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Abstract We develop a mixture procedure for multi-sensor systems to mon-
itor data streams for a change-point that causes a gradual degradation to a
subset of the streams. Observations are assumed to be initially normal random
variables with known constant means and variances. After the change-point,
observations in the subset will have increasing or decreasing means. The subset
and the rate-of-changes are unknown. Our procedure uses a mixture statistics,
which assumes that each sensor is affected by the change-point with proba-
bility po. Analytic expressions are obtained for the average run length (ARL)
and the expected detection delay (EDD) of the mixture procedure, which are
demonstrated to be quite accurate numerically. We establish the asymptotic
optimality of the mixture procedure. Numerical examples demonstrate the
good performance of the proposed procedure. We also discuss an adaptive
mixture procedure using empirical Bayes. This paper extends our earlier work
on detecting an abrupt change-point that causes a mean-shift, by tackling the
challenges posed by the non-stationarity of the slope-change problem.

Keywords statistical quality control - change-point detection - intelligent
systems

1 Introduction

As an enabling component for modern intelligent systems, multi-sensory moni-
toring has been widely deployed for large scale systems, such as manufacturing
systems [2], [8], power systems [16], and biological and chemical threat detec-
tion systems [5]. The sensors acquire a stream of observations, whose distribu-
tion changes when the state of the network is shifted due to an abnormality
or threat. We would like to detect the change online as soon as possible after
it occurs, while controlling the false alarm rate. When the change happens,
typically only a small subset of sensors are affected by the change, which is a
form of sparsity. A mixture statistic which utilizes this sparsity structure of
this problem is presented in [I8]. The asymptotic optimality of a related mix-
ture statistic is established in [3]. Extensions and modifications of the mixture
statistic that lead to optimal detection are considered in [IJ.

In the above references [I8|[1], the change-point is assumed to cause a shift
in the means of the observations by the affected sensors, which is good for
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modeling an abrupt change. However, in many applications above, the change-
point is an onset of system degradation, which causes a gradual change to the
sensor observations. Often such a gradual change can be well approximated by
a slope change in the means of the observations. One such example is shown
in Fig. [1, where multiple sensors monitor an aircraft engine and each panel of
figure shows the readings of one sensor. At some time a degradation initiates
and causes decreasing or increasing in the means of the observations. Another
example comes from power networks, where there are thousands of sensors
monitoring hundreds of transformers in the network. We would like to detect
the onset of any degradation in real-time and predict the residual life time of
a transformer before it breaks down and causes a major power failure.

In this paper, we present a mixture procedure that detects a change-point
causing a slope change to the means of the observations, which can be a
model for gradual degradations. Assume the observations at each sensor are
i.i.d. normal random variables with constant means. After the change, obser-
vations at the sensors affected by the change-point become normal distributed
with increasing or decreasing means. The subset of sensors that are affected
are unknown. Moreover, their rate-of-changes are also unknown. Our mixture
procedure assumes that each sensor is affected with probability py indepen-
dently, which is a guess for the true fraction p of sensors affected. When p,
is small, this captures an empirical fact that typically only a small fraction
of sensors are affected. With such a model, we derive the log-likelihood ra-
tio statistic, which becomes applying a soft-thresholding to the local statistic
at each sensor and then combining the results. The mixture procedure fires
an alarm whenever the statistic exceeds a prescribed threshold. We consider
two versions of the mixture procedure that compute the local sensor statistic
differently: the mizture CUSUM procedure Ti, which assumes some nominal
values for the unknown rate-of-change parameters, and the mizture generalized
likelihood ration (GLR) procedure Ty, which uses the maximum likelihood es-
timates for these parameters. To characterize the performance of the mixture
procedure, we present theoretical approximations for two commonly used per-
formance metrics, the average run length (ARL) and the expected detection
delay (EDD). Our approximations are shown to be highly accurate numerically
and this is useful in choosing a threshold of the procedure. We also establish
the asymptotic optimality of the mixture procedures. Good performance of
the mixture procedure is demonstrated via real-data examples, including: (1)
detecting a change in the trends of financial time series; (2) predicting the life
of air-craft engines using the Turbofan engine degradation simulation dataset.

The mixture procedure here can be viewed as an extension of our earlier
work on multi-sensor mixture procedure for detecting mean shifts [18]. The
extensions of theoretical approximations to EDD and especially to ARL are
highly non-trivial, because of the non-i.i.d. distributions in the slope change
problem. Moreover, we also establish some new optimality results which were
omitted from [I8], by extending the results in [7] and [I5] to handle non-
1.1.d. distributions in our setting. In particular, we generalize the theory to a
scenario where the log likelihood ratio grows polynomially as a result of linear
increase or decrease of the mean values, whereas in [I§], the log-likelihood ratio
grows linearly. A related recent work [3] studies optimality of the multi-sensor
mixture procedure for i.i.d. observations, but the results therein do not apply
to the slope change case here.

The rest of this paper is organized as follows. Section [2] sets up the for-
malism of the problem. Section [3| presents our mixture procedures for slope
change detection, and Section [ presents theoretical approximations to its ARL
and EDD, which are validated by numerical examples. Section [5| establishes
the first order asymptotic optimality. Section [f] shows real-data examples. Fi-
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nally, Section[7] presents an extension of the mixture procedure that adaptively
chooses pg. All proofs are delegated to the appendix.

2 Assumptions and formulation

Given N sensors. For the nth sensor n = 1,2,..., N, denote the sequence
of observations by ¥, ;, ¢ = 1,2,.... Under the hypothesis of no change, the
observations at the nth sensor have a known mean u,, and a known variance
02. Probability and expectation in this case are denoted by P, and E.,
respectively. Alternatively, there exists an unknown change-point that occurs
at time k, 0 < Kk < oo, and it affects an unknown subset A C {1,2,..., N} of
sensors simultaneously. The fraction of affected sensors is given by p = | A|/N.
For each affected sensor n € A, the mean of the observations v, changes
linearly from the change-point time k + 1 and is given by pu, + c,(t — k)
for all t > k, and the variance remains o2. For each unaffected sensor, the
distribution stays the same. Here the unknown rate-of-change ¢, can differ
across sensors and it can be either positive or negative. The probability and
expectation in this case are denoted by P4 and EA, respectively. In particular,
= 0 denotes an immediate change occurring at the initial time. The above
setting can formulate as the following hypothesis testing problem:

Hy: yni~N(pn,02),i=1,2,...,n=1,2,...,N,
Hy: yni~N(pn,02),i=1,2,... K,
Yni ~ N(pin +cnli — k), 02)i=r+1,k+2,...,n € A,
Yni ~ N(pin,02),i=1,2,...,n € A"

(1)

Our goal is to establish a stopping rule that stops as soon as possible after a
change-point occurs and avoids raising false alarms when there is no change.
We will make these statements more rigorous in Section {4| and Section
Here, for simplicity, we assume that all sensors are affected by the change
simultaneously. This ignores the fact that there can be delays across sensors.
For asynchronous sensors, one possible approach is to adopt the scheme in [4],
which claims a change-point whenever the any sensor detects a change. We
plan investigate the issue of delays in our future work.

A related problem is to detect a change in a linear regression model. One
such example is a change-point in the trend of the stock price illustrated in
Fig. a). This can be casted into a slope change detection problem, if we fit
a linear regression model under Hy (e.g., using historical data) and subtract
it from the sequence. The residuals after the subtraction will have zero means
before the change-point, and their means will increase or decrease linearly after
the change-point.

