eq. (5.8) yields the reverse implication. O

Proof of the second part of Theorem 5.1 Let us rewrite each entry M? of the
martingale M, as

M=) m e/z > uwi= mem@

=1 keGy

We apply Wei’s lemma [27, p 1672] to the martingale difference sequence (z}) and
the scalar sequence (m‘/?) for the function f(z) = (logz)*? with 6 > 1/2 using
Assumption (A.5). One obtains M? = o(m™?n%?). As M? is the ¢-th entry of
M., one has |M,]||*> = o(n®m") a.s. Now recall that V,, = M;”;lle therefore,
one has

1{|G*|>0}V = ]1{\((}*\>O}M ._471 M, = 0(715) a.s.

for all 6 > 1/2. In particular, for 6 =1, V,, = o(n). Then, Eq. (5.2) together with
the proof of the first part of Theorem 5.1, and the law of large numbers for real
martingales, yield

A, m-—1

lim ]l{|G*‘>0}— = tr(TE2 N1  as. (5.9)
n—00 m
Henceforth, we work on €. Rewrite A, as
—_ —_ ——1/2 —_1/2
Av=Y MUED —E)Mo =Y (B M) AE "My,
=1 =1

where Ay = I, — E;gEZlEéﬁ To end the proof, we use Lemma 5.2 with Z, =
EZFMK. Thanks to Assumption (A.4) we have limy .., A, = m7_114, so that A,
and its limit are definite positive for large enough ¢ as m > 1. Besides, Eq. (5.9)
gives the convergence of 1377 (&, 11/2Mg)tA (B 1/2Mg). Applying Lemma 5.2

thus gives

n

o1 . m—1_ __ m—1 —
lim — > (5,*M,)* L(E,°M,) = tr(PE™Y),
which is the expected result. O]

We now state a corollary to Theorem 5.1 that will be useful in the sequel when
dealing with indefinite symmetric matrices.
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Corollary 5.3 Let (M) and (E,) satisfing the assumptions of Theorem 5.1. Let
(A,,) be a sequence of invertible symmetric matrices converging almost surely on &
to an invertible symmetric matrix A. Then one has

. I s - —
Jim Ly >0p S MiE AR M, =tr(TE'A)1L;
=1
Proof The first step is analogous to Lemma 5.2: we want to replace A, by the fixed

matrix A in the equation above. As A is possibly indefinite, we cannot directly
apply Lemma 5.2. We modify its proof as follow, starting from Eq. (5.7)

(B M) (A - A)E M|
< max{|A (A — A)|, A_(A;— A)}MIE, M.

By assumption, max{|A\; (A, — A)|,[A\_(A, — A)|} converges to 0 as ¢ goes to oo,
so that for any € > 0, one has

—Z| (& 2M ) (A — NEPM < = = te- ZM@:;llMg,
K 1

for some c. constant with respect to n. As (M) and (E,) satisfy the assumptions
of Theorem 5.1, Eq.(5.1) yields

lim sup — Z I(E, 11/2 (A — A)F, 11/2Mg| <etr(TE™),
and this holding for any ¢ > 0, we obtain that 2 S0 (2, "/*M,) (A, — A)=E,'[*M,
converges to 0, and therefore £ >~ 1(_.;1{2Mg>tAg|_._1/2Mg has the same limit as
Dy 1(_;11/2M4)tA__1/2Mg Thus, it only remains to prove the convergence of
1 Ze M é:e 11/2A:z 1{2M ¢. Once again Theorem 5.1 cannot be directly applied

with the sequence (2 / 21A 1:? 1) as these matrices may be indefinite. To get around
this difficulty, recall that any symmetric matrix can be rewrite as a difference between
two symmetric definite positive matrices. Thus, set A = A, — A_| where A, and
A _ are symmetric positive definite. Applying twice Theorem 5.1 with the sequences
(:é/iAJrl:;/Ql) and (:é/zlA 1:2/1) and using the linearity of the trace, yields a.s.
on &
1 _ _
lim — Z M=, AP M= tr(TEV} (A, — A )E V) = tr(TE'A),
n—oo M

(=1

ending the proof. O

5.2 Rate of convergence for én

We apply Theorem 5.1 to a suitably chosen martingale. We have

0,-0=5.", Z (k) Xkok, €ani1, Xueansr) = S; 11 M, (5.10)

kGTnfl
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where
M, = Z (€an, Xieok, €ar1, Xxeanrn)' - (5.11)

k€T, -1

Under assumptions (H.1-3), we have for alln > 0, k € G,,, E[ea1:| FC] = E[Xpeopi| FO| =
0 and (M) is a square integrable (F9)-martingale, so that Assumption (A.1) holds.
Set T'y = E[AM 1AM, || F7]. Thus one has

eSS (4 8) - S e (4 %)

(=0 keGy k€Tn—1

where

- ( ok (02 4+ 2Xkpoo + X07)  Oardors1(pe + 2Xip + X pp) )
L= .

5.12
dokOokt1(pe + 2Xkp + Xk,On) dopr1(02 +2Xp11 + X;fas) (5.12)

Lemma 5.4 Under assumptions (H.1-5) and if k > 4, one has

_ <M>, re o
JLHC}O 1{|G*|>0} |T | = F]lg: ( FOl Fl ]lg a.s.,

where T, T and T are the 2 x 2 matrices defined by
I\i — ( 052?( %+2pu 1(1) +O_727£i(2) 0-5262( )+2pu i 2

03 1( +2pu 2(2) +0-72]£1(3 2 ( )+2pu 7 )

)+

) 3)+
ot _ ( pelor(0) + 2pLor(1) + pylor (2) Pe€01( )+ 2plo (2 )+Pn£01 (3) )
peloi(1) 4+ 2plo1(2) + pylor(3)  p=Loi(2) + 2plor(3) + pylor(4)

o~~~

Proof This is a direct consequence of Proposition 4.11. U

Hence, Assumption (A.2) holds if k > 4. The process (K,) is clearly a square
integrable martingale if v > 2. It is not difficult to check that its component-wise
increasing process is at most of the order of

Z | 2’2 > i Xy, (5.13)

keGy

with ¢ € {0,1}. Proposition 4.11 ensures that [T};|™' 37, 04X converges a.s.

on & provided x > 4, it is therefore bounded by some constant C. As a result, its
square is also bounded by C? and |T}| 2 ZkEGg dori X2 < C?% a.s. on £. Finally, we
get that

1{|@*|>0}Z T |2 Z 0ok 11Xy < C*nlygs >0y,

keGy

so that Assumption (A.3) holds if k > 4. We now introduce a new sequence of
matrices 3,,. They are defined as a standardized version of the increasing process
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2 and o2 set to 1 and all the covariance

of (M), with the variance coefficients o2 p

coefficients p., p,, pi; set to 0, namely
dor,. 0O 1 X
3, = § (1+ X7 ® ,
o ( 2 ( 0 dort ) ( Xy X}

Note that 3, is definite positive as soon as the X7 are not constant. The next result
is again a direct consequence of Proposition 4.11.

Lemma 5.5 Under assumptions (H.1-5) and if k > 4, one has
. 2 % 0
7}1—{20 1{|G;|>O}m = 21? == ( 0 El ) :ﬂ.g a.s.,

G(0) + 6(2) 6i(1) + 63

where X" 1s the 2 X 2 matriz 3" = ( G(L) +0;(3) 4:(2)+ 4;(4

~— —

) . In addition, X
s definite positive.
Thus, Assumption (A.4) also holds if x > 4.

Lemma 5.6 Under assumptions (H.1-5) and if k > 4, for i € {0,1} and q €
{0,1}, one has

sup {m_Q”E[( Z XZ€2k+i)4 | frﬂ} < 00 a.s.
" keGH
Proof The left hand of the equation above is at most of the order of

1 2 1
sup { (W Z 52k+iX13> + W Z 52k+iX]§}-
keG, keGy,

n

We bound these terms along the sakes lines as Eq. (5.13). O

We have now proved that Assumptions (A.1-5) of Theorem 5.1 hold for the martin-
gale (M) and the sequence of definite positive matrices (2, = X,,), thus we obtain
the following result.

Proposition 5.7 Under assumptions (H.1-5) and if k > 4, one has
M!S 1 M, =0(n), and |M,|*=0nmm") a.s.
In addition, for all § > 1/2, | M,||* = o(n®m™) a.s. and

. RS - -
lim 1{|G;|>0}52M§ZZEIM5:tr(I‘E Dl as.
/=1

Proof of Theorem 3.2 Recall that én -0 = S;ian, one has
16, — 6]> = MLS, % M, < | M,|*)\.(S,2)),

n~n—1

and use Proposition 4.14 to conclude that ||§n —0]?> = o(n®m™™) a.s. For the

quadratic strong law, Proposition 5.7 yields the following a.s. limit on &

o1
lim —
n—oo M,

D ITi (8 = ) (1T [ Ser 2, 81-) (B — 0) = tr(TE)
=1
and the result is obtained using Proposition 4.14, Lemmas 5.5 and 5.2. U
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5.3 Rate of convergence for o,

We now turn to the convergence of &, — o,. Recall that &, defined in Eq. (3.1)
and o, in Eq. (3.3). Note that

U, (6,—0, =P +2R7, (5.14)
with

(€ar — €2k)2 + (€241 — €2k+1)2
po _ Z 2 X (€ar — €91)?
" . 2X(€apt1 — €2p41)? ’
€Tp_1 o/~ st )
Xj; ((E% — €o)” + (€241 — €2441) )

€ (€ar — €a1) + €opt1(€2hg1 — €2041)

R _ Z 2Xeon (€21 — €21)
2Xeon11(€Eans1 — €2k41)

X7 (e (€ar — €21) + oy (€anr1 — €2p41))

keT, -1

We are going to study separately the asymptotic properties of P; and R .

Lemma 5.8 Under assumptions (H.1-5) and if K > 4, for all i € {0,1} and
p € {0,1,2}, we have the following convergences

. 1 o~
nll—{go 1{\G2\>0}ﬁ Z X7 (€apgi — €2k+i)2 = ¢(p)le
keT,

= (m—Dtr(T(S) 28 (p)) 1z a.s.

P - i ti(p)  lilp+1)
2 X2 = )
where S'(p) is the 2 x 2 matrixz defined by S*(p) ( Gt 1) Lip+2)
Proof We detail the proof for ¢ = 0, the same arguments holding for ¢ = 1, mutatis
mutandis. We apply Theorem 5.1 to (M 2), the 2-component vector corresponding
to the first two entries of the martingale (M) defined by Eq. (5.11). Let 6° =
(a,b)t, 52 = (@n,by)t. Clearly, one has (52 — 0% = (8°_ )"'M?, and thus, if
: X xpt

Sy(p) = Zkem Ook-ti ( Xpil X];’” ) , one has
k k

1 . 1 ¢ ~0 XPOXPTTN 0
LS NG = 23S @60 (e b ) @6

k€T, (=1 kEG, k
1 & -
= D (MYAL ()M,
(=1

where Ay(p) = SP(SP,1(p) — SP(p))~1SY is a 2 x 2 symmetric definite positive
matrix. Since p < 2 < &, Proposition 4.11 yields a.s. the convergence of |T}|~1S}(p)
to S’(p) on the non extinction set, and thus of |T;|~*A,(p) to the symmetric positive
definite matrix A(p) = (m —1)(8°)~'8°(p)(S°)~!. We can thus apply Theorem 5.1
with the martingale (M?) and the sequence of symmetric positive definite matrices
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(B¢ = Ay(p)) satisfying Assumption (A.4). Assumptions (A.1-3) and (A.5) also
clearly hold, because (M?) inherits them from (M,). We thus obtain

. 1 . B
lim 165150, > XP(ew — ea)” = (m — Dtr(1°(8°) 2S°(p)) 1z a.s.
keTy,

which completes the proof. 0]

As a consequence, we obtain the a.s. convergence of the sequence (PY?).

Lemma 5.9 Under assumptions (H.1-5) and if k > 4, one has

: | Q. t
Jim Lz >0y P = (20(0) + ¢1(0),2g0(1),2¢1(1), 90(2) + @1 (2)) 1g  a.s.
It remains to give the limit of the sequence (R} ).

Lemma 5.10 Under assumptions (H.1-5) and if k > 8, one has
: | R
lim 1{\G2\>0}_Rn =0 a.s.
n—oo n

Proof : It is sufficient to prove that (R?) is a martingale and that its increasing
process is almost surely O(n). For all k£ € G,,, one has

Eleor (€ax — €ax) | FO] = 52k((a —a,) + (b _/En)Xk)]E[EQk | 79l =0,

and we have similar results for the other entries of RZ. Hence, (R?) is a (F9)-
martingale. It is also square integrable. We are going to study (R?) component-
wise. We give the details for the last entry, the others being treated similarly. For

i €{0,1}, set
' n—1 4 e X2
Q:L = 2(91 - ez)t Z 52k:+z' ( X{% ) €2k -
=1 kEG, k

The last entry of R? can then be rewritten as Q° + QL. The processes (@) are
clearly (F?)-martingales with increasing processes equal to

n—1
<Q' ==Y (M)'(Si_,) ' AYSI,) M,
=1
; X XxXp
with A} = Y7, g, Oorti(0? + 205 Xy + 072 X3) ( X’g X’g ) . Thanks to Proposi-
ko Yk

tion 4.11, and since x > 8, the sequence of matrices (|T%| *A!) converges a.s. on the
non-extinction set £ to a positive definite matrix and hence |T*|(S% )~*A! (S )~!
also converges to a definite positive matrix A’. We now apply Theorem 5.1 to (M)
and (S’ _,(A!)71S’ ) to obtain that < Q' >,= O(n), and thus Q! = o(n). The
other entries of (R ) are dealt with similarly, yielding the result. O

Proof of Theorem 3.3 The convergence of &, — o, is a direct consequence of

Eq. (5.14), Proposition 4.14, Lemmas 5.9 and 5.10. The convergence of o, to o is
then a consequence of this previous convergence and Theorem 3.1. U
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5.4 Rate of convergence for p,

We now turn to the convergence of p,, — p,. We follow the same steps as in Sec-
tion 5.3. One can rewrite V,,_1(p,, — p,,) as

Viua(p, —pn) = P} + R7, (5.15)
with
Py = Z (€ar — €or)(€2p41 — €2p41) (1,2Xk,X;?)t,
k€T, -1
P ~ o 2\¢
Ry = Z (€arr1(Ear — €or) + €ar(Eonr — €ary1)) (1,2X5, X37)
k€T, -1

We are going to study separately the asymptotic properties of P? and RF.

Lemma 5.11 Under assumptions (H.1-5) and if k > 4, for all p € {0,1,2}, the
following a.s. convergences hold on the non extinction set €

.1 " "
lim — E XP(€r — €or) (Cop1 — €2641) = qo1(p)
n—oo N
keT,
m—1

= Ttr (I‘S_QJO1 (p)),

L 701 0 S%(p) 01 lor(p)  Lon(p+1)
it 70) = guty %" ) a0 = 6y 66T )

Proof : First, notice that for all k € G,, and p € {0, 1,2}, one has

2X7 (€1 — €ar) (€2k41 — €2k+1)

1
0 ou
0 0 XP X
D (D AR 0

= Op041(0, — )" 6, — ).

Hence, using Eq. (5.10), one has

n

2 XP (e — o) (@angr — earir) = > MS Y (T (p) — TP (0)) S, My,

k€T, =1
with

0o st 1 X

k€Ty

Set A, (p) = S, 2(J% (p) — T (p))S,*/?. Thanks to Proposition 4.11, we have
the following convergence

lim Igg: >0 An(p) = A()1lg = (m — DS 2% (p)S~ 15 a.s.

We now apply Corollary 5.3 to the martingale (M) and the sequences (S,) and
(A,,) to obtain the result. O

Thus, one obtains the following limit.
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Lemma 5.12 Under assumptions (H.1-5) and if k > 4, one has the almost sure
convergence

: L o
nh_{go 1{\Gzl>0}ﬁpn = (QOl(O)a2(]01(1)>QO1(2))t]1§ a.s.

The limit of R? is obtained similarly to Lemma 5.10 using Corollary 5.3 again instead
of Theorem 5.1.

Lemma 5.13 Under assumptions (H.1-5) and if K > 8, one has
) 1
lim 1{\GZ\>0}_RZ =0 a.s.
n—oo n

Proof of Theorem 3.4 The convergence of p, — p,, is a direct consequence of
Eq. (5.15), Proposition 4.14, Lemmas 5.12 and 5.13. The convergence of p, to p is
a consequence of this previous convergence and Theorem 3.1. U

6 Asymptotic normality

To derive the central limit theorems (CLT), we use a CLT for martingales given
in [22, Theorem 2.1.9]. To this aim, we use a new filtration: instead of using the
generation-wise filtration, we will use the sister pair-wise one. Let

Qf =0V o{6 X, (62xXok: O2kr1Xokt1), 1 <k <p}

be the o-algebra generated by the whole history O of the GW process and all
observed individuals up to the offspring of individual p. Hence (eg, €ar11) is Go-
measurable. In all the sequel, we will work on the non-extinction probability space
(€,Pz) and we denote by Eg the corresponding expectation.

Proof of Theorem 3.5, first step For a fixed integer n > 1, let us define the
G9-martingale (MIQ”)){le} by

MY |']I'* 1/2 Z D, with Dy = (e, Xpeor, ars1, Xpont1)' -

Under (H.1-5), Dy is clearly a G¥-martingale difference sequence. For all n, v,, =
IT,| = (2"t — 1) is a (G)-stopping time. Using Eq. (5.11), we have

|Tn|

Vn |']I‘* 1/2 Z |'IF* 1/2M

In order to apply Theorem 2.1.9 of [22] we compute the increasing process of (M ;")).
As the non-extinction set £ € Q,? for all kK > 1, one has

1 X
B DL DG | = EDWDLGE ] = s (X5 ).
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where v, is defined in Eq. (5.12). Lemma 5.4 gives the following Pz a.s. limit

|']r*| > Ee[DiD}|G ] ——T a.s.
keTs,

Therefore, the first assumption of Theorem 2.1.9 of [22]| holds under Pz. Let us now

turn to the second condition. Thanks to Holder and Tchebycheff inequalities, we

have

1 & ) o

Un 1/2 Un 1/2
o 1 ($hENDG E[llDel?I62.,
= e\ T T |

k=1

We can easily prove that E[||Dy||*|GS ] and E[||Dy||*|GS ] are polynomials func-
tions in X} of degree 8 and 4. Thanks to v > k>8 and Proposition 4.11, we get the
Lindeberg condition. We can now conclude that under Pz one has

C
|1/2 Z D, = |1/2Mn—>N(O,I‘).
- keT, _

Finally, result (3.5) follows from Eq. (5.10) and Proposition 4.14 together with Slut-
sky’s Lemma. 0]

Proof of Theorem 3.5, second step We apply Theorem 2.1.9 of [22| again to the

sequences (M ;(”)){pzl} of g,? -martingales defined by

€5, + €31 — Ele3, + €54y | F7]
2Xk(6%k - E[ﬁgk | ]:15(9])
2Xk(€%k+1 - E[ﬁgk-s-l | ]:120])
X7 (e, + Engrl — Ele3, + E%k+1 | fzo}

p
T, |"*M;™ =3 D7, Df =

Set v, = |T,,—1| = 2™ — 1, thus, one has |T:_1|1/2M‘V’7$") =U, (o, — o). We have
to study the limit T' of |T*_,|”" > ket Eg[D7 (D7) | G&]. In order to compute

the conditional expectation, recall that E[ebnieins] = Jd(p, ¢, 7, s), and let us denote,

for k >1
Ak) = 5%“(207“ (1= )(d—7),(1—i)r,i(d —r),ir)XT
— (02 + 4pu0® Xy + (497 + 20207) X7 + 4p,0? X7 + a;gX,;*)),

2 2
A (k) = Gopdopss ( SN 02 — 2 — s, 5) Xp

r=0 s=0
— (o2 +202(poo + p11) X + (20207 + 4pooprn ) X,

"‘202(000 + o) Xp + Uf;Xﬁ)),
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and B;(k) = Ai(k) + Api (k). Using these notations, we obtain

E:[D7(D7)" | G¢-1]

(Bot+ BO)(F)  2X,Bk) 2X0Bilk) XE(Bo+ 1) (k)
2XuBo(k)  AX2Ao(k) AXZAg(K)  2XBo(k)
DXuBi(k)  AXZAg(k) 4X2A (k) 2X3Bi(k)
X{(Bo+ Bi)(k) 2XiBo(k) 2X;Bi(k) X4(Bo+31)( )

We obtain the Pz a.s. limit of the above quantity thanks to Proposition 4.11:

lim L Z Ai(B)X!=A? and lim Z Ao (k)X = Afy,
oo [Ty 4| 4~ e ’T =

with
Al = ZC’” (L= 8)( =), (L= i)ri(4 = r),in)i(r + )

_( 02li(q) + 4piio2li(1+ q) + (495 + 2020 )g (2+79)

2 2
Al = D) G502 =112 = 5, 8) (1 + 5 + q)

r=0 s=0
_(03501(61) + 2‘752(P00 + p11)lor (1 +q) + (20?03, + 4poop11)lo1(2 + q)
+2‘7727<Poo + p11)lo1 (3 + q) + 0;47501(4 + q))

We also set Bf = A? + Al,. With these notations, we are able to explicit the limit
matrix I'” of < M‘T(”) >l,n

By+ BY 2B} 2B} B2+ B}
2BY 442 442, 2B
2B]  4A% 442 2B}

B+ B} 2B} 2B} Bi+ B}

ro = (6.1)

The first assumption of Theorem 2.1.9 of [22] holds under Pz and we prove the
second one as in the first step. We then conclude that under P¢ one has

Mo’n |T* | 1/2 Z D° = |T |_1/2Un—1(0-n _0_) AN(O,FU)
k€Tn 1

We conclude using Proposition 4.14, Theorem 3.3 and Slutsky’s Lemma. U

Proof of Theorem 3.5, third step We use again Theorem 2.1.9 of [22] with to
the sequence of Q}? -martingales (M g(”)){pzl} defined by

€on€ons1 — Eleapeanit | FP]
|T* 1|1/2Mp ZD D! = | 2X; (e — Eleseons | FPJ)

X3 (€2k€2k+1 — Eleageor+1 | JTKO])
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Setting again v, = |T,,_1|, we have |T_,['2M2™ =V, _1(p, — p). Set
C(k)
— Ok ((0(2, 0,2,0) — p2) + 2(9(2,0,1,1) + 9(1,1,2,0) — 2pp.) Xs
+(9(0,2,2,0) +9(2,0,0,2) +49(1, 1,1,1) — 4p> — 2p. p,) X}
+2(9(0,2,1,1) + 9(1,1,0,2) — 2pp,) X2 + (1(0,2,0,2) — @)Xﬁ),

so that we are now able to write

12X, X?
E:[DY(DY) | G\l =C(k) | 2Xe 4X7 2X]
X2 2x3 X}

For the determination of the limit I of [T _,|™' >, . Eg[DR(D?)" | GF 4], let

us remark, using Proposition 4.11, that

lim —— Z Ck)X!=C? as.

k:e'll‘
with

¢t = (19<27 07 27 0) o pg)g()l(q) + 2(19<27 07 17 1) + 19(17 17 27 O) - 2pp€)€01(1 + Q)
+(9(0,2,2,0) +9(2,0,0,2) + 49(1,1,1,1) — 4p> — 2p. py)lo1(2 + q)
+2(9(0,2,1,1) +9(1,1,0,2) — 2pp,) ln (3 + q)

The matrix I'? is thus given by
Cc’ 20t C?
r°=| 20" 4c? 2¢° |. (6.2)
c? 203 Cc*

The first assumption of Theorem 2.1.9 of |22] holds under P¢. We prove the second
one as in the previous steps, and finally obtain that under P¢ one has

ME = T 2 ST DY = T V2V, (p, — p) 55 N(0,T7).

k€T, -1

We conclude using Proposition 4.14 and Theorem 3.4. U

7 Application to real data

We have applied our estimation procedure to the Escherichia coli data of [11]. E
coli is a rod-shaped bacterium that reproduces by dividing in the middle. Each cell
has thus a new end (or pole), and an older one. The cell inheriting the old pole of
its mother is called the old pole cell, its sister is called the new pole cell. Hence,
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a

b

C

d

0.0363
[0.0275, 0.0450]

0.0266
[—0.2094, 0.2627]

0.0306
[0.0216, 0.0396]

0.1706
[—0.0709, 0.4120]

Table 1: Estimation of @ on the data set penna-2002-10-04-4

2 0.2

n
0.2431
[—0.0750,0.5613]

O

0.0004
[—0, 0002, 0.0010]

Table 2: Estimation of noise variances on the data set penna-2002-10-04-4

each cell has a type: old pole (even) or new pole (odd), inducing asymmetry in the
cell division. Stewart et al. [11] filmed colonies of dividing cells, determining the
complete lineages and the growth rate of each cell. Several attempts have already
been made to fit BAR processes to these data, see [20, 12, 15, 16|, but only with
fixed coefficients models. In particular, [20] suggests that such models cannot ex-
plain all the randomness of the data. We have run our estimators on the data set
penna-2002-10-04-4. It is the largest one of the experiment. It contains 663 cells
up to generation 9. Table 1 gives the estimation 6y of 8 with the 95% Confidence
Interval (C.I.) of each coefficient. Note that our estimator ,, is exactly the same as
in [15], so that we obtain the same point estimation. The confidence intervals are
wider, as the variance is different. More precisely, the variance is given by the CLT
for @ in Eq. (3.5). It can be approximated by |Tj|S5 ' T'sSg' thanks to the conver-
gences given in Proposition 4.14 and Lemma 5.4. Table 2 gives the estimation of the
variance coefficients o2 and o) of & (other covariance coefficients of & and py can be
computed but are less easy to interpret). The variance of these parameters is again
given by the central limit Theorem 3.5. To obtain confidence intervals, one needs an
estimation of the joint moments of (9,12, €3,73) up to the order 4. Such estimators
can be easily derived following the same ideas as in Section 3.1. Theorem 3.5 allows
to build a positivity test for ¢ and 0727 . The p-value of the test Hy : 02 = 0 (resp.
Hy: 0727 =0)is p = 0.0799 (resp. p = 0.0671). We are not far to support the validity
of the random coefficients model on this data set.
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Abstract

This paper proposes a rigorous methodology to study cell division data consisting in several
observed genealogical trees of possibly different shapes. Our procedure allows us to fully take
into account missing observations, data from different trees as well as the dependence structure
within genealogical trees. It also enables us to use all the information available without the
drawbacks of low accuracy for estimators or low power for tests on small single trees. We model
the data by an asymmetric bifurcating autoregressive process and take into account possibly
missing observations by modeling the genealogies with a two-type Galton Watson process. We
give least-squares estimators of the unknown parameters of the processes and derive symmetry
tests. Our results are applied on real data of Escherichia coli division.

1 Introduction

Cell lineage data counsist of observations of some quantitative characteristic of the cells (e.g. their
length, growth rate, ...) over several generations descended from an initial cell. Track is kept
of the genealogy to study the inherited effects on the evolution of the characteristic. As a cell
usually gives birth to two offspring by division, such genealogies are structured as binary trees.
[2] first adapted autoregressive processes to this binary tree structure by introducing bifurcating
autoregressive processes (BAR). This parametric model takes into account both the environmental
and inherited effects. Inference on this model has been proposed based on either a single tree
growing to infinity, see e.g. [2], [11], [13], [17] or for an asymptotically infinite number of small
replicated trees, see e.g. [14], [12].

More recently, studies of aging in single cell organisms by [16] suggested that cell division may
not be symmetric. An asymmetric BAR model was therefore proposed by [8], where the two sets
of parameters corresponding to sister cells are allowed to be different. Inference for this model was
only investigated for single trees growing to infinity, see [8], [1] for the fully observed model or [5],
[3], [4] where missing data are taken into account.

Cell division data often consist in recordings over several genealogies of cells evolving in similar
experimental conditions. For instance, [16] filmed 94 colonies of Escherichia coli cells dividing
between four and nine times. We therefore propose a new rigorous approach to take into account
all the available information. Indeed, we propose an inference based on a finite fixed number of
replicated trees when the total number of observed cells tends to infinity. We use the missing



data asymmetric BAR model introduced by [3]. In this approach, the observed genealogies are
modeled with a two-type Galton Watson (GW) process. However, we propose a different least-
squares estimator for the parameters of the BAR process that does not correspond to the single-tree
estimators averaged on the replicated trees. We also propose an estimator of the parameters of
the GW process specific to our binary tree structure and not based simply on the observation
of the number of cells of each type in each generation as in [7], [15]. We study the consistency
and asymptotic normality of our estimators and derive asymptotic confidence intervals as well as
Wald’s type tests to investigate the asymmetry of the data for both the BAR and GW processes.
Our results are applied to the Escherichia coli data of [16].

The paper is organized as follows. In Section 2, we present the BAR and observations models.
In Section 3 we give our estimators and state their asymptotic properties. In Section 4, we propose
a new investigation of [16] data. The precise statement of the convergence results, the explicit
form of the asymptotic variance of the estimators and the convergence proofs are postponed to the
appendix.

2 Model

Our aim is to estimate the parameters of coupled BAR and GW processes through m i.i.d. real-
izations of the processes. We first define our parametric model and introduce our notation. The
BAR and GW processes have the same dynamics as in [3], the main difference is that our inference
is here based on several i.i.d. realizations of the processes, instead of a single one. Additional
notation together with the precise technical assumptions are specified in A.

2.1 Bifurcating autoregressive model

Our model is as follows. Consider m i.i.d. replications of the asymmetric BAR process with
coefficients (a, b, c,d) € R*. More precisely, for 1 < j < m, the first cell in genealogy j is labelled
(4, 1) and for k > 1, the two offspring of cell (j, k) are labelled (j, 2k) and (j,2k+1). As we consider
an asymmetric model, each cell has a type defined by its label: (j,2k) has type even and (j,2k+1)
has type odd. The characteristic of cell k in genealogy j is denoted by X(; x). The BAR processes
are defined recursively as follows: for all 1 < j7 < m and k > 1, one has

{Xu,zk) = a + bXGr + Egew, (1)
XGok+y = ¢ + dXgGr +  €G2k+1)-

Let also 02 be the variance and p the covariance of the noise sequence

o’ = ]E[E%j,zk)] = E[£?j,2k‘+1)]7 p= E[S(j,zk)f(jzkﬂ)]-

Our goal is to estimate the parameters (a, b, ¢,d) and (o, p), and then test if (a,b) = (¢, d) or not.

2.2 Observation process

We now turn to the observation process (0(;x)) that encodes for the presence or absence of cell
measurements in the available data

5 _J 1 ifcell k in genealogy j is observed,
(k) = 0 if cell k in genealogy j is not observed.

To take into account possible asymmetry in the observation process, we use a two-type Galton
Watson model. The relevance of this model to E. coli data is discussed in section 4. Here again
we suppose all the m observation processes to be drawn independently from the same two-type
GW process. More precisely, for all 1 < j < m, we define the observation process (0(; x))k>1 for
the j-th genealogy as follows. We set d(;1) = 1 and the (0(; 2x), d(j 2k+1)) are drawn independently
from one another with a law depending on the type of cell k. More precisely, for ¢ € {0,1}, if k is
of type 7 one has

P((5(j72k)75(j,2k+1)) = (lo, 1) ’ Oiik) = 1) =pW(lo, 1y),
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Figure 1: A tree of observed cells.

for all (Ip,l;) € {0,1}2. Thus, p(ly,1;) is the probability that a cell of type i has I daughter
of type 0 and I; daughter of type 1. If a cell is not observed, all its descendants are missing as
well: if 0 ) = 0 for some k > 2, then for all its descendants I, d(;;) = 0. Figure 1 gives an
example of realization of an observation process. We also assume that the observation processes
are independent from the BAR processes.

3 Inference

Our first goal is to estimate the reproduction probabilities p(* (I, ;) of the GW process from the
m genealogies of observed cells up to the n-th generation to be able to test the symmetry of the
GW model itself. Our second goal is to estimate 6 = (a, b, ¢,d)* from all the observed individuals
of the m trees up to the n-th generation. We then give the asymptotic properties of our estimator
to be able to build confidence intervals and symmetry tests for 6.

Denote by |TZ| the total number of observed cells in the m trees up to the n-th generation of
offspring from the original ancestors, and let

£ ={lim |T}| = o}

be the non extinction set, on which the global cell population grows to infinity. Conditions for the
probability of non-extinction to be positive are given in A.

3.1 Estimation of the reproduction law of the GW process

There are many references on the inference of a multi-type GW process, see for instance [7] and
[15]. Our context of estimation is very specific because the information given by (0(;x)) is more
precise than that given by the number of cells of each type in a given generation that is usually used
in the literature. Indeed, not only do we know the number of cells of each type at each generation,
but we also know their precise positions on the binary tree of cell division. The empiric estimators
of the reproduction probabilities using data up to the n-th generation are then, for i,1y,!; in {0, 1}

50 1) = Dy Y okeT s 02k +) Plo (0(s.22k-+4)) ) By (0(j 22k -+4) +1))
n 0,41 - ™m )
Zj:l Zkem,z 0(j,2k-+4)

where ¢g(z) =1 — x, ¢1(z) = z, and if the denominator is non zero, the estimator equalling zero
otherwise. Note that the numerator is just the number of cells of type ¢ in all the trees up to
generation n — 1 that have exactly [y daughter of type 0 and l; daughter of type 1 in the n-th
generation. The denominator is the total number of cells of type ¢ in all the trees up to generation
n — 1. Set also

p™ = (p17(0,0),p(0,1),p(1,0),p(1,1))"
the vector of the 4 reproduction probabilities for a mother of type i, p = ((p(?)t, (p™")*)? the
vector of all 8 reproduction probabilities and p,, its empirical estimator.



3.2 Least-squares estimation for the BAR parameters

For the parameters of the BAR process, let us denote § = (a,b, c,d)!. We use the standard least
squares (LS) estimator 6, which minimizes

A, (0) = Z Z 8(j,20) (Xj2my — @ — bX(j.1) + 8¢, 2641) (X(j2ks1) — ¢ — dX(j1))7
J=1keT,_1
Consequently, for all n > 1 we have 8, = (Zin,gn,’c\n, c?n)t with
~ . t
0o =210 Y (852w Xioms 062w XGmXGams 86,2k X G2k 86,2000 X G0 X G 2k41)
§=1k€Tn_1
(2)
where, for ¢ € {0,1} one has
) - L Xgw
En:( O >, S, = 5(‘,2k+i)< 5’ .
s, 2 2 fomeo | X X

Note that in the normalizing matrices S!, the sum is over all observed cells for which a daughter
of type i is observed, and not merely over all observed cells. To estimate the variance parameters
o2 and p, we define the empiric residuals. For all W <k<2ttl _1and 1< 7 <m set

{%%) = OGan(Xgew  — @ — beX(k), 3
EGak+1) = OGak+n)(Xgakry — G — deX(py)

We propose the following empirical estimators

1 m 1 m

R ¥ EantSan) o= Y S

" T (5,2k) T €(j,2k+1) )5 Pn = IT70 | (5,2k)€(j,2k+1)>
nl j=1keT, 4 n=1lj=1keT,

where |T?°!| is the set of all the cells which have exactly two offspring in the m trees up to generation
n.

3.3 Consistency and normality

We can now state the convergence results we obtain for the estimators above. The assumptions
(H.1) to (H.6) are given in A.2. These results hold on the non extinction set .

Theorem 3.1 Under assumptions (H.5-6) and for all i, lo and I in {0, 1}, f;ﬁj’) (lo,11) converges
to p(lo, 1) almost surely on ?;Under assumptions (H.0-6), 0,,, 52 and p,, converge to 0, o2 and
p respectively, almost surely on &.

The asymptotic normality results are only valid conditionally to the non extinction of the global
cell population.

Theorem 3.2 Under assumptions (H.5-6) we have

IT: 1 (Bn — p) £ N(0, V),

and under assumptions (H.0-6), we have

VI 180 —8) 5 N(O.Tg), VT332 — 02) S N(0,7),  +/IT204 (B — p) 5 N(0,7,),

conditionally to €. The explicit form of the variance matrices V and Ty and of v, and v, 18 given

in Eq. (6), (7), (9) and (10) respectively.

The proofs of these results are given in B.2 and B.3 for the GW process and in C.2 and C.3 for
the BAR process. From the asymptotic normality, one can naturally construct confidence intervals
and tests. Their explicit formulas are given in B.4 and C.4.



4 Data analysis

We applied our procedure to the Escherichia coli data of [16]. The biological issue addressed is
aging in single cell organisms. E. coli is a rod-shaped bacterium that reproduces by dividing in
the middle. Each cell inherits an old end or pole from its mother, and a new one coming from the
division. The cell that inherits the old pole of its mother is called the old pole cell, the other one
is called the new pole cell. Therefore, each cell has a type: old pole or new pole cell that can be
interpreted as an age, inducing asymmetry in the cell division. On a binary tree, the new pole cells
are labelled by an even number and the old pole cells by an odd number.

[16] filmed 94 colonies of dividing E. coli cells, determining the complete lineage and the growth
rate of each cell. The 94 data sets gather 22394 cells (11189 of type even and 11205 of type odd).
The number of divisions goes from four to nine. Not a single data tree is complete. Missing data
mainly do not come from cell death (only 16 cells are recorded to die) but from measurement
difficulties due mostly to overlapping cells or cells wandering away from the field of view. Note also
that for a growth rate to be recorded, the cell needs to be observed through its whole life cycle. If
this is not the case, there is no record at all, so that a censored data model is not relevant. The
observed average growth rate of even (resp. odd) cells is 0.0371 (resp. 0.0369). These data were
investigated in 16, 9, 8, 3, 4].

[16] proposed a statistical study of the averaged genealogy and pair-wise comparison of sister
cells. They concluded that the old pole cells exhibit cumulatively slowed growth, less offspring
biomass production and an increased probability of death whereas single-experiment analyses did
not. However they assumed independence between the averaged couples of sister cells, which does
not hold in such genealogies.

The other studies are based on single-tree analyses instead of averaging all the genealogical
trees. [9] model the growth rate by a Markovian bifurcating process, but their procedure does
not take into account the dependence between pairs of sister cells either. The asymmetry was
rejected (p-value< 0.1) in half of the experiments so that a global conclusion was difficult. [8] has
then investigated the asymptotical properties of a more general asymmetric Markovian bifurcating
autoregressive process, and he rigorously constructed a Wald’s type test to study the asymmetry
of the process. However, his model does not take into account the possible missing data from the
genealogies. The author investigates the method on the 94 data sets but it is not clear how he
manages missing data. More recently, [3] proposed a single-tree analysis with a rigorous method
to deal with the missing data and carried out their analysis on the largest data set, concluding
to asymmetry on this single set. Further single tree studies of the 51 data sets issued from the
94 colonies containing at least 8 generations were conducted in [4]. The symmetry hypothesis is
rejected in one set out of four for (a,b) = (c,d) and one out of eight for a/(1 —b) = ¢/(1 — d)
forbidding a global conclusion. Simulation studies tend to prove that the power of the tests on
single trees is quite low for only eight or nine generations. This is what motivated the present
study and urged us to use all the data available in one global estimation rather than single tree
analyses.

In this section, we propose a new investigation of E. coli data of [16] where for the first time the
dependence structure between cells within a genealogy is fully taken into account, missing data are
taken care of rigorously, all the available data, i.e. the 94 sets, are analyzed at once and both the
growth rate and the number /type of descendants are investigated. It is sensible to consider that
all the data sets correspond to BAR processes with the same coefficients as the experiments where
conducted in similar conditions. Moreover, a direct comparison of single tree estimations would
be meaningless as the data trees do not all have the same number of generations, and it would be
impossible to determine whether variations in the computed single tree estimators come from an
intrinsic variability between trees or just the low accuracy of the estimators for small trees. The
original estimation procedure described in this paper enables us to use all the information available
without the drawbacks of low accuracy for estimators or low power for tests on small single trees.

4.1 Symmetry of the BAR process

We now give the results of our new investigation of the E. coli growth rate data of [16]. We
suppose that the growth rate of cells in each lineage is modeled by the BAR process defined in



Eq. (1) and observed through the two-type GW process defined in section 2.2. The experiments
were independent and lead in the same conditions corresponding to independence and identical
distribution of the processes (X(;.),d¢;.)), 1 < j < m.

We first give the point and interval estimation for the various parameters of the BAR process.
Table 1 gives the estimation 0y of § with the 95% confidence interval (CI) of each coefficient. The

Table 1: Estimation and 95 % CI of 6.

parameter estimation CI ‘ parameter estimation CI
a 0.0203 [0.0197;0.0210] c 0.0195 [0.0188;0.0201]
b 0.4615 [0.4437;0.4792] d 0.4782 [0.4605; 0.4959]

confidence intervals of b and d show that the non explosion assumption |b] < 1 and |d| < 1 is
satisfied.
Table 2 gives the estimation 53 of 02 and py of p with the 95% CI of each coefficient.

Table 2: Estimation and 95 % CI of 02 and p

parameter estimation CI
o? 1.81-107° [1.12-107°;2.50 - 1077]
p 0.48-107° [0.44-107°;0.52-107°]

We now turn to the results of symmetry tests. The hypothesis of equality of the couples
(a,b) = (c,d) is strongly rejected (p-value = 107°). The hypothesis of the equality of the two fixed
points a/(1 —b) (estimated at 0.03773) and ¢/(1 —d) (estimated at 0.03734) of the BAR process is
also rejected (p-value = 2 - 1073). We can therefore rigorously confirm that there is a statistically
significant asymmetry in the division of E. coli.

4.2 Symmetry of the GW process

Let us now turn to the asymmetry of the GW process itself. Note that to our best knowledge, it
is the first time this question is investigated for the E. coli data of [16]. However, it seems natural
to investigate whether old pole cells have a different reproduction law from new pole ones, since
aging may also induce changes in the reproduction laws.

We estimated the parameters p(*) (I, 11) of the reproduction laws of the underlying GW process.

Table 3 gives the estimations ﬁg (lo, 11) of the p( (Ig,11). The estimation of the dominant eigenvalue

Table 3: Estimation and 95 % CI of p.

parameter estimation CI ‘parameter estimation CI

p@(1,1) 0.56060  [0.56055;0.56065] | p™M(1,1) 0.55928  [0.55923;0.55933]

p@(1,0)  0.03621  [0.03620;0.03622] | p™)( 0.04707  [0.04706;0.04708]
p<0> (0,1)  0.04740  [0.04739;0.04741] | p™)( [0.03754;0.03756]
©(0,0) 0.35579  [0.35574;0.35583] | p™M)( [0.35606; 0.35616]

1,1
1,0)

0,1)  0.03755
0,0)  0.35611

’ )

7 of the descendants matrix of the GW processes (characterizing extinction, see A.1) is g = 1.204
with CI [1.191;1.217]. The non-extinction hypothesis (7 > 1) is thus satisfied.

The means of the two reproduction laws p(®) and p(*) are estimated at mJ = 1.2048 and
mg = 1.2032 respectively. The hypothesis of the equality of the mean numbers of offspring is not
rejected (p-value = 0.9). However, Table 3 shows that there is a statistically significative difference
between vectors p(®) and p(*) as none of the confidence intervals intersect. Indeed, the symmetry
hypothesis p(®© = p() is rejected with p-value = 2 - 10~°. However, it is not possible to interpret
this asymmetry in terms of the division of E. coli, since the cause of missing data is mostly due to
observation difficulties rather than some intrinsic behavior of the cells.



5 Conclusion

In this paper, we first propose a statistical model to estimate and test asymmetry of a quantitative
characteristic associated to each node of a family of incomplete binary trees, without aggregating
single tree estimators. An immediate application is the investigation of asymmetry in cell lineage
data. This model of coupled GW-BAR process generalizes all the previous methods on this subject
in the literature because it rigorously takes into account:

e the dependence of the characteristic of a cell to that of its mother and the correlation between
two sisters through the BAR model,

e the possibly missing data through the GW model,

e the information from several sets of data obtained in similar experimental conditions without
the drawbacks of poor accuracy or power for small single trees.

Furthermore, we propose the estimation of parameters of a two-type GW process in a specific
context of a binary tree and a fine observation, namely the presence or absence of each cell of the
complete binary tree is known. Again the asymmetry of the parameters of the GW process could
be applied to cell lineage data and be interpreted as a difference in the reproduction laws between
the two different types of cell.

We applied our procedure to the E. coli stat of [16] and concluded there exists a statistically
significant asymmetry in this cell division.

A Technical assumptions and notation

Our convergence results rely on martingale theory and the use of several carefully chosen filtrations
regarding the BAR and/or GW process. The approach is similar to that of 3, 4], but their results
cannot be directly applied here. This is mainly due to our choice of the global non extinction set
as the union and not the intersection of the extinction sets of each replicated process. We now give
some additional notation and the precise assumptions of our convergence theorems.

A.1 Generations and extinction

We first introduce some notation about the complete and observed genealogy trees that will be used
in the sequel. For all n > 1, denote the n-th generation of any given tree by G,, = {k, 2" < k <
27+l — 1}, In particular, Go = {1} is the initial generation, and G; = {2,3} is the first generation
of offspring from the first ancestor. Denote by T,, = U?:o Gy the sub-tree of all individuals from
the original individual up to the n-th generation. Note that the cardinality |G,,| of G,, is 2", while
that of T, is |T,| = 2"*! — 1. Finally, we define the sets of observed individuals in each tree
G;, =1k € Gy, : 5 r =1} and T}, = {k € T, : §(j 1) = 1}, and set

m m

Gyl =D IG;,l and [|T;| =3 [T},

J=1 Jj=1

the total number of observed cells in all m trees in generation n and up to generation n respectively.
We next need to characterize the possible extinction of the GW processes, that is where |T}| does
not tend to infinity with n. For 1 < j < m and n > 1, we define the number of observed cells
among the n-th generation of the j-th tree, distinguishing according to their type, by

Z?,n: Z O(j2k) and Z},n: Z 0(j,2k+1)>
keanl keanl

and we set Z; , = (Z},,,Z},,). For all j, the process (Z;,) thus defined is a two-type GW process,
see [10]. We define the descendants matrix P of the GW process by

P— Poo  Po1 ’
Pio P11



where pio = p®(1,0) + p®(1,1) and p;; = p@(0,1) + p®(1,1), for i € {0,1}. The quantity
pi is thus the expected number of descendants of type [ of an individual of type i. It is well-
known that when all the entries of the matrix P are positive, P has a positive strictly dominant
eigenvalue, denoted 7, which is also simple and admits a positive left eigenvector, see e.g. [10,
Theorem 5.1]. In that case, we denote by z = (2°,2!) the left eigenvector of P associated with
the dominant eigenvalue 7 and satisfying 2% + 2! = 1. Let & = U,;»,{Z;» = (0,0)} be the event
corresponding to the case when there are no cells left to observe in the j-th tree. We will denote
£; the complementary set of £;. We are interested in asymptotic results on the set where there is
an infinity of X(; 1) to be observed that is on the union of the non-extinction sets Ej denoted by

m
g = E. = 1 *l = .
U&= { lim |T}| = o0}
j=1
Note that we allow some trees to extinct, as long as there is at least one tree still growing.

A.2 Assumptions

Our inference is based on the m i.i.d. replicas of the observed BAR process, i.e. the available
information is given by the sequence (d(; x), 0(j,k) X (j,k))1<j<m.k>1. We first introduce the natural
generation-wise filtrations of the BAR processes. For all 1 < j < m, denote by F; = (Fj »)n>1 the
natural filtration associated with the j-th copy of the BAR process, which means that F ,, is the o-
algebra generated by all individuals of the j-th tree up to the n-th generation, F;,, = o{X(; ), k €
T, }. For all 1 < j < m, we also define the observation filtrations as O;,, = o{d(;r),k € T, }, and
the sigma fields O; = a{0(; r),k > 1}.

We make the following main assumptions on the BAR and GW processes.
(H.0) The parameters (a, b, ¢, d) satisfy the usual stability assumption 0 < max{|b|, |d|} < 1.
(H.1) Forall 1 <j<m,n >0, k€ Gpyr, E[e%ﬁk)] < oo and E[X}6 ] < .

(4,1
Forall1 <j<m,n>0and k € G,,41, one a.s. has

Ele( i)l Fjnl = 0, Elef; 1| Fjnl = 0%, Blef; | Finl = A Ele(y iy Fin] = 75

Elef; iy Fin] =% Ele(n | Fin] = p'
Forall 1 <j<m,n>0,keG,, one as. has

Ele(j2x)€ .26+ 1) [ Fjn] = P E[£%j,2k)£%j,2k+1)|fj,n] =12 ]E[g?j,zk)f?j,zkﬂﬂfj,n] ="

Elel; o8 G.2641) 1 Fin] = @ Elegam el onrny [ Fin] = 5.

(H.2) For all 1 < j < m and n > 0 the vectors {(e(;2x),€(j,2k+1)); k¥ € Gn} are conditionally
independent given Fj .

(H.3) The sequences (£(1,k))k>25 (E(2,k))k>25 - - - » (E(m.k) )k>2 are independent. The random vari-
ables (X(j,1))1<j<m are independent and independent from the noise sequences.

(H.4) For all 1 < j < m, the sequence (0(; ))r>1 is independent from the sequences (X x))r>1
and (E(j,k))k22~

(H.5) The sequences (0(1,x))k>2, (0(2,k))k>2; - - - » (O(m, k) )k>2 are independent.
We also make the following super criticality assumption on the matrix P.

(H.6) All entries of the matrix P are positive: for all (i,1) € {0,1}2, p; > 0, and the dominant
eigenvalue is greater than one: w > 1 .

If # > 1, it is well known, see e.g. [10], that the extinction probability of the GW processes is less
than one: for all 1 < j < m, P(§;) = p < 1. Under assumptions (H.5-6), one thus clearly has

PE)=1-p™ > 0.



A.3 Additional estimators

From the estimators of the reproductions probabilities of the GW process, one can easily construct
an estimator of the spectral radius 7 of the descendants matrix P of the GW process. Indeed, P is
a 2 X 2 matrix so that its spectral radius can be computed explicitly as a function of its coeflicients,
namely

m= %(tr(P) + (tr(P)? — 4det(P))1/2>.

Replacing the coefficients of P by their empirical estimators, one obtains

1 ~ N ~
Fn = —(T, + (T? — 4D,))"/?).
where
T, = 91,0 +p91,1)+p8(0,1) + 5 (1,1),
D, = (#9(1,0) +p2(1,1)(3P(0,1) + 57 (1, 1)) — (320, 1) + 52 (1, 1)) (B (1,0) + L (1, 1))

are the empirical estimator of the trace ¢r(P) and the determinant det(P) respectively. Finally,
to compute confidence intervals for 02 and p, we need an estimation of higher moments. We use
again empirical estimators

1 m 1 m
~4 _ ~4 ~4 ~2 _ =2 =2
=Ty Z Z (EG.2w) +EG20+1)): n =TT Z Z €G22k +1)"
nl =1 keT, . n=1l j—1 keT,_,

B Convergence of estimators for the GW process

We now prove the convergence of the estimators for the GW process, that is the first parts of
Theorems 3.1 and 3.2, together with additional technical results.

B.1 Preliminary results: from single trees to multiple trees

Our first objective is to show that we can adapt the results in [3]| to the multiple tree framework.
To this aim, we first need to recall Lemma A.3 of [1].

Lemma B.1 Let (A,) be a sequence of real-valued matrices such that
oo n
Z A, <oco  and lim ZAk = A.
n=0 k=0

In addition, let (X,) be a sequence of real-valued vectors which converges to a limiting value X.
Then, one has

lim Z A, X, =AX.
=0

The next result is an adaptation of Lemma A.2 in [1] to the GW tree framework. It gives a
correspondence between sums on one generation and sums on the whole tree.

Lemma B.2 Let (x,) be a sequence of real numbers and m > 1. One has

1 1 m—1
lim — = lim — = .
Jm S D me=oem lim o ) mi=——w
kET, kEG,
Proof: Suppose that 7=™ ZkeT" x, converges to . Then one has
1 1 1 1 1 T—1
pry Z Tk =" ka*;ﬂn_l Z e Tt T o T

keG, keT, k€T, -1



Conversely, if 77" 3, .y converges to y, as T,, = Uj_(Gy, one has

1 s
n Tk = Z Tk = n—oo T — ]_y
keT, =0 keGy
using Lemma B.1 with A,, =7 " and X,, = 7" EkeGn Tk ]

We now adapt Lemma 2.1 of [3] to our multiple tree framework.

Lemma B.3 Under assumption (H.5-6), there exist a nonnegative random variable W such that

for all sequences (x(1,)), - -+, (T(m,n)) of real numbers one has a.s.
- Ljjen>0
Jim =T > Y v =tz = Jim 20wy = oW
j=1keT, j=1keT,

Proof: We use a well known property of super-critical GW processes, see e.g. [10]: for all j, there
exists a non negative random variable W; such that

Tim_ % = - i W as. (4)

and in addition {W; > 0} = &; = lim{|G},,| > 0}. Therefore, one has

3,n
. n
lim E —L= = | E W; as.
n—00 £~ " n~>oo 7T" ™ — 1
Jj=

The result is obtained by setting W = Z;”:l W; and noticing that £ = UL, &; = {Zy;l W; >
0} = lim{|G%| > 0}. O

Finally, the main result of this section is new and explains how convergence results on multiple
trees can be obtained from convergence results on a single tree. This will allow us to directly use
results from [3] in all the sequel.

Lemma B.4 Let (2(1,,)), .-, (Z(m,n)) be m sequences of real numbers such that for all1 < j <m
one has the a.s. limit 1
. {IG5 ,,1>0}
i e 2t = e 6)
J,m keT,,

then under assumptions (H.5-6) one also has
o Les>0)
nlLoo T ] Z Z T =Ll as.
j=1keT,
Proof: Equations (5) and (4) yield, for all j,

. 1 T—1
lim — E k) = B
n—oo T ’ e
keT,

Summing over j, one obtains

J&ﬁZZ%m

j=1keT,

-1 iwj B
j=1

Finally, we use Lemma B.3 to conclude. ]
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B.2 Strong consistency for the estimators of the GW process

To prove the convergence of the ]3%)(107 I1) we first need to derive a convergence result for a sum

of independent GW processes.

Lemma B.5 Suppose that assumptions (H.5-6) are satisfied. Then for i € {0,1} one has

m
. x—1 1
nh—{go 1{\GZ,\>0}|Tn‘ Z Z 6(j,2k+i) = Zz]lg a.s.
J=1k€eT,_4
Proof Remarking that E;"Zl Y ket  0G2kti) = Z;”:l > o1-1Z;,, the lemma is a direct conse-
quence of Lemma B.4 and the well-known property of super-critical GW processes Lyjg: |>0} T .| AN Z, —
zlg, forall 0 < j <m. v

Proof of Theorem 3.1, first part We give the details of the convergence of ;55,1) (1,1) to p(M(1,1), the
other convergences are derived similarly. The proof relies on the convergence of square integrable
scalar martingales. Set

My =" > Gortn) 0Gantadganss — M (1,1)).

j=1kETp_»

We are going to prove that (M,,) is a martingale for a well chosen filtration. Recall that O, , =
o{0¢ k), k € Ty}, and set O,, = ViL10jn. Then (M,,) is clearly a square integrable real (O,,)-
martingale. Using the independence assumption (H.5), its increasing process is

M3 S LD D) =00 35 22
J=1EkeT, 2 =1 =0

Hence, Lemma B.5 implies that |T;_;|™' < M >,, converges almost surely on the non extinction
set €. The law of large numbers for scalar martingales thus yields that |T%_;|~1M,, tends to 0 as
n tends to infinity on €. Finally, notice that

M, M,
Sy Cker, o 0GRty Y Yiso Zh

PO, 1) —pM(1,1) =

Y

so that Lemma B.5 again implies the almost sure convergence of ﬁ%l)(l, 1) to pM(1,1) on the non
extinction set €. O

As a direct consequence, one obtains the a.s. convergence of 7, to m on £.

B.3 Asymptotic normality for the estimators of the GW process

As P(E) # 0, we can define a new probability Pg by Pg(A) = P(ANE)/P(E) for all event A. In
all the sequel of this section, we will work on the space 5 under the probability Pz and we denote
by Ez the corresponding expectation. We can now turn to the proof of the asymptotic normality
of p,. The proof also relies on martingale theory. As the normalizing term in our central limit
theorem is random, we use the central limit theorem for martingales given in Theorem 2.1.9 of [6]
that we first recall as Theorem B.6 for self-completeness.

Theorem B.6 Suppose that (2, A, P) is a probability space and that for each n we have a filtration
F, = (f,in)), a stopping time v, relative to F,, and a real, square-integrable vector martingale

M@ = (M,gn))kzo which is adapted to F,, and has hook denoted by < M > . We make the
following two assumptions.

A.1 For a deterministic symmetric positive semi-definite matriz I’

<M>MIT.

11



A.2 Lindeberg’s condition holds; in other words, for all € > 0,

Un

(n) _ () (n) ) P
Z]EO'Mk = ML g, 1 | Fk—l) -0

Then:
M £ N(0,T).

Proof of Theoremn3.2, first part First, set

Ve (Y 0)

where for all 4 in {0,1}, Vi = W’ — p()(p())t, W' is a 4 x 4 matrix with the entries of p(*) on
the diagonal and 0 elsewhere. We are going to prove that V is the asymptotic variance of p,, — p
suitably normalized. We use Theorem B.6. We first need to define a suitable filtration. Here, we
use the first cousins filtration defined as follows. Let

Hj,p = U{é(j,l)a e 5(]‘73), (6(]',4/4:)7 ey 5(j74k+3))5 1 S k S p}
be the o-field generated by all the 4-tuples of observed cousin cells up the granddaughters of
cell (j,p) in the j-th tree and M, = V7, H;,. Hence, the 4-tuple (5(j ak)s -+ 0(j,ak43)) 18 Hpe-
measurable for all j. By definition of the reproduction probablhtles pl (lo, ll) the processes
(8(7.2040) (D10 (8¢5 220+0)) D1 (85 2(20+1)+1)) — (l07l1))k21

are (Hy)-martingale difference sequences. We thus introduce a sequence of (Hj)-martingales
(M](gn)){pZI} defined for all n > 1 and p > 1 by

P m
M =T 4723 D,

k=1j=1
. t
with D; ) = ((Df; 1))"s (D()") and

(1-— 6(] 2(2k+2)))(1 — 4, 2(2k+z)+1)) P(Z)( ,0)

= 0(j,2(2k-+)) )05, 2(2+i)+1) ( 1

5(J 202k+1)) (1 = 0(j,2(2k44)+1) ) @)(1,0)
0(j,2(2k+1) 05, 2(2h4i)+1) — ( 1)

D{; 1y = 0(j.2k+i)

We also introduce the sequence of stopping times v, = |T,,_2| = 2"~ — 1. One has

826y VO 0
D, t — (4,2k)
ES[D(J’k)D(]’k)|Hk_1] ( 0 ‘S(j,2k+1)vl > .
(n) —1 m n—1 ZQZVO 0 .
Therefore the one has < M™ >, = [T} _,|7' 3700, 372, J’O 2V ) so that its Pz
N

almost sure limit is

070
[ 2V 0
F_< 0 le1>’

thanks to Lemma B.5. Therefore, assumption A.1 of Theorem B.6 holds under Pz. The Lindeberg
condition A.2 is obviously satisfied as we deal with finite support distributions. We then conclude
that under Pz one has

T~V n*“Z 3" Dy = NO,T).
j=1keT: _,
Using the relation
(7, Y 21 0 -
ﬁn—pz j=12u4=0 “je)t4 et M(n)
0 (i im0 Zje

Lemma B.5 and Slutsky’s Lemma give the first part of Theorem 3.2. (]
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B.4 Interval estimation and tests for the GW process

From the central limit theorem 3.2 one can easily build asymptotic confidence intervals for our
estimators. In our context, Y,, and Y, being two random variables, we will say that [Y,,;Y,/] is an
asymptotic confidence interval with confidence level 1 — € for the parameter Y if IED?(Yn <Y <L
Y;) — (1 —¢). For any 0 < e <1, let ¢;_/2 be the 1 — ¢/2 quantile of the standard normal

law.
For all n > 2, define the 8 x 8 matrix

S »
V., — ( Vg(2j:1 Zkeirvz ‘5(j’2k)) R 0 . )
0 Vo (X0 Yher, o 0Gaktn) s

where for all i in {0,1}, Vi, = W% - ﬁ%")(ﬁﬁf))ﬁ W; is a 4 x 4 matrix with the entries of Py’ on
the diagonal and 0 elsewhere. Thus, |T}_,|V,, is an empirical estimator of the covariance matrix
V.

Theorem B.7 Under assumptions (H.5-6), fori,ly,l1 in {0,1} and for any 0 < e < 1, the random
interval defined by

[ﬁgf) (lo, 11) - Q1fe/2(‘771/2)€,z 5 ﬁgf)(loa ll) + QIfe/Q(V}L/Q)@,K]

is an asymptotic confidence interval with level 1 — € for p™ (ly,1y); where (¢,€) is the coordinate of
V., corresponding to p(ly,1y), namely £ = 45 + 14 2l + 1;.

Proof This is a straightforward consequence of the central limit Theorem 3.2 together with Stul-
sky’s lemma as lim,, o [T},_;|V,, = V Pz a.s. thanks to Lemma B.5 and Theorem 3.1. O

)

Set G,, = f‘z{/’nFn, where F,, is the 8 x 1 vector defined by

_1?“”:%(0, 0, 1, 1, 0, 1, 0, 1)%%@3—413,,)—1/2?1”
and
0
250 (1,0) + 25501, 1)
P (1,0) + 54 (1,1) = B (0,1) — 5 (1,1)
g | PO+ D) =50 0.1) + 200 (1,0) + 51 (1 1)

0
5 (1,0) — P (1,1) + 54 (0, 1) + o (1, 1)
25 (0,1) + 2% (1,1)
254 (0,1) — P (1,0) + 54 (1, 1) + P (0,1) + 5y (1,1)

Theorem B.8 Under assumptions (H.5-6), for any 0 < ¢ < 1 one has that
[Fn = d1—e)2GY? 3 T+ qi_e)2GY?]
s an asymptotic confidence interval with level 1 — € for .

Proof This is again a straightforward consequence of the central limit Theorem 3.2 together with
Stulsky’s lemma as F,, is the gradient of the function that maps the vector p onto the estimator
Tn- O

We propose two symmetry tests for the GW process. The first one compares the average number
of offspring mg of a cell of type 0: mo = p(®(1,0) + p(@(0,1) +2p(?(1,1) to that of a cell of type
1: my = pM(1,0) + p™M(0,1) + 2p™M(1,1). Denote by mC and ) their empirical estimators. Set

o HE': mo = my the symmetry hypothesis,

13



e HI": my # m, the alternative hypothesis.

Let Y)" be the test statistic defined by

Yo = T V2 (A V2 (@l — mb),

where A™ = |T* _,|dg’ V,.dg,, and dg,, = (0,1,1,2,0 — 1, —1,—2)t. This test statistic has the
following asymptotic properties.

Theorem B.9 Under assumptions (H.5-6) and the null hypothesis H*, one has
(¥ 533 ()
on (&, Pz); and under the alternative hypothesis HY*, almost surely on & one has

lim (Y,™)? = +o0.

n— oo

Proof Let g,,, be the function defined from R® onto R by g, (21, . .., 78) = wa+r3+2w4—16—27 278
so that dg,, is the gradient of g,,. Thus, the central limit Theorem 3.2 yields

* = L m
IT;,—11(9m (Bn) = gm(P)) = N(0, dgm'Vdgm) = N'(0, A™)
on (£,Pg). Under the null hypothesis H§, g,,(p) = 0, so that one has

* my\— = L
T 1 1(A™) " gm(Bn)? = x*(1)

on (£,Pz). Lemma B.5 and Theorem 3.1 give the almost sure convergence of Aﬁ to A™. Hence
Slutsky’s Lemma yields the expected result. Under the alternative hypothesis HY?, one has

Y = (A7) 2 (T (g Bn) = 9 (P) + /1Tt lgm (P))-

The first term converges to a centered normal law and the second term tends to infinity as |T} _,|
tends to infinity a.s. on (€,Pz). O

Our next test compares the reproduction probability vectors of mother cells of type 0 and 1.
e HY: p(® = p() the symmetry hypothesis,
e HP: p(® #£ p(1) the alternative hypothesis.

Let (YP2)'YP be the test statistic defined by
Vi = T2 20 - ),

1,

where 37’; = |T;§71|dg;vndgp and dg, = ( I
—14

). This test statistic has the following asymp-

totic properties.

Theorem B.10 Under assumptions (H.5-6) and the null hypothesis Hy, one has
(YD)'YE 2 X (4)

on (€, Pg); and under the alternative hypothesis HY , almost surely on & one has
lim [[Y3]? = +oo.

Proof We mimic the proof of Theorem B.9 with g, the function defined from R® onto R* by
gp(1,...,28) = (v1 — w5,22 — Tg, T3 — T7, T4 — T)", SO that dg, is the gradient of g,. O
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C Convergence of estimators for the BAR process

We now prove the convergence of the estimators for the BAR process, that is the parts of Theo-
rems 3.1 and 3.2 concerning Gn, o2 and p,, together with additional technical results, especially
the convergence of higher moment estimators required to estimate the asymptotic variances.

C.1 Preliminary results: laws of large numbers

In this section, we want to study the asymptotic behavior of various sums of observed data. Most
of the results are directly taken from [3]. All external references in this section refer to that paper
that will not be cited each time. However, we need additional results concerning higher moments
of the BAR process in order to obtain the consistency of 72 and 72, as there is no such result in
[3]. We also give all the explicit formulas so that the interested reader can actually compute the
various asymptotic variances.

Again, our work relies on the strong law of large numbers for square integrable martingales.
To ensure that the increasing processes of our martingales are at most O(n") we first need the
following lemma.

Lemma C.1 Under assumptions (H.0-6), for all i € {0,1} one has

Z Z 8¢ 2k+) X () = O(T") a.s.

j=1keT,

Proof The proof follows the same lines as that of Lemma 6.1. The constants before the terms A?
B! and C! therein are replaced respectively by (4/(1 — 3))7, a8(4/(1 — 3))7 and 28; in the term
At 2 is replaced by £%; in the term C?, 3% is replaced by (3%7*; the term B! is unchanged. In
the expression of E[(YZP)Q], one just needs to replace 7* by u'%, o* by !¢ and v27* by n®. Note
that the various moments of the noise sequence are defined in assumption (H.1). The rest of the
proof is unchanged. O

We also state some laws of large numbers for the noise processes.

Lemma C.2 Under assumptions (H.0-6), for all i € {0,1} and for all integers 0 < q < 4, one has

m

m i
_ Z Z (5(] 2k+7, (J 2k+z) o 1WZ E[E((Z172+i)] a.s.
J=1k€Tn_1

Proof This is also a direct consequence of [3] thanks to Lemmas B.3 and B.4. Lemma 5.3 provides
the result for ¢ = 0, Lemma 5.5 for ¢ = 1, Corollary 5.6 for ¢ = 2 and Lemma 5.7 for ¢ = 4. The
result for ¢ = 3 is obtained similarly. (]

In view of these new stronger results, we can now state our first laws of large numbers for the
observed BAR process. For ¢ € {0,1} and all integers 1 < ¢ < 4 let us now define

= Hi.(0) Z > SGenrX(ay  HR ZH (@)= D 0G0 8Garn X
j=1 j=1keT, j=1keT,
and H,,(q) = (H)(q), H}(9))".

Lemma C.3 Under assumptions (H.0-6) and for all integers 1 < q < 4, one has the following a.s.
limits on the non extinction set £

lim Ly 01| Th ' Hala) = h(g) = (I — P,)"'P'h(q),
. . — ~ ho o hl
lim Lgjey 50y Th| T Hy' (g) = h%%(g) = p(°>(1,1)(h0(q)+bQ#>+p<1)(171)(h1<q)+dq¥)’
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where

and

1) = a2’ (1) = ezt

1°(2) (a® + 02)2° 4 2abh® (1)1~ 1, R2) = (E+02)z" +2cdh' (1)n L,

(3) = (a®+3a0? + A)2° + 3b(a® + )R’ (1)7 1 + 3ab?>h°(2)7 1,

RH3) = (4 3co® + Nzt +3d( + o2)h (D)7 + 3ed?h! (2)7

1°(4) (a* 4 6a%0% + daX + 71)2° + 4b(a® + 3a0® + AR (1)t + 6b%(a® 4+ 02)h(2)7 " + 4ab®h° (3)7 1,
RH4) = (' 46¢%0% +deh + )2 +4d( + 3co® + N (D)a 4+ 642 (¢ + o?)h(2)r ! + ded®h (3)7 L

Proof The results for ¢ = 1 and ¢ = 2 come from Propositions 6.3, 6.5 and 6.6 together with
Lemma B.4. The proofs for ¢ > 3 follow the same lines, using Lemma C.2 when required and
Lemma C.1 to bound the increasing processes of the various martingales at stake. ([

To prove the consistency of our estimators, we also need some additional families of laws of
large numbers.

Lemma C.4 Under assumptions (H.0-6), for i € {0,1} and for all integers 1 < p+ q < 4, one
has the following a.s. limits

1y >0 Trl™ Z > G2kt XD kel o) = Eled 0 (p) g
J=1 keT,

Proof The proof is similar to that of Theorem 3.1. For all 1 < j < m, one has

n

Z 5(j72k+i>X@7k)5?j,2k+i) - Z Z 6(]’2k+l)X(J k>( (5,2k+1) E[% 2k-+4) | 7 f]) +EE3,] Z O(j,2k-+) X(a k)’
keT, =0 keGy keT,

as the conditional moment of e, are constants by assumption (H.1). The first term is a square
integrable (ffn)—martingale and its increasing process is O(n™) thanks to Lemma C.1, thus the
first term is o(n™). The limit of the second term is given by Lemma C.3. g

Lemma C.5 Under assumptions (H.0-6), for i € {0,1} and for all integers 1 < q < 4, one has
the following a.s. limits

Liea >0y Tal ™ D Y 06kt X( appsy = (7h'(0) + 0907 () 15
j=1keT,

Proof The proof is obtained by replacing X (; 244y by a +bXj + €2 if i = 0 or ¢ + d Xy + 2541 if
1 = 1. One then develops the exponent and uses Lemmas B.5, C.2, C.3 and C.4 to conclude. [

Lemma C.6 Under assumptions (H.0-6), for i € {0,1} and for all integers 1 < p+ q < 4, one
has the following a.s. limits

Liiea >0y Tal ™ D Y SG.2ksny X0y X oy = 1 (0:0) I,

j=1keT,
with
ho(p,1) ah’(p) +bh°(p+1),  h'(p,1) = ch'(p)+dh'(p+1)),
Ro(p,2) = (a®+0*)h°(p) + 2abh®(p + 1) + b*h°(p + 2),
h(p,2) = (®+o?)h'(p)+ 2cdh(p+ 1) +d*h' (p +2),
(p,3) = (a®+ 3ac® + \)h%(p) + 3b(a® + a*)h%(p + 1) + 3ab*h°(p + 2) + b1’ (p + 3),
h'(p,3) = (c®+3co® + Nh'(p) + 3d(c* + o®)h' (p + 1) + 3ed®h' (p + 2) + d*h' (p + 3),

where we used the convention h'(0) = z'r.
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Proof As above, the proof is obtained by replacing X; 24 and developing the exponents. Then
one uses Lemmas B.5, C.2, C.3 and C.4 to compute the limits. ([

Lemma C.7 Under assumptions (H.5-6), one has the following a.s. limit

m

ey >0t Thl ™ D0 D dgeertadeerrory =p0 (1, 1) rlg.
j=1keT,
P’I‘OOf First note that 5(j,2(2k+i))5(j,2(2k+i)+1) = 5(j,2k}+i)5(j,2(2k+i))5(j,2(2k+i)+1)' The pI‘OOf is then
similar to that of Theorem 3.1. One adds and subtract p(z)(l, 1) so that a martingale similar to
(M,,) naturally appears. The limit of the remaining term is given by Lemma B.5. (I

Lemma C.8 Under assumptions (H.0-6), for all integers 0 < p+ q+r < 4, one has the following
a.s. limits

Lijes>03 Tol™ Z Z 0(j.2k)0(j 2k+1) X Jk) (] 2k) €(j,2k41) = E[ee]h (p)1g,
j=1keT,

where we used the convention h°*(0) = p(®(1,1)2° + pM)(1,1)2!

