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BAYESIAN SEQUENTIAL CHANGE DIAGNOSIS
SAVAS DAYANIK, CHRISTIAN GOULDING, AND H. VINCENT POOR

ABSTRACT. Sequential change diagnosis is the joint problem of detection and identification
of a sudden and unobservable change in the distribution of a random sequence. In this
problem, the common probability law of a sequence of i.i.d. random variables suddenly
changes at some disorder time to one of finitely many alternatives. This disorder time marks
the start of a new regime, whose fingerprint is the new law of observations. Both the disorder
time and the identity of the new regime are unknown and unobservable. The objective is
to detect the regime-change as soon as possible, and, at the same time, to determine its
identity as accurately as possible. Prompt and correct diagnosis is crucial for quick execution
of the most appropriate measures in response to the new regime, as in fault detection and
isolation in industrial processes, and target detection and identification in national defense.
The problem is formulated in a Bayesian framework. An optimal sequential decision strategy
is found, and an accurate numerical scheme is described for its implementation. Geometrical
properties of the optimal strategy are illustrated via numerical examples. The traditional
problems of Bayesian change-detection and Bayesian sequential multi-hypothesis testing are
solved as special cases. In addition, a solution is obtained for the problem of detection and

identification of component failure(s) in a system with suspended animation.

1. INTRODUCTION

Sequential change diagnosis is the joint problem of detection and identification of a sudden
change in the distribution of a random sequence. In this problem, one observes a sequence
of i.i.d. random variables X7, X5, ..., taking values in some measurable space (E,&). The
common probability distribution of the X’s is initially some known probability measure Py
on (K, &), and, in the terminology of statistical process control, the system is said to be “in
control.” Then, at some unknown and unobservable disorder time 6, the common proba-
bility distribution changes suddenly to another probability measure P, for some unknown
and unobservable index yu € M = {1,..., M}, and the system goes “out of control.” The
objective is to detect the change as quickly as possible, and, at the same time, to identify
the new probability distribution as accurately as possible, so that the most suitable actions
can be taken with the least delay.

Decision strategies for this problem have a wide array of applications, such as fault de-
tection and isolation in industrial processes, target detection and identification in national

defense, pattern recognition and machine learning, radar and sonar signal processing, seis-

mology, speech and image processing, biomedical signal processing, finance, and insurance.
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For example, suppose we perform a quality test on each item produced from a manufacturing
process consisting of several complex processing components (labeled 1,2,..., M). As long
as each processing component is operating properly, we can expect the distribution of our
quality test statistic to be stationary. Now, if there occurs a sudden fault in one of the pro-
cessing components, this can change the distribution of our quality test statistic depending
on the processing component which caused the fault. It may be costly to continue manufac-
ture of the items at a substandard quality level, so we must decide when to (temporarily)
shut down the manufacturing process and repair the fault. However, it may also be expensive
to dissect each and every processing component in order to identify the source of the failure
and to fix it. So, not only do we want to detect quickly when a fault happens, but, at the
same time we want also to identify accurately which processing component is the cause. The
time and the cause of the fault will be distributed independently according to a geometric
and a finite distribution, respectively, if each component fails independently according to
some geometric distributions, which is a reasonable assumption for highly reliable compo-
nents; see Section [5.5] As another example, an insurance company may monitor reported
claims not only to detect a change in its risk exposure, but also to assess the nature of the
change so that it can adjust its premium schedule or re-balance appropriately its portfolio
of reserves to hedge against a different distribution of loss scenarios.

Sequential change diagnosis can be viewed as the fusion of two fundamental areas of
sequential analysis: change detection and multi-hypothesis testing. In traditional change
detection problems, M = 1 and there is only one change distribution, IP;; therefore, the focus
is exclusively on detecting the change time, whereas in traditional sequential multi-hypothesis
testing problems, there is no change time to consider. Instead, every observation has common
distribution P, for some unknown g, and the focus is exclusively on the inference of ;1. Both
change detection and sequential multi-hypothesis testing have been studied extensively. For
recent reviews of these areas, we refer the reader to Basseville and Nikiforov [3], Dragalin,
Tartakovsky and Veeravalli [8 9], and Lai [14], and the references therein.

However, the sequential change diagnosis problem involves key trade-off decisions not taken
into account by separately applying techniques for change detection and sequential multi-
hypothesis testing. While raising an alarm as soon as the change occurs is advantageous
for the change detection task, it is undesirable for the isolation task because the longer
one waits to raise the alarm, the more observations one has to use for inferring the change
distribution. Moreover, the unknown change time complicates the isolation task, and, as a
result, adaptation of existing sequential multi-hypothesis testing algorithms is problematic.

The theory of sequential change diagnosis has not been broadly developed. Nikiforov [10]
provides the first results for this problem, showing asymptotic optimality for a certain
non-Bayesian approach, and Lai [13] generalizes these results through the development of
information-theoretic bounds and the application of likelihood methods. In this paper, we

follow a Bayesian approach to reveal a new sequential decision strategy for this problem,
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which incorporates a priori knowledge regarding the distributions of the change time 6 and
of the change index p. We prove that this strategy is optimal and we describe an accurate
numerical scheme for its implementation.

In Section [2| we formulate precisely the problem in a Bayesian framework, and in Section
we show that it can be reduced to an optimal stopping of a Markov process whose state space
is the standard probability simplex. In addition, we establish a simple recursive formula that
captures the dynamics of the process and yields a sufficient statistic fit for online tracking.

In Section [ we use optimal stopping theory to substantiate the optimality equation for the
value function of the optimal stopping problem. Moreover, we prove that this value function
is bounded, concave, and continuous on the standard probability simplex. Furthermore, we
prove that the optimal decision strategy uses a finite number of observations on average
and we establish some important characteristics of the associated optimal stopping/decision
region. In particular, we show that the optimal stopping region of the state space for the
problem consists of M non-empty, convex, closed, and bounded subsets. Also, we consider
a truncated version of the problem that allows at most N observations from the sequence
of random measurements. We establish an explicit bound (inversely proportional to N) for
the approximation error associated with this truncated problem.

In Section [5| we show that the separate problems of change detection and sequential multi-
hypothesis testing are solved as special cases of the overall joint solution. We illustrate
some geometrical properties of the optimal method and demonstrate its implementation by
numerical examples for the special cases M = 2 and M = 3. Specifically, we show instances
in which the M convex subsets comprising the optimal stopping region are connected and
instances in which they are not. Likewise, we show that the continuation region (i.e., the
complement of the stopping region) need not be connected. We provide a solution to the
problem of detection and identification of component failure(s) in a system with suspended
animation. Finally, we outline in Section [6] how the change-diagnosis algorithm may be
implemented with a computer in general. Proofs of most results are deferred to the Appendix.

2. PROBLEM STATEMENT

Let (2, F,P) be a probability space hosting random variables 6 : Q — {0,1,...} and
Q= M= {1,...,M} and a process X = (X,),>1 taking values in some measurable
space (E,&). Suppose that for every t > 1,4 € M, n > 1, and (Ey)}_, €&

(2.1) P{o0=t,u=14,X1€E,....X, € E,}
=(1-po)A=p)'pri  J[ Po(E) J[ PiE)
1<k<L(t—1)An tv1<i<n

for some given probability measures Py, Py,..., Py on (E,E), known constants py € [0, 1],
p € (0,1), and v; > 0,i € M such that vy, + -+ + vy = 1, where z Ay = min{xz,y}
and z V y = max{z,y}. Namely, 6 is independent of x; it has a zero-modified geometric



4 SAVAS DAYANIK, CHRISTIAN GOULDING, AND H. VINCENT POOR

distribution with parameters py and p in the terminology of Klugman, Panjer, and Willmot
[12, Sec. 3.6], which reduces to the standard geometric distribution with success probability
p when pg = 0. Moreover, v; is the probability that the change type p is ¢ for every
1=1,..., M.

Conditionally on # and p, the random variables X,,, n > 1 are independent; X1, ..., Xy 1
and Xy, Xgq,... are identically distributed with common distributions Py and P, respec-
tively. The probability measures Py, Pq, ..., Py, always admit densities with respect to some
o-finite measure m on (E, £); for example, we can take m = Py + Py - - + Py;. So, we fix m
and denote the corresponding densities by fo, f1, ..., fur, respectively.

Suppose now that we observe sequentially the random variables X,,, n > 1. Their common
probability density function fy, changes at stage 6 to some other probability density function
fu, i € M. Our objective is to detect the change time ¢ as quickly as possible and isolate
the change index p as accurately as possible. More precisely, given costs associated with
detection delay, false alarm, and false isolation of the change index, we seek a strategy that
minimizes the expected total change detection and isolation cost.