Remark 1 (Reason for not differencing the signal.) One legitimate question
is that why not de-trending the signal at each sensor by difference, which
may turn the slope change into a mean change problem and we can apply the
standard CUSUM procedure designed for detecting the mean shift. Indeed,
for the affected sensors after the change-point, Ely, j+1 — Yn | = cn. However,
differencing will also increase the variance, as Var([y, i+1 — Yn,i] = 20%. Hence,
differencing reduces the signal-to-noise ratio and this is particularly bad for
weak signals and makes them even non-detectable. This is validated by real
data as well. Consider the engine data displayed in Fig. [l The first panel in
Fig. 2] corresponds to observations of one sensor that is affected by noise, which
clearly has the “signal” as the mean is increasing. However, after we difference
the signal, the change is almost invisible, as illustrated. We then try applying
CUSUM on the difference, where the statistic either rises slowly which means
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Fig. 1 Degradation sample paths recorded by 21 sensors, generated by C-MAPSS [I1].
A subset of sensors are affected by the change-point, which happens at an unknown time
simultaneously and it causes a change in the slopes of the signals. The change can cause
either an increase or decrease in the means.

it cannot detect quickly. We also try applying CUSUM (designed for mean
change detection) directly on the original signal. Although the statistics rises
reasonably fast; however, clearly this statistic cannot estimate the change-
point location accurately due to its model mismatch. The last panel in Fig.
shows our proposed statistic, which can detect the change fairly quickly, and
it can also accurately estimate the change-point location.
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Fig. 2 Engine data displayed in Fig. |1} the first panel corresponds to observations of one
sensor that is affected by noise, which clearly has the “signal” as the mean is increasing.
However, after we difference the signal, the change is almost invisible. Then we compare ap-
plying CUSUM procedure (designed for mean shift) on the original signal, on the difference,
and applying our proposed statistic on the original signal.

3 Detection procedures

Since the observations are independent, for an assumed change-point location
k = k and an affected sensor n € A, the log-likelihood for observations up to
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time ¢ > k is given by

t
lo(k,t,cp) = % Z [2¢0 (Yn,i — pn) (i — k) — (i — k)ﬂ . (2)
N i=k+1
Motived by the mixture procedure in [I8] and [14] to exploit an empirical fact
that typically only a subset of sensors are affected by the change-point, we
assume that each sensor is affected with probability py € (0, 1] independently.
In this setting, the log likelihood of all N sensors is given by

N
> “log (1= po + poexp [ln (k. t,cn))) - (3)

n=1

Using , we may derive several change-point detection rules.

Since the rate-of-change ¢, is unknown, One possibility is to set ¢, equal
to some nominal post-change value §,, and define the stopping rule, referred
to as the mizture CUSUM procedure:

N
T) = inf {t P max, log (1 — po + po exp[ln (k,t,0p)]) > b} ) (4)

- n=1
where b is a threshold typically prescribed to satisfy the average run length
(ARL) requirement (formal definition of ARL is given in Section [)).

Another possibility is to replace ¢, by its maximum likelihood estimator.
Given the current number of observations ¢ and a putative change-point loca-
tion k, by setting the derivative of the log likelihood function to 0, we may
solve for the maximum likelihood estimator:

. i1 (i = F) (ni = in)
Cn ka = t B . 5
1) Zi:k+1(’ — k)2 (5)

Define 7 = t — k to be the number of samples after the change-point k. Denote
the sum of squares from 1 to 7, and the weighted sum of data as, respectively,

t

Ar =" Wage= Y (i—k)(Yni— fin)/on.
=1

i=k+1

Let
Umk,t = (AT)_1/2 Wn,k,t~ (6)

Substitution of into gives the log generalized likelihood ratio (GLR)
statistic at each sensor:

gn(kv tv én) = Ug,k,t/z (7)

and we define the mizture GLR procedure as

N
Ty = inf {t : oax, leog (1=po+poexp [U],/2]) > b} . ®
n=

where b is a prescribed threshold.
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Fig. 3 Matched filter interpretation of the generalized likelihood ratio statistic at each
sensor Uy, k.t = A7t Zﬁ:k_H(i — k)(Yn,i — pin)/on: data at each sensor is matched with a
triangle-shaped signal that starts at a hypothesized change-point time k and ends at the
current time t. The slope of the triangle is A71, so that the 2 norm of the triangle signal
is one.

Remark 2 (Window limited procedures.) In the following we use window lim-
ited versions of 17 and Tb, where the maximum for the statistic is restricted
to a window t —w < k <t — w’ for suitable choices of window size w and
w’. In the following, we use T' to denote a window-limited version of a pro-
cedure T. By searching only over a window of the past w — w’ + 1 samples,
this reduces the memory requirements to implement the stopping rule, and it
also sets a minimum level of change that we want to detect. The choice of w
may depend on b and sometimes we need make additional assumptions on w
for the purpose of establishing the asymptotic results below. More discussions
about the choice of w can be found in [6] and [7]. The other parameter w’
is the minimum number of observations needed for computing the maximum
likelihood estimator for parameters. In the following, we set w’ = 1.

Remark 3 (Relation to mean shift.) For the mean-shift multi-sensor change-
point detection [I§], the detection statistic depends on a key quantify, which is
the average of the samples in the time window [k + 1,¢]. Note that in the slope
change case, the detection statistic has a similar structure, except that the
key quantity is replaced by a weighted average of the samples in the window:
(t — k)~1/2 Zf:kﬂ(ym — fin)/0n. This has an interpretation of “matched
filtering”, as illustrated in Fig. [3} each data stream is matched with a triangle
shaped signal starting at a potential change-point time k that represents a
possible slope change.

Remark 4 (Recursive computation.) The quantity W), i involved in the de-
tection statistic for (8)) can be calculated recursively,

Whkt+1 = Wake + (E+1=E) (Un,t+1 — fn)/on)

where Wy, 1 + £ (). This facilitates online implementation of the detection pro-
cedure. The quantity A, can be pre-computed since it is data-independent.

Remark 5 (Eztension to correlated sensors.) The mixture procedure can
be easily extended to the case where sensors are correlated with a known co-
variance matrix. Define a vector of observations y; = [y14,...,yn,]T for all
sensors at time i. When there is no change, y; follows a normal distribution
with a mean vector p = [u1,...,un]T and a covariance matrix Xy. Alterna-
tively, there may exist a change-point at time x such that after the change, the
observation vectors are normally distributed with mean vector u + (i — k)c,
¢ =[e1,...,¢,]T and the covariance matrix remains Xy for all ¢ > k. We can
whiten the signal vector by y; = 251/2 (yi — 1), where 251/2 is the square-
root of the positive definite covariance matrix that may be computed via its
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eigen-decomposition. The coordinates of y; are independent and the problem
then becomes the original hypothesis testing problem with all sensors be-
ing affected simultaneously by the change-point, the rate-of-change vector is
2o 1 2c, the mean vector is zero before the change, and the covariance remains
an identity matrix before and after the change. Hence, after the transform, we
may apply the mixture procedure with pg = 1 on y;.