é’roof The proof is similar to Lemma C.4, one adds and subtracts the constant E[s?j72k)s7("j72 k1) | .7-";?@].

Lemma C.9 Under assumptions (H.0-6), for all integers 1 < p+q+r < 4, one has the following
a.s. limits

m

*|—1 T 01
Lgjgx >0} [T Z Z 0(j,2) 05,26+ 1) X (1) X 2wy X Gr2m1y = 17 (04, 7) g,

j=1keT,,

with
h'(p,1,0) = ah® (p)+bh* (p+1), h (p,0,1) = ch®(p) + dh® (p + 1)),
h(p,2,0) = (a®+a?)h% (p) + 2abh° (p + 1) + b*h% (p + 2),
RO (p,0,2) = (4 0?)h% (p) + 2cdh® (p + 1) + d*h* 1(p + 2),
' (p,3,0) = (a®+ 3ac® + N)h% (p) + 3b(a® 4+ o®)h% (p + 1) + 3ab®h° (p + 2) + B3R (p + 3),
RO (p,0,3) = (¢ +3co? + N)h (p) + 3d(c® + a*)A (p + 1) 4 3cd®h° (p + 2) + d*h° (p + 3),
ROl (p,1,1) = (ac+ p)h° (p) + (ad + be)h (p + 1) + bdh® (p + 2),
W' p,2,1) = ((a®+0%)c+2ap + a)h™ (p) + ((a® + o?)d + 2(ac + p)b)h" (p + 1)

+b(2ad + be)h (p + 2) + b*dh° (p + 3),
W p,1,2) = ((+0%)a+2cp+ B (p) + (¢ + )b+ 2(ac+ p)d)h” (p + 1)

+d(ad + 2bc)h° (p + 2) + bd*h" (p + 3),
R°1(0,2,2) = (a*c® + a*0® + 20?4+ v? + 2a8 + 2ca + 4acp)h® (0)

+2(b(a(c® 4+ 02) 4+ B+ 2cp) + d(c(a® + 0?) + a + 2ap))h° (1)
(V?(* + 0?) + d*(a® + 0?) + 4bd(ac + p))h° (2) + 2bd(ad + bc)h® (3) + b?d* RO (4).

Proof The proof is obtained by replacing X(; ox) by a + bX + €2k, X(j2r) by ¢+ d Xy + €241 and
developing the exponents. One uses Lemmas C.3 and C.8 to compute the limits. (]

To conclude this section, we prove the convergence of the normalizing matrices SY, S} and SO!

where
= 1 X
801:225» S0 < (J,k)>’
o= VRO Xy X

with the sum taken over all observed cells that have observed daughters of both types.
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Lemma C.10 Suppose that assumptions (H.0-6) are satisfied. Then, there exist definite positive
matrices LO, L and L such that for i € {0,1} one has

lim 1gg. 50 [T 7'S;, = 1LY, m Ly, 50y T 'S, = 1LY as.

where , .
L () B Lo (B0 h0()
S\ R RN2) ) R R%(2) )
Proof This is a direct consequence of Lemmas B.5 and C.3. g

C.2 Strong consistency for the estimators of the BAR process

We could obtain the convergences of our estimators by sharp martingales results as in [3], see
also B.2. However, we chose the direct approach here. Indeed, our convergences are now direct
consequences of the laws of large numbers given in C.1.

Proof of Theorem 8.1, convergence of @n This is a direct consequence of Lemmas C.10 and C.6.
Indeed, by Lemma C.6 one has

) L 5 5(1‘;{1«)3((%@ L
{163, (>0} ~ {\Gn >0} G20 X (5.0 X (7.2k) ( >
S, 16, = 5:28) 2GR0, - 1.
T -1 ' T Z{,CZ 0(j,2k+1) X (j,2k+1) n—oo \ 0 L ¢
J €Tn—1
0(j,2k+1) X (3.k) X (j.2k-+1)
And one concludes using Lemma C.10. O

Proof of Theorem 3.1, convergence of 62 and p, This result is not as direct as the preceding one

because of the presence of the &) in the various estimators. Take for instance the estimator G2.

For all 1 < j < m, one has

n—1
D o = DD San Xk — e —beX(k)?
keT, 1 =0 keGy
m n—1 n—1 N
= > G X T YLD Y Sgan T2y e Y 6am Xk

keT,, 1 7j=14=0 keGy =0 keGy
n—1 - n—1

Y an Xig — 2 Zae D G2mXGam2 D be > 6Gam X (i X2k -
=0 keGy =0 keGy £=0 keGy

Let us study the limit of the last term. One has

1n—1 1 1
o Z be D SGom X XGoaw =~ D == (béﬂe > 5<j,2k>X<j,k>X<j,2k>> :

=0 keGy / 0 keGy

We now use Lemma B.1 with A, = 7~" and X,, = b, " > kea, 06,2k X (k) X(j2k)- We know
from Lemma C.6 together with Lemma B.2 that 77" >, - (;j.20) X (j,x) X (j,2r) converges to RO(1, 1)W;,

and the previous proof gives the convergence of b,,. Thus, one obtains

Zbez5g2k G XG2k) T T tho(l 1),
(=0 keGy

so that using Lemma B.4 one has

1 G, 0} m N
{||']T*I> ZZ() Z 35,26 X (,k) X (5,2k) — bhO (1,1)7
j=16=0 keGy
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We deal with the other terms in the decomposition of the sum of 2, in a similar way, using either
Lemma C.3, C.5 or C.6. We can also do the same for the sums of ?gkﬂ. Finally, one obtains the
almost sure limit on &

52 —— K@)+ PR + hN(2) + M (2)7 ! + 0?20 + P2t + 2abh° (1) 7 4 2edh (1)1 + 2RO (2)m !

+d®h(2)r ! = 2a(R0(1) + B2RO(1)m 1Y) — 2¢(h(1) + d2h (1)~ t) — 26R°(1, )7t — 2dh1(1,1)7

= (%42t =0"

To obtain the convergence of p,, the approach is similar, using the convergence results given in
Lemmas C.3, C.7, C.8 and C.9. O

Theorem C.11 Under assumptions (H.0-6), 7, and U7 converge almost surely to 7 and v? re-
spectively on &.

Proof We work exactly along the same lines as the previous proof with higher powers. ([l

C.3 Asymptotic normality for the estimators of the BAR process

We first give the asymptotic normality for (/9\71

Proof of Theorem 3.2 for é\n Define the 4 x 4 matrices

L° 0 o?L0  pLot _ _
E:<0 Ll)a I‘=<p1101 §2L1 ; [y =%"'Tx (7)

We now follow the same lines as the proof of the first part of Theorem 3.2 with a different filtration.
This time we use the observed sister pair-wise filtration defined as follows. For 0 < j7 < m and
p >0, let

Gy = 03V {8, X(1)s (6G.2k) X (j2k)» 05,2641 X (j2kr1))s 1<k < p} (8)

be the o-field generated by the j-th GW tree and all the pairs of observed sister cells in genealogy

j up to the daughters of cell (j,p), and let gf = v;?;lgfp be the o-field generated by the union of

all gfp for 1 < j < m. Hence, for instance, (0(;2x)€(j,2k), 0(j,2k+1)E(j,2k+1)) 15 g,?—measurable for
all j. In addition, assumptions (H.1) and (H.4-5) imply that the process

(052018 (.2k) > X (5.0) 05,200 E (5.20) » 05264+ 1) E .2k 4 1) X (G.k) 0.2k 4 1E GG 2k 41))

is a (g,?)—martingale difference sequence. Indeed, as the non extinction set &£ is in g,? for every
k > 1, it is first easy to prove that Eg[é(j_y%)s(j,gmg,?_l] = E[é(j72k)5(j72k)|g,?_1]. Then, for k € G,
using repeatedly the independence properties, one has
El0(jomeG2m|Gk1] = 0GamE[Elegan|OV FuVolejp, 1 < j<m,p€Guyr,p <2k —1)] | G4
520 E[Ele(jon) | Fn Volejp, 1 < j <m,p € Gpyr,p <2k —1)] | Q;?_J
= 3G2mE[EEGan|Fal | G71] = 0GonE[Elegon | Fial | G24] = 0.

We introduce a sequence of (G )-martingales (M,(,n)){pzu defined for all n,p > 1 by M](D") =
T |~/2 3P| Dy, with

8(j,2k)E (j,2k)
m " X(5,k)0(,2k)E (j,2k)
D = D - 7 , o
k ; (4,k) Z 0(j,2k+1)E(j,2k+1)

= =1
! ! X(j,1)0(j,2k+1)E (j,2k+1)
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We also introduce the sequence of stopping times v,, = |T,,| = 2"*! — 1. We are interested in the

convergence of the process M =T |_1/2 ZlT I‘Dk. Again, it is easy to prove that
t1c0 t1gO o? SO(Jlf PPin)
Eg[DyDy|Gr—1] = E[DyDy|Gr_] Z PSO( o 02%’4 A
= 7, g,

where for i € {0,1},

. 1 X ik 1 X i,k
R . 3“>, (k) = 05,205 ( g)))'
Plik) = O 2kt ( Xy Xy )7 PO TR0 X X

Lemma C.10 yields that the P¢ almost sure limit of the process < M™ >, = |T%| -t > ker, Eg[DiDj, GO 1]

is T, as

0280 psSU

Z E DkD |gk 1] ( psgl 525}1 ) :
keT,

Therefore, the assumption A.1 of Theorem B.6 holds under Pz. Thanks to assumptions (H.1) and

(H.4-5) we can easily prove that for some 7 > 2, one has supq E[[[Dx[|"|GF_;] < 0o a.s. which in
turn implies the Lindeberg condition A.2. We can now conclude that under Pz one has

o072y Dy S N(O,D).

keT?

n—1

Finally Eq. (2) implies that ZkeT*A Dy = En,l(@\n — 0). Therefore, the result is a direct conse-
quence of Lemma C.10 together with Slutsky’s Lemma. O

We now turn to the asymptotic normality of 52 and p,,. The direct application of the central
limit theorem for martingales to 52 and p,, is not obvious because of the £(; 2x+i). We proceed
along the same lines as in the proof of the convergence of 52 using the decomposition along the
generations. However, this time we need a convergence rate for Gn in order to apply Lemma B.1.

n’

Theorem C.12 Under assumptions (H.0-6), one has

~ log |T% _4 |
1{|G2\>0}H9n - 9”2 =0 <|Tn|1 1¢ a.s.
n—1

Proof : This result is based on the asymptotic behavior of the martingale (M,,) defined as follows

. 0(j.2k) €24,k
O(i o)X (i k)VE(4
M. — (4,2k) > (4,k)€ (5,2k) >
" ;%;_1 6(j,2k+1)5(j,2k+1)7
0(j,2k+1) X (4, k) € (j,2k+1)

For all n > 2, we readily deduce from the definitions of the BAR process and of our estimator §n
that
0(j,2k)E (j,2k)
6, —0—%"1 Z ) 0(j,2) X (. k) (. 2k) — 1 M,
j=1 k€T,_s 0(j,2k+1)E (4, 2k+1) "

0,2+ 1) X (j,K) € (j,2K+1)

The sharp asymptotic behavior of (M,,) relies on properties of vector martingales. Thanks to
Lemma B.4, the proof follows exactly the same lines as that of the first part of Theorem 3.2 of [3]
and is not repeated here. O

We can now turn to the end of the proof of Theorem 3.2 concerning the asymptotic normality
of 2 and p,.
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Proof of Theorem 3.2, asymptotic normality of 52 Thanks to Eq. (1) and (3), we decompose 52 — o

into two parts U,, and V,

m n—1
ThI@n —0%) = YD > Elow +Elaret) — lion — Stk
J=1 6=0 keGy_,
m n—1
+Y > D SGam(EGan — 07) + 06 ki) (€ 2n41) — 07)
7j=14=0 keGyp_1
m n—1 m n—1
= 2D > uam Ty D D vGwm =UntVa,
G=1 =0 k€Gy_, J=1 =0 kE€Gy_4
with
_ ~\2 T\2 v2 ~ N
UGk = 5(j,2k) <(a —a)* 4 (b—by) X(j,k) +2(a—a)(b— bz)X(jﬁk))

+0(j,2k41) ((C —C)? + (d — dg)* XY, 4 + 2(c — Gl)(d — @)Xu,k)) :
vk = 0G.2k (2((a —e) + (b= be) X ()220 + E0) — 02)
+0(j,2k+1) (2((0 — @)+ (d = d) X (jp))e(2kt) + €4j.2kt1) — 02) .
We first deal with U, and study the limit of 7="/2U,,. Let us just detail the first term

n—1

m n—1 n—1
0 (a—1ay)?
_ (e—m)/2 _~ ¢ — (£—n)/2
ALY Y Spanla - ) = L T eX)Z5WM<—ZW z1.
=1 4=0 keGp_1 J=1keGy_1 £=0

On the one hand, Lemmas B.5, B.3 and B.2 imply that =—¢ ZkeG“1 d(j,2k) converges a.s. to a

finite limit. On the other hand, thanks to Theorem C.12, one has (a — @,)?(f7=%)~! = O(1) a.s.
As a result, one obtains lim; ., x; = 0 a.s. as 7 > 1 by assumption. Therefore, Lemma B.1 yields

m n—1

nlinéo ﬂ-n/2 Z Z Z j2r(a — a1)2 =0 a.s..

j=11=0 keG;_,

The other terms in U,, are dealt with similarly, using Lemma C.3 instead of Lemma B.5. One
obtains lim, . 7~™/2U, = 0 a.s. and as a result Lemma B.3 yields lim, . |T%|~*/2U, = 0.

Let us now deal with the martingale term V,,. Let us remark that |T*|_1/ 2 M,E:) with
MM = (M,E")){pzl} the sequence of gf—martingales defined by

P P m
n x|—1/2 *x|1—1/2
M( ):|Tn| / Z’Ukﬁzrﬂ‘n‘ / sz(j,k:)v
k=1

k=1 j=1

and v, = 2" — 1 (g{? defined by (8)). We want now to apply Theorem B.6 to M. Using
Lemmas C.3-C.9 together with Lemma B.1 and Theorem C.12 along the same lines as above, we
obtain the following limit

N 2h°1(0)
nlggo T~ Z Eglvf | Gi1] = (74 — o) + Y
k€T,

(v? —o*) Pz as.

Therefore, assumption A.1 of Theorem B.6 holds under Pgz. Thanks to assumptions (H.1) and
(H.4-5) we can prove that for some r > 2, supysoEg[||lvx[|"|GF_ ;] < oo a.s. which implies the
Lindeberg condition. Therefore, we obtain that under Pz

2h91(0)

™

T 7Y%V, £ N(0, (74 — o) + (2 — o%)).
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If one sets
2h°%(0)

s

(v? —a%), 9)

one obtains the expected result. ([l

Yo = (T4 _04)+

Proof of Theorem 3.2, Asymptotic normality of p,,. Along the same lines, we show the central limit
theorem for p,,. One has

m n—1 m n—1 m n—1
T34 1(P =D > > Euamfuann —cGaniGar) =YD D UG+ D w =1
J=1 £=0 k€Gy_, J=1 £=0 k€Gy_, j=1 £=0 k€Gy_;
with
Uk = 5(j,2k)5(j,2k+1)((a — @) (c— @)+ (b—bi)(d— d)XP, ) + ((a— @) (d—dp) + (b—br)(c— a))X(j,k)> ,
Uik = 0(.2k)0(.2k+1) (((a =) + (b= 0)X(jk))egars1) + (e = @) + (d — di) X(jr))ei,2x) + E(j,2k)E (G 2b+1) —

Thanks to Theorem C.12, it is easy to check that lim, \T;‘lofﬂlﬂ

new sequence of QI? -martingales (M (") by

M}(}?L) = ‘T:L(lll |71/2 i T*011| 2 Z Z ja

k=1 k=1j=1

U/, = 0 a.s. Let us define a

1/2

We clearly have M." = |T:% | “V,). We obtain the Pz- a.s. limit

Tim [T S Bl | G2) = 12 - o2,
keT,

So we have assumption A.1 of Theorem B.6. We also derive the Lindeberg condition A.2. Conse-
quently, we obtain that under P, one has

VT2V 5 N (0,02 = p?).

v = v = p?, (10)
completes the proof of Theorem 3.2. (]

Setting

C.4 Interval estimation and tests for the BAR process

For all n > 1, define the 4 x 4 matrices T n and ﬂ by

5260 5 go1 R R
=|1r:;|—1( T ) and 0, =%,'T,%;",

Note that the matrix f‘n is theAempirical estimator of matrix I' while fln is the empirical estimator
of the asymptotic variance of 6,, — 6.

Theorem C.13 Under assumptions (H.0-6), for any 0 < e < 1, the intervals

[an _q176/2(§\2 2 )1 lyan+QI 6/2(5\22/—21)1,1]7 fb\ —q1- 6/2(61/2) /b\ +q1- 6/2(61/2 )2 2]7

~

[En*ql—em(ﬁ )3,3;Cn+Q1—e/2(93/_21)3,3], [J —q1- 6/2(91/ Daasdn + q1esa () w2 1)aa4]

are asymptotic confidence intervals with level 1 — € of the parameters a, b, ¢ and d respectively
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Proof This is a straightforward consequence of the central limit Theorem 3.2 together with Stul-
sky’s lemma as lim,, o [T _1|2,—1 = Z7'T'Y~! Pz a.s. thanks to Lemma C.10 and Theorem 3.1.
O

Let
RO = O DTT S S S + AL DITET Y S e
j=1k€ET, 1 j=1 k€T, 1

be an empirical estimator of h%!(0) and

Rn(7 = Ga) + 2051 (0) (92 — 51

n

Von =
7Tn

be an empirical estimator of the variance term in the central limit theorem regarding o?2.

Theorem C.14 Under assumptions (H.0-6), for any 0 < e < 1, the intervals

()" e () e Ch) e (G

On —d1—¢ * q1—c * ) n — 41— TIx01 | y Pn 41— *
AT AT S N v A N N

are asymptotic confidence intervals with level 1 — € of the parameters o® and p respectively.

Proof This is a again straightforward consequence of the central limit Theorem 7?7 together with
Stulsky’s lemma as
n(r* — o*) + 201 (0) (12 — o) 5

. ~ . . ~2 ~2 2
lim v, = , lim v, —p;, =v° —p°,
n—oo i n—o0

Pz almost surely thanks to Lemma B.5 and Theorems 3.1 and C.11. (Il

We now propose two different symmetry tests for the BAR process based on the central limit
Theorem 3.2. The first one compares the couples (a,b) and (¢, d). Set

e HS: (a,b) = (¢,d) the symmetry hypothesis,
e HS: (a,b) # (c,d) the alternative hypothesis.

Let (YS)'YS be the test statistic defined by
Y;:l = |T*—1‘1/2(36) 1/2(0,»,1 - cnvgn - dn)ta

n

where

t
1 0 -1 0
=T 1|dgc n-1dgc, dgc = ( 01 0 —1 ) .

Theorem C.15 Under assumptions (H.0-6) and the null hypothesis H§ one has
(& c L
(Y0)'Y, = x*(2)
n (?,IP’ ); and under the alternative hypothesis HS, almost surely on € one has
lim ||[Y¢]|? = +oc.

Proof We mimic again the proof of Theorem B.9 with g. the function defined from R* onto R? by
ge(x1, 2o, 23, 4) = (331 — X3,Lo — 334)t, so that dg is the gradient of g.. O

Our last test compares the fixed points a/(1—0b) and ¢/(1 —d), which are the asymptotic means
of X(;jor) and X(jor11) respectively. Set
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e Hf: a/(1 —b) =c/(1 — d) the symmetry hypothesis,
e HY: a/(1—b) # ¢/(1 — d) the alternative hypothesis.
Let (Y,/)? be the test statistic defined by
Y= [T VR AN Y2 @0/ (1= ba) = 20/ (1= dn)).
where Al = |T%_, |dge'Q,, 1dgr, and dge = (1/(1=by,),a@n/(1-b,)2, —1/(1=dy), —¢n/(1—d,)?)".
This test statistic has the following asymptotic properties.
Theorem C.16 Under assumptions (H.0-6) and the null hypothesis HE, one has

(¥:)? = (1)
on (€, Pz); and under the alternative hypothesis HY, almost surely on & one has

lim (Y;{)? = +oc.
Proof We mimic one last time the proof of Theorem B.9 with g the function defined from R* onto
R by g¢(x1, 22,23, 24) = (ml/(l —x9) —x3/(1— ac4)), so that dgg is the gradient of gy . O

References

[1] BErCU, B., DE SAPORTA, B., AND GEGOUT-PETIT, A. Asymptotic analysis for bifurcating
autoregressive processes via a martingale approach. FElectron. J. Probab. 14 (2009), no. 87,
2492-2526.

[2] CowaN, R., AND STAUDTE, R. G. The bifurcating autoregressive model in cell lineage
studies. Biometrics 42 (1986), 769-783.

[3] DE SAPORTA, B., GEGOUT-PETIT, A., AND MARSALLE, L. Parameters estimation for asym-
metric bifurcating autoregressive processes with missing data. Electron. J. Statist. 5 (2011),
1313-1353.

[4] DE SAPORTA, B., GEGOUT PETIT, A., AND MARSALLE, L. Asymmetry tests for bifurcating
autoregressive processes with missing data. Statistics & Probability Letters 82, 7 (2012), 1439—
1444.

[5] DELMAS, J.-F., AND MARSALLE, L. Detection of cellular aging in a Galton-Watson process.
Stoch. Process. and Appl. 120 (2010), 2495-2519.

[6] DuFLO, M. Random iterative models, vol. 34 of Applications of Mathematics. Springer-Verlag,
Berlin, 1997.

[7] GuTTORP, P. Statistical inference for branching processes. Wiley Series in Probability and
Mathematical Statistics: Probability and Mathematical Statistics. John Wiley & Sons Inc.,
New York, 1991. A Wiley-Interscience Publication.

[8] GuyoN, J. Limit theorems for bifurcating Markov chains. Application to the detection of
cellular aging. Ann. Appl. Probab. 17, 5-6 (2007), 1538-1569.

[9] Guyon, J., Bizg, A., PauL, G., STEWART, E., DELMAS, J.-F., AND TADDEI, F. Statistical
study of cellular aging. In CEMRACS 2004—mathematics and applications to biology and
medicine, vol. 14 of ESAIM Proc. EDP Sci., Les Ulis, 2005, pp. 100-114 (electronic).

[10] HARRIS, T. E. The theory of branching processes. Die Grundlehren der Mathematischen
Wissenschaften, Bd. 119. Springer-Verlag, Berlin, 1963.

[11] Hucacins, R. M. Robust inference for variance components models for single trees of cell
lineage data. Ann. Statist. 24, 3 (1996), 1145-1160.

24



[12] Hucacins, R. M., AND Basawa, 1. V. Extensions of the bifurcating autoregressive model for
cell lineage studies. J. Appl. Probab. 36, 4 (1999), 1225-1233.

[13] Hucains, R. M., AND Basawa, I. V. Inference for the extended bifurcating autoregressive
model for cell lineage studies. Aust. N. Z. J. Stat. 42, 4 (2000), 423-432.

[14] Hucacins, R. M., AND STAUDTE, R. G. Variance components models for dependent cell
populations. J. AMS 89, 425 (1994), 19-29.

[15] MaAoula, F., AND TouATI, A. Identification of multitype branching processes. Ann. Statist.
33, 6 (2005), 2655-2694.

[16] STEWART, E., MADDEN, R., PauL, G., AND TADDEL, F. Aging and death in an organism
that reproduces by morphologically symmetric division. PLoS Biol. 3, 2 (2005), e45.

[17] Zuou, J., AND Basawa, I. V. Maximum likelihood estimation for a first-order bifurcating
autoregressive process with exponential errors. J. Time Ser. Anal. 26, 6 (2005), 825-842.

25



2 Articles relatifs au Chapitre 2

2.1 [dSDGI10] B. DE SAPORTA, F. DUFOUR, AND K. GON-
ZALEZ. Numerical method for optimal stopping of piece-
wise deterministic Markov processes. Ann. Appl. Probab.,

20(5) :1607-1637, 2010.

151



The Annals of Applied Probability

2010, Vol. 20, No. 5, 1607-1637

DOL: 10.1214/09-AAP667

© Institute of Mathematical Statistics, 2010

NUMERICAL METHOD FOR OPTIMAL STOPPING OF
PIECEWISE DETERMINISTIC MARKOV PROCESSES!

BY BENOITE DE SAPORTA, FRANCOIS DUFOUR AND KAREN GONZALEZ

Université de Bordeaux

We propose a numerical method to approximate the value function for
the optimal stopping problem of a piecewise deterministic Markov process
(PDMP). Our approach is based on quantization of the post jump location—
inter-arrival time Markov chain naturally embedded in the PDMP, and path-
adapted time discretization grids. It allows us to derive bounds for the conver-
gence rate of the algorithm and to provide a computable e-optimal stopping
time. The paper is illustrated by a numerical example.

1. Introduction. The aim of this paper is to propose a computational method
for optimal stopping of a piecewise deterministic Markov process {X (¢)} by using
a quantization technique for an underlying discrete-time Markov chain related to
the continuous-time process {X (¢)} and path-adapted time discretization grids.

Piecewise-deterministic Markov processes (PDMPs) have been introduced in
the literature by Davis [6] as a general class of stochastic models. PDMPs are a
family of Markov processes involving deterministic motion punctuated by random
jumps. The motion of the PDMP {X (¢)} depends on three local characteristics,
namely the flow ¢, the jump rate A and the transition measure Q, which specifies
the post-jump location. Starting from x the motion of the process follows the flow
@ (x, t) until the first jump time 77 which occurs either spontaneously in a Poisson-
like fashion with rate A(¢ (x, ¢)) or when the flow ¢ (x, ) hits the boundary of the
state-space. In either case the location of the process at the jump time 77 : X (T7) =
Z1 1s selected by the transition measure Q(¢(x, T1), -). Starting from Z1, we now
select the next interjump time 7> — 77 and postjump location X (73) = Z;. This
gives a piecewise deterministic trajectory for {X(¢)} with jump times {7} and
post jump locations {Z;} which follows the flow ¢ between two jumps. A suitable
choice of the state space and the local characteristics ¢, A and Q provide stochastic
models covering a great number of problems of operations research [6].

Optimal stopping problems have been studied for PDMPs in [3, 5, 6,9, 11, 13].
In [11] the author defines an operator related to the first jump time of the process

Received March 2009; revised September 2009.
lSupported by ARPEGE program of the French National Agency of Research (ANR), project
“FAUTOCOES,” number ANR-09-SEGI-004.
AMS 2000 subject classifications. Primary 93E20; secondary 93E03, 60J25.
Key words and phrases. Optimal stopping, piecewise deterministic Markov processes, quantiza-
tion, numerical method, dynamic programming.
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and shows that the value function of the optimal stopping problem is a fixed point
for this operator. The basic assumption in this case is that the final cost function
is continuous along trajectories, and it is shown that the value function will also
have this property. In [9, 13] the authors adopt some stronger continuity assump-
tions and boundary conditions to show that the value function of the optimal stop-
ping problem satisfies some variational inequalities related to integro-differential
equations. In [6], Davis assumes that the value function is bounded and locally
Lipschitz along trajectories to show that the variational inequalities are necessary
and sufficient to characterize the value function of the optimal stopping problem.
In [5], the authors weakened the continuity assumptions of [6, 9, 13]. A paper re-
lated to our work is [3] by Costa and Davis. It is the only one presenting a compu-
tational technique for solving the optimal stopping problem for a PDMP based on
a discretization of the state space similar to the one proposed by Kushner in [12].
In particular, the authors in [3] derive a convergence result for the approximation
scheme but no estimation of the rate of convergence is derived.

Quantization methods have been developed recently in numerical probability,
nonlinear filtering or optimal stochastic control with applications in finance [1, 2,
14-17]. More specifically, powerful and interesting methods have been developed
in [1, 2, 17] for computing the Snell-envelope associated to discrete-time Markov
chains and diffusion processes. Roughly speaking, the approach developed in [1,
2, 17] for studying the optimal stopping problem for a continuous-time diffusion
process {Y (¢)} is based on a time-discretization scheme to obtain a discrete-time
Markov chain {Y}. It is shown that the original continuous-time optimization
problem can be converted to an auxiliary optimal stopping problem associated
with the discrete-time Markov chain {Y}. Under some suitable assumptions, a rate
of convergence of the auxiliary value function to the original one can be derived.
Then, in order to address the optimal stopping problem of the discrete-time Markov
chain, a twofold computational method is proposed. The first step consists in ap-
proximating the Markov chain by a quantized process. There exists an extensive
literature on quantization methods for random variables and processes. We do not
pretend to present here an exhaustive panorama of these methods. However, the
interested reader may, for instance, consult [10, 14, 17] and the references therein.
The second step is to approximate the conditional expectations which are used
to compute the backward dynamic programming formula by the conditional ex-
pectation related to the quantized process. This procedure leads to a tractable for-
mula called a quantization tree algorithm (see Proposition 4 in [1] or Section 4.1
in [17]). Providing the cost function and the Markov kernel are Lipschitz, some
bounds and rates of convergence are obtained (see, e.g., Section 2.2.2 in [1]).

As regards PDMPs, it was shown in [11] that the value function of the optimal
stopping problem can be calculated by iterating a functional operator, labeled L
[see (3.5) for its definition], which is related to a continuous-time maximization
and a discrete-time dynamic programming formula. Thus, in order to approximate
the value function of the optimal stopping problem of a PDMP {X (¢)}, a natural
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approach would have been to follow the same lines as in [1, 2, 17]. However, their
method cannot be directly applied to our problem for two main reasons related to
the specificities of PDMPs.

First, PDMPs are in essence discontinuous at random times. Therefore, as
pointed out in [11], it will be problematic to convert the original optimization
problem into an optimal stopping problem associated to a time discretization of
{X (r)} with nice convergence properties. In particular, it appears ill-advised to
propose as in [1] a fixed-step time-discretization scheme {X (kA)} of the original
process { X (¢)}. Besides, another important intricacy concerns the transition semi-
group { P };er, of {X(7)}. On the one hand, it cannot be explicitly calculated from
the local characteristics (¢, A, Q) of the PDMP (see [4, 7]). Consequently, it will
be complicated to express the Markov kernel Px associated with the Markov chain
{X (kA)}. On the other hand, the Markov chain {X (kA)} is, in general, not even a
Feller chain (see [6], pages 76 and 77), and therefore it will be hard to ensure it is
K -Lipschitz (see Definition 1 in [1]).

Second, the other main difference stems from the fact that the function appear-
ing in the backward dynamic programming formula associated with L and the
reward function g is not continuous even if some strong regularity assumptions
are made on g. Consequently, the approach developed in [1, 2, 17] has to be re-
fined since it can only handle conditional expectations of Lipschitz-continuous
functions.

However, by using the special structure of PDMPs, we are able to overcome
both these obstacles. Indeed, associated to the PDMP {X (¢)}, there exists a nat-
ural embedded discrete-time Markov chain {®;} with O = (Zg, S;) where Si is
given by the inter-arrival time 7y — Tx_1. The main operator L can be expressed
using the chain {®;} and a continuous-time maximization. We first convert the
continuous-time maximization of operator L into a discrete-time maximization by
using a path-dependent time-discretization scheme. This enables us to approximate
the value function by the solution of a backward dynamic programming equation
in discrete-time involving conditional expectation of the Markov chain {®}. Then,
a natural approximation of this optimization problem is obtained by replacing {®}
by its quantized approximation. It must be pointed out that this optimization prob-
lem is related to the calculation of conditional expectations of indicator functions
of the Markov chain {®}. As said above, it is not straightforward to obtain con-
vergence results as in [1, 2, 17]. We deal successfully with indicator functions
by showing that the event on which the discontinuity actually occurs is of small
enough probability. This enables us to provide a rate of convergence for the ap-
proximation scheme.

In addition, and more importantly, this numerical approximation scheme en-
ables us to propose a computable stopping rule which also is an e-optimal stopping
time of the original stopping problem. Indeed, for any € > 0 one can construct a
stopping time, labeled t, such that

Vix) —e = E;[g(X ()] =V (x),
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where V (x) is the optimal value function associated to the original stopping prob-
lem. Our computational approach is attractive in the sense that it does not require
any additional calculations. Moreover, we can characterize how far it is from op-
timal in terms of the value function. In [1], Section 2.2.3, Proposition 6, another
criteria for the approximation of the optimal stopping time has been proposed. In
the context of PDMPs, it must be noticed that an optimal stopping time does not
generally exist as shown in [11], Section 2.

An additional result extends Theorem 1 of Gugerli [11] by showing that the iter-
ation of operator L provides a sequence of random variables which corresponds to
a quasi-Snell envelope associated with the reward process {g(X(7))};er, where
the horizon time is random and given by the jump times (7;),eo,...,n} Of the
process {X (¢)};eRr, -

The paper is organized as follows. In Section 2 we give a precise definition of
PDMPs and state our notation and assumptions. In Section 3, we state the opti-
mal stopping problem, recall and refine some results from [11]. In Section 4, we
build an approximation of the value function. In Section 5, we compute the error
between the approximate value function and the real one. In Section 6 we pro-
pose a computable e-optimal stopping time and evaluate its sharpness. Finally in
Section 7 we present a numerical example. Technical results are postponed to the
Appendix.

.....

2. Definitions and assumptions. We first give a precise definition of a piece-
wise deterministic Markov process. Some general assumptions are presented in the
second part of this section. Let us introduce first some standard notation. Let M
be a metric space. B(M) is the set of real-valued, bounded, measurable functions
defined on M. The Borel o-field of M is denoted by B(M). Let Q be a Markov
kernel on (M, B(M)) and w € B(M), Qw(x) = [, w(y)Q(x, dy) for x € M. For
(a,b) e R?, a Ab=min(a, b) and a V b = max(a, b).

2.1. Definition of a PDMP. Let E be an open subset of R”, 9 E its boundary
and E its closure. A PDMP is determined by its local characteristics (¢, A, Q)
where:

e The flow ¢ : R" x R — R" is a one-parameter group of homeomorphisms: ¢
is continuous, ¢ (-, t) is an homeomorphism for each ¢ € R satisfying ¢ (-, +5) =

¢(¢('9S)a t))

For all x in E, let us denote
t*(x) =inf{t > 0:¢(x,1) € 0E}

with the convention inf & = co.
e The jump rate A: E — R is assumed to be a measurable function satisfying

(Vx € E), (e > 0) such that /ng(qb(x, 5))ds < o0.
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e O is a Markov kernel on (E, B(E)) satisfying the following property:
(Vx € E), Q(x, E—{x})=1.

From these characteristics, it can be shown [6], pages 62—-66, that there exists a fil-
tered probability space (2, F, {¥:}, {Px}xcE) such that the motion of the process
{X (?)} starting from a point x € E may be constructed as follows. Take a random
variable 77 such that

—A(x,1) *
P.(T, >z)i=e , fort<t*(x),
0, fort > t*(x),

where for x € E and r € [0, 1" (x)]

t
Alx,t) = /0 AMop(x,s))ds.

If 77 generated according to the above probability is equal to infinity, then for
t € Ry, X(t) = ¢(x,t). Otherwise select independently an E-valued random
variable (labelled Z1) having distribution Q(¢(x, T1), -), namely P, (Z; € A) =
Q(@(x,T1),A) for any A € B(E). The trajectory of {X(¢)} starting at x, for
t < Ty, is given by

o(x,1), fort < T,
/1, fort =1T;.

Starting from X (77) = Z1, we now select the next inter-jump time 75 — 77 and
post-jump location X (72) = Z; is a similar way.

This gives a strong Markov process {X (¢)} with jump times {7} }ren (Where
Ty = 0). Associated with {X(¢)}, there exists a discrete time process (®,),eN
defined by ®, = (Z,, S,) with Z, = X(T,,) and S, =T,, — T;,—1 for n > 1 and
So = 0. Clearly, the process ()N 1s a Markov chain.

We introduce a standard assumption (see, e.g., equations (24.4) or (24.8) in [6]).

X(t)i{

ASSUMPTION 2.1. Forall (x,t) € E x Ry, Ex[> ; 11, <1}] < 00.

In particular, it implies that Ty — oo as k — oo.

For n € N, let M,, be the family of all {F;}-stopping times which are dominated
by T, and for n < p, let M,, , be the family of all {¥;}-stopping times v satis-
fying T, <v < T,. Let B® denote the set of all real-valued, bounded, measurable
functions, w defined on E and continuous along trajectories up to the jump time
horizon: for any x € E, w(¢(x, -)) is continuous on [0, #*(x)]. Let L€ be the set
of all real-valued, bounded, measurable functions, w defined on E and Lipschitz
along trajectories:

1. there exists [w]; € R4 such that for any (x, y) € E2, u € [0, t*(x) At*(y)], one
has

lw(@(x,u)) —w(@(y, u)| <[wlilx —yl;
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2. there exists [w]2 € Ry such that for any x € E, and (¢, s) € [0, t*(x)]z, one has

(w(@(x, 1)) —w(@(x,s)| < [wlaft —sl;

3. there exists [w], € Ry such that for any (x, y) € E 2 one has

lw(e(x,t*(x))) — w(@(y, ") < [wlklx — yl.

In the sequel, for any function f in B¢, we denote by C ; its bound

Cy=sup|f(x)l,

xekE

and for any Lipschitz-continuous function f in B(E) or B(E), we denote by [ f]
its Lipschitz constant

&) = FODI

x#yeE lx — y]

[f]=

REMARK 2.2. L€ is a subset of B¢ and any function in L¢ is Lipschitz on E
with [w] < [w];.

Finally, as a convenient abbreviation, we set for any x € E, AQw(x) =

Ax)Qw(x).
2.2. Assumptions. The following assumptions will be in force throughtout.

ASSUMPTION 2.3. The jump rate A is bounded and there exists [A]] € Ry
such that for any (x, y) € E% u 0, t*(x) At*(y)],
A (P (x, u)) =A@ (y, w)| = [A]ilx — yl.

ASSUMPTION 2.4. The exit time t* is bounded and Lipschitz-continuous
on E.

ASSUMPTION 2.5. The Markov kernel Q is Lipschitz in the following sense:
there exists [Q] € R4 such that for any function w € L€ the following two condi-
tions are satisfied:

1. forany (x,y) € E%, u €0, t*(x) At*(y)], one has
|Qw(p(x,u)) — Qw(p(y,u))| < [Qllw]ilx — yl;

2. forany (x,y) € EZ, one has
|Qw(@(x,1"(x)) — Qw(@(y, t* N < [Ql[wlx|x — y|.

The reward function g associated with the optimal stopping problem satisfies
the following hypothesis.

ASSUMPTION 2.6. g isin L€.
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3. Optimal stopping problem. From now on, assume that the distribution of
X (0) is given by 8y, for a fixed state xo € E. Let us consider the following optimal
stopping problem for a fixed integer N:

(3.1 sup Ky, [g(X (7))].
TeEMN

This problem has been studied by Gugerli [11].

Note that Assumption 2.3 yields A(x,t) < oo for all x, ¢. Hence, for all x in E,
the jump time horizon s*(x) defined in [11] by #*(x) A inf{r > 0, e 2™ =}
is equal to the exit time t*(x). Therefore, operators H:B(E) — B(E x R}),
I:B(E) - B(E xRy), J:B(E) x B(E) - B(E xR,), K:B(E) - B(E) and
L:B(E) x B¢ — B¢ introduced by Gugerli ([11], Section 2) reduce to

Hf(x,1) = f(p(x,t Ar¥(x)))e AN

Tw(x t)—/tM*(X)AQw((b(x s))e—A(x,s) ds
b - 0 b 9

(3.2) J(w, Hx,t) =Tw(x,t)+ Hf (x,1),

*(x)
Kw(x) = fot AOw(d(x,s))e 29 g

(3.3) X
+ Qw(g(x, t*(x)))e AT,

L(w,h)(x) =supJ(w,h)(x,t) VvV Kw(x).
>0

It is easy to derive a probabilistic interpretation of operators H, I, K and L in
terms of the embedded Markov chain (Z,,, S;)seN.

LEMMA 3.1. Forallx e E,w€B(E), f e B(E), h € B¢ and t > 0, one has
Hf (x,1) = f(@(x, 1 A"(x)))Px(S1 =1 A1 (x)),
Tw(x,t) =E[w(Z) s, <tar 0],

(3.4) Kw(x) =Ey[w(Zy)],
L(w,h)(x)= sup {Ex[w(Z) s, <uy] + h(@d(x, u)Pr (St > u)}
(3.5) =
v E [w(Z)].

For a reward function g € B¢, it has been shown in [11] that the value function
can be recursively constructed by the following procedure:

sup Ey[g(X(7))] = vo(x0)
TeMy

with

VN =4,
vk = L(Vk+1, 8), fork <N —1.
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DEFINITION 3.2. Introduce the random variables (V,).¢(o,...n} by
Vi =v,(Zy)
or equivalently

Viw= sup {E[Un+1(zn+1)1{5n+1<u} + g(@d(Zy, u))l{S,,qu}lZn]}

u<t*(Zy)
(3.6)
VE[v+1(Zn+1)|Zy].

The following result shows that the sequence (V,)nefo,..., N} corresponds to a
quasi-Snell envelope associated with the reward process {g(X (¢))};ecr, Where the
horizon time is random and given by the jump times (75),<o,..., N} of the process

{X(D}ier,:

.....

THEOREM 3.3. Consider an integer n < N. Then

Vo= sup Eyg[g(X(V)|Fr,].

veM, N

PROOF. Let v € M, y. According to Proposition B.4 and Corollary B.6
in Appendix B, there exists V: E x (Ry x E)" x  — Ry such that for all
(z0,¥) € E x (Ry x E)" the mapping V(z0,y): 2 — Ry is an {F}ser, -
stopping time satisfying V(zo, ¥) < Tn—n, and v = T,, + V(Zo, 'y, 01,), Where
'y =(S1,2Z1,..., 8, Z,) and 0 is the shift operator. For (zg, y) € E x (R4 x E)"
define W: E x (R x E)" — R by

W(z0,7) =E, [§(X(V(z0,¥))] = sup Egz,[g(X(T))],

TeMpy_p

where y = (s1, 21, - - -, Sn, Zn). Hence, the strong Markov property of the process
{X (1)} yields

Exo [g(X(V))lan] - Exo [g(X(Tn +1)\(Z(), Fn» GTn)))lan] = W(ZO’ Fn)-
Consequently, one has

Eq[g(XW)IFr,]1< sup Egz,[g(X(7))]

TEMN_,
and, therefore, one has
(3.7) sup Ey[g(XW)|F7,]1< sup Egz,[g(X(7))]
veM, N TeEMN_,

Conversely, consider T € My_,. It is easy to show that 7, + 7 0 01, € M, n.
The strong Markov property of the process {X ()} again yields

Ez,[8(X(t)] =Ex [g(X(T, + 7 007,))|F7,] < sup Eylg(X()|Fr,]

veM, N
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and hence we obtain

(3.8) sup Ez,[¢(X(0)] =< sup Ey[g(X(V)|Fr,].

‘L’EMN_n VEM,,,N

Combining equations (3.7) and (3.8), one has
sup Ez,[¢(X(1))]= sup Eyl[g(X()|Fr]

TEMpN_p veM, N
Finally, it is proved in [11], Theorem 1, that v,(x) = SUPze My, E.[g(X(1))],
whence

Vo= sup Egz,[g(X(1))],

TEMN_,

showing the result. []

4. Approximation of the value function. To approximate the sequence of
value functions (V},), we proceed in two steps. First, the continuous-time maxi-
mization of operator L is converted into a discrete-time maximization by using a
path-dependent time-discretization scheme to give a new operator L¢. In partic-
ular, it is important to remark that these time-discretization grids depend on the
the post-jump locations {Z;} of the PDMP (see Definition 4.1 and Remark 4.2).
Second, the conditional expectations of the Markov chain (®j) in the definition
of L are replaced by the conditional expectations of its quantized approximation
(@k) to define an operator L4,

First, we define the path-adapted discretization grids as follows.

DEFINITION 4.1. For z € E, set A(z) € 10, t*(z)[. Define n(z) = int(g%) —
1, where int(x) denotes the greatest integer smaller than or equal to x. The set of
points (f;);e(o,....n(z)} With t; =i A(z) is denoted by G(z). This is the grid associ-
ated with the time interval [0, t*(z)].

REMARK 4.2. It is important to note that, for all z € E, not only one has
t*(2) ¢ G(z2), but also max G(z) = ty(;) < t*(z) — A(z). This property is crucial
for the sequel.

DEFINITION 4.3. Consider for w €e B(E) and z € E,
LY (w, g)(z) = srencaé){E[w(Zl)l{Sl<S} + 8(p (2, )i, =5)1Z0 = 2]}

VE[w(Z))|Zy=1z].

Now let us turn to the quantization of (®,). The quantization algorithm will pro-
vide us with a finite grid F,(? C E xR, ateachtime 0 <n < N as well as weights
for each point of the grid (see, e.g., [1, 14, 17]). Set p > 1 such that ®,, has finite
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moments at least up to the order p and let p, be the closest-neighbor projection
from E x Ry onto I'® (for the distance of norm pj if there are several equally
close neighbors, pick the one with the smallest index). Then the quantization of
®, is defined by

@n - (Zn, §n) - pn(Zny Sn)

We will also denote by I'Z, the projection of I'® on E, and by I'3, the projection
of F,? onR,.

In practice, one will first compute the quantization grids and weights, and then
compute a path-adapted time-grid for each z € FnZ, forall 0 <n <N — 1. Hence,
there is only a finite number of time grids to compute, and like the quantization
grids, they can be computed and stored off-line.

The definition of the discretized operators now naturally follows the characteri-
zation given in Lemma 3.1.

DEFINITION 4.4, Forke{l,...,N}),w e B(I'Y),zeT? |,and s e R,
Te(w, 8)(z.8) = E[w(Z)1(5, ) + 8@ (@ N (5,20 Zk—1 = 2],
K (w)(z) = E[w(Zy)| Zy—1 = z],
Li(w, g)(z) = max {(Ji(w, g)(z,5)} V K (w) ().
s€G(z)

Note that ©,, is a random variable taking finitely many values, hence the expec-
tations above actually are finite sums, the probability of each atom being given by
its weight on the quantization grid. We can now give the complete construction of
the sequence approximating (V).

DEFINITION 4.5. Consider vy (z) = g(z) where z € Fl%, and for k € {I,
...,N}

(4.1) D—1(2) = LY (0, 9)(2),

where 7z € FkZ_l.

DEFINITION 4.6. The approximation of Vi is denoted by
4.2) Vie = 0k(Z1)
fork e {0,...,N}.
5. Error estimation for the value function. We are now able to state our

main result, namely the convergence of our approximation scheme with an upper
bound for the rate of convergence.
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THEOREM 5.1. Setn €{0,..., N — 1}, and suppose that A(z), for z € I'},
are chosen such that

min{A(2)} > 2C,)" V2N Zn = Zallp + 11Sns1 = Sustll )Y

zel}
Then the discretization error for V,, is no greater than the following:
1V = Vallp < 1Vt = Visllp + <N AZ ) p + Bull Zn = Zullp
+2[vn 111 Zot1 = Zutlp
+y (N Zn = Zallp + 1Sws1 = Sus1llp) 2,
where a = [glo +2C,Cy, Bn = [Un] + [Vpt1 11 E2 + Co E4 + ([g]1 + [g[t*]) V
([vi+11£[QD), y =4C, C)Y?, and E, and E4 are defined in Appendix A.

Recall that Vi = g(Zy) and Vy = g(Z), hence ||Vy — Vnll, < [l Zy —
ZN |l p- In addition, the quantization error ||©, — O, || » goes to zero as the number
of points in the grids goes to infinity (see, e.g., [14]). Hence |V — V0| can be made
arbitrarily small by an adequate choice of the discretizations parameters.

Remark that the square root in the last error term is the price to pay for integrat-
ing noncontinuous functions, see the definition of operator J with the indicator
functions, and the introduction of Section 5.2.

To prove Theorem 5.1, we split the left-hand side difference into four terms

4
IV = Vallp <D &,
i=1
where
21 = [va(Zn) = va(Z) | p,
22 = |L (a1, 8)(Zn) — LY Va1, ) (Zo) |l s
83 = 1LY (Wpt1, 8)(Zn) — LY L (Wnt1, ©)(Z) I p,

By = ||Ln+1(vn+1,g)(Z ) — n+1(vn+1,g)(zn)||p
The first term is easy enough to handle thanks to Proposition A.7 in Appendix A.2.

1]

LEMMA 5.2. A upper bound for 21 is

190 (Zi) = vu(Z) | p < [0l Zn = Zall -
We are going to study the other terms one by one in the following sections.
5.1. Second term. In this part we study the error induced by the replacement

of the supremum over all nonnegative ¢ smaller than or equal to #*(z) by the max-
imum over the finite grid G (z) in the definition of operator L.



1618 B. DE SAPORTA, F. DUFOUR AND K. GONZALEZ
LEMMA 5.3. Let w € LC. Then forall z € E,

sup J(w,g)(z,t)—Srenélé)f(w,g)(Z,S) < (CuCy + g+ C,CA().

t<t*(z)

PROOF.  Clearly, there exists 7 € [0, £*(z)] such that sup, ) J(w, g)(z,1) =
J(w, g)(z,7), and there exists 0 <i < n(z) such that 7 € [t;, t;41] [With ,,;)4+1 =
t*(z)]. Consequently, Lemma A.2 yields

0< sup J(w,g)(z,t) — max J(w, g)(z,s)
s€G(z)

1<t*(2)
<J(w,g)(z, 1) — J(w, &)z, 1)
< (CwCi+ g+ C,C)f — 1]
< (CwCir+ gl +CeCi)ltiv1 — 1],

implying the result. [
Turning back to the second error term, one gets the following bound.

LEMMA 5.4. A upper bound for 2, is

IL(Wnt1, 8)(Zn) — LY ns1, ) (Z) |l p < ([8]2 + 2C, COIAZ) | -

PROOF. From the definition of L and L? we readily obtain
ILnr1, ) (Zn) = L (W1, ) Z)

<| sup T@ur1, @ (Zn ) = max J a1, ©)Zn, 9|
t<t*(Zy,) s€G(Zy) p

Now in view of the previous lemma, one has

IL(Wns1, 8)(Zn) — LY Wns1, ) (Z)l
< (Cy,,Cr + g2+ C.CHIAZD) .

Finaly, note that C = C, (see Appendix A.2), completing the proof. [J

Un+1

5.2. Third term. This is the crucial part of our derivation, where we need to
compare conditional expectations relative to the real Markov chain (Z,, S,,) and
its quantized approximation (Zy, Sy). The main difficulty stems from the fact that
some functions inside the expectations are indicator functions and in particular
they are not Lipschitz-continuous. We manage to overcome this difficulty by prov-
ing that the event on which the discontinuity actually occurs is of small enough
probability; this is the aim of the following two lemmas.
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LEMMA 5.5. Forallne{0,...,N—1}and 0 <n < minzernz{A(z)},

serge(l%n)E[‘l{Sn-&-l<s} - 1{§n+1<s}||Zn] p

2 - 21| Zn — Zn|
s;||sn+1—sn+1||p+cxn+ L P

PROOF. Set0<n < minzernz{A(z)}. Remark that the difference of indicator
functions is nonzero if and only if S, and §n+1 are on either side of s. Hence,
one has

s, <st = 15, <)l S s, =80 i=n/2) T HiSuss—sl<n/2)-
This yields

sené?%(n)EUl{SnH«} - 1{§n+1<5}“zn] p
(5.1)

< Vs, —Spmnal, + Hsergg )E[l{s—n/255,1+15s4rn/2}|Zn] )

On the one hand, Chebyshev’s inequality yields

n < 2711841 — Snt1 ”]I;

~ p_ S,
(52) HI{IS,,+1—Sn+1|>77/2} HP - P<|Sn+1 N Sn+1| ~ 5) o 77”

On the other hand, as s € G(fn) and by definition of 7, one has s + n < t*(fn)
(see Remark 4.2). Thus, one has

E[1(s_ /228,11 <s+0/2}1 Zn]

(5.3) - E[E[l{s_n/zfanrlSS-F??/z}|Zn]|2n]

s+n/2 R R
SE[ / . )»(tib(Zn,u))dulZn] [z in)| 2]
s—=n

< nCx+ B[y (z,) <2,y —n/2) 1 Zn ]
Combining equations (5.1)—(5.3), the result follows. [
LEMMA 5.6. Forallne€{0,...,N}and 0 <n < minzernz{A(z)},
[ Zn = Zallp
n

Hlt*(zn)<t*(2,,)—n“p =

PROOF. We use Chebyshev’s inequality again. One clearly has
E([1-2,) <2z |1 = P (Zn) < 1*(Zy) = 1)
< P(I"(Z) = 1*(Zp)] > 1)
*1p 4
- [*1P 1| Zk Zk”p’

= nP
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showing the result. [J

Now we turn to the consequences of replacing the Markov chain (Z,, §,) by its
quantized approximation (Zy, S,) in the conditional expectations.

LEMMA 5.7. Let w € L, then one has
IE[w(Zyt1)1Zn = Zy] — E[w(Zy41)| Zn]|
< (CpE4+[whEz+ [wl[QDEZ, — Zyl1Zn]

+ [WIE[ Zys1 — Zn41l1Zy].

PROOF. First, note that
E(w(Zy11)|Zy = Zn] — E[w(Zy41)| Zy]
= E[w(Zy11)|Zn = Zn] — E[w(Zy41)| Z]
+E[w(Zy11)1Zy] — Elw(Zy31)|Za].
On the one hand, Remark 2.2 yields
IE[w(Zn4-1)1Zn] — E[w(Zy1 )| Zy)| < [WIE[ Zns1 — Zns111Za].

On the other hand, recall that by construction of the quantized process, one
has (Z,l, S ) = pu(Z,, Sn). Hence we have the following property: U{Z } C
o{Z,, S,}. By using the special structure of the PDMP {X(¢)}, we have o{Z,,
Sn} C Fr,. Now, by using the Markov property of the process {X ()}, it follows
that

E(w(Zy+1)|Zy] = E[E[w(Zy+1)|F1, 11 Zn] = E[E[W(Z13:1)1 Z41| Z4].
Equation (3.4) thus yields
E(w(Zy1)Zy = Zu] — Elw(Zy11)|Z,]
= E[E[w(Zu+1)|Zn = Zy] — E[w(Zn3:1)1Zn11Z4]
=E[Kw(Z,) — Kw(Zy)|Z,].
Now we use Lemma A.4 to conclude. [

Now we combine the preceding lemmas to derive the third error term.

LEMMA 5.8. Forall0<n < minzerz{A(z)} an upper bound for E3 is

1LY (Vnt1, ©)(Zn) — LE (vnt1, ©)(Z)
[1%]

< {[Un+1]1E2 + CgEq +2C,

+ (gl + gl v ([vn+1]*[Q])}II2n —Zul,

| Sp1 — §n+1||p)

- Tons1 M Znst = Zusa |y +2C, (2@7 +
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PROOF. To simplify notation, setA\I/(x, Vot) = U1 (M <5y + g(@(x, 1)) X
1{;>s). From the definition of L4 and Lz 41> one readily obtains
1L (i1, @)(Zn) — L (Vns1, 8)(Z)
< max |E[\IJ(Zn, Zn-l—l’ Sn+1)|Zn = Zn]
(5 4) seG(Zy)
—E[W(Zy, Zus1, SusDIZ4]]
VAEWn1(Zn1)1Zn = Zn] — Elvps1(Zns 1)1 Zn ).

On the one hand, combining Lemma 5.7 and the fact that v, 4 is in L¢ (see Propo-
sition A.7), we obtain

IE[vnt1(Zns DI Zn = Zn] — E[vns1(Zy1)| Zy ]|
(5.5) < [nt1 B[ Zus1 — Zn411Za]
+ (CoE4 + Va1 1 E2 + a1 1« [QDEI Zy, — Z, |1 Z,).
On the other hand, similar arguments as in the proof of Lemma 5.7 yield
E[V(Zy, Zni1, Sus D Zn = Zn] — E[V(Zy, Zy11, Snt1)1Zy]
=E[E[V(Zy. Zut1. Sns ) Zn = Zy]

(5.6) —E[Y(Zu, Zns1, Sax )| Zn = Zn1| Z,]
+EMV(Zy, Zni1s Sus )| Zn) — E[Y (Zy, Zns 1, Sps D1 Zn]
=T+ Y,

The second difference of the right-hand side of (5.6), labeled Y5, clearly satisfies
V2| < W1 B0 Zu41 = Zn41| Zu] + [$WEN Zy — Zul| Zy]

+ 2CgEUl{Sn+1<s} - 1{§n+1<s}||2n]-

Let us turn now to the first difference of the right-hand side of (5.6), labeled Y.
We meet another difficulty here. Indeed, we know by construction that s < t*(Zp),
but we know nothing regarding the relative positions of s and t*(Z,). In the event
where s < t*(Z,) as well, we recognize operator J inside the expectations. In the
opposite event s > t*(Z,), we crudely bound W by C,, ., + C¢ =2C,. Hence, one
obtains

(5.7)

Y11 < E[1J Wnt1, 8)(Zn,8) — I Wnt1, 8)(Zn, ) s <t(2,)) | Zn]
+2CoE[L+(2,) <) Zn].

Now Lemma A.3 gives an upper bound for the first term. As for the indicator
function, by definition of G(Z,) and our choice of 1, we have s < t*(Z,) — n.
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Thus, one has

58 IT1] < (CoE1 + [vnt1)1 E2 + E3E[Z, — Z,||Z0]
+2CoE[L 7,y <#(Z)—n)| Zn -

Now, combining (5.4), (5.5), (5.7) and (5.8), and the fact that C,E; + E3 =
CoEq+ (gl + [gl2[t"], one gets

1LY (Wns1, ©)(Zn) — LY, (vns1, 8)(Z)]
<{lvn+111E2 + CgE4
+ (811 + [ga[t*]) V (a1 L [QDIEL Zy — Zy 1 Z,]
+ [Un+1 1Bl Znt1 — Zng111Z]
+2CoE L1y <v(Z,)—n| Zn]

+2C, ser?;%)EHl{S”““} — 13, < llZa].

Finally, we conclude by taking the L” norm on both sides and using Lemmas 5.5
and 5.6. [

5.3. Fourth term. The last error term is a mere comparison of two finite sums.

LEMMA 5.9. An upper bound for B4 is
1L 1 @ntts ©(Zn) = Lty @nets ) Za)lp

<[l Zny1 — Zn—|—1||p + I Vag1 — Vaga ”p

PROOF. By definition of operator L, one has
1Lt @ns1. 8)(Zn) = Ly g1, ) Za)lp

max ){E[vnH(?nH)l{gnm} + 8B (Zn. N3, . 251 Zn]}
NS n

VE[11(Zni1)| Zn]

— max {E[ﬁn+1(2n+1)1{§n+l<s}
seG(Zy)

+ 8@ (Zn, N, 2|2} VB (Zas DI Za |

=< ||E[Un+1(2n+1) - ﬁn+1(/Z\n+1)|/Z\n] ”p
< NVns1Znt1) = Va1 Zns Dl p + 101 (Zns 1) = Ot Zns ) -

We conclude using the fact that v, € L (see Proposition A.7) and the definitions
of V,and V,,. [
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5.4. Proof of Theorem 5.1. We can finally turn to the proof of Theorem 5.1.
Lemmas 5.2, 5.4, 5.8 and 5.9 from the preceding sections directly yield, for all
0 <n <min,er: {A(2)},

1V = Vallp < alll Zn — Zallp + ([gl2 + 2C,CHIAZ)]

[£*]
+ {[Un+1]1E2 +CoEq +2C, ;

+ (gl + gl v ([vn+1]*[Q])}||2n —Zul,

Z 1Su+1 — Sut
D11 Zot = Zugllp + 26, (200 + o =2 )

+ [t 111 Zns1 = Zastllp + 1 Vast — Vit ll -

The optimal choice for 7 clearly satisfies
1 ~ ~
20, = ;([I*]“Zn - Zn”p + [1Sn+1 — Sn+1 ||p),

providing it also satisfies the condition 0 < < min crz{A(z)}. Hence, rearrang-
ing the terms above, one gets the expected result

1V = Vallp < 1Vast — Vgt llp + (812 +2Ce COIAZ) I
+ {[va] + [vp1 W E2 + CoEy
+ (gl + [g12l* D) V (a1 LLODYI Zn — Zall
+ 200n 4111 Zns1 = Znsi
+4C,2C) 2N Zn — Zullp + 11Sn1 — Surt 1) '/2

6. Numerical construction of an e-optimal stopping time. In [11], The-
orem 1, Gugerli defined an e-optimal stopping time for the original problem.
Roughly speaking, this stopping time depends on the embedded Markov chain
(®,) and on the optimal value function. Therefore, a natural candidate for an e-
optimal stopping time should be obtained by replacing the Markov chain (®,)
and the optimal value function by their quantized approximations. However, this
leads to un-tractable comparisons between some quantities involving (®,) and
its quantized approximation. It is then far from obvious to show that this method
would provide a computable e-optimal stopping rule. Nonetheless, by modifying
the approach of Gugerli [11], we are able to propose a numerical construction of
an e-optimal stopping time of the original stopping problem.

Here is how we proceed. First, recall that p, be the closest-neighbor projection
from E x R4 onto F,(?, and for all (z, s) € E x Ry define (Z,,,5,) = pn(z, s). Note
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that Z,, and 5, depend on both z and s. Now, forn € {1, ..., N}, define
57z 8) = min{t € GGy ) Guot. )= max  Jy(By. &) Gt 1)
n—I1
and
t*(2), i Kp0uGue) > max  Jy,(Dn, )Gt w),
ueG(zp—1
rn,,B(Z’ S) =

S (@ ) Vgr )<t @) + (172 = B)Lis*z.5)zr(2))
otherwise.

Note the use of both the real jump time horizon #*(z) and the quantized approxi-
mations of K, J and (z, s). Set

71 =1N,8(Zo, So) A T
and forn e {1,..., N — 1}, set

— rN-n,p(Z0o, S0), if Ty > ry—n,g(Zo, So),
L T 4 1, 067, otherwise.

Our stopping rule is then defined by ty.

REMARK 6.1. This procedure is especially appealing because it requires no
more calculation: we have already computed the values of K, and J,, on the grids.
One just has to store the point where the maximum of J,, is reached.

LEMMA 6.2. ty is an {Fr}-stopping time.

PROOF. Set Uy =r1,5(Zo, So) and for 2 <k < N Ux =r¢ g(Zr—1, Sk—1) X
Y1 5(Z4o2.Sc_2)=51}- One then clearly has tn = Z,ivzl Ux N Sk which is an
{Fr}-stopping time by Proposition B.5. [

Now let us show that this stopping time provides a good approximation of the
value function V. Namely, for all z € E set

Un(2) = Elg(Xcy_ ) Zy =2]
and in accordance to our previous notation introduce, forn € {1,..., N — 1}
Vi =00 (Zy).
The comparison between Vjy and V) is provided by the next two theorems.

THEOREM 6.3. Setn € {0, ..., N — 2} and suppose the discretization para-
meters are chosen such that there exists 0 < a < 1 satisfying

B ~1/2 [t*] = = 1/2 )
P _ ey <——W%—ZNWW&H—&HM> < min{A()}.
a 1—a zelz

n
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Then one has
Vi = Vallp < IVas1 = Vasillp + Va1 = Vasillp + 11V = Vull
+ 200011 Znst = Znsillp + anll Zo — Zall

[ ] 1/2
+4cg<2cu1/2(—||z — Zally + 1St — n+1||p)

with an = 2[vp4111 E2 +2C, Ci+[A1(24 C=Cy) + (AC Co[t* ]+ 2[vp+1 1 [ QD V
Glgl).

PROOF. The definition of 7, and the strong Markov property of the process
{X (t)} yield
Un(Zn) = E[g(Xr, 11 520 50)USus15 1.5 (Za.Si) Zn]
+ E[0n41 (Zns DS 1 <rnrp(Zo S} Zn]
=101 5205021520} K Un1(Zn)

+ 11 5 (2o S <2} Unt1, 8) (Zns Tnt1,8(Zn, Sp)).

However, our definition of r,, g with the special use of parameter 8 implies

{rns1,6(Zn, Sn ) >1"(Z, )}—{ n+1vn+1(z ) > max Jn+1(vn+1 g)(Zn,S)}
seG(Z,,)

Consequently, one obtains

v (Zp) = n—|—1Un+1(Z ) V. max Jn+1(vn—|-1 g)(Zn,S)
s€G(Zn)

6.1) + 15152502042 K U1 (Zn) = K 1001 (Zi)]

+ l{rn+1’/3(Zn,Sn)<t*(Zn)}[J(Un+1y g)(Zn, rn+1,,3(Zna Sn))

— max Jus1@ns1,8)(Zn, 9]
seG(Zy)

Let us study the term with operator K. First, we insert V,, to be able to use our
work from the previous section (we cannot directly apply it to v,, because it may
not be Lipschitz-continuous). Clearly, one has

|Kvy+1(Z,) — n—HUn—H(Z )|
<E[[Vui1 = Vast1Zn] + 1K vui1(Zy) — Kni10n21(Z)|.

Similar calculations to those of Lemmas A.4, 5.7 and 5.9, and equation (5.5) yield
1K vnt1(Zn) — Kn10n11(Zy)|
(6.3) < (CgEa+ [wnr1 1 E2 + a1 1L QD1 Zn = Zu| + B Zy — Zul| Z,))
+ 2000+ 11BN Zos1 = Zus1l1Za] + Bl Vst = Vit 120

(6.2)



1626 B. DE SAPORTA, F. DUFOUR AND K. GONZALEZ

Now we turn to operator J. Set R, =r,41,8(Z,, Si). We first study the case when
Ry =5, (Zy, Sp) < t*(Zy). By definition, one has

Tni1@ni1, &) (Zn, R)) = max Jpii@nst1, &) (Za, s).
seG(Zy)

As above, we insert V,, and obtain

‘[J(vn—i—l, g8)(Z,, Ry) — max ZH—I (Vnt1, g)(zn, S)]I{Rn:s;lk+1(zn,5n)}
seG(Zy)

(6.4) <E[|Vpy1 — Vot ZnIlR, =52, (2,50}
+ 1 Va1, &) (Zns Rp) = 1 @nt1, 8)(Zn, R R, =7, | (Zs,S))-
Again, similar arguments as those used for Lemmas A.3, 5.6 and 5.9, and equations
(5.6), (5.7) and (5.8) yield, on {Ry, = s, (Zy, Sn)}
I (Vnt1, 8)(Zns Ru) = Jnt @1, ) (Zn, R
< ([vn+1 11 E2 + [gl1 + CoCrx[A]1 (24 C=Cy))

X (1Zn — Zn| + Bl Zy — Zu||1Zn])
(6.5) . . — .
+ 2[UH+I]E[|Zn+1 - Zn+1||Zn] +E[|Vn+1 - Vn—HHZn]

+ [gWElZy — Zu|| Zs]
+ zcgE[‘l{Sn+l<Rn} - 1{§n+1<Rn}“Z’1]'

Note that all the constants with a factor [¢*] have vanished because we know here
that both R, < t*(Z,,) and R, < t*(Z,) hold on {R,, = Spa1(Zns Sn)}-

Finally, on {s*(Z,) > t*(Z,) = R,, + B}, by construction of the grid G(Z,) (see
Remark 4.2), one has for all 0 < n < minzernz{A(z)},

Ry =1"(Zn) = B < "(Zn) <1*(Za) = .
Consequently, using the crude bound

1 @1 8)(Zn R)l + | max Tt @as1, 8)(Zn, )| < 2C,
seG(Zy)

one obtains

| @1, ©Zos Fa1 p(Za, S)) = max Tt @ns1, )(Zn, 9)|

seG(Zy)

(66) X l{r,,+1,,3(Z,,,Sn)=t*(Zn)—/3}

< 2Co [Nz, )—p<t* @) —n} -
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Now the combination of equations (6.1)—(6.6) and Lemmas 5.5 and 5.6 yields, for
all B <n < minzerr%{A(z)}
Vo= Vallp < 1Vast = Varilp + 1Vas1 = Vit lp + 20111 Zugt = Znsal
+1Zn = Znllp2Lvns1 11 E2 +2Co C=[M]1 2 + Cp=Cy)
+ (4CgColt™] 4+ 2[vn411:[0D v (Blg]))

(] R
1z, Zn||p).

1 —~
+2C, (ZCm + ;||Sn+1 — Sut1llp +

Now suppose there exists 0 < a < 1 such that y = a~! 8. Then the optimal choice
for n satisfies

[£*] <
2001 =1 (1512 = Zallp + 18111 = Sustlp )
providing it also satisfies the condition 0 < n < min_cp:{A(z)}, hence the result.

0
Theorem 6.3 gives a recursive error estimation. Here is the initializing step.

THEOREM 6.4. Suppose the discretization parameters are chosen such that
there exists 0 < a < 1 satisfying

B —1/2 [ *] 172
—=(2Cy) IIZN 1 —Zn-1llp +ISv — SNIIp < min {A(2)}.
a zeFN |

Then one has

V=1 — Vn_illp
<\ Vn_1 = Vn_ill, + 30l Zn — Znllp +an—111Zn—1 — Zn—1l,

[t ] 1/2
—|—4Cg(2CA)1/2(1—||ZN L~ Zn_ 1||p+||SN—SN||p)

with ay—1 = 2[gl1 E2 + 2CC+[A]1(2 + Ci+Cy) + (AC, Culr™] + 2[g]«[ Q] V
Glgl).

PROOF. As before, the strong Markov property of the process {X (¢)} yields
OUN-1(ZN-1) =E[g(Xry yzy_1.5v 1) Lisy=ru p@Zn_1,Sn D} ZN-1]
+E[g(ZMisy<ry s(Zy-1.Sv-} ZN-1]
=1y pzyorSy-nzrtzy- ) K& (Zn-1)
+ 1oy sz 1 Snon <tz 3 (85 8 ZN-1, TN p(ZN—-1, SN-1)).
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The rest of the proof is similar to that of the previous theorem. [J]

As in Section 5, it is now clear that an adequate choice of discretization para-
meters yields arbitrarily small errors if one uses the stopping-time 7y .

7. Example. Now we apply the procedures described in Sections 4 and 6 on
a simple PDMP and present numerical results.

Set E =10, 1[ and 0 E = {1}. The flow is defined on [0, 1] by ¢(x, ) = x + vt
for some positive v, the jump rate is defined on [0, 1] by A(x) = Bx%, with 8 > 0
and o > 1, and for all x € [0, 1], one sets Q(x, -) to be the uniform law on [0, 1/2].
Thus the process moves with constant speed v toward 1, but the closer it gets to
the boundary 1, the higher the probability to jump backward on [0, 1/2]. Figure 1
shows two trajectories of this process for xo =0, v=ao =1 and f =3 and up to
the 10th jump.

The reward function g is defined on [0, 1] by g(x) = x. Our assumptions are
clearly satisfied, and we are even in the special case when the flow is Lipschitz-
continuous (see Remark A.8). All the constants involved in Theorems 5.1 and 6.3
can be computed explicitly.