In view of the fact that the observations arrive sequentially, we are interested in sequen-
tial diagnosis schemes. Specifically, let F = (F,),>0 denote the natural filtration of the
observation process X, where

Fo={2,Q} and F,=o0(Xy,...,X,), n>1

A sequential decision strategy § = (7,d) is a pair consisting of a stopping time (or stopping
rule) T of the filtration F and a terminal decision rule d : Q2 — M measurable with respect
to the history F, = o(X,a-;n > 1) of observation process X through stage 7. Applying a
sequential decision strategy ¢ = (7, d) consists of announcing at the end of stage 7 that the
common probability density function has changed from f; to f; at or before stage 7. Let

A2 {(r,d)| 7 €F, and d € F, is an M-valued random variable}

denote the collection of all such sequential decision strategies (“7 € F” means that 7 is a
stopping time of filtration IF). Let us specify the possible losses associated with a sequential
decision strategy 0 = (7,d) € A as follows:

(i) Detection delay loss. Let us denote by a fixed positive constant ¢ the detection delay
cost per period. Then the expected decision delay cost for 4 is E[c(T — )], possibly
infinite, where (z)* £ max{r, 0}.

(ii) Terminal decision loss. Here we identify two cases of isolation loss depending on
whether or not the change has actually occurred at or before the stage in which we
announce the isolation decision:

(a) Loss due to false alarm. Let us denote by ao; the isolation cost on {7 < ,d = j}
for every j € M. Then the expected false alarm cost for § is E[apal{r<g}]-
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(b) Loss due to false isolation. Let us denote by a;; the isolation cost on the event
{6 <17 <00,d=j,u=1i} forevery i,j € M. Then the expected false isolation
cost for ¢ is Elayqlg<r<oo}]-

Here, a;;,%,7 € M are known nonnegative constants, and a; = 0 for every ¢ € M;

i.e., no cost incurred for making a correct terminal decision.

Accordingly, for every sequential decision strategy 6 = (7,d) € A, we define a Bayes risk
function

(22) R<5) - CE[(T - 9)+] + E[a0d1{7<9} + aud1{9§7<oo}]

as the expected diagnosis cost: the sum of the expected detection delay cost and the expected
terminal decision cost upon alarm. The problem is to find a sequential decision strategy
d = (1,d) € A (if it exists) with the minimum Bayes risk

* A .
(2.3) R* = ggg R(6).

3. POSTERIOR ANALYSIS AND FORMULATION AS AN OPTIMAL STOPPING PROBLEM

In this section we show that the Bayes risk function in can be written as the expected
value of the running and terminal costs driven by a certain Markov process. We use this fact
to recast the minimum Bayes risk in as a Markov optimal stopping problem.

Let us introduce the posterior probability processes

NO2pHo>n|F) and MV 2P <npu=i|F,}, ie€M,n>0.

Having observed the first n observations, IS

is the posterior probability that the change
has not yet occurred at or before stage n, while 1Y is the posterior joint probability that the
change has occurred by stage n and that the hypothesis © = 7 is correct. The connection of
these posterior probabilities to the loss structure for our problem is established in the next

proposition.

Proposition 3.1. For every sequential decision strateqy 6 € A, the Bayes risk function

can be expressed in terms of the process I1 = {II,, = (Hq(lo), . ,H%M))}nzo as
T—1 M M

R(E) =E Y el =) + Loy D Ly Y a1
n=0 j=1 i=0

While our original formulation of the Bayes risk function was in terms of the values of
the unobservable random variables 6 and pu, Proposition [3.1] gives us an equivalent version of
the Bayes risk function in terms of the posterior distributions for # and p. This is particularly
effective in light of Proposition 3.2 which we state with the aid of some additional notation
that is referred to throughout the paper. Let

SMé{’]T:(ﬂo,Wl,...,TFM)E [0,1]M+1 ‘ 7T0+W1+"'+7TM:1}
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denote the standard M-dimensional probability simplex. Define the mappings D; : SM x E +—
[0,1],i € M and D : SM x E — [0,1] by

(1 =p)mofo(z), =0 M

(3.1) Di(m,z) £ 4 . D(mx) &) Di(mx),
(mi +mopvi) fi(x), i €M ;

and the operator T on the collection of bounded functions f : S — R by

(3.2) (Tf)(x) £ /Em(dx) D(m,z) f (%O(g’j)) fee lz)]\?;ﬂ;;;)) for every m € SM.

Proposition 3.2. The process Il possesses the following properties:

(a) The process T1V) = {H%O),fn}nzo is a supermartingale, and ETIV) < (1 — p)* for
every n > 0.

(b) The process 1) & {Hg),fn}nzo is a submartingale for every i € M.

(¢) The process T = {(IL, ..., H%M))}nzo is a Markov process, and

W = . ie{0}UM, n>0,
o D(Hn>Xn+1) { }

with initial state HE)O) =1—py and Hg) = pov;, © € M. Moreover, for every bounded
function f: SM— R and n >0, we have E[f(IL,11)|1L,] = (Tf)(IL,).

Remark 3.3. Since 1 = M 11, the vector (H%O), LI € SM for every n > 0. Since
IT is uniformly bounded, the limit lim,,_.. 11, exists by the martingale convergence theorem.
Moreover, lim,,_, Y =0 as. by Proposition (a) since p € (0,1).

Now, let the functions h, hq, ..., hy from SM into R, be defined by

M
h(m) & jné}\r/ll hj(m) and hy(m) £ Zm aij, JEM,
i=0

respectively. Then, we note that for every § = (7,d) € A, we have

T—1 M
R(rd)=E Y (1 =T0) + ey > Liamjphy(IL,)
Ln j=1

I
[ ]

> E C(l - H%O)) + 1{T<00}h<]'_‘[7')

;Y

= R(7,d)

[e=]

n=

where we define on the event {7 < 0o} the terminal decision rule d to be any index satisfying
h;(IL;) = h(IL;). In other words, an optimal terminal decision depends only upon the value
of the II process at the stage in which we stop. Note also that the functions h and hy, ..., hys
are bounded on S™. Therefore, we have the following:
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lemma 3.4. The minimum Bayes risk reduces to the following optimal stopping of the
Markov process 11:

T—1

R*= inf R(7,d inf RTd =inf E c( +1ToohH
(Td)eA( ) = (Td)eA( LR DS freooph(Il7) | .

We simplify this formulation further by showing that it is enough to take the infimum over

(3.4) C={reF|7 <ooas. and EY, < oo},
where

n—1
(3.5) Y, 2N (1 -0+ h(IL,), n>0

£
I

0
is the minimum cost obtained by making the best terminal decision when alarm is set at time
n. Since h(-) is bounded on SM| the process {Y,,, F,;n > 0} consists of integrable random
variables. So the expectation EY, exists for every 7 € [F, and our problem becomes

(3.6) —R* = supEY,.

TEF
Observe that ET < oo for every 7 € C because co > (1/c)EY,” > E(r —6)" > E(r —0) >
Er —E6 > Er — (1/p). In fact, we have EY, > —c0 & EY.” < o0 & E7 < oo for every
7 € F. Since sup, .z EY; > EY; > —h(lly) > —o0, it is enough to consider 7 € [F such that
ET < oo. Namely, (3.6) reduces to
(3.7) —R* = supEY,.

TeC

4. SOLUTION VIA OPTIMAL STOPPING THEORY

In this section we derive an optimal solution for the sequential change diagnosis problem
in (2.3) by building on the formulation of (3.7)) via the tools of optimal stopping theory.

4.1. The optimality equation. We begin by applying the method of truncation with a
view of passing to the limit to arrive at the final result. For every N > 0and n=20,..., N,
define the sub-collections

Co2{rvn|r€C} and CNE2{rAN|T€C,}

of stopping times in C of (3.4]). Note that C' = Cy. Now, consider the families of (truncated)
optimal stopping problems corresponding to (C,,),>0 and (CY)o<n<n, respectively, defined
by

(4.1) —V,2supEY;, n>0 and —VVN 2 sup EY,, 0<n<N, N>0.

n
T€Ch Tecy

Note that R* = V4.
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To investigate these optimal stopping problems, we introduce versions of the Snell envelope
of (Y)n>o0 (i-e., the smallest regular supermartingale dominating (Y;,),>0) corresponding to
(Cp)nso and (CN)o<n<n, respectively, defined by
(4.2) v, 2esssupE[Y; | F,], n >0 and Y £esssupE[Y;|F,], 0<n <N, N>0.

TECH recy

Then through the following series of lemmas, whose proofs are deferred to the Appendix, we
point out several useful properties of these Snell envelopes. Finally, we extend these results
to an arbitrary initial state vector and establish the optimality equation. Note that each of
the ensuing (in)equalities between random variables are in the P-almost sure sense.

First, these Snell envelopes provide the following alternative expressions for the optimal
stopping problems introduced in (4.1)) above.

lemma 4.1. For every N >0 and 0 <n < N, we have —V,, = Ev,, and —VN =EY.
Second, we have the following backward-induction equations.

lemma 4.2. We have 7y, = max{Y,,E[v,41|Fa]} for every n > 0. For every N > 1 and
0<n<N -1, we have v§ = Yn and 7Y = max{V,,E[Y,, | F.]}.