4 Theoretical properties of the detection procedures

In this section we develop theoretical properties of the mixture procedure. We
use two standard performance metrics (1) the expected value of the stopping
time when there is no change, the average run length (ARL); (2) the expected
detection delay (EDD), defined to be the expected stopping time in the ex-
treme case where a change occurs immediately at k = 0. Since the observations
are 7.i.d. under the null, the EDD provides an upper bound on the expected
delay after a change-point until detection occurs when the change occurs later
in the sequence of observations (this is also a commonly used fact in change-
point detection work [18]). An efficient detection procedure should have a large
ARL and meanwhile a small EDD. Our approximation to the ARL is shown
below to be accurate. In practice, we usually fix ARL to be a large constant,
and set the threshold b in accordingly. The accurate approximation here
can be used to find the threshold analytically. Approximation for EDD shows
its dependence on a quantity that plays a role of the Kullback-Leibler (KL)
divergence, which links to the optimality results in Section

Average run length (ARL). We present an accurate approximation for
ARL of a window limited version of the stopping rule in , which we denote
as Tg. Let

g(x) = log(1 — po + po exp(a?/2)), (9)

and
¥(0) = logE{exp[fg(Z)]},

where Z has a standard normal distribution. Also let
1 .
v(0) = 59211*3 {[9(2))? exp[09(Z) — (0)]},

and .
0[2myp(0)]'/2

H(N,0) = V2(0)N1/2

exp{N[0¢(0) — ¢ (0)]},
where the dot f and double-dot f denote the first-order and second-order
derivatives of a function f, respectively. Denote by ¢(z) and ®(x) the stan-
dard normal density function and its distribution function, respectively. Also
define a special function v(z) = 27 2exp[—23.07 | n~1®(—|z[n'/2/2)]. For
numerical purposes an accurate approximation is given by [13]

(2/x)[@(x/2) - 1/2]
(x/2)®(x/2) + ¢(z/2)

Theorem 1 (ARL of Ty.) Assume that N — oo and b — oo with b/N _fized.
Let 0 be defined by ¥(0) = b/N. For a window limited stopping rule of (@ with
w = o(b") for some positive integer r, we have

2N/ (4/3)1/2 -1
/ WA/ @)dy|  +o(1).  (10)
V2N/(4w/3)1/2

v(z) ~

Eoo{T2} = H(N,8) - l
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The proof of Theorem [1] is an extension of the proofs in [I8] and [I9] using
the change of measure techniques. To illustrate the accuracy of approximation
given in Theorem [1} we perform 500 Monte Carlo trials with pg = 0.3, and
w = 200. Figs. a) and (b) compare the simulated and theoretical approxi-
mation of ARL given in Theorem [l when N = 100 and N = 200, respectively.
Note that expression takes a similar form as the ARL approximation
obtained in [I8] for the multi-sensor mean-shift case, and only differs in the
upper and lower limits in the integration. In Figs.[d]a) and (b) we also plot the
approximate ARL for the mean shift case in [18], which shows the importance
of having the corrected integration upper and lower limits in our approxima-
tion. In practice, ARL is usually set to 5000 and 10000. Table [I] compares
the thresholds obtained theoretically and from simulation at these two ARL
levels, which demonstrates the accuracy of our approximation.

"
<10t ,X10

—— Simulation Simulation
—%—0Our Theory 1.8 —+— Our Theory
— — Mean Shift, Theory — — — Mean Shift, Theory

25

ARL

Fig. 4 (a) Comparison of theoretical and simulated ARL when (a): N = 100, po = 0.3, and
w = 200; (b): N =200, po = 0.3, and w = 200.

Table 1 Theoretical versus simulated thresholds for pg = 0.3, N = 100 or 200, and w = 200.

ARL | Theory b | Simulated ARL | Simulated b
N =100 | 5000 46.34 5024 46.31
10000 47.64 10037 47.60
N =200 | 5000 77.04 5035 76.89
10000 78.66 10058 78.59

Expected detection delay (EDD). After a change-point occurs, we are
interested in the expected number of additional observations required for de-
tection. In this section we establish an approximation upper bound to the
expected detection delay. Define a quantity

1/2
a-(xam) . ()

neA

which roughly captures the total signal-to-noise ratio of all affected sensors.

Theorem 2 (EDD of fg) Suppose b — oo, with other parameters held fized.
Let U be a standard normal random variable. If the window length w is suffi-
ciently large and greater than (6b/A%)'Y/3, then

B B oo pn — (N — 1/3




Multi-Sensor Slope Change Detection 9

where Eg! is defined at the beginning of Section To demonstrate the accuracy
of , we perform 500 Monte Carlo trials. In each trial, we let the change-
point happen at the initial time and randomly select Np sensors affected by
the change and set the rate-of-change ¢, = ¢ for a constant ¢, n € A. The
thresholds for each procedure are set so that their ARLs are equal to 5000.
Fig.[f|shows EDD versus ¢, where our upper bound turns out to be an accurate
approximation to EDD.

——Theory
45 — — Simulation| |

0 0.1 0.2 03 04 05
Rate-of-Change ¢

Fig. 5 Comparison of theoretical and simulated EDD when N = 100, po = 0.3, p = 0.3,
and w = 200. All rate-of-change ¢,, = ¢ for affected sensors.

5 Optimality

In this section, we prove that our detection procedures: 77 and the window lim-
ited versions 77 and T, are asymptotically first order optimal. The optimality
proofs here extends the results in [I5], [7], for our multi-sensor non-i.i.d. data
setting. The non-i.i.d.ness is due to the fact that under the alternative, the
means of the samples change linearly as the number of post-change samples
grows. Following the classic setup, we consider a class of detection procedures
with their ARL greater than some constant -y, and then find an optimal pro-
cedure within such a class to minimize the detection delay. Since it is difficult
to establish an uniformly optimal procedure for any given -, we consider the
asymptotic optimality when v tends to infinity.

We first study a general setup with non-i.i.d. distributions for the multi-
sensor problem, and establish optimality of two general procedures related to
Ty and T,. Then we specialize the results to the multi-sensor slope-change
detection problem. In particular, we generalize the lower bound for the detec-
tion delay from the single sensor case (Theorem 8.2.2 in [I5] and Theorem 1
in [7]) to our multi-sensor case. We also generalize the result therein to our
setting where the log-likelihood ratio grows polynomially on the order of j¢
for ¢ > 1 as the number of post-change observations j grows (in the classic
setting ¢ = 1); this is used to account for the non-stationarity in our problem.

Setup for general non-i.i.d. case. Consider a setup for the multi-sensor
problem with non-i.i.d. data. Assume there are N sensors that are indepen-
dent (or with known covariance matrix so the observations can be whitened
across sensors), and that the change-point affects all sensors simultaneously.
Observations at the nth sensor are denoted by x,: over time t = 1,2,....
If there is no change, x,; are distributed according to conditional densities
Jrt (@t Tn [1,6-1)), Where 114 1] = (Tn1,. .. Tne—1) (this allows the dis-
tributions at time ¢ to be dependent on the previous observations). Alter-
natively, if a change-point occurs at time x and the nth sensor is affected,
Tp, are distributed according to conditional densities fy ¢(%n¢|Ty,[1,¢—1]) for
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t =1,...,k, and are according to gfft)(mn,t|a:n7[1,t,1]) for ¢ > k. Note that
the post-change densities are allowed to be dependent on the change-point «.
Define a filtration at time t by F; = o(w1,[1,4,--.,%n,[1,4)- Again, assume a
subset A C {1,2,..., N} of sensors are affected by the change-point. Similar
to Section [2| with a slight abuse of notation, we denote Py, Eop, PA and
EA as the probability and expectation when there is no change, or when a
change occurs at time x and a set A of sensors are affected by the change,
with the understanding that here the probability measures are defined using
the conditional densities.