The real value function Vi = vg(xg) 1s unknown, but, as our stopping rule 7y is
a stopping time dominated by 7T, one clearly has

Vo=EylgX(n)] < Vo= SIJJ\Ap Ey,[g(X (7))]
TE N
(7.1)

<Ey| sup g(X(1)]
0<t<Tn
The first and last terms can be evaluated by Monte Carlo simulations, which pro-
vide another indicator of the sharpness of our numerical procedure. For 10® Monte
Carlo simulations, one obtains Ey[supy<,<7, g(X(#))] = 0.9878. Simulation re-

sults (ford =2, xo =0, v=a =1, B = 3, up to the 10th jump and for 10° Monte

1

osk | nar
08 R uEr
07 r N 07
uer R nE
05 R nsF
04 R 0ar
0ap 1 0ar

0zr B 02k

ARy

0 L L L L L L L L
0 0s 1 1.5 z 25 3 as 4 1 15 Y 15 2 25 1 35 n

FiG. 1. Two trajectories of the PDMP.
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TABLE 1
Simulation results

Pt OFE A f/\o VO Bq B, B3
10 0.0943 0.151 0.7760 0.8173 0.1705 74.64 897.0
50 0.0418 0.100 0.8298 0.8785 0.1093 43.36 511.5

100 0.0289 0.083 0.8242 0.8850 0.1028 34.15 400.3

500 0.0133 0.056 0.8432 0.8899 0.0989 21.03 243.1

900 0.0102 0.049 0.8514 0.8968 0.0910 17.98 206.9

Pt Number of points in each quantization grid

OF Quantization error: QF = maxg<;<py||®f — @k||2
A Forall z, A(z) = A o

By Empirical bound Ey[supy<, <7, g(X (1))] — Vg
B Theoretical bound given by Theorem 5.1

B3 Theoretical bound given by Theorems 6.3 and 6.4

Carlo simulations) are given in Table 1. Note that, as expected, the theoretical
errors decrease as the quantization error decreases. From (7.1), it follows that

Vo—Vo <Eq| sup g(X(®)]-Vo.

0<t<Tyn

This provides an empirical upper bound for the error.

APPENDIX A: AUXILIARY RESULTS

A.1. Lipschitz properties of J and K. In this section, we derive useful
Lipschitz-type properties of operators J and K. The first result is straightforward.

LEMMA A.1. Leth e L. Then forall (x,y) € E? and (t,u) € R, one has
(@ (x, 1 A1 (x)))e  DEIANTE) _p(g(y, u A tH(y)))e A0
< Di(W|x — y|+ D2(h)|t — ul,
where:
o ift <t*(x)andu < t*(y),
Dy(h) =[h]1 + ChC=[1]1, Dy (h) =[h]2 + CrCy,
o ift=1"(x)andu =1t*(y),
Dy (h) = [h]s + CrCr=[A]1 + CrCi[t™], Dy (h) =0,
e otherwise,

Dy (h) = [h]1 4+ ChCe[A11 + [h]2[t*] + ChCal1*], D;(h) = [h]y + C,Cy.
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LEMMA A.2. Letw € B(E). Then forall x € E, (t,u) € R2 , one has
|J('LU, g)(-xa t) - J(w9 g)(x’ u)l = (ch)\, + [g]2 + Cgc)n)lt - ul

PROOF. By definition of J, we obtain
[J(w, g)(x, 1) — J(w, g)(x, u)|

<

fm*(x)xgw(mx s))e A9 g
t 9

AL (x)

+ |g(d(x, 1 A t*(x)))e_A(x’Mt*(x)) —g(p(x,un t*(x)))e_A(x’“M*(x))|.
Applying Lemma A.1 to h = g, the result follows. [J
LEMMA A.3. Let w € L€. Then for all (x,y) € E2 t ¢ R4,

|J(w, g)(x,1) — J(w, &)y, )| < (CyEr +[whEx + E3)|x — yl,
where

E1 = Co[t"]1 4 Ci+[A]1(1 + Ci+C;),
Er = C G [ 0],
E3 =[gli + [glalt™] + Co{Crx[A11 + Cilt*]}.
PROOF. Again by definition, we obtain
|J(w, &)(x,1) = J(w, g)(y, 1)l

IAFR(x) CAGrs) AL (y) CAGs)
5'/0 AQw(d(x, 5))e ’ds‘/o AQW(B(y, $))e~ A0 ds

+g(@(x, t AL*(x)))e AETINTDD g (g(y, 1t AL*(y)))e AOIATON,

Without loss of generality it can be assumed that #*(x) < ¢*(y). From Lemma A.1
for h = g and using the fact that |t A t*(x) —t At*(y)| < |t*(x) — t*(y)]|, we get

|‘](w’ g)(x’ t) - J(w’ g)(y’ t)|
At*(x)
<[ 0w (x, s)e M 50w (y, 5))e M0 ds

+ (CwCalt™ ] + E3)lx — y|.

By using a similar results as Lemma A.1 for & = AQw, we obtain the result. []

LEMMA A.4. Let w € LE. Then for all (x,y) € E?,

IKw(x) — Kw(y)| < (CyEs+[wli Ex + [w]«[OD|x — ¥,
where E4 =2C;[t*] + C[A]1 (2 4+ Ci<Cy).

PROOF. The proof is similar to the previous ones and is therefore omitted. []
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A.2. Lipschitz properties of the value functions. Now we turn to the Lip-
schitz continuity of the sequence of value functions (v,). Namely, we prove that
under our assumptions, v, belongs to L for all 0 <n < N. We also compute the
Lipschitz constant of v, on E as it is much sharper in this case than [v,]; (see
Remark 2.2).

We start with proving sharper results on operator J.

LEMMA A.5. Let w € L¢. Then for all x € E and (s, t) € RZ,

supJ(w, g)(-x’ I/t) - Sup‘](w’ g)(-x’ I/t) S (ch)» + [g]2 + Cgck)lt _Sl'

u=>t u=s

PROOF. Without loss of generality it can be assumed that r < s. Therefore,
one has

sup J(w, g)(x,u) —sup J(w, g)(x,u)
(Al) u=>t u=s
=supJ(w, g)(x,u) —supJ(w, g)(x, u).

u=t u=>s

Note that there exists 7 € [t A t¥(x),1"(x)] such that sup,., J(w, g)(x,u) =
J(w, g)(x,t). Consequently, if ¢ > s then one has Isup,~, J(w, g)(x,u) —

Supqu J(w7 g)(-x7 u)| = O
Now if t € [t At*™(x), s[, then one has

sup J (w, g)(x, u) —sup J(w, g)(x,u) < J(w, g)(x, 1) — J(w, g)(x,s).

u=t u=s

From Lemma A.2, we obtain the following inequality:

(A2)  supJ(w,g)(x,u) —supJ(w, g)(x,u) < (CyuCy+I[gl2+ CeCr[E —sl.

u>t u=>s

Combining (A.1), (A.2) and the fact that | — 5| < |t — s| the result follows. [J
Similarly, we obtain the following result.

LEMMA A.6. Let w € LE. Then for all (x, y) € E?,

sup J(w, g)(x,t)— sup J(w,g)(y,t)| < (CyEs+[wliEx+ E¢)|x — Y|,
1<t*(x) t<t*(y)

where Es = E1 + C)[t*] and E¢ = E3z + ([g]2 + C,Cy)[t*].

Now we turn to (v,). Recall from [11] that for all 0 <n < N, (v,) is bounded
with Cy, = Co.
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PROPOSITION A.7. Forall0<n <N, v, € L and
[oali < €S 2Lupg1l1 E2 + CoEr + CoEq + CoCrx[A]1(1 4 C1.C))
+ S {([gh + [1alt™ D) V (a1 1[0}
(A4)  [ala <D {CyCr(d + CiCre) + [gla),
[Un1s < [valt + [valale*],
[vn] < (Va1 E2 + CoEs 4+ {E6 V ([vn111:[ Q1 + CoCrx[A]1)}.

(A.3)

PROOF. Clearly, vy = g isin L. Assume that v, is in L¢, then by using the
semi-group property of the drift ¢ it can be shown that for any x € E, r € [0, *(x)],
one has (see [11], equation (8))

0a (¢ (x,1)) = €| (sup J (V1. ) (¥, 1) V K1 ()

u=>t

(A.5)
— Togpi (x, 1)},

Note that for x € E, t € Ry, one has

sup J (U1, 8) (X, 1) V K1 (x)

u=>t
(A.6) <supJ(Vp+1,8)(x,u) vV Kv,41(x)
u
= v, (x).
Set (x,y) € EZ and t € [0, t*(x) A t*(¥)]. It is easy to show that
(A7) A0 — AWD| < oG [3] Cpi|x — ),

(A8)  [vpt1(x, 1) = Tvpg1(y, )| < (Co,y E1 + [Unt1]1 E2) X — ¥
Then, (A.5)—(A.8) yield
[n (@ (x, 1)) — va(P(y, 1))l
< {Joa ()| + [Tvnp1 (x, 1)} [A]1 Cprlx — |

(A9) + 200 sup S Was1, )06, 1) = J (V41 (3, 1)

u=>t

VK 1 (6) = Kvgp1 ()1

+ e (Cy,, Er + [upg111E2)|x — .
Forx € E,t €[0,t*(x)] and n € N, note that

eA(x,t) < eC)LCt* ,

(A.10)
[Tvp41(x, )] < CuCy,,  Cr and  [vy4+1(x)| < Cy.
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Therefore, we obtain inequality (A.3) by using (A.9), (A.10) and Lemma A.3, A.5,
and the fact that CoEy + E3 = CgE4 + [g]1 + [gla[t*].
Now, set x € E and t, s € [0, t*(x)]. Similarly, one has

(A.11) | A | < OG0y 1p — ),
(A.12) [T041(5, 1) = Topp1 (x, )| < CoCop,, I — s1.
Combining (A.5), (A.6), (A.11) and (A.12), it yields

[vn (@ (x, 1)) — va(P(x, 5))]

< {loa )| + V1 (x, ) [}+C Cy |1 — 5]

(A.13)
4 eA(x,t){

SUp J (U1, 8)(x. 1) = Sup J (vn1, 8) (. )|
S

u=t uz
+ C1Cu, It = sl

Finally, inequality (A.4) follows from equations (A.10), (A.13) and Lemma A.4.
One clearly has [v, ]« < [v,]1 4 [v,]2[¢*]. Finally, set (x, y) € E2. By definition,
one has

[vp (x) — va (¥)]

<| sup J(Wnt1,8)(x,u) = sup J(vpy1,8)(y, 1)

u<t*(x) u=<t*(y)
V [Kvp41(x) = Kvpp1(y)|

and we conclude using Lemmas A.6 and A.4, and the fact that E4 = E5+ Cy=[A];.
[l

REMARK A.8. Note that [v,] is much sharper than [v,];. If in addition to
our assumptions, the drift ¢ is Lipschitz-continuous in both variables, then with
obvious notation, one has [v,]; < [v,][¢]; for i € {1, 2, %}, which should yield
better constants (see, e.g., Section 7).

APPENDIX B: STRUCTURE OF THE STOPPING TIMES OF PDMPs

Let t be an {F;};cr, -stopping time. Let us recall the important result from
Davis [6].

THEOREM B.1. There exists a sequence of nonnegative random variables
(Rn)nen+ such that Ry is Fr, -measurable and t A\ Tyy1 = (T, + Ry41) A Thpa
on{t >T,}.
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LEMMA B.2. Define Ri = Ry, and Ry = Rkl{Sk_lsﬁk_l}' Then one has
Oo —_—
T= Z R, NS,.
n=1

PROOF. Clearly, on {T; <7 < Tkil}, one has R; > §; and Ry41 < Sk for
all j < k. Consequently, by definition R; = R; for all j <k + 1, whence

00 k 0
En ASp= Zﬁn A Sp +{Fk—|—1 /\Sk+1}‘|‘ Z En A Sp
n=1 n=1 n=k+2
00
=Tk + Rk1 + Z Ry NSy
n=k+2

Since _ﬁk—i—l = Ri+1 < Sk4+1 we have ﬁj = 0 for all j > k + 2. Therefore,
Y021 Ry A Sy =Ty + Riy1 = v, showing the result. [

There exists a sequence of measurable mappings (rx)ken, defined on E x (R x
E)*=1 with value in R satisfying

Ry =r1(2y),
R =ri(Zo, I'k—1),

where I'y = (S1, Z1, ..., Sk, Zk).

DEFINITION B.3. Consider p € N,. Let (I/Q\k)keN* be a sequence of mappings
defined on E x (R4 x E)? x © with value in R defined by

ﬁl(y,y,a)):rp—kl(y,)/)
and for k > 2

Re(y, v, @) =rper (3. v, Tec1(@) s, <z, V. ).

PROPOSITION B.4.  Assume that T, <t < Ty. Then, one has
T = Tp +%\(ZO’ va eTp),

where T: E x (R x E)P x Q — R is defined by

N—p
(B.1) (7. w)= Y Ri(y. 7. 0) A S(0).
n=1
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PROOF. First, let us prove by induction that for k € N,,, one has

(B.2) R(Zo, T, 0r,) = Rp ik
Indeed, one has §1(Zo, I'p, 07, ) = Rp+1, and on the set {t > 7,}, one also has
Rpi1 = p+1 Consequently, RI(ZO, 'y = p+1 Now assume that Rk(Zo, D

or, )=R p+k- Then, one has

Ri11(Zo(@). T p (@), 0, ()
= rp+k+1(Zo(@), T p(@), Tk (01, (@) (5, <5, (Zo(w), I'p (@), 07, ().

By definition, one has I'x (07, (®)) = (Sp+1(®), Zp+1(@), ..., Sp1ik (@), Zp4ik(@))
and the induction hypothes1s easﬂy yields I{Sk< Rk}(Zo(a)) ['p(w), 0r, (@) =

1{S,,+;<§Rp+k}(w) Therefore, we get Rk+1(Zo, Ip,0r,) = Rpii+1, showing (B.2).
Combining (B.1) and (B.2) yields

N—n
(B.3) T(Z0,Tp,01,) = D Rptn ASpin-

n=1

However, we have already seen that on the set {T" > T}, one has Ry = Ry > Sk,
for k < p. Consequently, using (B.3), we obtain

p N N
Tp+7(Z0.Tp.0r,) =Y Sk+ > RiASk=)_ RiASk.
k=1 k=p+1 k=1

Since T < Ty, we obtain from Lemma B.2 and its proof that T = ,11\7:1 R, A Sy,
showing the result. []

PROPOSITION B.5. Let (Uy),en* be a sequence of nonnegative random vari-
ables such that U, is Fr, ,-measurable and U,y =0 on {S, > U,}, for all
n € N,. Set

(0,¢]
U= UyASy

n=1

Then U is an {F;};cr -stopping time.

PROOF. Assumption 2.1 yields

U <ty=JIAT <U < T} N{U <1} 0 {1 < Tyt })

n=0
(B.4)

U ({Tn <Uc< Tn—H} N {U =< t} m{Tn—f—l = t})]
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From the definition of U,,, one has {U > T,,} = {U,, > S,,}; hence one has
{T, <U < Ty} N{U <t} N {t < Tpy1}
={S U N {T +Upp1 <t} N{T, <t} N{t < Tyq1}.

Theorem 2.10(ii) in [8] now yields {S,, < U,} N{T,, + U1 <t} N{T, <t} € Fy;
thus one has

(B.5) {Th =U <Thpt} U =t} N {t < Tp1} € Fo.
On the other hand, one has
T, <=U < T 1} N{U <t} N {Th41 <1t}
={Sn = Un} {Un41 < Sng1} M{Tnp1 <t}
Hence Theorem 2.10(ii) in [8] again yields
(B.6) {Th =U < Ty} N{U =t} N {Th41 <t} € Fr.
Combining equations (B.4), (B.5) and (B.6) we obtain the result. [

COROLLARY B.6. Forany (y,y) € ExX(Ry xE)’,T(y, v, ) isan{F;}ier, -
stopping time satisfying T(y,y, ) < Tn—p.

PROOF. It follows form the definition of ﬁk that ﬁk(y, y,w) < Sg(w) im-
plies §k+1 (v, ¥, ®) = 0 and the nonnegative random variable ﬁk .y, )is Fr_,-
measurable. Therefore, Proposition B.5 yields that T(y,y,-) is an {F;};eRr, -
stopping time. Finally, by definition of T [see (B.1)], one has T(y,y,-) <
ZN_p Sn = Tn—p showing the result. [

n=1
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As part of optimizing the reliability, Thales Optronics now includes systems that examine the state of its
equipment. This function is performed by HUMS (Health & Usage Monitoring System). The aim is to
implement in the HUMS a program based on observations that can determine the state of the system and
propose a maintenance action before failures. So we decompose our problem into two steps: the first step
is to detect the degraded state (which announces future failure) using an informative variable and hidden
Markov chains. This step was developped in Baysse & al (2012). The second is to propose an optimal and
dynamic maintenance policy, adapted to the state of the system and taking into account both random
failures and those related to the degradation phenomenon. We want to estimate the best time to perform
maintenance: a maintenance performed too early may be unnecessarily costly and inconvenient for the
client but too late may cause the occurrence of a failure that will damage the rest of the equipment and
may be responsible for the failure of a mission. So it is necessary to find a balance between these two
extreme maintenance policies. First, we model the state of the system by a piecewise-deterministic
Markov process: PDMP (introduced by Davis 1993). Often the evolution of the system is modeled by
stochastic processes such as Markov jump process, semi-Markov process (Cocozza & al (1997)). There
are also tools for modeling such as Stochastic Petri networks (Marsan & al 1995), dynamic Bayesian
networks (Donnat & al 2010). However, the flexibility of modeling by PDMP allows to take into account the
dynamic component degradation. The works of Lair & al (2012) focuses on this topic, they use a finite
volume scheme to evaluate the quantities of interest associated with PDMP. Even if there are different
methods that optimize maintenance policy, few use optimal stopping. In this paper, we use this method
whose principle is to maximize a performance function that takes into account operating time, maintenance
costs, repairs and downtime. We use the numerical probability tools developed in de Saporta & al (2012)
in order to compute this conditioned-based time of maintenance. The integration of this method in the
HUMS, will be soon implemented in specific optronic equipment by Thales. We present results of
simulation in this case. The methodology can be extended to more complicated cases.

1. Industrial context

Thanks to the HUMS, each of the appliances has a logbook which provides information at each start-up
such as: number of uses, cumulative operating time of appliance, “cool down time” (Tmf)... This Tmf is the
transit time for the system from ambient temperature to a very low one. This temperature decrease is
required to operate appliance and this is done on every boot. According to experts, a Tmf increase results
from deterioration in the cooling system. According to this hypothesis, a careful observation of Tmf
evolution allows us to determine the state of the cooling system. We suppose that the cooling system pass
from stable state to degraded state and from degraded state to reach failure. In Baysse & al (2012), we
have given a mathematical method based on Hidden Markov Chain in order to detect a transition to a
degraded state of the cooling system. There are two other kinds of possible failures: electronic failure and
ball bearing failure. These two failures do not pass by a degraded state. So we study appliance with three
failures (electronic, ball bearing and cooling system failure) and three states (stable, degraded on account
of cooling system, failure).



Our objective is to propose an optimal and dynamic maintenance policy adapted to the random state of the
system.

2. Modeling

In order to develop a maintenance policy that takes into account both random failures and those related to
a degradation phenomenon, we model the state of the system by a piecewise-deterministic Markov
process. This modeling makes possible the transition from the stable state to failure directly (random case)
or through the degraded state (damage to the cooling system (see figure 1).

The notion of PDMP was introduced by Davis (1993). PDMP are processes with deterministic evolution,
punctuated by random jumps and changes of regimes that can allow them to pass from one state to
another. PDMP are hybrid process generally noted &, = (my, s¢)¢ez,. The first component m, is a discrete
variable with values in a finite or countable space M. It describes the state of the system at time t (system
in stable mode, degraded, failure ...). The second component s, evolves in a continuous way in E,, € R"
and describes evolution of the system in the mode m; by its physical variables (for example pressure, age
of system..).

Our study is about equipment with three states: stable state ( m; = 1), degraded state( m; = 2) and failure
(m; =3).
At the beginning equipment is in stable state and then it breakdowns or it goes in degraded state:

- If it breakdowns directly, it is due to an electronic failure or a failure about ball bearing. Failure
rates are respectively 1; and A;(t).

- If it goes from stable state to a degraded state, it is due to a deterioration of the cooling system.
The occurrence rate of this deterioration is noted A,. In the degraded state, it is possible to have
electronic, ball bearing or cooling system failures (ratel,).

Equipment in degraded state or in failure cannot return in stable state. Note that the state “failure” is
absorbant and so the number of jump is less than or equal to 2. Figure 1 illustrates how the system works.
According to experts, the rate 1; depends on the age t of equipment contrary to other rates. Note that m,
is not markovian because rate 1; depends on t. Thanks to our method to detect transition from state 1 to
state 2, (see Baysse & al (2012)), we suppose that the jump of the process is observed.

STABLE
STATE

Ay + A5(t) Ao

DEGRADE
STATE
m=2

A

Ay + 25 + 23(0)

Figure 1 : Modeling system

In order to use the powerful framework of Markov process, we must add time t to the process (m;).c, as
information such that §, = (my, ¢ = t)¢ex, is markovian. Indeed it is a PDMP. So the PDMP considered
here describes the state of equipment and its age: &, = (mg, s; = t);. Its motion is described by the three
characteristics (see Davis (1993)):

- theflow ¢ (m,t;s) = (m,t+s),

- therate of jump A (m,,t) = (Ao + A1 + A3(E) Lm,=13+ (A1 + A2 + A3(0))1m,=2)

- the measure of transition:
4o A +25(t) . _
Q (m, t; {e} x{t}) = (/10+/11+A3(t)) Le=zy + (/10+/11+/13(t)) Le=gy if me =1 )
1{e=3} Lf my = 2
We denote Z, = (1,0), T, = 0. The state of the system just after the first transition is Z; = (m,,T;) and
Z, = (my,, T,) = (3,T,) if T, occurs. We put S; =T, and S, = T, — Tythe interjumping times. With these



notations, the discrete process 0, = (Zy, Sp)=(mr,, Ty, S,) associated with the PDMP (&), is a Markov
chain and it is considered for n={0,1,2}.
The horizon T of the study is finite. So that the remaining time is t*(¢,) = T — t.

3. Optimal and dynamic maintenance policy

We consider the problem as an optimal stopping problem for PDMP, whose principle is to maximize a
performance function that takes into account operating time, maintenance costs, repairs and downtime.
We want to estimate the best time to perform maintenance in order to allow Thales to manage upstream
park equipment. Recent work has been done on this subject. De Saporta & al (2012) give the theoretical
foundations of the method that we use in this study. In de Saporta & al (2010), a method of computation of
best time to perform maintenance on a complex dynamic system is implemented and analyzed.

Principle of optimal stopping time

Our aim is to find a stopping time t which maximizes expectation of a performance function at random
stopping time 7 that is Ez —(m, 0)[9(m;, 7)] where g is the function of system performance and 7 a stopping
time adapted to the filtration of the PDMP. This problem is typically an optimal stopping problem which
consists in solving the following optimization problem:

vo(my, 0) = SUDr<t* (me,0) Egy=(mo,0) [g(m,, )]

. v, =g
with {171 = L(VZ:Q)

(1)
Function v, is called the value function of the problem and represents the maximum performance that can
be achieved. Operator L is defined by L(w,g)(x) = supree ) {Ex[W(Z1) 1(s,<] + 8( b (6 1))Pe(S; =
1)} v E[w(Z))]. It is a complex operator that depends on the characteristics of the PDMP. However, we
can see that it depends on the PDMP only through the underlying Markov chain 6,,. In our case, we chose
tifm.=1or2
0if m=3
canceled if the system fails. In practice, the optimal stopping time does not necessarily exist. However, we
can always find time to stop that approach the optimal performance as near as you want.

the performance function g(m,, t)={ . Here this function favours a long time of use but is

Numerical method of optimal stopping

We apply methodology developed in de Saporta & al (2010).

To approximate the e-optimal stopping time 7 we introduce a sequence of random variables(V;,)ne0,1,2}
such as V,, = v,,(Z,,). This allows to replace the recurrence (1) which covers functions by a recurrence on
random variables easier to treat numerically. To approximate the values of this sequence, we proceed in
two steps. First, we discretize the process on a regular time grid noted G(¢) associated with interval
[0,t*(&)[, in order to obtain a discrete time Markov chain. Thus the operator L is maximized on a finite
number of points and not on a continuous time interval. This new discretized operator is noted L¢. The
second step is the quantization that transforms the continuous random variables @,, into a discrete random
variable ©,. Quantization provides a finite set of points (a grid) adapted to the law of the process and not
arbitrary regular basis on the state space. Details of this method are given by Pagés & al (2003). It is
based on simulations of the Markov chain (8,). So we denote 8,=( Z,,S,) = (s, T, Sn) projection of @,

on the quantization grid L;Z. After these two steps, the operator L is approximated by operators Z% for
k e {1,2}.

Now we can build a sequence of variables (¥,) which approaches (V). To do this, we first consider the
following process:

( 0,(2) = g(2) with z € I,

! 91(z) = L9(9,,8)(z) withz € ¥, 2)
l 90(2) = 19(by,8)(2) with z € TZ .
with

LEw,8)(©) = (maxe e {E[W(2) 1s,<01Zk-1 = &] + 8( & G O)P(Se = t1Zimy = E)P) VE[W(Zi) |21 = &].



The approximation of V, is performed by ¥, = ﬁk(Zk) for k € {0,1,2}. It is shown in de Saporta & al (2010)
that the error of approximation of the value function |V, — V| can be made arbitrarily small by a suitable
choice of discretization parameters). A stopping time arbitrarily close to the optimal is also provided.

Simulated Data:
Stories of systems: states
and time in each state

(£ 11, T7)

Grid of quantification for (Z,, T, T;) and probability of each grid cell.

[ ]
Optimal stopping algorithm:
« Calculation of ¥; and the maximizing time for each cell of the quantization grid,

* Calculation of 'FD. and the maximizing time.

¥

Quantization grid and downtime associated with each cell

Figure 2: Schematic representation of the algorithm

4. Applications

A general presentation of the algorithm used to perform the maintenance policy is given in Figure 2. From
the value of T and failure rates Ay, 11, 4,, A;(t)provided by experts, we built a simulator of the trajectories
of the process. For each of them, we have the following information: the time S; spent in the stable state,
the type of jump (mr,=2 or 3) and the time spent in the new state if my, = 2. From this simulation, we have
created the quantization grid using an algorithm given in Pagés & al (2003). All of these elements will allow
us to calculate V, and 7, of each cell and the timest,, r; which maximize them. Note that 7, is
deterministic and t; depends on the cell. So for each cell of the quantization grid we can associate a time
nearly optimal. Let us remark that the result of this algorithm only depends on T and the failure rates and it
is compute once and for all.

It will suffice to project data of equipment chosen on the new grid to propose stopping time that will be
associated.

In the practice, maintenance policy is the following:
- at the beginning, a maintenance date is announced at a fixed date 7, for all equipment,
- if an appliance goes in degraded state to the time T; before the date fixed 7,, maintenance time
is recalculated and replaced by a new time t,. The time 7; is given by the optimal stopping time
associated to the cell of T; (the projection of T; on the grid).

To illustrate this point, we choose to look at the history of 10 appliances. In parallel we launched the
algorithm to build the downtime for each device. Examples of results are presented in Table 1.



Table 1: Results of simulations

Equipment (n°) 1 2 3 4 5 6 7 8 9 10
T, 6899 3766 6802 2238 7090 3432 4162 3800 4212 2579
mr, 2 2 3 2 3 3 2 2 2 2
T,ifZ; = (2,T)) 6981 3834 - 2598 - - 4309 3885 4393 2627

Maintenance date 5160 3827 5160 2508 5160 3432 4192 3860 4242 2627

We have three possible cases:

- maintenance is at time 7, and before the first jump (ex n°1,3,5). We can remark that in cases 3
and 5, the first jump would have resulted to a failure.

- maintenance is between the first and second jump, when the system is in a degraded my, = 2
(cases n°2,4,7,8,9). Maintenance is also before failure.

- maintenance is triggered by the failure of the system (cases n°6,10). Indeed, algorithm had
planned to stop equipment n° 6 at time 5160 and n° 10 at around 2679 but these two appliances
broke down before this date (that is why the stopping time equals downtime). In this case the
performance achieved is zero.

In this case 7, = 5160 and if T; occurs before failure, we clearly see that 7; depends on T;.

5. Results

Simulation studies allowed us to estimate the proportion of equipment in each state. We simulated
100,000 stories. In Figure 3, we let the system evolve without performing maintenance. Then we obtain the
following proportions:

- 18% of equipment have ball bearing failure,

- 39% of equipment have electronic failure,

- 43% of equipment go to degraded state.These equipment have subsequently a failure of the cooling
system. In this case the performance equals to zero.

Cooling system failure

Degraded state Electronic failure

Ball bearing failure

Stable State Electronic failure

Ball bearing failure
Figure 3: Evolution of the system without maintenance

Now we implement a maintenance policy. The results are given in Figure 4. At time t = 0, we have the first
date of maintenance given by the previous algorithm. At this date, the situation is as follows :
- 30% of equipments have electronic failure before this date of maintenance,
- 8% of equipment have ball bearing failure before this date of maintenance,
-26% of equipment go to degraded state before this date of maintenance,
-36% of equipment are sent for maintenance at the time 7,. At this moment, a new date is given for
maintenance equipment passed in a degraded state. For those gone in this new state 5% fail before this
new date of maintenance and 95% are sent for maintenance at this new date. In this case the average
performance equals to 2249.

Cooling system failure

5%

Degraded state 5% Predictive maintenance

Stable state Electronic failure

Ball bearing failure

P . v

Figure 4: Evolution of the system with maintenance



So using this maintenance policy allows us to recall 61% of equipment before failure. But if we do not take
into account electronic failures, 87% of equipment are sent for maintenance before failure. Indeed, we
cannot perform maintenance on electronic parts, we can only replace it with a new piece. When electronic
part of equipment fails, it will not damage the rest of equipment, to repair it is enough to replace as
maintenance. So we do not make maintenance on electronic components.

6. Conclusion

Estimation of the state of the system associated with a decision criterion should allow to adapt
maintenance policies to the observed state of the system, by the detection of failures predictable and a
better management of park of equipment available.Thus, Thales will improve its maintenance action, its
equipment availability at the lowest cost and the satisfaction of its customers.
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Abstract: This paper presents a numerical method to compute the optimal maintenance time
for a complex dynamic system applied to an example of maintenance of a metallic structure
subject to corrosion. An arbitrarily early intervention may be uselessly costly, but a late one
may lead to a partial/complete failure of the system, which has t¢ be avoided. One must there-
fore find a balance between these too-simple maintenance policies. To achieve this aim, the
system is modelled by a stochastic hybrid process. The maintenance problem thus corre-
sponds to an optimal stopping problem. A numerical method is proposed to solve the optimal
stopping problem and optimize the maintenance time for this kind of process.

Keywords: dynamic reliability, predictive maintenance, piece-wise-deterministic Markov
processes, optimal stopping times, optimization of maintenance

1 INTRODUCTION

A complex system is inherently sensitive to failures
of its components. Therefore maintenance policies
must be determined in order to maintain an accep-
table operating condition. The optimization of
maintenance is a very important problem in the
analysis of complex systems. It determines when

__ maintenance tasks should be performed on the sys-
tem. These intervention dates should be chosen to

optimize a cost function, that is to say, maximize a
performance function or, similarly, to minimize a
loss function. Moreover, this optimization must take
into account the random nature of failures and ran-
dom evolution and dynamics of the system.
Theoretical study of the optimization of mainte-
hance is also a crucial step in the process of optimi-
zation of conception and study of the life service of
the system before the first maintenance.

*Corresponding author: Université de Bordeaux, INRIA
Bordeaux Sud-Ouest, IMB, 351 cours de la libération, 33405
Talence cedex, France.

email: huilong.zhang@math.u-bordeaux1.fr

An example of maintenance is considered here. It
is related to an aluminium metallic structure subject
to corrosion. This example was provided by
Astrium. It concerns a small structure within a stra-
tegic ballistic missile. The missile is stored succes-
sively in a workshop, in a nuclear submarine missile
launcher in operation or in the submarine in dry-
dock. These various environments are more or less
corrosive and the structure is inspected with a given
periodicity. It is made to have potentially large stor-
age durations. The requirement for security is very
strong. The mechanical stress exerted on the struc-
ture depends in part on its thickness. A loss of thick-
ness will cause an over-constraint and therefore
increase a risk of rupture. It is thus crucial to control
the evolution of the thickness of the structure over
time, and to intervene before the failure.

The only maintenance operation considered
here is the complete replacement of the structure.
Partial repairs are not allowed. Mathematically,
this problem of preventive maintenance corre-
sponds to a stochastic optimal stopping problem as
explained for example in the book of Aven and
Jensen [1]. It is a difficult problem, because on the
one hand, the structure spends random times in
each environment, and on the other hand, the
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corrosiveness of each environment is also supposed
to be random within a given range. In addition, the
optimal maintenance date that is searched for
should be adapted to the particular history of each
structure, and not an average one. The predicted
maintenance date should also be updated given the
past history of the corrosion process.

The recent literature on optimization of mainte-
nance mainly focuses on comparison of policies [2—
4]. A different approach is presented here. Indeed,
not only a method to compute a close to optimal
maintenance date is presented, but it is also proved
that it becomes closer to optimal as the discretiza-
tion parameters are refined.

This maintenance problem can be formulated as
an optimal stopping problem for a piecewise-
deterministic Markov process (PDMP). This class of
problems has been studied from a theoretical point
of view in reference [5]. PDMPs are a class of sto-
chastic hybrid processes that were introduced by
Davis [6] in the 1980s. These processes have two
components: a Euclidean component that represents
the physical system (e.g temperature, pressure,
thickness loss) and a discrete component that
describes its regime of operation and/or its environ-
ment. Starting from a state x and mode m at the ini-
tial time, the process follows a deterministic
trajectory given by the laws of physics until a jump
time that can be either random (e.g. it corresponds
to a component failure or a change of environment)
or deterministic (when a magnitude reaches a certain
physical threshold, for example the pressure reaches
a critical value that triggers a valve). The process
restarts from a new state and a new mode of opera-
tion, and so on. This defines a Markov process. Such
processes can naturally take into account the
dynamic and uncertain aspects of the evolution of
the system. A subclass of these processes has been
introduced by Devooght [7] for an application in the
nuclear field. The general model has been introduced
in dynamic reliability by Dufour and Dutuit [8].

The theoretical problem of optimal stopping for
PDMPs is well understood, see e.g. Gugerli [9].
However, there are surprisingly few works in the lit-
erature presenting practical algorithms to compute
the optimal cost and optimal stopping time. To our
best knowledge only Costa and Davis [10] have pre-
sented an algorithm for calculating these quantities
for PDMPs. Yet, as illustrated above, it is crucial to
have an efficient numerical tool to compute the
optimal maintenance time in practical cases. The
objective of the present paper is to demonstrate
the high practical power of the theoretical metho-
dology described in [5]. Applying this general
approach to a specific real-life industrial example

brings new technical difficulties such as the scaling
problem described in section 5. More precisely, the
algorithm given in this paper computes the optimal
cost as well as a quasi-optimal stopping rule, that is
the date when the maintenance should be per-
formed. As a by-product of our procedure, the dis-
tribution of the optimal maintenance dates is also
obtained, and dates such that the probability to per-
form a maintenance before this date is below a pre-
scribed threshold can also be computed. _

The remainder of this paper is organized as fol-
lows. In section 2, the example of corrosion of the

.metallic structure is presented with more details as

well as the framework of PDMPs. In section 3, the
formulation of the optimal stopping problem for
PDMPs and its theoretical solution are briefly

_recalled. In section 4, the four main steps of the

algorithm are detailed. In section 5 the numerical
results obtained on the example of corrosion are
presented and discussed. Finally, in section 6, a
conclusion and perspectives are presented.

2 MODELLING

Throughout this paper, our approach will be illu-
strated on an example of maintenance of a metallic
structure subject to corrosion. This example was
proposed by Astrium. As explained in the introduc-
tion, it is a small homogenecus aluminium structure
within a strategic ballistic missile. The missile is
stored for potentially long periods in more or less
corrosive environments. The mechanical stress
exerted on the structure depends in part on its
thickness. A loss of thickness will cause an over-
constraint and therefore increase a risk of rupture. It
is thus crucial to control the evolution of the thick-
ness of the structure over time, and to intervene
before the failure.

The usage profile of the missile is now described
more precisely. It is stored successively in three dif-
ferent environments: the workshop, the submarine
in operation, and the submarine in dry-dock. This is
because the structure must be equipped and used
in a given order. Then it goes back to the workshop
and so on. The missile stays in each environment
during a random duration with exponential distri-
bution. Its parameter depends on the environment.
At the beginning of its service time, the structure is
treated against corrosion. The period of effective-
ness of this protection is also random, with a
Weibull distribution. The thickness loss only begins
when this initial protection is gone. The degradation
law for the thickness loss then depends on the envi-
ronment through two parameters, a deterministic
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transition period and a random corrosion rate uni-
formly distributed within a given range. Typically,
the workshop and dry-dock are the more corrosive
environments. The randomness of the corrosion
rate accounts for small variations and uncertainties
in the cortosiveness of each environinent.

This degradation process is modelled by a 3D
PDMP (X} with three modes corresponding to the
three different environments. Before giving the
detailed parameters of this process, general PDMPs
are briefly presented.

2.1 Definition of piecewise-deterministic Markov
processes

PDMPs are a general class of hybrid processes. Let
M be the finite set of the possible modes of the sys-
tem. In the corrosion example, the modes corre-
spond to the various environments. For all mode m
in M, let E,, be an open subset in R%. A PDMP is
defined from three local characteristics (®, A, Q)
where

e the flow &: MXRXR — R? is continuous and
for all s,t=0, one has &, ,t+5=P
{®(-, -,8),1). It describes the deterministic tra-
jectory of the process between jumps. For all (m,
x) in M XE,,, set

t"(m, x) = inf{t > 0: d(m,x, 1) c dEy,}

the time to reach the boundary of the domain
starting from x in mode m.

e the jump intensity A characterizes the frequency
of jumps. For all (m, x) in MXE,, and
t = *{m,x}, set

I3
Alm,x, 1) = J Al®(m, x,5))ds
0

o the Markov kernel Q represents the transition
measure of the process and allows one to select
the new location and mode after each jump.

The trajectory X, = (m1,, x;) of the process can then
be defined iteratively. It starts at an initial point
Xy = (ko, yo) with ky € M and y € Ey,. The first jump
time 17 is determined by

e—Alkoye. 8 if t<t*(ko, yo)
Ty>1) = ’
Pko,yor (1171 { 0 it =1 (ko yo)

On the interval [0,T}), the process follows the
deterministic trajectory m;=/ky and x; =Pk, yo, £).
At the random time T, a jump occurs. Note that a

jump can be either a discontinuity in the Euclidean
variable x; or a change of mode. The process restarts
at a new mode and/or position Xr, = (k;, 1), accord-
ing to distribution Q (P(ko,¥s, T1), ). An inter-
jump time I — Tj is then selected in a similar way,
and in the interval [T7, T:) the process follows the
path m; =k; and x;=®(ky, y1, t — 11). Thereby, itera-
tively, a PDMP is constructed, see Fig. 1 for an illus-
tration. Let Zy =X, and for n = 1, Z,=Xr,, location
and mode of the process after each jump. Let S, =0,
S1=T and for n =2, §,=T, — T,_; the inter-jump
times between two consecutive jumps, then (Z,, S,,)
is 2 Markov chain, which is the only source of ran-
domness of the PDMP and contains all information
on its random part. Indeed, if one knows the jump
times and the positions after each jump, one can
reconstruct the deterministic part of the trajectory
between jumps. This is a very important property of
PDMPs which is at the basis of the numerical
procedure.

2.2 Example of corrosion of metallic structure

Now we return to the example of corrosion of struc-
ture and give the characteristics of the PDMP mod-
elling the thickness loss. The finite set of modes is
M={1,2,3}, where mode 1 corresponds to the
workshop environment, mode 2 to the submarine in
operation, and mode 3 to the dry-dock. Although
the thickness loss is a 1D process, one needs a 3D
PDMP to model its evolution, because it must also
take into account ail the sources of randomness,
that is the duration of the initial protection and the
corrosion rate in each environment. The corrosion
process (X,) is defined by

Xf = (m;, dt! Yer pt) IS {1, 2, 3}XR+ XR+ XR+

where m, is the environment at time f, d, is the
thickness loss at time t, y, is the remainder of the
initial protection at time ¢ and p, is the corrosion
rate of the current environment at time ¢,

Originally, at time 0, one has Xo=(1,0, v4, ),
which means that the missile is in the workshop
and the structure has not started corroding yet. The
original protection y, is drawn according to a
Weibull distribution function

o1 ()}

with a=2.5 and 8=42, 40.10°% s~!. The corrosion rate
in the workshop is drawn according to a uniform
distribution on [2,78.1077,2,78.107%] ms~!. The time
T; spent in the workshop is drawn according to an
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O

Qk)]_ 1,41, 52))')

Fig. 1 An example of path for a PDMP until the second jump. The first jump is random. The sec-
ond jump is deterministic because the process has reached the boundary of the domain

exponential distribution with parameter
A1 =63,07.10% s, At time ¢ between time 0 and time
T), the remainder of the protection is simply
v, = max{0, vy, — £}, p, is constant equal to p, and
the thickness loss d, is given by

g 0 it =y
R (f — (yo+m)+m exp (_ %)) if t>?(01)

where 1, =108.10% s.

At time T3, a fump occurs, which means there is a
change of environment and a new corrosion rate is
drawn for the new environment. The other two
components- of the process (X;) modelling the
remainder of the protection v, and the thickness
loss d; naturally evolve continuously. Therefore, one
has my, =2, vy, =0 if yy<T1, y7, =y — T1 otherwise;
that is to say that once the initial protection is
gone, it has no effect any longer, and py, is drawn
according to a uniform distribution on
(2,78.1078,2,78.1077] ms~!. The process continues
to evolve in the same way until the next change of
environment occurring at time 7,. Between T and
T, we just replace py by pr, ¥ by v, m by
17,=720.10° s and ¢ by t — T} in equation (1). The
process visits successively the three environments
always in the same order: 1, 2, and 3, and then
returning to environment 1. The time spent in envi-
ronment § is a random variable exponentially dis-
tributed with parameters \; with A; =63,07.10% s,
A2=47,30.107 7! and A3 =31,54.10° s7. The thick-
ness loss evolves continuously according to equa-
tion (1) with suitably changed parameters. The
period of transition in the mode i is %; with
7, =108.10% 5, 1,=720.10% s and 5 =144.10% 5. The
corrosion rate p; expressed in ms! is drawn at each
change of environments. In environments 1 and 3, it
follows a uniform distribution on I; = ={2,78.1077,
2,78.107%) and in environment 2 it follows a uniform
distribution on L =[2,78.1078, 2,78.1077]. Therefore,

the local characteristics of the PDMP maodelling this
COrrosion process are

o the flow ® from MX(R.)*XR onto (RB.)?

G, (d, v, p0 1)

[p(E = (y+m) +myexp (= (£ = V)07 NV
=| (y—£}VvO

P

o the jump intensity A(Z, (d, v, p)) =A;
¢ the jump kernel

Q[(I, (d; Y P); il: (d’: '}/r P’))] =1 {#=(i+ l)mad{B}}ﬂ {d=d'}
Tiy=yy15 (0"

The state space (R, ) has no boundary, so t* equals
infinity. However, as only the trajectories up to the
limit threshold of 2.107*m that are significant, one
can set an artificial boundary, say at dye, =2.107% +
108, Hence, one has

t*(i, (dp ’)/; P)) = inf{f>0 : (I)(]'r (dr 'Y! P); t) :dmax}

Figure 2 shows examples of simulated trajectories of
the thickness loss. The slope changes correspond to
changes of environment. The observed dispersion is
characteristic of the random nature of the phenom-
enon. Note that the various physical parameters
were provided by Astrium and were obtained by
expert opinion.

The missile is inspected and the thickness loss of
the structure under study is measured at each
change of environment. Note that the structure is
small enough for only one measurement point to be
significant. The structure is considered unusable if
the loss of thickness reaches 2.10~¢ m. The optimal
maintenance time must therefore occur before
reaching this critical threshold, which could cause
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Fig. 2 Examples of trajectories of thickness loss (in mm) over time (in hours)

the collapse of the structure, but not too soon which
would be unnecessarily expensive. It should also
only use the available measurements of the thick-
ness loss.

3 OPTIMAL STOPPING PROBLEM

The general mathematical problem of optimal stop-
ping corresponding to this maintenance problem is
now briefly formulated. Let z= (ko, yo) be the starting
point of the PDMP (X;). Let My be the set of all
stopping times r for the natural filtration of the
PDMP X,) satisfying =Ty, that is to say that the
intervention takes place before the Nth jump of pro-
cess. The Nth jump represents the horizon of the
maintenance problem, that is to say that the inter-
vention is no later than the Nth change of environ-
ment. The choice of IV is discussed below. Let g be
the cost function to optimize. Here, g is a reward
function that has to be maximized. The optimiza-
tion problem to solve is the following

v(z) = sup E[gX.)]

TEMy

The function v is called the value function of the
problem and represents the maximum performance
that can be achieved. Solving the optimal stopping
problem involves first calculating the value function,
and second, finding a stopping time 7 that achieves
this maximum. This stopping time is important
from the application point of view since it corre-
sponds to the optimum time for maintenance. In
general, such an optimal stopping time does not

exist. Define then ¢-optimal stopping times as
achieving optimal value minus ¢, that is v(z) — &.

Under fairly weak regularity conditions, Gugerli
has shown in [9] that the value function v can be
calculated iteratively as follows. Let vy=g be the
reward function, and iterate an operator L back-
wards. The function v, thus obtained is equal to the
value function v

Vv = §
Ve = Lve.1.8) O0=sksN-1

The operator L is a complex operator which involves
a continuous maximization, conditional expecta-
tions and indicator functions, even if the cost func-
tion g is very regular:

L{w, giz)= sup {E[w(Z1)1 (s, <urr)

ust*(z)
+ 8@z, W s 2unr )l Zo=2} @
VE[LU(Z]_”Z() =Z].

However, this operator depends only on the discrete
time Markov chain (Z,,S,). Gugerli also proposes
an iterative construction of ¢-optimal stopping
times, which is a bit too tedious and technical to be
described here, see reference [9] for details.

For the example of metallic structure, an arbitrary
reward function is chosen. It depends only on the
loss of thickness, since this is the critical factor to
monitor. Note that the other components of our
process can be taken into account without any addi-
tional difficulty. In general, the reward function
should take into account several kinds of costs and
constraints, namely
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» the cost related to the unavailability of the struc-
ture, including any penalty;

» the intervention and maintenance or inspection
cost;

e the operational constraints, an intervention can-
not be scheduled at any time;

» failsafe constraints.

Their respective weight is problem-specific. In this
example, the reward function is built to reflect that
beyond a loss of thickness of 2.10~* m, the structure
is unusable, so it is too late to perform maintenance.
Conversely, if the thickness loss is small, such a
maintenance is unnecessarily costly. Define a piece-
wise affine function g for which values are given at
the points in the table in Fig. 3. As for the choice of
the computational horizon N, numerical simula-
tions show that over 25 changes of environment, all
trajectories exceed the critical threshold of 2.10~* m.
Therefore the time horizon is set to be the 25th
jump (N =25).

4 NUMERICAL PROCEDURE

In reference (5], the authors propose a numerical
method to approximate the value function for the
optimal stopping problem of a PDMP. The approach
is based on quantization of the post-jump location —
inter-arrival time Markov chain naturally embedded
in the PDMP, and path-adapted time discretization
grids. It makes possible the derivation of bounds for
the convergence rate of the algorithm and provides a
computable e-optimal stopping time. The iterative
algorithm proposed in reference [5] to calculate an

approximation of the value function is based on a dis-
cretization of the operator L defined in equation (2).
This poses several problems, related to maximizing
continuous functions, the presence of the indicator,
and the presence of conditional expectations. These
three problems are nevertheless overcome by using
the specific properties of PDMPs, and the fact that the
operator L depends only on the Markov chain
(Zy, Sp}. Our algorithm for calculating the value func-
tion is divided into three stages described below: a
quantization of the Markov chain (Z,,S,), a path-
adapted time discretization between jumps, and

finally a recursive computation of the value function

v. Then, the calculation of a quasi-optimal stopping
time only uses comparisons of quantities already cal-
culated in the approximation of the value function,

which makes this technique particularly attractive.

4.1 Quantization

The goal of the quantization step is to replace the
continuous state space Markov chain (Zn) Sn) by a
discrete state space chain (Z,, S,). The quantization
algorithm is described in detail in, for example,
references {11], [12], [13], or [14]. The principle is to
obtain a finite grid adapted to the distribution of the
random variable, rather than building an arbitrary
regular grid. Random variables rather than the state
space are discretized, the idea is to put more points
in the areas of high density of the random variable.
The quantization algorithm is based on Monte Carlo
simulations combined with a stochastic gradient
method. Tt provides N+1 grids I',,0s=p=<=N of
dimension d+ 2, one for each couple (Z,, S,), with K
points in each grid. The algorithm also provide

Loss
of thickness [ 0 0.05 0.1 1015 0.18 0.19 {02

(mm)

Value of
the reward | O 0.1 04 1.0 4.0 30 1]

function

Fig. 3 Graphical representation and definition of the cost function as a function of the thickness

loss (in mm)
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weights for the grid points and probability transition
between two points of two consecutive grids.

Note that p, is the projection to the nearest
neighbour (for the Euclidean norm) from R%*2 onto
T'y. The approximation of the Markov chain (Z,Sy)
is constructed as

(Zn, Sp) = PulZn, Su)

Note that Z, and 5, depend on both Z,, and §,,. The
quantization theory ensures that the I2 norm of the
distance between (Z,, §,) and (Z,, Sn) tends to ¢ as
the number of points K in the quantization grids
tends to infinity, see reference [13].

It should be noted that when the dimension of Z
is large, N is large, and one wants to obtain grids
with a large number K of points, the quantization
algorithm can be time-consuming. However, the
grid calculations can be made in advance and
stored. They depend only on the distribution of the
process, and not on the cost function. Figure 4 gives
an example of quantization grid for the standard
normal distribution in two dimensions. It illustrates
that the quantization algorithm puts more points in
areas of high density.

4.2 Time discretization

Now the continucus maximization of the operator L
is replaced by a finite maximization, that is to say
that one must discretize the time intervals [0, t*(z}]
for each z in the quantization grids. For this, choose
a time step A <#*(z) (which may depend on z) and
construct the grids G(z) = {t1, ..., 5} defined by

(a) Standard normal density in 2D

¢ 7(2) Is the integer bart minus 1 of #*(zypA=1 o0 -
o forl=i<n(z), =i | I

Grids are obtained that not only do .not contain
£*(z}, but in addition, their maximunm i strictly less
than 7*(2) - A, which is a crucial property to derive
error bounds for the algorithm, see reference [5].
Note also that only a finite number of grids G(z) is
needed, corresponding to the z in the quantization
grids (Tn)o<n<n. Calculation of these time grids
can still be made in advance. Another solution is to
store only A and #(z) which are sufficient to recon-

struct the grids.

In practice, a A that does not depend on z is cho-
sen. To ensure that there are no empty grids, the
minimum of £*(z) on all grids of qQuantization is first

ccalculated, then a A adapted to this value is chosen.

4.3 Approximate calculation of the value function

One now has all the tools to provide an approxima-
tion of the operator L. For each 1 = n < N, and for
all z in the quantization grid at time n — 1, set

Lo(w,g)(2)= Jmax ){E [W(Zp1)1 (Spcurt@)}

8O Zn, N 512y =2]}

nEUALY

v E[w(zn)lfn,l :z]

Note that because there are different quantized
approximations at each time step, there also are dif-
ferent discretizations of operator L at each time
step. One then constructs an approximation of the

(b} Quantization grid

Fig. 4 Example of quantization grid for a normal distribution
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value function by backward iterations of the opera-
tors Ly

Un=g
ﬁ-1‘1—1(2-1171) :En(ﬁmg)(z 1), 1l=n=sN

Then take 7o(Z,) = Dy(z) as an approximation of the
value function v at the starting point z of the PDMP.
It should be noted that the conditional expectations
taken with respect to a process with discrete state
space are actually finite-weighted sums. .

Theorem 4.1 Under assumptions of Lipschitz reg-
ularity of the cost function g and local characteristics
(®,A, Q) of the PDMP, the approximation error in
the calculation of the value function is

”ﬁo(Z) — VU(Z)“Z = C\!EQ

where C is an explicit constant which depends on
the cost function and local characteristics of the
PDMP, and EQ is the quantization error.

Since the quantization error tends to 0 when the
number of points in the quantization grid increases,
this result shows the convergence of our procedure.
Here, the order of magnitude as the square root of
the quantization error is due to the presence of indi-
cator functions, which slow convergence because of
their irregularity. To get around the discontinuity of
these functions, it is proved that the sets where they
are actually discontinuous are of very low probabil-
ity. The precise statement of this theorem and its
proof can be found in reference [5],

4.4 Calculation of a quasi-optimal stopping time

A method to compute an s-optimal stopping time
has also been implemented. The discretization is
much more complicated and subtle than that of
operator L, because one needs both to use the true
Markov chain (Z,,S,) and its guantized version
(Z,, 8. The principle is as follows:

» Attime 0, with the values Z, =z and S, =0, calcu-
late a first date R, which depends on Z,, S, and
on the value that has realized the maximum in
the calculation of I {7, 9.

* Then the process is allowed to run normally until
the time Ry A T3, that is the minimum between
this computed time R, and the first change of
environment. If R, comes first, it is the date of
near-optimal maintenance; if T, comes first, the
calculation is reset.

e Attime Ty, with the values of Z, and $;, calculate
the second date R, which depends on Z; and 5

and on the the value that has realized the maxi-
mum in the calculation of I, (7>, 2.

» Then the process is allowed to run normally until
the time (T,+Ry)A Ty, that is the minimum
between the computed remaining time R, and
the next change of environment. If T} + R, comes
first, it is the date of near-optimal maintenance;
if T, comes first, reset the calculation, and so on
until the Nth jump time where maintenance will
be performed if it has not occurred before.

The quality of this approximation has been proved
by comparing the expectation of the cost function
of the process stopped by the above strategy to the
true value function. This result, its proof, and the
precise construction of our stopping time procedure
can be found in reference [5].

This stopping strategy is interesting for several
reasons. First, this is a real stopping time for the
original PDMP which is a very strong result. Second,
it requires no additional computation compared to
those made to approximate the value function. This
procedure can be easily performed in real time, and
only requires an observation of the process at the
times of change of environment, which is exactly
the availabie inspection data for our metallic struc-
ture. Moreover, even if the original problem is an
optimization on average, this stopping rule is path-
wise and is updated when new data arrive on the
history of the process at each change of environ-
ment. Finally, as our stopping procedure is of the
form intervene at such date if no change of environ-
ment has occurred in the meantime, it makes it pos-
sible in some measure to have maintenance
scheduled in advance. In particular, our procedure
ensures that there will be no need to perform main-
tenance before a given date, which is crucial for the
example as a submarine in operation should not be
stopped at short notice.

5 NUMERICAL RESULTS

This procedure has been implemented for the
optimization of the maintenance of the metallic
structure described in section 2. With the reward
function chosen, it is easy to see that the true value
function at our starting point is 4, which is the maxi-
mum of the reward function g, and an optimal stop-
ping time is the first moment when the loss reaches
1,8.107* m thick (value where g reaches its maxi-
mum). This is because the cost function only
depends on the thickness loss, which evolves
continuously increasing over time. However, our
numerical procedure is valid for any sufficiently
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" regular reward function, and the knowledge of the
| true value function or optimal stopping time shall
L not be used in the numerical procedure. Besides,
- recall that the thickness loss is not measured
} continuously.

I While running the algorithm described in the pre-
 vious section, an unexpected difficulty in the con-
| struction of the quantization grids was encountered.
; Indeed the scales of the different variables of the
! problem are radically different: from about 10~° for
 p to 10° for the average time spent in environment
2. This poses a problem in the classical quantization
| algorithm as searching the nearest-neighbour and
 ‘gradient calculations are done in Euclidean norm,
 regardless of the magnitudes of the components,
 Figure 5 illustrates this problem by presenting two
t examples of quantization grids for a uniform distri-
| bution on [0, 1]X[0, 5000]. The left image shows the
 result obtained by the conventional algorithm, the
 right one is obtained by weighting the Euclidean
f lorm (o renormalize each variable on the same
 scale. It is clear from this example that the conven-
E tional method is not satisfactory, because the grid
 obtained is far from uniform. This defect is cor-
trected by a renormalization of the variables.
f Therefore a weighted Euclidean norm is used to
 quantify the Markov chain associated with our
 degradation process.

| Figure 6 shows some projections of the quantiza-
F tion grids with 2000 points that were obtained. The
 times are chosen in order to illustrate the random
and irregular nature of the grids, they are custom
built to best approach the distribution of the degra-
 dation process.

| Figure 7 shows two examples of computation of
- the quasi optimal maintenance time on two specific

simulated trajectories. The thick vertical line repre-
sents the moment provided by the algorithm to per-
form maintenance. The other vertical lines
materialize the moments of change of environment,
the horizontal dotted line the theoretical optimum.
In both examples, we stop at a value very close to
the optimum value. In addition, the intervention
took place before the critical threshold of 2.104 m

An approximate value function v was calculated
in two ways. The first one is the direct method
obtained by the algorithm described above. The sec-
ond one is obtained by Monte Carlo simulation
using the quasi-optimal stopping time provided by
our procedure. The numerical results obtained are
summarized in Table 1.

As expected, the greater the number of points in
the quantization grid, the better our approximation
becomes. Furthermore, the specific form of this cost
function g indicates that at the threshold of 1, the
intervention takes place between 1,5.10~% and
2.107* m, and when the threshold increases, this
range is narrowed. Qur approximation is therefore
good even for low numbers of grid points. The last
column of the table also shows the validity of our
stopping rule. It should be noted here that this rule
does not use the optimal stopping time stop at the
first moment when the thickness loss reaches
1,8.10"* m. The method used is general and imple-
mentable even when the optimal stopping time is
unknown or does not exist.

As already mentioned, in this particular example
the optimization process has a theoretical solution
since the gain function depends only on the thick-
ness loss that evolves continuously over time. An
optimal maintenance date is therefore obtained by
intervening when the thickness loss reaches the
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Fig. 7 Examples of stopped trajectories with the optimal maintenance time calculated by the

algorithm

maximum of the gain function, that is 1,8.10 %m.
Note that the numerical procedure here does not
use this theoretical solution. The maintenance date
obtained by the proposed numerical procedure has
been compared to the theoretical one. More

precisely, a histogram for each distribution was
obtained by Monte Carlo simulations of the numerij-
cal and theoretical intervention times (Fig. 8). Both
histograms are strikingly alike, showing the accuracy
of our approximation. The trajectories of the
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Table 1 Numerical results for the calculation of the

Table 2 Quantiles of the approximated intervention

value function time
Number of Approximation Approximation Threshold Probability that the
points in the of the value of the value intervention time is below
quantization function by function by the threshold
grids the direct algorithm Monte Carlo
with the 5 years 0.0002
quasi-optimal 10 years 0.0304
stopping time 15 years 0.0524
20 years 0.0793
10 2.48 0.94 40 years 0.2647
50 2.70 1.84 60 years 0.6048
100 2.94 2.10 80 years 0.8670
200 3.08 2.63 100 years 0.9691
500 3.39 3.15 150 years 0.9997
1000 3.56 3.43
2000 3.70 3.60
5000 3.92 3.73
8000 3.86 3.75

physical corrosion process roughly speaking fall into
two categories. Either one selects a high corrosion
rate and so reaches the threshold early correspond-
ing to the first peak of the distribution; or one stays
a long time in a low-corrosive environment and so
reaches the threshold much later, corresponding to
the second peak of the distribution. This behaviour
is obvious in Fig. 2 showing 100 trajectories, and in
Fig. 6 showing two trends in the quantization grids,
as well as in the histogram, as explained above. This
point explains the bimodal distribution of the inter-
vention time,

One can also estimate the probability that this
moment is below certain thresholds, see Table 2.

These results are interesting for Astrium in the
design phase of the structure to optimize margins
from the specifications and to consolidate the

2000 T T T T T T

1800

1600

1400
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1000

800

800 |

400

200

0 20 40 60 80 100 120 140 160 180 200

(a) Approximated.

100 000 Monte Carlo simulations

design margins available. Thus, one can justify that
with a given probability no maintenance will be
required before the termination date of the contract.

6 CONCLUSIONS

The numerical method described in [3] has been
applied to a practical industrial example to approxi-
mate the value function of the optimal stopping
problem and a quasi-optimal stopping time for a
piecewise-deterministic Markov process, which is
the quasi-optimal maintenance date for our struc-
ture. The quantization method proposed can some-
times be costly in computing time, but has a very
interesting property: it can be calculated off-line.
Moreover, it depends only on the evolutionary char-
acteristics of the model, and not on the cost func-
tion chosen, or the actual trajectory of the specific
process one wants to monitor. The calculation of
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Fig. 8 Distribution of the approximated (left) and theoretical (right) optimal stopping times for
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the optimal maintenance time is done in real time.
This method is especially attractive as its applica-
tion requires knowledge of the system state only at
moments of change of environment and not in con-
tinuous time. The optimal maintenance time is
updated at the moments when the system switches
to another environment and has the form intervene
at such date if no change of mode takes place in the
meantime, which makes it possible to schedule
maintenance services in advance.

This method has been implemented on an exam-
ple of optimization of the maintenance of a metallic
structure subject to corrosion, and very satisfactory
results were obtained, very close to theoretical val-
ues, despite the relatively large size of the problem.
These results are interesting for Astrium in the
design phase of the structure to maximize margins
from the specifications and to conselidate the avail-
able dimensional margins. Thus, tools are proposed
to justify that with a given probability no mainte-
nance will be required before the end of the
contract.

The application presented here is an example of
maintenance s good as new of the system. The next
step will be to allow only partial repair of the sys-
tem. The problem will then be to find simultane-
ously the optimal times of maintenance and
optimal repair levels. Mathematically, it is an
impulse control problem, the complexity of which
greatly exceeds that of the optimal stopping. Here
again, the problem is solved theoretically for PDMP,
but there is no practical numerical method for these
processes in the literature. The authors now work in
this direction and hope to be able to extend the
results presented above.
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APPENDIX

List of notation

d dimension of the state space

Amax threshold of 2.107* + 10~%m

d; thickness loss at time ¢

OE,, boundary of E,,

A time step

E open subset of R?

ur transition time in environment i

g(-) reward function

G(z) time discretization grid

Ve remaining anti-corrosion protection
at time ¢

'y quantization grids
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range of the corrosion rate in envi-
ronment I

number of discretization points
dynamic programming operator
approximation of 7,

jumps intensity

mean time spent in environment i
integral of A°® over time

finite set of possible modes

set of stopping times dominated by
In

number of points in G(z) -

jump time horizon

projection operator on Iy,
continuous flow

markov kernel

sequence of tentative intervention
times

corrosion rate at time ¢

Cn)§a

=

b T
-*

()

T,
T

v(-)=up(-)

vp{-)
Tn(-)
w(-)
X, ={my, x;)

K4
Zy

Ny
=

inter-jump times of the PDMP
quantization of S,

time

deterministic exit time from the
state space

n-th jump time of the PDMP
stopping time

value function of the optimal stop-
ping probiem

iterative value function
approximation of v,

function on MxR% oron T,
piecewise deterministic Markov pro-
cess (PDMP)

starting point of the PDMP

mode and location of the PDMP
after the n-th jump

quantization of Z,,
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Abstract

We present a numerical method to compute an optimal maintenance date
for the test case of the heated hold-up tank. The system consists of a tank
containing a fluid whose level is controlled by three components: two inlet
pumps and one outlet valve. A thermal power source heats up the fluid. The
failure rates of the components depends on the temperature, the position of
the three components monitors the liquid level in the tank and the liquid
level determines the temperature. Therefore, this system can be modeled
by a hybrid process where the discrete (components) and continuous (level,
temperature) parts interact in a closed loop. We model the system by a
piecewise deterministic Markov process, propose and implement a numerical
method to compute the optimal maintenance date to repair the components
before the total failure of the system.

Keywords: Maintenance Optimization, Numerical Method, Hybrid
process, Piecewise Deterministic Markov Process, Dynamic reliability
2010 MSC: 93E20, 93E25, 60J25, 34K34

1. Introduction

A complex system is inherently sensitive to failures of its components.
One must therefore determine maintenance policies in order to maintain an
acceptable operating condition. Optimizing the maintenance is a very im-
portant problem in the analysis of complex systems. It determines when it
is best that maintenance tasks should be performed on the system in order
to optimize a cost function: either maximize a performance function or con-
versely minimize a loss function. Moreover, this optimization must take into

Preprint submitted to Reliability Engineering € System Safety February 23, 2018



account the random nature of failures and random evolution and dynamics
of the system.

The example considered here is the maintenance of the heated hold-up
tank, a well know test case for dynamic reliability, see e.g. [1, 2, 3, 4].
The system consists of a tank containing a fluid whose level is controlled by
three components: two inlet pumps and one outlet valve. A thermal power
source heats up the fluid. The failure rate of the components depends on the
temperature, the position of the three components monitors the liquid level in
the tank, and in turn, the liquid level determines the temperature. The main
characteristic of this system is that it can be modeled by a stochastic hybrid
process, where the discrete and continuous parts interact in a closed loop.
As a consequence, simulating this process and computing related reliability
indices has been a challenge for the dynamic reliability community. To our
best knowledge, optimization of maintenance policies for the heated hold-up
tank has not been addressed yet in the literature.

The only maintenance operation considered here is the complete replace-
ment of all the failed components and the system restarts in its initial equilib-
rium state. Partial repairs are not allowed. Mathematically, this problem of
preventive maintenance corresponds to a stochastic optimal stopping prob-
lem as explained by example in the book of Aven and Jensen [5]. It is a
difficult problem because of the closed loop interactions between the state
of the components and the liquid level and temperature. A classical ap-
proach consists in using condition-based maintenance (CBM) to act on the
system based on its current state and before its failure. One can for example
calculate the remaining useful life (RUL) of the system and the preventive
replacement is carried out when the deterioration level exceeds a certain
threshold or enters in a certain state [6, 7]. Our approach also takes into
account the current state of the process, but our decision rule is not based
on damage accumulation nor does it correspond to hitting some threshold.
Instead, it involves a performance function that reflects that the longer the
system is in a functioning state the better.

The dynamics of the heated hold-up tank can be modeled by a piecewise
deterministic Markov process (PDMP), see [4]. Therefore, our maintenance
problem boils down to an optimal stopping problem for PDMP’s. PDMP’s
are a class of stochastic hybrid processes that has been introduced by Davis
[8] in the 80’s. These processes have two components: a FEuclidean compo-
nent that represents the physical system (e.g. temperature, pressure, ...)
and a discrete component that describes its regime of operation and/or its



environment. Starting from a state x and mode m at the initial time, the
process follows a deterministic trajectory given by the laws of physics until
a jump time that can be either random (e.g. it corresponds to a componen-
t failure or a change of environment) or deterministic (when a magnitude
reaches a certain physical threshold, for example the pressure reaches a crit-
ical value that triggers a valve). The process restarts from a new state and
a new mode of operation, and so on. This defines a Markov process. Such
processes can naturally take into account the dynamic and uncertain aspects
of the evolution of the system. A subclass of these processes has been intro-
duced by Devooght [1] for an application in the nuclear field. The general
model has been introduced in dynamic reliability by Dutuit and Dufour [9].

The objective and originality of this paper is twofold. First, we propose
an optimization procedure for a well-known benchmark in the dynamic relia-
bility literature. The tank model was first introduced by [12] where only one
continuous variable (liquid level) is taken into account, and then in [13] and
[2] where the second variable (temperature) is introduced. They have tested
various Monte Carlo approaches to simulate the process to compute reliability
and safety indices. In [14], the authors have used the same system to present
continuous cell-to-cell mapping Markovian approach (CCCMT) still to simu-
late the process. The simulation of the holdup tank example has been and is
still widely studied in the literature (not exhaustive) [15, 16, 17, 18, 19, 11].
Here we go one step further and not only propose to simulate the tank process
but also we optimize it.

Second, even though PDMP’s have been recognized as a powerful model-
ing tool for dynamic reliability problems [1, 9], there are very few numerical
tools adapted to these processes. Our aim is to further demonstrate the high
practical power of the theoretical methodology described in [10], by applying
it to the tank benchmark. In [10], the authors have proposed a numerical
algorithm to optimize PDMP’s and have studied its theoretical properties.
This optimization procedure was first applied to an example of maintenance
of a metallic structure subject to corrosion, without closed loop interactions
or deterministic jumps. In addition, the system has only one continuous vari-
able and the cost function is simple and does not depend on time, see [11].
In this paper, we adapt the numerical procedure proposed in [10] to the more
challenging heated hold-up tank problem with two continuous variables, de-
terministic jumps when these variables hit some given boundaries and closed
loop interactions between continuous and discrete variables. Furthermore,
we consider a cost function that depends on both continuous variables as
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well as on the running time.

The remainder of this paper is organized as follows. In section 2, the
dynamics of the heated hold-up tank is presented with more details as well
as the framework of PDMP’s. In section 3 the formulation of the optimal
stopping problem for PDMP’s and its theoretical solution are briefly recalled
and the four main steps of the algorithm are detailed. In section 4 the
numerical results obtained on the example of the tank are presented and
discussed. Finally, in section 5 a conclusion and perspectives are presented.

2. Model

We are interested in the maintenance of a heated hold-up tank. The
dynamics of the tank can be modeled by a piecewise deterministic Markov
process (PDMP). We first describe with more details the dynamics of the
tank, then we recall the definition and some basic properties of PDMP’s. The
tank model is a well known benchmark in dynamic reliability. It was first
introduced by [12] where only one continuous variable (liquid level) is taken
into account, and then in [13] and [2] where the second variable (temperature)
is introduced. We have kept the values of the parameters defined in those
papers.

2.1. The heated hold-up tank

The system is represented on Figure 1. It consists of a tank containing a
fluid whose level is controlled by three components: two inlet pumps (units
1 and 2) and one outlet valve (unit 3). A thermal power source heats up the
fluid. The variables of interest are the liquid level h, the liquid temperature
0 and the state of the three components and the controller. Each component
has four states: ON, OFF, Stuck ON or Stuck OFF. Once a unit is stuck
(either on or off) it cannot change state. The possible transitions between
these four states are given in Figure 2. Thus, by a random transition a
working unit can only become stuck (either on or off). The initial state of
the components is ON for units 1 and 3 and OFF for unit 2. The intensity
of jumps A for unit 7 depends on the temperature through the equation
N = a(0)l" with a(f) given in Eq. (1), see [13, 2]

_ brexp (be(0 — 20)) + by exp ((— ba(6 — 20))

a(6) — . 0
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Figure 1: The heated hold-up tank

ON OFF

N N

Stuck ON Stuck OFF

Figure 2: Transitions for unit ¢

Function a(#) is represented on Figure 3 and the various parameters come
from the literature, see [13, 2], and are given in Table 1. The special form of
the failure rate \* as a product of a constant depending on i and a function of
the temperature allows for all three units to have failure rates with the same
dependence on the temperature, but different scaling parameters. Indeed, at
the reference temperature of 20°C', the mean time to failure of unit 1 is 438h,
for unit 2, it is 350h and for unit 3 it is 640h.

In addition, the shape for function a(f) was chosen in the original bench-
mark so that there is a very high failure rate when the temperature is high.
More specifically, the parameters are chosen such that a(f) is lowest (equal
to 1) when the temperature is equal to a reference temperature of 20°C, it
equals 20 when the temperature is 0°C' and it is highest (equal to 80) when



Figure 3: a(f) as a function of ¢

the temperature equals the critical temperature of 100°C'. The exponential
functions are chosen in order to enable this very high dependence with the
temperature. Roughly speaking, the units fail 80 times more often when the
temperate is 100°C' than when it is 20°C.

In addition, control laws are used to modify the state of the components
to keep the liquid within two acceptable limits: 6 meters and 8 meters. If
the liquid level drops under 6 m, the components 1, 2, 3 are put respectively
in state ON, ON and OFF (provided they are not stuck). If the liquid level
rises above 8 m, the components are put respectively in the state OFF, OFF
and ON (provided they are not stuck). Unlike the classical model presented
in [1, 2, 3, 4], we also allow the control unit to fail. At each solicitation, the
control may succeed with probability p = 0.8 independently from previous
successes. Once it has failed, it will never succeed again. Therefore the
control unit has two possible states: working 1 or failed 0.