We also have that these versions of the Snell envelopes coincide in the limit as N — oo.
That is,

lemma 4.3. For every n > 0, we have 7, = limy_o V2.

Next, recall from (3.2) and Proposition [3.2fc) the operator T and let us introduce the
operator M on the collection of bounded functions f : SM — R, defined by

(4.3) (Mf)(r) £ min{h(n),c(1 — m) + (Tf)(m)}, e SM.

Observe that 0 < Mf < h. That is, 7 — (Mf)(7) is a nonnegative bounded function.
Therefore, M2 f = M(Mf) is well-defined. If f is nonnegative and bounded, then M"f =
M(M"™! f) is defined for every n > 1, with M°f = f by definition. Using operator M, we
can express (7Y )o<n<n in terms of the process IT as stated in the following lemma.

lemma 4.4. For every N >0, and 0 <n < N, we have
n—1

(4.4) W =—edy (1 -1y — (MNTR)(IL,,).

k=0

The next lemma shows how the optimal stopping problems can be rewritten in terms of
the operator M. It also conveys the connection between the truncated optimal stopping
problems and the initial state Iy of the II process.

lemma 4.5. We have
(a) VY = (MNh) (M) for every N >0, and
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(b) Vo= lim (MVh)(ILy).

N—oo

Observe that since Iy € Fy = {9, Q}, we have P{Il, = 7} = 1 for some 7 € SM. On
the other hand, for every 7 € S™ we can construct a probability space (€, F,P,) hosting
a Markov process II with the same dynamics as in (3.3) and P,{Ily = 7} = 1. Moreover,
on such a probability space, the preceding results remain valid. So, let us denote by E the
expectation with respect to P, and rewrite as

—Vo(r) & sup E;Y,, n>0, and —V¥(r)= sup E,Y;, 0<n<N, N>0

T€Ch TeCy

for every 7 € SM. Then Lemma 4.5 implies that
(4.5) V(1) = (MNh)(n) for every N >0, and Vpy(m) = lim (MY h)(n)

for every m € SM. Taking limits as N — oo of both sides in (M~ *1h) (1) = M(MYh)(r) and
applying the monotone convergence theorem on the right-hand side yields V(7)) = (MVp) (7).
Hence, we have shown the following result.

Proposition 4.6 (Optimality equation). For every m € SM, we have
(4.6) Volm) = (MV) () = min{h(r), e(1 — m) + (TVo)(m)}.

Remark 4.7. By solving Vo(r) for any initial state 7 € S™, we capture the solution to the
original problem since property (c) of Proposition 3.4 and (3.7) imply that

R = Vb(l — Po, PoV1, - - - 7]00VM).

4.2. Some properties of the value function. Now, we reveal some important properties
of the value function Vy(+) of (4.5). These results help us to establish an optimal solution for
Vo(+), and hence an optimal solution for R*, in the next subsection.

lemma 4.8. If g : SM — R is a bounded concave function, then so is Tg.
Proposition 4.9. The mappings ™ +— V& (7), N > 0 and 7 — V(7)) are concave.

Proposition 4.10. For every N > 1 and 7 € S™, we have

vilm) < V() < va(m + (121 1)

Since ||h|| £ sup,egm [h(7)| < 00, limy o | V¥ () = Vi(rr) uniformly in = € SM.
Proposition 4.11. For every N > 0, the function V¥ : S™ — R, is continuous.
Corollary 4.12. The function Vi : SM +— R is continuous.

Note that SM is a compact subset of RM "1 so while continuity of Vy(+) on the interior
of SM follows from the concavity of V(-) by Proposition , Corollary establishes
continuity on all of SM, including its boundary.
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4.3. An optimal sequential decision strategy. Finally, we describe the optimal stopping
region in SM implied by the value function Vj(+), and we present an optimal sequential
decision strategy for our problem. Let us define for every N > 0,

Ty 2 {r eS| V¥ =n(x)}, TW20yn{xreSM|h(x)=hix)}, j €M,
I 2 {7 ecSY|Vy(n) = h(n)}, I 210 {recSY|h(r)=hr)}, j € M.

Theorem below shows that it is always optimal to stop and raise an alarm as soon
as the posterior probability process Il enters the region I'. Intuitively, this follows from
the optimality equation . At any stage, we always have two choices: either we stop
immediately and raise an alarm or we wait for at least one more stage and take an additional
observation. If the posterior probability of all possibilities is given by the vector 7, then the
costs of those competing actions equal h(7) and ¢(1 — m) + (TVp) (), respectively, and it is
always better to take the action that has the smaller expected cost. The cost of stopping
is less (and therefore stopping is optimal) if h(7) < ¢(1 — mo) + (TVp) (), equivalently, if
Vo(m) = h(w). Likewise, if at most N stages are left, then stopping is optimal if V{ (7) = h(7)
orm € I'y.

For each j € {0} UM, let e; € SM denote the unit vector consisting of zero in every
component except for the jth component, which is equal to one. Note that eg,..., ey are
the extreme points of the closed convex set SM, and any vector m = (7, ..., my) € SM can
be expressed in terms of e, ..., ey as ™ = ij\io Ti€;j.

theorem 4.13. For every j € M, ( )N>0 1S a decreasing sequence of non-empty, closed,
convex subsets of SM. Moreover,

I’ 21 2+ 2T 2 {7 € S | hy(r) < min{h(n), (1 — m0)}} S e,

= ﬁ Ty = Ur@, and T = ﬁ r%, jeM.
N=1 =1

N=1

Furthermore, SM =Ty DI D--- DT 2 {e1,...,enm}.
lemma 4.14. For every n > 0, we have 7, = —c 3 p—o(1 — 0)) — Vo(I1,,).

theorem 4.15. Let o = inf{n > 0|II, € T'}.
(a) The stopped process {Ynno, Fn;n > 0} is a martingale.

(b) The random variable o is an optimal stopping time for Vi, and
(c) Eo < .

Therefore, the pair (o, d*) is an optimal sequential decision strategy for (2.3]), where the
optimal stopping rule o is given by Theorem [£.15 and, as in the proof of Lemma [3.4] the

optimal terminal decision rule d* is given by

d*=j ontheevent {o=n,ll, € DY for every n > 0.
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Accordingly, the set I' is called the stopping region implied by Vo (-), and Theorem [4.13|reveals
its basic structure. We demonstrate the use of these results in the numerical examples of
Section [

Note that we can take a similar approach to prove that the stopping rules oy 2 inf{n >
0|1L, € Tx_n}, N > 0 are optimal for the truncated problems V{¥(-), N > 0 in . Thus,
for each N > 0, the set I'y is called the stopping region for V¥ (-): it is optimal to terminate

the experiments in I'y if IV stages are left before truncation.

5. SPECIAL CASES AND EXAMPLES

In this section we discuss solutions for various special cases of the general formulation
given in Section [2 First, we show how the traditional problems of Bayesian sequential
change detection and Bayesian sequential multi-hypothesis testing are formulated via the
framework of Section [2 Then we present numerical examples for the cases M = 2 and
M = 3. In particular, we develop a geometrical framework for working with the sufficient
statistic developed in Section [3| and the optimal sequential decision strategy developed in
Section [l Finally, we solve the special problem of detection and identification of primary

component failure(s) in a system with suspended animation.

5.1. A. N. Shiryaev’s sequential change detection problem. Set ay; = 1 for j € M
and a;; = 0 for i, j € M, then the Bayes risk function ({2.2)) becomes

R(0) = cE[(T — 0)"] + Elaoal{r<oy + tualio<r<ocy] = cE[(T — 0)7] + E[1{-<q)]
=P{r <0} + cE[(r —0)"].

This is the Bayes risk studied by Shiryaev [19, 20] to solve the sequential change detection
problem.

5.2. Sequential multi-hypothesis testing. Set py = 1, then § = 0 a.s. and thus the Bayes
risk function (2.2)) becomes

R(é) = CE{(T — 9)+] + E[a0d1{7<9} + aud1{9§7<oo}] = E[CT + a#d1{7<oo}].

This gives the sequential multi-hypothesis testing problem studied by Wald and Wolfowitz
[22], Arrow, Blackwell, and Girshick [I]; see also Blackwell and Girshick [5].

5.3. Two alternatives after the change. In this subsection we consider the special case
M = 2 in which we have only two possible change distributions, fi(-) and fa(-). We describe a
graphical representation of the stopping and continuation regions for an arbitrary instance of
the special case M = 2. Then we use this representation to illustrate geometrical properties
of the optimal method (Section via model instances for certain choices of the model
parameters po, p, V1, Va, fo(+), fi(*), fa(), @o1, aos, ara, az, and c.

