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Change point detection by Filtered Derivative
with p-Value : Choice of the extra-parameters

Pierre Raphaél BERTRAND*,
Doha HADOUNT*

December 9, 2015

Abstract: This paper deals with off-line change point detection using the FDpV method.
The Filtered Derivative with p-Value method (FDpV) is a two-step procedure for change point
analysis. In the first step, we use the Filtered Derivative (FD) to select a set of potential
change points, using its extra-parameters - namely the threshold for detection, and the sliding
window size. In the second one, we calculate the p-value for each change point in order to only
retain the true positives (true change points) and discard the false positives (false alarms).

We give a way to estimate the optimal extra-parameters of the function FD, in order to have
the fewest possible false positives and non-detected change points (ND). Indeed, the estimated
potential change points may differ slightly from the theoretically correct ones. After setting
the extra-parameters, we need to know whether the absence of detection or the false alarm
has more impact on the Mean Integrated Square Error (MISE), which prompts us to calculate
the MISE in both cases. Finally, we simulate some examples with a Monte-Carlo method to
better understand the positive and negative ways the parametrisation can affect the results.

Keywords: Change points detection; Filtered Derivative with p-Value; Filtered Derivative
extra-parameters; Mean Integrated Square Error (MISE); Impact on MISE.

Introduction

Change point detection is an important problem in various applications: signal processing
[13], global warming [35], magnetospheric dynamics [36], neuro-physiological studies [33, 22,
|, motion of chemical or physical particles [29], finance |11, 37], health [25]... Most of the
previous examples concern detection of change on the mean of series derived from the original
one, as the series of energy calculated by the wavelet analysis [25] and the series of Hurst
index [11, 36, 37]. However, in all those cases, we still detect change on the mean of the
derived series, that is change on the mean value of the Hurst series |11, 36, 37] or change of
the mean value of the wavelet transform for the series of energy [25]. To sum up, change point
detection on the mean is a relevant question in many applications.
On the other hand, in statistics, the change point analysis field has been studied for more
than forty years [17, 4, 15] or [23, 20, 32] for an updated overview. Depending on the method
of data acquisition, we distinguish two kinds of change point detection :
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e We observe the whole time series and we want to detect all the change point a posterior:
or offline, see e.g. |3, 11].

e We observe the time series and we want to detect a change point as soon as possible. It
is the online change point detection, see e.g |18, 9].

In this work, we only consider the ’a posteriori’” detection which is called change point analysis
in the statistical literature. We describe our framework with a toy model in section 1.

At the beginning of 21st century, the method used for this kind of problem was the Penalized
Least Square Criterion. This algorithm is based on the minimisation of the contrast function
when the number of change points is known [3]. When the number of change point is unknown,
many authors use the penalized version of the contrast function [27]. From a computational
point of view, the PLS method uses dynamic programming algorithms and requires matrix
operations. Therefore, the time and memory complexity of PLS algorithm is of order O(n?),
where n denotes the size of the dataset. Due to the data deluge, the sizes of datasets become
larger and larger, to the point where the computational complexity of this statistical method
has become a challenge, see e.g [24] for internet traffic, [3, 10, 11, 19] for economics or High
Frequency finance, [25, 2| for heartbeat series and health.

Among the different methods for a posterior: change detection, the use of a Filtered Derivative
function has been introduced by [0, 1|. The advantage of the Filtered Derivative method is
the time and memory complexity, both of order O(n) [3, 31, 34, 30]. On the other hand,
Filtered Derivative method leads to many false discoveries of change points. Recently, a new
method called Filtered Derivative with p-value (FDpV) has been introduced [3]. FDpV is a
two-step procedure: the first step is based on the Filtered Derivative function and detects the
potential change points. In the second step we calculate their p-value to eliminate the false
alarms. In [30], the first step is still based on Filtered Derivative, but the second step consists
on increasing the window size A in order to find the true positives.

Yet, the problem of the false discoveries with the Filtered Derivative function, in the first step,
was not resolved, even if in the second step, the number of false alarms and non-detections
drop substantially. Indeed, most of the false discoveries at the first step will be discarded
during the second step by calculating their p-values. However, these calculations still increase
the computational time. This problem led us to think of a way to minimise the number of
false alarms and also the number of undetected change points in the first step. Furthermore,
we investigate the impact of the false positives and the undetected change points on the Mean
Integrated Square Error (MISE).