The evolution of the liquid level A depends on the position of the three
components through the differential equation (2)

oh

ot
where v; = 1 if component ¢ is ON or Stuck ON, v; = 0 otherwise, and G is
the common flow of the three components and is given in Table 1. The initial
level is hg = 7 m. Eq. (2) simply means that each pump on contributes to
rise the liquid level, whereas if the outlet valve is on, it contributes to the
decrease of the liquid level. The temperature # depends on the liquid level
through the differential equation (3)

= (11 + 1o — 1B)G, (2)



Parameter Value
b1 3.0295
by 0.7578
be. 0.05756
ba 0.2301
O;in, 15°C
[ 2.2831-1073 1
[? 2.8571-1073 p~!
3 1.5625- 1073 A7t
G 1.5 mh~!
K 23.88915 m°Ch~!

Table 1: Parameters for the tank dynamics

where 6,, is the temperature of the incoming fluid, and K is a constant of
the tank, the values of these parameters are given in Table 1. As the tank is
heated and the incoming liquid has a constant temperature 6,,, Eq. (3) re-
flects that the temperature converges to an equilibrium state as long as there
is some incoming fluid. The temperature can increase to the threshold 100°C'
if there is no incoming fluid. The initial temperature is 6, = 30.9261°C', so
that the system is initially at an equilibrium state, and nothing happens until
the failure of one of the components. The system stops as soon as one of
the top events is reached: dry out (h < 4 m), overflow (h > 10 m) or hot
temperature (¢ > 100°C').

2.2. Piecewise deterministic Markov processes

As in [4], we model the tank by a Piecewise-deterministic Markov pro-
cesses (PDMP). PDMP’s are a general class of hybrid processes. They are
defined as follows. Let M be the finite set of the possible modes of the sys-
tem. In our tank example, the modes correspond to the possible positions
of the inlet pumps, outlet valve and control unit. The components can be
ON, OFF, stuck ON or Stuck OFF, the control unit can be in position 0 or
1. Therefore, there are 128 possible modes for our system (but only 74 can
actually be reached from the equilibrium starting point).

For all modes m in M, let E,, be an open subset in R%. In our case d = 3
as we need to take into account the running time as well as the liquid level and
temperature, and E,, is a subset of (4,10) x [15,100) x [0, +00) (depending



on m). A PDMP is defined from three local characteristics (®, A, Q) where

o the flow ® : M xR?¢xR — R?is continuous and for all s, > 0, one has
O(-, - t+s) = P(P(+,,5),t). It describes the deterministic trajectory
of the process between jumps. In the tank example, it is given by the
solution of Eq. (2) and (3). For all (m,z) in M x E,,, set

t*(m,z) = inf{t > 0: ®(m, x,t) € OF,,}, (4)

the time to reach the boundary of the domain starting from & in mode
m. For the tank, the boundary is one of the thresholds 4 m, 6 m, 8 m,
10 m, 100°C" or 1000 hours for the running time.

e the jump intensity A\ characterizes the frequency of jumps. For all
(m,z) in M x E,,, and t < t*(m, x), set

A(m, a:,t):/o AM®(m,x, s)) ds. (5)

For the tank the jump intensity given a mode m is the sum of the
intensities \; for the remaining possible jumps of the three units.

e the Markov kernel () represents the transition measure of the process
and allows to select the new location and mode after each jump. In our
example, () acts only on the mode components and leaves the liquid
level h, temperature # and running time unchanged. It selects one of
the remaining possible failures of the three components, or corresponds
to an attempted control law.

The trajectory X; = (my, ;) of the process can then be defined iteratively.
It starts at an initial point Xy = (ko, yo) with kg € M and yy € Ey,. For the
tank, kg = (ON,OFF,ON, 1) and y, = (7,30.9261,0). The first jump time
Ty is determined by Eq. (6)

e~Akowod) if ¢ < ¢*(ko, yo),
Proyo) (11 > 1) = { 0 it t > t*(ko,yo)- (6)

It corresponds to the first failure time of one of the components as in our case
t*(ko, yo) = +00. On the interval [0, T}), the process follows the deterministic
trajectory m; = ko and @, = ®(ko,yo,t). At the random time T}, a jump



occurs. Note that in general a jump can be either a discontinuity in the Eu-
clidean variable x; or a change of mode. The process restarts at a new mode
and /or position X7, = (ky, ), according to distribution Qg, (P (ko, vo,11), ).
An inter jump time Ty — T} is then selected in a similar way, and on the in-
terval [T7,T3) the process follows the path m;, = ky and @, = ®(ky,y1,t —17).
Thereby, iteratively, a PDMP is constructed, see Figure 4 for an illustration.

ko k1

ko ( (Ko, v0,T1), )

Ky 1,91,52), )

Figure 4: An example of path for a PDMP until the second jump. The first jump is
random. The second jump is deterministic because the process has reached the boundary
of the domain.

Let Zy = Xy, and forn > 1, Z, = Xr,,, location and mode of the process
after each jump. Let Sy = 0, S; = T7 and forn > 2, S, = T,, — T,,_1 the
inter-jump times between two consecutive jumps, then (Z,, S, ) is a Markov
chain, which is the only source of randomness of the PDMP and contains all
information on its random part. Indeed, if one knows the jump times and
the positions after each jump, one can reconstruct the deterministic part of
the trajectory between jumps. Namely, if one knows the time and nature of
all the components failures, one can reconstruct the history of the liquid level
and temperature though Eq. (2) and (3). It is a very important property of
PDMP’s that is at the basis of the numerical procedure.

3. Optimization problem

3.1. General framework

The general mathematical problem of optimal stopping corresponding to
this maintenance problem can be found in [20, 10, 11]. It is now briefly
recalled. Let z = (ko,yo) be the starting point of the PDMP (X;). Let M
be the set of all stopping times 7 for the natural filtration of the PDMP (X;)



satisfying 7 < T that is to say that the intervention takes place before the
time T = 1000 h. It has been shown in previous studies that by 1000 7,
all the units are stuck and the events of interest have been observed, see
e.g. [1, 2, 3, 4]. Let g be the cost function to optimize. Here, g is a reward
function that has to be maximized. The optimization problem to solve is
given in Eq. (7)

v(2) = sup E.[g(X.)]. (7)

reM;

The function v is called the value function of the problem and represents the
maximum performance that can be achieved. Solving the optimal stopping
problem is firstly to calculate the value function, and secondly to find a
stopping time 7 that achieves this maximum. This stopping time is important
from the application point of view since it corresponds to the optimum time
for maintenance. In general, such an optimal stopping time does not exist.
Define then e-optimal stopping times as achieving optimal value minus €, i.e.
v(z) — €.

Under fairly weak regularity conditions, Gugerli has shown in [20] that
the value function v can be calculated iteratively as follows. First, choose the
computational horizon N such that after N jumps, the running time ¢ has
reached T for almost all trajectories. Let vy = ¢ be the reward function, and
iterate an operator L backwards, see Eq. (8). The function vy thus obtained
is equal to the value function v.

' Yl (®)
vy = L(vgs1,9), 0<k<N-1

Operator L defined in Eq. (9) is complex and involves a continuous maxi-
mization, conditional expectations and indicator functions, even if the reward
function g is very regular:

L(w, g)(2)
= s {F [w(Z) s oy +9(2(5 0) s zune |20 = 2]}
u<t*(z

However, this operator depends only on the discrete time Markov chain
(Z,,S,). Gugerli also proposes an iterative construction of e-optimal stop-
ping times, which is too technical to be described here, see [20] for details.
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In our example, the reward function has two components g(h,60,t) =
f(h,0)t*. The first one f depends on the liquid level and temperature, and
reflects that the reward is maximal (set to 1) when h and 6 are in the normal
range (6 m < h < 8 m, § < 50°C'), minimal (set to 0) when reaching the
top events: dry out (h < 4 m), overflow (h > 10 m) or hot temperature
(0 > 100°C) and continuous in between, see Figure 5 for an illustration.
The second term t involves the time and reflects that the longer the system
is functioning the higher the reward. The parameter « is set to 1.01 for
smoothness.

Figure 5: Reward function f as a function of h and 6

3.2. Numerical procedure

In [10, 11] the authors propose a numerical method to approximate the
value function for the optimal stopping problem of a general PDMP. The
approach is based on a discretization of the operator L defined above. Our
algorithm for calculating the value function is divided into three stages: a dis-
cretization of the Markov chain (Z,, S, ), a path-adapted time discretization
between jumps, and finally a recursive computation of the value function v.
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Then, the calculation of a quasi-optimal stopping time only uses comparisons
of quantities already calculated in the approximation of the value function,
which makes this technique particularly attractive. These stages are briefly
recalled below.

3.2.1. Quantization

The goal of the first step is to approximate the continuous state space
Markov chain (Z,, S,) by a discrete state space sequence (Z,,S,). To this
aim, we use the quantization algorithm described in details in e.g. [21, 22,
23, 24]. Roughly speaking, more points are put in the areas of high density
of the random variable, see Figure 6 for an example of quantization grid
for the standard normal distribution in two dimensions. The quantization

A0
J7500N 38
oss A0 65500000 O e
IR PR

(a) Standard normal density in 2D (b) Quantization grid
Figure 6: Example of quantization grid for a normal distribution (200 points)

algorithm is based on Monte Carlo simulations combined with a stochastic
gradient method. It provides N + 1 grids, one for each couple (Z,,S,)
(0 < n < N), with a fixed number of points in each grid. The algorithm
also provides weights for the grid points and probability transition between
two points of two consecutive grids fully determining the distribution of the
approximating sequence (ZU :S’\n) The quantization theory ensures that the
L? distance between (Z,, S,) and (Z,, S,,) tends to 0 as the number of points
in the quantization grids tends to infinity, see [23].

3.2.2. Time discretization
Now the continuous maximization of the operator L is replaced by a
finite maximization, that is to say that one must discretize the time intervals
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[0,t*(2)] for a finite number of z, namely each z in the quantization grids.
For this, choose time steps A(z) < t*(z) and take a regular discretization
G(z) of [0,t*(z) — A(2)] with step A(2). The maximum in such grids is less
than ¢t*(z) — A(2), which is a crucial property to derive error bounds for the
algorithm, see [10].

3.2.3. Approximate calculation of the value function

One now has all the tools to provide an approximation of the operator L
given in Eq. (10). For each 1 <n < N, and for all zin the quantization grid
at time n — 1, set

Zn<w> 9)(2)

= ulélg(}i) {E [w(Zn_l)]l{§n<uAt*(z)} + g(P(

~

T ) e o) o1 = 7]}
VE [w(ﬁn)@n_l — 2|. (10)

Note that because there are different quantized approximations at each time
step, there also are different discretizations of operator L at each time step. It
should be also noted that the conditional expectations taken with respect to
a process with finite state space are actually finite weighted sums. One then
constructs an approximation of the value function by backward iterations of
the operators L,,:

LK '} < X - (11)
/U\n—1<Zn—1) - Ln(anag)(zn—1)7 1<n< N.

Then take To(Zy) = 0o(2) as an approximation of the value function v at the
starting point z of the PDMP. The difference between vy(2) and v goes to
zero as the number of points in the quantization grids goes to infinity, see
[10] for details and a convergence rate.

3.2.4. Calculation of a quasi-optimal stopping time

A method to compute an e-optimal stopping time has also been imple-
mented. The discretization is much more complicated and subtle than that
of operator L, because one needs both to use the true Markov chain (Z,, S,,)
and its quantized version (2n, §n) The principle is as follows:

e At time 0, with the values Z; = z and Sy = 0, calculate a first date
Rq which depends on Z,, Sy agd on the value that has realized the
maximum in the calculation of L, (v, g).
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e Then the process is allowed to run normally until the time min{R;, 7} }.
If Ry comes first, it is the date of maintenance, if T} (the date of the
first failure) comes first, the calculation is reset.

e At time 77, with the values of Z; and S, calculate the second date Ry
which depends on Z; and S, angl\ on the the value that has realized the
maximum in the calculation of Ly(y, g).

e Then the process is allowed to run normally until the time min{(7; +
Ry), Ty} If T1+ Ry comes first, it is the date of maintenance, if Ty comes
first, reset the calculation, and so on until the Nth jump time or a total
running time of 1000 h, whichever comes first, where maintenance will
be performed if it has not occurred before.

The quality of this approximation has been proved by comparing the expec-
tation of the cost function of the process stopped by the above strategy to
the true value function. This result, its proof and the precise construction of
our stopping time procedure can be found in [10].

This stopping strategy is interesting for several reasons. First, this is a
real stopping time for the original PDMP which is a very strong theoreti-
cal result. Second, it requires no additional computation compared to those
made to approximate the value function. This procedure can be easily per-
formed in real time. Moreover, even if the original problem is an optimization
on average, this stopping rule is path-wise and is updated when new data
arrive on the history of the process at each new component failure.

4. Numerical results

The numerical procedure described above is valid for a wide class of PDM-
P’s, see [10] for details. It has nice convergence properties. However, to
implement it in practice, one must carefully choose the various parameters

the computation horizon N,

the possibly state dependent time discretization steps A(z),

the number of points in the quantization grids,

the parameters required to build quantization grids.
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These parameters may not be easy to choose for a given application. One
important contribution of this paper is to show that these parameters can
be suitably chosen to optimize the tank.

The numerical procedure described above has been implemented on the
example of the heated holdup tank. We used the exact C++ simulator of tra-
jectories developed for [4], suitably modified to take into account the possible
failures of the command and interfaced with a matlab code for the optimiza-
tion procedure. The jump horizon N was empirically set to 26 jumps, thus
allowing all the trajectories to reach one of the top events h < 4m, h > 10 m,

6 > 100°C or t > 1000 hours.

4.1. Quantization grids

We encountered a new difficulty when deriving the quantization grids,
due to the high cardinality of the possible modes and possibly low prob-
ability of reaching some of them. Our mathematical model for the dy-
namics of the tank is hybrid: there is a discrete mode variable (the po-
sitions of the components and state of the control unit) and a continuous
variable (liquid level, temperature, running time). Of course, one needs
not discretize the mode variable as it can already take only finitely many
values. Our procedure requires one discretization grid at each jump time
of the process. However, at a given jump time, several modes can ap-
pear. For instance, at time 0, the starting mode is (ON,OFF,ON,1).
After the first jump time, one of the components has failed, so there are
now 6 possible modes: (Stuck ON,OFF,ON, 1), (stuck OFF,OFF,ON, 1),
(ON, stuck ON,ON, 1), (ON, stuck OFF,ON,1), (ON,OFF, stuck ON,1)
or (ON,OFF, stuck OFF,1). Table 2 gives the theoretical number of possi-
ble modes at each time step as well as the observed one for 3 - 10? simulated
trajectories. After 5 jumps, the theoretical number of modes is constant e-
qual to 18, but all the 18 modes can actually be observed only as long as the
controller unit does not fail. As the probability for the controller to remain in
its operational state decreases with the number of trials of the control laws,
the 18 modes become increasingly rare and by the 25-th jump time are not
observed anymore, which means that the system has reached one of the top
events and stopped.

The comparatively rare events are problematic for the implementation of
the quantization algorithm. Indeed, one first chooses the number k of dis-
cretization points then usually initializes the algorithm by throwing k trajec-
tories of the process at random. Thus, some rare modes may not be reached
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Time | Theory | Simulations | Time | Theory | Simulation
n=0 1 1 n=20 18 17
n=1 6 6 n=21 18 16
n=2 18 18 n=22 18 14
n=3 30 30 n=23 18 7
n=4 25 25 n=24 18 1
n=>h n=25 18 0

to n=19 18 18 n=26 18 0

Table 2: Theoretical and observed number of modes at each time step for 3 - 102 Monte
Carlo simulations.

by the initial simulations, and the algorithm will not perform well when new
trajectories are thrown reaching these modes. Indeed, the algorithm is based
on a nearest neighbor search, within the nodes having the same mode as the
original point. When no such mode is present, the algorithm provides highly
unsatisfactory results. Therefore, we had to find a way to ensure that the
initializing grids have at least one point in each observed mode for each time
step. To do so, at each time step we allocated the £ points to the possible
modes proportionally to their frequency (computed with 3-10° Monte Carlo
simulations) and forcing 1 point for the modes with frequency less than 1/k.

4.2. Optimal performance and maintenance date

We ran our optimization procedure for several number of discretization
points in the quantization grids. The results we obtained are given in Ta-
ble 3. The optimal performance is our approximation of the value function
v at the starting equilibrium point whereas the last column gives the mean
performance achieved by our stopping rule (obtained by 10° Monte Carlo
simulations). One can observe the convergence as the number of points in
the quantization grids increases, and one can also see that our stopping rule
is indeed close enough to optimality.

We can also obtain the distributions of the maintenance time by Monte
Carlo simulations (10° simulations). It is given in Figure 7. The distribution
is roughly bimodal, with a very high mode (14.16% of trajectories) at time
1000, which means that the tank remained in an acceptable state until the end
of the experiment. For better readability of the histogram, only the value
of 7 < 1000 are plotted on the right-hand side figure. This distribution
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Number of points | Optimal performance | Stopping rule
200 334.34 305.55
300 333.04 319.45
400 332.95 322.20
800 330.43 323.63
1000 330.87 324.04

Table 3: Optimal performance

y

Figure 7: Histogram of the distribution of the computed maintenance time (with and
without the mode at 1000)

(a) distribution (b) zoom of the distribution

illustrates that an average stopping rule would be far from optimal for the
tank. The distribution of the liquid level and temperature at the maintenance
time are given on Figure 8. The distribution of the liquid level is almost
discrete with three main values at levels 6 m (15.16%), 7 m (12.68%) and
8 m (45.45%). This is natural as the liquid level is often constant, and moves
very fast between these 3 states. The distribution of the temperature is also
almost discrete as it is a function of the liquid level for most modes. It has
a maximum at the equilibrium temperature (15,60%). Note that the top
events are never reached for the liquid level, and only 0.02% of trajectories
ended at # = 100°C'. This is a strong point in favor of our procedure.

4.3. Validation

There is no analytical solution to our optimization problem, therefore it
is impossible to compare our results with the true value function. However, it
must be stressed out that there is a theoretical proof in [10] that this proce-
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(a) Liquid level (b) Temperature

Figure 8: Histogram of the liquid level (left) and temperature (right) at the maintenance

time

dure converges to the true value as the number of points in the quantization
grids goes to infinity.

We can also conduct two simple kinds of experiments to validate our
results. First, we can simulate new trajectories and check one by one if
the intervention took place at a reasonable time. Figure 9 shows such an
interesting example.

The system starts in the equilibrium state, so that the reward function
grows roughly linearly with time.

At time 12.94 h, a jump occurs. The first unit is stuck OFF. The liquid
level drops fast and the temperature rises slowly. As the liquid level
and temperature are still within the acceptable bounds, the reward
function is still growing roughly linearly with time.

At time 13.61 h, the liquid level reaches the boundary 6 m and the
controller switches the 3 units to stuck OFF, ON and OFF. The liquid
level now rises whereas the temperature drops.

At time 14.94 h, the liquid level reaches the boundary 8 m and the
controller switches the 3 units back to stuck OFF, OFF and ON. The

liquid level drops again and the temperature rises.

At time 16.27 h, the liquid level reaches again the boundary 6 m and
the controller switches the 3 units back to stuck OFF, ON and OFF.
The liquid level rises and the temperature drops.
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Figure 9: An example of trajectory. The upper chart shows the liquid level, the middle
chart the temperature, and the bottom chart the corresponding reward, as a function of
time. The small circles represent the jumps of regime, and the large circle and red line
the computed maintenance time.

e At time 17.38 h, before the liquid level reaches again 8 m, the second
unit fails and is now stuck ON. The liquid level still rises and the
temperature drops.

e At time 17.60 h, the liquid level reaches the boundary 8 m and the

controller switches the 3 units to stuck OFF, Stuck ON and ON. The
liquid level now remains constant as the temperature drops down to its
equilibrium state.

o At time 150.24 h, the third unit is stuck OFF. The liquid level rises a-
gain rapidly and goes above the acceptable threshold. The temperature

remains constant. The algorithm decides to perform a maintenance at
time 151.58. The final reward is 99.07.

Another example is given in Figure 10.

e The system starts in the equilibrium state, so that the reward function
grows linearly with time.
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Figure 10: An example of trajectory. The upper chart shows the fluid level, the middle
chart the temperature, and the bottom chart the corresponding reward, as a function of
time. The small circles represent the jumps of regime, and the large circle and red line
the computed maintenance time.

e At time 1.71 h, a jump occurs. The third unit is stuck OFF. The liquid
level rises and the temperature remains constant. As the liquid level
and temperature are still within the acceptable bounds, the reward
function is still growing linearly with time.

e At time 2.37 h, the liquid level reaches the threshold 8m and triggers
the command. The solicitation of the command is successful, and the
first unit is turned OFF. The current state is now OFF for units 1 and
2, and stuck OFF for unit 3. The liquid level remains constant at 8 m,
but the temperature rises. At about 9 h, the temperature crosses the
threshold 50°C' so that the reward function is now slowly decreasing.
Note that this does not trigger an immediate maintenance.

e At time 18.22 h, another jump occurs and the second unit is now s-
tuck ON, causing the liquid level to rise again, but the temperature to
decrease. As a result, the reward function is now increasing again.

e The algorithm then selects the maintenance time to be 18.8 h, before
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without maintenance | with maintenance

mean performance 211.80 330.87
null gain 80.33% 0.02%
6<h<8 28.25% 90.02%
6 < 50°C 80.33% 95.09%
h=4 16.65% 0%

h =10 54.55% 0%

6 =100 9.13% 0.02%

Table 4: Comparison of the performances with and without maintenance

the liquid level reaches the level 10 m causing a total failure of the
system.

Note that at this intervention time, the first unit is not stuck, so that other
jumps may happen in the future. In this special example, the intervention
time occurs when the reward is maximal.

Second, one can simply compare the performances of the system when no
maintenance is performed to those with our maintenance rule. The results
are summarized in Table 4. These results are obtained with 10° Monte Carlo
simulations and illustrate the power of our procedure as the mean perfor-
mance is increased by 156% and the top events are almost always avoided.

5. Conclusion

The numerical method described in [10] has been applied to a well known
test case of dynamic reliability to approximate the value function of the
optimal stopping problem and an e-optimal stopping time for a piecewise-
deterministic Markov process, that is the maintenance date for the tank. The
quantization method proposed can sometimes be costly in computing time,
but has a very interesting property: it can be calculated off-line. Moreover
it depends only on the dynamics of the model, and not on the cost function
chosen, or the actual trajectory of the specific process one wants to monitor.
The calculation of the optimal maintenance time is done in real time, mak-
ing our procedure applicable in practice. The optimal maintenance time is
updated at the changes of mode and has a conditional threshold form, which
allows scheduling maintenance services in advance.
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If one only changes the reward function g without changing the dynam-
ics of the tank, one just has to run the optimization part of the algorithm,
and not the quantization grids. This can be done in real time. If one wants
to change the dynamics of the system, or add some components, one has to
rewrite the simulation code for the system, and with this new code re-run the
quantization grids, which can be quite long. However, the general methodol-
ogy is valid for a wide class of piecewise deterministic Markov processes and
not at all specific to the tank.

The method has been implemented on the heated hold-up tank. The main
characteristic of this system is that it can be modeled by a stochastic hybrid
process, where the discrete and continuous parts interact in a closed loop.
The optimization problem under study has no analytic solution. However,
our method is based on a rigorous mathematical construction with proof of
convergence. In addition, simple comparisons between no motoring and our
policy also prove its practical validity with a significant improvement of the
performance of the system (the mean performance is increased by 156% and
the top events are almost always avoided).

Our next project is to extend this research in two main directions. First,
we could allow only partial repair of the system. The problem will then be
to find simultaneously the optimal times of maintenance and optimal repair
levels. Mathematically, it is an impulse control problem, which complexity
exceeds widely that of the optimal stopping. Second, our method requires
a perfect observation of the state process at the jump times. It would be
interesting to extend our results to a noisy observation of the process, as
often happens in real life.
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Optimal stopping for partially observed
piecewise-deterministic Markov processes®

Adrien Brandejsky Benoite de Saporta Francois Dufour

Abstract

This paper deals with the optimal stopping problem under partial observa-
tion for piecewise-deterministic Markov processes. We first obtain a recursive
formulation of the optimal filter process and derive the dynamic programming
equation of the partially observed optimal stopping problem. Then, we pro-
pose a numerical method, based on the quantization of the discrete-time filter
process and the inter-jump times, to approximate the value function and to
compute an actual e-optimal stopping time. We prove the convergence of the
algorithms and bound the rates of convergence.

Keywords: optimal stopping, partial observation, filtering, piecewise determinis-
tic Markov processes, quantization, numerical method
60G40, 60J25, 93E20, 93E25, 93E10, 60K 10

1 Introduction

The aim of this paper is to investigate an optimal stopping problem under partial
observation for piecewise-deterministic Markov processes (PDMP) both from the
theoretical and numerical points of view. PDMP’s have been introduced by Davis
[8] as a general class of stochastic models. They form a family of Markov processes
involving deterministic motion punctuated by random jumps. The motion depends
on three local characteristics, the flow ®, the jump rate A and the transition measure
(2, which selects the post-jump location. Starting from the point x, the motion of
the process (X;)>o follows the flow ®(z,t) until the first jump time 73, which occurs
either spontaneously in a Poisson-like fashion with rate \(®(x,t)) or when the flow
hits the boundary of the state space. In either case, the location of the process
at 17 is selected by the transition measure Q(®(x,T}), ) and the motion restarts
from X7,. We define similarly the time until the next jump and the next post-jump
location and so on. One important property of a PDMP, relevant for the approach
developed in this paper, is that its distribution is completely characterized by the
discrete time Markov chain (Z,, S,)nen where Z,, is the n-th post-jump location
and S, is the n-th inter-jump time. A suitable choice of the state space and local

*This work was supported by ARPEGE program of the French National Agency of Research
(ANR), project FAUTOCOES, number ANR-09-SEGI-004.



characteristics provides stochastic models covering a large number of applications
such as operations research [8, section 33|, reliability [10], neurosciences [17], internet
traffic [7], finance [4]. This list of examples and references is of course not exhaustive.

In this paper, we consider an optimal stopping problem for a partially observed
PDMP (X});>0. Roughly speaking, the observation process (Y;):>o is a point process
defined through the embedded discrete time Markov chain (Z,,, S,,)nen. The inter-
arrival times are given by (S, ),en and the marks by a noisy function of (Z,,),en. For
a given reward function g and a computation horizon N € N, we study the following
optimal stopping problem

sup E [g(X,)],

o<Ty
where Ty is the N-th jump time of the PDMP (X});>0, 0 is a stopping time with
respect to the natural filtration § = (F} )i>0 generated by the observations (Y})i>o.
In some applications, it may be more appropriate to consider a fixed optimization
horizon t; rather than the random horizon T. This is a difficult problem with few
references in the literature, see for instance [11] where the underlying process is not
piecewise deterministic. Regarding PDMP’s, this problem could be addressed using
the same ideas as in [5]. It involves the time-augmented process (X;,t). Although
this process is still a PDMP, its local characteristics may not have the same good
properties as those of the original process leading to several new technical difficulties.

A general methodology to solve such a problem is to split it into two sub-
problems. The first one consists in deriving the filter process given by the conditional
expectation of X; with respect to the observed information §} . Its main objective is
to transform the initial problem into a completely observed optimal stopping prob-
lem where the new state variable is the filter process. The second step consists in
solving this reformulated problem, the new difficulty being its infinite dimension.
Indeed, the filter process takes values in a set of probability measures.

Our work is inspired by [18] which deals with an optimal stopping problem under
partial observation for a Markov chain with finite state space. The authors study
the optimal filtering and convert their original problem into a standard optimal
stopping problem for a continuous state space Markov chain. Then they propose a
discretization method based on a quantization technique to approximate the value
function. However, their method cannot be directly applied to our problem for the
following main reasons related to the specificities of PDMPs.

Firstly, PDMPs are continuous time processes. Although the dynamics can be
described by the discrete-time Markov chain (Z,, S, )nen, this optimization problem
remains intrinsically a continuous-time optimization problem. Indeed, the perfor-
mance criterion is maximized over the set of stopping times defined with respect
to the continuous-time filtration (F} );>o. Consequently, our problem cannot be
converted into a fully discrete time problem.

Secondly, the distribution of a PDMP combines both absolutely continuous and
singular components. This is due to the existence of forced jumps when the process
hits the boundary of the state space. As a consequence the derivation of the filter
process is not straightforward. In particular, the absolute continuity hypothesis (H)
of [18] does not hold.

Thirdly, in our context the reformulated optimization problem is not standard,



unlike in [18]. As already explained, this reformulated optimization problem com-
bines continuous-time and discrete-time features. Consequently, this problem does
not correspond to the classical optimal stopping problem of a discrete-time Markov
chain. Moreover, it is different from the optimal stopping problem of a PDMP under
complete observation mainly because the new state variables given by the Markov
chain (II,,, S;)n>0 are not the underlying Markov chain of some PDMP. Therefore
the results of the literature [9, 13, 18] cannot be used.

Finally, a natural way to proceed with the numerical approximation is then to
follow the ideas developed in [9, 18] namely to replace the filter II,, and the inter-
jump time S,, by some finite state space approximations in the dynamic programming
equation. However, a noticeable difference from [9] lies in the fact that the dynamic
programming operators therein were Lipschitz continuous whereas our new operators
are only Lipschitz continuous between some points of discontinuity. We overcome
this drawback by splitting the operators into their restrictions onto their continuity
sets. This way, we obtain not only an approximation of the value function of the
optimal stopping problem but also an e-optimal stopping time with respect to the
filtration (F} )i>0 that can be computed in practice.

Our approximation procedure for random variables is based on quantization.
There exists an extensive literature on this method. The interested reader may for
instance consult [12, 16] and the references within. The quantization of a random
variable X consists in finding a finite grid such that the projection X of X on this
grid minimizes some L” norm of the difference X ~X. Roughly speaking, such a grid
will have more points in the areas of high density of X. As explained for instance
in [16, section 3], under some Lipschitz-continuity conditions, bounds for the rate of
convergence of functionals of the quantized process towards the original process are
available, which makes this technique especially appealing. Quantization methods
have been developed recently in numerical probability or optimal stochastic control
with applications in finance, see e.g. [16, 2, 3].

The paper is organized as follows. Section 2 introduces the notation, recalls the
definition of a PDMP, presents our assumptions and defines the optimal stopping
problem we are interested in, especially the observation process. The recursive
formulation of the filter process is derived in Section 3. In Section 4, we reduce
our partially observed problem for the PDMP (X});>¢ to a completely observed one
involving the process (Il,,, S;,)nen for which we provide the dynamic programming
equation and construct a family of e-optimal stopping times. Then, our numerical
methods to compute the value function and an e-optimal stopping time are presented
in Section 5 where we also prove the convergence of our algorithms after having
recalled the main features of quantization. Finally, an academic example is discussed
in Section 6 while technical results are postponed to the Appendices.

2 Definition and notation

In this first section, let us define a piecewise-deterministic Markov process (PDMP)
and introduce some general assumptions. For any metric space E, we denote B(E) its
Borel o-field, B(F) the set of real-valued, bounded and measurable functions defined



on F and BL(FE) the subset of functions of B(F) that are Lipschitz continuous. For
a,b € R, denote a A b = min(a, b) and a V b = max(a,b).

2.1 Definition of a Piecewise-Deterministic Markov Process

Let £ be an open subset of R%. Let OF be its boundary and E its closure and for
any subset A of E, A° denotes its complement. A PDMP is defined by its local
characteristics (¢, \, Q).

e The flow ® : R? x Rt — R? is continuous. For all t € R*, ®(-,¢) is an
homeomorphism and ¢t — ®(-,¢) is a semi-group: for all z € R% ®(z,t +
s) = ®(P(x,s),t). For all x € E, define the deterministic exit time from E:
t*(x) = inf{t > 0 such that ®(x,t) € OE}. We use here and throughout the
convention inf () = +o0.

e The jump rate A : E — R" is measurable and satisfies:

Va € E, de > 0 such that /6 AP (z,1))dt < +oo.
0

e Finally, Q is a Markov kernel on (E, B(FE)) which satisfies:

Vo e B, Q(z, E\{z}) = 1.

From these characteristics, it can be shown [8] that there exists a filtered probability
space (0, F, (Fi)ier+, (Pz)zer) on which a process (X;);cp+ is defined. Its motion,
starting from a point x € E, may be constructed as follows. Let 77 be a nonnegative
random variable with survival function:

e MEt if 0 < t < t(z),
where for z € E and t € [0,*(x)], A(z,t) = i \(®(z,s))ds. One then chooses an
E-valued random variable Z; with distribution Q(®(z,T),+). The trajectory of X
for t < T is:
% _{ d(x,t) ift <Ty,
Tl 4 if t =1T7.

Starting from the point Xp, = Z;, one selects in a similar way Sy = 15 — 77 the time
between 77 and the next jump time 75, as well as Z; the next post-jump location
and so on. Davis showed [8] that the process so defined is a strong Markov process
(X¢)t>0 with jump times (7, )nen (7o = 0). The process (Z,,, Sy )nen where Z,, = X7,
is the n-th post-jump location and S,, = T, — T,,_1 (Sp = 0) is the n-th inter-jump
time is clearly a discrete-time Markov chain.

2.2 Notation and assumptions

The following non explosion assumption about the jump-times is standard (see for
example [8, section 24]).



Assumption 2.1. For all (z,t) € E xRT, E, {Zk ]1{Tk<t}] < +00.

It implies that Ty — +00 a.s. when k — +o00. Moreover, we make the following
assumption about the transition kernel ().

Assumption 2.2. We assume that there exists a finite set Ey = {xy,...,2,} C E
such that for all x € E, one has Q(x, Ey) = 1.

In other words, for all n € N, Z, may only take its values in the finite set Ej.
This assumption ensures that the filter process, defined in the next section, has finite
dimension. This is required to derive a tractable numerical method in Section 5.
When this assumption does not hold, one may consider a preliminary discretization
of the transition kernel to introduce it.

Assumption 2.3. We assume that the function t* is bounded on Ey i.e. for all
m € {1,...,q}, we assume that 0 < t*(x,,) < 400.

Definition 2.4. For allm € {1,...,q}, denote t}, = t*(x,,) and assume that x1,. . .,
xq are numbered such that t7 <t5; < ... < tj';. Moreover, let t; = 0.

For any function w in B(E), introduce the following notation

Quia) = [ wy)Q(w.dy) = Y wa)Qe,z),  Cu=supw(z)].

=1 z€E

For any Lipschitz continuous function w in BL(E), denote [w] its Lipschitz constant

L @) - ()
= T

Assumption 2.5. The jump rate X is in B(E) i.e. is bounded by C,.

Denote M(Ep) the set of finite signed measures on Ey and M;(Ey) the subset
of probability measures on Ey. We equip M(Ey) with the norm |- | given by || =
7, |7%| where 7 denotes 7({x;}).

2.3 Partially observed optimal stopping problem

We consider from now on a PDMP (X});>o of which the initial state X, = Z; is a
fixed point 2y € Ey. We assume that this PDMP is observed through a noise and we
now turn to the description of our observation procedure. For all n € N, we assume
that S, is perfectly observed but that Z, is not (except for the initial state Zy). In
some examples, it seems reasonable to consider that the jump times of the process
are observed (for instance, if the jumps correspond to changes of environment) and
that, when a jump occurs, the actual post-jump location is measured with a noise.
The observation process of Z,,, denoted by Y,, is assumed to be of the following form:
Yy = x¢ (deterministic) and for n > 1,

Yn = (p(Zn) + WTH (1)



where ¢ : Ey — R? and where the noise (W,,),>1 is a sequence of Ri-valued, i.i.d.
random variables with bounded density function fy that are also independent from
(Zp, Sp)nen- In order to define real-valued stopping times adapted to the observation
process, we need to consider a continuous time version of the observation process.
We therefore define the piecewise-constant process (Y;):>o with a slight abuse of
notation® as

—+00
Y, = Z ]l[T].,TjH[(t)Y}.
=0

Let ¥ = (F) )i>0 be the filtration generated by (V;);>0 (the observed filtration) and
§ = (F+)r>0 be the filtration generated by (X, Y;)i>o (the total filtration). Without
changing the notation, we then complete these filtrations with all the P-null sets.
This leads us to the following definition.

Definition 2.6. Denote XY the set of () )iso-stopping times that are a.s. finite
and for n € N, define

EZ = {cr e XV such that o < T), a.s.}.
For all n € N, we define the filter II,, € M;(Ey). The quantity II,({z;}), denoted
by II', represents the probability of the event {Z, = z;} given the information

available until time T,, i.e.

vie{l,...,q}, Il = E[l{z,-u

5, (2)
Finally, let N € N be the horizon and g € B(FE) the reward function, we are
interested in maximizing the following performance criterion

E [9(X,)|M = 7]

with respect to the stopping times o € ¥X. The value function associated to this
partially observed optimal stopping problem is given by

v(m) = sup B [g(X,)|My = 7], (3)

Y
JEEN

where 7 is a probability measure in M;(Ey). The solution of our problem is then
obtained by setting 7 = d,,. For some applications, it would be interesting to
consider a more general form for the reward function such as an integral term also
possibly depending on the observation process, see for instance [14]. However, this
new setup would lead to several technical difficulties. In particular, the dynamic
programming would be more complex. Thus the derivation of the error bounds for
the numerical approximation would be possibly intractable.

We will also need the following assumption about the reward function g associ-
ated with the optimal stopping problem.

!The quantity Y,, represents the value of the process (Y;):>o at time ¢ = T}, and must not be
confused with the value of the process at time t = n.



Assumption 2.7. The function g is in B(E) i.e. bounded by C, and there exists
[g]2 € RT such that for alli € {1,...,q} and t,u € [0,t;], one has:

|9(®(2,1)) — 9(P(i,u))| < [glaft —ul.

Now, the aims of this paper are first to explicit the filter process (II,,),en (Sec-
tion 3); second to rewrite the partially observed optimal stopping problem (3) as
a totally observed one for a suitable Markov chain on M;(Ey) x RT (Section 4.1);
third to derive a dynamic programming equation and construct a family of e-optimal
stopping times (Section 4.2); and finally to propose a numerical method to compute
an approximation of the value function and an e-optimal stopping time (Section 5).
As a starting point, we will derive, in the next section, a recursive construction of
the optimal filter that is the key point of our approach.

3 Optimal filtering

The goal of this section is to obtain a recursive formulation of the filter 1I,. As
far as we know, there is no result concerning the filter process for generic PDMPs.
We may however refer to [1] for a recursive formulation of the filter for point pro-
cesses, that can be seen as a sub-class of PDMP’s. For all n € N, we denote
Gn = (Yo,50,...,Yn,S,). The continuous-time observation process (Y;);>o being a
point process in the sense developed in [6], one has §}, = 0(G,) (see [6, page 58,
Theorem T2]). Moreover, §r, = 0(Z, ..., Z,) V), . Concerning the filter IL,, first
notice that, since it is an S%l—measurable random variable, there exists for alln € N
a measurable function 7, : (R? x RT)"*! — M, (E) such that II, = 7,(G,). As in
the case of the Kalman-Bucy filter, the iteration leading from II, ; to II, can be
split into two steps : prediction and correction. For all n > 1, let y, be the condi-
tional distribution of (Z,, S,) given §}. . Thus, y, is a transition kernel defined
on (R? x RT)" x B(Ey x RY) for all j € {1,...,q} and 7,1 € (R x RT)" by

to (1 {25}, ds) = P(Zn = 5,5, € ds|Gp1 = yn1)- (4)

Lemma 3.1. For all vy, € (RYxRT)", we have the following equality of probability
measures on Eg x R x RY | for all j € {1,...,q},

P<Zn = Iy, Yn € dy7 Sn S d3|gn—1 - '771—1) - ,U/;(%‘L—la {‘Ij}a dS)fw(y - 90<xj))dy
Proof Set h in B(Ey x R? x R*), using Eq. (1) that defines Y;,, one has
E [1(Zn, Yo Su)|Gn1 = 1]
q
= Z/h(xj, o(z;) +w,8)P(Z, = x;,5, € ds,W, € dw|Gp—1 = Yp—1).
=1
Moreover, W, is independent from o(Z,, S,) V S%H = 0(Zn, Sn, Gn-1) and admits

the density function fy,. Consequently, one easily obtains the result by using the
change of variable y = ¢(z;) + w. O



Integrating w.r.t. to the first variable in the previous lemma (i.e. summing w.r.t.
z;) yields the following result.

Corollary 3.2. For all v, € (R x R*)", we have the following equality of prob-
ability measures on R? x RY,

q

Z (Vn—1,{x;}, ds) fw (y — 90(%))] dy.

P(Y, € dy,S, € ds|G,—1 = Vn_1)

Lemma 3.3. For alln > 1, v, .1 € (R x RY)" and j € {1,...,q}, the distribution
w., defined by Eq. (4), satisfies

Hy, (Vo1 {wj} ds)

Zﬂ{s% ( 5 w:;1<%_1>A<<1><xi,s))e—AWQ@(a:i,s>,xj>) ds

i=m+1

q
+ 30 (7 (o) e A QR (i, 1), 25) ) B, ().

m=1

Proof Let h be a function of B(Ey x RY). Since 0(G,—1) = §},_, C 1., the
law of iterated conditional expectations yields

E [h(Zn, Sn)’gn—l = 'Vn—l} =E [E {h(Zna Sn)‘STn_J
Besides, §1,,_, = 0(Zo, S0, Wo, .-y Zn—1,Sn—1, Wn_1) so that
E [h(Zn,Sn)lng,l} =E {h Zn, Sn ‘20750, N/ 17Sn—1} :

by independence of the sequences (W,,),en and (Zn,Sn)neN. Now, we apply the
Markov property of (Z,, Sy )nen and a well-known special feature of the transition
kernel of the underlying Markov chain of a PDMP to obtain

E [W(Zn, Su)|1, 1| = B [W(Zn, Su)| Zn-1, Snt] = B [B(Zn, 0)| Zna |

Moreover, the transition kernel can be explicitly expressed in terms of the local
characteristics of the PDMP, and this yields the next equations

On1 = ’Yn—l] .

E[h<Zn7 Sn)|gn—1 = ’yn—l]

q
- E|:Z]]'{Znlzxi}E[h(Zn7Sn)|Zn—1 = .Tl]

=1

S PRI ol J RO E R I L E

On-1 = Vn—l}

h(a, t)e xi’tﬂQ(@(mi,tz)?xj)] Gt =0

= i(/ (z;,s Z?Tn LV (D (5, 5))e A ]1{3<t yQ(®(y, 8), 25)ds

A )T () Q@ 1), 7))



This can be written equivalently as

E {h(Zn, Sn>‘gn—1 = ’Yn—l}

S (S ([ hae) 3 s @) QD10

j=1 ” i=m-+1
q N *

3 by, £ (o) e N EDQ(@(, £), xﬁ)
i=1

Hence the result. O

We now state the main result of this section, namely the recursive formulation
of the filter sequence (I1,,),en-

Proposition 3.4. Let U = (V! ... W9): M;(Ey) x RTx RT — M, (Ep) be defined
as follows: for all j € {1,...,q},

. 4 .
: W (W Y, s) U (y)
\IIJ 7T7y7 ]1 S * = + ]1 S= s
( mZO CCCRCAIE mzl =G ()
where
q .
U (my,s) = Y. mAD(x;,8)e TNQ(D(ay, 5), ;) fr (y — o(x5)),
i=m-+1

T, y,s) = ki\m(w,s),
V) = Q@ ) x)) fuly — o(x).
U (y) = Z_:‘I’Zf(y)

Then, the filter, defined in Eq. (2), satisfies 1T} = P(Z, = x;) and the following
recursion: for allm > 1,

P-a.s.,Pi, = V(1, 1,Y,,S n).

Proof Fix v, ; in (R? x RT)". Bayes formula yields for all j € {1,...,q},

P(Z,=uz;Y,€dy,S, € ds‘gn_l = Ypo1) =
P(Zn = zg‘gn - (%—1,%5)) X P(Yn € d% Sn S ds’gn—l - ’Yn—l)-

Lemma 3.1 and Corollary 3.2 yield
,U:L(P)/nfla {xj}a dS)fw(y - 90<xj))dy

=P (2= 2l00 = (oc109:9) | 3 s, (ond a5ty = ol a.

k=1



With respect to y, one recognizes the equality of two absolutely continuous measures
which implies the equality a.e. of the density functions. Thus, one has for almost
all y € R? w.r.t. the Lebesgue measure,

ty, (Yn—1, {75}, ds) fw (y — p(z;5)) (5)

q
= P (2 =2j/G0 = (a1,9.9)) [Z t, (=1, {2}, ds) fw (y — o)) | -

k=1
Eq. (5) states the equality of two measures of the variable s € R* that contain
both an absolutely continuous part and some weighted Dirac measures. Denote
91(y, s)v1(ds) (respectively go(y, $)v2(ds)) the left-hand (resp. right-hand) side term
of the previous equality. Eq. (5) means that for all function F' € B(R™) and for
almost all y € R? w.r.t. the Lebesgue measure, one has

[ P&y, 9)mi(ds) = [ F(s)gay, s)valds), (6)

Recall that, from Lemma 3.3, the distribution g, (v,—1,{z;},ds) has a density on
the interval |¢t! ;¢ ;[ denoted by f,(7n—1,;,s) and given by

m’ “m+1

q

fm('Yn—laijaS): Z Wﬁz—l(Vn—l)A(q)(xiv3))€_A(xi7s)Q((1)<xi75)7xj>'

1=m-+1

First, take F(s) = H(s)L{sepy, .,y in equation (6) with H € B(R™). One has from
equation (5)

/t*tfn+1 H(S) fm(Yn-1,xj,8) fw (y — p(x;))ds

t*

q
m—+1
- t* H(5>P (Zn = x]’gn = (anla Y, 5)) Z fm<’7n*1> Lk, S)fW(y - Sp(xk»ds’
and thus on |t} ;¢ . [, almost surely w.r.t. the Lebesgue measure, one has

fm(’Yn_l,ﬁj,S)fw(y—(P(ij))
P (20 =wslln = Onw o)) = sy ey = o)

Finally, for m € {1,...,q}, choosing F(s) = L= 1 in Eq. (6) yields the equality
of the weights at the point ¢}, thus, using Lemma 3.3,

P (Zn = (G0 = (- 1,y,t:n>)
Ty (Yno1)e A ) Q@ (2, 1), ) fr (y — (7))
ket Tt (Ynm1) e AEm B Q(@( s 1, ), k) fv (v — (k)
Q(P(@m, b)), %) fw (y — ()
Y1 Q(@(Tm, t7,), 1) fw (v — (1))

Thus there exists two measurable sets N, C R? and N, € R*\{t],... t;}, negligible
w.r.t. the Lebesgue measures on R? and R respectively, such that for all 7,_; €
(R x R, y € RN\N,, s € RT\ N, one has

Wn('Yn—layaS) = \Ij(ﬂn—l('yn—l)v%s)- (7)
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On the one hand, one has P(Y, € N,) < Y7, P(¢(z;) + W, € N,) = 0 by ab-
solute continuity of the distribution of W,. On the other hand, P(S, € N,) =0
because the distribution of S, is absolutely continuous on R*\{#},...,#;} and one
has N,N{t7,...,t:} = 0. We therefore conclude from Eq. (7) that P-a.s., one has
Tn(Gn-1, Yn,Sn) = V(m-1(Gn_1), Yn, Sn). The result follows since P-a.s., one has
Wn(gn_l,yn, Sn) = Hn and Wn_l(gn_l) = Hn—l- ]

This proposition will play a crucial part in the sequel. On the one hand, this
result will enable us to prove the Markov property of the sequence (II,,, S, )n>0 W.r.t.
the observed filtration. On the other hand, the recursive formulation allows for sim-
ulation of the process (I1,,),>0 which is crucial to obtain numerical approximations.
Finally, notice that the specific structure of the PDMP appears in the recursive for-
mulation of the filter which contains both an absolutely continuous part and some
weighted points.

4 Dynamic programming

The main objective of this section is to derive the dynamic programming equation
for the value function of the partially observed optimal stopping problem (3). The
proof of this result can be roughly speaking decomposed into two steps. The first
point consists in converting the partially observed optimal stopping problem into
an optimal stopping problem under complete observation where the state variables
are described by the discrete-time Markov chain (I1,,, S,)n>0 (see Section 4.1). It is
important to remark that under this new formulation, the optimization problem re-
mains intrinsically a continuous-time optimization problem because the performance
criterion is maximized over the set of stopping times with respect to the continuous-
time filtration (F} )i>0. We show in the second step (see Section 4.2) that the value
function associated to the optimal stopping problem (3) can be calculated by iterat-
ing a functional operator, labelled L (see Definition 4.3). As a by-product, we also
provide a family of e-optimal stopping times.

We would like to emphasize that the results obtained in this section are not
straightforward to obtain due to the specific structure of this optimization problem.
Indeed, as already explained, it combines continuous-time and discrete-time features.
Consequently, this problem does not correspond to the classical optimal stopping
problem of a discrete-time Markov chain. Moreover, it is different from the optimal
stopping problem of a PDMP under complete observation mainly because the new
state variables given by the Markov chain (II,,, S,,)»>0 are not the underlying Markov
chain of some PDMP. Therefore the results of the literature [9, 13] cannot be used.

These derivations require some technical results about the structure of the stop-
ping times in ¥X,. For the sake of clarity in exposition, they are presented in the
Appendix A. We start with a technical preliminary result required in the sequel,
investigating the Markov property of the filter process.

Proposition 4.1. The sequences (I1,,, Yy, Sp)nen, (I, Sp)nen and (11, ) nen are (S}fn)neN-
Markov chains.

11



Proof Leth € B(M;(Ey)xR%xRT). The law of iterated conditional expectations
yields

E[h(Hm Yo, Sn)|3¥n,1] = E{E[h(nm Yo, Sn>|3Tn71]

g’?’nfl} :

From Proposition 3.4 and Eq. (1) which defines Y,, one obtains

E[h(IL,, Yo, Sn) |81, _,]
= E[h(U( 1, 0(Z0) + Wa, Sn), (Z0) + Wi, Sn )lng 1}

q
== /h n 1, ¥ )+w78>’¢(xj)+w78)
J=1

xP(Z, = z;, W,, € dw, S,, € ds|Fr, ).

Yet, W, is independent from o(Z,, S,)V §r,_, and admits the density function fy .
As in the proof of Lemma 3.1 one thus obtains

E[h(Hn7 Yna Sn) yng_l]

Z/h<\11(nn—17 Y, 8)7 Y, S)P(Z’ﬂ = Xy, S’ﬂ € dS|STn71)fW(y - @(ﬁj))dy
j=1

Besides, we have P(Z,, = z;,S, € ds|§r, ,) = P(Z, = z;,5, € ds|Z,_;) as in the
proof of Lemma 3.3, so that one has

E[h<Hn7 Yn, Sn)|3Tn,1]
q q t;ﬁ .
S 1z Y [ ( /0 WU 1y, 5), 4, 8)A(P(wi, 8) )e AODQ(D (s, 5), ;) ds
i=1 Jj=1
+h(U(M 1y, ), 9,8 ) e N DQ( (s, 1), xj))fw(y—so(xj))dy

Take now the conditional expectation w.r.t. §}, _, to obtain

E[h(Hna an Sn)l'STnfl]

q ) q t
- ZH;_IZ/ (/ h(\IJ(Hn_l,y,s),y,3)/\(@(@,s))e‘A(”"’S)Q<<I>(x,-,s),xj>ds

i=1 j=1 0
+h(W(Hn—1a Y, t;k)v Y, tz) —A( $Lt )Q< (l’“ z) x]))fW(y - ¢($J))dy

Hence E[h(I,, Y, S,,)|8Y, _,] is merely a function of IT,,_; yielding the result for the
three processes. 0

4.1 Optimal stopping problem under complete observation

In this section, we show how our optimal stopping problem under partial observation
for the process (X¢):>0 can be converted into an optimal stopping problem under
complete observation involving the Markov chain (IL,,, S,,)o<n<n. More precisely, for

12



a fixed stopping time o € XX, we show in Proposition 4.2 that the performance cri-
terion E[g(X,)|Ily = 7] can be expressed in terms of the discrete-time Markov chain
(IL,,, Sn)o<n<n. We would like to emphasize the following important fact. Although
the performance criterion can be written in terms of discrete-time process, the op-
timization problem remains intrinsically a continuous-time optimization problem.
Indeed, the performance criterion is maximized over the set of stopping times with
respect to the continuous-time filtration (g7 )s>o-

Proposition 4.2. Let 0 € XY and n > 1. For all 7 € M,(Ey) one has

E[g<X0'/\Tn)|HO - ﬂ-]
n—1 q

Z ZE ]l{Tk<€f}]l{Rk<t*}g © (I)(mw Rk) AlweoFiy) I1; ‘H - 7T]
k=0 i=1

q
+> E[Lyr,<oy9(xi) T, [Ty = 7],

i=1
where (Ry)ken s the sequence of non negative random variables associated to o as

introduced in Theorem A.5.

Proof We split E[g(X,ar,)|Ilo = 7] into several terms depending on the position
of o w.r.t. the jump times T}

n—1 ¢q
Elg(Xonr,)|Tlo =7 = > > E[ln<ocn ) Lz,=2:}9 © (i, Ri)|Tly = 7]
k=0 i=1
q
+> E[l(1,<0) Lz, 9(x:) [Tlo = 7.
=1

For notational convenience, consider

Api = Yn<oen 3 1{zp=239 © (74, Ry),
B =1ir,<o}1{z,=2:9(T5).

On the one hand, one has E[B;|37. | = g(x;)Lr, <1, since {T), < o} € Y. (see

for instance [6, p. 298, Theorem T7]). On the other hand, to compute E[Ak7Z|STk],
we use Lemma A.6 to obtain

E[Ai|37,] = Lini<orgo @

- ]]‘{Tk<0'}g o®

zi, Ry Bt

Ly, Rk

E[]l{ZJin} ]]'{Rk<t*(Zk)}e
7A(:r¢,Rk)Hi
k-

- ]]-{Tk<0'}g o @

e~~~ o~

)

i, Rk)E[]l{Zk=I¢}E[1{Sk+1>Rk}|%Tk] ng/k}
)
= ]l{TkSU}g o )

Details to obtain the third line in the above computations are provided by Lemma B.1.
The result follows. O

13



4.2 Dynamic programming equation

Based on the new formulation, the main objective of this section is to derive the
backward dynamic programming equation. It involves some operators introduced in
Definition 4.3. By iterating the operator, labelled L, we define a sequence of real
valued functions (v, )o<n<n in Definition 4.4. Theorem 4.5 establishes that v, is the
value function of our partially observed optimal stopping problem with horizon T _,,
and in particular that vy is the value function of problem defined in equation (3).

Another important result of this section is given by Theorem 4.9 which constructs
a sequence of e-optimal stopping times.

Definition 4.3. The operators G : B(M1(Ey)) — B(M1(Ey) x RY), H : B(E) —
B(M,(Eo)xR*), J : BIMy(Eo))x B(E) — B(M,(Ep)xR*), and L : B(M,(Ep))x
B(E) — B(M(Ey)) are defined for all (v,h) € B(Mi(Ey)) x B(E) and (m,u) €
Mi(Ep) x R by

Gv(m,u) = Ev (H1)1{51<u}|1_[0 =,
Hh(m,u) = [Zho (@i, WTT L fuceey s, | To = 7],
J(v,h)(m,u) = Hh(ﬂ,u) + Gu(m, u),
L(v,h)(m) = supJ(v, h)(m,u).
u>0

Definition 4.4. The sequence (vy,)o<n<n 0f real-valued functions is defined on M (Ey)
by
on(m) =i gl
Up_1(m) = L(v,,g)(m), 1<n<N.

The following Theorem is the main result of this section showing that the oper-
ator L is the dynamic programming operator associated to the initial optimization
problem.

Theorem 4.5. For all1 <n < N and 7 € My(Ey), one has

sup E[g(X,)[y = 7] = vn_n(T).

oexY

Proof The proof of this result is based on Proposition 4.6 and Theorem 4.9. Propo-
sition 4.6 proves that vy_,, is an upper bound for the value function of the problem
with horizon T),. The reverse inequality is derived in Theorem 4.9 by constructing
a sequence of e-optimal stopping times. O

Proposition 4.6. For all 1 <n < N and m € My(FEy), one has

sup E[g(X,)|y = 7] < oy_n(n).

oexY
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Proof Leto € XY. Consider (R)ren the sequence associated to o as introduced in
Theorem A.5. We prove the theorem by induction on n. For n = 1, Proposition 4.2
yields

q
Elg(Xoar)|Ho =7] = > E[l{g,ceyg 0 ®(z;, Ro)e M I Iy = 7]
=1
q

+> E[Ln <oy g(a)IT| T, = 7). (8)

=1

Since Ry is deterministic and by using Lemma C.1, we recognize that the first term
of the right hand side of equation (8) is Hg(m, Ry). We now turn to the second term
of the right hand side of equation (8) which is given by

q
E[l{s,<ro} Y g(x:)I |y = 7] = E[un(Il1)1s,<rey | = ]
=1

= GUN(W,R()),

from Lemma A.6 and the definition of GG. Recall that from Definition 4.3 one has
J(vy,g) = Hg + Guy thus, one obtains

Elg(Xonr )l = 7] = J(vy,g)(m, Ry) < supJ(vy,g)(m,u)

u>0

= L(vw,9)(7) = vna(m).

Set now 2 < n < N and assume that E[g(X;)|Ily = 7] < vy_(n_1)(7), for all
7 € XY _|. Proposition 4.2 yields

E[g(Xonr,)|Io = ]

n—1 ¢q

= > Y E[lin <o lir<tryg 0 Pz, Ry)e” A ROTT Ty = 7]
k=0 i=1

q
+ > E[l(1, <1 9(2)IT, Ty = 7).

i=1

As in the case n = 1, the term for k = 0 equals Hg(m, Ry). Notice that for k£ >
]_, H{Tkgg} = H{Tkgg}ﬂ{Tlgg} and that IL{T1§U} = ]1{5’1§R0} is 8%1—measurable. By
taking the conditional expectation w.r.t. §, it follows that E[E1 s, <[y = 7] =
E[=|Ily = 7] where = is defined by

n

-1 q
{Z Z Lin, <o} lqm,<t;39 © (i, Ry)e” Ao Rr)Te
-
Z Lir, <oy 9(x:)I1 ‘ng]
-1

Therefore, we obtain

E[g(Xoar, )|y = 7] = Hg(m, Ry) + E[E1(s,<r}|1lo = 7). (9)
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We now use the Markov property of the chain (Il;)x>o. Indeed, for & > 1, one
has II, = IIy_; o 6, where # is the translation operator of the (S%l)neN—Markov
chain (~Hn7Ynasn)neN- Moreover, when 77 < o, one has, from Proposition A.10,
Ry = Ri ;o0 (indeed, we pointed out in Remark A.8 that Rj can be replaced
by Ry defined in Lemma A.7) and 0 = T} + ¢ o § where Rj_; and & are defined
in Definition A.9 and Proposition A.10 (with [ = 1 in the present case). Since for
k>1, Ty =T +Ty-100, one has Iyn, <o} = Lyp, <5 © 0. Finally, combining the
Markov property of the chain (II;)x>o and Proposition 4.2 we have = = w(Il;) with
w(m) = Elg(X5.r, ,)|1lo = 7). Moreover, one has w(m) < vy_—1)(7) from the
induction assumption since @ A T},_; € XY | (indeed, both & and T;,_; are (F} )s>o0-
stopping times from Corollary A.12 and Lemma A.1 respectively). One has then

= S UN—(n—l) (Hl) (10)
Finally, combining Eq. (9) and (10), one has

Elg(Xonr,)[o = 7] < Hg(m, Ro) + Elon—(n-1) (1) L5, <roy [Tlo = 7].

In the second term, we recognize the operator G and one has

Elg(Xorr)| o = 7] < Hg(m, Ro) + Gun_(n—1)(, Ro)
= J(vn-(n-1), 9) (7, Ro)
< sup J(UN—(n-1), 9) (7, u)
u>0
= L<UN7(nfl)a g)(m) = vn_n(m),
that proves the induction. O

We now prove the reverse inequality by constructing a sequence of e-optimal
stopping times.

Definition 4.7. Fore >0, 1 <n < N and for m € My(Ey), we define

re(m) =inf {u >0 : J(vy_pn,g)(m,u) > vn_p_1(T) — €}.

n

Consider Rf, = ri(Illy) and for2 <n < N,

Rz,o = 7";/—21151_[0)7
€ +1
k= Tn/_(?_k)(ﬂk)]l{z%;k,lzsk} for 1 <k<n-—2,

€ n—1
R, = rg/ ¢ )(Hn—l)]l{R;Wstn_l},
and finally set

US =S Ry A Sy
k=1

The following lemma describes the effect of the translation operator # on the

Lemma 4.8. Forn >2 and 1 <k <n—1, on the set {T} < U>*}, one has

€ _ 2e
Rn—l,k—l 06 = Rn,k'
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Proof For n = 2, one just has to prove that on the event {7} < U3}, one has
R{, 00 = R35. Yet, from the definition of the sequence (R, ;)1<n<N0<k<n-1, ODE
2¢
has RS 0 0 = r§(I;) and R34 = r{ (Hl)ﬂ{Rgi-)ZSl}‘ The result follows since we are
on the event {7} < U3} = {R35{ > S1}. For a fixed n > 3, we prove the lemma
by induction on 1 < kK < n — 1. Set £k = 1. One has from the definition on the
£ 2¢
sequence (R}, ;)1<n<no<k<n—1, Ry_1900 =71i 5(I) and Ry = 7,0 5(TT) L ipae >3-
We obtain Ry ;060 = R. because we have assumed that we are on the event
{1y < U} = {R%, > S1}. The propagation of the induction is similar to the case
k=1. U

Equipped with this preliminary result, we may now prove that (Uf)i<,<n is a
sequence of e-optimal stopping times with respect to the filtration. generated by the
observations.

Theorem 4.9. For all 1 <n < N and ¢ > 0, one has US € XY and

E[Q(XU;)

Iy = 7] > on_n(m) — €

Proof Let n € {1,...,N}. First notice that, as a direct consequence of Propo-
sition A.11, U¢ is an (F) );>o-stopping time since, by construction, the R}, are
ﬁi—measurable and satisfy the condition Ry, , = 0 on the event {S}, > Ry, , ;}. It is
also clear that U¢ < 37, Sy = T,,. Thus, one has US € ¥Y. Let us now prove the
second assessment by induction. Set n = 1. Let m € M;(Ey), we denote r§ = r§().
Since R{, = r§ is deterministic, one has clearly RS, € Y. Consequently, by using
the same arguments as in the proof of Proposition 4.6, we obtain

Elg(Xg; jns)[o = 7] =Hg(m,76) + Gon(m,15) = J(on, g)(m,75).
Finally, the definition of r§ yields J(vy, g)(m,r§) > vy_1(m) — € thus one has
E[g(Xr; jns) o = 7] = vy_1(7) — €.

Now set 2 <n < N and assume that E[g(Xye )|y = 7] > vy_(n_1)(7) — ¢, for all
e > 0. Proposition 4.2 yields

E[Q(XU,%E) Iy = 7]
n—1 ¢q
—A(z;, 2e i .
= Z ZE [H{TkSUTQf}l{Rﬁfk<tj}g o (I)(gcl-’ Riﬁ,k)e A( R”’k)Hk I, — 71'}
k=0 1=1
q .
+ Z E[17, <v2e19()IL, |1y = 7).
1=1

Denote r§,_; = (7). As in the case n = 1, the term for k = 0 equals Hg(m,rS_;)
since Ry = r5,_,(Ilp). Take the conditional expectation w.r.t. §}, in the other

terms. One has then,

E[Q(XUge)

Iy =7 = Hy(m,ry,_) + E[Z'L{p <2y

»'m—1

Iy = 7, (11)
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with

n—1 ¢q
= E E € —A(z, R3¢ 7
= = E[ I{TkSU%E}IL{RifKt;‘}gO‘ID(%,Ri,k)@ Ay,
k=1 i=1

q
+> Lyr<vzy9(@)IL, |3 |-
=1

Our objective is to apply the Markov property of (Ilj)ien in the term ='. Recall
that, from Lemma 4.8, one has R, ;, ;060 = RX, forn >2and 1 <k <n-1
on the event {7} < U*} = {5, < RQEO} (the equahty of these events stems from
Lemma A.6). Thus, on this set one has

U’ge:Sl_‘_zRika—l/\S}f T1+Z 1]€ 209 (Sk;_]_oe)
=2
— Tl + UTEL—l O 8

Besides, recall that T}, = T} +T},_100, for k > 1. Consequently, on the set {T; < U>“},
one has Iy, <yzey = Ly7,_,<pc } © 0 and thus, combining the Markov property of
the chain (Ilj)x>0 and Proposition 4.2, we have

2'(Ih) = w'(Iy),

with w'(7) = E {9<XU;,1)‘HO = W}. Moreover, thanks to the induction assumption,
one has w'(7) > vy_(,—1)(7m) — € so that one obtains

E, Z UNf(n71)<H1) — €. (12)

Finally, combining equation (11) and (12) and noticing that, according to Lemma A.6,
{Ty < U2} = {S; <r¢_,}, one obtains

E[Q(XU,%E)

Iy=7] > Hg(m,r,_ 1) +Eoy_mn()lis, <y
= J(ON—(n-1), 9)(m, 75 _1) — €
> Uan(ﬂ-> - 267

Iy =7] —€

from the definition of r¢_,, showing the result. U

n—1»

5 Numerical approximation by quantization

In this section, we are interested in the computational issue for our optimal stop-
ping problem under partial observation. Indeed, we want to compute a numerical
approximation of the value function (3) and propose a computable e-optimal stop-
ping time.

As we have seen in the previous section, the value function v can be obtained by
iterating the dynamic programming operator L. However, the operator L involves
conditional expectations that are in essence difficult to compute and iterate numer-
ically. We manage to overcome this difficulty by combining two special properties
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of our problem. On the one hand, the underlying process (II,,, S,,) in the expression
of the operator L is a Markov chain. Therefore, it can be discretized using a quan-
tization technique which is a powerful method suitable for numerical computation
and iteration of conditional expectations. On the other hand, the recursion on the
functions (vy,)o<n<n involving the operator L can be transformed into a recursion
on suitably defined random variables. Thus they are easier to iterate numerically as
we do not need to compute an approximation of each v,, on the whole state space.

This section is organized as follows. We first explain how the recursion on the
functions (v,,)o<n<ny can be transformed into a recurrence on random variables in-
volving only the Markov chain (II,,, S, ). Then, we present a quantization technique
to discretize this Markov chain. Afterwards, we construct a discretized version of
the main operators in Definition 5.6 that is used to build an approximation of the
value function in Definition 5.7, and a computable e-optimal stopping time. The
main results of this section are Theorems 5.8 and 5.17 that prove the convergence
of our approximation scheme and provide a rate of convergence.

We first explain how the dynamic programming equations on the functions

(Un)o<n<n yield a recursion on the random variables (Un(Hn))0< e Introduce
— — _n_

now the sequence (V,)o<n<n of random variables defined by
Vi = v, (I1,).

In other words, one has

q

=1

q

V, = Sg}g E[Z g0 ®(ws, u)ll} TiucryLys, y>uy + Vn+11{5n+1§u}|ﬂn],

u> i=1

for 0 < n < N — 1. Notice that Vy is known and the expression of V,, involves only
Vn41 and the Markov chain (I1,,.S,). Thus, the sequence (V},)o<n<n is completely
characterized by the system (13). In addition, Vj = wo(Ily) = v(Ily). Thus to
approximate the value function v at the initial point of our process, it is sufficient
to provide an approximation of the sequence of random variables (Vi)o<n<n-

5.1 The quantization approach

There exists an extensive literature on quantization methods for random variables
and processes. We do not pretend to present here an exhaustive panorama of these
methods. However, the interested reader may for instance, consult the following
works [2, 12, 16] and references therein. Consider X an R"-valued random variable
such that ||X||, < co where ||X||, denotes the LP-nom of X: ||X||, = (E[|X[F])'/?.
Let v be a fixed integer, the optimal LP-quantization of the random variable X
consists in finding the best possible LP-approximation of X by a random vector X
taking at most v values: X e {z' ..., 2"}. This procedure consists in the following
two steps:

1. Find a finite weighted grid T C R” with T = {z!,... 2"}.
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2. Set X = X' where XT = projr(X) with projr denotes the closest neighbour
projection on I'.

The asymptotic properties of the LP-quantization are given by the following result,
see e.g. [16].

Theorem 5.1. If E[|X|P™"] < 400 for some n > 0 then one has

1+p/r
zllirgo P IIII‘H<H X — X\an = Jpr (/ |h|r/(r+p)(u)du> ’
where the distribution of X is Px(du) = h(u)\,(du) + p with pn L\, J,, a constant
and A\, the Lebesgue measure in R".

There exists a similar procedure for the optimal quantization of a Markov chain.
Our approximation method is based on the quantization of the Markov chain (I, Sk)r<n-
Thus, from now on, we will denote, for 0 < k < N, ©, = (I, Sk). The CLVQ
(Competitive Learning Vector Quantization) algorithm [2, Section 3] provides for
each time step 0 < k < N a finite grid Ty of M;(Ey) x Rt as well as the transition
matrices (@k)ongN,l fromI'y, to I'yy1. Let p > 1 such that for all £ < N, II;, and Sy
have finite moments at least up to order p and let projr, be the nearest-neighbor pro-
jection from M;(Ey) X R onto I'y. The quantized process ((:)k)ng = (ﬁk, gk)ng
with value for each k in the finite grid 'y of M;(Ey) x RT is then defined by

(T, Si) = projr, (Ig, Sk).

We will also denote by T'll, the projection of I'y, on M (Ep), and by I'Y, the projection
of ', on RT.

Some important remarks must be made concerning the quantization. On the one
hand, the optimal quantization has nice convergence properties stated by Theorem
5.1. Indeed, the LP-quantization error ||©) — (:)ka goes to zero when the number
of points in the grids goes to infinity. However, on the other hand, the Markov
property is not maintained by the algorithm and the quantized process is generally
not Markovian. Although the quantized process can be easily transformed into a
Markov chain, this chain will not be homogeneous. It must be pointed out that the
quantized process (@k) ren depends on the starting point ©, of the process.

In practice, we begin with the computation of the quantization grids, which
merely requires to be able to simulate the process. Notice that in our case, what
is actually simulated is the sequence of observation (Y, Sk)o<k<n. We are then
able to compute the filter (II;)o<r<ny thanks to the recursive equation provided by
Proposition 3.4. The grids are only computed once and for all and may be stored off-
line. Our schemes are then based on the following simple idea: we replace the process
by its quantized approximation within the different recursions. The computation is
thus carried out in a very simple way since the quantized process has finite state
space.

5.2 Approximation of the value function

Our approximation scheme of the sequence (V,,)o<n<y follows the same lines as in
[9], but once more, the results therein cannot be applied directly as the Markov
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chain (Og)ken is not the underlying Markov chain of some PDMP. Our approach
decomposes in two steps. The first one will be to discretize the time-continuous
maximization of the operator L to obtain a maximization over a finite set. The
second step consists in replacing the Markov chain (0, ),eny = (I1,, Sp)nen by its
quantized approximation (C:)n)neN = (ﬁn, §n)neN within the dynamic programming
equation. Thus, the conditional expectations will become easily tractable finite
sums.

Let us first build a finite time grid to discretize the continuous-time maximization
in the expression of the operator L. The maximum is originally taken over the set
[0, co[. However, it can be seen from Definition 4.3 that J(v, h)(7,u) = J(v, h)(7, t})
for all w > t;. Indeed, the random variable S; is bounded by the greatest determinis-
tic exit time ¢ that is finite thanks to Assumption 2.3. Therefore, the maximization
set can be reduced to the compact set [0,#;]. Instead of directly discretizing the
set [0,t7], we will actually discretize the subsets |t t: . [. The reason why we
want to exclude the points ¢}, from our grid is technical and will be explained with
Lemma 5.12. Now, it seems natural to distinguish wether ¢, =ty , or ¢y <tr ..