Let the linear mapping L : R? — R2 be defined by L(m, 711, 7o) = (\%m + \/Lgm, o). Since
7o = 1 — m — 7y for every m = (mg, 71, T2) € S? C R3, we can recover the preimage 7 of any
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(0,0,1)

P

(1,0,0)

| LS R

FiGURE 1. Linear mapping L of the standard two-dimensional probability

simplex S? from the positive orthant of R? into the positive quadrant of R?.

point L(7) € L(S?) C R% For every point m = (m, 71, m2) € S?, the coordinate m; is given
by the Euclidean distance from the image point L(7) to the edge of the image triangle L(S?)
that is opposite the image point L(e;), for each i = 0, 1,2. For example, the distance from
the image point L(7) to the edge of the image triangle opposite the lower-left-hand corner
L(1,0,0) = (0,0) is the value of the preimage coordinate my. See Figure

Therefore, we can work with the mappings L(I") and L(S? \ T') of the stopping region T
and the continuation region S? \ T', respectively. Accordingly, we depict the decision region
for each instance in this subsection using the two-dimensional representation as in the right-
hand-side of Figure [I| and we drop the L(-) notation when labeling various parts of each
figure to emphasize their source in S2.

Each of the examples in this section have the following model parameters in common:

_ 1 _ 1
Po = 75> — 920

2
f_(llll) f_(iili) f_(ilii)
0=\ 1201)> 1= \10°10° 10’ 10/ 2~ \10°10°10°10/ °

We vary the delay cost and false alarm /isolation costs to illustrate certain geometrical prop-

1
v =V =3,

erties of the continuation and stopping regions. See Figures [2] [3| and []

Specifically, these examples show instances in which the M = 2 convex subsets comprising
the optimal stopping region are connected (Figure [2) and instances in which they are not
(Figures [3] and [|(a)). Figure [4(b) shows an instance in which the continuation region is
disconnected.

Each of the figures in this section have certain features in common. On each subfigure
there is a dashed line representing those states 7 € S? at which hy(7) = ha(7). Also, each
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(0,0,1) (0,0,1)

(0,1,0)

FiGURE 2. Illustration of connected stopping regions and the effects of vari-

ation in the false-alarm costs. (a) and (b): a;s = ayy = 3,¢ = 1. (a):

ap1 = Ap = 10. (b) app = Qo2 = 50.

(1,0,0) (0,1,0)

FiGure 3. Mlustration of disconnected stopping regions and the effects of
asymmetric false-isolation costs. (a) and (b): ag; = age = 10, ¢ = 1. (a):
19 = A91 = 10. (b) 19 = 16,&21 = 4.

subfigure shows a sample path of (II,)7_, and the realizations of # and u for the sample.
The shaded area, including its solid boundary, represents the optimal stopping region, while
the unshaded area represents the continuation region.

An implementation of the optimal strategy as described in Section is as follows: Initial-
ize the statistic II = (II,,),>¢ by setting IIy = (1 — po, pov1, pova) as in part (c) of Proposition
. Use the dynamics of to update the statistic 1I,, as each observation X, is realized.
Stop taking observations when the statistic II,, enters the stopping region I' = ') UT'® for
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(0,0,1) (0,0,1)

h1;h2

,0,0)

(1

FI1GURE 4. Illustration of a disconnected continuation region and the effects
of variation in the delay cost. (a) and (b): ag; = 14, a2 = 20, a1 = as = 8.

(a): c=1. (b): c=2.

the first time, possibly before the first observation is taken (i.e., n = 0). The optimal ter-
minal decision is based upon whether the statistic II,, is in '™ or I'® upon stopping. Each
of the sample paths in Figures [2], 3] and [] were generated via this algorithm. As Figure
shows, the sets '™ and I'® can intersect on their boundaries and so it is possible to stop
in their intersection. In this case, either of the decisions d = 1 or d = 2 is optimal.

We use value iteration of the optimality equation over a fine discretization of S? to
compute Vg(+) and generate the decision region for each subfigure. Because in the expression
Vo(m) = min{h(n), c(1—m9)+ (TVy)(m)} the value V() for any fixed initial condition [Ty = 7
on the left depends on the entire function V4(-) on S™ on the right, we have to calculate
Vo(+) (or approximate it by V¥ (-)) on the entire space S™. The resulting discretized decision
region is mapped into the plane via L.

See Bertsekas [4, Chapter 3] for techniques of computing the value function via the op-
timality equation such as value iteration. Solving the optimality equation by discretizing
high-dimensional state-space may not be the best option. Monte Carlo methods based on
regression models for the value function seem to scale better as the dimension of the state-
space increases; see, for example, Longstaff and Schwartz [I5], Tsitsiklis and van Roy [21],
Glasserman [10, Chapter 8] for details.

5.4. Three alternatives after the change. In this subsection we consider the special case
M = 3 in which we have three possible change distributions, fi(-), f2(+), and f3(-). Here, the
continuation and stopping regions are subsets of S% C R*. Similar to the two-alternatives
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(0,0,0,1)

(0,0, 1’ O)

L

FiGure 5. Illustration of the mapped decision region for an instance of the
special case M = 3; see also Figure [7] below. A sample path of the process II
is shown in which § =6 and u =3

case, we introduce the mapping of S C R* into R? via

(7T07 1, T2, 7T3 <\/77T1 + 3 \/77-(2 + 5 \/777-37 2 \/77-(2 + 35 \/771—3’ 7T3)

Then we use this representation—actually a rotation of it—to illustrate in Figure [5 an
instance with the following model parameters:

c= 1, Qp; = 40, Q5 = 20, j 1 2 3.

Note that Figure |5 can be interpreted in a manner similar to the figures of the previous
subsection. In this case, for every point m = (g, 7y, T2, m3) € S3, the coordinate m; is given
by the (Euclidean) distance from the image point L(7) to the face of the image tetrahedron
L(S?) that is opposite the image corner L(e;), for each i = 0,1, 2, 3.
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5.5. Detection and identification of component failure(s) in a system with sus-
pended animation. Consider a system consisting initially of two working concealed com-
ponents (labeled 1 and 2) such that upon the failure of either component, the system goes
into a state of suspended animation. That is, while both components are still working nor-
mally, observations of output of the system have density fo(+), but upon failure of either
component the density of observations changes thereafter (until an alarm is raised) to one
of two alternatives: if component 2 fails before component 1, then post-failure observations
have density f5(-), otherwise they have density fi(-). The problem is to detect quickly when
there has been a component failure and to identify accurately which component has actually
failed based only on sequential observations of output of the system.

Let the random variables
1 if 6, <6,

0 :=0; Ay =min{b,, 0 and =
1 A8 = mindfs, ) : {2 if 6, > 0,

be respectively the time of failure of the first failed component of the system and the cor-
responding index of this component, where the failure time 6; of the ¢th component is a
random variable having a geometric distribution with failure probability p;, « = 1,2. It can
be shown easily that when the disorder times #; and 65 are independent, the random variable
0 has a geometric distribution with failure probability p := p; + p2 — p1p2 (or equivalently,
0 has a zero-modified geometric distribution with parameters py = 0 and p) and that it is
independent of the random variable p, which has distribution v4 = py/p and v, = 1 — 1.
So although the failure type (i.e., which component has failed) is a function of the failure
times of each component, it turns out that this problem fits properly within the Bayesian
sequential change diagnosis framework.

This problem can be extended naturally to several components and solved via the tech-
nology of Sections |3 and In fact, it can be configured for a variety of scenarios. For
example, series-connected components where malfunction of one component suspends im-
mediately the operation of all the remaining components can appear in various electronic
relays and multicomponent electronic devices which have fuses to protect the system from
the misbehavior of one of its components. Since the system may react differently to diagnos-
tics run by the operators, post-malfunction behavior can differ according to the underlying
cause of the malfunction. See Barlow [2, Section 8.4] for background on series systems with
suspended animation. Consider also a manufacturing process where we perform a quality
test on the final output produced from several processing components. If a component is
highly reliable then a geometric distribution with a low failure rate can be a reasonable choice
for the lifetime of the component. Moreover, since the typical duration between successive
component failures widens over time we can often treat the remaining components as if they
enter a state of suspended animation under certain cost structures. That is, we can expect
the remaining components to outlive the alarm. For example, suppose that two independent
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geometric random variables have expected lifetime of 1000 each. Then the first failure will
occur at about time 500 on average, while the second failure will take an additional 1000
periods on average to occur. As illustrated in Figures [2] and [, respectively, lower false-alarm
costs promote raising the alarm earlier, while a higher delay cost discourages waiting for
more than relatively few additional periods to raise the alarm.

Specifically, suppose that in a “black box” there are K components whose lifetimes are
independent and geometrically distributed. Observations have initially distribution fo(-)
while the system is working, but upon failure of a single component (or simultaneous failure
of multiple components), the remaining components enter a state of suspended animation,
and the post-failure distribution of observations is determined by the failed component(s).
We want to detect the time when at least one of them fails as soon as possible. Moreover,
when we raise an alarm we would like to be able to make as accurately as possible diagnoses
such as (1) how many of the components have actually failed, and (2) which ones.