The rest of this article is organized as follows. In Section 1, we describe the problem of change
point analysis with a toy model and we give some comparison criterion. In Section 2, we recall
the method of the Penalized Least Square and the Filtered derivative with p-Value in order
to analyse the problem of change points. In section 3, we expand on the Filtered Derivative
with p-Value method by providing a method to choose the extra parameters of Step 1 and
we show which impact is more important on MISE. All the technical proofs are postponed in
appendices.

1 Change point analysis

In this section, we describe the problem of the change point analysis in a toy model that will
be used throughout the sequel of this work. Then, we give some comparison criterion.
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1.1 Toy model

Let X = (X1, Xs,...,X,) be a series indexed by the time t = 1,2,...,n. We assume that a
segmentation 7 = (7,...,Tx) exists such that :

e X, is a family of independent identically distributed (iid) random variables for t € (7%, T11],
e k=0,..., K, where by convention 7p = 0 and 75,1 = n.

The most simple model is X ~ N(u(-),0?) a sequence of independent standard Gaussian
variables such that X; € N (u(t),1), where N'(u1, 0?) denotes the Gaussian law with mean p
and variance 0. The function of time ¢ — pu(t) is piecewise constant that is to say u(t) = uy
for all t € (7, Tk11], see eg. Fig. 3 and Fig. 4. To sum up, we have :

e a configuration of K change points 7 = (71, ..., 7x) enlarged, by convention, by adding
To = 0 and 7541 = n,

associated to the configuration of mean values p = (po, - - -, fix),

X € N(ug,0), for t € (74, 7k41] and for all k =0,..., K.

For notational convenience, we define the configuration of shifts § = (1, ...,dx) where
5k:Mk_Nk—17 fOI‘kzl,...,K.

e The minimal distance between two consecutive change points is defined by

Lo = inf{|mp41 — 7|, for k=0,..., K}.

e The minimal absolute value of the shifts is

So = inf{|0y, k=1,...,K}. (1.1)

Let us also recall the definition of the cumulative distribution function for standard Gaussian
law

7,“2

@(z):\/%/_x eFdu  and (@)= 1— d(x). (1.2)

1.2 The Comparison Criterion

We have to estimate the configuration 7 = (74,...,7x) and the values of the mean p =
(fo, pt1, .-, pi).  We denote the corresponding estimates by 7 = (71,...,7%) and i =
(f1o, fu1, - .., fug). Stress that in real life situations the number of change points is also un-

known and is estimated by K. In this frame, the comparison criterion concerning the different
methods for change point analysis are :

1. The quality of estimation. For one sample, this quality can be measured by :

e The number of estimated change points. More precisely, the absolute value of the
difference between the number of estimated and the number of true change points
and |K — K.
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e The accuracy of the estimation of the change point. It is the distance
between the true change points and the estimated change points, as defined by

K
P(r,7) = > | —Twl (1.3)
k=1
where 7)), for each k = 1,..., K, denotes the potential change point which is the

closer to the right change point 7.

e The integrated square error (ISE). Actually, we can reformulate the problem
as a problem of estimation of a noisy signal, see eg. I, 12]. The signal is

K
S<t> = Z/Lk X 1(7'k77'k+1](t)
k=0

where we have set by convention 7p = 0 and 7x,; = n. Therefore the estimated
signal is

K
s(t) = Zﬁk’ X 1(?k,?k+ﬂ(t)
k=0

and the integrated square error (ISE) is defined by

n

ISE = (3(t) — s(t))’

t=1

2. The mean value of estimations: a result obtained for just one simulation can be
hazardous. So, we have to do M simulations, with e.g. M = 1,000. Then, we calculate
the mean integrated square error (MISE) and the histogram of K with the percentage
of the true changes, or the mean and standard deviation of the misestimation of the
number of change point : (K — K).

3. The time complexity and the memory complexity: it is the mean CPU (Central
Processing Unit) time for estimating s and the amount of memory is used.