Optimality criteria. We adopt two commonly used minimax criteria to es-
tablish the optimality of a detection procedure T'. Similar to Chapter 8.2.5
of [I5], we consider two criterions associated with the m-th moment of the
detection delay for m > 1. The first criterion is motivated by Lorden’s work
[9], which minimizes the worst-case delay

ESMﬁ(T) £ sup esssup IE;:‘ {[(T — k‘)+]m|]-'k} , (13)

0<k<o0

where “esssup” denotes the measure theoretic supremum that excluded points
of measure zero. In other words, the definition first maximizes over all
possible trajectories of observations up to the change-point and then over the
change-point time. The second criterion is motivated by Pollak’s work [10],
which minimizes the maximal conditional average detection delay

SMA(T) 2 sup Ef {(T —k)™|T > k}. (14)
0<k<o0

The extended Pollak’s criterion is not as strict as the extended Lorden’s
criterion in the sense that SM; (T ) < ESMZA(T), and we prefer (14)) since it is
connected to the conventional decision theoretic approach and the resulted op-
timization problem can possibly be solved by a least favorable prior approach.
The EDD defined earlier in Section El can be viewed as ESM,,, and SM,,, for
m = 1, and the supremum over k happens when k£ = 0.

Define C() to be a class of detection procedures with their ARL greater
than ~:

C(7) 2T : Ewe{T} 2 7}

A procedure T is optimal, if it belongs to C(vy) and minimizes ESM,,(T) or
SM,.(T).

Optimality for general non-i.i.d setup. Under the above assumptions, the
log-likelihood ratio for each sensor is given by

nkt Z 1 gn, L 1|xn [1,i— 1])
n,i\Ln,i|ln [1,i—1
S ® Fi@nile a

For any set A of affected sensors, the log-likelihood ratio is given by

/\A,k,t = Z )\n,k,t- (15)

neA

We first establish an lower bound for any detection procedure. The constant
I 4 below can be understood intuitively as a surrogate for the Kullback-Leibler
(KL) divergence in the hypothesis problem. When the observations are i.i.d.,
I 4 is precisely the KL divergence [7].
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Theorem 3 (General lower bound.) For any A C {1,...,N} such that
there exists some ¢ > 1, j7IN\4 k. ky; converges in probability to a positive
constant 14 € (0,00) under P§*,

Ly g (16)
ja A,k k+j oo A

and in addition, for all € > 0, for an arbitrary M — oo

PAL M > (1 I .
Ogsltlfoo esssup P, { nggwkf\,k,kﬂ >(1+¢) A‘]—"k} mo (17)

Then,

(i) for all 0 < e < 1, there exists some k > 0 such that

lim sup IP’;:‘ {k <T<k+(1- E)(I_Zl IOg’Y)%
17O TeC(y)

T> k:} =0. (18

(i) for allm > 1,

inf ESMA(T inf SMA(T
lim inf T Teo() (1) > lim inf Teo() (D) > 1 .
~—00 (log 'y)m/q ~—00 (log py)m/q I;"l/q

(19)

Consider a general mixture CUSUM procedure related to 77, which has
also been studied in [I4] and [I8]:

N
=1 : — >
Tos = inf {t Orgggtglog(l Po + poexp(An k) > b} , (20)

where b is a prescribed threshold. The following lemma shows that for an
appropriate choice of the threshold b, Tcg has an ARL lower bounded by ~
and, hence, for such thresholds it belongs to C(7).

Lemma 1 For any po € (0,1], Tcs(b) € C(y), provided b > log-y.

Theorem 4 (Optimality of Tcs.) For any A C {1,..., N} such that there
exists some q > 1 and a finite positive number I4 € (0,00) for which
holds, and for all e € (0,1) and t > 0,

sup esssup Py (G N Aoy < La(l— 5)’.7—";@) — 0. (21)
0<k<t j—oo

Ifb > logy and b = O(log~), then Tcs is asymptotically minimaz in the class
C(v) in the sense of minimizing ESMA(T) and SM(T) for all m > 1 to the
first order as v — 0.

We can also prove that the window-limited version fcg is asymptotically
optimal. Since the window length affects ARL and the detection delay, in the
following we denote this dependence more explicitly by w,.

Corollary 1 (Optimality of Tcs-) Assume the conditions in Theorem

hold and in addition,

liminf —— % > 1 (22)
770 (logy/Ta)"/

If b > logy and b = O(log~), then fcs(b) s asymptotically minimaz in the
class C(v) in the sense of minimizing ESM(T) and SMA(T) for all m > 1

to the first order as v — oo.
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Intuitively, this means that the window length should be greater than the
first order approximation to the detection delay [(log~y)/I4]"/?. Note that our
earlier result for the expected detection delay of the multi-sensor case is
of this form for ¢ = 3 and I4 = A?/6.

Similarly, we may consider a general mixture GLR procedure related to Tb
as in [I8]. Denote the log-likelihood as A4 k.¢(0) to emphasize its depen-
dence on an unknown parameter 6. The mixture GLR procedure maximizes
0 over a parameter space © before combining them across all sensors. Unfor-
tunately, we are unable to establish the asymptotic optimality for the general
GLR procedure and its window limited version, due to a lack of martingale

property.

Optimality for multi-sensor slope change. Note that T; and T corre-
spond to special cases of Tcg, Tcs, so we can use Theorem |4 and Corollary
to show their optimality by checking conditions. Although we are not able
to establish optimality of the general mixture GLR procedure as mentioned
above, we can prove the optimality for T5 by exploiting the structure of the
problem.

Lemma 2 (Lower bound.) For the multi-sensor slope change detection prob-
lem in , for a non-empty set A C {1,..., N}, the conditions of Theorem@
are satisfied when q = 3 and I4 = A?/6.

The following lemma plays a similar role as the general version Lemma [1] in
our multi-sensor case in , and it shows that for a properly chosen threshold
b, ARL of T is lower bounded by ~ and, hence, for such threshold it belongs
to C(7).

Lemma 3 For any po € (0,1], To(b) € C(v), provided

b> N/2 - 4log [1 —(1- 1/7)1/1“} .

Remark 6 (Implication on window length.) Lemma [3| shows that to have b =
O(log ), we need logw, = o(log~).

Theorem 5 (Asymptotical optimality of T, T, and fg) Consider the
multi-sensor slope change detection problem .

(i) If b > log~y and b = O(log~y), then T1(b) is asymptotically minimaz in
class C(v) in the sense of minimizing expected moments ESM:(T) and

SMA(T) for all m > 1 to the first order as v — co.
(i) In addition to conditions in (i), if the window length satisfies

w.
lim inf ——————— > 1, (23)
1% [6(log ) /A2

then T} (b) is asymptotically minimaz in class C(v) in the sense of min-
imizing expected moments ESM2\(T) and SMA(T) for all m > 1 to first
order as 7 — Q.

(i1i) If b > N/2 — 4log[l — (1 — 1/7)1/“”], b = O(log~), the window length
satisfies log(w,) = o(log~y) and holds, then fg(b) s asymptotically
minimaz in class C(7) in the sense of minimizing ESMA(T) and SMA(T)
for m =1 to first order as v — co.