Again, let the failure time 6y, of the kth component be a random variable having a geometric
distribution with failure probability py, k € K :={1,2,..., K}, and define

9:91/\92A/\9K:m1n0k
kel

as the time when at least one of the K components fails. Let the mapping ¢ : 2F
{0,1,...} be a nonnegative-integer-valued measure on the discrete o-algebra 2~ of the set
K =1{1,2,..., K} of component indices, and define the random variable

ii=p({k € K16=10,})

as an index function on the set of indices of the failed components. When the random
variables 61,...,0k are independent, it can be shown that the random variable 6 has a
geometric distribution with failure probability

p:zl—H(l—pi)
€K

and that it is independent of the random variable u, which has distribution

yk:—;? Z sz- H(l_pj)7 ke M:={1,2,...,M = p(K)}.

Acp~1(k)i€EA  jeK\A

So, the preceding example of two components corresponds to the special case where K = 2
and p(A) = min A for A € {{1},{1,2},{2}}. We can handle the other two aforementioned

objectives as follows:

(1) Let ¢(A) = |A|, A € 2%, Then the random variable ;i represents how many compo-
nents fail.

(2) Let p(A) = >,c427 1, A € 2% Then the mapping ¢ is one-to-one, the random
variable p takes values in 1,2,...,25 — 1, and the set ¢~1(u) consists of the indices
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of the components which fail; i.e., the random variable y identifies uniquely which

components fail.

6. ON THE COMPUTER IMPLEMENTATION OF THE CHANGE-DIAGNOSIS ALGORITHM.

Updating posterior probability process II online with a computer by using the recursive
equations in and is fast. However, programming a computer to check online
whether this process has just entered the optimal stopping region is a challenging task. This
is especially so because (i) the critical boundaries of stopping regions do not have known
closed-form expressions, and (ii) extensive online computations to determine if one of these
boundaries is crossed can take excessive time and defeat the purpose of quickest change
detection. Here we outline an implementation strategy that should perform well in general.

The strategy is based on sparse offline representations of critical boundaries between stop-
ping and continuation regions. Suppose that the posterior probability process Il has just
been updated to some 7 = (mg, Ty, ..., my) € SM. An alarm has to be raised if and only if
el =TWu...uT™), Checking 7 € T® for every i = 1,..., M (in the worst case) is,
however, unnecessary because

Tel <= mnel; if hi(w):h(ﬂ)zlgg}whj(w).

In other words, one should

(i) find ¢ = argminy<;<p h;(m) first, and
(ii) raise an alarm and declare that a change of type i has happened if 7 € '), or

(iii) wait for at least one more period before raising any alarm otherwise.

Let us suppose that i = argmin;<;j<ys hj(m). Checking if 7 € I'® will be fast if both 7 and
I'® are represented in terms of polar coordinates, set up locally relative to the corner of SM
confined in the convex set '),

To illustrate the ideas with simple pictures, we will focus on the case that there are M = 2
alternatives after the change; see Figure @ If 1 = 7° (respectively, # = 7°) as in Figure
[6(a), then hy(w) < ho(m) and i = 1 (respectively, hi(m) > ho(m) and i = 2). In either
case, m can be identified relative to each corner in terms of (i) the Euclidean distance to
that corner (denoted by r;(m), j = 0,1,2) and (ii) one arbitrary but fixed angle (say, by
Bi(m), j = 0,1,2,3 indicated on Figure [6(a)) between the line connecting m and the corner
and the rays forming the same corner. Every point on the critical boundary of the stopping
region 'Y, j = 1,2 admits the same representation. Let us express by r = g;(0) the critical
boundary of the stopping region I'?) in terms of the polar coordinates (3, 7) measured locally
with respect to the corner of the simplex confined in ') for j = 1,2. Then 7° € T if and
only if 71(7°) < ¢1(51(7°)), and 7° € T if and only if ro(7°) < g2(2(7°)); see Figures [g[b)
and [6](c), respectively.
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(0,0,1)

>

(in radian)

o
=@
S
—~
3
o
N—
Wl

- =

>

(in radian)

FIGURE 6. For the sample problem displayed in Figure[f{(a) (M = 2), optimal
stopping regions and local polar coordinate systems are shown in (a). The
critical boundaries of the stopping regions '™V and I'® are expressed in terms
of local polar coordinates in (b) and (c), respectively. In (d), polar coordinates
of m are stated in terms of its Cartesian coordinates. As in Section [5.3], we
drop L from L(7°), L(T'W), L(1,0,0), etc. and simply write 7°, '™, (1,0, 0).
In (a) hy(7°) < ho(m°) and hy(7°) > ho(7°).

The plan outlined above works well (i) if the local polar coordinates of 7 can be identified
online quickly, (ii) if the local representations g;(-), j = 1,2 of the critical boundaries can be
stored efficiently to the computer memory, and (iii) if from there they can be retrieved and
evaluated fast on demand. Next we will explain how these requirements can be achieved.
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Recall from Section and Figure [1| that 7 € S? C R? is embedded into the equilateral
triangle L(S?) C R? by means of a linear map 7 + L(7). In this natural representation of
posterior distributions, m = (mg, 71, m2) is mapped to the point L(7w) = (\%m + \%7@, 7r2),
whose Euclidean distance to the images L(1,0,0) = (0,0), L(0,1,0) = (Z,0), L(0,0,1) =

/3’
(\/ig, 1) (corners of the equilateral triangle L(5?)) of (1,0,0), (0,1,0), (0,0, 1) are

ro(m) £ [ L(1,0,0) — L(m)|| =

(7} + 73 + i),

Q| W~

ri(m) £ [1L(0,1,0) — L(n)]| (7§ + 73 + mom2),

ra(m) £ [1£(0,0,1) — L(n)]|

(W% + 71'% +7T07T1),

I
b

O W~

respectively; in a more compact way,

4
(6.1) ri(m) = 3 (—WH— Z 7rj7rk>, i=0,1,2;

0<j<k<2

see Figure[f(d). Because the Euclidean distance of L(r) to the edges opposite to the corners
L(1,0,0), L(0,1,0), L(0,0,1) are m, 71, and mo, respectively, the angles identified in Figure
[6fa) can also be calculated easily by

o ™

f1(m) = arcsin

= and [(m) = arcsin ;
\/§ (78 4+ 73 + moma) \/§ (m8 4+ 7% + moma)

or more compactly by

(6.2) ﬁz(ﬂ) _ T'4+2 mod 3 _ Ti4+2 mod 3 ’ i=01,2.

ri(7)
\/%1 (_772' + 20§j§k§2 7Tj7rk:>

Recall that at any 7 € S? one has to calculate 3;(7) and r;(7) only for i = arg min;<;<3 h;(7)

and check if r;(m) < g;(5;(m)) before raising an alarm.

Unfortunately, an exact/closed-form representation r = g;(3) of the critical boundary of
the stopping region '), j = 1,2 in terms of the local polar coordinates (3,r) relative to
the corner confined in T'¥) will almost never be available. Instead, only noisy observations
(due to the discretization of the state-space S? and termination of the value iteration at
some finite stage) of that relation can be obtained from the pairs (8;(m),r;(7)) for every
grid-point 7 on the (approximate) critical boundary of I') for every j = 1,2. Interpolation
between those points will certainly give an approximation for r = g;(5) for j = 1,2, but this
may waste a lot storage space and computational time during online evaluations, especially
when the grid on S? is fine. Instead, one can use some statistical smoothing technique to

compress the data with minimum loss of information.
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Let us suppose that N observations (3%, r*) &k = 1,..., N follow the model r*) =
g1 (R 4+ e®) for every k= 1,...,N and that €®, k =1,... N are ii.d. random variables
with zero mean and some finite common variance. Because 'V is convex, the function
B — ¢1(B) is concave, namely, fairly smooth. It may be plausible to approximate it by
a cubic spline (twice continuously differentiable piecewise cubic polynomial). The unique

curve 3 — gi(f) that has the minimum penalized sum of squared errors

(6.3 5@ 2 3 [ =5 44 [ G s

for any arbitrary but fixed smoothing parameter A > 0, among all twice-differentiable
curves is known to exist and belong to the family of cubic splines whose break-points are at
b1, ..., 0n; see, for example, de Boor [7], Green and Silverman [I1], Ramsay and Silverman
[17]. This optimality property and the ability to control the smoothness continuously through
A make cubic splines an attractive candidate for an approximate g;(+). If the variation of the
original curve 3 +— ¢1((3) is moderate, then the number of break-points 0 < K < N can be
taken significantly less than the number of measurements N, and there are O(K)-algorithms
that find the cubic spline minimizing with the given K break-points; see, for example,
Green and Silverman [I1], Section 2.3.3] for Reinsch algorithm. Other algorithms represent

the solution as a basis-function expansion

K43
D8 =) ¢j®(0)
j=1
in terms of K + 3 spline basis functions ®4, ..., ®x 3, and solve the minimization problem

in by finding the coefficients cy,...,cx13 using multiple-regression; see Green and
Silverman [I1, Section 3.6], Ramsay and Silverman [I7, Section 3.5 and Chapter 5]. Thus,
the approximation gi(-) of g1(-) can be stored to the computer memory for online use of
the change-diagnosis algorithm by means of only K + 3 numbers ¢, ...,cx13. The basis
functions @1, ®,, ... are cubic splines with compact support and can be stored easily and
evaluated fast online.