2 Some methods for change point analysis

In this section, we expose two methods for change point analysis. The first one is the Penalized
Least Square (PLS, see Subsection 2.1) and the second one is the Filtered Derivative with
p-Value (FDpV, see Subsection 2.2). Before going further, let us give some notations. We
will denote by

(X, [u,]) = (U_—iﬂ) <3 X, (2.1)

the empirical mean of the variables X; calculated on the box ¢ € [u,v]. Stress that we can
also define (X, Box) for an open box or a semi-open interval.
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2.1 Penalized Least Square method (PLS)

Set S = {17 = (11,...,7k) such that card(t) = K}, where card(r) denotes the dimension of
the change points configuration 7.

1%t case : the number of change points K is known

For each configuration of change 7 € Sx, we can define
f = mean(X, [t + 1, 7411]) for k=0,..., K (2.2)

where mean(X, Box) denotes the mean of the family X; for the indices t € Box as defined
by (2.1). Next, we search the configuration of change points T € Sy which minimises the
square error Q(7) defined by

Tk+1

Q) => > X -l (2.3)

k=0 t=rj+1

That is to say such that

Tx = argmin Q(7).
T ESK

274 case : the number of change points K is unknown

We remark that minimising the function Q(7) with an unknown number of changes will lead
to consider the trivial configuration of changes 7 = (1,2,...,n) as optimal. To avoid this
drawback, we add a penalty term proportional to the length of the change point configuration.
Eventually, we want to minimise

pen(K)=Q(Tx)+  x K for K=0,...,n.

The parameter S adjusts the trade-off between minimising the square error Q(7x) and min-
imising the dimension of the change point configuration card(7%) = K. Indeed, a large value
of # would allow to detect only the most significant change points, while a low value of g
produces a high number of changes, with many false detections. Thus, different choices of
the penalty coefficient § are possible. According to the criterion of information AIC and the
Schwarz criterion, [27] suggests to use a positive (3, which converges to 0 when the series
size n converges to infinity. For this model, [38] has proved the consistency of the Schwarz
criterion, with

202(Inn)

—

Bn =
The same choice is proposed in |27, 28]. In [12], the proposed choice is

0.2

8, =L x [2+5X1n(
n

n
7.
where o2 is the variance assumed to be constant and known and n the size of the series.
In Fig. 1 below, we have plotted the contrast function and the penalized contrast function
[27, 23].

We clearly see in the figure 2.1 that the penalized contrast is almost horizontal. Thus, the
minimal value fluctuates largely depending on the choice of the parameter .
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o3 x 10% Q(K) where Q is the contrast function
optimal contrast for K change point
\ *  Q(K)
2251 | Q(K) + B K penalized contrast
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Figure 1: Blue with red crosses : the contrast function Q(7X); green : the penalized contrasted
pen(K).

2.2 Filtered Derivative with p-Value method (FDpV)

In this subsection, we describe the FDpV method which is based on two procedures. In the
first procedure, we use the function of Filtered Derivative to select a set of potential change
points, whereas in the second one, we calculate the p-value for each change point in order to
keep only the true positive. Precisely, the method is defined as follows:

Step 1 : Filtered Derivative

The first step (FD selection) depends on two parameters: the window size A and the threshold
Ch.

1. Computation of the Filtered Derivative function :
The Filtered Derivative function is defined as the difference between the estimators of
the mean computed in two sliding windows respectively to the right and to the left of
the time ¢, both of size A, with the following formula :

FD(t,A) = pX,[t+1,t+ A)) —nu(X,[t—A+1,¢]), (2.4)
for A<t<n-—A,

where mean(X, Box) denotes the mean of the family X; for the indices t € Box as
defined by (2.1). This method consists on filtering data by computing the estimators of
the parameter p before applying a discrete derivation. So this construction explains the
name of the algorithm, so called Filtered Derivative method [0, 4]. Next, remark that
quantities A x F.D(t, A) can be inductively calculated by using

AxXFD({t+1,A)=AxFD(t,A)+X(t+1+A)-2X(t+1)+X(t—-A+1) (2.5)

Thus, the computation of the whole function ¢t — FD(t) for t € [A, n — A] requires
O(n) operations and the storage of n real numbers.