Definition 5.2. Let M C {0,...,q—1} be the set of indices m such that t}, <t} ..

Notice that M is not empty because it contains at least the index 0 since we
assumed that t] > 0 = ¢;. We can now build our approximation grid.

Definition 5.3. Let A > 0 be such that
A< 5m1n{|ti — ;| with 0 <4, j, < q such that t; # tj} : (14)

For allm € M, let Grp,(A) be the finite grid on |t%;t* .|| defined as follows

m’ “m—+1
Grn(A) ={t;, + 1A, 1 <0 < i fU{t,, . — A},

where i, = max{i € N such that t;, +iA < tr _ , — A}. We also denote Gr(A) =
UmGM Grm(A)

Remark 5.4. Let m € M. Notice that, thanks to Eq. (14), Gr,(A) is not empty.
Moreover, it satisfies two properties that will be crucial in the sequel:

a. forallt € [t:;t; ], there exists u € Gry,(A) such that |u —t| < A,
b. for all u € Gry,(A) and 0 <n < A, one has [u —n;u +n] Clt;,; 5, 1]

A discretized maximization operator L¢ is then defined as follows.

Definition 5.5. Let LY: B(M;(Ey)) x B(E) — B(M(Ey)) be defined for all
T E M1(E0) by

Lv, h)(7) = max{ max ){J(U, h)(ﬂ,u)}} vV Ko(m),

meM L ueGrm (A

with Kv(w) = J(v, h)(7,t}) = Go(r,t}) = Elv(I1;) [Ty = 7.
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We now proceed to our second step: replacing the Markov chain (0, )nen =
(I1,,, Sp)nen by its quantized approximation (@n)neN = (Hn, S, Jnen Within the oper-
ators involved in the construction of the value function.

Definition 5.6. We define the quantized operators G, f{\n, T, K, and EZ for
ne{l,...,N},ve B(I,), he B(E), €Tl | and u > 0 as follows

~

Gn’U(’ﬂ',u) = E[U(Hn)1{§n§u}|nn—1 = ’7T],

q
Hoh(m,u) = Y ' Liycpryh o ®(z;, u)E[1 @, >u}|H" 1 =7,

Jo(v, h)(m,u) = f;nh(w, u) 4+ Guo(m,u),
Kyo(r) = Ju(v, ) (. ;) = Elo(IL,)|, . = 7,
Li(v,h)(m) = max { max {J (v, h)(m,u)} } v Kyo(r).

meM \ ueGry,
The quantized approximation of the value functions naturally follows.

Definition 5.7. For 0 <n < N, define the functions v, on 'l as follows

on(m) =30 gzt for all m € TY,
Up1(m) = LE(0,,9)(7) forallm €T | and 1 <n < N.

For0<n<N, letV, = @n(ﬁn)
We may now state our main result for the numerical approximation.

Theorem 5.8. Suppose that for all0 <n < N —1,
A > (200) 72841 — Susa |2, (15)

then, one has the following bound for the approzimation error

~ ~ ~ 1
”Vn - Vn”p < ||Vn+1 - Vn—HHp +aA + b”Sn-i-l - n-H”I3
+en ||l — Wallp + 2[vn4] g1 — Wi [|p,

where a = [gls + 2C,Cy, b = 2C,(2C))2 and ¢, = [v,] + 4Cy + 2[vn11] with [v,),
[Un+1] defined in Proposition C.10 and [g2 defined in Assumption 2.7.

Theorem 5.8 establishes the convergence of our approximation scheme and pro-
vides a bound for the rate of convergence. More precisely, it gives a rate for the L”
convergence of Vy towards V;. Indeed, one has ||[Vy — Vy|l, = || 2L 1g(xz)(H§V -

H’N)Hp < C, ||y — TIx]lp, so by virtue of Theorem 5.8 ‘Vo — Vo‘ can be made arbi-

trarily small when the quantization errors (||, — O, ||,)o<n<n 20 to zero i.e. when
the number of points in the quantization grids goes to infinity.
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In order to prove Theorem 5.8, we proceed similarly to [9] and split the approx-
imation error into four terms ||V,, — V, ||, < Z; + Z2 + =5 + Z4, with

E1 = [[a(Ila) = o (IL) 1,

=5 = | L(vns1,9) (L) = L vns1, 9) (1),

=3 = [|L0as1, 9) (1) = Lty (var, 9) (IL) ],
0 = L5 1 (01, 9) (M) = Lty (D1, 9) (L) .

To obtain bounds for each of these terms, one needs to study the regularity of the
operators and the value functions v,. The results are detailed in Appendix C. In
particular, we establish in Proposition C.10 that the value functions v,, are Lipschitz
continuous, yielding a bound for the first term.

Lemma 5.9. The first term Z; is bounded as follows
[[vn (TL,) — Un(Hn)Hp < [va 11T, — Hn”p'

The other error terms are studied separately in the following sections.

5.2.1 Second term of the error

For the second error term, we investigate the consequences of replacing the contin-
uous maximization in operator L by a discrete one on Gr(A).

Lemma 5.10. For allm € M, v € B(M;(Ey)) and 7 € My(Ey) one has

sup  J(v,g)(m,u) — max J(v,g)(m, u)‘ < ([g]2 + C,C\ + C,Cy) A.

uG[t* * +1[ uEGTm(A)

Proof We use Definition C.2 to split operator J into a sum of continuous operators
J™. Thus, one has

sup  J(v,g)(m,u) = sup  J"(v,g)(m, u).
u€lth,it :n+1[ u€lth,; m+1}
The function v — J™(v, h)(m,u) being continuous, there exists ¢ € [t7;t;, ] such

that sup,cpe . J" (v, h)(m,u) = J™(v, h)(m,t). Moreover, from Remark 5.4.a,
one may chose @ € Gr,,(A) so that [u — t| < A. Propositions C.4 and C.7 stating
the Lipschitz continuity of J™ then yield

0<  sup  J™(v,h)(m,u) — max J"(v,h)(m, u)

u€lth;th, 1] UEGTM (A)
< J™(v, h)(m,t) — J"(v, h)(7, @)
< ([9]2 + CgCA + CUOA) |f — ﬂ| < ([9]2 + CgC)\ + CUC)\) A,

showing the result. O

Lemma 5.11. The second term Z5 is bounded as follows

1L (041, 9)(T) = L (wny1, 9) (L) [l < ([g]2 + 2C,Ch) A.
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Proof This is a straightforward consequence of the previous lemma once it has
been noticed that for all a, b, ¢, d € R, one has [aVb—cVd|l < |a—c|V]|b—d|.
Notice also that Proposition C.10 provides C,, ,, < C,. O

n+1

5.2.2 Third term of the error

To investigate the third error term, we use the properties of quantization to bound
the error made by replacing an operator by its quantized approximation. As in [9],
we must first deal with non-continuous indicator functions. The fact that the ¢} and
a small neighborhood around them do not belong to the discretization grid Gr(A)
is crucial to obtain the following lemma.

Lemma 5.12. For all0<n < N—-1,me M and 0 <n <A, one has

o~ Tl _1 _A
Jmax | BT, = 1, eIl €07 1w = Swally + 2005,

Proof Let 0 < n < A. The difference of the indicator functions equals 1 if and
only if 5,1 and gn“ are on different sides of u. Therefore, if the difference of
the indicator functions equals 1, either |S, 41 —u[ < n, or [S,41 —u[ > 7 and in
the latter case |S,11 — n+1| > 1 too since |S,i1 — n+1| > [Sp11 — ul. One has

11481 <uy — 1{5n+1§u}| < Lg 8o aiomy T HiSwri—ui<n}, leading to

ﬁ”] Hp

< Lys,i-Bupapsmlle +

H UGIC%&}EA) E[|1{S”+1<u} ]l{gn+1SU}|

E[l i
wemax B, . —ui<n| ]Hp

On the one hand, Markov inequality yields

~ 1 ~ _
H]]‘{\Sn.y_17§n+1|>77}Hp = P(’Sn'i‘l - Sn—i—l’ > 77)” S ”S"’L-‘rl - Sn-i-lHPn !
On the other hand, since u € Gr,,(A), one has [u—n; u+n| C]t* ;¢ . [ from Remark

m) “m+1
5.4.b, thus S, 4 has an absolutely continuous distribution on the interval [u—mn; u+7]
since it does not contain any of the ¢;. Besides, recall that ©, = projr,(©,),
hence, the following inclusions of o-fields o(I1,,) C 0(0,) C 0(©,). We also have

0(0,) C S%n C 3§71, the law of iterated conditional expectations provides

E[Lgs,,,-u<nlll] = E[E[E[Ls,,, u<yl8r.]|8%, ][]

i u+1 ~

< E[BI[ A(@(Z.5))ds|))| ]
L u—mn
r 9. . rutn ~

= E ZH;/ A(@(mi,s))ds‘ﬂn].
“i=1 u=n

Finally, one obtains E[1{|Sn+1—u\§n}|ﬁn] < 2nC,, showing the result. O

Lemma 5.13. For all0 <n < N — 1, one has
|Kvn+1 (ﬁn) - f{\n—&—lvn—i-l(ﬁn”
< [0 | [[Mpi1 = Mo || T + (2C, + 2[vn 41 B [T, — L[| L]
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Proof By the definitions of operators K and l?nﬂ, one has

~

‘KUnJrl(ﬁn) - k\nJrlUnJrl(H )|
|E[vn 1 (T 40) 1T, = =1I nl — [Un-ﬁ-l(
< [E[vp1 () 1L, _H] [Uz-&-l(nn—&-l)
HEpr1 (1) — v (T n+1)|Hn]| (16)

The second term in the right-hand side of Eq. (16) is readily bounded by using
Proposition C.10 stating that v, is Lipschitz continuous

|E[Un+1 (Mny1) = Vg (ﬁn+1)|ﬁn]| < [Un-l-l}E“Hn-i-l - ﬁn-ﬁ-l”ﬁn}

To deal with the first term in the right-hand side of Eq. (16), we need to use the
special properties of quantization. Indeed, one has (Il,, S,) = projr, (II,,, S,) so that
we have the inclusion of o-fields o(II,,) C o(Il,, S, ). The law of iterated conditional
expectations gives

E{vn 1 (W) [T] = B [Eon 1 ()| (1, S2)] [T

Moreover, Proposition 4.1 yields E[v,1(IL,11)|(I1,, Sn)] = Elvp1 (I1,41)|I1,], as the
conditional distribution of Il,4; w.r.t. (I1,,, S,,) merely depends on II,,. In addition,
|E[vy11(I,11)|I, = I1,,] is o(I,)-measurable. One has then

’E[anrl (1) 1L, = =1I n] — Elvn41 (HnJrl)‘ﬁn”
= [BBlvn (T[T = ] = Blog () 11,1, |
= [B[Kvo1([L) — Koy (I, [T,

by definition of K. Finally, one has

~

[E[vng1 () [, = 101,] — E[Un+1(Hn+1)|ﬁn”
< 2<Og + [UN—H])E [lHn - Hn”Hn] )

thanks to Propositions C.8 and C.10 stating the Lipschitz continuity of operator K
and function v, ;1. U

Lemma 5.14. If A satisfies Condition (15), a upper bound for the third term Z3 is
1L (01 9) () = Ly 1 (0, 9) (1)1
< [ongal Mgy = Tallp + (465 + 2[vn 4 ) [T — Tl
PN 1/2
+2C,(20)"2 S = Susally”

Proof One has
L (vns1, 9) (L) — L4y (v, 9) (1L,

(
< max{ max  |J(vns1,9) (I, )—jn+1(vn+179)(ﬂmu)|}

meM L ueGro, (A)

V|Kvn+1 (ﬁn) - k\n—i—lvn-l—l(ﬁn) | .
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The term involving operator K was studied in the previous lemma. Let us now study
the term involving operator J. Set m in M, u in Gr,,(A) and define a(m, 7', s") =

7 7y (CD(:ci, u)) Ligsu} + Ung1(m')L{g<yy. One has then

| J (Vny1, g)(anu) n+1(vn+1 g)(Hn>U)| ~
- |‘] (Un+17 )(Hmu) Jn+1(UN+17 )(Hn7u)|
= |Ela(IL,, sy, So)|IL, = 1L,] — Efa(I,, e, S, L] < A+ B,
where

A = |E[o(ITy, 1, Spe) [T = T,] = Bla(Ty, gy, Sop) [T
B :|E[a<ﬂn7 Hn—l—la Sn-‘,—l) - a(ﬁna ﬁn+17 S\n—i-l)‘ﬁnﬂ

Using the boundedness of g and v,,.1 as well as the Lipschitz continuity of v, 1 given
in Proposition C.10, we get a upper bound for the second term

B < CuE[|M, — I, |T,] + [vn 1 E[[ Ty — 4] TT]
+2C,E |:‘:H'{Sn+1§“} - 1{§n+lgu}“ﬁn} : (17)

For the first term, we use the properties of quantization as in the previous proof to
obtain

’E{ Hn7 Hn+17 n+1)|H - H ] E[Q(Hna Hn—l—la Sn+1)|Hn]‘ﬁn} ’ .
We now recognize operator J™, and from Propositions C.4 and C.7, one has
A = E[Jm(vn—l-lag)(ﬁm u) - Jm(vn+17g)(ﬂmu)’ﬁn]
< (3C, 4 2[vn1))E [|Hn - Hn\nn} : (18)
We gather the bounds provided by Eq. (17) and (18) to obtain
|<]<Un+17 g) (ﬁm u) - jn—i—l(vn—l-la g)(ﬁm u)|
< (4C, + 2[vn ) E[|IT, — Hn|\Hn} + [Vn1 B[y — Hn+1|\nn]

+20,E [|1{5n+1§u} ~1gz., Su}unn] . (19)

Finally, combining the result for operators J and Lemma 5.13, we obtain

L4 (vn 11, 9)(T) = Lty (vng1, ) (1))
< [Un+1] [|Hn+1 n+1|‘H } 4C + 2[Un+1])E [|Hn - ﬁn”ﬁn}

+20g max B 115 asy — 1 I, .

We conclude by taking the L? norm in the equation above and using Lemma 5.12
to bound the last term

1L (11, 9)(TT) — Li+1(vn+17 9)(TL)
< oMt = Mol + (4C + 2[vna )T — I,
+2C, (17 [[Sns1 = Sl +20Ch),

{§n+1§u}|
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for some 0 < n < A. The best choice for n minimizing the error is when 7 satisfies
0 |1Snt1 — Sngallp = 2nCh,

which yields 7 = (2C\)~Y2(||Sps1 — §n+1||p1/2. If A satisfies Condition (15), one has
n < A as required for this optimal choice. 0

5.2.3 Fourth term of the error

Finally, the fourth error term is bounded using Lipschitz properties.
Lemma 5.15. The fourth term Z4 is bounded as follows

||EZ+1 (Vnt1, 9)(IL,) — EZ-H (D1, g) (Hn) ”p

< o] — ﬁnHHp + [ Vag1 — Vn+1Hp-
Proof One has

L5041 (On1 9) () = Ly 3 (B, 9) (1)l

= ‘ max max {Hn—i-lg(ﬁn; ) + G101 (T, U)} V Kpi10ng (I1,)

—

—max max : {Hnﬂg(ﬁn, u) + (A}’nﬂﬁnﬂ(ﬁn, u)} Vv /kn+1fl/)\n+1(ﬁn)

)
p

meM ueGrm (A
< ey, oo B [ (v (Tasn) = s (Fosn)) 15, L]
vE[vn+l<Hn+1> = T () 1L,
< Jonsr(nga) = Onga (g ) [fp- (20)

We now introduce v,,11(I1,41) to split this term into two differences. The Lipschitz
continuity of v, stated by Proposition C.10 allows us to bound the first term while
we recognize V11 and V4 in the second one.

Hzi-i-l ('UnJrla 9)(Hn) - Eg-;—l@rwrla g)(Hn)”p
< ||Un+1(Hn+1) — Unt1 (Hn+1)”p + an+1 (Hn+1) — Ung1 (HnJrl)Hp

< [Unt1] HHn+1 - ﬁn—i—l”p + || Vog1r — Vn-{-lHP'

Hence, the result. U

5.3 Numerical construction of an e-optimal stopping time

As in the previous section, we follow the idea of [9] and we use both the Markov
chain (©,)o<n<n and its quantized approximation (@n>0§n§N to approximate the
expression of the e-optimal stopping time introduced in Definition 4.7. We check that
we thus obtain actual stopping times for the observed filtration (F} );>o and that the
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expected reward when stopping then is a good approximation of the value function
Vo. For all (7, s) € My(Ep) xRt and 0 < n < N, we denote (7,,, 5,,) = projr, (7, s).
Let

Sh_n(m,8) = min{t € Gr(A) : Jo(0n,9)(Fno1,t) = JDax T (B, 9) (Fnr, 0)}.

For 1 <n < N and m € M(Ey), we define

P () = 2 if Kn?)n‘(?rn_l) > maxXyuear(a) In(On, 9)(Tn_1, 1),
Sy, (m,s) otherwise.

Let now for n > 1,

~

Rn,k’ = ?n—l—k(HMSk)IL{A ’ >S5} fOI' 1 S k S n — 2’

En,O = ?n—l(HOa SO)7
Rn k—1

and set U, = > ey En,k—1 A Sk. The following result is a direct consequence of Propo-
sition A.11. It is a very strong result as it states that the numerically computable
random variables U,, are actual (§} )i>o-stopping times.

Theorem 5.16. For 0 <n < N, U, is an (Y )is0-stopping time.

We now intend to prove that stopping at time Un provides a good approximation
of the value function Vj. For all 7 € M;(Ey) and 0 < n < N we therefore introduce
the performance when abiding by the stopping rule (Un)ogng ~ and the corresponding
random variables

Up(m) = E[Q(XﬁN,n)‘HO =, V. =10,(11,).
Theorem 5.17. Suppose that for all0 < n < N —1,

_ ~ 1/2
A > (2007281 = Suiall,

one has then the following bound for the error between the expected reward when
stopping at time U, and the value function

an - Van < HVnH - V"HHp + HVn - ‘A/an + HVnH - Vn-HHp
+dn’|Hn - ﬁAan + Q[Un-i-l]HHn-&-l - ﬁn-&-al
+b||sn+1 - Sn+1||;>/2>

where b = 2C, (20,\>1/2, dy, = TCy + 4[vn11], [Vnt1] defined in Proposition C.10.

It is important to notice that Ty (m) = L, g(z;)7 = vy(7r) and thus Vy =
Vy. Therefore, the previous theorem proves that [V — V| goes to zero when the
quantization errors (|0, — O,|l,)o<n<ny 20 to zero. In other words, the expected
reward V when stopping at the random time Uy can be made arbitrarily close to
the value function V; of the partially observed optimal stopping problem (3) and
hence Uy is an e-optimal stopping time.
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Proof The first step consists in finding a recursion satisfied by the sequence
(Y”)OS"S ~ in order to compare it with the dynamic programming equation giving
(Vi)o<n<n- Let 0 <n < N — 1. First of all, Proposition 4.2 gives

E[Q(XﬁNf ) [To]

—A :pi,ﬁ —n %

q
+X Bl g, 9@ o).

=1

The term corresponding to k = 0 in the above sum equals Hg(Ily, Ry_n o). Taking
the conditional expectation w.r.t. §}, in the other terms and noticing that one has

{T) < UN—n} ={5 < fiN—n,O} yield

Blo(Xg, )IMo] = Ho(To, Ry o)+ EIE"L 5, o)

with

'—*I/

) —A xi,ﬁ —n 17
Z Zl{ T, <U N—n}t {RN nk<t*}goq)(xi7Ran,k)€ ( N k)Hk

|:Nn1

o

=1 =1

=

q
i Y
+2 (<O @)L, 5Tl]-

=1

We now make use of the Markov property of the sequence (Hn)neN in the term Z”.
Slmllarly to Lemma 4.8, for n > 1, on the set {7} < UN n}, one has RN n—1k— 1060 =
RN nk foralll <k <n-—1. Thus on the set {717 < UN n}, one has UN n =
T + UN_n_l o . Recall that ]l{TkSUN_n} ]—{Tk—ISUN—n—l} o 6. We may therefore
apply the Markov property. Using Proposition 4.2, we now obtain =" = ©,,1(II;).
Finally, we have

U, (Ily) = Hg(, RN—n,O) + GUp 41 (1o, ﬁfN—n,o) = J(Tp41, 9) (o, RN—n,O)-

Recall that éan,o = Fy_n—1(I1y, Sp) and apply the translation operator 8" to obtain
the following recursion

Vn = ‘](@n-‘rh g) (Hn7 7/ﬂ\]\f—n—l(]‘—[n’ Sn))

We are now able to study the error between V,, and V.. Let us recall that, from
its definition, 7 _,—1(IL,, S,) equals either 83, ;(Il,, S,) or t;. In the latter case,
notice that J(Tn41,9)(Ily, t;) = K0, 41(I1,). Eventually, one has

|Vn - Vn| < ]1{?N_n_1(nn,sn):t;}f4 + ]1{?1\;_”_1(Hn,Sn):gjvinil(Hn,Sn)}B (21)
with

{ A = |KU,1(Il,) — n+lvn+1< n)| R R
B = |‘](@n+1ag)(nna SN—n—l( )) maXyeGr(A) J, n+1 (U’rl-‘rl g)(H U)|
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To bound the first term A, we introduce the function v,;. One has

A S |KUn+I<Hn) - Kvn+1(Hn)| + |Kvn+1(Hn) - Kvn-i-l(ﬁn)l

—HKUTLJrl(Hn) - k\n+lvn+1(ﬁn)| + |k\n+lvn+1<ﬁn) - f(\n+lﬁn+1 (ﬁn>’
< (a)+ (b) + (¢) + (a).

Let us study these four terms one by one. By definition of K, the first term (a)
is bounded by E “Vnﬂ — Vn+1|’Hn] For the second term (b), we use Proposition
C.8 stating the Lipschitz continuity of the operator K. The term third term (c) is
bounded by Lemma 5.13 and a upper bound of the fourth term (d) is given by Eq.
(20). Thus, one obtains

A < WV = Vo[ +{|Vasr = Vi || +4(Cy + o) 1T — Tl

+2[vn1] s — Mo |-

We now turn to the second term B. In the following computations, denote §* =

§% 1 (IL,, S,). Its definition yields B = |J(Tny1, g) Ly, %) = Tyt (Bns, 9) (I, 5%
We split this expression into four differences again. On the set {Fy_,—1(I1,, S,) =
§*}, one has the equality J(v,41, g)(Il,, ") = V,,41. Hence, one this set, one obtains
from Eq. (21)

| T (Wng159) (I, 3°) = J (Ung1, 9) (I, 3°)| < [Vipgs = Vo

For the other terms, we use Propositions C.4 and C.7 for the Lipschitz continuity of
J and Eq. (19) and (20) to obtain

B < [V =Tl + Vo = ol

"’(709 + 4[Un+1])||Hn - ﬁn”p + 2[Un+1] HHn—i—l - ﬁn-l—l”p
+2Co(2C2) "2 (|Sn41 = Suiall?,

after optimizing n. The result is obtained by taking the maximum between A and
B. O

6 Numerical example

We apply our procedure to a simple PDMP similar to the one studied in [9]. Let
E =1[0;1]. For x € E and t > 0, the flow is defined by ®(z,t) = = + vt so that
t*(x) = (1 — x)/v. We set the jump rate to A(z) = ax for some a > 0 and the
transition kernel Q(z,-) to the uniform distribution on a finite set Ey C E. Thus,
the process evolves toward 1 and the closer it gets to 1, the more likely it will jump
back to some point of Ey. A trajectory is represented in Figure 1. The observation
process is Y, = ¢©(Z,) + W,, where p(z) = z and W,, ~ N(0,0?) for some o* > 0.
Finally, we choose the reward function g(x) = z. Our assumptions thus clearly
hold. Simulations are run with @ = 3, v = 1, Ey = {0,1/4,1/2}, ¢* = 0.25 and
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Figure 1: A trajectory of the process drawn until the 9*" jump time with a = 3,

v=1and Ey = {0; i; %} The dotted lines represent the possible post-jump values.

N =9. The numerical approximation is implemented as follows. First, we make an
exact simulator for the sequence (Z,,S,). From the values of (Z,,), one builds the
observation sequence (Y;,) that allows for a recursive computation of the filter process
thanks to Proposition 3.4. Thus, we can simulate trajectories of the Markov chain
(IL,, S,) that we feed into the CLVQ algorithm to obtain quantization grids. By
Monte Carlo simulations, we can also estimate the quantization errors. To run our
numerical procedure, one then needs to choose the parameter A satisfying conditions
(14) and (15). In this special case, they boil down to

67 s IS~ Sl <A <
We have chosen A just above the Monte Carlo approximation of the lower bound.
The values are given in the second column of Table 1 for different grids sizes.

Then, we recursively compute the approximated value functions v,, on the quan-
tization grids. The conditional expectations are now merely weighted sums. The
approximation we obtain for the value function of the partially observed optimal
stopping problem are given in the fourth column of Table 1.

Finally, we implemented the construction of our e-optimal stopping time and
ran 10¢ Monte Carlo simulations to compute its mean performance. The results are
given in the third column of Table 1.

The exact value of V4 is unknown but one has as in [9],

Vo =E[g(X5 )] < Vo = sup E[g(X,)] <E[ sup g(X,)]. (22)

sy, 0<t<Ty

Both the first and the last term may be estimated by Monte Carlo simulations.
One has thus, with 10° trajectories, E[supo<,<p, 9(X;)] = 0.9944. The theoretical

bound By, of the error |V — ‘70| provided by Theorem 5.8 is computed using the
approximated quantization errors. This bound decreases as the number of points in
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Quantization grids A Vo Vo B.,, Bu

50 points 0.1179 0.7900 0.8135 0.181 683
100 points 0.0970 0.8031 0.8250 0.169 467
300 points 0.0731 0.8182 0.8407 0.154 271
500 points 0.0634 0.8250 0.8477 0.147 211

1000 points 0.0535 0.8313 0.8545 0.140 152
2000 points 0.0453 0.8361 0.8599 0.135 110
4000 points 0.0381 0.8408 0.8643 0.130 &0
6000 points 0.0345 0.8430 0.8666 0.128 67
8000 points 0.0321 0.8479 0.8725 0.122 58
10000 points 0.0303 0.8497 0.8742 0.120 53
12000 points 0.0290 0.8521 0.8771 0.117 49

Table 1: Simulation results. The terms B,,, and By, respectively denote an empizical
bound and the theoretical bound provided by Theorem 5.8 for the error |V — Vp|.

the quantization grids increases, as expected. Moreover, we computed the empirical
bound given by Eq. (22) Ben = max {[Vo — Vi, [E[supyc,<r, 9(X0)] — Vol }.

A Properties of the (3! );>¢-stopping times

In this section, we study the special structure of (F} );>o-stopping times.

Lemma A.1. For alln € N, T, is an (§} )is0-stopping time.

Proof Notice that for all n € N, P(Y,, = Y,,.1) = 0. This stems from the absolute
continuity of the distribution of the random variables (W),,),en since

{Yn = Yn+1} C 1<'L'Uj<q {Wn - Wn-i—l - QO(I.Z) - QO(ZUJ)} :

Hence, for all n € N and ¢ € RT, one has P a.s. {T,, <t} = {N; > n} where we de-
note Ny = Yo<s<; Livizv,_3. The process (Ny)io is § -adapted thus {N;, > n} € §}
and since the filtration §¥ contains the P-null sets, one has {T,, < t} € §} . For all
n € N, T, is therefore an (F) );>o-stopping time. O

We now recall Theorem A2 T33 from [6] concerning the structure of the stopping
times for point processes and apply it in our case.

Definition A.2. Define the filtration (§V)i>0 as follows
§ =0 (Lyemlin<gin > 1,0 < s <t, A€ B(R)).

Theorem A.3. Let o be an (F})i>o0-stopping time. For all n € N, there exists a
{?7}” -measurable non negative random variable R,,, such that one has

0 NTopr = (T + Ro) ATuy on {o>T,}.
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Our observation process (Y;);>o being a point process that fits the framework
developed in [6], we apply this Theorem to (F} )¢>o-stopping times.

Proposition A.4. For allt >0, one has §Y = §}.

Proof First prove that Sz/ C . Let Ae B(]Rd) and 0 < s < t, one has
{Y,e A} = LEJN({Tn <s<Tua}n{Y,€A})eF CF.

Indeed, in the above equation, we used that 7T and Y; are assumed to be deter-
ministic. For the reverse inclusion, let A € B(RY), n > 1 and 0 < s < t. Recall
that Y, = Yr,. One has {Y, € A} € §}. since (Y3)i>0 is §* -adapted and T, is an
(Y )i>0-stopping time from Lemma A.1. Therefore, one has {Y,, € A} N{T,, < s} €
§Y C 3V, showing the result. O

We may therefore apply Theorem A.3 to (F} );>o-stopping times.

Theorem A.5. Let o be an (F) )iso-stopping time. For all n € N, there exists a
non negative random variable R,,, S%n -measurable such that one has

o ANTopr = (T + Ro) ATuy on {o>T,}.

We outline the following result, which is a direct consequence of the above the-
orem, because it will be used several times in our derivation.

Lemma A.6. Let o be an (F) )iso-stopping time and (R,)nen be the sequence of
random variables associated to o as introduced in Theorem A.5. For alln € N,
{Tn S o< Tn+1} = {Tn S O'} ﬁ{SnH > Rn}

Proof Theorem A.5 states that on the event {T,, < ¢}, on has o A T,,11 =T, +
(R, A Spy1) so that, still on the event {7, < o}, one has (0 < T,41) < (R, < Spt1)-
We deduce the result from this observation. O

We now investigate the effect of the translation operator of the Markov chain
(I, Yy, Sp)nen on the (F))i>o-stopping times. Proposition 4.1 states that (IL,,, Y,,, Sy )nen
is a (§7, Jnen-Markov chain. Let us consider its canonical space Q = (M;(E;) x
R? x RT)N. Thus, for w = (wg,wr,...) € 2, one has (II,,,Y;, S,)(w) = w,. Besides,
we define the translation operator

9:{ 0 N 0

(wo,wi,y...) — (wr,wa,...)
We then define #° = Idg and recursively for [ > 2, ' = 0 o '='. Thus, for all
n,l € N, one has (I, Y,,, S,) 0 0" = (I,,44, Ynis, Snst). As Ty = 0, one has

Tnoel:ZSkOQlZZSkH:TnH—TZ-
k=1

k=1
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The next results of this section are given without proof because their proofs follow
the very same lines as in [9] from which they are adapted. However, notice that
the results from [9] cannot be applied directly to our case because the sequence
(I1,,, Y5, Sn)nen, although it is a Markov chain, is not the underlying Markov chain
of some PDMP. Set now o € Y. From Theorem A.5, for all n € N, there exists a
non negative §Y, -measurable random variable R,,, such that, on the event {c > T},

one has o ATy 41 = (Tn + Rn> ANTyiq.

Lemma A.7. Let o be an (F} )iso-stopping time and (R,)nen be the sequence of
random variables associated to o as introduced in Theorem A.5. Let Ry = Ry and
fork>1, R, = Rkl{skgﬁk_l}. One has then

g = Z En—l N Sn
n=1

Remark A.8. This lemma proves that in Theorem A.5, the sequence (Ry)nen can
be replaced by (R,)nen. Therefore, we can assume, without loss of generality that
the sequence (Ry)nen satisfies the following condition: for allm € N, R,.1 = 0 on

the event {S,+1 > R, }.

Since 3% =0(Y;,5;,7 < k) and Ry, is S¥k—measurable, there exists a sequence
of real-valued measurable functions (14)ren defined on (RY x R*)¥+1 such that Ry =
rk(gk)a where gk - (}/07 SOa ey 7Yk7 Sk)

Definition A.9. Let o be an (F} )i=o-stopping time and (r,)nen be the sequence of
functions associated to o as introduced in Remark A.8. Let |l > 1 and (éi)keN be a
sequence of functions defined on (R? x R )1 x Q by R (v,w) = r(y) and for k > 1,
R (v, @) = rin(y, Gr1(@)lig 3 (1,0)-

Proposition A.10. Let o be an (FY)is0-stopping time and (Ry)ren (respectively,
(RY)ren) be the sequence of functions associated to o as introduced in Lemma A.7
(respectively, in Definition A.9). Assume that T; < o < Ty. For all k € N, one has

then Ry(G1,0") = Riay and o = T) + 5(G,,0), with & : (R x R¥)" x Q — R*
defined as 5 (y,w) = L0 Bl (7,w) A Sn(w).
Proposition A.11. Let (U,)nen be a sequence of non negative random variables

such that for all n, U, is §Y, -measurable and U1 = 0 on {Sp+1 > U,}. We define
U=3%,U, 1AS,. Then U is an () )i>o0-stopping time.

Corollary A.12. Let o be an (F} )i>0-stopping time and & be the mapping associated
to o introduced in Proposition A.10. For all v € (RY x RT)P* G(v,+) is a (F) )iso0-
stopping time.

B Computation of a conditional expectation

The objective of this section is to prove the technical Lemma B.1 used in the proof
of Proposition 4.2.

Lemma B.1. For all k € N, one has E[L(s, ,,>r,}|81.] = Lir <=z e 2@ F0.

34



Proof First recall some results concerning the random variables (S)ken, details
may be found in [8]. After a jump of the process to the point z € F, the survival
function of the time until the next jump is

1 if t <0,
Bt 2) = e NN if 0 <t < t*(2),
0 if £ > t5(2).

Define its generalized inverse 1 (u, z) = inf{t > 0 such that ¢(¢,z) < u}. Then, for
all k € N, one has Si1 = ¥(Yg, Zx), where Y, are i.i.d. random variables with uni-
form distribution on [0; 1] independent from §7,. Thus, one has E[lys, ,,>r,}|87,] =
E[f(Yk, Z, Ry)|S1,] where f(u,z,7) = Liyzy>ry- As (Zk, Ri) is §r,-measurable,
T, is independent from §7, and E[liyr, 2)sr] = ]l{r<t*(z)}e_/\(z””), [15, Proposition
11.2] yields the result. O

C Lipschitz properties

In this section, we derive the Lipschitz properties of our operators in order to obtain
them for the value functions (v,,)o<n<ny. Similarly to the proof of Proposition 4.1,
we first derive the integral form of operators G and H.

Lemma C.1. For all h € B(E), v € B(M;(Ey)) and (m,u) € M;(Ep) x R, one
has

q
Gu(m,u) = IU(WaU)+Zﬂzﬂ{t;gu}€%(mi’tf)
=1

/ ( & y’tl )ZQ< 7t x])fW(y _90(93]))6@7

J=1

Hh(m,u) = Z?Till{qu}e_/‘(x“u)ho(I’(xi,u),

=1

where

Zq:ﬂz' /uAt;-* ()\ o CI)(:L‘i,S,)e_A(mi’S/)
/ ( Ty, s )ZQ( T, 8 :cj)fw(y —go(:cj))dy’)dsﬁ

Jj=1

Now, notice that the functions Hh(m,-) and Gv(w,-) are not continuous. How-
ever, they are cadlag with a finite number of jumps. Therefore, they can be rewritten
as sums of continuous functions as follows.

Definition C.2. Forallm € {0,...,q—1}, we define the operators G™: B(My(Ey)) —

B(M;(Ey) x RY) and H™: B(E) — B(M;(Fy) x R") as follows
o ifu<t:, G"u(m,u)= Gu(mt) and H™h(m,u) = Hh(rm,t}),
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o ifu>tr,

G"v(m,u) = Tv(muANt, ) ZW@ (@i.t7)

/ ( (my',t; )i@( xi, t; x])fw<y —go(xﬁ)dy’,

q
Hmh(ﬂ', u) _ Z mle~Maziunty ) p o q)(xh T tm+1)
i=m-+1

We also define J™ (v, h)(m,u) = H™h(m,u) + G™v(m, u).

Remark C.3. For allm € {0,...,q — 1} and for all h € B(E), v € B(M;(FEjy))
and (m,u) € My(Ey) x RT, the functions v — G™v(m,u), u — H™h(m,u) and
u — J™(v,h)(m,u) are continuous. Moreover, they are constant on [0;tf,] and on
[tr 1 +oo] and one has

Gu(m,u) = Zﬂtmt’:nﬂ[ w)G™o (T, u),

q—1

Hh(m,u) = Zl[t%%ﬂ[(u)ﬂmh(w,u),
m=0

J(v,h)(m,u) = qz:l[tfn’t;+1[(u)Jm(v,h)(ﬂ,u).

We now investigate the Lipschitz properties of our operators.
Proposition C.4. For m € M, ((7,u),(7,%)) € (M1(Ey) x RY)?, one has
|H™g(m,u) — H"g(7,0)| < Cy|lm — 7|+ ([g]2 + CyC)|u — al.

Proof Since the function v — H™h(m, u) is constant on the intervals [0; ¢} ] and

[t 1;+0o[, we may assume that u, @ € [t};¢; ] so that one has H™g(m,u) =

Sy me AT g o ®(x;, 1), and similarly for H™g(7,@). Then, on the one hand,
one has

[H™g(m,u) — Hg(7,u)| = | Y (7' = #")e Mg 0 d(w;,u)|

i=m+1

q
< G >

i=m+1
On the other hand, Lemma A.1 in [9] yields
e g 0 @(;,u) — e MW g 0 Bz, w)| < ([g]s + CyCr)|u—l,

showing the result. O

The following technical lemma will be useful to derive the Lipschitz properties
of the operator I. The first part of its proof is adapted from [18].
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Lemma C.5. For all m, 7 € My(Ey) and m € M, one has
Z ) = UG ) )0 < 2=
t*

Proof Let s €]t ;t5 ;[ and ¢/ € R? 1In the following computation, we denote

m? “m+1
7= (my,s)and T = (7,y/,s'), one has

U(7) = U(F)[Tm(r) =

M=

|
3 .

|

|
S

<.
I
—

I
()=
3 N
|
3
>

<.
Il
-

VAN
MQ

K
SM
3

|

=
Sk)‘
3
T
N

Il
—
<

Il

—
S

3

—~
Rl

S~—

J

Notice that >>7_, W/ (7) = W,,,(7) so that the second sum above reduces to |¥,,(7) —
U (7)] = X [90,(7) — W, (7))

Finally, one has
PR— q B .
(U(7) = U(7) V() <2 |0 (1) — WL (7)].
j=1

As Jga fw(y’ — go(mj))dy’ =1land X9_, Q( (x4, 9), xj) = 1, one obtains

qg—1 +*

m-+1
> [
m=0"th R4

(m,y,8') — W(7,y, s')‘@m(ﬂ, y', s )dy'ds'

ot e, 4 . )
< I (w8 — W (7,9, ") | dy'ds’
-1 ¢ M )
<2y ¥ / Z [ =A@ )
m=0i=m+1 " tm
XQ(@(%S/) fj)fw(y — () dy'ds’
q—1 L ,
<2y Z i A®(z;, 8'))e M=) g
m=0i=m+1
d /
< 22|7T1 ~Z|/ B (z;,5"))e M) s’
We obtain the result as fg: MNP (24, 8))e M@ ds' =1 — e M@t]) < 1, O

Proposition C.6. For v € BL(M:(Ey)) and ((m,u), (7,0)) € (M1(Ep) x RT)?,
one has
[Tv(m,u) — Tv(7,a)| < (Cy + 2[v])|m — 7| + C,Ch|u — 4.
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Proof On the one hand, one clearly has

q
[[v(m,u) — To(m,a)] <« T—ant;|C,C\ < C,Chlu— 1.
i=1

On the other hand, one has
|Tv(m,u) — Tv(7,u)|

S Cv|7r_ 0

(., s’)) — v(\IJ(fr,y', s’))‘
X Zq: Q(‘I’(% s'), xj)fw(z/ —p(z;)) A0 B(xy, 8 )e M dy ds'.
j=1

Besides, we have assumed that v is Lipschitz continuous so that one has
o(¥(my' ) = o(VE Y, )| < [l U(r Y, 8) — Uy, 5),
Thus, one has

|IU(7T,y,S,U) ( ,y,S,U)|

q ty

%

< Cylm— T

,) - \Ij(ﬁv ylv 5/)

z:l 0

q

Z Q(CI)(xZ', s, xj)fw(y’ — o(z;)) A o P(xy, s’)e_A(xi’s/)dy'ds'

Jj=1
g m+1
> X
tx, R4

m=0i=m+1

xZQ( 70, 8'),3;) fur (y — () A 0 ®(xs, 8" )e N dy'ds’

q 1

IN
2
3

(m, 9, s") — (7,9, s)

m(m, s )dy'ds'.

7n+1
< Cylm =7+ v Z/t /Rd

The previous lemma provides the result. 0

(m, 9, s") — (7,9, s)

Proposition C.7. Form € M, v € BL(M;(Ey)) and ((r,u), (7,@)) € (M1(Ep) x
RT)2, one has

|G™v(m,u) — GMo(w,a)| < (20, + 2[v])|7m — 7| + C,Cr|u — al.

Proof Asin the proof of Proposition C.4, we may assume without loss of generality
that u, u € [t5,;¢* 4] so that one has

ms “m+1

G™v(m,u) = Tv(m,u) Z’/T e Mt

x Z Lo (e g )Q((i, 7). 3) S (4 = olw;)dy'
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and similarly for G™v(7, 4). The second term does not depend on u thus

|IG™o(m,u) — GMu(m,a)| = |Tv(m,u) — Tv(m, )
< |o(m,u) — Tv(w,u)| + Cylm — 7,
as V(m,y/, t7) = ¥(7,y, tF) by Proposition 3.4. This yields the result. O

Proposition C.8. For all v € BL(M;(Ey)) and (7,7) € M1(Ep)?, one has

|Ku(n) — Ko(#)| < (2C, + 2[v])|7 — 7.

Proof As Kv(rm) = Gu(,t;), this is a consequence of Proposition C.7. O

Proposition C.9. For v € BL(M;(Ey)) and (m,7) € My(Ey)?, one has
L, g)(m) = L(v, 9)(7)| < (Cy + 2C, + 2[v]) |7 — 7.
Proof One has

|L(v, g)(m) — L(v, g)(7)]
< max{ sup |J"(v,g)(m,u) — J"(v,9)(7,u)|} V [Kv(r) — Ku(7)|

meM L ueftr it ol

< (Cy+2C, +2)) |7 — 7,
using Propositions C.4, C.7 and C.8 since J"(v,g) = H™g + G™v. O

Proposition C.10. For alln € {0,...,N}, one has v, € BL(M;(Ey)) with C,, <
C, and [v,] < (2N—"+2 - 3)C,.

Proof We proved that v, is the value function of the optimal stopping problem
with horizon T, thus one has v, (7) = sup,cxy E[g(XJ)‘HO = 7| < Cy. There-
fore v, is bounded and C,, < C,;. The second assessment is proved by backward
induction. Let 7, 7 € M;(Ep). One has

N
[on(m) = on (7)] < 3 glag)ln — 77| < Colm — 7.
j=1

Therefore, we have the result for n = N with [vy] < C,. Moreover, since v, =
L(vp41,g) for 0 < n < N — 1, Proposition C.9 yields [v,] < 3C, + 2[v,,41] which
proves the propagation of the induction. O
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1. Introduction

We present here a numerical method to compute the value
function of an impulse control problem for a piecewise determinis-
tic Markov process. Our approach is based on the quantization of an
underlying discrete-time Markov chain related to the continuous-
time process and path-adapted time discretization grids.

Piecewise-deterministic Markov processes (PDMPs) have been
introduced in the literature by Davis (1993) as a general class
of stochastic hybrid models. PDMPs are a family of Markov
processes involving deterministic motion punctuated by random
jumps. The motion of the PDMP includes both continuous
and discrete variables {(X(t), T°(t))}. The hybrid state space
(continuous/discrete) is defined as RY x M where M is a countable
set. The process depends on three local characteristics, namely
the flow ¢, the jump rate A and the transition measure Q, which
specifies the post-jump location. Starting from (x,v) € R? x
M the motion of the process follows the trajectory (¢, (x, t), v)
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0005-1098/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.automatica.2012.02.031

until the first jump time T; which occurs either spontaneously
in a Poisson-like fashion with rate A, (¢, (x, t)) or when the flow
¢, (x, t) hits the boundary of the state-space. In either case the
location of the process at the jump time Ty: (X(T7), Y(Ty)) =

(Z1,y1) is selected by the transition measure Q,(¢y(x, Ty), ).
Starting from (Z1,y1), we now select the next inter-jump time

T, — Ty and post jump location (X(T), Y (T2)) = (Z.y2). This
gives a piecewise deterministic trajectory for {(X(t), 7' (t))} with
jump times {T,} and post jump locations {(Z, yx)} which follows
the flow ¢ between two jumps. A suitable choice of the state space
and the local characteristics ¢, A, and Q provides stochastic models
covering a great number of problems of operations research; see
Davis (1993). To simplify notation, there is no loss of generality in
considering that the state space of the PDMP is taken simply as a
subset of R? rather than a product space R? x M as described above;
see Remark 24.9 in Davis (1993) for details.

An impulse control strategy consists of a sequence of single
interventions introducing a jump of the process at some controller-
specified stopping time and moving the process at that time to
some new point in the state space. Our impulse control problem
consists in choosing a strategy (if it exists) that minimizes the
expected sum of discounted running and intervention costs up
to infinity, and computing the optimal cost thus achieved. Many
applied problems fall into this class, such as inventory problems
in which a sequence of restocking decisions is made, or optimal
maintenance of complex systems with components subject to
failure and repair.
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Impulse control problems of PDMPs in the context of an
expected discounted cost have been considered in Costa and
Davis (1989), Dempster and Ye (1995), Gatarek (1991, 1992),
Lenhart (1989). Roughly speaking, in Costa and Davis (1989)
the authors study this impulse control problem by using the
value improvement approach while in Dempster and Ye (1995),
Gatarek (1991, 1992), Lenhart (1989) the authors choose to analyse
it by using the variational inequality approach. In Costa and
Davis (1989), the authors also consider a numerical procedure.
By showing that iteration of the single-jump-or-intervention
operator generates a sequence of functions converging to the value
function of the problem, they derive an algorithm to compute
an approximation of that value function. Their approach is also
based on a uniform discretization of the state space similar to
the one proposed by Kushner (1977). In particular, they derive
a convergence result for the approximation scheme but no
estimation of the rate of convergence is given. To the best of
our knowledge, it is the only paper presenting a computational
method for solving the impulse control problem for a PDMP in the
context of discounted cost. Remark that a similar procedure has
been applied by Costa (1993) to derive a numerical scheme for the
impulse control problem with a long run average cost.

Our approach is also based on the iteration of the single-jump-
or-intervention operator, but we want to derive a convergence
rate for our approximation. Our method does not rely on a blind
discretization of the state space, but on a discretization that
depends on time and takes into account the random nature of
the process. Our approach involves a quantization procedure.
Roughly speaking, quantization is a technique that approximates
a continuous state space random variable X by a random variable
X taking only finitely many values and such that the difference
between X and X is minimal for the L, norm. Quantization methods
have been developed recently in numerical probability, nonlinear
filtering or optimal stochastic control with applications in finance,
see e.g. Bally and Pagés (2003), Bally, Pageés, and Printems (2005),
Pageés (1998), Pages and Pham (2005), Pagés, Pham, and Printems
(2004a,b) and references therein. It has also been successfully used
by the authors to compute an approximation of the value function
and optimal strategy for the optimal stopping problem for PDMPs
in de Saporta, Dufour, and Gonzalez (2010).

Although the value function of the impulse control problem can
be computed by iterating implicit optimal stopping problems, see
Costa and Davis (1989) Proposition 2 or Davis (1993) Proposition
54.18, from a numerical point of view the impulse control is
much more difficult to handle than the optimal stopping problem.
Indeed, for the optimal stopping problem, the value function
is computed as the limit of a sequence (v,) constructed by
iterating an operator L. This iteration procedure yields an iterative
construction of a sequence of random variables v,(Z,) (where (Z,)
is an embedded discrete-time process). This was the keystone
of our approximation procedure. As regards impulse control, the
iterative construction for the corresponding random variables does
not hold anymore, see Section 4 for details. This is mostly due to
the fact that not only does the controller choose times to stop the
process, but they also choose a new starting point for the process to
restart from after each intervention. This makes the single-jump-
or-intervention operator significantly more complicated to iterate
that the single-jump-or-stop operator used for optimal stopping.
We manage to overcome this extra difficulty by using two series
of quantization grids instead of just the one we used for optimal
stopping.

The paper is organized as follows. In Section 2 we give a precise
definition of a PDMP and state our notation and assumptions. In
Section 4, we present the impulse control problem and recall the
iterative construction of the value function presented in Costa
and Davis (1989). In Section 5, we explain our approximation
procedure and prove its convergence with error bounds. Finally in
Section 6 we present a numerical example. Some technical results
are postponed to the Appendix.

2. Definitions and assumptions

We first give a precise definition of a piecewise deterministic
Markov process (PDMP). Some general assumptions are presented
in the end of this section. Let us introduce first some standard
notation. Let M be a metric space. B(M) is the set of real-valued,
bounded, measurable functions defined on M. The Borel o -field of
M is denoted by 8(M). Let Q be a Markov kernel on (M, 8(M)) and
w € B(M), Quw(x) = [, w(y)Q(x, dy) forx € M. For (a, b) € R?,
a A b =min(a, b) and a vV b = max(a, b). Let E be an open subset
of R%, 3E its boundary and E its closure. A PDMP is determined by
its local characteristics (¢, A, Q) where:

o the flow ¢: R? x R — R is a one-parameter group of homeo-
morphisms: ¢ is continuous, ¢ (-, t) is an homeomorphism for
each t € R satisfying ¢ (-, t +5) = ¢(¢(-,5), t). ForallxinE,
let us denote

t*(x) = inf{t > 0: p(x, t) € JE},

with the convention inf ) = oco.

e the jump rate A:E — R, is assumed to be a measurable
function. _

e Q is a Markov kernel on (E, B(E)) satisfying the following
property:

(Vx€E), Q(x,E—{x})=1.

From these characteristics, it can be shown, see Davis (1993,
pp. 62-66), that there exists a filtered probability space (£2, ¥,
{F:}, {Px}xer) such that the motion of the process {X(t)} starting
from a point x € E may be constructed as follows. Take a random
variable T; such that

—Ax,t) *
. Je fort < t*(x),
Pu(Th > 1) = {0 fort > t*(x),

where forx € Eand t € [0, t*(x)]

t
Ax, t) i/ Mo (x, s))ds.
0

If T; generated according to the above probability is equal to
infinity, then for t € R, X(t) = ¢(x,t). Otherwise select
independently an E-valued random variable (labelled Z;) having
distribution Q (¢ (x, T1), -), namely Px(Z; € A) = Q(¢(x,T1),A)
for any A € B(E). The trajectory of {X(t)} starting at x, for t < Ty,
is given by

X(t) = {Z(Xv 2

Starting from X (T;) = Z;, we now select the next inter-jump time
T, — T, and post-jump location X(T,) = Z, is a similar way.

This gives a strong Markov process {X(t)} with jump times
{Ti} o (Where Ty = 0). Associated to {X(t)}, there exists a discrete
time process (©y), _, defined by @, = (Z;, S,) with Z, = X(T,)
andS, = T, — T,—1 forn > 1and Sy = 0. Clearly, the process
(®n)nen is a Markov chain, and it is the only source of randomness
of the process.

We define the following space of functions continuous along the
flow with limit towards the boundary:

fort < Ty,
fort =Tj.

C= {w € B(E): w(g(x, -)): [0, t*(x)) = R is continuous for
each x € E and whenever t*(x) < oo the limit
lim w(ek,1t)) exists}.
t—t*(x)
For w € C, we define w(¢(x, t*(x))) by the limit lim;_,
w(¢p(x,t)) (note that the limit exists by assumption). Let us

introduce L as the set of functions w € C satisfying the following
properties:
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1. there exists [w], € Ry such that for any (x,y) € E* u €
[0, t*(x) A t*(¥)], one has

[w(@x, w) —we, w)| < [w],x—yl,

2. there exists [w],
[0, t*(x)]?, one has

lw(px. 1) —w(gp,s))| < [w],|t —sl,
3. there exists [w], € Ry such that for any (x,y) € E?, one has
lw(@x, t*(x))) — w(py, *O))| < [w], Ix—yI.

In the sequel, for any function w in C, we denote by C,, its bound:

€ R, such that for any x € E, and (t,s) €

Cy = sup [w(x)|.

xeE
The following assumptions will be in force throughout.

Assumption 2.1. The jump rate A is bounded and there exists
[)L]1 € R, such that for any (x,y) € E2,u € [0, t*(x) A t*(y)[,

| (x, w) — M@, w)| <[] Ix—yl.

Assumption 2.2. The exit time t* is bounded and Lipschitz-conti-
nuous on E.

Assumption 2.3. The Markov kernel Q is Lipschitz in the following
sense: there exists [Q] € Ry such that for any function w € L the
following two conditions are satisfied:

1. forany (x, y) € E2, u € [0, t*(x) A t*(y)], one has
lQu@(x. w) — Q. w)| < [Q][w], Ix—¥I.

2. forany (x,y) € E?, one has
lQu . ")) — Qu@@. )| < [Q][w], Ix .

3. Quantization

The aim of this section is to describe the quantization procedure
for a random variable and to recall some important properties that
will be used in the sequel. There exists an extensive literature
on quantization methods for random variables and processes. We
do not pretend to present here an exhaustive panorama of these
methods. However, the interested reader may for instance, consult
the following works Gray and Neuhoff (1998); Pagés (1998); Pages
et al. (2004b) and references therein. Consider X an R%-valued
random variable such that |X ||p < oo where |[X Hp denotes the

1/p
L,-nom of X: HXHP = (IE[|X|”]> .
Let K be a fixed integer, the optimal L,-quantization of the random
variable X consists in finding the best possible L,-approximation of
X by arandom vector X taking at most K values: X € {x!, ..., xX}.
This procedure consists in the following two steps:
1. Find a finite weighte;ilgrid I C RIwith I = {x, ..., xK}.
2. Set X = X" where X" = p,(X) with p, denotes the closest

neighbour projection on I".

The asymptotic properties of the L,-quantization are given by the
following result, see e.g. Pagés (1998).

Theorem 3.1. If E[|X|PT"] < +o0 for some n > O then one has

lim k"9 min IX — XTIP = a/(g+p)

im_ KF min l I; =Jpq [ |hl (wdu,

where the law of X is Px(du) = h(u)Aq(du) + v withv 1 Ag, Jpaa
constant and A, the Lebesgue measure in RY.

Remark that X needs to have finite moments up to the order p +
to ensure the above convergence. There exists a similar procedure
for the optimal quantization of a Markov chain {Xj}ien. There

are two approaches to provide the quantized approximation of a
Markov chain. The first one, based on the quantization at each time
k of the random variable X, is called the marginal quantization.
The second one that enhances the preservation of the Markov
property is called Markovian quantization. Remark that for the
latter, the quantized Markov process is not homogeneous. These
two methods are described in details in Pagés et al. (2004b, Section
3). In this work, we used the marginal quantization approach for
simplicity reasons.

4. Impulse control problem

The formal probabilistic apparatus necessary to precisely define
the impulse control problem is rather cumbersome, and will not
be used in the sequel, therefore, for the sake of simplicity, we only
present a rough description of the problem. The interested reader
is referred to Costa and Davis (1989) for a rigorous definition.

A strategy 8 = (tp, Rn)n>1 IS a sequence of non-anticipative
intervention times (7,),>1 and non-anticipative E-valued random
variables (R,);>1 on a measurable space (£2, ). Between the
intervention times t; and 714, the motion of the system is
determined by the PDMP {X(t)} starting from R;. If an intervention
takes place at x € E, then the set of admissible points where the
decision-maker can send the system to is denoted by U C E. We
suppose that the control set U is finite and does not depend on x.
The cardinal of the set U is denoted by u:

U={y:1<i<u}.

The strategy § induces a family of probability measures P$, x € E,
on (2, F). We define the class S of admissible strategies as the
strategies 8 which satisfy 7., = oo Pf—a.s. forallx € E.

Associated to the strategy 4, we define the following discounted
cost for a process starting at x € E

7°(x) =} { / e+ 3 e ey, Y;)} :
0 1

i=1

where E} is the expectation with respect to P} and (Y;} is the
process with interventions. The function f then corresponds to the
running cost and c(x, y) corresponds to the intervention cost of
moving the process from x to y, « is a positive discount factor. We
make the following assumption on the cost functions.

Assumption 4.1. f is a positive function in L.

Assumption 4.2. The function c is continuous on E x U and there
exist [c], € Ry, [c], € Ry and [c], € Ry such that

1. forany (x,y) € E?,u € [0, t*(x) A t*(¥)],

max [c(p(x, ), 2) — (v, u), 2)| < [c] Ix =L,
2. forany x € E,and (t, s) € [0, t*(x)]?,

max [c(p(x, 1), 2) = c(p(x.9), 2)| < [c], [t =],

3. forany (x,y) € E?,
max |c(px, t*(0)), 2) — c(p, t*¥)). 2)| < [c], Ix— I,

4, forany (x,y) € E x U,0 < ¢g < c(x,¥) < C,
5. forany (x,y,z) € E x U x U,

cx,y) +cy,2) = c(x, 2).

The last assumption implies that the cost of taking two or more
interventions instantaneously will not be lower than taking a
single intervention. Finally, the value function for the discounted
infinite horizon impulse control problem is defined for all x in E by
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V() = inf 7° ().

Associated to this impulse control problem, we define the follow-
ing operators. Forx € E, t > 0, (v, w) € C?, set

EALF (%)
F(x, t) = / e T ANIf ((x, 5))ds,
0

Ho(x, 1) = e @ 0ARNE®)y (g (x A *(x)))
= E[e @ y(p(Z, £ A 1 (2))
X Nisy>tnexzg)) | Zo = X]a
EALF (X)
Twx, t) = e AN Qw(p(x, 5))ds

0
= E[e_“s‘w(Z1)1{s1<m*(zo)} Zy = X]-

Finally for notational convenience, let us introduce for (v, w) € C?,

xeEandt > 0.

J, w)(x,t) = F(x,t) + Hu(x, t) + Tw(x, t),

Kw(x) = F(x, t*(x)) + HQw(x, t*(x)) + Tw(x, t*(x)).

It is easy to show that foralln € N

Ko@) = E[F(Z,, £(Z) + € 10(Z00)|2 = 1],

Jo, w6 = ]EI:F(Z"’ £+ et w(Zn+l)1{sn+1<tAt*(Zn)}
+ efat/\[*(Zn)v((p(Zn’ tA t*(Zn)))
X 1{5n+1ztAt*(zn)} |Zn = X]. 1)

Note that these operators involve the original non controlled pro-
cess {X(t)} and only depend on the underlying Markov chain
() = (Zn, Sn). The equalities above are valid for all n because
(®,) is an homogeneous Markov chain. Finally, for (v, w) € C?, ¢
defined on U and x € E, set

Mo = infle(x.y) + o).
L(v, w)(x) = ti%f J(v, w)(x, t) A Kw(x),

Lwkx) =LMw, w)(x).

As explained in Costa and Davis (1989), operator £ applied to w
is the value function of the single-jump-or-intervention problem
with cost function w and the value function 'V can be computed
by iterating .£. More precisely, let h be the cost associated to the
no-impulse strategy:

h(x) = E, [/oo e_‘“f(Xs)dsj| ,
0

forallx € E.Then we recall Proposition 4 of Costa and Davis (1989).

Proposition 4.3. Assume that g isin Land g > h. Define V& =
and V&, = £(Vy), foralln > 0. Then for all x € E

V(x) = nlingo VE(x).

As pointed out in Costa and Davis (1989), if one chooses exactly
g = h, then V,’; corresponds to the value function of the impulse
problem where only n jumps plus interventions are allowed, and
after that, there are no further interventions.

Remark 4.4. Note that operator L is quite similar to the operator
used in optimal stopping, see e.g. Costa and Davis (1988), de
Saporta et al. (2010). However, the iteration procedure here does
not rely on L but on .£. The difference between operators L
and £ comes from the operator M that chooses optimally the
next starting point. This is one of the main technical differences
between approximating the value functions of an optimal stopping
and impulse problems, and it makes the approximation scheme
significantly more difficult, as explained in the next section.

5. Approximation of the value function

From now on, we assume that the distribution of X (0) is given
by 4y, for some fixed point X in the state space E. We also choose
a function g in L satisfying g > h. Our approximation of the value
function at xq is based on Proposition 4.3. Following the approach
proposed by Costa and Davis (1989), we suppose now that we
have selected a suitable index N such that V(xq) — Vf, (xo) is small
enough see the example in Section 6. We turn to the approximation
of V,‘%, (x9) which is the main object of this paper. In all generality,
finding an index N such that V(xg) — Vf, (xo) is below a prescribed
level is a very difficult problem to solve. However, in particular
cases one can hope to be able to evaluate the distance between
V(xo) and V,‘%', (xo). As suggested by Costa and Davis (1989), a value
of N can be chosen by calculating V& (xo) for different values of n
and stopping when the difference between two consecutive values
is small enough. Our results of convergence are derived for a fixed
but arbitrary N.

Recall that if Vo = h, then 'V}! corresponds to the value function
of the impulse problem where only N jumps plus interventions are
allowed. This is an interesting problem to be solved in itself. For
notational convenience, we will change our notation in the sequel
and reverse the indices for the sequence (V§)o<n<n. Set

{UN =g =",

Up = LUy = Vi_,, forall0 <n <N.

As explained in the introduction, the keystone of the approxi-
mation procedure for optimal stopping in de Saporta etal. (2010) is
that the analogue of Proposition 4.3 yields a recursive construction
of the random variables v, (Z,). Unfortunately, this key and impor-
tant property does not hold anymore here. Indeed, one has:

Un(Zn) = LVny1(Zn)

(tiel]gr E[F(Zn, t) + e %nt Uﬂ+l(Zn+1)1{sn+1<t/\[*(ln)}

+ e N EIMy (B (Zn, t AL Z))

x 1{5n+1 EAL*(Zn)} |Z”]>

NE[F @, € @) + € Uy Zoy) |2

And Mvp1(¢p(Zy, t A t*(Z;))) cannot be written as a function
of v,+1(Z,41). Hence, we have no recursive construction of the
random variables v, (Z,) and we cannot apply the same procedure
that we used for optimal stopping. Thus, we propose a new
procedure to evaluate M v, 1(¢(Z,, t At*(Z,))) separately from the
main computation of the value function.

Note that for all 0 < n < N, to compute Mv, 1 at any
point, one actually only needs to evaluate the value functions
vp41 at the points of the control grid U. We propose again a
recursive computation based on the Markov chain (Z,, S,) but with
a different starting point. Set Z} = y € U and Sy = 0. We denote
by (ZJ, S)) the Markov chain starting from this point (y, 0). One
clearly knows vy = g on U. Now suppose we have computed all
the v, on U for k + 1 < n < N. Therefore, all functions Mv, are
known everywhere. We can then propose the following recursive
computation to evaluate vy aty € U:

UN (Zz}\;_k) = g(Zz)\;_k)

vk+n(Z,}1/) = L(MVksnt1, karTH»'l)(Z;};)v (2)
vOo<n<N-k-—1.

This way, one obtains vk(Zg ) that exactly equals vi(y). Note that,
since the functions My, are known, this provides a tractable
recurrence relation on the random variables vk+n(Z,’<’ ).
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I(N) = 9(Zn) — | 14] — v (Zn) — o By g (T a) e — |14 — 2(Z) — B — 2ulZ) = Bula0)

= 9(Z}) = ¥n(y) / )
i 5 d ~ i /I

Fig. 1. Step by step procedure.

Remark 5.1. Note that this procedure requires the knowledge of
function g for all the random variables (Z} )n<n—1 defined for the
different starting points y € U. This is why, in general, we are
not able to use the no-impulse cost function h. Indeed, it is hard to
compute this function, especially if we need to know it everywhere
on the state space. The most practical solution is to take g equal to
a upper bound of h, and therefore constant.

There is yet another new difficulty hidden in the recurrence
relation (2) above as regards its discretization. Indeed, to compute
v, (y), one needs first to compute all the vy, (Z)) with1 < n < N—
k, and to compute vy1(y) for instance, one has already computed
all the Uk+n(zr{71) for 2 < n < N — k. Unfortunately, one cannot

re-use the values of v, (Z)_,) to compute that of v,(Z}), SO
the computation has to be started all over again each time, and
one has to be very careful in the design of the approximation
scheme. However, all these computations can be done with the
same discretization grids for (ZJ, S, so that our procedure is still
reasonably fast, see Section 5.2 for details, and Fig. 1 for a graphical
illustration of our procedure.

Remark 5.2. The recursive procedure (2) is triangular in the sense
that one needs to compute all the vi,,(Z)) for 0 < k < N and
0<n<N-—k

Our approximation procedure is in three steps, as explained
in the following sections. The first step consists in replacing the
continuous minimization in the definition of operator L by a
discrete-time minimization, on path adapted grids. The second
step is specific to the impulse problem, and is due to the operator
M as explained in details above. The second step hence consists
in carefully approximating the value functions v, on the control
grid U. The last step will then be similar to the approximation of
the optimal stopping problem and will consist in approximating
the value functions at the points of the quantization grids of the no
impulse process.

5.1. Time discretization

We define the path-adapted discretization grids as follows.

Definition 5.3. For z € E, set A(z) € 10, t*(z)[. Define n(z) =

int(‘;((j))) — 1, where int(x) denotes the greatest integer smaller

than or equal to x. The set of points (t;)ic(o,... nz); With t; = iA(2)
is denoted by G(z). This is the grid associated to the time interval
[0, t*(2)].

Remark 5.4. It is important to note that, for all z € E, not only one
has t*(z) ¢ G(z), but also maxG(z) = ty) < t*(z) — A(z). This
property is crucial for the sequel.

We propose the following approximation of operator L, where
the continuous minimization is replaced by a discrete-time
minimization on the path-adapted grids.

Definition 5.5. For (v, w) € L> and x € E, set

v, w)(x) = trr‘lsi(n)](v, w) (X, t) A Kw(X).

Now we compute the error induced by the replacement of the
continuous minimization by the discrete one.

Lemma 5.6. Let (v, w) € L2. Then forall x € E,

inf ](U7 w)(X7 t) - min](v7 w)(xa S)
t<t*(x) seG(x)

< (G +CuGC + [v], + GG 4+ @) AR).

Proof. We have

inf J(v, w)(x, t) — min J(v, w)(x, 5)
t<t*(x) seG(x)

= min J(v, w)(x,s) — inf J(v, w)(x,t).
seG(x) E<t*(x)

Clearly, there exists t € [0, t*(x)] such that inf<¢(x J (v, w)(x, t)
= J(v, w)(x, t). Moreover, there exists 0 < i < n(x) such that
t € [t;, tip1] (With ty1 = t*(x)). Consequently, Lemma A.5 yields

| inf J(v, w)(x, t) — min J(v, w)(x, )|
t=<t*(x) seG(x)

<Jw, w)x, t;) —J(, w)(x,t)
< (G +CuC + [v], + G (G 4 @) [t — ¢

implying the result. O



784 B. de Saporta, F. Dufour / Automatica 48 (2012) 779-793

Lemma 5.7. Let (v, w) € L? be nonnegative functions. Then for all
x €E,

mumw—ﬂwmmmg(q+@q
+[v], + G (G + a)) AX).

Proof. Since the functions v and w are nonnegative, it follows from
the definition of L and L¢ that

L(v, w)(x) — L (v, w)(x)

<| inf ](v w)(x,t) — mlnj(v w)(x,s)|.

T estr(x

Now in view of the previous lemma, one obtains the result. O

5.2. Approximation of the value functions on the control grid U

We now need to introduce the quantized approximations of the
underlying Markov chains (©;). More precisely, we need several
approximations at this stage, one for each starting point y in the
control set U. Recall that U = {y, 1 < i < u}.Forall1 <
i < ulet (wa 5,,)0<n<N 1 be the Markov cham (Zn,Sn)0<n<N 1
with starting point Z, = y', S = 0, and let (Z;I,Sn)ogngN 1 be
the quantized approximation of the sequence (Z,’1, Sn)OSTlSN—1' see
Section 3. The quantization algorithm provides us with a finite grid
I'® C E x Ry ateachtime 0 < n < N — 1as well as weights for
each point of the grid and transition probabilities from one grid to
the next one, see e.g. Bally and Pagés (2003), Pages (1998), Pages
et al. (2004b) for details. Set p > 1 such that @, has finite moments
at least up to the order p + € for some positive € and let pﬁl be
the closest-neighbour projection from E x R, onto FHIO (for the
distance of norm p; if there are several equally close neighbours,
pick the one with the smallest index). Then the quantization of @,fl

conditionally to Zy = y' is defined by
@1'1 = (Z\rl‘l’ n) _pn( n’ ;1)

We will also denote I the projection of I7¢ on E and IS the
projection of I7® on R.

Although (wa S},) is a Markov chain, its quantized approxima-
tion is usually not a Markov chain. It can be turned into a Markov
chain by slightly changing the ponderations in the grids, see Pagés
et al. (2004a), but this Markov chain will not be homogeneous in
any case. Therefore, the following quantized approximations of op-
erators H, I, K, ] and L depend on both indices n and i.

Definition 5.8. For v € L?, w defined on I'!

nH,x € E0<n=<
N—1,1<i<uandz € I'"%, consider

Hi, @ t) = E[e—a<w*<fr‘%>>v(¢<?:;, tAEZ)))

.:4’

T, wz b =Ele @, ) |7
nH1AS n+1 {s,'1+]<mt*(2,’1)} n

x 1

Si i
Sy izene

2%

~ ~ =i
Kl w() = [H4ﬁ@»+€%mu+MZ_4

ﬁ+1(v,w)(z,t) = IE|:F(Z t)+e ﬁn+1w( +1)

X'l[/s\, =z

L <tAt @ )}|

+E[e_aw@”v(¢(2i, E At @)

% 1[§£1+12Mt*(/271)} |Z'l1 =z

~i.d .= =i
Ln+1(v’ w)(z) = trerg(l;l).]rlwl(vv w)(z, ) A Krl[+1w(z)~

Our approximation scheme goes backwards in time, in as much
as it is initialized with computing vy at the points of the last
quantization grids rH%, then vy_q is computed on F,\’,’fl and so on.

Definition 5.9. Set Uy(y') = g(y) for 1 < i < u. Then, for
1<k<N-1and1<i<u,setT () =700, where

FN"(Z) g(2), ze F,\",’Zk,
k1 (@) = L (MUpesn, Ty (@),
zeFl,ne{l N —k}.

See Fig. 1 for a graphical illustration of this numerical procedure.

Remark 5.10. Note the use of both Ty, and D, in the scheme
above. This is due to the fact that we have to reset all our
calculations for each value function v, and cannot use the
calculations made for e.g. Ty, because the value functions are
evaluated at different points, and are approximated with different
discrete operators. This is mostly because the quantized process

(Z,‘l, Sn) is not an homogeneous Markov chain.

We can now state our first result on the convergence rate of this
approximation.