All of the above ideas apply without affecting significantly the online performance of the
diagnosis algorithm when the number of alternatives M after change is larger than two. For
example, if M = 3, then S3 C R* is embedded into a tetrahedron L(S?) C R? by a linear map
7+ L(7) defined in Section [p.4 The Euclidean distance of L(7) to the images L(1,0,0,0),
L(0,1,0,0), L(0,0,1,0), L(0,0,0,1) of (1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1) are given
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o) 2 1£(1,0,0,0) - <>H—\/ (734 74 7 s £ s+ )

ri(7) 2 |L(0,1,0,0) — -

— (m¢ + 73 + 72 + moma + W3 + M2m3),

T2 ( )_ HL<O 07170 :\/ 770+7T%+7T§+7T07T1+7T07Tg+77'1ﬂ'3>,
rs(m) 2 ||L(0,0,0,1) — \/

7TO + 7T% + W% + T + oo + 7T17T2),

respectively; or more compactly

3
(6.4) ri(m) = §<—m+ > mk>, i=0,1,2,3;

0<j<k<3

see Figure [7| Because the Euclidean distance of L() to the faces of the tetrahedron oppo-
site to the corners L(1,0,0,0), L(0,1,0,0), L(0,0,1,0), L(0,0,0,1) are mg, m, 7o, and s,
respectively, the distance r;(7) and two arbitrary but fixed angles, §;(m) = (51 (7), Bia(7)),

out of three angles defined by
i _ arcsin ik L0 <3, A

ri(m) \/% (=i + Lockeres Th7e)

form the local polar coordinates (5;(m),r;(7)) with respect to the corner of the simplex

(6.5) arcsin

confined in T, 0 <4 < 3 and determine L(7) uniquely.

The critical boundary between stopping region I'”, 1 <4 < 3 and the continuation region
can be represented by some concave surface r = g¢;() in terms of the same local polar
coordinate system (/3,7) just defined above in the vicinity of '™, where 3 = (31, 32) is now a
vector. If (3%, r(®)) k =1,..., N are the pairs (3,(), (7)) evaluated at grid-points 7 on
the approximate boundary of I'™)| then one can fit a thin plane spline §i(-), which is twice
continuously differentiable and minimizes the penalized sum of squared errors

N g~ N 2
S\@) 23 -aE) 2 ¥ [ (5;;6) (61, B2)dBr dBy

k=1 1<4,5<2

among all twice-differentiable curves on R? for every arbitrary but fixed smoothing param-
eter A > 0. As before, g;(8) = ZKJEB ¢;®;() admits a basis-function expansion, and the
coefficients ¢y, ..., ckxy3 can be found by using multiple-regression and stored in the com-
puter memory for the online use of change-diagnosis algorithms. See Green and Silverman
[11, Chapter 7] for statistical data smoothing in three and higher dimensional Euclidean
spaces by using thin plate splines. The similarity of the local polar coordinates ,
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, %\/g, 1) image of (0,0,0,1)

(7 + 73 + 72 + momy + mom2 + TMa)

(n% + 72 + 72 + momy + moms + WMs)

N [ N | NfwW

(n% + 72 + 72 + moma + Toms + Wams)

(1 éé\ﬁ 1)
2V 22V 22
image of
(0,0,1,0)

(0,0,0)
image of
(1,0,0,0)

3 1 /3 1 /3 3 /1 1 /1
(\/;W1+§\/;7T2+§\/;7F3,§\/;T2+§ 573, T3

image of m = (g, 71, T2, T3)

FIGURE 7. Polar coordinates of 7 (after transformation by L; see Section [5.4)

in terms of its Cartesian coordinates.

for M = 2 and (6.4), (6.5)) for M = 3 suggest that for general M > 2 and for a suitable
constant ¢y > 0

ri(m) = CM<—7TZ'+ Z 7Tj7Tk>, i=0,1,...,. M

0<j<k<M
and M — 1 arbitrary but fixed angles, 5;(7) = (Bi1, ..., Binm-1), out of M angles defined by
arcsin —J— — arcsin 1 , 0<j<M, j#i
7“1’(7T) \/CM (_Wi—i_ZngngkaWf)

form a local polar coordinate system (3;(m), r;(m)) with respect to the corner of the simplex
SM  RM confined in stopping region I'¥, 1 < i < M after a suitable linear transformation
L into RM-1,
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APPENDIX A. PROOFS

A.1. Proof of Proposition Note that since {7 > n} € F, for every n > 0, we have

=E Z 1ip<n<r
n=0

Moreover, for every j € M, we have {T =n,d=j} € F,, and E [1{d:j}1{7<9}] equals

Z 0

=0

E[(r-0)" ZEl{T>n}IP’(6<n|}"

n=0

o0 fe'e) N
D B [Lpmnampliosny] = Y E [Lirmnapy 1] = lim Y " [11m 011
n=0

N—o00
n=0 n=0

N
> Lprmnamy 1Y
n=0

because of the monotone convergence theorem and that limy_o{7 < N} = U2 {r <n} =

= lim E

N—oo

= lim E [1renapp ] = E [1frco0a=117]

N—oo

{T < o0}; see, for example, Ross [18]. Similarly, E [1{d:j#:i}1{9§7<00}] equals

Y E [Lmnip Lipsnp=i] = Y B [Lrmnap 1] = E [Lrcoo 197
n=0 n=0

for every i € M. Plugging these expressions into (2.2]) completes the proof. O

A.2. Proof of Proposition [3.2] Parts (a) and (b). Fix any A = {(Xj,...,X,,) € B} € F,
for some Borel B C E™. Then ({2.1)) implies that

(A.1) P(A) = / m(dxq) - - -m(dey)a,(z1, ..., x,)
B
where ay,(z1,...,7,) 2 Zij\io ag)(xl, ..o, Ty), and
(1 —po)(L—p)" Hfo(fb’z)’ 1 =0,
ag)(xla >$n) é = n n

o [T + (0=l Y0 =90 T o) [T o)

k=1
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Hence, o, (z1,...,x,) is the joint probability density function of X7, ..., X,, with respect to
the measure m(dx,) - - - m(dx,). Now for i € M,

/H dP =E [1A1{9<n# Z} /m (dzy) - - -m(dxy) (x,(f)(xl,...,:cn)
(l)(x (i)
1y eeey xn) (le'-an)
/mdml (dxn)an(:vl,...,xn)a o o) :/AdIPa e X,
Hence,
. = n =
T (X, X)) T T (X X))
since Z@'J\io 11" = 1. Similar considerations also give
DboVi
i k= 0,
KX Hf
: (1 —po)(1 —p)*'pri T -
Pl0=Fkpu=i|lF,.} = X)) 1<k <n,
{ ) Z| } @n(le---an) I:Ifﬂ( l 1:[ =N
(1_]?0)(1 k sz
(X)) k> 1.
an(X17"'7 Hfo l =n
Observe that for £ > n + 1,
(0)(X X,,)
]P)ezk :fn = LIARAE - 1— k—n—1 l:H(O)l— k—n—1 -

In particular, P{0 = n + 1, u:i|}"}:H,(10)pyi, and P{0 <n+1,u=1i|F,} equals
P{O<npu=il F}+P{d=n+1,p=10|F,} =19 + 11O py
Note also that IP’{Q >n+1|F,} equals

o0
Z ZH(O) p) Ty =10p > (1—p) ! =101 - p).
k=n+2 i=1 k=n+2

Thus, B[, | F,] =P{0 > n+1|F,} =TIV (1 —p) < 1Y, and
EMY, [ F] =P <n+1,pu=i|F} =19 + 10O py, > 1D ie M.
Hence, {Hgo),fn}nzo is supermartingale, and {Hg),fn}nzo, i € M are submartingales.
For the proof of Part (c), note first that
[a,(f)(xl, Cey Ty F pria (0)(561, o ,azn)} fi(Tny1), 1 €M,
(1 _p>a£LO)(x1w'-7In)f0(xn+1)7 i =0.

Substituting these expressions after writing Hﬁfil, i € {0} UM by using (A.2)), and then
dividing both numerator and denominator by o, (X1,...,X,) give (3.3).