2. Determination of the potential change points
Let us point that the absolute value of the Filtered Derivative |F'D| presents hats at
the vicinity of the change points as seen on the figure 2 below.
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Figure 2: A graph of the Filtered Derivative function

Potential change points 7, for £ = 1,..., K*, are selected as local maxima of the
absolute value of the filtered derivative |F D(t, A)| where moreover |FD(7}f, A)| exceed
a given threshold ;. When there is a signal without noise (o = 0), we get spikes of
width 2A and height |ug11 — px| at each change point 75, as we can see in the figure 3
below. For this reason, we select as first potential change point 7} the global maximum

Filtered Derivative function

—— Corrected Filtered Derivative
—— Filtered Derivative

= —] Threshold for p—value

Right Signal

(FD)
4
|

2
|

o 1000 2000 3000 4000 5000

Figure 3: Filtered Derivative function without noise (o =0).

of the function |F Dy (t, A)|, then we define the function F Dy, by putting to 0 a vicinity
of width 2A of the point 7 and we iterate this algorithm while |F Dy (7}, A)| > C1, see
[3]. When there is noise (e.g. o = 1), we get the following landscape, see Fig. 4 below.

Step 2 : p-Value

1. Elimination of false alarm
A potential change point 7/ can be an estimator of a true change point or a false alarm.
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Filtered Derivative function

————  Corrected Filtered Derivative
———— Filtered Derivative
Threshold for p-value
Right Signal

(FD)
4
I

Figure 4: Filtered Derivative function with noise (o = 1). The blue circles correspond to false
alarms.

In the case of a true change point, an error of estimation on the location of the change
exists. Thus, we have to cancel a small vicinity of size ¢, around each point 7}, see
[7, 8]. Then, for each segment, we calculate an estimation of the mean

L = (X, [Tk + €ky Thtr1 — Ek1]), (2.6)

2
where [i(X, Box) is defined by (2.1), and, as in | 7], e = |75 X <5Z) —‘ where [x] denotes
k

the ceiling function of the real number .

Remark 2.1 From definition (1.1), oy is the lower bound of the shifts, thus we can
deduce the following upper bound

e < g = {5 X (%)j (2.7)

The standard deviation o can be empirically estimated. Next, we can use this bound in
Formula (2.6) and set

//L\k = ﬁ(X, [Tk + €0, Tk+1 — 80]). (28)

After that, we eliminate the false detections in order to keep (as possible) only the true
change points. In [7], we apply the following hypothesis testing, for all 1 < k < K :

(Ho,k;) Dk = gyl Versus (HLk) Dk F ks

where the terms fiy, are defined by (2.8). By using this second single hypothesis test, we
calculate the p-values pj, ..., pj associated to each potential change point 77, ..., Tx..

2. p-value computation
We choose the statistic Student T. Indeed, under the null hypothesis, ¢; has a Student

distribution of degree d = Ny + Nj_1; — 2 such that N, = {(7’6‘ —eo) — (T + 50)}, where
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t}i _ Mk — Hk—1 (2‘9)

51371 + SI% ’
V Ne—1 Ny

and the sample standard deviation is :

Tk+1—€0

o= (v 2 XF) -, (210)

N,
t=Tr+eo0

By construction, d > 2A —4ey, thus for A > 30 the distribution of ¢} is approximatively
Gaussian and we can set

po= 2x {1 - Std(|tk|)} ~ 2 x {1 - <I>(|tk|)} (2.11)

where St; denotes the cumulative distribution function of a Student law of degree d
and ® the cumulative distribution function of the zero mean standard Gaussian law as
given by (1.2). In [8], we only keep the change points corresponding to a p-value smaller
than a fixed threshold p3. Consequently, Step 2 is much more selective and allows us to
deduce an estimator of the piecewise constant map ¢ — pu(t).

3 How to choose the extra-parameters of Step 1 (Filtered
Derivative)?

All the change points methods depend on extra-parameters which must be well chosen. The

filtered derivative method depends on two extra-parameters, namely the window size A and
the threshold C}.

3.1 Criterion for choosing the extra-parameters of FD

In the case of "At Most one Change point " (AMOC), the usual criteria are :
- Error of type I which corresponds to the Probability of False Alarm (PFA).