Theorem 5.11. Forall1 <k <N—-10<n <N —k— land
1 <i < d, suppose that A(z) for z € Fn’*z is such that

4 i Qi
d Sn+1 Sn+1 ”

4—2”+&
p

po LS min {A(2)}.
zeF,,

Then we have

i ~i,k i
Hkarn(Zzlq) — Vpyn :1

S ‘

i ~ik i
Vknt1 (@) — Vg1 Zogr) Hp

+ T}EUX ‘Uk+n+1(.y) - 5k+n+10’)’

+din 2 = 21, + 2[veenia] 120 = 21,

+G 81 = Shaall, + din 4G,

+ 2\/d3 (d4 lzi = Z3], + 5 [si, — Sy Hp)
with

a, = {[Q][UHW]* + 253} v {cc (B +a[t]) +2([c],

C C
n [c]z[t*])} kil + [Q[enc], &+ S+ B,
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dﬁ,n =G+ Gy G+ [C]z + (C + Gy ) (G + @),

2C
& = <7f + cc> G.

d* == (1+[t*]) + ¢[t*].

q
d5=2<2—f+Cc>.
o

Remark 5.12. Recall that vy = ’17‘,L‘,k = Ty = g. Hence, one has

2 |0

o~

I @) = @Dl < 1812 — 24| and maxyes [0y ) -

Uy(y)| = 0. In addition, the quantization error [|®] — Ol |, goes
to zero as the number of points in the grids goes to infinity, see e.g.
Pages (1998). Therefore, according to Definition 5.9 and by using an
induction procedure maxycy |v,< W)= (y) | can be made arbitrarily
small by an adequate choice of the discretization parameters. From
a theoretical point of view, the error can be calculated by iterating
the result of Theorem 5.11. However, this result is not presented
here because it would lead to an intricate expression. From a
numerical point of view, a computer can easily estimate this error
as shown in the example of Section 6.

The proof is going to be detailed in the following sections. We
first split the error into four terms. Forall 1 < k < N — 1,
0<n<N-k—1and1 <i <d, wehave

4
E E T’l k]
I

N
vin@) - B,@0

where
Tli = “ Vk+n (Z;,) — Uk+n (Z;z) | P’
Tzi — HL(MUJ<+n+1, UH"H)(Z:;) — Ld(ka+n+1, vk+n+1)(Z,i,) | P’

. o N
Ty = HLd(MUk+n+1, Vi1 (Zy) — Ln’i](MUk+n+1» Vkgn1) (Zy)

p
) ~.d .
Yy = |Lis1 (Mgng, Vipns1)(Zy)

Nd g ~ik NG
- LrH—l (MU i1, Vktn+1 ) (Z,ll)

.
The first two terms are easy enough to handle thanks to
Corollary A.12 and Lemma 5.7.

Lemma 5.13. A upper bound for T{ is

zi -7

n

[ vkin @) = visa @)

=< [vk+n]

p p

Lemma 5.14. A upper bound for Tzi is
LMV, Vs ) @) = L MUksnsr, ven ) @)
= (Cf + C')k-¢-n-¢—1c?L

+[e], + (C + Cupany) (G + a)) HA(Zg)

)
The fourth term is also easy enough to deal with as it is a mere
comparison of two finite weighted sums.

Lemma 5.15. A upper bound for T‘{ is
?ni] (MU’(+I’1+17 Uk+n+1) (Zrll)

~id ~ ~ik i
—Li (ka+n+1v Uk+n+1) (Zy)

p

=< [Uk+n+1] Hzrilﬂ _Z+1 ||p

+|

. Lk ~
Ul<+n+1(z:1+1) - /U\;<+n+1 (Zzl1+1) Hp
+ max [V (V) — Fﬂk+n+1 wl.
yeU
Proof. We clearly have
~ ~
Ln+1 (MVgsng1, Vkgnt1) (Z;l)

~.d ~ ~ik Si
— L (ka+n+1r Uk+n+l) (Zy)

p

< || max m+1(ka+n+1, Vknt1)(Zy, £)
teG@h)

—~ - ik —~
_]:1+1 (MU i1, /17;{+n+1)(zrl1» t) |

p

-~ Si i ik Zi
\% ‘ Kn+1 Uk+n+1 (Zn) - Kn+1 Ukrnt1 (Zn)

p

N K A B
< ”E[vk+n+l(z,;+1) _1)\;<+n+l(zrll+l)|zr11] ,

+ HIE[MUk+n+1 ((b(/z\riw tA t*(/Z\'il)))
Z)

= ”vl<+n+1(/z\ri,+1) - vk+n+l(z;i+1) Hp

— MUsnir (@), t AEH(ZL)))

’ p

_|_

. e
Vietnt1 i) — Vggnir @ngy) Hp
+ max [Vkns1V) = Vesns1 0]

showing the result. O

We now turn to the third term. This is the key step of the
error evaluation, because on the one hand, this is where we
deal with the indicator functions. The main idea is that although
they are not continuous, we prove in the following two lemmas
that the set where the discontinuity actually occurs is of small
enough probability. This is also where our special choice of time
discretization grids is crucial. On the other hand, we use here the
specific properties of quantization.

Lemma5.16. Forall1 <i<dne{0,...,N—1}and0 < n <
minzep,;:z{A(z)},

Proof. By using the Chebyshev’s inequality, one clearly has
8[| 1eaproea| | = PE@) <@ =)
P(l@) -t @) >n)

[e*1]zi - Z3]),

1

@) <t*@h)—n , 7

1

IA

)

np
showing the result. O

Lemma5.17. Forall1 <i<dne{0,...,N—1}and0 < n <
minzE i {A@2)},

max Ef|1y
seG(Zh) [ {Snﬂ

<5/\[*(Zri1)} - 1{§;+1<5At*(?:;)} | |Zrll]
p

2, .~ AT 1~
= ; ||S:1+1 — St ”p + G+ D Hzrlz _Z:al'
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Proof. Set0 < n < min,_.iz{A(z)} ands € G(/Z\,i). By definition

of the grid G(Zﬂ) and n,one hass + n < t*(/Z\,Q), see Remark 5.4.
Thus, the difference of indicator functions can be written as

l{s;,Jrl <saer@) {sn+1<sAr*(Z’;>}

[1{r*<z,’;>sr*<2'; -3

= ‘1[5;H<smz;>} ~ Y <o)

1{t*<z};>>r*<?};>—2]}

Sﬂmww@>ﬂ+%w»wﬂbmﬂ}‘wml}
[[*(Zl)q*(Zl) 2]+ {lsn+1 n+1|>%]
+1{t*(zl)>s+2} {|5n+1*5|§%}'
This yields
sgé(az)’( B H {Sn+1<5/\f*(zf;)} - 1{§]+1<5At*(2£)} |/Z\rlzi|
p

< |1 . ~ .
= H [ <o @o-3 ) H {1st1-Sh11> 4 ,

Si
+ sgl;?z),( E[ {t*(Z')>s+2] [|Sn+1—s\5%]|zn] 3)
On the one hand, Chebyshev’s inequality gives
p <i n
— 1 s
H [|sn+] n+1|>g} ‘p = <|5n+1 Spi1l > 2)
PlSis =i
n+1 n+1
< K . (4)
nP
On the other hand, one has
Zi
: |:1{t*(z'i’)>s+g]1{'5n+l si<3} Zn:|
_ i[5
=E |:]E |:1[t*(Z,g)>s+g]1[5—2553+1§S+g] Z":| Z”:|
s+3 . N
j— 1 1
=E 1{t*(Z,’;)>S+g} /;_E A(¢(Zn, u))du Zn
2
< nG. (5)
Combining Lemma 5.16 and Eqs. (3)—(5), the result follows. O
We now look up the error made in replacing K by K’;H. This is

where we use the specific properties of quantization.

Lemma5.18. Forall1 < i < d k € {1,...,
{1,... N—k} one has

H Kvgyngt (Z ) —Knq

N —1}andn €

+1 7 Srl1+1 + [Uk+n+1] Z,'1+1 H
CA G
+ [Q][U”"“] + [Q][vktns1], + E(El + Ez)
+ 2153} 7t -7t
p

Proof. We have

[Kokan i1 @) = Ko

< |Kuenir @) - E[1<vk+n+1(2,i)\z:;]

‘IE Kviini1(Z, )|Z ] <n+l

< E[‘I<Uk+n+1 @) -

zg]

+[EKvenn @) 2] - R (6)
By using the Lipschitz property of K stated in Lemma A.4, we obtain
HIE |:|Kvk+n+l(2ri1) - Zlq] »
(@)
=< [Q] [Uk+n+l]] o + [Q] [Uk+n+1]*
(B v8) +5) |21, o

Then, recall that by construction of the quantized process, one

has @)571) pi(Z}, Sh). Hence we have the following crucial

property: o{Z'} C o{Zl,Sl}. By using the special structure of
the PDMP {X(t)}, we also have o{Z!,S!} C ¥, so that one has

G{Z’} C G{Z'} It now follows from the definition of K given in
Eq. (1) that

[E[Kokn i1 ZD2] - R

<E|[F@.c @) - F@ ¢

8

—asi ; i ~
+E[|e “ M1 Vg ynt1 (le1+1) — e ®n+ Uk+n+1(zrll+1)|

zg].
(8)

From Lemma A.3, we readily obtain

HIE[|F(Z’,t (Z)) —FZ, t*

zl,
. (9)

and it is easy to show that
2]
p

"S?ll’l+1||p' (10)

<E|z -7

HIE [|e—as;+1 Vk+n+1 (Z:,_H) - e_agf‘“ Vk4n+1 (211+
= [Uk+n+1] ”ZriH—l n+1 ” +aCynp ”Sn+1

< 9 and combining Egs. (6)-(10) w:
obtain the expected result. O

Finally, recalling that C,,,, <

We turn to the error made in replacing J byﬁﬂ. Here we use
the specific properties of quantization again, and the lemmas on
indicator functions.

Lemma5.19. Forall1 < i < d k € {1,...,N
{1,...,N —k},and 0 < n < min__,.iz{A(z)}, one has

— 1L n €

zely

max U (MViins1s Vkgngr) Zg, 1)
teGZl)

_—,rIH-l (ka—o—n—o—], Uk+n+1) (Z);7 t)|

p

sﬁqum]c+c(a+&+ﬂ])
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+Cc (E1 + a[t*])
w2((cl, +[hle) + 5 (S04
+Cc[t*]> } ,

{2 (2 +Q> +cf}

+ [Uk+n+1] Zyiq H + <7 + Cc) Gn.

Proof. By definition of J, we have

N
n _Zn

S
p

L/(MUI<+n+1, Uk+n+1)(/Z\,l;7 t)
_ﬁ,+1(MUk+n+lv Uk+n+1)(’z\:,7 f)‘
= ]Ivmﬂ(?:;a 6) =Ty Veini1 2, f)‘
+ ‘HMUk+n+1(’Z\:;, t) — ﬁ,l;+1MUk+n+1(Zi7 f)‘- (11)

For the first term on the right hand side of Eq. (11), we proceed as
for K in the preceding lemma

‘IanH(Z,i, £) = Ity Vi1 (Zh t)‘

i
ns

o~
1
n»

=g

2]

+ ‘E[lvlc+n+l(zl s t)|Z ] n+1vlc+n+1 (Zn, t)‘

On the one hand, it follows from Lemma A.3 that
max E I:‘Ivk+n+l(znv t) —
teGZl)

zg]
1

< {a([Q][vk+n+1]1Q + Coprr [1], (1 + C,\c[*)>

i
n°

p

N
n _Zn

+ Cvk+n+1 G [t*] } »

On the other hand, we use again the fact that o'{Z!} C o{Z!} to
obtain

‘E 1yins1(ZL, f)|Zl] n+1vk+n+1(zn» f)‘
e i Vesns1(Zpp)
Z)

—HE[e "“Uk+n+1(zn+1)|1{s' | <UALEZ))

a

It remains to deal with the indicator function. Lemma 5.17 yields

=

[s;'l+1 <tAt*(Zh

—as! i
—e iy (2

"+1<tAt*(Z’

max [E[lvins (2L, 0)[Z1] -
teG(Z,,

n+1vk+n+l (Zn, f)|

p
2 ~
= Cvk+n+1c7»77 + <a + ;) Cvk+n+1 Hsn+1 Szl1+l ||p
. ~ 2C t* LA
+ [verns]| 20y =20y Hp + ’T[] Zi_7

By using the same arguments and Lemmas A.1 and A.3, we obtain
similar results for the second term on the right hand side of

Eq.(11), namely
z)

max E |:|HMUI<+11+1(ZH7 t) — HMugyni1 (ZL, f)’
teG(Zn)

= {[C]l + [C]z[t*] + oy + CC)(CI* [)‘]1
+ G+l |z -2

p

and

max |E [HMvyins1(Zy, t)‘/Z\,'l]
teG@h)

- H:;+1ka+n+l @, f)|

p

STiI+l szl1+l H + CX(CUI<+n+1 +Con

2
= ;(Cvk+n+l +C)

" {“[f*]@vkw +Co) +[c], +[c],[t7]

2[t*]
+ 7(Cvk+n+1 + CC)}

n Z1,1 s
p
showing the result. O

We now add up the preceding results to obtain the following
upper bound for 77.

Lemma 5.20. A upper bound for T; is
”Ld (MUkinst, Vkrns1) (Z)

Tid
- Ln+1 (Mvgint1,

L C G
<1z, = Zlp {[Q] [U/<+n+1]1l + i(El +E)

+ {[Q] [Uk+n+1 + 2E; Ei+ Ol )

e el
(s

Shr — Sy

+ n+1

{cf+ )}
z,'mH (ZC +C ) Cun.

5.3. Approximation of the value function

+ [Uk+n+l]

Now we have computed the value functions on the control grid,
we turn to the actual approximation of vy. As in the preceding
section, we define the quantized approximation of the underlying
Markov chain (@,) starting from (xo, 0), the actual starting point of
the PDMP. Let (Z,, Sp)o<n<n—1 be the quantized approximation of
the sequence (Z,,, Sp)o<n<n—1- The quantization algorithm provides
us with another series of finite grids I'® C E x Ry forall0 < n <
N — 1 as well as weights for each point of the grids and transition
probabilities from one grid to the next one. Let p, be the closest-
neighbour projection from E x R onto Fn(”). Then the quantization
of ®, conditionally to Zy = Xy is defined by

@n = @n»gn) = pn(znv Sn)'

We will also denote I/ the projection of I’ on E and I}
the projection of Fn@ on R,. We use yet again new quantized
approximations of operators H, I, K, J and L¢.
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Def1n1t10n5 21. For v € L?, w defined on I'%,,
{0,...,N—1}andz € I'7, consider

_ IEI:e—a([A[*(?n))v((p(Z\n, tA t*(fn)))
2,., = Z],

x € E,n €

Hn+1v(zv t)

x 1{§n+1 Z[/\f*(En)}

Lhpiw(z, t) = E[e_as”“w(Zn+1)1(§n+1<mr*<2n)) Zy = Z],

Rus10@) = B[F @, t* @) + 10 G |20 = 2],

T w)(z. 1) = E[F@, 6 +e S @)

X 1{§n+1<w*<2n>1|zn = Z]
+E[e @ (@@t A E)

x 1(§n+1ZfAt*(fn)}|Z” = Z]’

L (v, w)z) = i o (v, W)@, 0 A Knsaw (2)-

With these discretized operators and the previous evaluation of the
x, we propose the following approximation scheme.

Definition 5.22. Consider y(z) = g(z) where z ¢ I“,f and for
ke{l1,...,N}

B (2) = LM, D) (2), (12)
wherez € I'Z ,.

See Fig. 1 for a graphical illustration of this numerical procedure.
Therefore vy (Zg) will be an approximation of vy(Zy) = vo(Xo). The
derivation of the error bound for this scheme follows exactly the
same lines as in the preceding section. Therefore we omit it and
only state our main result.

Theorem 5.23. Forall0 < n < N —1, suppose that A(z) forz € Fnz
is such that

D4

Sn+1 - 5n+1 H

p
mm{A(z)}
D3 zan

Then we have

‘ vn(Zy) — an(zn)
p

S ‘

Un1(Znt1) = Vng1(Znt1) Hp + r;le%x |vn+10’) - Fﬁn+10’)|

+DMZy = Zallp + 3[vng1]

Zni1 — Znt1 H
p

+2G

Sn+1 — Sn+1 Hp +D?

+ 2\/D3 <D4

with

7o)
p

Z, —Zn

+ 8|St — Suaa )
p p

D, = [Un]+[ ][vn+l] + =

+{[Q] Un+1 +253} {

+aft*] (Ef + CC>} :

Di =G + Gy, G+ [c], + (Cc 4 Cop V(G + @),

(El +E)

+[L[e]) + Gk

2C
D® = ( af +cc> G.

D* = 2[t*] <ﬁ + Q) ;
o

2(
D5=2<—f+cc>.
o

Remark 5.24. By using the same arguments as in Remark 5.12, it
can be shown that ||v,(Z,) — 7,(Z,)|l, can be made arbitrarily
small by an adequate choice of the discretization parameters. From
a theoretical point of view, the error can be calculated by iterating
the result of Theorem 5.23. However, this result is not presented
here because it would lead to an intricate expression. From a
numerical point of view, a computer can easily estimate this error
as shown in the example of Section 6.

5.4. Step by step description of the algorithm

Recall that the main objective of our algorithm is to compute the
approximation vy (xo) of the value function of the impulse control
problem vg(xg). The global recursive procedure is described on
Fig. 1.

The calculation of Dg(xg) is based on the backward recursion
given in Definition 5.22 and described in the first line of Fig. 1. It
involves the operators Ld constructed with the quantized process

0,, starting from Xxg. ThlS recursion is not self contained and
requires previous evaluation of the functions v; on the control set
U.

The lower part of Fig. 1, shows how to compute these functions v;
at each point of the control grid U. This is the triangular backward
recursion given in Definition 5.9. More precisely, define 7y = g
and set j < N and suppose that all the v; for all [ > j have
already been computed everywhere on the control set U. One then
computes v; in the following way, following the j-th line of Fig. 1

counting from the bottom. One first iterates the operators/L\,l'd and
uses the quantized process (~),} to obtain ’17j(y1). Then one iterates
the operators fz’d and uses the quantized process @,f, to obtain

0j(y%), and so on until the last point v;(y*). Thus one obtains ; at
all points of the control set U.

5.5. Practical implementation

The procedure defined above is the natural one to obtain
convergence rates for our approximations. However, in practice we
proceed in a different order.

The first step is to fix the computational horizon N. This point
was discussed earlier. The second step is not the time discretiza-
tion, but the computation of the quantized approximations of the
sequences (@) and (©,). The quantization algorithm may be quite
long to run. However, it must be pointed out that this quantiza-
tion step only depends on the optimization procedure through the
control set U but it does not depend on the cost functions f and c.
The sequence (() ) is obtained in a straightforward way. As for the
(() ), if the control set is very small, it is possible to run as many
sequences of grids as there are points in the control set. Otherwise,
one can do with only one sequence of grids computed with the
Markov chain (©}') with a random starting point Zy = Z;  uni-
formly distributed on the control set U. To derive the point-wise
approximation error, one simply uses the finiteness of U and the
definition of the L, norm.

. . u . 1
@) — %@ < u ; ) = Tyl

IA

ul/p‘

w(@) 5@
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where u is the cardinal of U. Notice that the last term is bounded
in Theorem 5.11. Hence, one really only needs two series of
quantization grids.

Once the quantization grids are computed and stored, one
computes the path-adapted time grids G(z) for all z in all the
quantization grids, that is only a finite number of z. The step A(z)
can usually be chosen constant equal to A, so that either one can
store the whole time grids, or one only needs to store the values of
A and t*(z) for all z in the quantization grids.

Once these preliminary computations are done, one can finally
compute the value function. This last step is comparatively faster.
The only point left to discussion is how to choose the initializing
function g. The most interesting starting function is the cost h of
the no impulse strategy, because then the value function Vy has a
natural interpretation. However, in general, one needs additional
assumptions on Q to ensure that h is in L. Another problem, is
that in general computing h is a difficult problem, especially as we
need to know its value at many different points, as explained in
Remark 5.1. To overcome these difficulties, one can choose g to be
a upper bound of h, for instance, g = «~'(;. In the special cases
where h can be explicitly computed, we advise to use h.

6. Example

Now we apply our procedure to a simple PDMP and present
numerical results. This example is quite similar to example (54.29)
in Davis (1993), we only added random jumps to obtain a non
trivial Markov chain (Z,, S,,).

Set E = [0, 1[, and dE = {1}. The flow is defined on [0, 1] by
¢(x, t) = x+ vt for some positive v, the jump rate is defined on [0,
1] by A(x) = Bx, with 8 > 0, and for all x € [0, 1], one sets Q (x, -)
to be the uniform law on [0, 1/2]. Thus, the process moves with
constant speed v towards 1, but the closer it gets to the boundary
1, the higher the probability to jump backwards on [0, 1/2]. Figs. 2
and 3 show two trajectories of this process for x, = 0, v = 1 and
B = 3 and up to the 10-th jump.

The running cost is defined on E by f(x) = 1 — x and the
intervention cost is a constant cy. Therefore, the best performance
is obtained when the process is close to the boundary 1. The control
set U is the set of % 0 < k < u — 1 for some fixed integer u. In this
special case, the control grid is already a discretization of the whole
state space of the process. Therefore one needs only one series of
grids starting from the control points to obtain an approximation
of the value function at each point of the control grid.

We ran our algorithm for the parametersxp = 0,v = 1,8 = 3,
co = 0.08, the discount factor « = 2 and u = 50 points in the
control grid and several values of the horizon N.

For an horizon N = 5 (respectively, N = 10, N = 15)
interventions or jumps, Fig. 4 (respectively, Figs. 5 and 6) gives
the approximated value function we obtained (computed at the 50
points of the control grid) for 50, 100 and 500 discretization points
in each quantization grid and. As expected, the approximation gets
smoother and lower as the number of points in the quantization
grids increases.

The theoretical errors corresponding to the horizon N = 5
(respectively, N = 10, N = 15) are given in Table 1 (respectively,
Tables 2 and 3). The values of the error are fairly high and
conservative, but it must be pointed out that on the one hand,
they do decrease as the number of points in the quantization grids
increase, as expected; on the other hand their expressions are
calculated and valid for a very wide and general class of PDMPs,
hence when applied to a specific example, they cannot be very
sharp.

Notice also that the approximated value function obtained for
the horizon of N = 10 jumps or interventions is much lower
than that obtained for the horizon N = 5 jumps or interventions.

08f 1

08 -

o7 1

06 1

0sf 4

04r 1

03r 1

ozr 1

0 1 L 1 L 1 L L L
0 0.5 1 15 2 25 3 35 4

Fig. 2. One trajectory of the PDMP.

0 0.5 1 15 2 25 3 35 4

Fig. 3. Another trajectory of the PDMP.

024

— — = N5-50
—— N5-100
———— N5-500

017 1 I 1 1 I 1 I I 1 ]
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 4. Approximated value function for N = 5.

Table 1
Theoretical errors for N = 5.

Number of points in the quant. grids [lvo(Zo) — V0 (Zo)ll2

50 4636
100 3700
500 2141
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— — —N10-50
—— N10-100
——— N10-500

0.15 I I I I
0

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09
Fig. 5. Approximated value function for N = 10.
023 .
- — —=N15-50
——— N15-100
022 —— N15-500

0.15 1 1 1 1
0

Fig. 6. Approximated value function for N = 15.

Table 2
Theoretical errors for N = 10.

Number of points in the quant. grids

lvo(Zo) — Vo (Zo)l2

50 5.341-10"
100 4501-10""
500 2.567-10"

Table 3

Theoretical errors for N = 15.

Number of points in the quant. grids

lvo(Zo) — Vo(Zo)ll2

50
100
500

1.460-10?!
1.288-10%!
0.750-10%!

This is natural as it is a minimization problem, and the more
there are possible interventions the lower the value function is.
This also suggests that the horizon N = 5 is not large enough

023 : -
N — — = N5-500
~ N10-500
\ -
0.22 - N15-500

0.15 1 I 1 1 I 1 I I 1 ]
0

Fig. 7. Approximated value function for N = 5,N = 10 and N = 15 for 500 points
in the quantization grids.

to approximate the infinite horizon problem. Fig. 7 gives the
approximated value function we obtained (computed at the 50
points of the control grid) for 500 points in the quantization grids
and respective horizons of N = 5,N = 10 and N = 15 jumps
or interventions. There is very little difference between the results
for N = 10 and N = 15, suggesting that it is enough to take an
horizon of 10 jumps or intervention to approximate the infinite
horizon optimization problem.

Appendix. Lipschitz continuity results

A.1. Lipschitz properties of the operators
We start with preliminary results on operators M, H, F and I.

Lemma A.1. For any g defined on U, Mg € L. Moreover,

[Mg], < [c],,  [Me], =[c],,  [Me], =[c].
Cug < Ce + G

Proof. By using the fact that |Mg(x) — Mg(y)} < SUpP,cy |c(x, z)—
c(y, z)| and Assumption 4.2, the result follows easily. O

Lemma A.2. Let v € L Then for all (x,y) € E% and (t, u) € R?, one

has

[Hu(x, t) — Hu(y, u)| < D1(v) |[x — y| + D2 (v)[t — ul,

where

o ift <t*(x)andu < t*(y),
Di(v) = [UL + C"Cf*[)‘]r

o if t =t*(x)and u = t*(y),

Di(v) = [v], + C(C+[2A], + (G + ) []).
D,(v) =0,

Dy(v) = [v], + C (G + @),

e otherwise,
Dy = [o], + [v],[°] + GG 2], + @ + @[],
Dy(v) = [v], + C(C. + a).
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Proof. This is straightforward. O
LemmaA.3. Forallw € L, (x,y) € E? and (t, u) € R%, one has
1
‘F(x, t) — F(y, u)’ < &<[f]1 + GG [x]1) X —y
+ G (It —ul v [t*] Ix — yl),
1
‘Iw(x, £) — Iw(y, u)‘ < &<[Q][w]1q
+ Cw[)“]1 (1 + CAC[*)) |X - yl

+cwg(|t —ul v [t]ix —y|).

Proof. Suppose, without loss of generality, that t A t*(x) < u A
t*(y). Then, one has

EAL*(X)
F(x,t) = F(, u)’ < / e *|f (p(x,5))e™ 4™
0

—f(.5))e *¥9\ds
unt*(y)
o [ oo sge s
EAL* (X
< ([f]l + GG [A]]) / e %ds|x — y|
0

+CGlunt*y) —t At

ds

From the fact that [u A t*(y) — t At* ()| < |t —u] v [¢*] Ix = yI
we get the first inequality. By using similar arguments, it is easy to
obtain the last result. O

Now we turn to the Lipschitz property of operator K.

Lemma A.4. For w € Land (x, y) € E2, one has
C
kuw ~ k)| < (][], & + [o]fv],

+cw(El+Ez)+Es}|x—y|.

Proof. This is a direct consequence of the definition of operator K
and Lemmas A.2and A3. O

Finally, we study the Lipschitz properties of operator J.
Lemma A.5. Forall (v, w) € C?, x € E and (t, u) € R?, one has
v, w6, 0 = J, w)ex w)| = (G + G

+[v], + GG +a)) [t —ul.

Proof. By using (1) and Lemmas A.2 and A.3, the result follows
easily. O

Lemma A.6. Forall (v, w) € L?, (x,y) € E2 and t > 0, one has
U, )& 6 — @, ). 0] < {[v]l L[]

C
+ [Q][w]1§ + CvEl + CwEZ +E3} |X _.y|

where

Ey = G [A], + (G + o)[t7],
1+ G, Cpx

E =G[t*] + [kLia :

- [f]% ‘o (Ct*g]l n [t*]> .

Proof. Again, this is a direct consequence of (1) and Lemmas A.2
andA3. O

Remark A.7. It is easy to obtain that for (v, w) € C2,s € R, and
(x,y) € E?,

%EEJ(U’ U))(X, t) - %Egj(vs w)(y! t)

= Su(l? |J(U, u))(X, t) _J(vi w)(_% t)|
=

Lemma A.8. Let (v, w) € L% Then forallx € E and (s, t) € R%,

inf] (v, w)(x, ) — infJ (v, w)(x, u)
< (cf + GG+ [v], + G (G +a))|t —.

Proof. Without loss of generality it can be assumed thats < t.
Therefore, one has

ii‘f] (v, w)(x, u) — Liflgj (v, w)(x, u)
= infJ (v, w)(x, u) — inf] (v, w)(x, w). (A1)

Remark that there exists s € [s A t*(x), t*(x)] such that
infy>sJ(w, g8)(x, u) = J(w, g)(x, 5). Consequently, if s > ¢t A t*(x)

then one has ‘ infy>¢ J (v, w)(x, u) — infy>5J (v, W)(x, U)‘ =0.
Now ifs € [s A t*(X), t A t*(x)[, then one has

inf] (v, w)(x, u) — Inf/ (v, w)(x, u)

u> u=s

S_](U, U))(X, t) —](U, w)(X, 9

From Lemma A.5, we obtain the following inequality
inf] (v, w)(x, ) — Inf] (v, w)(x, u)
u> u=s
< (cf + GG+ [v], + G (G +a)) It —3. (A2)

Combining Egs. (A.1) and (A.2) and the fact that [t — 5] < |t — 5]
the result follows. O

A.2. Lipschitz properties of the operator .£
Now we study the Lipschitz continuity of our main operator.

LemmaA.9. For all (v,w) € L?>,x € Eandt e [0, t*(x)) and
u € Ry, one has

F(#0x 0, u) = 40 (Fx £+ w) = Fox ),
Tw(p(x, £), ) = e +A%D (Iw(x, t+u) — Twx, u)),

Ho(gp(x, t), u) = e * O y(x, t 4 u).

Proof. By using the semi-group property of ¢, we have A (d) (x,t),
u) = A(x,t +u) — A(x,t) fort + u < t*(x) and noting that
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t*(p(x,t)) = t*(x) — t for t < t*(x), a simple change of variable
yields

F(p(x, t),u) = eaf-M(x,t)/

t

(t+u)AL*(x)

e—aS—A(X.S)f (¢(X, S))dS,

and we get the first equation. The other equalities can be obtained
by using similar arguments. O

Lemma A.10. Forall (v, w) € L2, x e Eand t € [0, t*(x)),
L(v, w)(p(x, 1)) = e*TAXD Higtf](v, w)(x, s) A Kw(X)}
$=
—F(x,t) — Tw(x, t)] .
Proof. Fort € [0, t*(x)) and u € R, we have from Lemma A.9,

(1)

J, w) (&, ), u) = e O, w)(x, t +u)
—F(x,t) —Iw(x, )],

Kw(g(x, 1)) = e *O[Kw(x) — F(x, 1) — Iw(x, t)].

Consequently, from Eq. (2), it follows

L(U, W)(¢(X, t)) — eotH*A(x,f) |:{ll'>1£_](l), w)(X, t+ u)

/\Kw(x)} —F(x,t) — Iw(x, t)] ,
showing the result. O

Proposition A.11. Forallw € L, Lw € L, and

[eul, = e { (S + (), + el

) v ([Q[w],)
Ay,

+ [A],Ce+Ce + 2E5 + )

+ {E] + 2E, + [)\]]Ct*(] + C)L/a)}cw} s

[£Lw], < e@tW {3cf + [c], +2C (G + o) + %
refie 9
[u], < [2ul, + [£wlf].
o] < 9 (], + [,
c) v ([Q)fw].) + (£ + Bl

Proof. Let us denote .Lw by g. We have for (x,y) € E?and t €
[0, t*(x) A t* (V)]

g0 0) — 8. 0)] = e U0l [Fix,6) - F(y, )|
+ [fw(x, t) — Tw(y, t)|]

+ QI TAY.D) {

ggtf] Mw, w)(x, s)

— infj(Mw, w)(y, 5)

Vv |[Kw(x) — Kw(y)|}

T |eat+A(x,t) . eat+A(y,t)|

X

{ggrfJ(Mw, w) (X, 5)

/\I(w(x)} —F(x,t) —Tw(x,t)

It is easy to show that forx € E, t € [0, t*(x)], and w € L we have

AR < @@+ GC {infszt J(Mw, w)(x, s)/\Kw(x)]—F(x, £)—

Iwx, t)| < 1(G + C.Cy) + C + Cp and for (x,y) € E2and t €

[07 t*(X)/\t*(y)] ’eat+A(x,t)_eat+A(y,[)’ < e((¥+C)L)C[* [)\]IC[* |x — y|

Consequently, by using Lemmas A.3 and A.4 and Remark A.7, we
get the first equation.
Forx € Eand (s, t) € [0, t*(x)]?

g6 x.5) —g@x.0)]
< e y(x, 5) — Tw(x, 1)

+ et AxD { infJ (Mw, w)(x, u) — infJ (Mw, w)(x, u)
u=>s u=>

+ |F(X, S) _ F(X, t)| } + eas+A(x,s) _ eaH—A(x,t)

X {Ligg](Mw, w)(x, u) /\Kw(x)} — F(x,s) —Iw(x,s)

Note that for x € E, (s, t) € [0, t*(x)]? [e¥sHA®9) _ gat+AxD

<
e @G (C, + a)|t — s|. Consequently, by using Lemmas A.3 and
A.8, we obtain the second equation.

The third inequality is straightforward and finally, for (x,y) €
E? we have

g0 — 20| = [infMw, w5

— InfJ(Mw, w)(. )| V [Kw(®) — Kw ()]
s>
By using Remark A.7 and Lemma A.4, we get the last equation. O

Corollary A.12. For all 0 < n < N, the value functions v, are in L.

Proof. As vy = g is in L by assumption, a recursive application of
Proposition A.11 yields the result. O
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We present a numerical method to compute expectations of functionals of a
piecewise deterministic Markov process. We discuss time dependent functionals
as well as deterministic time horizon problems. Our approach is based on the
quantization of an underlying discrete-time Markov chain. We obtain bounds
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1. Introduction

The aim of this paper is to propose a practical numerical method to approximate
some expectations related to a piecewise deterministic Markov process thanks to
the quantization of a discrete-time Markov chain naturally embedded within the
continuous-time process.

Piecewise deterministic Markov processes (PDMP’s) have been introduced by
M. H. A. Davis in [5] as a general class of stochastic models. PDMP’s are a

This work was supported by ARPEGE program of the French National Agency of Research (ANR),
project “FAUTOCOES”, number ANR-09-SEGI-004.
MSC2010: primary 60J25, 65C20; secondary 60K10.
Keywords: expectation, piecewise deterministic Markov processes, quantization, numerical method.
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family of Markov processes involving deterministic motion punctuated by random
jumps. The motion depends on three local characteristics namely the flow @, the
jump rate A and the transition measure Q, which specifies the postjump location.
Starting from the point x, the motion of the process follows the flow ®(x, ) until
the first jump time 77, which occurs either spontaneously in a Poisson-like fashion
with rate A(®(x, 7)) or when the flow ®(x, ¢) hits the boundary of the state space.
In either case, the location of the process at the jump time 77 is selected by the
transition measure Q(®(x, 71),-) and the motion restarts from this new point X,
denoted by Z. We define similarly the time S, until the next jump, 7, = T7 + .53
with the next postjump location defined by Z, = X7, and so on. Thus, associated
to the PDMP we have the discrete-time Markov chain (Z,, Sy)nen, given by the
postjump locations and the interjump times. A suitable choice of the state space
and the local characteristics @, A and Q provides stochastic models covering a
great number of problems of operations research as described in [5, Section 33].
We are interested in the approximation of expectations of the form

TN N
E, [/0 [(Xy)dt + Z C(XTj_)ﬂ{XTj—eaE}]

Jj=1

where (X;);>¢ is a PDMP and / and ¢ are some nonnegative, real-valued, bounded
functions and 0F is the boundary of the domain. Such expectations are discussed
by M. H. A. Davis in [5, Chapter 3]. They often appear as cost or reward functions
in optimization problems. The first term is referred to as the running cost while
the second may be called the boundary jump cost. Besides, they are quite general
since Davis shows how a “wide variety of apparently different functionals” can be
obtained from the above specific form. For example, this wide variety includes
quantities such as a mean exit time and even, for any fixed ¢ > 0, the distribution
of X; (thatis, Ex[1r(X;)] where F is a measurable set).

There are surprisingly few works in the literature devoted to the actual computa-
tion of such expectations, using other means than direct Monte Carlo simulations.
Davis showed that these expectations satisfy integrodifferential equations. How-
ever, the set of partial differential equations that is obtained is unusual. Roughly
speaking, these differential equations are basically transport equations with a non-
constant velocity and they are coupled by the boundary conditions and by some
integral terms involving kernels that are derived from the properties of the underly-
ing stochastic process. The main difficulty comes from the fact that the domains on
which the equations have to be solved vary from one equation to another making
their numerical resolution highly problem specific. Another similar approach has
been recently investigated in [4; 7]. It is based on a discretization of the Chapman
Kolmogorov equations satisfied by the distribution of the process (X;);>o. The
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authors propose an approximation of such expectations based on finite volume
methods. Unfortunately, their method is only valid if there are no jumps at the
boundary. Our approach is completely different and does not rely on differential
equations, but on the fact that such expectations can be computed by iterating
an integral operator G. This operator only involves the embedded Markov chain
(Zn, Sn)nen and conditional expectations. It is therefore natural to propose a com-
putational method based on the quantization of this Markov chain, following the
same idea as [6].

There exists an extensive literature on quantization methods for random vari-
ables and processes. The interested reader may for instance consult [8], [9] and
the references within. Quantization methods have been developed recently in nu-
merical probability or optimal stochastic control with applications in finance (see
[1; 2; 9], for instance). The quantization of a random variable X consists in finding
a finite grid such that the projection X of X on this grid minimizes some L? norm
of the difference X — X. Roughly speaking, such a grid will have more points in the
areas of high density of X. As explained for instance in [9, Section 3], under some
Lipschitz-continuity conditions, bounds for the rate of convergence of functionals
of the quantized process towards the original process are available.

In the present work, we develop a numerical method to compute expectations
of functionals of the above form where the cost functions / and ¢ satisfy some
Lipschitz-continuity conditions. We first recall the results presented by Davis ac-
cording to whom, the above expectation may be computed by iterating an operator
denoted by G. Consequently, it appears natural to follow the idea developed in [6]
namely to express the operator G in terms of the underlying discrete-time Markov
chain (Z,, Si)nen and to replace it by its quantized approximation. Moreover, in
order to prove the convergence of our algorithm, we replace the indicator function
1y Xr—€E} contained within the functional by some Lipschitz continuous approx-

imation. Bounds for the rate of convergence are then obtained. However, and this
is the main contribution of this paper, we then tackle two important aspects that
had not been investigated in [6].

The first aspect consists in allowing ¢ and / to be time-dependent functions,
although still Lipschitz continuous, so that we may compute expectations of the
form

TN N
Ex|:/ Z(Xt»f)df‘FZC(XTj_’j})]l{XTfeaE}]'
0 =1 /

This important generalization has huge applicative consequences. For instance, it
allows discounted cost or reward functions such as /(x, 1) = e~%/(x) and ¢(x, ) =
e 7% ¢(x) where § is some interest rate. To compute the above expectation, our
strategy consists in considering, as suggested by Davis in [5], the time-augmented
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process X, = (X¢,1). Therefore, a natural way to deal with the time-dependent
problem is to apply our previous approximation scheme to the time-augmented
process (X~ +)t>0- However, it is far from obvious, that the assumptions required
by our numerical method still hold for this new PDMP (f 1)t>0-

The second important generalization is to consider the deterministic time hori-
zon problem. Indeed, it seems crucial, regarding the applications, to be able to
approximate

Iy
Ex[/o I(Xp,t)yde+ ) C(XTf_,Tf)]l{XTf—eaE}]

Tr<tr

for some fixed ¢y > 0 regardless of how many jumps occur before this determin-
istic time. To compute this quantity, we start by choosing a time N such that
P (Twn < tr) be small so that the previous expectation boils down to

Tn N
Ex [/0 I(Xt, )Ly <eydt + Z c(XTr, Tj)]l{XTj—eaE}]l{Tj sr,c}}-
j=1

At first sight, this functional seems to be of the previous form. Yet, one must recall
that Lipschitz continuity conditions have been made concerning the cost functions
so that the indicator functions 1<,y prevent a direct application of the earlier
results. We deal with the two indicator functions in two different ways. On the one
hand, we prove that it is possible to relax the regularity condition on the running
cost function so that our algorithm still converges in spite of the first indicator
function. On the other hand, since the same reasoning cannot be applied to the
indicator function within the boundary jump cost term, we bound it between two
Lipschitz continuous functions. This provides bounds for the expectation of the
deterministic time horizon functional.

An important advantage of our method is that it is flexible. Indeed, as pointed
out in [1], a quantization based method is “obstacle free” which means, in our case,
that it produces, once and for all, a discretization of the process independently of
the functions / and ¢ since the quantization grids merely depend on the dynamics
of the process. They are only computed once, stored off-line and may therefore
serve many purposes. Once they have been obtained, we are able to approximate
very easily and quickly any of the expectations described earlier. This flexibility
is definitely an important advantage of our scheme over standard methods such
as Monte Carlo simulations since, with such methods, we would have to run the
whole algorithm for each expectation we want to compute. This point is illustrated
in Section 6 where we easily solve an optimization problem that would be very
laboriously handled by Monte Carlo simulations.
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The paper is organized as follows. We first recall, in Section 2, the definition
of a PDMP and state our assumptions. In Section 3, we introduce the recursive
method to compute the expectation. Section 4 presents the approximation scheme
and a bound for the rate of convergence. The main contribution of the paper lies in
Section 5, which contains generalizations to time-dependent parameters and deter-
ministic time-horizon problems. The paper is illustrated by a numerical example
in Section 6; a conclusion (Section 7) is followed by some appendixes containing
technical results.

2. Definitions and assumptions

For all metric space E, we denote by B(FE) its Borel o-field and B(E) the set of
real-valued, bounded and measurable functions defined on E. For a,b € R, set
a Ab =min(a,b), avbh=max(a,b),andat =a V0.

Definition of a PDMP. In this first section, let us define a piecewise deterministic
Markov process and introduce some general assumptions. Let M be a finite set
called the set of the modes that will represent the different regimes of evolution of
the PDMP. For each m € M, the process evolves in E,,, an open subset of RY. Let

E = {(m,@),m eM, e Em}

This is the state space of the process (X;);ep+ = (M, ) ep+. Let OE be its
boundary and E its closure and for any subset Y of E, Y ¢ denotes its complement.

A PDMP is defined by its local characteristics (®y;, Ay Om)men -

e Foreachm e M, ®,, : R? x R — R? is a continuous function called the flow
in mode m. For all t € R, ®,,(-,¢) is an homeomorphism and t — &, (-, )
is a semigroup; i.e., for all £ € RY, ®,,(¢,1 + 5) = ®p (P (¢, 5), ¢). For all
x = (m, ) € E, define the deterministic exit time from E:

t*(x) = inf {z > 0 such that ®,,(, 1) € 0E}.

We use here and throughout the convention inf & = +o0.

e For all m € M, the jump rate A,, : E,, — R is measurable, and for all
(m, ) € E, there exists € > 0 such that

/E A (P (£, 1)) dt < +00.
0

e Forallm e M, Q,, is a Markov kernel on (B(E), E,,) that satisfies

Om(&A(m.}) =1 forall { € Epm.
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From these characteristics, it can be shown (see [5]) that there exists a filtered
probability space (2, %, F;, (Px)xeg) on which a process (X;);cp+ is defined.
Its motion, starting from a point x € E, may be constructed as follows. Let T be
a nonnegative random variable with survival function

e A iF 0 <1 <1 (x),

Pu(T>0) = {0 if 1> *(x),

where for x = (m,¢) € E and 1 € [0, t*(x)],

t
A(x,t)z/o Am (P (L, 5)) ds.

One then chooses an E-valued random variable Z according to the distribution
Om (P, (¢, T1),-). The trajectory of X; for ¢t < T7 is

v _ [ ®n@0) ifr<T,
Tz ift =Ty,

Starting from the point X7, = Z1, one then selects in a similar way S, = T, — T
the time between 77 and the next jump, Z, the next postjump location and so on.
Davis shows, in [5], that the process so defined is a strong Markov process (X;);>¢
with jump times (7})nen (With Ty = 0). The process (On)nen = (Zn, Sn)nen
where Z,, = Xr, is the postjump location and S, = T, — T;,—; (with So = 0) is
the n-th interjump time is clearly a discrete-time Markov chain.

The following assumption about the jump-times is standard (see [5, Section 24],
for example):

Assumption 2.1. For all (x,7) € E xR, Ex[Y " L1, <s] < +o00.

It implies in particular that 7 goes to infinity a.s. when k& goes to infinity.

Notation and assumptions. For notational convenience, any function / defined on
E will be identified with its component functions /1, defined on E,. Thus, one
may write

h(x) = hpy(¢) when x = (m,{) € E.
We also define a generalized flow ® : E x Rt — E such that
®d(x,t) = (m, D,,(¢,¢)) when x = (m, ) € E.
Define on E the following distance, for x = (m,¢) and x’ = (m', (') € E:

: /
X — x| = {—I—oo if m#£m', 0

|C—¢'|  otherwise.
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For any function w in B(E), introduce the notation

Qw(x)=/Ew(y>Q<x,dy>, Cw = sup |w(x)],

xe€E

and for any Lipschitz continuous function w in B(E), denote by [w]¥, or if there
is no ambiguity by [w], its Lipschitz constant:

Wi = sap P00

x#yeE |x — |

with the convention 1_ 0.

00
Remark 2.2. For w € B(E) and from the definition of the distance on E, one has
[w] = maxyenr[wm]-

Definition 2.3. Denote by L.(E) the set of functions w € B(FE) that are Lipschitz
continuous along the flow; i.e., the real-valued, bounded, measurable functions
defined on £ and satisfying the following conditions:

e For all x € E, the map w(P(x,-)) :[0,£*(x)) — R is continuous, and the
limit lim,_, ;+ () w(P(x, 7)) exists and is denoted by w(P(x,1*(x))).

e There exists [w]f € R such that for all x, y € E and ¢ € [0, t*(x) At*(D)],
one has

|w(@(x.0)) —w(@(y.0)| < [wIf|x — yl.
* There exists [w]f € R such that for all x € E and ¢, u € [0, *(x)], one has
lw(@(x, 1)) —w(P(x, u))| < [w]F |t —ul.
e There exists [w]E € RT such that for all x, y € E, one has
|w(D(x, 1 (x))) = w(D(y, * ()] = Wl |x = y.

Denote by L. (JE) the set of real-valued, bounded, measurable functions de-
fined on JF satisfying the following condition:

e There exists [w]iE € R such that for all x, y € E, one has

[w(@Cx, 1*(x))) —w(@(y, t* ()] < [wlF]x - yl.

Remark 2.4. When there is no ambiguity, we will use the notation [w]; instead of
[w]lE for i € {1,2, *} and [w] instead of [w]2F .

Remark 2.5. In Definition 2.3, we used the generalized flow for notational conve-
nience. For instance, the definition of [w]; is equivalent to the following: for all
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m € M, there exists [w;,]; € R such that for all ¢, ¢’ € E,, and t € [0, t*(m, &) A
t*(m, ¢’)], one has

}wm(q)m(g’ 1) — W (P (', t))‘ <[wmli ¢ =]
Let [w]y = maxmepr[wimli -

Definition 2.6. For all u > 0, denote by L¥(E) the set of functions w € B(E)
Lipschitz continuous along the flow until time u; i.e., the real-valued, bounded,
measurable functions defined on E and satisfying the following conditions:

e Forall x € E, the map w(®(x,-)):[0,#*(x)Au) — Ris continuous. If 1*(x) <
u, then lim;_, ;« () w(P(x, 1)) exists and is denoted by w(P(x,1*(x))).

e There exists [w]lE’” € R™T such that forall x, y € E and t €[0, t*(x) At*(y) Aul,
one has

|w(D(x, 1) —w(@(y, 1))| < [w]F*|x - yl.

e There exists [w]f’” € R™ such that for all x € E and ¢, € [0, t*(x) A u], one
has

[ w(®(x, 1)) —w(D(x, )] < [w]s |t —1'].

o There exists [w]E** € RT such that for all x, y € E, if t*(x) <u and £* () <u,
one has

E,
| w(@x, 1% (x)) = w(@(y. " (M))] < [wh“|x = yl.
Remark 2.7. For all u < u/, one has L% (E) C L%(E) with [w]lE’u < [w]lE’"/
where i € {1, 2, *}.

Remark 2.8. Definitions 2.3 and 2.6 correspond respectively to the Lipschitz and
local Lipschitz continuity along the flow that is, along the trajectories of the process.
They can be replaced by (local) Lipschitz assumptions on the flow ®, t* and w in
the classical sense.

We will require the following assumptions.

Assumption 2.9. The jump rate A is bounded and there exists [A]; € R™ such that
forall x,y € E and ¢ € [0,1*(x) At*(p)], one has

M(@(x, 1) = M@y, )] < [A]i]x — yl.

Assumption 2.10. The deterministic exit time from E, denoted by ¢*, is assumed
to be bounded and Lipschitz continuous on E.

Remark 2.11. Since the deterministic exit time ¢* is bounded by Cy+, one may
notice that L% (E) for u > Cy+ is no other than L (E).
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Remark 2.12. In most practical applications, the physical properties of the system
ensure that either * is bounded, or the problem has a natural finite deterministic
time horizon #¢. In the latter case, there is no loss of generality in considering that
t* is bounded by this deterministic time horizon. This leads to replacing C;+ by #y.
An example of such a situation is presented in an industrial example in Section 6.2.

Assumption 2.13. The Markov kernel Q is Lipschitz in the following sense: there
exists [Q] € RT such that for all # > 0 and for all function w € L%(E), one has

(1) forall x,ye E and t €[0,t*(x) At*(y) Au),

|Qw(CI>(x, 1) — Qw(P(y, t))} < [Q][w]lE,u
(2) for all x, y € E such that t*(x) vV *(y) < u,

|Qw(®(x, 1*(x))) — Qu((y, *(1)))] < [O1([wle™* + [w]F*)|x — y.

Remark 2.14. Assumption 2.13 is slightly more restrictive that its counterpart in
[6] (Assumption 2.5), because of the introduction of the state space L (E). This is
to ensure that the time-augmented process still satisfies a similar assumption; see
Section 5.1.

x—y|.

3. Expectation

From now on, we will assume that Zy = x a.s. for some x € E. For all fixed N € N*,
we intend to numerically approximate the quantity

TN N
In(.O)x) = Ey [ [ onar+y c(XTj—)ﬂ{XTj_eaE}], @
0 ,
j=1
where [ € B(E), ¢ € B(0E) and X;- is the left limit of X;. Thus, XTj— is the j-th
prejump location. Since the boundary jumps occur exactly at the deterministic exit

times from E, one has,

N N
JN(I’C)(X) = Ex |:/() I(Xt) dt + Z C(q)(Zj—l’l*(Zj—l)))]l{Sj=t*(Zj_1)}i|'

j=1

In many applications, Jx (/, ¢)(x) appears as a cost or a reward function. The first
term, that depends on /, is called the running cost and the second one, that depends
on ¢, is the boundary jump cost.

The rest of this section is devoted to formulating the expectation above in a way
that will allow us to derive a numerical computation method. The Lipschitz con-
tinuity property will be a crucial point when it comes to proving the convergence
of our approximation scheme. For this reason, the first step of our approxima-
tion is to replace the indicator function in Jy (/, ¢)(x) by a Lipschitz continuous
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function. Then we present a recursive method yielding the required expectation.
This recursive formulation will be the basis of our numerical method.

3.1. Lipschitz continuity. We introduce a regularity assumption on / and c.
Assumption 3.1. We assume that/ € L.(E) and ¢ € L (JF).

Moreover, we replace the indicator function in Jx (/, ¢)(x) by a Lipschitz con-
tinuous function 5A, with 4 > 0. Let then

TN

N
I(X)dt+ " e(D(Zj—1.1%(Zj-1)))84(Z; 1. Sj)i|,
j=1

T &) (x) = E[ /0

where 64 is a triangular approximation of the indicator function. It is defined on
E xR by

A(t—(t*(x)—z)) fort € [l*(x)—%; l*(x)],
54(x.1) = —A(t - (l*(x) + —)) fort e [t*(x); t*(x) + i],
0 otherwise.

For all x € E, the function §4(x,¢) goes to Ts—s+(x)} When A4 goes to in-
finity. The following proposition proves the convergence of J ]‘3 (/, ¢)(x) towards
Jn (1, ¢)(x) with an error bound.

Proposition 3.2. Forallx e E,A>0, N eN*,/ € L.(E) and c € L.(0E), one
has

NCC C)“

|3 e)(x) = In (L, c)(x)] < YR

Proof. For all x € E, one has

TN e)(x) = In (U, e)(x)]

N
= ‘Ex |:Z C(q)(zj—l’t*(Zj—l)))(SA(Zj—l’ Sj) _]l{Sj=l‘*(Zj—1)})iH

=1
N
<Ce Y Ex[8M(Zjo1.S) —is;=r+(z;_]
j=1

N
< Ce ) Ex[E[18M(Zj-1.8) = Uis;=(z;_3l | Zj—1]]-
j=1

We recall that the conditional law of S; with respect to Z;_; has density

s = AM®(Zj—1,5))e AZi—19)



NUMERICAL EXPECTATIONS OF PIECEWISE DETERMINISTIC MARKOV PROCESSES 73

on [0;¢*(Z;j—1)) and puts the weight e~ AMZj—1.17(Zj-1)) on the point t"(Zj-1).
We also recall that A is bounded thanks to Assumption 2.9. Finally, one has

|51, e)(x) = In (L, c)(x)]

N *(Zj—1)
S Cc Z Ex [/ (SA(Z]—I ) S))\(CD(ZJ_I s S))e_A(Zj_l’s)ds}
j=1 (Zj—1)—4
< NCcC)\' .
- A
Hence the result. .

Consequently to this proposition, we consider, from now on, the approximation
of J I‘é (I, c)(x) for some fixed A4, large enough to ensure that the previous error is
as small as required. The suitable choice of A will be discussed in Section 4.2.

3.2. Recursive formulation. Davis shows in [5, Section 32] that the expectation
J 1‘\,4 (I, c)(x) we are interested in is obtained by merely iterating an operator that
we will denote by G. The rest of this section is dedicated to presenting this method
from which we will derive our approximation scheme in Section 4.

Definition 3.3. Introduce the functions L, C and F defined for all x € E and
t €[0;¢*(x)] by

L(x,t)= /ot l(q)(x,s)) ds,
C(x,t) = c(D(x, *(x)))84(x, 1),
F(x,t) = L(x,t)+ C(x,1),
along with the operator G: B(E) — B(E) given by
Gw(x) = Ex[F(x, S1) + w(Zl)].
Definition 3.4. Define the sequence of functions (vg)o<k<n in B(E) by
N (x) =0,  vg(x) = Gug41(x).

Davis then shows in [5, Equation 32.33] that, for all k € {0,..., N},

Tk k
v = Ex| [ 100 di4 Y (@21, 282105

Jj=1

Thus, the quantity J ]‘3 (/, c)(x) we intend to approximate is none other than vy (x).
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Notice that, thanks to the Markov property of the chain (Z,, S;)nen, one has
forall k € {0,..., N — 1},

Gw(x) = E[F(Zg, Sk+1) + w(Zik41)| Z = x]. 3)
Hence, for all k € {0,..., N}, let V; = v (Z}) so that one has
Vy =0, Vi=E[F(Zk.Sk+1)+ Vit1|Zk].
This backward recursion provides the required quantity
Vo = Ji(l, c)(x).

Hence, we need to approximate the sequence of random variables (Vi )o<k<n-
This sequence satisfies a recursion that only depends on the chain (Zg, Sk)o<k<N-
Therefore, it appears natural to propose an approximation scheme based on a dis-
cretization of this chain (Zy, Sg)o<k<n, called quantization, similarly to the ideas
developed in [6] and [3].

4. Approximation scheme

Let us now turn to the approximation scheme itself. We explained in the previous
section how the expectation we are interested in stems from the iteration of the
operator G that only depends on the discrete-time Markov chain (Zg, Sk)o<k<n-
The first step of our numerical method is therefore to discretize this chain in order
to approximate the operator G.

4.1. Quantization of the chain (Z , Sy )i <N - Our approximation method is based
on the quantization of the underlying discrete time Markov chain (Og)r<ny =
(Zk, Si)k<n- This quantization consists in finding an optimally designed dis-
cretization of the process to provide for each step k the best possible approximation
of O by a random variable @k which state space has a finite and fixed number
of points. Here, optimal means that the distance between ®; and @k in a suitably
chosen L? norm is minimal. For details on the quantization methods, we mainly
refer to [9] but the interested reader can also consult [1], [2] and the references
therein.

More precisely, consider X an R?-valued random variable such that || X'||, < oo
and let K be a fixed integer. The optimal L ,-quantization of the random variable
X consists in finding the best possible L ,-approximation of X by a random vector
X e {(x!, ... ,xK } taking at most K values: This procedure consists of two steps:

(1) Find a finite weighted grid I’ C R? with T = {x!, ..., xX}.

(2) Set X = XT where XT = projr (X') with projr denotes the closest neighbor
projection on I'.
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The asymptotic properties of the L ,-quantization are given by the following
result; see [9], for example.

Theorem 4.1. If E[|X|?T"] < +o0 for some n > 0 then one has

lim KP?/1 Y _xTe = / 119/@+p) ) d ,
Jm |Ir,r|nr}( | lp = Jpq | |7l (u) du
where the law of X is Py (du) = h(u)dg(du) +v withv L Ay, Jp 4 a constant and
Agq the Lebesgue measure in RY.

Remark that X needs to have finite moments up to the order p 4 n to ensure
the above convergence. In this work, we used the CLVQ quantization algorithm
described in [1], Section 3.

There exists a similar procedure for the optimal quantization of a Markov chain
{ X% }xen- There are two approaches to provide the quantized approximation of a
Markov chain. The first one, based on the quantization at each time k of the random
variable X} is called the marginal quantization. The second one that enhances the
preservation of the Markov property is called Markovian quantization. Remark
that for the latter, the quantized Markov process is not homogeneous. These two
methods are described in details in [9, Section 3]. In this work, we used the mar-
ginal quantization approach for simplicity reasons.

The quantization algorithm provides for each time step 0 < k& < N a finite grid
Iy of E x R as well as the transition matrices (Qk)OSkSN—l from I’y to T'g4 1.
Let p > 1 such that for all k < N, Z; and Sj have finite moments at least up
to order p and let projr, be the closest-neighbor projection from E x R* onto
Fk (for the distance associated to norm p). The quantized process (G)k) k<N =
(Z ks Sk) x<n takes values for each k in the finite grid I'y of E x R™ and is defined
by

(Zk, Sk) = projr, (Zg, Sk)- (4)

Moreover, we also denote by FkZ and F,f , respectively, the projections of I'; on
E and RT.

Some important remarks must be made concerning the quantization. On the one
hand, the optimal quantization has nice convergence properties stated by Theorem
4.1. Indeed, the L?-quantization error ||®j — @k | p goes to zero when the number
of points in the grids goes to infinity. However, on the other hand, the Markov
property is not maintained by the algorithm and the quantized process is generally
not Markovian. Although the quantized process can be easily transformed into a
Markov chain (see [9]), this chain will not be homogeneous. It must be pointed
out that the quantized process (@k) ken depends on the starting point ®¢ of the
process.
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In practice, we begin with the computation of the quantization grids which
merely requires to be able to simulate the process. This step is quite time-consuming,
especially when the number of points in the quantization grids is large. However,
the grids are only computed once and for all and may be stored off-line. What is
more, they only depend on the dynamics of the process, not on the cost functions
[ and c¢. Hence, the same grids may be used to compute different expectations
of functionals as long as they are related to the same process. Our schemes are
then based on the following simple idea: we replace the process by its quantized
approximation within the operator G. The approximation is thus obtained in a very
simple way since the quantized process has finite state space.

4.2. Approximation of the expectation and rate of convergence. We now use the
quantization of the process (Og)r<n = (Zk, Sk)k<n- In order to approximate
the random variables (V% )x<n, we introduce a quantized version of the operator
G. Notice that the quantized process is no longer an homogeneous Markov chain
so that we have different operators for each time step k. Their definitions naturally
stem from a remark made in the previous section: recall that for all kK € {1,..., N}
and x € E,

Gw(x) = E[F(Zk—1,Sk) + w(Zy) | Zk—1 = x].
Definition 4.2. Forall k € {1,..., N}, w € B(FkZ) and z € FkZ—r let

Grw(z) = E[F(z,Sp) + w(Zy) | Zg—1 = z].
Introduce also the functions (U )g<ix<n by
in(z) =0 forallzeFﬁ,
0k (2) = Gy 10k41(z) forallk €{0,...,N —1}andz e TZ.
Finally, for all k € {0,..., N}, let
Vie = 0k (Zi).-

Remark 4.3. The conditional expectation in @kw(z) is a finite sum. Thus, the
numerical computation of the sequence (V}); will be easily performed as soon as
the quantized process (O )r<n has been obtained.

Remark 4.4. We have assumed that Zy = x a.s. Thus, the quantlzatlon algorlthm
provides that 4 o = X a.s. too. Consequently, the random variable Vo = Vg (Z 0) 1s,
in fact, deterministic.

The following theorem states the convergence of 170 towards Vo = J ]‘V“ (Z,c)(x)
and provides a bound for the rate of convergence.



NUMERICAL EXPECTATIONS OF PIECEWISE DETERMINISTIC MARKOV PROCESSES 77

Theorem 4.5. Forallk € {0, ..., N}, one has vy € L.(E). Moreover, the approx-
imation error satisfies

[N e)(x)— Vol <en(l,c, X, A),

where

N—1
en(e, X, )= (ki Zir1= 21 lp + Cloel + [F) 1 Ze—Zi
k=0

NCC C}\'
A

+IFLISk1—Sksllp) +
with
[F]y = Co+[l]y + [c]x + A[t]+Ce.
[Fl, = C) + AC,.
Cy, <n(C<C+Cp),
[vn]1 < eCreCa (K(A’ Un—1) +nCex[A]1 (Ce+ Cp + Cc)) + Ce=[l]y,
[vala < eCr*Cr(Cp+ C1Cy, +2C1 4 CLCe + (20 — Dy (C C + C)) + C,
[vn]* = [vn]l + [f*][vn]z,
[ve] =< K(A4,v4-1),

andforallw € L.(E), K(A,w) = E1+ E, A+ E3[w]; + E4Cy +[O][w]«, where

Ey =211 Cre + Cr([*]+ 2CA M) + [cl«(1 + G+ Cy)
+ Ce(2[M1 G + CLCA M + 2171Ch),

E; = C.Ce+Cy[t7],

E3 = (14 C+C)I[Q],

E4 =2GC[t*]+ C+[A]1 (2 + Ci+ Cy).

The choice of A. Proposition 3.2 suggests that A should be as large as possible.
However, the constants [F];, [F], and [v,] that appear in the bound of the approx-
imation error proposed by the above Theorem 4.5 grow linearly with A. Thus,
in order to control this error, it is necessary that the order of magnitude of the
quantization error ||®; — @k | p be at most 1/A4.

The convergence of the approximation scheme can be derived from Theorem 4.5.
Indeed, on the one hand, one must remind that Vo = J ﬁ (/, c)(x) is the expectation
we intended to approximate and on the other hand, |®; — @k |p may become
arbitrarily small when the number of points in the quantization grids goes to infinity
(see [9], for example). An outline of the proof is presented in Appendix C.



78 ADRIEN BRANDEJSKY, BENOITE DE SAPORTA AND FRANCOIS DUFOUR

5. Time-dependent functionals

We now turn to the main contribution of this paper and present two generaliza-
tions of the previous problem. On the one hand, we will consider time-dependent
functionals of the form

TN N
E, [ [ i+ Y etk T,-m{x,_eam}
0 ot j

where / and ¢ are Lipschitz continuous functions. On the other hand, we wish to
replace the random time horizon 7T by a deterministic one, denoted by #:

Iy
Ex|:/ [(Xg, 1) di + Z C(XT]-_’TJ')]l{XT.—GaE}}'
0 J
Tj=ty

We will reason as follows. As suggested by Davis in [5], we will introduce a trans-
formation (f ¢)¢>0 of the initial process (X;);>o by including the time variable
into the state space: (f +) = (Xy,t). Indeed, we will see that both the expectation
of the time-dependent functional and the one with deterministic time horizon are
no other than expectations of time invariant functionals for the time-augmented
process (f t)t>0- We therefore intend to apply the previously exposed approxima-
tion scheme to this new PDMP. However, it is far from obvious that the Lipschitz
continuity assumptions 2.9, 2.13 and 2.10 still hold for this new process.

Thus, the rest of this section is organized as follows. First, we recall the precise
definition of the time-augmented process and prove that it satisfies the Lipschitz
continuity assumptions required by our approximation scheme. Then, we will see
that the time-dependent functional case corresponds to a time invariant functional
for the new transformed process and may therefore be obtained thanks to the earlier
method. Finally, we consider the deterministic time horizon problem that features
an additional hurdle namely the presence of non-Lipschitz continuous indicator
functions.

5.1. The time-augmented process. Davis suggests, in [5, Section 31], that the case
of the time-dependent functionals may be treated by introducing the time variable
within the state space. Thus, it will be possible to apply our previous numerical
method to the time-augmented process. However, and this is what we discuss in
this section, it is necessary to check whether the Lipschitz continuity assumptions
still hold. We first recall the definition of the time-augmented process given by
Davis.

Definition 5.1. Introduce the new state space

E=ExRT
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equipped with the norm defined by: for all £ = (x,7), &’ = (x, ') € E, let
§—&'|=|x—x'| + |t —1'] (5)
where the norm on £ is given by (1). On this state space, we define the process
X; = (Xy,10).

The local characteristics of the PDMP (f t)t>0, denoted by ():, é, &13), are given
for all £ = (x,t) € E by

M(E) = M(x).
D, 5) = (D(x,s), 1 +5) fors <t*(x),
O(5, Ax{t}) = Q(x,4) forall 4 € B(E).

Moreover, we naturally define for all £ = (x,1) € E

7*(€) = inf{s > 0 such that (&, s) € IE} = *(x)

Clearly, Assumptions 2.9 and 2.10 still hold with [A]; = [A]; and [t*] = [¢¥].
However, proving Assumption 2.13 is more intricate. We start with the following
lemma.

Lemma 5.2. Let u,t > 0 and w € L’C‘,(E) Denote by wy the function of B(E)
defined by w; = w(-,t). One has then w; € L' (E) with

E,t E,
(w7 < [w]]™",

(w2 < [w]F* + ),

[w ] ZN < (1 + [ Dw]E.

Proof. Letu,t > 0and w € LZ(E). For x,x’ € E and s <t*(x) At*(X') At Au,
one has

Wi (D(x,5)) —w (P, 5))| = |w(D((x, 2 —5),5)) —w(P(x', 1 —5),5))]-

We now use the fact that w € LZ(E ) which yields since s < u

|wi(P(x,5)) —w (P(x,5))| < [w]lﬁ’"}(x, [—8)— (X' t—s)| = [w]lﬁ’” |x —x'|.

f’”\” < [w]f’”, and similarly one obtains [w;]E""* < [w]f’” + [w]f’”.

Hence, [w/] 5
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On the other hand, for x, x’ € E such that #*(x) v *(x") <t A u, one has
|we (@(x,1%(x))) — we (B, 7 (x")))]
= [w(B((x, 1 = 1*(x)), 1 (x))) = w(D(, 1 = 1* (), 1* (') |
= ‘w(CTD((x, t—1*(x)), 7% (x, 1 —1*(x))))
—w(@((x',t—l*(x’)),f*(x/,t—1*(?6/))))‘?

moreover since w € L¥(E) and 7*(x,t —t*(x)) vV *(x', 1 —t*(x")) < u one has

[we (@Cx, 1% (x))) — we (B, £* ()] < [wlEH| (e, £ =% () = (¥, £ = (¥))|-

We conclude thanks to the Lipschitz continuity assumption 2.10 on ¢*, which
yields |(x, 1—1*(x))—(x', t—1*(x))| < (1 4+[t*])|x —x|. One obtains [wt]E AN <
[w]E: “(1+1[¢*]) and w, € LIN(E). O

The next proposition proves that Assumption 2.13 holds for the time-augmented
process (X)¢>o-

Proposition 5.3. Let w € LZ(E ).
(1) Forall§,&' € E and s €[0,7*(&) NT*(€') Aul,

Ow(@ (&, 5)) — Ouw(B(E, )| < (Q]v DwlE*le—¢.
(2) Forall &, & € E such that i*(§) vV i*(&') < u,
[Qw(®(.7*(§) — Qw(®(E. 7* ()] ~ ~
< ([Q1V (1 +[F*D([wl" + [wl ) 1 — €],
In other words, Assumption 2.13 is satisfied with [0] = (O] v 1)(1 + [¢*]).

Proof. As in the previous lemma, for all # > 0, we will denote by w; the function
of B(E) defined by w; = w(-,t). For & = (x,1) € Eandw e L”(E) one has,
by the definition of Q,

Gu® = [ __w)0(x.0.d) = [ w(00(x.dz) = Qui). ©

zeFE

We may now check the regularity assumption on Q Let £ = (x,¢) and &' =

(x',t") € E. Let s € [0; 7% () AT*(E') A u]. Thanks to the definition of ® and (6)
one has

[Quw(®(E.9) — Qu(R(E.5)| = | Qu(®(x.5).1 +5) = Qu(®(x.5). 1" +5)|
= | Qi gs(P(x.5)) — Qup1s(B(X'.5)).



NUMERICAL EXPECTATIONS OF PIECEWISE DETERMINISTIC MARKOV PROCESSES 81

We split this into the sum of two differences:

|Qwi45(P(x, ) — Q45 (P(x', 5)))|
< [Qwits(P(x. ) = Qrps (P(X, )| + [ Q(Wits — werps) (P, 5))]

On the one hand, we recall that thanks to Lemma 5.2, w4+ € L((f+s)/\”(E ), so
that, since s < (f + s) A u, we may use the Lipschitz continuity assumption 2.13
on Q and the first term is bounded as follows:

|Qwi15(D(x,5)) — Qur 5 (DX, 5))| < [O[wrs]F T x = X,

Lemma 5.2 also provides [wt+s]E (rFs)Au [w] f *“_ On the other hand, and more

basically, the second term in the equation above satisfies

QWi g5 —wer ) (@', 5))| < [w]EH| — 7).

We obtain

1Ow(B(E. 5)) — Ow(B(E. s))| < (0] v Dw]EH|E—&].

We reason similarly to bound | Qw (®(&,7*(£))) — Qu(®(E', 7*(£')))],
£=(x,7)and &’ = (x', 1) € E are such that 7* (&) vV*(&') < u. Equation (6) yields

|Qw(®E,7*(8)) — Qw(PE, *(€)))|

= |th+t*(x) (CD(X, t*(X))) - th/+t>l<(x/) (<I>(x’, t*(x’)))! y
which we now split as follows:
| Qw4 (x) (DX, 17(X))) — Qs g (1) (P(X, 17 (X)) |

< | QWi rr () (P(x, 1¥(X))) — Qigpr () (X, 1 (x)))|
+ }(th—i-t*(x) - th’+t*(x/))(q>(xl’ t*(x’)))| .

Thanks to Lemma 5.2, w4+ (x) € LgH_t*(x))A” (E). We assume, without loss of
generality, that 1*(x) > t*(x’), so t*(x) vt*(x’) < (t + t*(x)) A u. Therefore,
the first term in the above equation is bounded, thanks to the Lipschitz continuity
assumption 2.13 on Q and Lemma 5.2, by

E, E,
[O1((1 + [ DIw]l + [w] ) Ix =)
It is more straightfoward to obtain a bound for the second term, of the form

Wit 1) — ()| < B (=o' + [ — ).
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We obtain

|Qw(®(E,7*(8))) — Qw(P(E, T*(£)))]

= [O)(1 + DRl = | + [l ([ Q0 = 4+ = /| + [Tl = )
< ([Q)V 1) (1+ [ ([l + [w] ") € —£'].
Hence the result. 0

Consequently, we may apply our numerical method to the time-augmented pro-
cess (X7);>0. In other words, for/ € L.(E),c € L.(dE) and £ € E, our approxi-
mation scheme may be used to compute

~ In  _ N
Ivto© =k [ 1@ Y cFrtg, g 0

Jj=1

We will now see that the time-dependent functional and the deterministic time
horizon problems boil down to computing such quantities Jn (/, ¢)(&) for suitably
chosen functions / and c.