Remark 7 Above we prove the optimality of T} (b) and Ty (b) for m > 1. How-
ever, we can only prove the optimality of T5(b) for a special case m = 1, due
to a lack of martingale properties here.
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6 Numerical Examples

Comparison with mean-shift GLR procedures. We compare the mixture
procedure for slope change detection, with the classic multivariate CUSUM
[17] and the mixture procedure for mean shift detection [I8]. The multivariate
CUSUM essentially forms a CUSUM statistic at each sensor, and raises an
alarm whenever a_single sensor statistic hits the threshold. As commented
earlier in Remark the only difference between T5 and the mixture procedure
for mean shift in [18] is how U,y is defined. Following the steps for deriving
, we can show that the mean shift mixture procedure is also asymptotically
optimal for the slope change detection problem. Here, our numerical example
verifies this, and show that the improvement of EDD by using T5 versus the
multi-variate CUSUM and the mean-shift mixture procedure is not significant.
However, the mean-shift mixture procedure fails to estimate the change-point
time accurately due to model mismatch. Fig. [6]shows the mean square error for
estimating the change-point time r, using the multi-chart CUSUM, the mean-
shift mixture procedure, and T», respectively. Note that 75 has a significant
improvement.

——Slope Change

1 - = Mean Shift
e Multi-CUSUM | ]

0 0.2 0.4 0.6 0.8 1
Rate-of-Change ¢

Fig. 6 Comparison of mean square error for estimating the change-point time for the mix-
ture procedure tailored to slope change T%, the mixture procedure with mean shift, and
multi-chart CUSUM, when N = 100, pg = 0.3, p = 0.5 and w = 200.

Financial time series. In the earlier example illustrated in Fig. a), the
goal is to detect a trend change online. Clearly a change-point occurs at time
8000 in the stock price, and such a change-point is verifiable. Fig. (b) shows
that there is a peak in the bid size versus the ask size, which usually indicates
a change in the trend of the price (possible with some delay). To illustrate
the performance of our method in this financial dataset, we plot the detection
statistics by using a “single-sensor”, i.e., using only one data stream, and by
using “multi-sensor” scheme, i.e. using data from multiple streams, which in
this case correspond to 8 factors (e.g, stock price, total volume, bid size and
bid price, as well ask size and ask price). In fact, only 4 factors out of 8
factors contain the change-point. Fig. (c) plots the statistic if we use only a
single-sensor. Fig. (d) illustrates the statistic when we use all the 8 factors
and preprocess by whitening with the covariance of the factors as described
in Section Bl The statistics all rise around time 8000 with the multi-sensor
statistic to be smoother and indicates a lower false detection rate. Looking at
Fig. (d), after the major trend change (around sample index 8000), the multi-
chart CUSUM statistic rises the slowest. Although it appears, the slope-change
mixture procedure rises a bit slower than the mean-shift mixture procedure,
we demonstrate in simulation that for fixed ARL these two procedures have
similar EDDs, and also in Fig. 5 that the slope-change mixture procedure has
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a better performance in estimating £* than the mean-shift mixture procedure.
Therefore, the slope-change mixture procedure is still preferrable.

2340
2330
. 23201

£2310F

K pi

st

2300

bid-size/ask-size

. ! . | . !
05 1 15 2 25 3 35 05 1

15 2 25 3
time index ¥ 10* time index x10%
(a) Stock price data. (b) ask-size/bid-size
10° 10°
— Slope Change | | ) ) ) — Slope Change | |
- - - Mean Shift ; - - - Mean Shift 4
2 Multi-CUSUM YA 5| Multi-CUSUM A
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time index

(c) Single-sensor. (d) Zoom-in of (c).

10 10°

T T T T
— Slope Change 3 — Slope Change || " '
- - -Mean Shift 7 - - - Mean Shift /|
— Multi-CUSUM / 25[{ - Muli-cusuM By
s H
/
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x10* time index

(e) Multi-sensor, correlation. (f) Zoom-in of (e).

Fig. 7 Statistic for detecting trend changes in financial time series with w = 500 for both
single sensor and multi-sensor procedures, and pp = 1 for the multi-sensor procedure.

Aircraft engine multi-sensor prognostic. We present an engine prognostic
example using the aircraft turbofan engine dataset simulated by NASAE In the
dataset, multiple sensors measure different physical properties of the aircraft
engine to detect a faulty condition and to predict the whole life time. The
dataset contains 100 training systems and 100 testing systems. Each system
is monitored by N = 21 sensors. In the training dataset, we have a complete
sample path from the initial time to failure for each of the 21 sensors of each
training system. In the testing dataset, we only have partial sample paths (i.e.,
the system fails eventually but we have not observed that yet and it still has a
remaining life). Our goal is to predict the whole life for the test systems using
available observations. The dataset also provides ground truth, i.e., the actual
failure times (or equivalently the whole life) of the testing systems.

We first apply our mixture procedures to each training system j, j =
1,...,100, to estimate a change-point location x; (which corresponds to the
maximizer of k in the definition of T» when the procedure stops), and the
rate-of-change at nth sensor for the jth system ¢, ; using . Then fit a
simple survival model using #; and ¢&, ; as regressors in determining the re-
maining life. We build a model for the Time-To-Failure (TTF) Y; of system
7 based a log location-normal model, which is commonly used in reliability
theory [2]: P{Y; < y} = @[(log(y) — 7;)/n], where n is a user specified scale

I Data can be downloaded from http://ti.arc.nasa.gov/tech/dash/pcoe/prognostic-data-
repository/
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parameter that is assumed to be the same for each system, m; is the loca-
tion parameter that is assumed to be a linear function of the rate-of-change:
;= Bo+ Zle Bjén ;. where (Bo, B1,...,0n) is a vector of the regression
coeflicients that are estimated by maximum likelihood. Next, we apply the
mixture procedure on the jth testing system to estimate the change-point
time 4; and the rate-of-change é,_;, and substitute them into the fitted mod-
els to determine a TTF using the mean value. The whole life of the jth system
is estimated as &; plus its mean TTF.

We use the relative prediction error as performance metric, which is the
absolute difference between the estimated life and the actual whole life, divided
by the actual whole life. Fig. 8] shows the box-plot of the relative prediction
error versus threshold b. Our method based on change-point detection works
well and it has a mean relative prediction error around 10%. Here the choice
of the threshold b has a tradeoff: the relative prediction error decreases with
a larger b; however, a larger b also causes a longer detection delay.

Prediction Error

Fig. 8 Aircraft engine prognostic example: box-plot for relative prediction error of the
estimated life time of the engine versus threshold b.

7 Discussion: adaptive choice of pg

The mixture procedure assumes that a fraction pg of the sensors are affected by
the change. In practice, py can be different from p which is the actual fraction
of sensors affected. The performance of the procedure is fairly robust to the
choice of py. Fig. [9] compares the simulated EDD of a mixture procedure with
a fixed py value, versus a mixture procedure when setting py = p if we know
the true fraction of affected sensors. Again, thresholds are chosen such that
ARL for all cases are 5000. Note that the detection delay is the smallest if pg
matches p; however, EDD in these two settings are fairly close when pg # p.

Still, we may improve the performance of the mixture procedure by adapt-
ing the parameter py using a method based on empirical Bayes. Assume each
sensor is affected with probability pg, but now pq itself is a random variable
with Beta distribution Beta(a, 3). This also allows the probability of being
affected to be different at each sensor. With sequential data, we may update
by computing a posterior distribution of py using data in the following way.
Choosing a constant a, we believe that the nth sensor is likely to be affected
by the change-point if U, . is larger than a. Let I{-} denote an indicator
function. For each ¢, assume s,,; = I{max;_ <<t Un k¢ > a} is a Bernoulli
random variable with parameter p,. Due to conjugacy, the posterior of py at
the nth sensor, given s, ; up to time ¢, is also a Beta distribution with param-
eters Beta(sy, +a, 1—s,++/3). An adaptive mixture procedure can be formed
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—e—p,=0.1
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p

Fig. 9 Simulated EDD for a mixture procedure with pg set to a fixed value, versus a mixture
procedure with pg = p equal to the true fraction of affected sensors, when ¢, = 0.1, N = 100
and w = 200.