- Error of type II which corresponds to the Probability of Non Detection (PND).

see eg. [16, 26]. The PND is well suited for AMOC. But for detecting more than one change
point, we have to impose that one detected change point has to be at the vicinity of each real
change point. Following |7], for each real change point 74, we define the local PND as

PNDlocal(Tk:) = P(Bk’)’

where

B, = {Vt € [r, — A, 7, + A], |[FD(t, A)| < CI}.
With these notations, we can define the global PND by

K
PNDyp = P(UBk). (3.1)
k=1
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Next, we can define the Number of Non Detection (NN D) in the vicinity of the right change
points as

NND(w) = Y 1p,(w). (3.2)

Furthermore, in case of no change points, the probability of false alarm is defined as :
alA,Cy) = P(T(Ol,A) <n-— A),
where 7(C1, A) is the first hitting time of C}, that is
7(C1,A) :=inf{t > A; |FD(t,A)| > C1}. (3.3)

However, type I error is the probability of at least one false alarm and thus appears as a rough
criterion see [7]. Following |5], the number of false alarm (NFA) is a more relevant criterion.

Definition 3.1 The number of false alarms is defined as follows

NFA = K- K+ NND. (3.4)

3.2 Impact of non detection and false alarm on the MISE

i) From (3.4), we get |K — K| = [INFA — NNDJ. Thus non detection and false alarm
impact in the same way the criterion |K — K|.

ii) Clearly, false alarm does not impact the quantity d?(r,7) defined by (1.3), whereas non
detection at the right place increases the quantity d*(7,7).

iii) The impacts of false alarm and non detection on MISE are mainly described by the two
following propositions (3.3 and 3.4). Stress that, the potential change points can be
different from the true change points.

Definition 3.2 (MISE) Let 7y, 7 be two change times, set

K
S(t) = Zluk X 1(Tkﬂ'k+1](t)
k=0

the true signal, and denote by

the estimated signal.
The mean integrated square error between the times 71 and 1o is then defined by

MISE(r,7) :==E (Z 15(t) — s(t)|2) .

t=T71

Proposition 3.3 (False alarm) Let 7, 7o be two successive change points and Ty and T3
the potential change points such that 71 = 7 + &1, To = Ty — 9. Furthermore, we assume that
lleilloo < M., with i € {1,2} where M., is a finite constant.
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i) Without false alarm : Assume that 71, To are the two successive potential change points
obtained after Step 1. Then
MISE(r,72) = 0°+r3s (3.5)

whith

o? =7\
I35 < MEI[ +(A1 0) (Ml—ﬂo)2 +o..

71— 70
o? T T 2
3 — T2
~--+M52[ - +( ) (Ml_ﬂ2)2]'
T3 — T2 T3 — T2

it) With false alarm : Assume that 71, 7o, and T3 are the three successive potential change
points obtained after Step 1 such as 73 s the false alarm, and that 7y < 71 < T3 < To < To.
Then

MISE(11,75) = 20% + 136 (3.6)

with :

Proof. See Appendix A. [J

Proposition 3.4 (Non detection) Let 71, 7o, and 13 be three successive right change points
Furthermore, we assume that ||g;||cc < M., with i € {1,2,3} where M., is a finite constant
and the quantity €; are precisely defined below.

i) Without non detection : Assume that 71, 7o, T3 are the three successive potential change
points obtained after Step 1 such that 7\ = 7 + €1, To = T — &9, T3 = T3 — €3 and
7'1<7A'1<7'2<7A'2<7A'3<7'3.

MISE(1y,73) = 0> + 137 (3.7)

with :
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it) With non detection : Assume that 1o is the undetected change point. For notational
convenience, let us still denote by 71 and 73 the two successive potential change points
obtained after Step 1 such that 71 =T+ 61, 3 =T3 —c3and 7 < 71 < Ty < T3 < T3.
Then

MISE(my,73) = 20% + 133 (3.8)

with :

+ ...

1 — 70

0'2 T4 — T 2
"+M€3 [ — + ( : AS) (:U/l _/~L3)2 :
T4 — T3 T4 — T3

2
o T — T
lrss] < M, [H + (Al 0) (111 — po)?