(A3)  aply(wr,. ) = {
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Next, we find the conditional distribution of X, given F, forn > 0. If g: F— R, is a
nonnegative function and A = {(X1,..., X,) € B} € F,, then [, E[g(X,11) | F,]dP equals

L/ﬂKmMPZ/ 9(Ens1)tnss (1, s Ty m(dr) - m(dasn)
A

BxE

_ /B [ /E g(xnﬂ)o‘”“(“"”“'“’a’”“)m(d;cnﬂ)] an(T1, - a) m(dzy) - - m(dn)

an(x1, ..., 2y)
an+1(X17 s aXna xn-i—l)
= n dx, dP.
A{éaxﬂ> s s I

Therefore, we have

(A4)  Elg(Xns1) | Fu] = / g(x)a"H(Xl’”"X"’x)

E an(X1,..., X,) m(d“’>=[Eg(x)D(Hn,x)m(dx),

where the second equality follows from (A.2)) after substituting (A.3)) into previous equality,
and the mapping D was defined by (3.1]). Then for every nonnegative function f : S™ — R,

(3.3) and (A.4) imply that

DO(Hn7Xn+1) DM(Hn7Xn+1))‘ :|
E[f(IL,.,) | F] = E F.| = (Tp),
) | 7] =8 |7 (P e (T
in terms of the operator T defined by (3.2), and E[f(I1,,41)|F,.] = E[f(I1,41) | IL,]. Therefore,
the process {Il,,, F,; n > 0} is Markov, and the proof of part (c) is completed. O

A.3. Proofs of Lemmas and Before proving the lemmas, we state Definition [A.T],
Theorem [A.2] and Lemma from Chow et al. [6, pp. 62-69] for ease of reference.

Definition A.1. A collection (& )ier of random variables is called directed-upwards if, for
every u,v € T', there exists t € T such that & > &,V &,.

theorem A.2. If a collection (&)ier of random variables is directed-upwards, then for every
to € T, there exists a non-decreasing sequence (&, )n>0 in the collection (& )ier such that

esssup & = lim &, > &, almost surely.
teT n—0oo

lemma A.3. For every n > 0. the collection {E[Y; | F,] | T € C,} is directed-upwards.

Proof of Lemmal[{.1 To prove the lemma, we establish two inequalities. Note that -, >
E[Y; | F,] forall 7 € C, by definition. So, taking expectations, we obtain Ev, > sup,co, EY; =
—V,,. For the reverse direction, by Theorem and Lemma there exists a sequence of
stopping times (7% )>1 C C,, such that Y,, < E[Y,, | F.] T 7. as k — oco. So, by the monotone
convergence theorem, we have Ev,, = E [limj_.o E[Y;, | F,,]] = lim;_.o EY;, < —V,,. Proof of
the equations —V¥ = EyN 0 <n < N is similar. O
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Proof of Lemmal[{.3 We have 7, < max{Y,,E[y.+1|Fn]}, because for every fixed 7 € C,,
the expectation E[Y, | F,,] equals

E[YTl{T:n} + }/T\/(n-i-l)l{TZn-i-l} |f7L] = Yn]‘{TZn} + 1{72n+1}E[E[YTV("+1) |‘,F"+1] |fn]
<Yolp—ny + 1{72n+1}E['Yn+1 | Fo] < max{Yy, E[yn1 | Fal}-

For the reverse direction, note that v, > Y, = E[Y,, | F,] by definition. Since 7,41 =
ess sup, cc, ., E[Y: | Fnya], by Theorem and Lemma there exists a sequence of stop-
ping times (7% )r>1 C Cpyq such that Y1 < E[Y, | Fusi1] T Yng1 as k — oo. Since Cypq C G,
for all n > 0, we have v, > E[Y;, | F,,]| = E[E[Y;, | Fut1] | Fo for all & > 1. Taking the limit
as k — oo and applying the monotone convergence theorem, we have v, > E[y,41 | Fnl.
Therefore, 7, > max{Y,,E[y,.+1]| Fn]}. By a similar argument, we can establish the other
equations of Lemma [4.2] O

A.4. Proof of Lemma Because (CY) >, is increasing for every n > 0, the sequence
(VM) n>n is increasing for every n > 0 and has a limit. Set 7/, = limy_7Y, n > 0.
Because 72, > Y, and Y,y is integrable, taking limits in 7 = max{Y,,E[Y., | F.l},
see Lemma , and monotone convergence give v, = max{Y,, E[v,,, | F,]} for every n > 0.
Particularly, (7),),>0 is an F-supermartingale.

Obviously, v/, < =, for every n > 0. To prove the reverse inequality, it is enough to show
that 7/, > E[Y, | F,| for every 7 € C,,. Take any 7 € C,,. Then for every F' € F,, and m > n

[oae= [ e [ e [ e [
F Fn{r=n} Fn{r>n} Fn{r=n} Fn{r>n}

-/ e+ [ | waps [
Fn{n<r<n+1} Fn{r>n+1} Fn{n<r<m} Fn{r>m}

where the inequalities follow from F-supermartingale property of the process (7] )n>0. Be-
cause v, > Yj for every k > 0, we have 7. > Y;, and for every m > n

/’y;le’z/ de19>+/ fy;ndpz/ YTd]P’—/ ()~ dP.
F Fn{n<r<m} Fn{r>m} Fn{n<r<m} Fn{r>m}

Since Y, = —Y

— is integrable and 7 < 0o a.s., we have lim,, me{n<T<m} Y.dP = fF Y. dP

by dominated convergence, and the proof will be completed if lim , . [, (rom) (v)~dP = 0.
However, since 7/, > Y,,, we have (7,,)” <Y, , and f{T>m} (v;,)~dP is less than or equal to

/ Y-dP < / mdP + ||| P{r > n} < Erlgon + | P{r > m},
{r>m} {r>m

where ||h|| £ sup,cqum |h(7)|. Since h(:) is bounded, Er < oo and P{7 < co} = 1, the right
hand side of the last inequality converges to zero as n — oo. O
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A.5. Proof of Lemma Fix any N > 1. The equality holds trivially for n = N. On
the one hand, the definition of the random variable ¥ in (4.2)) implies that

N =esssupE[Y; | Fy] = E[Yy | Fn] = Yn

TEC%

because C¥ = {N}. On the other hand, by the definition of the operator M in (4.3) we have
M°h = h, and

—cNZ_lu — 1Y) — (MY NR)(IL,) = —cNfu ~ %)~ w(IL,) = Ya

thanks to (3.5). Therefore, (4.4) holds for n = N. Now suppose that (4.4)) is true for some
n > 1. Then v | = max{Y,_1, E[yY | F._1]} equals

n—2 n—1
max {—c (1-— H,(CO)) — h(IT, CZ 1- — (MY ""h)(I1,,) n_ll }

k=0 k=0
n—2

— > -1 mm{h(n )se(1 =IO 4 (MY )1 )}
k=0
n—2 n—2

= = (1=T1) = (MM "h)) (I, 1) = —¢ Y (1= T7) = (MY Dh)(IL, ).
k=0 k=0

By induction, the equality holds for all 0 < n < N. U

A.6. Proof of Lemma Applying Lemma [4.4] for n = 0 yields part (a) since
(A5) VY = o = = (M¥R)(I,), N >0,

By Lemma 4.3, v, = limy_ o0 fyflv ,and so V,, = limy_. VnN by Lemma and the dominated
convergence. Since the left-hand side of (A.5)) converges to Vj as N — oo, the limit of the
right-hand side as N — oo exists and V = limy_,o (MY h)(Ily), which proves part (b). O

A.7. Proof of Lemma Given m, 7' € S™ X € [0,1], and ' £ 1 — ), we have

A(Tg)(m) + N(Tg) (") = )\/ m(dz) D(m,x)g (%é;’jf e %A?S;jg))
N [E m(dx) D(r',x)g (l;o((;,’xx)), e %ﬁg:;?)
— /Em(dx) AD(7,z) + N D(n', x)] {AD(W,i?—(l—ﬂ:\fcl)?(W’,x)g <l;0((7:75)), o DDM(EI’;))>
ND(7', x) g<D0(7r’,x)7”'7DM(7T’,x))}
AD(m,z) + ND(n',z)” \ D(n', z) D(n', x)
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Now, by the concavity of ¢(-) and the fact that

AD(m, x) ND(r', x)

=1
AD(m,x) + ND(n',x)  AD(mw,z) + ND(n', )

is a convex combination, we continue the chain of inequalities to obtain

A(Tg) () + X(Tg)(x /m )AD(r,2) + N D(#, 2)]
ADy(m,z) + N Do(7', x) ADy(m, ) + N Dy (7', )
9 ( AD(m,z) + ND(x',z) 7 AD(mw,x) + ND(7', x) )

= [ mtan 0w+ X0
= (Tg)(Am + X'7').