A

using the posterior mean of pg, which is given by p,, = (sp,c +a)/(a+ B+ 1):

N

3 . 2
Tadaptive =infq{t: ti{f}gf<t 221 IOg(]- — Pn+ Pn eXp(Un,k,t/2)) >by, (24)

where b is a prescribed threshold.

We compare the performance of Tygaptive With its non-adaptive counterpart
TQ by numerical simulations. Assume N = 100 and there are 10 sensors affected
from the initial time with a rate-of-change c¢,, = c. The parameters for Thgaptive
are = 1,3 =1 and a = 2. Again, the thresholds are set so that the simulated
ARL for both procedures are 5000. Table B shows that T,qaptive has a much
smaller EDD than fg when signal is weak with a relative improvement around
20%. However, it is more difficult to analyze ARL of the adaptive method
theoretically.

Table 2 Comparing EDD of ’fg and Tadaptive~

Rate-of-change 0.01 0.03 0.05 0.07 0.09
Non-Adaptive Ts 54.15 | 26.24 18.75 14.98 12.74
Adaptive Thqaptive | 38.56 | 20.28 | 14.42 | 12.17 | 10.13
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A An informal derivation of Theorem [I} ARL

We first obtain an approximation to the probability that the stopping time is greater than
some big constant m. Such an approximation is obtained using a general method for com-
puting first passing probabilities first introduced in [I9] and developed in [I4]. The method
relies on measure transformations that shift the distribution of each sensor over a window
that contains the hypothesized post-change samples. More technical details to make the
proofs more rigorous are omitted. These details have been described and proved in [14].

In the following, let 7 = ¢ — k. Define the log moment-generating-function - (0) =
log Eexp{0g(Un i)} Recall that Uy, i, ; is a generic standardized sum over all observations
within a window of size 7 in one sensor, and the parameter 8 = 0, is selected by solving the
equation

Since Uy, 1 ¢ is a standardized weighted sum of 7 independent random variables, 1+ converges
to a limit as 7 — oo, and 6, converges to a limiting value. We denote this limiting value by
6.

Denote the density function under the null as P. The transformed distribution for all
sequences at a fixed current time ¢ and at a hypothesized change-point time k (and hence
there are 7 hypothesized post-change samples) is denoted by IPffc and is defined via

N
d]PiC =exp |0r Z 9(Un,k,t) — Npr(0-) | dP.
n=1
Let
N
N ke = log(dP} /dP) = 67 >~ g(Un k) — Ntor(65).
n=1

Let the region
D={(tk):0<t<tg,1 <t—Fk<w}

be the set of all possible change-point times and time up to a horizon m. Let

N
A={ max_ > g(Un.e) 2b}.

(t,k)eDn:1
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be the event of interest. Hence, we have

-1
Nkt

R S B E] RID I | U ST
tmep | 2@ kyepe NE (¢,k)eD (¢'.kyeD
M 5 .
— Z e~ N(O-b=97(67)) Ef {%e_ZN,k,t_IOg Myt + log My gy > 0}
Nkt

(t,k)eD

I
(25)

where
Zth*ZO (Un,k,¢) — b,

SNkt = Z ezﬁ:l 079Uy 17 1) =9(Un k,0)]
(t',k")eD

’

My ps= max e=n=1079Un 1) =9WUnk)]
T (t',k")eD
As explained in [14], under certain verifiable assumptions, a “localization lemma” allows

simplifying the quantities of the form in I into a much simpler expression of the form
oRL(2m)12E(M/S),

where o 7 is the P standard deviation of fn and E[M/S] is the limit of E{My x.+/SN,k,¢}
as N — oo. This reduction relies on the fact that, for large N and m, the “local” processes
My it and Sy i, are approximately independent of the “global” process £;. This allows
the expectation to be decomposed into the expectation of My /Sy times the expectation
involving £ + log M, treating log M as a constant.

Let 7/ =t/ — k/, and denote by z,,; = (Yn,i — pn)/0n which are i.i.d. normal random
variables, i = 1,2, .... Note that, use Taylor expansion up to the first order, we obtain

N N
> 0 9Un i) = 9Un k)] = D 023(Un e,t) U i 0 = Un i)

n=1 n=1

N
—1/2 —1/2 —1/2
= Z ‘rg(Un k t)[A.,./ Wn,k’,t’ - AT / Wn,k’,t’ + AT / Wn,k’,t’ - A‘r / Wn,k,t]

(26)

N T/
0rg(Un,k,t) t) Ap )

§ br L E JZn A =Tl 45 T — E jzn,t/f‘rurj)
Vv A Ar j=1

j=1

N T’ T
. —1/2 . .
+ Z ng(Un,k,t)A‘r / Z Zzn,t’—q—/«fi - len,t77'+i
i=1 =1

n=1

Note that in the above expression, the first term has two weighted data sequences running
backwards from ¢’ and when 7 and 7/ both tends to infinity they tend to cancel with each
other. Hence, asymptotically we need to consider the second term. Observe that one may let
t' — k' =7 and 6 = lim,_, 0, for 0, in the definition of the increments and still maintain
the required level of accuracy. When 7 = u the first term in the above expression, and
the second term consists of two terms that are highly correlated. The second term can be
rewritten as

N N
—1/2 . .
ATY20 ST gUn et Wi r = > 90U o)W it | - (27)
n=1 n/=1

Since all sensors are assumed to be independent (or has been whitened by a known covariance
matrix so the transformed coordinates are independent), so the covariance between the two
terms is given by

N N
Cov (Z IUn et Waets D 9(Uns o) Wi i t> Z[g ket )12 COV (W ke, W i 1)
n=1 n’/=1
(28)
For each n, let k < k' <t <t andt—k =t —k’ = 7, and define u 2 k¥’ — k and
s 2t —k'. We have

(Z§:k+1(i —k)zn, z) (Z#;kﬁkl(i - k’)zm)

7'17/2

B Zfzk/ﬂ(i —k)(i— k’)Zi,i _ St 4+ “22—1 i
D 2 Do 12

AZ COV( n,k,t> Wn,k’,t’) =E
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By choosing u = /7, we know that the expression above is approximately on the order of

(k' —k)+ (' —¢) (K —k)+ (' —1t)
1-— 5 5 1 ~1-— 5 .

2(37°+37) 3T
Let n 2 272, Hence, by summarizing the derivations above and applying the law of large
number, we have that when N — oo and 7 — oo, the covariance between the two terms
become

N N
1 1
cov <Z 079U jor 1) D eTg(Un,,k,t)> ~ 02N -1 — %(k’ — k) — Z(t’ —1)].

n=1 n’'=1

This shows that the two-dimensional random walk decouples in the change-point time k’
and the time index ¢’ and the variance of the increments in these two directions are the
same and are both equal to #2N/n. Hence, the random walk along these two coordiates
are asymptotically independent and it becomes similar to the case studied in [14]. Compare
this with (the equation following equation (A.4) in [14]), note that the only difference is
that here the variance of the increment is proportional to 3/(472) instead of T, so we may
follow a similar chains of calculation as in the proof in Chapter 7 of [19], [14] [18], the final
result corresponds to modifying the upper and lower limit by changing the window length

expression to be 1/4/3 and +/4w/3.