Proof. See Appendix B. [J

In order to measure which kind of alarm (error) impacts more the MISE, we study the
difference between the MISE in the case of the non detection and the MISE in the case of the
false alarm. To begin with, we restricted ourselves to the particular case where 1 ; — 0 with
i €{1,2,3,4}, which means that ¢, = 0 with j € {1,2, 3} and the potential change points are
the true change points. Moreover, we obtain the same results at the first order in the general
case when we put g; # 0.

Corollary 3.5 (False alarm) i) Let 71, To be the two successive potential change points
obtained after Step 1. Then
MISE(r, ) = o*

it) Let Ty, T2, and T3 be the three successive potential change points obtained after Step 1
such that 1 =T < T3 < To = 1. Then

MISE(r, ) = 20°.

i11) The difference between the MISE in the case with false alarm and the case without false
alarm is as follows :

AMISEpy = MISEinra — MISEyithoutra (3.9)
—_= 0‘2
Corollary 3.6 (Non detection) i) Let 71, 7o and 73 be the three successive potential

change points obtained after Step 1 such that 71 = 7, 7o = T and 73 = 73. Then
MISE(r,m3) = 20°
it) Next, assume that Ty is the undetected change point. For mathematical convenience, let

us still denote by 71 and T3 the two successive potential change points obtained after Step
1 such that 71 = 71 < 79 < 73 = 13. Then

MISE(ny,75) = 0 + 2210 =) 5,
T3 — T1

with op = (p2 — ).
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iti) The difference between the MISE in the case with non detection and the case without
non detection is as follows :

AMISEnp = MISEyinnp — MISEyithoutnD (3.10)
_ (7'2—71)(73—7'2)(5u)2_02
T3 —T

Proposition 3.7 Let us assume that Propositions 3.3 and 3.4 are satisfied. Then

Su\2
o if (_,u) > 2, then AMISENp > AMISFEr, namely the impact of the non detection
o

is more important than the impact of the false alarm .

Su\2
e On the other side, if (—M) <
o T3 — T1

impact of the false alarm is more important than the impact of the non detection.

, then AMISEnp < AMISFEr4, namely the

Proof. We want to show that :

<%QZ>2:¢AMIQ%D>AMmﬂ%A (3.11)
We have :
AMMEW—AMHEM,:OQKQM)%E_ﬁxﬁ_ELJ]
ag T3 — T1
Thus,

= 5—M>\/2( ER

o Ty — 11)(T3 — T2)

Set L=13—7 ,A=7— 71 where L >0and A € [1,L — 1]

Thus, we have : f()\) = \/ ,\(EEA)

The minimum of f(\) is reached for A = L/2, and the maximum is reached for A\ = 1.

We deduce then :
8 2L
- < <4 = 2
Vg ST =yg =2

Therefore, %“ > /2 implies AMISENp > AMISEr,.
On the other hand, when ‘%“ > \/% we have AMISENp < AMISEr,.
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3.3 Bound on the error of type II for Filtered Derivative

Proposition 3.8 Let 7 = (11,72, ...,Tk) be a configuration of K change points, with means
= (fo, ..., x) and shifts 6 = (61,...,0k) as described in Subsection 1.1. Then

PNDglobal < K x B*(CMA)?
where PN D gjopq s defined by (5.1),

B (Cy,A) =T (‘50 ;Cl g) x P (Cl_T‘SO/B @) , (3.12)

do is defined by (1.1), and ® and V¥ are given by (1.2).

Proof. Actually, the proposition Prop. 3.4 is a corollary of |7, Prop 3.2, p 222|. But the |7,
Prop 3.2, p 222| deals with the unilateral case whereas the Prop. 3.4 concerns the bilateral
case. Firstly, let us point that when d;, < 0, we can multiply the function F'D by (—1), which
brings us back to the case 6p > 0. Therefore, without any restriction, we can assume that
0r > 0. Secondly, we have B, C By, where

B, = {w € [r — A, 7y + A, FD(t, A) < 01}.

Thus, ]P(Bk) < i’(Bk) On the other hand, following |7, Prop. 3.2, p 222|, we have,

P (B) < w(@@) x@(%@) . (3.13)

Next, by remarking that the right side of (3.13) is a decreasing function of |d;| and recalling
that dg = infx—1,_x |0x|, we can deduce that

,,,,,

P(B) < 5(Ci,A) :=\If<5°j,01 \@) w(c‘T‘”?’\@) NS

On the other hand, we obviously have

K
PNDjigpar < ) P(By)
k=1

which combined with (3.14) provides the bound (3.8). This finishes the proof of Proposi-
tion 3.8. [

3.4 Control of the number of false alarms

In this subsection, we want to control not only the Probability of False Alarm (PFA) but also
the Number of False Alarms (NFA) (see Definition 3.1).