Do(Am + N7', x) Dy (Am + N7', )
D(Ar+ Na',x) " DA+ N7/, x)

Note that the second to last equality follows from the fact that each of Dy,..., Dy, D is
linear in its first argument. So, we have established that Tg is concave. U

A.8. Proof of Proposition Since h(m) = min;e Zij\io m;a;; is concave, and since
the pointwise minimum of two concave functions is concave, by Lemma the function
(Mf)(7) = min{h(r),c(l1 — m) + (Tf)(mw)} is concave for every bounded concave f :
SM +— R. Therefore, Mh,M?h,... are concave, and V', V{!,... are concave by Lemma
4.5(a). This proves part (a). For part (b), note that Lemma [4.5(b) implies that Vy(7) =
limy oo (MYh) () for every m € SM: thus, Vy(+) is concave on SM. O

A.9. Proof of Proposition |4.10. The inequality —Vy(7) > —V¥(7) for every 7 € SM and
N > 1 is obvious. Let us prove the second. Fix N > 1, 7 € S™, and any € > 0. Since

0> —Vy(m) =sup E;Y; > E Yy > —||h| > —o0

TECO
is finite, there exists some stopping time 7. € Cy such that

Te—1

(A.6) —Vp(m) — e <E.Y,, =B, |- (1-10) — h(IL,.)
k=0
Observe that 7. A N € C}¥ and
Te—1
V(1) 2 ExYrpn > B |—¢ Y (1= ") = h(IL,.) | — |B]| Po{7- > N}
k=0
Vi) — e — M0l
(A.7) > —Vo(m) — ¢ E, ..

- N
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The last inequality follows by the Markov inequality applied to P,{7. > N} and since 7. is
e-optimal for Vj. Next, we will bound E, 7. from above by using (A.6)):

Te—1 Te—1
—e—Vp(m) <Ep [—cY_(1-T) = n(I,) | <E |—cd (1-10")
k=0 k=0
Te—1
—cE, 7. + cE, ZH —cE, 7. + cE, ZH(O —cE T€+CZEH
Rearrangement after using the inequality EWHIEO) < (1 — p)* of Proposition (a) gives
1 1 hi|+¢ 1
EWTE < _[%(77)+5]+_ < || || + —.
c P c p

Now using this bound on E,7. in (A.7)) we have

Al (Al +e 1
_%N(W)Z_%(W)_g_T T+§ .
However, € was arbitrary, so taking the limit as € | 0 we obtain the desired bound. 0]
A.10. Proof of Proposition Recall that VP(r) = (M°h)(m) = h(r) = minjepm
Zfio m;a;;, which is continuous in m € SM. Suppose that V¥ : SM — R, is continuous for
some N > 0. Then by (A.5))

(A8) Vg'i(m) = MYh)(r) = (MVE")(r) = min{h(r),c(1 - mo) + (TV5")(m)} |
where (see (3.2))

(A.9) (TV) / m(dz) D(r, z)VN (%Og’j)),...,%i:;’;)).

Note that

e the mapping 7 — D(m,x) is continuous for every x € E,

e for every x € E such that D(m,x) > 0 (these are the z-values that matter in
Do (7,z) Dy (m,x)
> D(max)’ " D(mz)’

the defining integral of (TV{")(r) above), the coordinates are
continuous,

e since V¥ (+) is continuous on S by the induction hypothesis, the integrand in (A.9))
is continuous in 7 for every fixed x € F such that D(m, x) > 0,

e since 0 < V{¥(:) < ||h||, the same nonnegative integrand is bounded from above by
the integrable function 2 ||| S2M, fi(z) for every = € SM,

e then the mapping 7 +— (TV{Y)(r) is continuous by dominated convergence,

e and finally, since h(7) and ¢(1 — ) + (TVyY)(7) are continuous, implies that

the mapping 7 +— V{¥ !(7) is continuous.

Hence, continuity holds for every N > 0 by induction, and this completes the proof. O
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A.11. Proof of Corollary The function V,(7) on the compact space S is the limit
of the sequence {V;"(7)}n>o of continuous functions, uniformly in = € SM by Proposition
[4.10, Therefore, it is continuous. O

A.12. Proof of Theorem [4.13| By Lemmas 4.4 and |4.1] . we have that (V3")y>o is a non-
increasing sequence of functlons, bounded from above by the function h. Since h(-) and
hi(-),j € M are continuous and since Vj¥(-), N > 0 are continuous on S by Proposi-
tion , the set I'{) = {x € S™ | Vy(m) = h(m) = h;(m)} is a closed subset of S for each
N >0and j € M.

Fix j € M. Then V" *!(7) = h(r) = hj(r) implies V¥ (1) = h(w) = h;(7); and therefore,
T%)H C F%) for every N > 0. Hence, (F%)) ~N>0 Is a non-increasing sequence of closed subsets
of SM. Clearly, 'y = U]]Vi L F%), N > 0 and (I'y)y>o is also a non-increasing sequence of
closed subsets of SM. Moreover, since V' \, Vs by Proposition , the limit of the non-
increasing sequence (I'y)yso is T ie., -, Iy = I Similarly, N3, F%) =T, je M.

Given m € SM_ if the inequality h;(7) < min{h(n),c(1 — 7o)} holds, then h;(7) < h(r),
which implies that h;(m) = h(m). Also,

hy(m) < min{h(m), ¢(1 — m) + (TVo)(m)} = Vo ().

This follows from the fact that V4 > 0 implies TV, > 0 and from the optimality equation of
Proposition But, since Vy < h on SM, we have Vy(m) = h;(m) = h(7) and thus 7 € T'V),
As a corollary, since h;(e;) = 0 < min{h(e;), c}, we have e; € '),

In order to prove the convexity of F%), take m, 7’ € F%) and show that Ar+(1—-\)7’ € I‘%)
for every A € [0,1]. Since V{V(+) is concave by Proposition 4.9, we have

MWNE) 4+ 1=V ) <V Or+ (1= Na') <h(Or + (1 — )\) ) < hy(Am+ (1= X))
= Myj(m) + (1 = Mhy (") = AV5Y (m) + (1 = MV ().
Therefore, since V¥ (1) < h(r), 7 € S™, we have
VO + (1= Nr') = h(Ar + (1 = A7) = hj(Mr + (1 = A7)

and A\m + (1 = N7’ e Ty n{r € SM|h(r) = hj(7)} = F%). Hence, F%) is convex. Since an
intersection of convex sets is again convex, I'Y) = Ny—1 F%) is convex.

Thus, we have shown that I = Uf\il I'® is the union of M non-empty closed convex subsets
of SM. Finally, consider m(\) £ Aeg + (1 — Ae; for A € (0, 20170 ]. Note that ¢ > 0 and
ap; > 0 imply that the interval (0, - +c] is non-empty. The inequality A < —— implies that
¢(1— \) > Aag; = hy((N). Hence, h(m(A)) < hy(m())) < e(1—A) < ¢(1 - A) (TVo)(w(A))

and so Vo(m(A)) = h(m())) by Proposition [4.6l Therefore, I' > w(\) ¢ {e1,...,enm}. O

A.13. Proof of Lemma For every n > 0, the limit limy_., 7Y exists a.s. by Lemma
[4.3] So, fix n and take the limit as N — oo of the expression in Lemma [£.4, Then apply
Lemma [4.5(b) to obtain the result. O
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A.14. Proof of Theorem [4.15 Let us prove part (a) first. Note that
o=inf{n > 0|1, € T'} =inf{n > 0| V,(I1,) = h(I1,)} = inf{n > 0|, = Y,}.

The second equality follows from the definition of I' and the last equality follows from
Lemma and the definition of Y,, (3.5). Now, fix n and recall from Lemma that
Yo = max {Y,, Elv,11|Fn]}. Then v, = E[y,11|F,] on {o > n}. So,

E[’Y(n+1)/\o | fn] = E['Val{oﬁn} |~7:n] + E[7n+11{o>n} |Fn]
= Val{ogn} + 1{a>n}Eh/n+l ‘Fn] = P)/a]-{agn} + f)/n]-{a>n} = TnAo-

This establishes the martingale property of the stopped process {Vuros Fn n>o0-
To prove part (b), we use part (a) and Lemma [4.1] to write
_‘/0 = Sucp ]ES/;I' =% = E[’Yn/\cr] = E[Yal{agn}} + Eh/n]-{a>n}]’
T€lp

Since Y, = — Y1, (1 — H,(go)) — h(II,,) < 0 for every n, we can use Fatou’s Lemma after

taking lim sup,,_,., of both sides to obtain

(A.10) Vo < E[Y;15co0y] + E [(limsup fyn)l{,,_oo}} )
Since limsup,,_, . v, < limsup,_ . — S 7—gc(l — H,(CO)) = —oo by Remark and —V >
—h > —o0, the inequality implies that P{oc = oo} = 0. Therefore, the same inequality
becomes —V{ = sup, EY, < EY,. To show that o is optimal, we must prove that o € Cj.
Since 0 < o0 a.s., it is enough to show EY_~ < oo, which is equivalent to showing that
Eo < oo by the discussion before equation ((3.7)).

However, since EY, > —Vj > —o0o, we also have Eo < oo. Indeed,

o—1 [e's)
—00 <EY, =E |- ¢(1-1") = h(Il,)| < —cBo +cE |y II
k=0 k=0

= —cEo+c¢Y BN < —cEo+cY (1-p)=—cEo+
k=0 k=0

o

implies [Ec < co. Here, the last inequality follows from Proposition (a . This completes
the proofs of parts (b) and (c). O

~—
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