B An informal derivation of Theorem [2t EDD

Recall that U, i is defined in @, let zpn,s = (Yn,i — n)/on. Then for n € A, z, ; are i.i.d.
normal random variables with mean ¢, /0y, and unit variance, and for n € A€, Zn,; are ii.d.
standard normal random variables. Since we may write

Z::k-ﬂ (i —k)zn,i

(29)
Sk (i — k)2

Un,k,t =

For any time t and n € A, we have

2t 2 2.3
c . c tt+1)(2t+1 c t
E¢{UZ0, ) =1+ (—") di?=1+ (—") r@e+l (—") — +0o(t?), (30)
On = on 6 on 3
which grows cubically with respect to time. For the unaffected sensors, n € A€, EE)A{UEL,o,t} =
1. Hence, the value of the detection statistic will be dominated by those affected sensors.
On the other hand, note that when z is large,

22

2 1—
g(z) = log(1 — po + poe® /2) = log po + % + log (71006_12/2) ~ log po.
PO

Then the expectation of the statistic in can be computed if w is sufficiently large (at
least larger than the expected detection delay), as follows:

A N u ~ (14 1 A 2 WV —|A)
¢ ril<a¥§ ’g( nkit) ¢ = | |Allogpo + 2 Z 0 { n,k,t}+ 5 )
ne1 neA

At the stopping time, if we ignore of the overshoot of the threshold over b, the value statistic
is b. Use Wald’s identify [I2] and if we ignore the overshoot of the statistic over the threshold
b, we may obtain a first order approximation as b — oo, by solving

N —|A|  E{T3} en )’
[Allogpo + —— + 06 > (7) =b. (31)

From Jensen’s inequality, we know that Eg{T5} > (E4{T2})3. Therefore, a first-order
approximation for the expected detection delay is given by

b— Nlogpy — (N — |A|>E{g<v>}>1/3

1) < R +o(1). (32)
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C Proof for Optimality

Proof (Proof of Theorem|3) The proof starts by a change of measure from Po to IP’;:\. For
any stopping time T' € C(7), we have that for any K, >0, C > 0 and ¢ € (0,1),

Poo{k <T <k+ (1—-e)Ky|T >k}
= Ey' {H{k<T<k+(lfe)Kﬂ,} eXp(_)‘A,k,T)‘T > k}

> Ep! {H{k<T<k+(1_5)K7,AA,k,T<c} eXp(—)‘A,k,T)’T > k}

\Y

e Oppt {k<T<k:+(1—s)K.Y, Ak, <C

T> k:} (33)

max
k<j<k+(l—e)K-

Y

e C [u»g‘ {T<k+(1—e)Ky|T>k}—

o]

where I 4} is the indicator function of any event A, the first equality is Wald’s likelihood
ratio identity and the last inequality uses the fact that for any event A and B and probability
measure P, P(A(N B) > P(A) — P(B°).

From we have for any € € (0,1)

PA max A kpyi > C
k {1<j<(1_6)K7 Ak k+j =

PA{T < k+ (1 — o)K,|T > k} < p{FL(T) + LF)(), (34)
where

PFUT) = P {T < k + (1 — &) K4 |T > k},

T>k}
(k

Next, we want to show that both p%g(T) and Bﬂ(fs) (T) converge to zero for any T € C(v)
and any k > 0 as «y goes to infinity.
T> k}

(k) 7y = pA A >C
.2 (T) {1§j<n(llai(5)KW Ak ktj 2

First, choosing C = (1 + ¢)I[(1 — &)K4]9, then we have

k _
BT = B {[(1 SR max Ak 2 (L4

(35)
< esssup P¢ {[(1 —e)K,] ¢ 1§j<n(11a—X5)K., Mk k+j = (L +e)T ]'—k} .
By the assumption , we have
sup Bl ——o0. (36)
0<k<oo Voo

Second, by Lemma 6.3.1 in [I5], we know that for any T' € C(y) there exists a k > 0,
possibly depending on «, such that

Poo {T < k+ (1 —&)K4|T >k} < (1 —e)K /7.
Choosing K = (I"!log~)'/4, then we have
C=Q0+e)(1—-e)¥l tlogy=(1—-¢e?)(1—-¢) tlogn,
and therefore,

2 —
pIUT) < 4000 1 - )R Jy
— (1 _ 6)(1_1 log7)1/61,7/(1—52)(1—5)(171—1 0, (37)

y—o0

where the last convergence holds since for any ¢ > 1 and € € (0,1) we have (1 — &2)(1 —
€)4~1 < 1. Therefore, for every € € (0,1) and for any T' € C(vy) we have that for some k > 0,

PA{T < k+ (1 —e)K,|T >k} —— 0,
y—roo

which proves (18).
Next, to prove (19)), since

ESMAA(T) 2 SMA(T) > sup E{ {(T—K)*]" (T > k),
<k<oo
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it is suffice to show that for any T € C(v),

sup Bt {((T — k)T]™|T > k} > [I7 ' log~]™ (1 + o(1)) as v = 0, (38)
0<k<©

where the residual term o(1) does not depend on T. Using the result (18] just proved, we
can have that for any € € (0, 1), there exists some k > 0 such that

T>ky —— 1.
¥ —>o0

inf IP’A{I k>1—e)(I '] )flz
i - —e)I "o

Therefore, by also Chebyshev inequality, for any € € (0,1) and T' € C(y), there exist some
k > 0 such that

EL {[(T - )*)™|T > Kk}

> [(1 oI ! 1og7)%]m1?;;‘ {T —k>(1—e)(I ' logy)T

T > k} (39)
> [ =) (I log 7)™ /] (1 +0(1), as v — oo,

where the residual term does not depend on T'. Since we can arbitrarily choose € € (0, 1)
such that the (39) holds, so we have (38]), which completes the proof.

Proof (Proof of Lemma[i) Rewrite Tcg(b) as

N

. : B S b
Tes(b) = inf {t o2ax, 11 (1 = po + poexp(An,k,t)) > € } (40)

and define Tsg (b) an extended Shiryaev-Roberts (SR) procedure as follows:
Tsr(b) = inf {t ‘R > eb} , (41)

where
t—1

N
Re=>_ ] (1=po+poexp(An k), t=1,2,...;Ro =0.
k=1n=1

Clearly, Tcg(b) > Tsr(b). Therefore, it is sufficient to show that Tsg(b) € C(v) if b > log .
Noticing the martingale properties of the likelihood ratios, we have

Eoo {exp()‘n,k,t”]:tfl} =1 (42)

foralln=1,2,...,N,t >0 and 0 < k < t. Moreover, noticing that

t—2 N N
Ry = H (1 —po + poexp(An kt—1 + Ani—1,t)) + H (1 —po + poexp(An,i—1,t)),
k=1n=1 n=1
(43)
then combining we have for all t > 0,
t—2 N
Ex {Rt|]:t_1} = Z H (l — po + po exp()\nﬁk,t_l) . 1) +1
k=1n=1 (44)
=R;_1+1.

Therefore, the statistic { Rt — t},+( is a (Pso, Ft)-martingale with zero mean. If Eoc {Tsr(b)}
oo then the theorem is naturally correct, so we only suppose that Eoo {Tsr(b)} < oo and
thus Eco {RTSR(b) — TSR(b)} exists. Next, since 0 < R¢ < e’ on the event {Tsg (b) > t}, we
have

lim inf |Rt — t| dP = 0.
t=oe J{Tsg (b)>t}

Now we can apply the optional sampling theorem to have Es {RTSR(b) } =Ew {Tsr(b)}. By

the definition of stopping time Tsg (b), we have Ry 1) > eb. Thus, we have Eoo {Tcs(b)} >
Eoo {Tsr (D)} > €, which shows that Eoo {Tcs(b)} > v if b > logy.