5.2. Lipschitz continuous cost functions. We first consider the time-dependent
functional problem with Lipschitz continuous cost functions. Thus, let then / €
L.(E),ce L.(0F) and x € E, we wish to compute

TN N
Ex|:/(; Z(Xt’l)dt+ZC(XTj_’ T'j)]]-{XTj_EaE}i|'

Jj=1

It is straightforward to show that this quantity may be expressed using the time-
augmented process starting from the point £y = (x, 0). Indeed, one has

~ In N
In(.c)(§0) = Ex [/0 I(Xp,t)dt + ) e(X1r, Tj)]l{XTj—eaE}:|,
j=1

where Jx (I, c)(&) is given by (7). Although they are time-dependent, the cost
functions / and ¢ are seen, in the left-hand side term, as time invariant functions of
the time-augmented process. The expectation of the time-dependent functional is
therefore obtained by computing the expectation of a time invariant functional for
the transformed PDMP thanks to the approximation scheme described in Section 4.
This is what expresses the following theorem, which proof stems from the previous
discussion.

Theorem 5.4. Let! € LC(E )andc € LC(E)E ) and apply the approximation scheme
described in Section 4 to the time-augmented process (X¢)s>o, one has then
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TN N ~ ~
'Ex[/ I(Xt’t)dt+ZC(XTj_’ T']')]]-{XTJ,—GaE}i|_V0 SEN(Z’C’X’A)’
0

j=1

where we denote by e (I, c, X, A) the bound of the approximation error provided
by Theorem 4.5 when our approximation scheme is applied with cost functions [
and c to the time-augmented process (X¢)>o-

Remark 5.5. The quantity ex(/, c, X, A) is computed with respect to the process
(X¢)¢>0 instead of (X;);>0, as presented in Theorem 4.5, so that

N-1 ~ ~
en(l.e. X, 4)= )" (2[Uk+1]E||Zk+1 —Zi+1llp
k=0 ~ ~
+ (2Lol® +[FY + [FIA) | Zi = Ziellp
~ = NC:Cy,
(P + AUFE) Ses1 = Sralp) + =2

where (Z ks §k) ke denotes the sequence of the postjump locations and the inter-
jump times of the time-augmented process (X;);>¢, and where

FY, = Cr[E +[c]E,

[

[F1] =[t"]Ce,

[F]z = Cl»

[ ]” =Le¢s

Cy, =n(CeCy+Ce),

[alE < eSO (R(A, vamr) +nCor M1 (Cr=Cp + Co)) + Gl
[alf < €€ (C= C1Cy 4+ 2C1 + CLCe + 21— A (Cr=Cy + Co) + Co,
[onlE < [onl? + 1 enlf.
[Un]E < K(A4,vp—1),
and for all w € L.(E) we have
KA. w) = Ey + Es A + Es[wlE + E4Cyp +[O][w]E
where _
[0]=(Q]v (1 +[t"]),
E1 = 2NE o + C([t¥]) + 2CA A1) + [l E (1 + G Cy)
+ Ce(2[M1 G + CL.CA[M + 2[t¥]C),
E; = C.CrGy17],
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E; = (14 CC)[0],
E4 =2C[t*]+ Ci+[A1 2 + Ci+Cy).

5.3. Deterministic time horizon. In the context of applications, it seems relevant
to consider a deterministic time horizon #¢. For instance, one may want to estimate
a mean cost over a given period no matter how many jumps occur during this period.
Actually, we will choose a time horizon of the form 7 A Ty with N large enough
to ensure the N-th jump will occur after time ¢y with high probability: in other
words, that Px(Tn < fr) be close to zero. For a discussion concerning the choice
of such N, and in particular a theoretical bound of the probability Px(Tn < tr),
we refer to [3]. Simply notice that in practice, this probability may be estimated
through Monte Carlo simulations. We thus intend to approximate the following
quantity for / € Lo(E), ce LC(BE) and x € E:

TN Atr
Ex[/ (X, 0)di+ ) C(XTj_,Y}')]l{XTfeaE}}
0 J
T =ty

Tn N
= Ex|:/(; [(Xt, t)]l{,Stf}dt + Z C(XTJ,—, T})E{XTj_EaE}]]‘{Y—}'ftf}]'
j=1

The natural approach would consist in killing the process at time 5 as Davis sug-
gests in [5, Section 31], and applying our method to the new process. However,
the killed process will not necessarily fulfill our Lipschitz continuity assumptions
because of the discontinuity introduced at time #f.

A second idea would then be to use the previous results, to consider the time-
augmented process, and to define i(x, t)=I(x, f)]l{tstf} and ¢(x,t)=c(x, t)]l{,S,f}.
However, a similar problem appears. Indeed, such functions [ and ¢ are not Lips-
chitz continuous and our numerical method requires this assumption. In the rest of
this section, we will see how to overcome this drawback. On the one hand, we prove
that the Lipschitz continuity condition on / may be relaxed so that our numerical
method may be used directly to approximate In (I, ¢) for any ¢ € Lc(DE). On the
other hand, in the general case, we will deal with the non-Lipschitz continuity of
¢ by bounding it between two Lipschitz continuous functions.

5.3.1. Direct estimation of the running cost term. Let us explain how the Lips-
chitz continuity condition on the running cost function may be relaxed so that
Theorem 4.5, stating the convergence of our approximation scheme, remains true
when the running cost function is l(x 1) = 1(x,0)1{s<4y with [ € L (E) and
the boundary jump cost function is ¢ € Lc(aE ) (although with slightly different
constants in the bound of the convergence rate). Indeed, the running cost function
I appears inside an integral that will have a regularizing effect allowing us to derive



NUMERICAL EXPECTATIONS OF PIECEWISE DETERMINISTIC MARKOV PROCESSES 85

the required Lipschitz property of the functional in spite of the discontinuity of I,
Details are provided in Appendix B.

Consequently, our approximation scheme may be used to compute In(, c)(&)
for any £ € E. We recall that Jy is defined by (7) and that for all x € £, one has

. TN Atr N
IN(,c)(x.0) = Ex [/0 (X, 0)dt+ ) (X, Tj)ﬂ{XTJ_—eaE}}
j=1

We now turn to the indicator function 17, <;.} required within the boundary jump
cost term.

5.3.2. Bounds of the boundary jump cost term. We explained how the Lipschitz
continuity condition on / may be relaxed. However, when it comes to ¢, this con-
dition cannot be avoided and our numerical method cannot be used directly with
¢(x,1) =c(x, 1)L <4y We overcome this drawback by using Lipschitz continuous
approximations of the indicator function. Indeed, for B > 0, we introduce the real-
valued functions u g and u# g defined on R by

1 ift <ty —1/B,
up(t) = —B(t—tr) ifty—1/B =<t <ty,
0 iflf <t,

1 ift <ty,
ug(t)=—B@t—tr)+1 ifty <t <ty +1/B,
0 iftr+1/B <t.

The following lemma is straightforward.

Lemma 5.6. Forallt > 0, limp_ oo up(?) = Ljoy,)(¢) and limp_, y oo Up(t) =
]l[o;tf](t). Furthermore, for all B > 0, up and up are Lipschitz continuous with
! <1, ‘ <1 and

Lipschitz constant B. Moreover,
up =1y, = up.
Thus, define for / LC(E )
1(x, 1) = 10x, D)<y (8)
and for ¢ € L.(3E) and for all B > 0,
cp(x,t)=c(x,t)up(r)  and  cp(x,1) =c(x,0)ip(). 9
We now check that these functions satisfy our Lipschitz continuity conditions.

Proposition 5.7. The functions cg and cg belong to LC(E)E ) with [cBl«, [cB]x <
[c]lx + BCc(1V [Z*D
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Proof. We prove the result for cp, the other case being similar. For all & =
(x,1),& = (x',t') € E, one has
B (®E.1(€)) —cp(®E ()]
= [e(PE. *EN)up(t +1¥(E) —c(BE T EN)up’ + &)
< [cl«l§ —&'| + Cclup(t + *(€) —up(t' + ()|
<[clxl=&'|+ CeB(jt —1'| + [*]Ix — X'])
< ([}« + Cc BV [*))[E - E'|.
Hence the result. H

Therefore, the functions ¢ g and cp are acceptable boundary jump cost functions
and we may bound the deterministic horizon expectation by

IN(l,cp)(x,0) < Ex [/0 I(X)Lg<yydt + ) c(X77)Lixr-copy 4T, Stf}:|

j=1
< Jn(.2p)(x,0).
The following proposition provides the convergence of the bounds.

Proposition 5.8. For all x € E, one has
lim Jn(l,cp)(x,0)
B—+o00

= lim Jx(,cp)(x,0)
B—+4o00

TN Nt N
=E, [/0 [(X¢,t)dt + Z c(X7r-, Tj)]l{XTj—eaE}]l{Tj Stf}:|-

Jj=1

Convergence holds for every tr > 0 in the case of fN(i, cp)(x,0) but only for
almost every ty > 0 with respect to the Lebesgue measure on R in the case of

In(.cB)(x.0).
Proof. Let x € E. We first consider In (l~ ,¢cB)(x,0).
N N

Ex [Z c(X7r, Tj)]l{XTj—eaE}]l{T,- <t} — Z cB(XT/-, Tj)]l{XTj— eBE}iH
j=1 j=1
N
< Ex[z |C(XT].—, TH| |Ler; <43 —ﬁB(Tj)q
=1
N N |
< B[ Yty en sy <€ 2 (0 + ) ).
j=1 j=1
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where ¢; 1s the distribution function of 7. For all j < N, the summand in this
last expression goes to 0 as B — +00, since @; is right-continuous; this shows the
required convergence.
We now turn to the case of Jy ([, cp)(x,0). Similar computations yield
N N
Ex [Z (X7 T ixr-coBy LTy <13 — > cp(X1-, Tj)ll{XTj—eaE}”
J=1 j=1

N
<Ce ) (wj (tr) —¢j (tf - %))
j=1

One cannot conclude as in the previous case, since ¢; need not be left-continuous.
We therefore assume that ¢y is not an atom of any of the laws of the random
variables 7. Then, for all j < N, the summand on the right-hand side tends
to 0 as B — +00, and the result follows. Indeed, the set of the atoms of 7; is at
most countable, so the convergence holds for almost every 7¢ with respect to the
Lebesgue measure on R. O

5.3.3. Bounds in the general case. The previous results show that the deterministic
horizon expectation may be bounded by applying our numerical method with / and
successively ¢p and cp. In other words, we have shown:

Theorem 5.9. Let [ € LC(E) and c € LC(BE). Let (V. B)o<k<nN (respectively
(I7k B)o<k<N) be the sequence of random variables (Vi )o<kx<nN described in
Section 4 when applying our approximation scheme to the time-augmented pro-
cess (X t)t>0 With cost functions [ and ¢ cp (respectively cg) defined by (8) and (9).
The bounds of the approximation error provided by Theorem 4.5 are respectively
denoted by

en(l,cg, X, A,B) and en(l,ép, X, A, B).
One has then

Vog—en(.cp X, A B)
TN/\tf N
<E, |:/0 [(X;,t)dt + Z C(XTj—, j—vj)]l{XTj_GaE}]]'{TjSZf}}
j=1
<Vop+en(l.cp. X, A, B).

Remark 5.10. In the previous theorem, the quantity e (/, ¢, X, A, B) (and sim-
ilarly en (/, B, X,A,B))is computed with respect to the process (X t)¢>0 instead
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of (X¢)s>0 as presented in Theorem 4.5 so that one has

8N(1,QB,A7,A,B)

N-1 _ _
=> (2[Uk+1]E||Zk+1 —Zi+1llp
k=0 - N
+ (vl ® +[Fy +[FI{ A+ [FI)'B) | Zx — Zillp
NC.C,

(Pl + P A) 1 = Sk lp) + =2

where (Z ks §k) ren denotes the sequence of the postjump locations and the inter-
jump times of the time-augmented process (X;);>o and with

[FI] = C.(1V[t*),
[vn]E < € Co ([Z(A, B, v,—1) +nCi<[A1 (Cr+Cp + Cp)) + Ct*[lhg’
[va]E < K(A, B, vy—1),

and for all w € L.(E) we have

t —

K(A4,B,w) = E{ + EY B+ EsA + E3[w]{ + E4Cy +[0][w]Y,

where B B
E} = 2[NECp + C([t*]+ 2CAM) + []E (1 + C+Cy)

+ Ce (21 Cor + GUCEDM) +2[71Ch).
E] =Cc (V[ (1 + C+Cy)
The other constants remain unchanged; see Remark 5.5 for their expressions.

Furthermore, it is important to stress the fact that applying twice our numerical
method does not increase significantly the computing time. Indeed, the computa-
tion of the quantization grids is, by far, the most costly step. These grids, that only
depend on the dynamics of the process, may be stored off-line and used for the
approximation of both bounds.

The choice of B. We now discuss the choice of the parameter B, the discussion is
quite similar to the one concerning the choice of A4 in Section 4.2. Proposition 5.8
suggests that B should be chosen as large as possible. However, choosing a large
value for B will lead to large Lipschitz constants that will decrease the sharpness
of the bounds en (/, cp, X Yand ey (/,cp, X ) for the approximation error provided
by Theorem 4.5. Indeed, it is easy to check that [v,]| grows linearly with B (see
the precise expressions of the Lipschitz constants above). Thus, in order to control
the error proposed by Theorem 4.5, it is necessary that the order of magnitude of
the quantization error ||©®, — Oul p be at most 1/B.
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6. Numerical results

6.1. A repair workshop model. We now present a repair workshop model adapted
from [5, Section 21].

In a factory, a machine produces goods which daily value is r (x), where x € [0; 1]
represents a parameter of evolution of the machine, a setting chosen by the operator.
For instance, x may be some load or some pace imposed on the machine. This ma-
chine, initially working, may break down with an age-dependent hazard rate A(¢)
and is then sent to the workshop for repair. Besides, the factory’s management has
decided that, whenever the machine has worked for a whole year without requiring
repair, it is sent to the workshop for maintenance. The daily cost of maintenance is
q(x), while the daily cost of a repairs is p(x), with reasonably p(x) > g(x). We
assume that after a repair or maintenance, both lasting a fixed time s, the machine
1s totally repaired and is not worn down.

We therefore consider three modes: the machine is working (m = 1), being
repaired (m = 2), or undergoing maintenance (m = 3). The state of the process at
time ¢ will be denoted by X; = (my, ;,t), where (; is the time since the last change
of mode. (This component is required since the hazard rate A is age-dependent.)
The state space is E = ({1} x[0; 365]xRT) U ({2} x[0; s]xRT) U ({3} x[0; s]xRT).
In each mode, the flow is @, (({ 1), u) = (¢ +u,t + u). Concerning the transition
kernel, one sees from the previous discussion that, for instance, from the point
(1,¢,1), the process can jump to the point (2,0,¢) if { < 365 and the jump is
forced to (3,0,¢) if { = 365. Figure 1 presents the state space and an example of
trajectory of the process.

>
>

m=1 365 m=2 7 m=3 7

Y

Figure 1. An example trajectory. The process starts from the point Zy in mode m = 1
(machine in service). The machine may be sent to the workshop for repairs (m = 2) or
for maintenance (m = 3).
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Our aim is to find the value of the setting x that maximizes the expected total
benefits B(x), that is, the discounted value (for an interest rate p) of production
minus maintenance and reparation costs over a period fy = 5 years:

B* = sup B(x),

x€[0;1]
where

Iy
B(x) = E(1,0,0) [/0 e P! (r(X)Lgm, =13 — P()Lgm, =23 — (X)L, =3}) df]-

We will use the following values 7 (x) = x, p(x) = 100x2, g(x) =5, s = 7 days,
p= % and A represents a Weibull distribution with parameters o = 2 et 8 = 600.

Our assumptions clearly hold so that we may run our numerical method. We
first need to find N € N such that P(; ,0)(Tn < fr) be small. Monte Carlo
simulations lead to the value N = 18. For a fixed x € [0; 1], we will therefore
compute fN(i, 0)(1,0,0) where l~(m, l,t) = e_pt(r(x)ll{mzl} — p(X)Lgp=0y —
q(x)]l{m=3})]l{t5tf}. Finally, notice that we could have chosen r, p and ¢ slightly
more generally by allowing them to be time-dependent.

It is important to stress the fact that, once the Markov chain associated to the
process is quantized, we will be able to compute the approximation of B(x) almost
instantly for any x € [0; 1] because the same grids are used for every computation.
Thanks to this flexibility, we are able to draw the function x — B(x) and, thus,
to solve the above optimization problem very easily. This is a very important
advantage of our method. Indeed, if we computed B(x) through standard methods
such as Monte Carlo simulations, we would have to repeat the whole algorithm
again and again for each value of x and solving the optimization problem would
be intractable.

The following figure represents the approximation of the function B computed
on a constant step grid of [0; 1] with step 1072. This leads to the solution of the
earlier optimization problem. Indeed, we obtain B* = B(x*) = 537.84 where
x* = 0.78 is the value of the setting x that maximizes the benefits of the factory.

Now let x = 0.78. The following table presents the values of I7N, which are the
approximations of B(x), for different number of points in the quantization grids.
A reference value Byonte Carlo = 337.69 is obtained via the Monte Carlo method
(103 simulations).

Points in the quantization grids I7N relative error to 537.69

20 points 542.14 0.83%
50 points 539.57 0.35%
100 points 538.24 0.10%

500 points 537.84 0.03%
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Figure 2. The function B drawn with 500 points in the quantization grids.

From a computational time point of view, we have already explained that the
computation of large quantization grids is, by far, the most costly step since it may
take up to several hours whereas the approximation of the expectation that follows
is then almost instantaneous. However, we may notice, in the above table, that
grids containing only 50 points yield a quite accurate result with merely 0.35%
error. Such grids only require a few minutes to be designed.

Remark 6.1. We already noticed that the same grids may serve several purposes.
For instance, we may also have been interested in the computation of the mean
time spent by the machine in the workshop by taking /(m, {, 1) = Lyue2:3)3-

6.2. A corrosion model. We consider here a corrosion model for an aluminum
metallic structure. This example was provided by Astrium. It concerns a small
structure within a strategic ballistic missile. The missile 1s stored successively in
three different environments which are more or less corrosive. It is made to have
potentially large storage durations. The requirement for security is very strong.
The mechanical stress exerted on the structure depends in part on its thickness. A
loss of thickness will cause an overconstraint and therefore increase the risk of
rupture. It is thus crucial to study the evolution of the thickness of the structure
over time.

Let us describe more precisely the usage profile of the missile. It is stored
successively in three different environments: the workshop (m = 1), the submarine
in operation (m = 2) and the submarine in dry-dock (m = 3). This is because the
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structure must be equipped and used in a given order. Then it goes back to the work-
shop and so on. The missile stays in each environment during a random duration
with exponential distribution. Its parameter A, depends on the environment. The
degradation law for the thickness loss then depends on the environment through
two parameters, a deterministic transition period 7,, and a random corrosion rate
p uniformly distributed within a given range. Typically, the workshop and dry-
dock are the most corrosive environments but the time spent in operation is more
important. The randomness of the corrosion rate accounts for small variations and
uncertainties in the corrosiveness of each environment.
In each environment m € {1;2; 3}, the thickness loss dj, evolves in time as

dm(p.5) = p(s + nm(e™/Cmm) —1)). (10)
Here are the numerical values of the parameters of the corrosion model:

environment 1 environment 2 environment 3
Am (A1) (17520)~1 (131400)~! (8760)~1
Nm (h) 30000 200000 40000
p(mm/h) [1076,1073] [1077,107] [107%,1077]

Initially, the structure is in environment m = 1 and the thickness loss is null.
One draws the corrosion rate py uniformly distributed in the interval [1076,107]
and the time of the first change of environment 77 exponentially distributed with
parameter A; = (17520)~! hours~!. The corrosion starts according to (10) so that,
for all 0 <t < Ty, the loss of thickness is d1(pg, ). The structure then moves to
environment 2 and the process restarts similarly: a new corrosion rate pr, is drawn
according to an uniform law on [10~7, 107°], the time of the second jump 7> is
drawn so that T, — T} is exponentially distributed with parameter A, = (131400)~!
hours™! and for T} <t < T>, the loss of thickness is d (g, T1) + d2 (o1, .t —Th)
and so on.

At each change of environment, a new corrosion rate p is drawn according to a
uniform law on the corresponding interval. The thickness loss, however, evolves
continuously.

We are interested in computing the mean loss of thickness in environment 2 until
a given time 7y = 18 years.

Modeling by PDMP.

The state space E. The loss of thickness will be modeled by a PDMP whose modes
are the different environments. Let then M = {1, 2, 3}. The PDMP (X;);>¢o will
contain the following components: the mode m € M, the loss of thickness d, the
time since the last jump s (this is to ensure that the Markov property is satisfied),
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the corrosion rate p and the time 7 (since we consider the time-augmented process).
Clearly, one has always s < 7, so we can reasonably consider the state space

E = {(m,d,s,,o, t)e M x RT xR x [10_7; 10_5] x RT such that s < t}.

The flow ®. The flow is given for all # > 0 by

m m

d d+dm(loﬂs+u)_dm(lovs)
O s |.u)= S+u

P P

t t+u

The transition kernel Q. Let us now study the jumps of this process. When the
process jumps from a point x = (m, d, s, p,t) € E, m becomes m + 1 modulo 3
(denoted m + 1[3]), d and ¢ remain unchanged, s becomes 0. Only p is randomly
drawn, according to a uniform law on an interval [omin; Pmax] that depends on the
new mode. One has then for w € B(E), x = (m,d,s,p,t) € E,and u > 0,

m cm
d d+dmn(p,s+u)—dn(p,s)
Qw(®(| s |.u) = Q0w S+u
P o
! t+u
m + 1[3]
1 Pmax d—i_dM(/O’s—'_u)_dm(p,S)
- —/ w 0 dp. (11)
Pmax — Pmin J pyi, ,5
t+u

The cost function [. The function / € B(E) will be the cost function to compute
the mean loss of thickness in mode 2. It is defined as follows: for all x =
(m,d,s,p,t) € E and u > 0,

_ d
H(@(x,w) = p(1 = 3~ CTICI) 1, gy = ——(d(p. s + 1)) Lym=2y. (12)
One then defines l~(CI>(x, u)) = 1(P(x, u))Lis <z}, S0 that

u un(tr—t)t
L(x,u)z/o i(cb(x,u’))du’=/0 " 1(®(x,u)) du'

= (dm(p,s +u A (tr =0)F) = dm(p, 5)) Lim=2y;
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that is indeed the thickness lost in mode 2 from the point x = (m, d, s, p, t) during
a time u A (tf —n)t.

The assumptions. Assumptions 2.1 and 2.9 are clearly satisfied. It is easy to check,
from (12), that / € L.(E), so Assumption 3.1 holds.

We now turn to Assumption 2.13 and we will see that, although it does not hold
for any function w € L7 (E), it holds for a sufficiently big subclass of functions.
We first need to make a remark. Recall that for all x = (m,d,s, p,t) € E and
forall k €{0,..., N}, one has vy_i(x) = Exbigl[foTk H(D(x, 1)) Ly qy<spydu].

Therefore, for all k € {0, ..., N} the function v as well as the function / satisfy
x=(m,d,s,p,t)€e Eandt >ty = w(x)=0. (13)

The next step consists in proving that Assumption 2.13, although it is not sat-
isfied for any function w € L?(E), holds for any function w € L?(E) that also
satisfies condition (13). This is done in Lemma 6.2 and it is sufficient because
in the proof of the theorem that ensures the convergence of our approximation
scheme, Assumption 2.13 is only used with the functions (vg)kefo,..., Ny that do
satisfy condition (13).

Lemma 6.2. There exists [Q] € R such that for all v > 0 and w € LY(E) that
satisfies condition (13), one has for all x, x’ € E and 0 <u < v,

|Qw(®(x,u)) — Quw(@(x',u))| < [Q][w]F

Proof. Let x = (m,d, s, p,t) and x' = (m',d’,s’, p’, ") € E with for instance r <¢’.
First we may choose m = m’; otherwise, |x — x’| = +00 and there is nothing to
prove. Now, we are facing three different cases:

o If iy <t+u <t'+u, then one has Qu(®(x,u)) = Qu(P(x’,u)) = 0 because
w satisfies condition (13) and there is nothing to prove.

x—x'|.

o If t +u <ty <t' 4 u, notice that

Quw(d(x',u)) = Qw(®((m',d’,s', o', 1r),u)) =0
(this stems from condition (13)), so that we are reduced to the following case.

e We assume from now on that ¢t +u <t +u < tr. We now intend to bound
}Qw(CD(x, u)) — Qw(CD(x’, u)) . It is clear from (11) that we only need to prove
that the function (p, s) — dm,(p, s), defined by (10), is Lipschitz continuous with
respect to both its variables on the set [1077; 107°] x [0; tr]. Indeed, we have s <1
and s’ <t'sothats,s’,s +u,s +u < tr. Standard computations yield

|dm(p.5) —dm(p s < slp—p'| + 30 ls =5'| <trlp—p| + 31075 |s — ']

Hence the result. O
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Assumption 2.10 is not satisfied because in our corrosion model, one has t*(x) =
+oo0 for all x € E. Besides, we may notice that the previous proof would have
been more straightforward if #* had been bounded. Indeed in that case, we would
have had s, s’, s +u, s +u < C;» and the introduction of condition (13) would have
been unnecessary. Nevertheless, we have been able to overcome the drawback of
having ¢* unbounded by noticing that somehow the deterministic time horizon #¢
plays the part of the missing Cy+. This is the meaning of condition (13): roughly
speaking, we do not consider what happens beyond 7.

More generally, we will now see that in our deterministic time horizon problem,
the boundedness of #* may be dropped and our results remain true replacing C=
by #¢. This is clear in the case of Proposition A.2 because the function [ satisfies
the condition (13). Proposition A.7 remains also true replacing Cy+ by #r. Indeed,
on the one hand, it is clear that L(x,u) < rC;. On the other hand, when com-
puting |v, (®(x, 1)) — v, (®(x’, u’))|, we are facing three cases, as in the proof of
Lemma 6.2:

o If tf <u <u’', one has
Vp(P(x, 1)) = v (D(x", 1)) =0,

by condition (13).

o If u <ty <u’, one has
‘Un (QJ(X, Ll)) - Un(CD(X/, u/))| = ‘Un (q)(xv Ll)) - Un(CD(X/, tf))|’

since v, (P(x’, u")) = v, (P(x", r)) = 0 (condition (13) once again), so that we
are reduced to the next case.

o If u < u’ < tr, the computations remain unchanged and ¢ replaces C;+ as a
bound for u and u’.

Numerical results. The table below presents the values of the loss of thickness in
environment 2 obtained through our approximation scheme with quantization grids
of varying fineness, as well as the relative deviation with respect to the Monte Carlo
value of 0.036755, obtained with 10® simulations.

Quantization grids 170 error | Quantization grids 170 error
20 points 0.038386 4.43% 2000 points 0.037041 0.77%

50 points 0.037804 2.85% 4000 points 0.037007 0.69%

100 points 0.037525 2.09% 6000 points 0.036973 0.57%

200 points 0.037421 1.81% 8000 points 0.036944 0.49%

500 points 0.037264 1.38% 10000 points 0.036911 0.40%
1000 points 0.037160 1.10% 12000 points 0.036897 0.36%




96 ADRIEN BRANDEJSKY, BENOITE DE SAPORTA AND FRANCOIS DUFOUR

10

10

10 T T T

1 2 3 4

10 10 10 10 10

Figure 3. Log-log plot of error when approximating the loss of thickness in environ-
ment 2 versus number of points in the quantization grids. The empirical convergence rate,
estimated through a regression model, is —0.35.

Figure 3 presents respectively the empirical convergence rate. The convergence
rate, estimated through a regression model is —0.35. This is roughly the same
order of magnitude as the rate of convergence of the optimal quantizer (see for
instance [9]) since here the dimension is 3 (indeed, m is deterministic and s = 0
immediately after a jump so that we only quantize the variables p, d and ?).

Finally, we show here the CPU time to compute the expectations from the quan-
tization grids (computations are run with Matlab R2010b on a MacBook Pro 2.66
GHz i7 processor). The CPU time for 108 Monte Carlo simulations was approxi-
mately 16000 s. It can be seen that, once the quantization grids are obtained, our
approximation scheme performs very fast.

Quantization grids CPU time (s) | Quantization grids CPU time (s)
20 points 0.0059 2000 points 1.5
50 points 0.0085 4000 points 5.6
100 points 0.014 6000 points 13
200 points 0.034 8000 points 24
500 points 0.12 10000 points 35
1000 points 0.37 12000 points 54
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7. Conclusion

We have presented an efficient and easy to implement numerical method to approxi-
mate expectations of functionals of piecewise deterministic Markov processes. We
proved the convergence of our algorithm with bounds for the rate of convergence.

Although our method concerns time invariant functionals, we proved that we
are able to tackle time-dependent problems such as Lipschitz continuous time-
dependent functionals or deterministic time horizon expectations. Indeed, we proved
that, thanks to the introduction of the time-augmented process, time-dependent
problems may be seen, paradoxically, as special cases of the time invariant situa-
tion.

Our method is easy to implement because it merely requires to be able to simu-
late the process. Furthermore, although the computation of the quantization grids
may be quite time-consuming, it may be performed preliminarily because the grids
only depend on the dynamics of the process and not on the cost functions / and c.
Therefore, they may be stored off-line and serve several purposes. As illustrated by
the examples presented in Section 6, storing the grids provides to our approxima-
tion scheme efficiency and flexibility. Indeed, the computation of the expectation
can be performed very quickly once the grids are available. Thus, if one decides for
instance to modify the functional, the same grids may be used so that the new result
is obtained very quickly. This flexibility is an important advantage over standard
Monte Carlo simulations.

Appendix A. Lipschitz continuity of F, G' and v,

The first lemma and the first proposition of this section present mainly the Lipschitz
continuity of the functions §4 and F. They are stated without proof because they
are quite straightforward.

Lemma A.1. The function & 4 g Lipschitz continuous with respect to both its vari-
ables; i.e.,forall x, y € E and u,t € R, one has

[84(e.0) =84 (r. )] = A[*]|x =y,
184(x, 1) =84 (x, w)| < Alt —ul,
Moreover, one has for all x € E and t,s > 0 such that t +s < t*(x),
§AU(D(x,s),1) =84(x, 1 +5).

Proposition A.2. The function F introduced in Definition 3.3, is Lipschitz continu-
ous with respect to both its variables. For all x, y € E and u, v €[0;t*(x) At*(p)],
one has

|[F(x,u) = F(y,v)| =[Flilx = y[ + [Fl2|u —v],
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with
[Fl1 = Ce+[I]; + [c]s + A[t¥]Ce,  [Flo = C; + AC..

The next two lemmas are adapted from [6], the second one being a special case
of Lemma A.1 there. Thus, they are stated without proof.

Lemma A.3. Forhe L.(E), (x,y) € E?, andt <t*(x) At*(y)

r(x) *(»)
/ h(q)(x, s))e—A(x,S)ds _/ h(q)(y’ S))e_A(y’S)dS
! t

< (Coxlh)y + (CAM +[*DCh) 1x =yl
Lemma A4, Forhe L.(JE)U L.(E)and x,y € E, one has

e—A(x,t*(X))h(q)(x, t*(x))) _ e_A(y”*(y))h(CD(y, t*(y)))|
< ((hl + Cu(Cex Al +[171Ca)) Ix — pl.

The following notation will be convenient later on. For w € L.(E), x € E and
t €[0;1*(x)], we define

Grw(x) = Ex[(F(x, S+ w(zl))]l{Slzt}]
= Ex[(L(x,S1) + C(x,S1) + w(Z1))Lis,=13]-

In particular, Gy = G. Since we know the law of (Z1, S), it can be shown that
Grw(x) = T1(x) 4+ Ta(x) + T3(x) + T4(x) + Ts(x), (14)
with

t
Ti(x) = e A / [ o®(x,s)ds,
0

¥ (x)
T, (x) = / [ o®(x,s)e 29 gy,
t

1*(x)
i) =co @ () [ 4o o)A ds,
1*(x) '
T4(x) = / ()»Qw) o O(x, s)e_A(x’S)ds,
t
T5(X) — e—A(X,t*(X))(Qw + C) o CD(X, l*(.X)).
Proposition A.5. For w € L.(E), (x,y) € E? andt € [0;t*(x) At*(V)], one has

|Grw(x) — Grw(y)| < K(4, w)]x -y,
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where K(A,w) = E1 + Ex A+ Ez[w]; + E4Cy + [QO][w]«, with
Ey =211 Cre + Cp([™]+ 2CA M) + [ehe (1 + G Cy)
+Ce (21 Crr + CLCAM +2171Ch),
E2 = CcCt*Ck[t*]v
Ey =(1+C=C)[Q],
E4 =2 [t"]+ C[AM1 2 + G+ Cy).
Proof Let w € L(E), (x,y) € E? and t €[0;1*(x) At*(p)]. In view of (14), we

naturally split |G;w(x) — G,w(y)| into the sum of five differences.
The first one, |1 (x) — Y1(»)|, is bounded by

t
IT1(x)=T1(p)| < Ct*CI|e_A(x’t) —e_A(y’t)‘ —|—/ (l od(x,5)—1lod(y, s)) ds
0

< (CAGIA + C+[1h) Ix =yl

The differences | Y5 (x) — Y2 ()| and | Y4(x) — Y4(y)| can be bounded thanks
to Lemma A.3, with successively 7 =/ and 7 = AQw. Notice that C) g, < C) Cy
and [AQw]; = G [Q][w]i + Cu[A]s.

For the difference of the Y5 terms, we use Lemma A.4 with 7 = Qw + ¢. Notice
that Cgyye < Cy + C¢ and that [Qw + ¢]x < [Q]([w]* + [w]l) =+ [c]«.

Finally, to bound | Y3(x) — T3(»)|, we assume without loss of generality that
t*(x) <t*(y) and we have

1T3(x) — Y3(p)|

t*(x)
<C, / }SA(x, $)ho ®(x,s)e A _ 545 )k o P(y, s)e_A(y’s)} ds
t
t*(») 4 A
+Cc/ ) 184y, )% 0 B(y, 5)e 20| ds + [c]u G+ Cr|x—y|
t*(x
t*(x)
<C / (Co|82(x.9) =84 (. )|+ M1 |x =y [+ Cp [e A — o7 AD9)) gig
t
+ Cc[t*]Crlx = y| + [c]« Cr+ Cr|x = y|
< (CeCr+ (CrLA[*] + [A]1 + CuCrx[A]1) + Celt¥]Ch + [c]x Crx Co) [ x =y
The result follows. Ll

The next lemma is stated without proof, as it is very close to [5, Lemma 51.7].

Lemma A.6. Forall x € E andt € [0;t*(x)], one has

t
v (®(x, 1)) = 2D Gu,_1(x) —/ [o®(x,s)ds.
0
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Proposition A.7. Foralln €{0,1,..., N}, one has v, € L.(E) and

Gy, = n(Ct*Cl + Cc),

vnli < eCrrCa (K(A, Up—1) +nCex[A]1 (Ce+ Cp + Cc)) + Ce=[l]y,

nla < €€ (Cpr C1Cy, +2C) + Co.Ce + (20 — 1) Co (Ce+Cy + Co)) + Ci,
E3

Unls < [vali + [t ][val2,

[
[
[Un
[vn] = K(4,vp—1),

Proof. Recall that for x € E, one has from Definition 3.3
Un(x) = Gup—1(x) = Ex [L(x, SP)]+ Ex[C(x, S1)]+ Ex[vp—1(Z1)].

Thus, Cy, < Ci+Cj + Ce + Cy,_, < n(cs+Cy + Cc) by induction.

n — n—1 —

Let us now turn to [v,];. Lemma A.6 yields

[un (P(x, 7)) — v (P (¥, 1))

t
<MD G, (x) — A DGu,_ (v)]| + / 1o ®(x,5)—1o®(y,s)|ds
0

=< €A(X’t)|Gtvn—1(x) - Gtvn—l(y)‘ + |Gtvn—1(y)| }eA(x,t) - eA(y,t)|
+ Ce=[l]1|x — yl.

The result follows using Proposition A.5 and noticing that

A(.X,I) < Ct*C)\_,
|Gtvn—1(J7)| = Ct*CI + Cc + Cvn—l = n(Ct*Cl + Cc)’

[eA04D — A0 < eCrCrCre A — .
We now turn to [v,],. For x € E and s, t €[0,*(x)] with s <¢, one has

}Un (P(x, 1)) —vn(D(x, S))| = eA(x’t)|Gtvn—1 (x) — Gsvp—1 (X)‘
+ |Gyvpey ()] AN — A | 1t — 5.
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Moreover, from (14), one has
}Gtvn—l (x) — Gsvy—1 (x)|

= Ex[|F(x’ S1) +vp—1(Z1)] ]l{sfS1<t}]

=

t S
e~ AT / I(D(x, u)) du — e 25 / I(D(x,u)) du
0 0

t
+ / (@ (x, u))e A du
N
t
+ |COCI>(x,z*(x))‘/ ‘SA(x,u))\oCD(x,u)e_A(x’”)| du
N

t
+/ |()‘Qvn—1) o CD(X, u)e_A(Xa”)} du

< (Cp Cpe™ 8D — o= A L |t —5]) + (|t — 5])
+ (CcColt = 5]) + (CoCo,_, [t —5])

and
|eA(x,t) _eA(X,s)| S eC’*CAC)JZ —S|.

Finally, the bound for [v,] is a direct consequence from Proposition A.S. O

Appendix B. Relaxed assumption on the running cost function

In this section, we consider the approximation applied to the time-augmented
process so that the local characteristics are ®, A and Q defined in Section 5.1.
Moreover, we consider a function / € L.(E) and we define / € B(E) by

forall £ = (x.,7) € E, I(§) = 1(x, )i <.

We intend to prove that the convergence of our approximation scheme, stated by
Theorem 4.5, remains true if we choose / as the running cost function even though
it does not fulfill the required Lipschitz conditions, i.e., I g L.(E). Indeed, the
Lipschitz continuity of / is used four times in the proof of the theorem, once in
Proposition A.2, twice in Proposition A.5 (when bounding the difference of the T,
terms and the one of the Y, ones) and once in Proposition A.7 (when bounding
[vn]1). In each case, the Lipschitz continuity of the running cost function / is used
to bound a term of the form

/

/s 0@ u)—10®(E u)|du (15)
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for £, & € E and s, 5" € [0;7(£) A7*(&")], or of the form
XEAED) | ~ .~ -~
/ |10 ®(E, w)e AW _To d(g u)eAE ’”)} du (16)
N

for&, & € E and s € [0; 1*(£) A 1*(£')] and where we use the natural notation
A, u)= fou A(®(&,v)) dv. Concerning this second form, Equation (16), notice
that

PEOAFE) | _ o _
f 70 @&, u)e™ &0 —To d(E, u)e ™| du
N

~

ENTE) .
<f |loCI>(§,u)—loCI>(E’,u)|du
N

FOAE) - o
+ C]/ ‘e_A(S’”) _ e AG ’”)| du
S

ONTE) -~ s ,
</ To®(E u)—10B(E, u)| du+ C;CAIM|E— &,
N

so that, to ensure that Theorem 4.5 remains true with / as the running cost function,
it 1s sufficient to be able to bound terms of the form (15). This is done in the
following lemma.

Lemma B.1. For& = (x,1),& = (x',¢') € E and s € [0;7*(§) AT*(£")], one has

r

Proof. Let € = (x,1),& = (x',t') € E and s € [0;7*(£) AT*(£')]. One has

To®(,u)—To B w)| du < (Colll + )l ~ .

s ~ ~ ~ ~
/ [lo®(&,u)—1 o @, u)| du
0
N
S A |l o q)(é, u)]l{t+u§tf} — Z (@) q)(gl’ u)]]_{t/_j’_uStf}} du
s s
< / 10 ®(E,u)—1 o B(E, )| du+ C, / [Leruzey — Lierruzyy | du

The left-hand side term is bounded by C;«[[];|& — &’| since [ € LC(E ). For the
right-hand side term, assume without loss of generality that ¢ < ¢/, one has

Lietustyy — Ligrtusesy| = | Me—ty<uy — Lie—tp<ud| = Lrmty<u<tr—t}+

so that the right-hand side term is bounded by C;|t —¢'| < C;|& — &’|. The result
follows. [
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Theorem 4.5 remains true if we choose / as the running cost function. One only
needs to slightly modify the Lipschitz constants given in propositions A.2, A.5 and
A.7. The terms C+[/]; have to be replaced by C;=[l]; + C;.

Appendix C. Proof of Theorem 4.5

The Lipschitz continuity of the functions vy is proved by Proposition A.7. Now
let A > 0 and notice that

TN (1, e)(x) = Vol < [N, e)(x) = Vol + Vo — Vol.

Proposition 3.2 says that |Jy ([, c)(x) — Vo| < NC.C) /A since V) = J]‘\‘} (Z,c)(x).
We now have to bound |V — 170|.

Some of the arguments of the proof are similar to the ones used in Theorem 5.1
from [6], thus we will not develop the details of the proof. Recall that ||V —
Vn |p =0andlet k €{0,..., N —1}. In order to bound the approximation error,
let us split it into three terms ||V — I7k lp < E1+ 82+ E3, where

1 = 1ok (Zi) = v (Zi) [
22 = |Gog11(Zk) — Grs1ves1(Zi) s

B3 = |Grk+1Vk+1(Zk) — Gi4+10k+1(Zi) |l p-

1 0]

I

1

The theorem is then a direct consequence from the three following lemmas, stated
without proof, that provide bounds for each of these three terms.

Lemma C.1. The first term, &1, is bounded by
10k (Z) = v (Zi) p = okl Zic = Ziclp-
Lemma C.2. The second term, Z,, is bounded by
|G k41 (Zk) = Grrr1vk+1(Zy) Hp
< [0k 1 1 Zks1 = Zir 1 lp + (Rl +IFI) I Zk = Zillp + [FLall Skt = Skt -
Lemma C.3. The third term, E3, is bounded by
|Gt 19k+1(Zk) = Gr1 D1 (Zi) Hp

< k1l Zi+1 = Zi+1llp + 1 Vie+1 = Vi+1llp-
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NUMERICAL METHODS FOR THE EXIT
TIME OF A PIECEWISE-DETERMINISTIC
MARKOYV PROCESS

ADRIEN BRANDEJSKY ,* Université Bordeaux, IMB and INRIA Bordeaux Sud-Ouest
BENOITE DE SAPORTA,* Université Bordeaux, Gretha and INRIA Bordeaux Sud-Ouest
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Abstract

We present a numerical method to compute the survival function and the moments of the
exit time for a piecewise-deterministic Markov process (PDMP). Our approach is based
on the quantization of an underlying discrete-time Markov chain related to the PDMP.
The approximation we propose is easily computable and is even flexible with respect to
the exit time we consider. We prove the convergence of the algorithm and obtain bounds
for the rate of convergence in the case of the moments. We give an academic example
and a model from the reliability field to illustrate the results of the paper.

Keywords: Exit time; piecewise-deterministic Markov process; quantization; numerical
method
2010 Mathematics Subject Classification: Primary 60J25; 65C20

Secondary 60K10

1. Introduction

The aim of this paper is to propose a practical numerical method to approximate the survival
function and the moments of the exit time for a piecewise-deterministic Markov process based
on the quantization of a discrete-time Markov chain naturally embedded within the continuous-
time process.

Piecewise-deterministic Markov processes (PDMPs) were introduced by Davis [5] as a
general class of stochastic models. PDMPs are a family of Markov processes involving
deterministic motion punctuated by random jumps. The motion depends on three local charact-
eristics, namely the flow @, the jump rate A, and the transition measure Q, which specifies the
post-jump location. Starting from the point x, the motion of the process follows the flow ® (x, ¢)
until the first jump time 77, which occurs either spontaneously in a Poisson-like fashion with
rate (P (x, ¢)) or when the flow ® (x, 7) hits the boundary of the state space. In either case, the
location of the process at the jump time 77 is selected by the transition measure Q(-, ®(x, T1))
and the motion restarts from this new point X (77) denoted by Z;. We similarly define the time
S> until the next jump; the next jump time is 7o = 11 + S>, the next post-jump location
Z» = X (T3), and so on. Thus, associated to the PDMP we have discrete-time Markov chains
(Zn, Ty)nen, given by the post-jump locations and the jump times, and (Z,,, S;;),eN, given by the
post-jump locations and the inter-jump times. Suitable choices of the state space and the local
characteristics ®, A, and Q provide stochastic models covering a great number of problems in
operations research; see, for example, [4], [5], and the corrosion model presented in this paper.

Received 6 January 2011; revision received 26 September 2011.
* Postal address: INRIA Bordeaux Sud-Ouest, CQFD Team, 351 cours de la Libération, F-33405 Talence, France.
** Email address: dufour @math.u-bordeaux1.fr
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Numerical computation of the moments of the exit time for a Markov process has been
studied by Helmes et al. [8]. Starting from an assumption related to the generator of the
process, they derived a system of linear equations satisfied by the moments. In addition to
these equations, they included finitely many Hausdorff moment conditions that are also linear
constraints. This optimization problem is a standard linear programming problem for which
a lot of efficient software is available. Lasserre and Prieto-Rumeau [9] introduced a similar
method, but they improved the efficiency of the algorithm by replacing the Hausdorff moment
conditions with semidefinite positivity constraints of some moment matrices. Nevertheless,
their approach cannot be applied to PDMPs because the assumption related to the generator
of the process is generally not satisfied. In [5, Section 33] Davis gave an iterative method to
compute the mean exit time for a PDMP, but his approach involved solving a large set of ordinary
differential equations whose forms are very problem specific, depending on the behaviour of
the process at the boundary of the state space. Besides, and in the context of applications to
reliability, it seems important to also study the distribution of the exit time.

There exists extensive literature on quantization methods for random variables and processes.
The interested reader is referred to, e.g. [7], [10], and the references therein. Quantization
methods have been developed recently for numerical probability or optimal stochastic control
problems with applications in finance (see, e.g. [1]-[3] and [10]). The quantization of a Markov
chain (®,),cN consists in finding, for each n, an optimally designed discretization of the state
space of ®, providing the best possible L”-approximation by a random variable @n taking
its values in a grid I', of finite and fixed size as well as a transition measure of the quantized
chain (®,),en. As explained for instance in [ 10, Section 3], provided that the Markov kernel is
Lipschitz, bounds for the rate of L”-convergence of the quantized process towards the original
process are obtained.

In the present work, we consider a PDMP (X;);>0 with state space E and we present
approximation methods to compute the moments and the survival function of the exit time from
aset U C E, given that the PDMP exits the set U before the Nth jump time 7y. Roughly
speaking, we estimate the moments and the survival function for t ATy . In our approach, the first
step consists in expressing the jth moment (respectively the survival function) as the last term
of some sequence (pi, j)k<n (respectively (pr)i<n) satisfying a recursion piy1 j = ¥ (pk, ;)
(respectively px41 = ¥ (px)) specifically built within our paper.

In this context, a natural way to deal with these problems is to follow the idea developed
in [6], namely to write the recursions in terms of an underlying discrete-time Markov chain
and to replace it by its quantized approximation. The definitions of (p, j)x and (pi)x involve
some discontinuities related to indicator functions, but, as in [6], we show that they occur with
small enough probabilities. However, an important feature that distinguishes the present work
from [6] and which prevents a straightforward application of the ideas developed therein, is
that an additional important difficulty appears in the definitions of the sequences (py,;)x and
(pik)k. Indeed, the mapping v such that pri1 j = ¥ (pk, ;) and pry1 = ¥ (px) 18 not Lipschitz
continuous. One of the main results of this paper is to overcome this difficulty by deriving new
and important properties of the Markov chain (Z,,, T;,),cN, combined with a sharp feature of
the quantization algorithm. We are able to prove the convergence of the approximation scheme.
Moreover, in the case of the moments, we even obtain bounds for the rate of convergence. It is
important to stress that these assumptions are quite reasonable with regards to the applications.

An important advantage of our method is that it is flexible. Indeed, as pointed out in [1],
a quantization-based method is ‘obstacle free’, which means, in our case, that it produces,
once and for all, a discretization of the process independently of the set U. Consequently, the
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approximation schemes for both the moments and the distribution of the exit time are flexible
with respect to U. Indeed, if we are interested in the exit time from a new set U’, it will
be possible, provided that U’ satisfies the same assumptions as U, to obtain in a very simple
way the moments and the distribution of this new exit time. Indeed, the quantization grids are
computed only once, stored offline, and may therefore serve many purposes.

The paper is organized as follows. We first recall the definition of a PDMP and state our
assumptions. In Section 3, we introduce the moments and the distribution problems, and
present recursive methods to solve them. Section 4 contains the main contributions of this
paper, namely the approximation schemes, the proofs of convergence, and bounds for the rates
of convergence. Two numerical examples are developed in Section 5 and the advantages of our
approach are discussed in Section 6.

2. Definitions and assumptions

For any metric space X, we denote by B(X) its Borel o-field and by B(X) the set of real-
valued, bounded, and measurable functions defined on X. Fora,b € R, a A b = min(a, b)
and a vV b = max(a, b).

2.1. Definition of a PDMP

In this section we define a PDMP and introduce some general assumptions. Let M be a
finite set, called the set of the modes, that represents the different regimes of evolution of the
PDMP (M is supposed to be a finite space although it could be countable); for each m € M,
the process evolves in E,,, an open subset of R (where d: M — N*). Let

E={m,§), me M, § € E,}.

This is the state space of the process (X;);er+ = (M4, &);cp+. Let dE be its boundary, let E
be its closure, and, for any subset Y of E, let Y° denote its complement.
Define on E the following distance: for x = (m, &) and x’ = (m', &) € E,

400 ifm #£m/,

lx —x'| = , .
|E —&’| otherwise.

Moreover, for any x € E and Y C E, denote by d(x, Y) the distance between the point x and
thesetY,ie. d(x,Y) =infycy [x — y|.
A PDMP is defined by its local characteristics (®,,, A, Om)mem-

e Foreachm € M, ®,,: R4™ x R — R4 jg a continuous function called the flow in
mode m. For all t € R, &, (-, t) is an homeomorphism and t — &,,(-, ) is a group,
ie forallé € R ®,,(&,t+5) = §p(Pp(£,s),1). Forall x = (m, &) € E, define
the deterministic exit time from E by

t*(x) = inf{t > O such that ®,,(§,t) € 0E,,}.

Here and throughout, we use the convention that inf & = 4o0.

e For all m € M, the jump rate A,,: E,, — RT is measurable and satisfies the following
condition:

&
for all (m, &) € E, there exists & > 0 such that / Am (P (€, 1)) dt < +00.
0
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e Forallm € M, Q,, is a Markov kernel on (B(E), E,,) which satisfies the following
condition:
forall§ € En, QOm(E\{(m,§)},§) =1
From these characteristics, it can be shown (see [5, p. 57]) that there exists a filtered probability
space (2, ¥, ¥, (Pyx)xeg) on which a process (X;),;cg+ 1s defined. Its motion, starting from
a point x € E, may be constructed as follows. Let 77 be a nonnegative random variable with

survival function
e ADif0 <1 < *(x),

0 ift > 1*(x),

where, forx = (m, &) € Eandt € [0, t*(x)],

Py(Th > 1) = {

t
A(x,t):f A (P (E,5))ds.
0

We then choose an E-valued random variable Z; with distribution Q,, (-, ®,,(&, T7)). The
trajectory of X; fort < 77 is

A ift =Ty

Starting from the point X7, = Z;, we select the next inter-jump time 7> — 7} and the next
post-jump location Z; in a similar way.

Davis showed (see [5]) that the process so defined is a strong Markov process (X;);>o with
jump times (7;),eN (With Ty = 0). The process (®,)nen = (Z, Th)nen, Where Z,, = X, 1s
the post-jump location and 7;, is the nth jump time, is clearly a discrete-time Markov chain.
Besides, we denote by S,, = T,, — T,,—1 and Sy = O the inter-jump times.

The following assumption about the jump times is standard (see, for example, [5, Sec-
tion 241)).

Assumption 2.1. Forall (x,t) € E x RT, Ex[>", 1{1,<1}] < +00.

Assumption 2.1 implies that 7y — +o00 almost surely (a.s.) when k — +o0.
For notational convenience, any function / defined on E will be identified with its component
functions #,, defined on E,,. Thus, we write

h(x) =hyu(&) when x=(m,&) e E.
We also define a generalized flow ®: E x RT — E such that
d(x,t)=(m,d,(E,t)) when x=(m,&) € E.
2.2. Notation

For any function w in B(E), we introduce

Qw(x) =wa(y)Q(dy,x), Cw = sup [w(x)],

xeE

and, for any Lipschitz continuous function w in B(E), we denote its Lipschitz constant by

(wx) —w®)l

’

[w] = sup

with the convention that 1 /00 = 0.
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Remark 2.1. For w € B(E) and from the definition of the distance on E, we have [w] =
sup,,epm[wml.

3. Exit time

Forallm € M, let U,, be a Borel subsetof E,, andlet U = {(m, &), m e M, & € U,,}. We
are interested in the exit time from U, denoted by t and given by

t = inf{s > O such that X ¢ U}.

Denote by w the distribution of the initial state of the process Zj. Since the present paper
concerns numerical computations, the following assumption appears natural.

Assumption 3.1. The process starts in U and eventually leaves it a.s., i.e. the support of | is
included in U and P, (1 < +00) = 1.

The aim of this paper is to provide approximation schemes for the survival function and
moments of the process. Our method has a high practical interest because it will provide
numerical approximations as soon as the process can be simulated. Our approach is based
on a recursive computation using the underlying discrete-time Markov chain (Z,, T;)eN.
Therefore, we will study t A Ty rather than T for some N € N called the computation horizon.
Indeed, thanks to Assumption 2.1, when N goes to oo, we have

TtATy — 1 Py-as.

One may approximate T by © A Ty if N is chosen such that P, (t > Ty) is small enough (the
choice of N will be discussed in Section 3.3) because the evolution of the process beyond Ty
will have little impact on the law or the moments of the exit time. In the rest of this section
we present the two problems we are interested in and describe the recursive methods we use to
solve them.

Definition 3.1. Let us define u*(x) for all x € U to be the time for the flow starting from the
point x to exit from U, i.e.

u*(x) = inf{s > O such that ®(x,s) € U}.

We now introduce some technical assumptions that will be in force throughout the paper.
The first three assumptions will be crucial, while the two last assumptions can be made without
loss of generality.

Assumption 3.2. The function u* is
(a) Lipschitz continuous,
(b) bounded by Cx.
Assumption 3.3. Forall m € M, the set Uy, is convex.

Assumption 3.4. For a > 0, let U = {x € E such thatd(x,0U) < «a}. There exist C > 0
and B > 0 such that, for allk € {0, ..., N}, P,,(Z; € U%) < CaP.

Remark 3.1. Assumption 3.4 can be checked in most of the applications. We will see, in the
examples developed in Section 5, how it can be derived quite generally when Z; has a bounded
density. Moreover, it could be replaced by the following assumption, similar to an hypothesis
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introduced in [5, Section 24] and presented as quite general in applications: there exists ¢ > 0
such that, for all x € U, Q(U¥?, x) = 0, where U? = {x € E such thatd(x, 0U) < &}, i.e. for
allk € {0,..., N}, P, (Zy € U?) = 0.

Assumption 3.5. The process cannot go back to U once it has left it, i.e. for all z € US,
P, (there existst > 0, X; € U) = 0.

Assumption 3.6. The function t* is bounded by C+.

In our discussion, Assumption 3.5 does not imply any loss of generality and Assumption 3.6
stems from Assumption 3.2(b). Indeed, if any of the two previous assumptions is not satisfied
by the process (X;),cg+, we introduce the process killed at time T, denoted by (X;),cg+ and
defined by

~ X; fort <,

[:
A fort >,

where A denotes a cemetery state. The state space of the killed process is E =UU{A}and
Assumption 3.5 is fulfilled since the killed process remains in A after leaving U. In addition,
*, the deterministic exit time from E for the killed process, equals ©#*, which is bounded and
Lipschitz continuous according to Assumption 3.2.

3.1. Distribution

The first goal of this paper is to compute an approximation for the law of the exit time 7.
More precisely, we intend to approximate P, (t > s | T < Ty) fors > 0.

Our approach is of huge practical interest because we will see that, after some initial compu-
tations, any value of the survival function of T may be quickly obtained. More importantly, our
approach is even flexible with respect to U in the sense that the survival function of the exit time

7/ from a new set U’ C U will also be directly available (provided that Assumptions 3.2-3.5
are still fulfilled by U").

Definition 3.2. For all s > 0, define the sequences (px(s))k>0, (gk)k>0, and (rx(s))k>0 as
follows:

pr(s) =Pu(t > s | T < Tj),
qk = P;L(T = Tk),
rk(s) =Pp({r > s} N{Tk <7 < Tk .

Remark 3.2. The conditional probability pi(s) does not exist when gx = 0. We then choose
to extend the sequence by setting pi(s) = 0.

Our objective is to approximate py (s), where N represents the computation horizon. The
following proposition provides a recursion for the sequence (pi)x<y; note that py may be
computed as soon as the sequences (gx)x<n and (rx)xk<n—1 are known.

Proposition 3.1. Under Assumption 3.1, for allk € Nand s > 0, po(s) = 0 and

k($)gr + ri(s) .
i if Qi #0,
Dk+1(s) = Gk+1

0 otherwise.
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Proof. First, recall that Tp = 0 so that we have pg = 0 since the process starts in U according
to Assumption 3.1. Then, let k € N such that gx41 # 0 and note that {tr < Ty} = {t <
T} U{Ty <t < Ty+1}. Then we have

P,({t > s}N{t < Tk+1})

P,(t < Tit1)
_ P,({t >s}N{t <Ti}) +Pu({t > s} N {Tx < T < Ti11})

dk+1

Pr+1(s) =

_ PkS)gr +1i(s)
qi+1 ’

completing the proof.

Now, before turning to computations, let us present the second problem we are interested in.

3.2. Moments

Our second goal is to approximate the moments of the exit time from U, i.e. for all j € N,
we are interested in Eu[rj | T < Ty]. This is a very classical problem and some results are
already available. First, it is possible to use a Monte Carlo method, and we will point out
why the method we propose is more efficient and flexible. Furthermore, Helmes et al. [8]
introduced a numerical method for computing the moments of the exit time based on linear
programming. Lasserre and Prieto-Rumeau [9] improved this method by using semidefinite
positivity moment conditions. These methods are quite efficient, but they require an assumption
related to the generator of the process which is generally not fulfilled by the PDMP. The method
we introduce now is based on the use of the Markov chain (®,,),cny = (Z,, T,)neN associated
to the continuous-time process (X;);cr+-

Definition 3.3. For all j € N, introduce the sequences (pi,j)k>0 and (rx, j)r>0 defined as
follows:

prj =Eult! | T < T, re.j = Eult/ L7 <oc<tii ]

Our objective is to approximate py, j, where N still represents the computation horizon.
Similarly to the previous section, the sequence (px, j)r<n satisfies arecursion whose parameters
are the sequences (gx)x<n, previously introduced, and (r, j)x<n—1.

Proposition 3.2. Under Assumption 3.1, we have, for all k, j € N, po j = 0 and

Pk,jqk T Tk,j .
== 2 ifqrs #0,
Pk+1,j = qk+1

0 otherwise.

Proof. The proof is similar to that of Proposition 3.1.

Before turning to the approximation method itself, let us discuss the crucial question of the
computation horizon.

3.3. The computation horizon

In this subsection we study more precisely the construction of the process (X;) in order to
obtain some results concerning the jump times (7 )ren. For this purpose, we introduce, in this
section only, two additional hypotheses.
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Assumption 3.7. The jump rate A is bounded by C,.

Assumption 3.8. There exists € > 0 such that, forall x € E, Q(x, Ag) = 1, where A, = {x €
E such that t*(x) > e}. Roughly speaking, the jumps cannot send the process too close to the

boundary of E.

Assumption 3.7 is satisfied in a large majority of applications; Assumption 3.8 is quite
general too and was introduced in [5, Section 24].

Let (€2, 4, P) be a probability space on which is defined a sequence (I )xen of independent
random variables with uniform distribution on [0; 1]. Let x = (m, &) € E and w € €2, and let
us focus on the construction of the trajectory {X;(w), ¢t > 0} of the process starting from the
point x. Let

1 ift <0,
t
F(t,x) = exp(—/ A(m, ©,,(&,5)) ds) if0 <t <t*(x),
0
0 if t > t*(x).

It is the survival function of the first jump time 77. Define its generalized inverse by

Wi, x) = {Tf{t 2 0: Fit,x) < ul,

00, if the above set is empty.
Let S1(w) = T1(w) = ¥(I1{(w), x) and, for all t < T} (w),

Xi(w) = (m, (&, 1)).

If T (w) < 400, choose X7, with distribution Q(-, ®,,(§, T7)). Assume that the trajectory is
constructed until time 7. If T (w) < +o0, let

Skr1(w) = V(i (w), X13), Tir1 (@) = Ti (@) + Spy1(@).

If Tyy1(w) < +00, choose X7, ., with distribution Q(, CDmTk (é1,, Sk+1)). The trajectory is
finally constructed by induction.
With the same notation as above, we state the following lemma.

Lemma 3.1. Let H be a survival function such that, for all t € R and all x € E, H(t) <

F(t, x). There exists a sequence of independent random variables (Sk) reN with distribution H
and such that, for all K € Rand N € N,

Pu(Ty < K) <P, (Ty < K),
where Ty = Z,](V:O S.
Proof. Let H be such a survival function, and let U be its generalized inverse, i.e.

inf{r >0: H() < u},

\il(u) = . .
400, if the above set is empty.

The assumption made on H yields, for all x € E, W(u) < W(u, x). Let, for all k € N and all
w € 2, 5 3

Sk(w) = W (Ik(w)).
Note that we are using the same [T as in the definition of Si, allowing us to write Sk < S; a.s.
and, therefore, 7, < Ty a.s. The result follows.
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Similarly to Davis [5, Section 33], we approximated 7 by 7 A Ty since t A Ty — T as
N — +oo thanks to Assumption 2.1. It is therefore necessary to choose N large enough
such that P, (T < t) is small. It is difficult to estimate this probability for a general process
because the links between t and the jump times are largely problem dependent. For instance,
the geometry of U can be very complex. Therefore, N will generally be estimated through
simulations. Indeed, we can compute P, (Ty < 7) for some fixed N thanks to a Monte Carlo
method and increase the value of N until this probability becomes small enough. However,
we introduce another method to bound this probability that may prove useful in applications.
First, note that, for any K > 0,

{(Ty <t} C{Ty < K}U{t > K}.
This implies that
P,(Ty <1) <P (ITn < K)+Pu(t > K).

This will prove especially useful whenever t is bounded, which happens quite often in appli-
cations, because there exists a K such that P, (z > K) = 0. When 7 is not bounded, it is
sometimes possible to obtain K such that P, (7 > K) is small.

Example 3.1. (A crack propagation model.) We adapt here an example studied by Chiquet and
Limnios [4], which models a crack propagation. Here Y; is a real-valued process representing
the crack size and satisfying

Yy > 0, Y, =AY, forallz >0,

where A; is a Markov process with state space {«, 8}, 0 < « < B. We are interested in the time
T before the crack size reaches a critical size y.. Consider the PDMP X; = (A;, Y;), where A;
represents the mode at time ¢. It is possible to bound the exit time by considering the slowest
flow: we clearly have, for all t > 0, Y; > Ype® and, thus,

1
PM<1 > —ln<&>> = 0.
o Yo

We now intend to bound P, (Ty < K) for a fixed K > 0. Let

1 ifr <0,
Hit)={e % ifo<t<e,
0 ifr>e.

Distribution H represents, roughly speaking, the worst distribution of the inter-jump times
Sk in the sense that it is the distribution that gives the most frequent jumps. Indeed, denote by
Fj, the survival function of S;. We have H < Fj for all k € N. Therefore, Lemma 3.1 provides
arandom variable TN = Z,ICV:O Sk, where the S‘k are independent and have survival function H,
such that
P.(Ty < K) <P,(Ty < K).

We now bound P, (7~"N < K). Standard computations yield E, [TN] = Nm and var, [TN] =
No?2, where

. 1
m:=E,[81]= —(1 —e ),
Cy

~ 1
02 = Var,u[Sl] = E(l — ZCASG_CAE — e_zc)‘g),
A
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Assume now that N is such that Nm > K, and note that
P.(Ty < K) <P,(ITy —E,[Ty]l > Eu[Ty] — K).
Tchebychev’s inequality yields

No?

Puly < K) < =5

The right-hand side term goes to 0 when N goes to oo.

Finally, when t is bounded with a high probability and when Assumptions 3.7 and 3.8 are
fulfilled, we are able to choose N a priori such that P, (T < 7) is small. These conditions are
satisfied in a large class of applications.

4. Approximation scheme

4.1. The quantization algorithm

First, we describe the quantization procedure for arandom variable and recall some important
properties that will be used in the sequel. There exists extensive literature on quantization
methods for random variables and processes. We do not pretend to present here an exhaustive
panorama of these methods. However, the interested reader is referred to, e.g. [1], [7], [10],
and the references therein. Consider X, an R-valued random variable such that || X[, < oo,
where || X ||, denotes the L ,-norm of X, i.e. || X|, = (B[|X|?])!/7.

Let K be a fixed integer. The optimal L ,-quantization of the random variable X consists
in finding the best possible L ,-approximation of X by a random vector X taking at most K
values: X € {x', ..., xX}. This procedure consists of the following two steps.

1. Find a finite weighted grid ' ¢ R? with I = {x!, ..., xX}.
2. Set X = X ' where X = projr (X), a Borel nearest-neighbour projection on I'.
The asymptotic properties of the L ,-quantization are given by the following result; see, e.g. [10].

Theorem 4.1. If E[|X|?1"] < 400 for some n > 0 then we have

lim KP/9 min |X — X"|h = Jp,q/Ihl‘”(q“’)(u) du,

K—o0 II'|I<K
where the law of X is Px(du) = h(u)Ay(du) +v withv L Ay, Jp 4 a constant, and A, the
Lebesgue measure in RY.

Note that X needs to have finite moments up to the order p + n to ensure the above
convergence. There exists a similar procedure for the optimal quantization of a Markov chain
{Xk}ken. There are two approaches to provide the quantized approximation of a Markov
chain. The first approach, based on the quantization at each time k of the random variable X,
is called the marginal quantization. The second approach, which enhances the preservation
of the Markov property, is called the Markovian quantization. Note that, for the latter, the
quantized Markov process is not homogeneous. These two methods are described in detail
in [10, Section 3]. In this work, we use the marginal quantization approach for simplicity
reasons.

Our approximation methods are based on the quantization of the underlying discrete-time
Markov chain (®)k<y = (Zk, Tx)k<n. The quantization algorithm provides, for each time
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step 0 < k < N, a finite grid 'y of E x R™ as well as the transition matrices (Qk)ofkf N—1
from 'y to I'x41. Let p > 1 such that, for all k < N, Z; and T} have finite moments at least
up to order p and let proj, be the nearest-neighbour projection from E X R* onto I'y. The
quantized process (Ox)x<n = (Zk, Tk)k<n With value for each k in the finite grid 'y of E x R
is then defined by

(Zi, Ti) = projr, (Zk, Tk)-

In practice, we begin with the computation of the quantization grids, which merely requires
us to be able to simulate the process. These grids are computed only once and may be stored
offline. Our schemes are then based on the following simple idea: we replace the process by
its quantized approximation within the different recursions. The results are obtained in a very
simple way since the quantized process has finite state space.

Remark 4.1. In addition, we recall a technical property of the quantization algorithm proved
by Bouton and Pages in [3]: the quantized process evolves within the convex hull of the support
of the law of the original process. Therefore, and it will be required below, it follows from
Assumption 3.3 that if Z; € U a.s. for some k € {0, ..., N} then Z; € U as.

4.2. Approximation scheme of the distribution and proof of convergence

We already noted in Proposition 3.1 that py(s) = P, (t > s | T < Ty) may be computed
as soon as the sequences (qx)x<n and (rx)k<ny—1 are known. Therefore, we find expressions
of these sequences depending on the Markov chain (Zg, Tx)x<y, which we replace by the
quantized process (2k, ?k) k<n in order to define their quantized approximations (gx)x<y and
@)kﬁN —1-

First, note that {T; < t} = {Zy € U} and {t < T}} = {Z; & U} thanks to Assumption 3.5.
Moreover, on {Zy € U, Zyy1 € U}, we have t = (T} + u*(Zy)) A Tiy+1 a.s., where u™(x) is
the deterministic exit time from U starting from the point x (see Definition 3.1), and we have

qr = Eu[1y<(Zi)], ri(s) = Eu [l nrur o)At >s) 1o (Zi) 1ye (Zg41) . 4.1)

The above equations are crucial in our discussion and, from now on, we will use them without
referring to Assumption 3.5.

Before turning to the approximation scheme itself, let us state some properties of the sequence
(qr)k<n that will be important in the following proofs. Indeed, the sequence (gx)x increases
since {t < Ty} C {t < Tyy41}forallk < N—1. Moreover, note thatgyp = O andlim,,—, 1 o0 ¢, =
1 thanks to Assumption 3.1. Therefore, there exists an index, denoted by k > 1, such that

e forall k < IE, we have g = 0,
e forall k > IE, we have g; > 0.

We denote by g = gj, the first positive value of the sequence so that g > g forall k > k. Then
we obtain the following definition.

Definition 4.1. Let
k = inf{k > 0 such that ¢; > 0}, q = qp

i.e. g is the first strictly positive value of the sequence (qx)ke{o

We now naturally define the quantized approximations of the previous sequences.
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Definition 4.2. For all s > 0, define the sequences (g )keqo.....n} and (Fk)keo,...N—1} bY
Gk = Eu[1y<(Zo)].
7'\k(s) = EM[I{(fk+u*(/Z\k))/\/T\1€+1>s} 1y(Zi) 1ye(Zg41)].

It is important to note that both g and 7 (s) may be computed easily from the quantization
algorithm. Indeed, we have

=Y P@Oq=0),

0=(z,t)ely
z¢U
)= Y > Lutwrpar=s POk = 0)01(0:0).
0=(z,0)elx 6'=(z',t")elk11
zeU Z/¢U

Recall from Proposition 3.1 that the sequence (px)x<n satisfies a recursion that depends on
the two parameters (gx)k<y and (rx)xk<n—1, which we are now able to approximate. Hence,
replacing them by their quantized approximations within the same recursion leads to a new
sequence, denoted by (pr)r<n. The rest of this section is dedicated to the proof of the
convergence of (px)k<y towards (pi)k<y. This convergence is far from trivial because, on
the one hand, the definitions of the sequences (gx)r<ny and (rx)x<ny—1 contain many indicator
functions that are not Lipschitz continuous and, on the other hand, the recursive function giving
Pk+1 from pg, gk, qr+1, and rg 1s not Lipschitz continuous either.

Definition 4.3. Foralls > Oand all k € {0, ..., N — 1}, let pp(s) = 0 and
Pr($)qk + Tk (s)

—~ — if g1 #0,
Pi+1(s) = Gk+1
0 otherwise.

The two following propositions will be necessary to prove the convergence of the approxi-
mation scheme. They respectively state the convergences of (gx)x<n and (7x)r<n—1 towards
(qi)k<n and (r)k<n—1.

Proposition 4.1. Under Assumptions 3.4 and 3.5, forallk € {0, ..., N}, gk converges towards
gk when the quantization error | O — Ol , goes to 0. More precisely, the error is bounded by

P/(p+H) B/(p+5)
G — Gil < Cp/(p+ﬁ)<<§) N (%) )”Zk AT L)

where C and B are defined in Assumption 3.4.
Proof. Forallk € {0, ..., N}, (4.1) yields

gk — Gkl = [Bp[lu(Zi) — 1u(Z)]l.
The difference between the indicator functions is nonzero if and /pnly if Z; and Zk are on either
side of dU. Therefole, in this case, for all @ > 0, if |Z; — Z| < a then d(Z;, 0U) < «.
Hence, either |Z; — Zi| > o or Z; € U%. The Markov inequality and Assumption 3.4 yield
Ey | 1u(Zi) — 1u(Zi)| < Pu(Zi — Zi| > &) + P (Zi € U)
_ZP
- 1 Zk — Zillp

B
" + Co”.
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This bound reaches a minimum when

Pl Zk — Zi |5\ P+
Oa=—"7"-"7—
BC

9

and the result follows.

Proposition 4.2. Under Assumptions 3.2(a), 3.4, and 3.5, forallk € {0, ..., N—1} and almost
every s > 0 with respect to the Lebesgue measure on R,

Tk (s) = 1i(s)

when the quantization errors ||®; — @1 | forl € {k,k + 1} go to 0.
Proof. Letk € {0,..., N — 1} and s > 0. Equation (4.1) yields

lrk(s) =Tk (s)| < A+ B,

where
A = [Bu [ twr 2oy AaTen >s) = Y T@otur Gy aTigs s 10 (Zi) 1ue (Zir D],

B = [EBull(7, 1 Gy aTonyos) 10 (Z0) 1ue (Zin) = 1y (Zi) 1pe (Ziga D]

In the A term, we crudely bound 1y (Zy) and 1y<(Zj41) by 1 and turn to the difference between
the two indicator functions. This difference is nonzero if and only if (7 + u*(Zr)) A Tg+1 and
(Tk + u*(Zk)) A Tk+1 are on either 31de of s, 1m£1y1ng that they both belong to [s — n; s 4+ n],
where n = |(Ty, + u™(Zy)) A Try1 — (Tk + u*(Zy)) A Tg+1]. Then we have

L(Titus AT >s) = Y Gotur Gy aTess =531 = WT@tuZo0) AT —sl<n)

so that
A <P, (|(Tk + u™(Zr)) A Tig1 — 5| < 1.

The following discussion consists in noting that either n and the probability that (7} +
u*(Zy)) N Tr+1 belongs to the interval [s — n; s + n] are small, or 1 is large, but this happens
with a small probability too when the quantization error goes to 0. For all « > 0, we have

A<P,(|(Tk +u™(Z) ANTxs1 —s| <n, n <a)+P,(n > a)
<P,((Tx + u™(Z)) A Teg1 — sl <o) + Pu(n > )

||77||
< k(s + @) —gu(s —a)| + —F,

where ¢y denotes the distribution function of (T + u*(Zy)) A Ti+1. Let & > 0, and assume
that s is not an atom of this distribution, so that there exists ey > 0 such that @y (s +o1) — @i (s —
a)| < e. Beside/:\s, thanks to Assg\mption 3.2(a), /Ehe Lipschitz continuity condition on u™, we
have n < |Ty — Ti| + (u*1|Zr — Zi| + |Tk+1 — Ti+1]. Moreover, since the quantization error
goes to 0, we may assume that |||/, < « 1&1/P . Setting @ = o in the previous computations
yields

||n||p

0‘1

A < |er(s +oar) —er(s —oar)| + < 2e.
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Note that the set of atoms of the distribution function of (T 4+u* (Zx)) ATk is at most countable,
so the previous discussion is true for almost every s > 0 with respect to the Lebesgue measure.
Let us now bound the B term:

B < B 1ly(Z) 1ue(Zi) = 1u(Zi) 1ue (Zi))|
< Eullye(Zik+DIlu (Zi) — 1o (Zi)I] + Epllu (Zi) | 1ue (Zg+1) — lye(Zi41)]]
< lgx — Gl + 1qk+1 — Gr+1l,
which goes to 0 thanks to Proposition 4.1.

The convergence of the approximation scheme of the distribution of the exit time is now a
straightforward consequence of the following proposition.

Proposition 4.3. We assume that Assumptions 3.1, 3.3, 3.4, and 3.5 hold. Let (ox)k<n—1 and
(Ok)k<N—1 be two sequences of [0, 1]-valued real numbers. Let (1ty)o<k<n and (7Tx)o<k<N be
defined as follows: my = 7wy = 0,

Tkqk + Ok

if qr+1 # 0,
Th4+1 = 9 qi+1
0 otherwise,
Tkqk + 0k .~
~ —— fq+1 #0,
Th+1 = § qik+1
0 otherwise.

For 0 < k < N, if the quantization error is such that, for all | < k,

) BI(p+) :
cr/worp (B (P 1z = Zopl e < Lg
p B 2

then
|k — k| < 3(77 |gk—1 — qk—1] + |7Tk—1 — Tk—1| + |Ok—1 — Ok—11)

2(75P + 1)
+ ——— gk — Gl

where m3"P = maxo<x<n Tk.

Proof. The difficulty with proving this result lies in the fact that the recursive function giving
Ti+1 from 7, gk, qr+1, and oy is not Lipschitz continuous because of the division by gx1. To
overcome this drawback, we will use the strictly positive lower bound for g, described earlier.
Indeed, recall from Definition 4.1 that there exists a step k such that qr > q > 0 forall k > k
and g; = Oforall k < k. What is more, a similar bound will be derived for the quantized values
g thanks to the convergence of gy towards g.

We now prove by induction that 73 converges towards 7. First, we have 7y = 9 = 0.
Then, letk € {1,..., N}.

If k < k then gr = 0 and Assumption 3.3 yields g = 0 too. Indeed, g; = 0 means that
Zr € U as. Since U is a convex set, Remark 4.1 implies that Z( € U a.s. too. In other words,
¢x = 0. Finally, from the definitions, we have ; = 7, = 0.

If £k > k then gr > ¢ > 0. In order to bound the error between 7y and 7y, it is indeed
necessary to have a strictly positive lower bound for g; because of the division by g within the
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recursion. Now we need to obtain the same kind of bound for gx. This can be achieved thanks
to Proposition 4.1, giving the convergence of g towards gi. Indeed, assume from now on that
the number of points in the quantization grids is large enough such that the quantization error
is sufficiently small to ensure that, forall j =k, ..., N, |g; i—qjl < 2q Hence, the required
lower bound is g > %(} > 0. Therefore,

Tk—1Qk—1 + Ok—1  Tk—1qk—1 + Ok—1

|7k — Tk | < - —
qk qk
Tk—1 - k-1 . 1 _
< —— k=1 — qk—1| + —— |71 — Th—1| + =|Ok—1 — Ok—1|
qk qk
lgk — gl
+ [Tk—1Gk—1 + Ok—1| ———
qdkqk
sup 1 1
< |gk—1 — qk—1| + = |7mk—1 — Tk—1| + =lok—1 — Ok—1|
6]k qk gk
+ (n-SUP + 1)ﬂ
qrgk
2 Sup —~~ ~ o~
< 5(7T |gk—1 — qk—1] + |Tk—1 — Tk—1| + |ok—1 — Ok—1])
2(nsup 1)

lgk — gl

where 7°"P = maxo<i<y k.

Remark 4.2. Note that a bound for the rate of convergence of 77y towards 73 may be obtained
as soon as a bound for the rate of convergence of o} towards oy and an upper bound for the
sequence (7 )o<k<n are available.

We now state one of our main results, namely the convergence of the approximation scheme
of the distribution of the exit time.

Theorem 4.2. Under Assumptions 3.1, 3.2(a), 3.3, 3.4, and 3.5, forall k € {0,..., N} and
almost every s > 0 with respect to the Lebesgue measure on R,

Pk(s) — pi(s)
when the quantization errors ||© ; — @j |, for j €10, ..., k} gotoO.

Proof. Let s > 0 such that (7 (s))x converges towards (r¢(s))x and apply Proposition 4.3

with (ox)x = (rk(s))x and (0%)x = Tk (s))x so that () = (pr(s))k and Tk = (Pr($))k-
Finally, note that (px(s))x is bounded by 1.

Remark 4.3. It may be useful to note that, although it will be crucial in the moments approxi-
mation scheme, the boundedness condition on ™ (Assumption 3.2(b)) was unnecessary in this
section. Hence, the distribution approximation can be achieved without this hypothesis.

We now obtain an easily computable approximation for the survival function of the exit time.
Let us now consider its moments. Of course, they can be derived from the distribution, but
we present in the following subsection a method to approximate them directly. An important
advantage of this method will be to provide a bound for the rate of convergence.
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4.3. Approximation scheme of the moments and rate of convergence

Similarly to the distribution, the moments can be approximated thanks to the quantization of
the process (Ox)k<n = (Zk, Tr)k<n. However, it is important to stress that we will be able to
derive a rate of convergence for our approximation scheme. We note from Proposition 3.2 that,
similarly to the case of the distribution, py ; = Eu[rj | T < Tn] can be computed as soon
as the sequences (qx)r<y and (r¢, j)k<n—1 are known. The first sequence has already been
approximated in the previous section, but we still need to find an expression for the second
sequence, dependent on the Markov chain (Zy, Ty )i to define its quantized approximation
(7k, ) )k<n—1. Thanks to Assumption 3.5, the same arguments give

rk,j = Bul(Te + u™(Z) A Te)! 10(Zi) Lye(Zis )]
Hence, we can now naturally define the quantized approximation of the sequences (r¢, j)k<n—1
and (pg, j)k<N-

Definition 4.4. For all j € N, define the sequence (7%, j)ke{o,..,N—1} by
7r.j = Bul(Tk + u*(Z1)) A Tirr)! 1u(Zi) 1ye(Ziy1)]

and the sequence (Px, j)ke(o,....N} by Po,; = 0 and

.....

Pk jQk +Thj .o~
N —— ifgr+1 #0,
pk-l—],j = qk+1

0 otherwise.

As for g and 7; (s) defined in the previous section, 7% ; may be computed easily from the
quantization algorithm. Indeed, we have

Fj= ) S (@) ArY P@ =0)0x(0:0).
0=(z,0)elx 0'=(7',')eT )41
zeU 7¢U

The following proposition proves the convergence of 7 ; towards ry_;.

Proposition 4.4. Under Assumptions 3.2(a), 3.4, 3.5, and 3.6, for all k €{0,....N—1}andall
j € N, 7k, j converges towards ry, j when the quantization errors ||©; — Oyl , forl € {k, k+ 1}
go to 0. More precisely, the error is bounded by

e — Tl < j(Gk+DC) T ATk = Tallp + W Zk — Zillp + 1 Tkt — Tist llp)
+ ((k + DCr) (lgx — Q| + | qre1 — Ger1])-

Proof. Letk € {0,..., N — 1} and j € N. We have
lre,j — Tk, j| < A+ B,
where

A = |E [(((Tk + u*(Z) A Tes1)) — (T + u*(Z1) A Ti1))) 1o(Zi) 1y (Zii )]
B = [E,[((Tk + u*(Z1) A Tis1) Ay (Z) 1ue(Zir) — 10(Zi) 1ue(Zis1)]]-
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It follows from Assumption 3.6 that the inter-jump times S; are a.s. bounded by Cy+, 50 T; < i Cy=
a.s.and (T; + u™(Z;)) A Tit1 < i+ 1)C,* a.s. By Remark 4.1, these bounds are equally true
for the quantized process T < iCs and (T + u*(Z N A Tl+1 < T,+1 < ({+ 1DCs a.s.

Let us first consider the term A. We crudely bound the indicator functions by 1. Moreover,
definen = [(Ty + u™(Zy)) A Tiy1 — (Tk + u*(Zk)) A Tk+1 | and note that the function x — x/
is Lipschitz continuous on any set [0, M] with Lipschitz constant jM/~!. Then

A <EuLj((k+ DC) 7l < j (G + DC) il
and thanks to Assumption 3.2(a), the Lipschitz continuity condition on u*, we have
A < j(k+DC) U Te = Tellp + WM Zi = Zicllp + 1Tt — Tt 1 )-
Moreover, the term B is bounded by
B < ((k + DCp) By My(Zi) lye(Zi1) — 1u(Zi) 1ye (Zy4)|
< ((k+ DCr) (qx — Gkl + lgrs1 — Q1))

Using Proposition 4.1 completes the proof.

We may now state the other important results of our paper, namely the convergence of the
approximation scheme of the moments of the exit time with a bound for the rate of convergence.

Theorem 4.3. Under Assumptions 3.1, 3.2(a), 3.3, 3.4, 3.5, and 3.6, for all k € {0,...,N}
and all j € N, py ;j converges towards py j when the quantization errors |©; — O ;|| for
jef{0,...,k}gotoO.

More precisely, if the quantization error is such that, for all | <k,

p/(p+q) q/(p+q) R
Cp/(p+q)(<i) + (2) >||Zl _ Zlnzq/(erq) <
p q

1.
Pk
then

|Pk,j — Pk, jl < q?((NCt*)J|C[k—1 —Gik—1l +1pr=1,j — Pk—=1,j1 + |lre—1,j — Ti—1,;1)

2((NCi)! + 1) -
+ 7 lax — gkl

Remark 4.4. The rate of convergence depends on the quantity g whose exact value might be
unknown in some complex applications. In that case, it may still be approximated through
Monte Carlo simulations (see the examples in Section 5). Nevertheless, Theorems 4.2 and 4.3
prove the convergence of our approximation schemes regardless of the value of g.

Proof of Theorem 4.3. Let j € N, and apply Proposition 4.3 with (ox)r = (rx j)r and
(Ok)k = (Tk,j)k such that (m)x = (pk,j)k and (Tk)k = (Pk,j)k- Finally, according to
Remark 4.2, a bound for the rate of convergence is obtained since the sequence (pg, j)o<k<n 18
bounded by
Prj =Eult! | T < T < BulTY | v < T < Eul(kCr)Y | T < Tkl < (kCpe)! < (NCp).

This completes the proof.
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S. Examples and numerical results

5.1. A Poisson process example

Let N; be a Poisson process with parameter A = 1, and let Y; = t + N;. Here (¥;);>0
is a PDMP with state space E = R; the inter-jump times Sy have independent exponential
distribution with parameter A = 1; the flow is defined on (R1)?2 by ®(x,t) = x + ¢; and,
finally, the post-jump locations satisfy, for all x € E, Q({x + 1},x) = 1. An example of a
trajectory of the process is represented in Figure 1. We are interested in the exit time problem
for the process (Y;);>0. The study of this process is especially interesting because it is possible
to compute the exact value of its distribution function in order to compare it with the numerical
value given by our approximation scheme.

Let us turn now to the numerical simulations. Let » = 10, i.e. U = (—o00, 10). We
may choose N = 10 since Y7, = Tn + N1, = Ty + N > N. Besides, it is clear that, for
all y € (—o0, 10), u*(y) = 10 — y. Assumptions 3.2 and 3.3 are clearly satisfied and so is
Assumption 3.4 thanks to the following lemma.

Lemma 5.1. Foralla > Oandall k € {0,..., N},
P[L(Zk € Ua) < 2a.
Proof. Since Zg = 0a.s.,P,(Zy € U*) =P, (Zp € [10 —a, 10 + a]) = 1{g>10) < Y <

10
2a.
Now let k € {1,..., N}. Denote by f, 1) the density of the distribution y (k, 1), and let

its bound be denoted by
oL (k=1
T =D\ e ‘

Since T} has distribution y (k, 1), Zy = k + T has density f7,(-) = fy®,1)(- — k), which is
also bounded by Cy. Eventually, we have

P, (Zy € U*) =P, (Zi € [10 —a, 10 + a]) < 2Cia < 2a.

Indeed, the sequence (Cy)y decreases so that, forall k € {1,..., N}, Cx < C; = 1.

0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

FIGURE 1: A trajectory of the process (Y;) drawn until the 10th jump time.
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TABLE 1: Simulation results for the mean exit time.

Number of points in the Relative error to 5.125

quantization grids PN.1 (%)
20 5.050 1.46

50 5.096 0.56

100 5.095 0.58

200 5.118 0.13

300 5.128 0.06

500 5.123 0.03

TaBLE 2: Simulation results for the second moment.

Number of points in the Relative error to 27.5

quantization grids PN.2 (%)
20 26.66 3.05

50 27.20 1.11

100 27.21 1.05

200 27.43 0.25

300 27.54 0.13

500 27.49 0.03

Moreover, Assumption 3.5 is satisfied since the process increases but Assumption 3.6 is not,
because t*(x) = +oo for all x € E. However, as pointed out in Section 3, this can be solved
by considering the process killed at time t.

The mean exit time. Table 1 displays the simulation results for the approximation of the
mean exit time. For different numbers of points in the quantization grids, the value of py |
which approximates the mean exit time is given. A reference value is obtained thanks to the
Monte Carlo method (10° simulations): E[710]Monte Carlo = 3-125.

The second moment. We present the results of the approximation of the second moment in
Table 2. Our Monte Carlo reference value (106 simulations) is E[leo]l\/[ome Carlo = 27.5.

For the first and second moments, the empirical convergence rates are presented in Figure 2.
Through a regression model the empirical convergence is estimated as —1.23 for the first
moment and —1.39 for the second moment. Note that they are roughly of the same order as the
rate of convergence of the optimal quantizer (see Theorem 4.1), as here the dimension is 1.

The exit time distribution. As mentioned earlier, we can obtain the exact value of the survival
function of the exit time.

Proposition 5.1. Denote by fl(-) the floor function. For all s, b € R™, we have

P(Ta(p—s)+1 > s) foralls < b,
0 otherwise.

P(tp > s5) = {

Remark 5.1. Note that T} has distribution y (k, 1), so the right-hand side term in the above
proposition can be computed easily.
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10!
e First moment
x Second moment
100 4
107! 3
1072 3
103 - . :
10! 102 103

FIGURE 2: Logarithm of the error with respect to the logarithm of the number of points in the quantization
grids for the first and second moments of the Poisson process.

1.2

1.0

0.8 1

0.6

0.4

0.2

0.0 . . .
0 2 4 6 8 10 12

FIGURE 3: Survival function of 719 and its quantized approximation with 500 points in the quantization
grids. The functions appear indistinguishable.

Proof of Proposition 5.1. Let s > 0. Note that Yy > s; thus, 7, < s a.s. when s > b.
Assume now that s < b. We have

P(tp = 5) =P(¥y =b) =P(N; = b —s5) =P(N; =il — 5)) = P(Tap—s)+1 = ).
This completes the proof.

Figure 3 shows both the exact survival function of the exit time and its quantized approx-
imation. Table 3 contains the empirical error between the two functions. For the survival
function, the empirical convergence rate is presented in Figure 4. Through a regression model
the convergence rate is estimated as —1.05. Note that it is roughly of the same order as the rate
of convergence of the optimal quantizer (see Theorem 4.1), as here the dimension is 1.
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TaBLE 3: Simulation results for the distribution.

Number of points in the

quantization grids maxg |pn(s) — py ()|
20 0.090
50 0.077
100 0.057
200 0.011
300 0.007
500 0.005
100 3
107! 7
1072 5
1073 - . -
10! 102 103

FIGURE 4: Logarithm of the error with respect to the logarithm of the number of points in the quantization
grids for the survival function of the Poisson process.

Remark 5.2. We already insisted on the fact that our approach is flexible with respect to U.
In this example we could very quickly obtain the mean exit time or the exit time distribution
for a different set U’ = (—oo, b'] for any 0 < b’ < b = 10. Indeed, P(r;,y > T19) = 0, so it is
not necessary to compute new quantization grids.

Remark 5.3. Recall that the value of 7; may be obtained from Zj since Ty = Z; — k, so
it is sufficient to quantize the process (Zy)x<n instead of (Zx, Tx)k<y. The reduction of the
dimension of the process that has to be quantized results in an improvement of the convergence
rate and it appears that the approximations presented in the previous tables indeed converge
very quickly.

Convergence rate for the exit time distribution. We note from the proof of Proposition 4.2
that a bound for the rate of convergence for the exit time distribution can be obtained as soon as,
forallk € {0, ..., N —1}, the survival function of (T; +u*(Zy)) A Tx+1 denoted ¢y, is piecewise
Lipschitz continuous. Although it is difficult to state general assumptions under which this is
true, the following proposition proves that the condition is fulfilled in our example.

Proposition 5.2. Forallk € {0, ..., N — 1}, the survival function @y of (Ty +u™(Z)) A Ti+1
is Lipschitz continuous on (—oo; b — k) and on (b — k; +00) with Lipschitz constant [¢r] < 1.
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Proof. Letk =0and s > 0. We have
@o(s) = Pu((To +u*(Zo)) ATy > 5)
=P,(bATH >5)
= 1) Pu(T1 > )
=1-5¢° (since 77 has exponential distribution with parameter 1).

Therefore, the function ¢ is equal to 0 on [b; +00) and is Lipschitz continuous with Lipschitz
constant 1 on (0; b).

Letk > 1 and s > 0, and recall that the random variables (S;) j>( are independent and have
exponential distributions with parameter 1 so that, in particular, 7; and Sy are independent
and T} has distribution y (k, 1). Moreover, recall that Z; = k + T} and that u™(x) = b — x.
Then

o1 (s) =Py (T + u™(Zp)) A Tiq1 > 5)

=/ . L+ o—k—t)russ) Sy, 1) (®) fr@+1,1)(w) di du,
(RT)

where f,(; 1) denotes the density function of the distribution y (j, 1) for j € {k, k + 1}.
Lets’ > s > 0. We have

lok(s") — i (s)] < f(R+)2 | Lip—r)nuss'y — Lio—kyruss) | fy e, 1) (®) [y er1,1) () A du

< / Lo—iynueis:s'y Sy, 1) (@) fy+1,1)(w) dt du
RT)?

< /(R+)2 Mp—kees:sn + Yues:s 1) fr e, @) [y ter1,1) (w) df du

< Lp—kels;st + Chyprn s’ — sl

. 1 [(k\*
< 1pp—kefsisyy + 18" — sl (smce Clusrny = @(E) < 1).

If s and s’ both belong to (0; b — k) or if they both belong to (b — k; +00), we have | (s”) —
@r(s)| < |s" — s|. The completes the proof.

Consequently, in this example, we are now able to state a bound for the rate of convergence
of the exit time distribution approximation scheme. The following proposition is therefore an
improvement over Proposition 4.2 and Theorem 4.2.

Proposition 5.3. Forallk € {0, ..., N — 1}, let s > 0 and assume that the quantization error
is small enough to ensure that
p 1/(p+1) R . R X
(5) (U Te = Tellp + 112 = Zillp + 1 Tan — Taga )7/ PFD < 1 —k — ).

Then we have

1/(p+1)
() —F(s)] < 2(3) (l . 1)
2 p

X 1Tk = Tellp + 1 Zk — Zllp 4+ 1 Tes1 — Tigr [l p) P/ P
+ lgk — Gkl + |gk+1 — Gr+1l-
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Moreover, for all k € {0, ..., N}, if the quantization error is such that, for all | < k,
1/(p+1D
p 1 = p/p+h _ 1
2\ = —+ 1)z -Z < —q,
(2) <p+ )II ! 1 =54

then we have
—_ 2 —_— —_— —_
[pr(s) — pr(s)| < q:(ICIk—l — Qk—1] + 1pr=1(8) — pr—1(8)| + |re—1(s) —Trr—1(s)])
4 _~
+ = lak — gkl
q

Proof. The proof follows directly from the proofs of Proposition 4.2 and Theorem 4.2.
Simply note that the A term may be bounded thanks to the piecewise Lipschitz continuity of
the functions ¢ on (—oo; b — k) and on (b — k; +00). Lets > 0, s #b —k,and leta > 0
suchthatb —k € [s —a; s +a],i.e. < |b —k — s|. Then

Inllp

A<|or(s +a) — (s —a)| + — (from the proof of Proposition 4.2)
o

p
< ol + ”7’”[)’
oP

which reaches a minimum when o = (p||n||§/2[<pk])1/(1’+1). Note that [¢x] = 1 and [u*] = 1.

Remark 5.4. We can calculate the exact value of ¢ that is the first nonnegative value of the
sequence (P, (Zy & U))r. We have ¢ = P, (Z1 & (—o00;10)) =P, (T1 > 9) = e~? because
T1 has an exponential distribution with parameter 1.

5.2. A corrosion model example

Let us consider the structure of aluminium corroded successively in three different environ-
ments. Corrosion is prevented by some protection until a random time y when corrosion starts.
Then, in each environment i € {1; 2; 3}, the loss of thickness satisfies

di(t) = pi(t —y +nie” VN — 1) 115,

where p; is the corrosion rate (p; has a uniform distribution on an interval that depends on the
environment i) and 7; is a constant transition time. The structure goes from environment 1 to
environment 2, then from 2 to 3, from 3 to 1, and so on. It remains in environment i for a
time 7;, which has an exponential distribution with parameter A;. When the loss of thickness
reaches 0.2 mm, the piece is said to be unusable; this will be the exit criterion. Table 4 gives
the values of the different parameters.

The loss of thickness will be represented by a PDMP whose modes are the different envi-
ronments. Let M = {(i, j):i € {1,2,3}, j € {0,1}}. Form = (i, j) € M, i represents
the environment and j is worth 1 if the protection y is still active and 0 otherwise. For each
meM,letE, = R* and, for & € E,,, & represents the family (d, s, p, y), where d is the
corroded thickness and s is the time since the last jump. The set U,, will therefore be, for all
meM,U, = (—oc0;0.2] x R3. This set is convex, so Assumption 3.3 is satisfied. Finally, the
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TaBLE 4: Numerical values of the parameters of the corrosion model.

Environment
1 2 3
A (b~ (17520)~! (131400)~! (8760)~1
ni (h) 30000 200 000 40000

pi (mm/h)  [107%,107°] [1077, 1079] (1076, 1077]
y (h) Weibull distribution with « = 2.5 and g = 11 800

flow in mode m = (i, j) is

((A\ \ [d+dn+5)—duls)
oo [ |01 = M;S :

o) ) L%
(Y [

r+s
D1 = o

\\ﬁ/ )\ -D1pzy

The parameters d and y evolve continuously between the jumps, but p is chosen independently
after each jump and is constant along the flow.

Let us consider the approximation of the distribution and of the mean exit time. Consider
the first moment. We note that E,,[t] = E, [y]+ E,[t'], where y has Weibull distribution and
7’ represents the exit time in the case of a process without initial protection against corrosion
(i.e. y = 0). Therefore, it is sufficient to check whether t’ satisfies the required assumptions.
Hence, let y = 0 and note that »* is then bounded since p > 10~/ and < 200000, so
dp (1) > 1077 (t — 200 000) and eventually u* < 0.2 x 107 + 200000 = 2.2 x 10° h. Denote
this bound by C,=. Consider the distribution. Assumption 3.2(b) (the boundedness condition
on u*) is not required according to Remark 4.3. Moreover, from the proofs of Propositions 4.2
and 4.4, it follows that Assumption 3.2(a) (the Lipschitz continuity condition on u*) becomes
useless in this example thanks to Lemma 5.3. Assumption 3.4 follows from Lemma 5.2 below.
Eventually, Assumption 3.5 is satisfied, but Assumption 3.6 is not. However, considering the
process killed at time 7 solves this issue.

Lemma 5.2. Foralla > Oandallk € {0, ..., N},
P.(Z € U%) < 5a.

Proof. For notational convenience, let My, Dy, Ry, and Gj denote the values of m, d, p,
and y after the kth jump, so Zy = (M, Dy, Rk, Gi). Note now that

P, (Z; € U%) =P, (IDy —0.2] < ).

We therefore study more precisely the law of D;. Let K = inf{k > O such that Gy = 0};
K is the jump that occurs at the end of the protection period against corrosion. Define F(s) =
s +n(e™*/" — 1). Then we have

Dy — 0 fork < K,
“T D+ RF(S) fork > K.
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Let us now prove that, for all k, the random variable Ry F'(Sx) has a bounded density. Recall
that Ry has a uniform distribution on [ax; bx] € [10~7; 107°] and that S has an exponential
distribution with parameter Ax. Now let /& be a real, bounded, measurable function. Then

1

Are M5 dp ds.
by — ax

+o00 pby
B, [h(Ri F(S))] = fo / h(pF(s))
ai

Introduce the transformation
u=p, v=pF(s),

whose Jacobian is worth (1/u)(F_1)’(v/u), SO

+o0 b M FYw/u) =1y
Eu[h(RkF(Sk))]zfo h(v)(f”"e : (F) (/) du) dv.

. (b — ax)u

Hence, we obtain the density of the random variable Ry F'(Sx) and integration by parts yields

/bk )\’ke—)»kF_l(v/u)(F—l)/(v/u) ; 1 /bk )\ke—)»kF_l(v/u)(F—l)/(v/u) d
u = u u
a

. (bx — ar)u b — ax Jg, u?

1 M F Y (w/u) b i M F Y/ u)
= [ue "l (w/u ]ai_/ e M ET @M gy )
br — ai ax

Finally, the density of the random variable Ry F'(Si) is bounded by

<2

/bk dpe M F T I (F=1y (g /) du’ _atb 2by,
a

+1<
. (bk — ax)u by — ai by — ay

Let j € N. We now study the distribution of the random variables (Dy)ren conditionally on
the event {K = j}. An induction argument shows that, conditionally on the event { K = j}, the
random variable Dy has distribution §q for k < j and has a density y; bounded by 2 for k > j.
Indeed, in the second case, the density of D; may be obtained by convolution since Dy_1 and
Ry F (Sy) are independent random variables. Therefore, for k < j,

P,(IDr — 02| 2| K =j)=1>02 < 5a

since Dy = 0 for k < j and, for k > j,
0.24«
P.(IDk — 02| <a | K=j)= f Yir(v) dv < 4o
02—«
since Y < 2. Eventually,
Pu(Zk € U*) =Pu(IDy — 02 <) =Y Pu(Dr—02| <a | K =j)Pu(K = j) < 5a.
jeN
This completes the proof.
Lemma 5.3. Forallk € N, let

= |(Te + u*(Z) A Terr) — (T + u*(Z) AT ).



Exit time of a PDMP 221

We have, for all o > 0,
Incllp < 1Tk — Tkl p + 201 Tk1 — Tyt llp + | [ ]ot/2+T | Zk — Zillp + 10Cxa ™/ 7,

where [u*]y = (1 + Cyx +4 x 10%) /(1077 (1 — e=%/2)).

Proof. Leta > 0. Let Uy = [0, 0.2 — a] x {0} x [10~7; 107°] x {0}. We will prove that
the function u™(d, 0, p, 0) is Lipschitz continuous on this set. The function u*(d, 0, p, 0)
satisfies the following equivalent equations:

d+dyu) =02 < d+pu +ne™/"=1)=0.2.

The implicit equation satisfied by u* yields, on the set U,, u* > o/ pmax = 10°a. This
lower bound will be crucial to prove the Lipschitz continuity. Let d, d’ < 0.2 — «, and define
u=u*d,0,p,0)and u’ = u*(d’, 0, p, 0). Note that d + d,,(u) = d' + d,,,(u’) because they
are both equal to 0.2. Consequently, |d, («) — dy, (u')| = |d’ — d| and, noting that n < 2 x 10°,
we have

ld —d'| = plu—u' + (/" — /)|

> p(1 —e N My —u|
> 10771 — e ) |u —u'|,

which proves the Lipschitz continuity of u* with respect to d on U,.

Similarly, let p, p’ € [1077; 1073], and define u = u*(d, 0, p, 0) and u’ = u*(d, 0, p’, 0).
Note thatd + p(u + n(e /" — 1)) = d + p'(u’ + n(e™"/" — 1)) because they are both equal
to 0.2. Subtracting d + p(u’ + r)(e_”//’7 — 1)) from both terms yields

plu—u' + ™" =M = o — p'llu’ +ne™/ = 1)),

A lower bound for the left-hand side term has already been computed, while the right hand-side
is easily bounded by (C,« + 4 x 105)|,0 — p/],sincen <2 x 10°, so we have

(Cur +4 x 107 |p—p'| = 1077(1 —e %) |u —u'|,

which proves the Lipschitz continuity of u™ with respect to p on Uy. Eventually, for all
a > 0, the function u* is Lipschitz continuous on Ua with Lipschitz constant [u*], =
(14 Cux +4 x10°)/1077(1 — e=%/?).

Let k € N. We now intend to bound |[n||,. Define, as in the proof of Lemma 5.2, the
random variable K = inf{k > O such that G; = 0}; K is the jump that occurs at the end of the
protection period against corrosion.

First, note that, on the event {k < K} (i.e. when protection against corrosion is /s\till active),
we have Z; € E( ) for some i € {I,2,3} and, sir}1\ce the projection defining Z; from Zj
ensures that they are in the same mode, we also have Z; € E(; 1). Moreover, u*(x) = +o0 for
all x € E(i,l)a SO

Ik Y<kyllp = 1 (Tkt1 — Tir1) Lik<iy llp < 1 Tk1 — Tt llp-

Furthermore, if Z; = A, where A denotes the cemetery state, then 2/( = projrk (Zp) = A
too and we have n; = 0, so

Ik L=kl p < Ik Liks>ky Lizp2ayllp
<NTk = Tillp + 1 Tis1 — Ti1llp + 1@ (Zi) — u™(Zi) Vigsky Lizezay |l p-
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Eventually, we intend to bound the last term of the previous sum; therefore, we consider the
event {k > K} N{Z; # A}. On the one hand, the random variables Z; and 2/< both belong to
E; 0)forsomei € {1, 2, 3}. On the other hand, although U,,, = (—00; 0.2] xR3 forallm € M,
we actually have Z; € [0;0.2] x {0} x [1077; 107°] x R a.s. and, according to Remark 4.1,
Zk € [0; 0.2] x {0} X [10 710~ ] x RT a.s. too. Combining the two previous remarks, we
have Z; € U and zk eU, where [ = [0; 0.2] x {0} x [1077; 107>] x {0}. Finally, leta > 0
and note that U C Ua UU%. We have

1™ (Zi) — w*(Zi) Vs k) Lizeza)lp < A+ B,

where
A= (Zr) —u™(Z) V7, ey Y=k)lp, B = 1w (Zi) — u™(Zi) Yizpevey Li=k) l p-

The term B is easily bounded thanks to Lemma 5.2: B < 2C,+ P, (Z; € UHl/r < 10C,+al/?.
We now turn to the term A and use the Lipschitz continuity of u* on U g forany B > 0. We
have

A < W (Z1) = u*Z) V50, Yzietnm Lkl
+ 1™ (20 = (Zi) Yz ) V2, g0, VikzK1
= [u*]a/ZHZk - Zk”p + 2Cy ||1{Zk€0a} 1{2k¢0a/2} “p

1/p
o~ _~ O[
A <o Zk — Zillp + 2Cy» (PM<|Z/< —Zi| = 5))

~ 1Z — Zi |l
=< [u*]a/ZHZk - Zk”p + 4Cu*Tp9

completing the proof.

The mean exit time. Simulation results for the approximation of the mean exit time are given
in Table 5. In order to have a value of reference, a Monte Carlo method (10° simulations) yields
the value E[T IMonte Carlo = 526 % 103 h. For the first moment, the empirical convergence rate is
presented in Figure 5. Through a regression model the empirical convergence rate is estimated
as —0.38. Note that it is roughly of the same order as the rate of convergence of the optimal
quantizer (see Theorem 4.1), as here the dimension is 4.

TABLE 5: Simulation results for the mean exit time.

Number of points in the Relative error to 526 x 10° h
quantization grids pn.1 (x10% h) (%)
20 572 8.7
50 569 8.2
100 557 5.9
200 551 4.8

500 539 2.5
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FIGURE 5: Logarithm of the error with respect to the logarithm of the number of points in the quantization
grids for the first moment of the corrosion process.

1.0
0.9 4
0.8 1
0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 1
0.1 1

0.0 ; . . . =
0.0%10° 2.0x105 4.0x105 6.0x105 8.0x10° 1.0x10° 1.2x10°

FIGURE 6: Survival function of t obtained using Monte Carlo simulations (dashed line) and the quantized
approximation (solid line), and the error with 500 points in the quantization grids.

The exit time distribution. Considering the approximation scheme for the exit time distri-
bution, we note that the quantized value py (s) is not necessarily smaller than 1. Therefore, it
appears natural to replace py (s) by py(s) A 1. This does not change the convergence theorem
and can only improve the approximation error. It is equally possible, and this is done in the
results below, to replace py (s) by pn(s)/pn(0) since py (0) goes to 1.

Figure 6 presents the survival function of 7 obtained using Monte Carlo simulations (dashed
line) and our approximation scheme (solid line), and the error. Table 6 contains the empirical
error for different numbers of points in the quantization grids. For the survival function, the
empirical convergence rate is presented in Figure 7. Through a regression model the empirical
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TABLE 6: Simulation results for the distribution.

Number of points in the

quantization grids max; |pn(s) — pn(s)]
20 0.145
50 0.119
100 0.040
200 0.039
500 0.020
100 -
X
101 3
X
1072 - ! '
10! 102 10°

FIGURE 7: Logarithm of the error with respect to the logarithm of the number of points in the quantization
grids for the survival of the corrosion process.

convergence rate is estimated as —0.63. Note that it is roughly of the same order as the rate of
convergence of the optimal quantizer (see Theorem 4.1), as here the dimension is 4.

The convergence of the approximation scheme in the corrosion model appears to be slightly
slower than in the previous example. This is due to the higher dimension of the process that has
to be quantized, which is 4 in the case of the corrosion model and 1 in the case of the Poisson
process.

Remark 5.5. Using Monte Carlo simulations, we can approximate the value of g. We have
g ~ 0.0187 for 107 histories.
6. Advantages and practical interest of our approach
Let us describe the practical interest of our approach.

e The quantization grids only have to be computed once and can be used for several
purposes. Moreover, once they are obtained, the procedures leading to py(s) and to
P, can be achieved very simply since we only have to compute finite sums.

e Concerning the distribution, since py (s) can be computed almost instantly for any value
of s, the whole survival function can be obtained very quickly. Similarly, concerning
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the moments, py_; can be computed very quickly for any j, so any moment is almost
instantly available.

e Furthermore, in both cases, one may decide to change the set U and consider the exit time
v’ from a new set U’. This will yield new sequences (gk), (7, j)x, and (P, ;) in the
case of the jth moment approximation or new sequences (i )k, 7k (s))k» and (pr(s))x
if we are interested in the distribution. These new sequences are obtained quickly and
easily since the quantized process remains the same and we only have to compute finite
sums. Of course, the set U’ must be such that Assumptions 3.2-3.5 remain true and such
that P, (T < t’) remains small without changing the computation horizon N. This last
condition is fulfilled if, for instance, U’ C U. This flexibility is an important advantage
of our method over, for instance, a Monte Carlo method.
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Abstract— This paper' describes an original approach based
on dynamic programming theory (discrete-time finite horizon
Markov control) to address the difficult problem of computing
optimal trajectories with respect to some criteria for any vehicle
evolving in a given environment (in a probabilistic point of
view) to accomplish some tasks (defined in a complex Lipschitz
criteria). After a brief remind about dynamic programming
The whole control process is detailled and applied in this paper
for a submarine equipped with a sonar system which wants to
detect targets as well as possible. Promising result about the
optimal depth control for a submarine are presented with one
and then two targets showing that the chosen approach is a good
candidate.
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1. INTRODUCTION

Optimal control is a wide and interesting theory that appears
in many fields such as, for instance, engineering, computer
science, economics, operation research .... This paper aims
to explain how to compute optimal trajectories for underwater
vehicles evolving in a given environment to accomplish some
tasks. This is an optimal control problem. Nevertheless, in
real context, available inputs are not perfectly known. Hence
a stochastic approach seems to be needed.

Markov decision processes (MDPs) constitute a general fam-
ily of controlled stochastic processes suitable for the mod-
eling of sequential decision-making problems. A significant
list of references on discrete-time MDPs may be found in the
survey [1] and the books [2], [3], [4], [5], [6], [7], [8]. The
analysis of MDPs leads to mathematical and computational
problems. The corresponding theory has reached a rather
high degree of maturity, although the classical tools (such
as value iteration, policy iteration, linear programming, and
their various extensions) are generally hardly applicable in
practice. This is mainly because MDPs are generally very
large due to their inherent structure and, for instance, solving
the associated dynamic programming equation leads to the
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well known curse of dimensionality. Hence, solving MDPs
numerically is an awkward and important problem.

The method is applied to control a submarine which wants to
well detect one or several targets. Why? A smart operator, if
provided information about target’s position and velocity and
a sound propagation code can find a good trajectory. If we
now consider a submarine surrounded by several targets, it is
clear that a human operator will have great difficulty to find
the best route.

Section 2 states the problem in a general context (required
inputs, hypothesis ...). Section 3 briefly outlines the
dynamic programming theory and the algorithms used to
solve this problem (quantization, backward dynamic pro-
gramming,...). Section 4 presents some promising results
obtained on simple cases with one and two targets.

2. PROBLEM STATEMENT

Let us consider a general situation with a submarine of
interest S (blue in Fig.1) surrounded by several targets (other
submarines or surface ships). This submarine carries one or
several sensors such as Cylindrical Array (CA), Flank Array
(FA) or towed Array (TA).

Towed Array
Cylindrical Array

———r

FlanklArray

Figure 1. General situation.

The submarine S trajectory has to be controlled in order to
satisfy the mission’s objectives. These can be optimizing
the different targets’ detection range, minimizing its own
detection range perceived by the other targets, reaching a
way-point with minimum fuel consumption, and so on.

This objective is represented in a mathematical standpoint by
the objective cost function .JJ which is to be minimized by the
control algorithm. It is supposed that we have the following
inputs:



(1) S position and velocity,

(2) Targets’ position, course and speed, estimated by the
Target Motion Analysis (TMA) function, see for instance [9].

(3) Information about the environment (sound speed, sea
floor depth,...),

(4) A sound propagation code.

In complex situations, the submarine must fulfill several
conflicting missions against multiple targets. For example,
the submarine may have the objective of simultaneously
increase the detection range of one target while keeping
its own detection range as low as possible versus another
target. In this case, the objective function J is a multi criteria
aggregation function whose minimization will be a trade-off
between these conflicting objectives.

Underwater sound propagation must be estimated on line.
Sound propagation in the sea depends on a lot of environment
parameters such as temperature, local pressure and salinity.
Indeed, small variation of these parameters greatly modify
sound propagation. The two figures Fig.2 and Fig.3 give
examples of a sound velocity profile (sound speed versus
depth) and a sound propagation diagram of an emitter source
at a 300m depth (the third dimension, the color, being the
signal level in dB.

Bathy

4500 | | | | | | |
1495 1800 1505 1510 1815 1520 15825 1530 1535 1540
Sound velocity (mis)

Figure 2. Sound velocity profile (depth vs velocity).

According to the objectives of S and previously described
given inputs, the aim is to compute an optimal trajectory by
applying a command u(t) to S’s future states (see Fig.4).

This is an optimal control problem which aims to find a
command u(t) in order to minimize the cost function .J.

3. STOCHASTIC OPTIMAL CONTROL

As seen in part 2, the problem is quite complex because there
are uncertain inputs and we use a sound propagation code as a
black box (with possible numerical problems, ...). Hence no
strong assumptions (derivability,...) can be made about this
latter one. Due to these particularities, a discrete stochastic
optimal control framework seems to be the best candidate to
solve this problem. More precisely, we use a discrete-time
finite horizon dynamic programming approach.

100
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Figure 3. Sound propagation (depth distance signal level).

—

Trajectory without optimization

Figure 4. Optimal trajectory example.

Brief review of dynamic programing

In this section, we briefly introduce the discrete-time finite
horizon Markov control model we are concerned with. Let us
consider the following model :

(X, A {A(z)|zr € X},Q,c,CN) (1)
with
o X :aBorel space, namely the state space
o A aBorel space representing the control or action set
o {A(x)|z € X} : a family of non empty subsets of A,
where A(z) is the set of feasible controls or actions when
the system is in state « € X. We suppose that K =
{(z,a) € X x Ala € A(z)} is ameasurable subset of X' x A.

o @ : astochastic kernel on X given K which stands for the
transition probability function.

e ¢ : K — R : is a measurable function representing the
cost per stage.

e« Cn : X — R : is a measurable function representing the

terminal cost.

Next, we define our Markov control model. Suppose that
a finite horizon N > 1 and an initial state x € X



are given. The total expected cost of a policy m =
{a;]t =0,1,...,N —1} € II (IT represents all possible
policies) is defined as:

N

~1
J(x,m) = E ZC(Ityat)+CN (ZN)] @)
=0
—1

(1>

N
E lz ¢(z,ar) + Cn (xN) |7, 20 = 1}3)

t=0
The optimal total expected cost function is then defined as :

J*=inf J(z,7), Ve e X 4)
mell

And we say that 7* € II is an optimal policy if J (z, 7*) =
J*(x) for every initial state x € X.
Hypothesis for our problem
In our application, we consider that the state space A’ is finite.
Hence the stochastic kernel @ is

Pl (a) =P (2141 = ylz, = 2, 0) )

Which is the probability that the system is in state y at time
t 4+ 1 given that it was in state x at time ¢ for a given control
a.

Now consider {Cy,Vx € X'} the final cost function and
c(x, a,y) the cost per stage function from state x to state y
with a command a. The cost function (3) is then

N-1
J(m,x)=F Z c(xp,ar, x41) + COn(zn)|myzo =@

t=0
(6)
The goal is to find an optimal policy that minimizes this cost.
The main idea of the dynamic programming principle is the
following algorithm

o Jy(z) =Cn(x),Vx € X
o fort e {N—1,...,0}andVz € X

Ji = aénAi?z) P;y(a) [C(%% y) + Jt*-i-l(y)] (7
yeX

Jg(x) is the solution. Indeed, the optimal policy 7* =
{af,a7,...,alk} with

a; = arg Lo Pyy(a) [e(z,a,y) + T ()] )
yeX

is recursively constructed.

Submarine S

Suppose we have a submarine that can only control its depth.
The state model is then:

Zt41 = 2t + ay (9)
At each time step, available controls are

a; € A(z) ={-LA,,(-L+1)A,,...,—A,,0,...,LA,}

(10)

Where L is the possible number of depth steps from a state
to another state and A, the size of this step. z; has discrete
values and evolves in a growing finite grid Z;

Vt, ze € {z0 + nAL} = Z, (11)
ne{—tL,—tL+1,...,-1,0,1,... tL} (12)

Target

We also suppose that the target evolves with a constant
depth and its behavior is independent of S. The target is
represented by a state vector composed by the submarine to
target distance and the target speed X; = (d, s¢). The target
position and speed are given by the TMA algorithms and the
sate evolution is described by the stochastic model

Xip1 = FX; + v (13)

where Xog ~ N (uo,%o), F = ((1) Alt ), T—
(e%, ef) ~ N (0,3). po, Xo and X, are known.

Solving a stochastic optimal control problem in a real context
is challenging. In order to apply dynamic programming
described in part 1, it is necessary to approximate X with
a finite space by using relevant methods.

Various methods already exist for this approximation(Kushner
[10], Quantization [11], ...). We use a quantization method
in the sequel because this method is powerful and also be-
cause convergence results are available.

Quantization

In our case, the process X; € R2. We approximate this
process by a finite Markov chain thanks to the quantization
method [11] :

« X, isthe quantization of X; and I, is the M points grid at
time ¢ which represent X} (Xt = ((ft, §t) S ft>

« P/ is the transition matrix, P}/ ~ P (XtJrl = j|X, = i),
V(’L,]) S f‘t X f‘t—',-l'

The system at time ¢ is x; := (zt, Xt) € R3. Component

z; 1s deterministic and X; is stochastic. Thanks to this
quantization, we have a MDP with finite number of states.
We have hence constructed the finite X space described at
the beginning of this section.

As the target and the submarine are supposed independent,
the quantization of X; can be done “off-line”. The dynamic
programming equation then becomes

Z Ptly(a') [C(l‘, a, y) + J:+1(y)]
yGthft

Ji(z) = mi
i (z) i

(14)
The process X is not controlled hence the transition matrix
P}Y(a) can be approximated by P,?. Vo = (1,i) € Z; x T
and Vy = (m,]) (S Zt+1 X Ft+1

P(a) =~ P(ZtH:l,XtH:ﬂ (15)



z = m,X} =1i,a; = a) (16)

= PPlynciia) (17)

That is why Vo = (1,4) € Z; x I

JI(,1) = i
£ (1,4) min > A
(m,l)EZt+1 XTIy

[c((L,3), a, (m, ) + Jfiy (m, )]
Z B [e((1,),a, (I + a, )

J€El 411
+ Jt*+1(m»j)]

Ptij]l{m:lJra}

= min
acA(x)

¢((l,4),a,(m, 7)) is the transition cost function from state
(1,) to state (m,j) given a control a. In our application,
this function only depends on the sound propagation code
which is “geometric” (values only depend on submarine and
targets’s relative positions). Hence ¢ ((l,4),a,(m,j)) =
c(m,j)

We finally obtain the following dynamic programming equa-
tion

J(l,i) = min

a€A(z) Z PP [e(l+ a,5) + J5a (L + a, )]

JE 41

. (18)
Vo = (I,i) € Zy x I'y. This final equation can be numerically
solved because states are finite.

Numerical resolution

This problem is solved by a stochastic optimal control
method. Our stochastic optimal control process is divided
in three steps. The first step is an optimal quantization in
order to approximate the target state by a finite Monte Carlo
Markov chain state. The second step is a backward dynamic
programming algorithm for evaluating the best policy from
each possible system state. The last step is an in-line overall
optimal control process which evaluates the best control
sequence for our problem.

Step 1 : quantization

The goal is to approximate X; by a finite Markov chain X,
We obtain for each time ¢ = 0,...,N a grid I'; and the

corresponding transition matrices P;’. Grids and transition
matrices are stored.

Step 2 : dynamic programming
We compute in this part the optimal control that minimizes
(18) for each element (I,7) € Z; x I'; in the state space.

« Compute V(I,i) € Z; x I'y thanks to Cn(1,i) the final
cost

{JE[(Z,Z:) - CN(lvi) (19)
ay =

« Computefort =N —1,...,0andV(l,i) € Z; x I,

Jz‘jk(la Z) = IninaEA(w) Zjef‘t_H Pt” [C(l + aaj)
+J:+1(l+a7])} . .
a:(lv Z) = arg minaeA(aE) Zjef‘t+1 Pt” [C(l + a, ])

i+ a,j)]
(20)
For each time and each state space point, following informa-
tion are stored: J;*(I, ) and a} (I, 7). a} (I, 7) is the best control
starting from ([, 23 attime ¢ and J; ([, 7) is the best cost at time
t starting from (I, 7).

Step 3 : optimal control

This part is very simple. It is supposed that the trajectory of
the target is known, say that the sequence of the target states
is {Xo,...,Xn}. Then we can deduce the optimal control
sequence from the optimal policy {a},t =0,... N}.

The single target case has been presented in detail is this
section. The multitarget case is obtained in a similar way
with a state vector containing two or more targets.

4. RESULTS
Single target case

We consider here a very simple scenario : the submarine
is equipped with one sensor and there is a single target in
the environment. The submarine wants to best detect the
target regardless of its own detection range with respect to
the other target. The initial geometry is depicted by the
following Fig.5. The submarine S (blue) and the target

0 35 km
; > X
300 m TI i
S — !
500 M - --------mmmmmmm——emeoeaon - B

N

Figure 5. First scenario.

(red) have uniform motions hence the problem is to find an
optimal depth for S (so, S motion is uniform only in the
horizontal plane). The relative target’s speed is 10 m.s~!.
The environment (inputs of the sound propagation code) is
described as follow:

depth of the sea floor: 1000m
floor type : sand

sea state: 3

sound velocity profile: see (Fig.2)
frequency: 1000H z

Results are illustrated? in Fig.6: The trajectory of the sub-
marine S, in the depth-relative range plane, is plotted with
a solid white line. The third dimension is the loss signal
level seens from S. Results are in accordance withe the

2Depth () versus distance (km)
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Figure 6. Results (initial depth: 300m).

good sens because the trajectory is always at depths where the
target loss signal is minimum. Nevertheless, simple cases like
this are interesting for a preliminary validation of complex
algorithms.

Figures Fig.7 and Fig.8 are examples in the same conditions

but with different initial depths for the submarine (100m and
600m).

200
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Figure 7. Results (initial depth: 100m).

The control seems to put the submarine at the right place
where the loss of signal is minimum.
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Figure 8. Results (initial depth: 600m).

Multitarget case

Let us consider a more complex scenario with now two targets
at different depth. The first target is still at 500m depth
whereas the second target has an initial depth of 100m (see
Fig.9).

0 50 km
3 X
Bl ot
100 m = f- === m e o - — T
300 m
] |
S
SO0 - e mmmim e m e i e e - | — X

Figure 9. Second scenario.

The multitarget cost function is defined in order to keep a
good detection range of each target. We obtain the following
results illustrated on Fig.10 and Fig.11.  Results are very
promising because the trajectory of the submarine remains
at a compromise depth where each target loss level is in a
minimum area, though there is a little incursion in the blue
with respect to target 1, but it corresponds to the edge of the
best area with respect to target 2.

5. CONCLUSION

In this paper we have presented a stochastic optimal control
framework which solves the difficult task of finding optimal
trajectories for a submarine taking into account its mission
ojectives and the environment. First results obtained on
simple scenarios show that the proposed framework is a very
promising approach. Nevertheless, additional developments
and further evaluations are needed.



[8]
200
400

[9]
600
800 [10]
1000

0 10 20 30 40 50
[11]

Figure 10. Results plotted on target 1 loss diagram.
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Figure 11. Results plotted on target 2 loss diagram.
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ABSTRACT

In the reliability modeling of complex control systems, classical methodologies such as even-
trees/fault-trees or Petri nets may not represent adequately the dynamic interactions existing
between the physical processes (modeled by continuous variables) and the functional and
dysfunctional behavior of its components (modeled by discrete variables). This paper proposes a
framework for modeling and simulation of a water level control system in the Steam Generator
(SG) of the secondary circuit of a nuclear power plant. We have developed a complete benchmark
case. The behavioral model of SG is obtained from a linearized model published in 2000 by EDF
[1,2]. Four physical variables (steam flow rate, water flow rate, steam-water level, water level) are
modeled; they follow a system of linear differential equations with piecewise constant
coefficients, coupled with a PID controller that regulates the water level in the SG. Detailed
description of the components, failure modes and control laws of the principal components is
presented. For modeling the system, we use the Piecewise Deterministic Markov Processes
(PDMP) framework and for implementation we chose Simulink associated with Stateflow. PDMP
offer a very general modeling framework to deal with dynamic reliability problems; Simulink is
an appropriate tool to simulate non linear differential equations and their controller, while
Stateflow implementation is appropriate for finite state machine descriptions of different
components.

Key Words: Dynamic PRA/PSA, Piecewise Deterministic Markov Processes
1 INTRODUCTION
Hybrids systems are described by continuous variables, deterministic events and stochastic events (e.g. control logic
and mechanical parts failures, unplanned variations of operational profile...). For a large class of industrial
processes, the layout of operational or accidental sequences generally comes from the occurrence of two types of
events:

e the first type is directly linked to a deterministic evolution of the physical parameters of the process,

e the second type of events is purely stochastic. It usually corresponds to random demands or failures of
system components.

Unfortunately, the static methods used for systems reliability modeling, such as combinatory approaches (fault trees,
event trees, reliability diagrams) are not relevant to model hybrid systems. This is a current challenge in reliability
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analysis, and requires the development of so-called “Integrated Deterministic-Probabilistic Safety Analysis
(IDPSA). The need of IDPSA methods comes from the observation that static methods applied in PSA are limited to
find time dependent interactions and unknown vulnerable sequences regarding physical phenomena, control logic,
operator actions, equipment failures [8].

The benchmark system that we study is a Feedwater Control System (FCS) for the Steam Generator (SG) in the
secondary circuit of a nuclear plant. The mission of the system is to maintain the water level in the steam generator
around a reference position. The mission fails if the water level rises above or falls beyond threshold limits. This test
case has the advantage of being representative of a real system and to cover most of the situations encountered in the
dynamic reliability literature. A similar benchmark system was described by the U.S. Nuclear Regulatory
Commission [4] where two approaches for dynamic reliability were compared: DFM (Dynamic Flowgraph
Methodology) and Markov/CCMT (Cell-to-Cell Mapping Technique). But the date released by the NRC report did
not permit us to reconstruct the model.

The work presented here is a continuation of a series of works already realized within the INRIA team CQFD. They
are intended to illustrate the efficiency of a method combining the modeling power of Piecewise Deterministic
Markov processes (PDMP) and the Monte Carlo computational implementation, to treat certain dynamic reliability
problems. We have in the past modeled and simulated systems of "academic" size [6] and "industrial" size [5],
where implementations were done in C++ or Matlab. But to model the Feedwater Control System, we chose the
software Simulink/Stateflow of Mathworks. This paper is organized as follows. Section 2 briefly presents the
Piecewise Deterministic Markov processes (PDMP). Section 3 gives the functional description of our benchmark.
Section 4 then presents the implementation by Simulink/Stateflow. Section 5 shows some numerical results. Finally,
section 6 presents our conclusions.

2 PIECEWISE DETERMINISTIC MARKOV PROCESSES

PDMP provide a very general modeling framework to deal with dynamic reliability problems. Let M be the finite set
of the possible regimes of the system. For all m in M, let E, be an open set of RY. A Piecewise deterministic Markov
process is defined from the three local characteristics (®, A, Q) where

« the flow @ : MxR%R— R%is continuous and for all s,t >0, (s,t+s)= B(d(s,5),1). It describes the trajectory
of the deterministic process between jumps. For all (m,x) in MxE,, we set
t*(m,x)=inf { t>0 : ®(m,x,t) € 6E,, }
the time to reach the boundary of the domain.
« the jump intensity A characterizes the frequency of jumps. For all (m, X) in M x E,, and t <t*(m, X), we set

t
A(m.x.0) = [ A(@(m,x,s))ds
e the Markov kernel Q represents the transition measure of the processes that allows to select the new
position after each jump.

The trajectory X=(my, X;) of the process can be defined iteratively. We start from an initial point Xo=(ko, Yo) with
koEM and yo& Ex. The first jump time T, is determined by the distribution

e Moo t<t*(k,,y,
On the interval [0, T,), the process follows the deterministic trajectory m=kq and x; =®(ko, Yo,t). At the random time
T, the process has a jump. The regime changes and the process is then reset at X1, a random variable that follows
the law given by Qgo(®(Ko, Yo, T1),*). We then similarly draw a new jump time T, -T; and on the interval [T, T,) the
process follows the trajectory m=k; et x=®(ky, yi1,t - T1). This builds iteratively the PDP.

A particularity of the steam generator system is that it is regulated. The flow ® is thus the solution of a differential
equation controlled by a PID controller. It admits no analytical solution and will be numerically approximated at
each time step. The reason why we choose the PDP model is twofold. First, it provides a modeling framework that is
both general and accurate. Second, this model offers the perspective in the future to perform optimal control:
optimal stopping, predictive maintenance [7], etc.
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3  FUNCTIONAL DESCRIPTION

We have modeled a part of the secondary circuit of a pressurized water reactor. It is composed of seven components:
one passive system representing the whole steam transport system (VVP), three extraction pumps (CEX), two
feeding turbo pumps (TPA), and one water flow regulation valve (ARE). The rest of the secondary circuit does not |
interest us for the test case as it has no direct influence on the reliability and safety of the circuit. The reliability
diagram we modeled is given in Figure 1.

Figure 1. Reliability diagram for the mechanical and
electromechanical systems of FCS.

3.1 Description of the system

The VVP barrel maintains the steam flow to the turbo pumps and dryers. A breakdown in the barrel VVVP is a critical
point of failure and represents a minimum level of system reliability. The three pumps CEX maintain the vacuum in
the condenser (upstream of VVVP) and ensure a flow of feeding water. They are redundant in 2/3. The third pump is
stopped, in standby. Itis started when one of the other pumps fails. A failed pump, once repaired, remains in
standby. The two turbo pumps TPA work together, they provide the common pressure to the SG, discharged
into a common cylinder integrated in the VVP. In the case of failure of a TPA, the second one switches over
speed and  provides someof the charge. We consider inthis model that the power of the
installation decreases automatically to 60% when only a single TPA works. Finally, the actuator (ARE) is used to
command the feed water flow rate in the SG. It consists of a main valve and a bypass valve. A logic sequence
determines the openings and closing of the individual valves as a function of the power of the installation.

In our benchmark system, four physical processes are considered: the feed water flow rate (Q,), the steam flow rate
(Q,), the narrow range water level (Nge) and the wide range water level (Ngl). A PID controller is used to

maintain the water level within limits of reference-points. The behavioral model of the SG is obtained from a non-
linear model published in 2000 by EDF [1, 2]. The general control strategy consists in maintaining the narrow range
and wide range water levels within limits of their set points. This can be accomplished by concentrating the control
effort on the single controlled variable: the narrow range water level Qge. Figure 2 shows the basic PID feedback

control structure.

Figure 2. Basic feedback structure of the PID controller
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3.2 Steam generator level control model

The model used in this study for the purpose of controller design, is a somewhat simplified version of the Irving
model [1]. It was developed by the Research and Development division of EDF. The detailed model for the Steam
Generator can be found in [2]. Such theoretical models use fundamental conservation equations for mass, energy,
momentum, volume and basic thermodynamic principles. It is a simple fourth-order model. We will give a brief
description. The relationship among N, Q,, O, and N, can be modeled by the following transfer functions:

_ e  I-FTs L _
Nge(S)_Tns (I+z)A+T,s)  1+T,s QW) Ngl(S)_Tims(Q"(s) 0.9) @

The parameters Tn,Fg,Th,r are functions of the operating power P and are summarized in Table I. Note that
T, =1429 and T, =20 are constants. The term 1 - F,T,s is incorporated to account for the modeling of the

two-phase swell and shrink effects. Due to proprietary reasons, the model discussed in this paper is a scaled and
modified version of the model used by EDF.

Table I. Parameters variation over the power range

P.(%) 3.2 41 95 242 |30 50 | 100
T, 514 |800 |900 |620 |571 |[571 |571
F, 130 | 1800 |1000 |400 |400 | 400 | 400
T, 2429 | 800 |429 |143 |114 |07l |o071
T 143 | 143 | 143|420 |420 | 429 | 429

Denoting the water levels by y, =N, and y, =N, and the steam and feed-water flow-rates by d=Q, and

u = (,, we have following equivalent state-space form:

0 0 O© Ti 1
n 0 _=
ot o -t ol 17
>'<(t)=0 0“ 1 O" X(t) + | g |u(t) + 1+F, d(v),
_?g } Tn
1 T 0
0o 0 0 -=
T
1 11 0
yl(t)} T
y(t) = = T X(b).
w05, °° T,

3.3 Reliability data and state graphs

Reliability data and state graphs have been defined for each component. We provide in Table Il and Figure 3 the
details for the simplest case, the VVVP. The necessary data for the other sub systems are much more numerous and
will not be presented in this paper due to obvious reasons of clarity. The worst case is that of the ARE with
four graphs and more than a dozen states and thirty parameters.

Table 1. Reliability data example (VVP) (Failure rate=2.17e-5/h)

Mesh Contribution to Pfd MTTR Effect Mode of
the failure rate failure

Outflow 89% na 12 Automatic reactor trip Mode |

Break 11% na 168 Automatic reactor trip Mode Il
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Figure 3. State graph of barrel VVP

3.4 Test scenario

We consider the following scenario, illustrated in Figure 4. After a piecewise linear rise lasting 24 hours, the system
reaches its stationary state, 100% P, and remains there for 18 months, followed by a descent of 24 hours. The
objective is to simulate the behavior of the system subject to random failures. The simulation is stopped when an
automatic reactor trip (RT) occurs. In this scenario, we suppose that the control law of the two ARE valves satisfies
the following logic: when the operation power is in [0%, 2%], a supplement system (ASG) is applied to control the
feed water rate, between [2% 15%], the bypass valve is used, and if P, is above 15%, the bypass valve is turned off
and the main valve comes into operation.

Figure 4. Test case scenario

4  SIMULINK/STATEFLOW IMPLEMENTATION

The global scheme of the simulator is presented in Figure 5. The Ramp block is parameterized to generate a
constantly increasing or decreasing signal (P,). The range of the ramp is restricted to [0,100] by the

saturation block. Four output signals Nge,Pn, Ng, and RT (automatic reactor trip) are computed, the last one
stopping the simulation when an RT occurs.

Figure 5. Global scheme of simulator
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The Steam generator is fully modeled by the subsystem SG, presented in Figure 6. It consists of
e a Stateflow chart named installation, which includes the seven components VVP, CEX, TPA and ARE
described above. This block is activated at each time step, and also whenever the power Pn crosses one of
the thresholds 2%, 15%.

*  the Steam Generator modeled by the gv block with two inputs (0, ,0,) and two outputs (N,,,N ;). This
system obeys a system of differential equations which coefficients depend on Q,. Here the operation
power P, and steam rate (J, share the same signal, because they are supposed to be proportional.

» a PID controller, which input is the difference between the set point P, and Nge, and which output is

Q,, the flow rate of feed water injected into the SG. The variable Q represents the disturbances from ARE.

Figure 6. SG subsystem

A main advantage of Simulink/Stateflow modeling is that it takes the form of an interactive graph, which makes
easy the understanding of the model. If the system works in nominal mode, when no component is down, the water
level is controlled by the PID controller. If a component fails, it can either cause an AAR or a minor fault. In the
former case the simulation is stopped, in the letter case the simulation goes on, the component is under repair,
a decreasing followed by an increasing ramp is scheduled if necessary.

The Stateflow chart installation models the discrete behavior of the SG. Itincludes all the seven discrete
components ARE, VVP, 3 CEX and 2 TPA, see Figure 7. We will present in detail here only two components: VVP
and CEX.

Figure 7. Stateflow chart for installation
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4.1 VVP Modeling

This component has three possible states (OK, Outflow, Break), see Figure 8. The time spent in each state is
exponentially distributed. When this component is active, its default state is OK. Two random variables are then
drawn, x=E (2.17e-5/h) represents an exponential distribution with parameter A=2.17e-5/h, and p=B(0.89) is a
Bernoulli draw. When the time spent in this state exceeds x, the transition after(x, sec) occurs. The state of the
component switches to Outflow if p=1or to Break if p=0.In this latter case, an RT signalis send to stop the
simulation. The codes 301 and 302 can record the failed component and the cause of the failure, for future Monte
Carlo analysis.

Figure 8. VVP Model
4.2 CEX Modeling
The principle of operation of the CEX is similar, but much more complex. Figure 9 illustrates the implementation

of a CEX, this is indeed the details of CEX1 found in Figure 7. The other two CEX are almost identical (copy-
paste), only the initial conditions are different. In the initial state, two CEX are in operation, the third is in standby.

Figure 9. CEX implementation
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5 NUMERICAL RESULTS

The total duration of the scenario is 18 months. There are two types of regimes: transient and steady. When the
system is inthe transient regime, the water level Nge and power P, vary rapidly. To follow this command,

one must choose a discretization time step small enough (0.6 seconds), otherwise the PID controller loses its
stability. In the steady state, all physical variables remain constant, only the component failures affect the system
state. As the system is very reliable, the nominal duration is often very long and a small time step is not pertinent
because it dramatically slows down the simulator. We propose a specific technique to solve this problem by using
inhomogeneous time steps. Two distinct Simulink models were created, the first one with the PID, and the second
one without PID. This allows setting two different time steps. During the transient period, we use a time step of
0.6 seconds, and during the stationary period, a time step of 60 minutes is sufficient to simulate component failure.

To illustrate the results, we simulated a history without failure, and we set steady period to be 3 days (instead of 18
months, for illustrative reason). Figure 10 shows that the Nge (red) coincides well with the reference point (blue).

Figure 10. Reference point and Nge level

On a total of 4000 simulated histories, 2190 Reactor Trips (RT) occurred, representing a probability of 54.75%. That
is tosay that in this scenario the system has about one chance overtwoto suffer a RT, fora period of 18
months. Table Il summarizes the number of RT caused by each component. Italso givesthe percentage of
occurrence among the 2190 RT.

Table I11. Number of RT over 4000 histories

Sub system  Number of RT Percentage

VVP 792 36%
ARE 1301 59%
CEX 50 2.28%
TPA 47 2.1%
Total 2190 100%

We found no RT caused by the bypass valve ARE. This can be explained by the fact that the stay in the transitional
regime is too short (48 hours) compared to the total duration (18 months) of the scenario. This failure isa rare
event. We also note that many RT are caused by the barrel VVP (36%). Its failure rate (2.17e-5/h) is comparable
tothose of the CEX (4.35¢e-5)and TPA (5.9e-4), but these components are redundant unlike the VVP,
which minimizes the RT.
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Figure 11. Cumulative probability of RT

Figure 11 illustrates the cumulative probability of Reactor Trips over time.

6 CONCLUSION

The modeling by PDMP applies very well to this problem of dynamic reliability. The approach combined with
Simulink/Stateflow allows building an interactive simulator. It therefore offers interesting perspectives in several
points of view.

»  Graphical programming. The source code looks like a reliability diagram. In debugger mode, users can
view the states and transitions step by step.

e Upgrade maintenance of the simulator. Components VVP, CEX, TPA, ARE can be modeled and tested
separately (assuming that the other components are 100% reliable) and then combined by simple copy and
paste. We can easily add in the future other components. Similarly, one can handle the problem of
redundant components in pre-building a component library.

e Limiting the number of components. One of the main difficulties in hybrid system modelling, is the number
of possible modes. By using this approach, there is no problem of combinatorial explosion. Indeed, the
state machine of Stateflow is component oriented, that is to say that, at each time step and for each
component, the simulator calculates the component state separately. It is not necessary to know a priori the
number of possible states.

The main disadvantage of this approach is execution time. For the test case that we handled, a story is simulated in
about 30 seconds (on a laptop), so 33 hours are necessary to run 4000 Monte Carlo runs. Experience shows that a
C++ simulator dedicated to a problem of this size can probably run ten times or hundred times faster, but at the cost
of a heavy investment in programming and the generated code is hardly evolutionary [5,6]. We have partially
solved the problem by using the parallel computing toolbox of Mathworks. A computer equipped with 12-cores,
reduced the computation time to 3 hours.

Others perspectives can also be explored. Representing the positive feedback between system trips and reliability or
of mechanical systems or sensors drift will be a step towards dynamic reliability representation. Also, from the basis
of this model, simulations may be used to simulate fault inside the control logic, incl. measurement logic. Moreover,
the INRIA CQFD team proposes numerical algorithms for optimal control: optimal stopping, impulse control, etc
[7], that permit to study various inspection and maintenance strategies for the FCS, taking into account hybrid and
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dynamic aspects. In all these methods, the Monte Carlo simulator isthe key step necessary to perform the
optimization.

7 ACKNOWLEDGMENTS

This work was financed by the GIS 3SGS (Groupement d’Interét Scientifique, Surveillance, Slrteé et Sécurité des
Grands Systemes) under contract APPRODYN (APPROches de la fiabilité¢ DY Namique pour modéliser des
systemes critiques).

8 REFERENCES

1. E. Irving, C. Miossec and J. Tassart, “Towards efficient full automatic operation of the PWR steam
generator with water level adaptive control”, Proceedings of the International Conference on Boiler
Dynamics and Control in Nuclear Power Stations, British Nuclear energy Society, London, pp. 309-
329, (1980).

2. M.V. Kothare, B. Mettler, M. Morari, P. Bendotti and C.M. Falinower, “Level control in the steam
generator of a nuclear power plant”. IEEE Transactions on Control Systems Technology, Vol. 8, pp.
55-69 (2000)

3. M.H.A. Davis, Markov models and optimization, Chapman and Hall, London, (1993).

4. T. Aldemir, S. Guarro, et al., “Benchmark Implementation of Two Dynamic Methodologies for the Reliability
Modeling of Digital Instrumentation and Control Systems”, NUREG/CR-6985, US Nuclear Regulatory
Commission, Washington, (2008).

5. H. Zhang, F. Dufour, Y. Dutuit and C. Elegbede, “Application des processus déterministes par
morceaux a un systéme de production pétroliere offshore”, Proceedings of Au-16, Avignon, France,

(2008).

6. H. Zhang, F. Dufour, Y. Dutuit and K. Gonzalez, “Piecewise deterministic Markov processes and
dynamic reliability”, Journal of Risk and Reliability, Vol 4, pp. 545-551, (2009)

7. B. De Saporta, F. Dufour and K. Gonzalez, “Numerical method for optimal stopping of piecewise
deterministic Markov processes”, Annals of Applied Probability, n° Vol 5, pp.1607-1637, (2010).

8. Y. Adolfsson, J.E. Holmberg, G. Hultqvist, P. Kudinov, I. Mannisto, “Proceedings of the
Deterministic/probabilistic safety analysis workshop October 2011”, Research report VTT-R-07266-
11, 2011.

NPIC&HMIT 2012, San Diego, CA, July 22-26, 2012 723