Proof (Proof of Theorem First, we notice that if b > log~
Eoo {fcs(b)} > Eoo {Tcs(b)} 2 -

Therefore, by Theorem |3 it is sufficient to show that if b > log~y and b = O(log~y), then

m/
BN (Tos ) < (1) (14 o)) a5 7 = . (15)
A
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Equivalently, it is sufficient to prove that
b\ ™m/a
ESM7, (Tes (b)) < (T) (1+0(1)) as b — oo. (46)
A

To start with, we consider a special case when pg = 1 in Tgg and denote it by

N
T b)=inf<t>0: A >b,.
cs2(b) =in { > o??ﬁt; nokyt > }

Next, we will prove an asymptotical upper bound for the detection delay of Tcg2(b).

Let . »
Go = Kuas)) J ’ 0

and then (Gp)? < b/[I4(1 — €)]. Noticing that under ]P’;j, we have 25:1 Akt = AAk,t
almost surely since the the log-likelihood ratios are 0 for the sensors that are not affected.
Therefore, by we can have that for any € € (0,1), ¢ > 0 and some sufficiently large b,
N
sup esssup ]P’kA {Z Ak kG < (Gp)TTa(l —¢)
n=1

F
0<k<t

< Oilllcp esssup P;:‘ {)\A,Mﬁgb < (Gp)I4(1— €)|-7:k} (48)
<k<t

< sup esssup Pf;‘ {)\AkJﬁLGb < b!fk} <e.
0<k<t

Then, for any kK > 0 and integer I > 1, we can use (48) ! times by conditioning on
(Xn,l, .. '7Xn,k+(l0—1)Gb) ,n=1,2,...,N for lp = [, —1,...,1 in succession (see [7])
to have

esssup IP"]? {Tcs2(b) — k > IGy| Fr}

N
< esssup Py} {Z Ank+(lo—1)Gy+1,k+1Gy> b0 = 1,1

n=1

}—k} < el (49)

Therefore, for sufficiently large b and any ¢ € (0,1), we have

ESM, (Tes2 (b)) < > {[(L+ 1D)Gy)™ — (1IGy)™} -

1=0
sup esssup Py {[(Tcse — k)T)™ > (1G)™|Fr }
0<k<oo (50)
< @G)™ Y[+ )™ =1t
1=0

= (Gp)"™ (1 4+ 0(1)) as b — oo,

where the first inequality can be known directly from the geometric interpretation of ex-
pectation of discrete nonnegative random variables and the last equality holds since for any
given m > 1, [(1 +1)™ —I™]/! — 1 as | — 0o so that the radius of convergence is 1. Using
the fact that (Gp)™ < [b/I(1 — €)]™/9 we prove for the case pg = 1.

Next, we will deal with the case when pg € (0,1). Rewrite Tog2(b) as

N
_ ) k
Tcosz2(b) = inf {t Fomax, <N10gpo +>° /\n,t> > b+ Nlogpo} ,

n=1
then
N
Tega(b— N1 =inf{t: N1 pY b
csa( 0g po) IH{ 0?;32( ngo-i-; n,t) > }

Clearly, ESM7:(Tcs(b)) < ESM7A (Tes2(b — Nlogpo)), and thus

b — N logpo

m/
ESMA (Tes (b)) < ( ) " (14 0(1)). (51)

Ia

Therefore, we can claim that holds for any fixed pg € (0, 1] since N and po are constants.
If b > logy and b = O(log~), Tcs(b) belongs to C(v) and ESM72 (Tcg) achieves its lower
bound.
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Proof (Proof of Corollary

The main steps are almost the same with that in the proof of Theorem @ The only
different thing is that we need the condition w~ > G, (defined in ) in order to make
be correct for any £ > 0 and any integer [ > 1. And the additional assumption
ensures this.

Proof (Proof of Lemma@ Consider testing problem , then for any £ > 0 and j > 1,

k+j

c2(i—k)?
Mits = 3 2 3 {enti=Roms ) - 2

neA ”i k41

We define, for each n € A and for alll =1,...,7,

272
k 1 cal
Xn,l) =2 {Cnl(yn,l+k — i) = 5 }

Then we have ) )
J J
— (k) _ (k)
Mk =2 2 Xni =2 X
I=1ncA =1
where we define Xf:)l = neA ngl).

Under probability measure IP’;:‘, we easily know that (X J(f; {_1 are independent variables

which follow normal distribution N((12/2) >, c 4 ¢2,12 >, c.4 ¢2)- Other simple computa-
tion tells us that i
B {(Xﬁh)f} <oo, Vi=1,...,j

e . A
and under probability measure PP},

(k)
ZVar 7“; < oo,

where Var(X) denotes the variance of random variable X . Therefore, combining Kroneckers
lemma with the Kolmogorov convergence criteria, we have immediately a strong law of large
numbers which tells us that

1 a.s. c2
S A k+j — Z 67712

Finally, we complete the proof by using the fact that all the observations are independent.

E$:k+1(yn,ifuj)
75 Zﬁ:k+1(i*k)2 ’

N )2
P
oo {0<t<t0 max(0,t— m»y)<k<t0 Z } (52)

n=1

Proof (Proof of LemmaH) First, define yfm = then

Y

Poo {Tg(b) > to}

\Y

[Poo{Y < 2b}]W%0

where Y is a random variable with X?\r distribution. Then, since T’z(b) is a non-negative
discrete random variable, we have

Eoo {E(b)} =t§::01poo {ﬁ(b) > to}
) (53)

> 37 [PaofY < 2070 = 1= [Poo{Y < 261"

to=0

Then if we can choose some b so that

1 1/m~
POO{YZQb}Slf(lff) s
~

we can claim that Eoo {Tz(b)} > ~ and thus T5(b) € C(7). To choose appropriate threshold

b, we need use the tail bound for the X?\] distribution. Since X1 is sub-exponential with
parameter (2v/N, 4), it is well known that Poo{Y > 2b} < exp(— 2= N) if b > N. If we set

N 1\ /™y
b>410g|:1(1) ]
2 2l

then T} (b) € C(7).
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Proof (Proof of Theorem@
By Lemma we can use Theorem [3| to obtain a lower bound for the detection delays
of arbitrary procedures in C(v). Specifically, for all m > 1,

m/q
loﬂ) _ (54)

liminf inf ESM;A(T) >liminf inf SMA(T) > ( -
A

Y=o TEC(v) Y00 TEC(v)

(i) Since T4 (b) is a specified mixture CUSUM procedure for testing problem and the
observations are independent, the optimality is an immediate corollary from Theorem El

(ii) Since T4 (b) is a specified window-limited mixture CUSUM procedure for testing

problem and the observations are independent, the optimality is an immediate result
from Corollary

1/
(iii) The assumption that log w, = o(log ) ensures that b > %74 log [1 — < — %) mw}

and b = O(log~y) can be satisfied simultaneously. Since the observations are independent,
then ESM{}(T2(b)) = SM{'(T2(b)) = Eg'[T2(b)]. The optimality of T2(b) is an immediate
result from Lemma and the first order approximation of the detection delays in .
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