Let us denote by K the number of change point select in step 1 of the FDpV method (FD),
then the number of false alarms is (K — K).

Moreover, in order to control the number of false alarms, we need to choose the extra-
parameters A and C.
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The choice of parameter A

From the subsection 3.3, we can get the feeling that the larger the window size A is, the
smaller type I and type II errors will be. This reasoning holds true as long as

2x A < Ly:=if{|mps —m|,k=1,..., K} (3.15)

Thus, we have to choose a parameter A < Ly/2, even if we do not exactly know the quantity
Ly.

The choice of parameter C

In [7] (Bertrand, 2000), we have C} < dp with dg = inf{|dx|, k = 1, ..., K'} where Jj is the size
of the average of u;. With different Monte-Carlo simulations (see the subsection 3.5), we note
that the best values of C; are between 0.1 and 0.2.

3.5 Monte-Carlo simulation

This Monte-Carlo simulation is done for M = 1000. Let (X7, X7, ..., X7) be a sequence of
simulated Gaussian random variables where n = 5000 or n = 50,000 and j = 1,..., M, with
a variance 0 = 1 and a mean p; = f(t) where f is a piecewise constant function with a
specified number of change points at different times 7 with different means p.

On each sample, we apply the FDpV method for different values of the extra-parameters A
and C7. We vary the parameter A between 20 and 220 with a step of 10 while we vary the
parameter C; between 0.1 and 1 with a step of 0.05.
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Example 1

The figures 5 and 6 show respectively the variation of the mean number of non detected
change points and the variation of the mean number of the false alarms in function of the
extra-parameters A and C; where n = 5000 ; 7 = (1000, 1250, 1500, 2000, 3500, 4000, 4500)
and op = (—0.5,—1,—-1.5,0.5,1,1.5) with &y = 0.5.

fean : number of Undetected Change Points Mean : number of False alarms

MNhb Mon Detection

Mhb False alarms

-

Figure 5: The mean of the num- Figure 6: The mean of the number of false
ber of undetected change points alarm

In the figures 7(a) and 7(b) below, we draw the contours of the mean number of undetected
change points and those of the mean number of false alarm. These contours help us define
an admissible set of extra-parameters. For example, the hatched domain in figure 7(c) cor-
responds to the intersection of zero or one mean number of non detection and zero or one
mean number of false alarm. In this case, a choice of a window A > 70 and a threshold
C} € [0.15,0.22] insures a mean number of non detection and a mean number of false alarm
both smaller than 1.

Contours for Mumber of Man Detections Cantours for Number of False Alarms

L

L 1 L 1 I L I L L I I i
01 015 0.2 025 0.3 0.35 04 045 05 01 015 0.z 0.25 03 0.35 04 045 0s

(a) The contour of the mean number of undetected  (b) The contour of the mean number of false alarm.
change points.
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Overlapping of Contours

1Mop

100

0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5
1

(¢) The overlap contour of 7(a) and 7(b).

Figure 7: The contours of the figures 5 and 6 and their overlap

Example 2

The figures 8 and 9 shows respectively the variation of the mean number of the undetected
change points and the mean number of the false alarms in function of the extra-parameters A
and C7 where n = 50.000, 7 = (10000, 12500, 15000, 20000, 25000, 32500, 35000, 40000, 45000)
and op = (—2,—-1.5,—1,-0.5,0.5,1, 1.5, 2) with o = 0.5.

fean : number of Undetected Change Points Mean : number of False &larms

MNh Mon Detection
m
Mb False alarms

Figure 8: The mean of the num- Figure 9: The mean of the number of false
ber of undetected change points alarm
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Caontours for Mumber of Mon Detections Cantours far Mumber of False Alarms
110
100
a0
aor
70
B0

50

L a0t
a0 a0
20 z0r

i L L

L L L L L T
01 015 0z 0.25 0.3 033 04 043 0.3 a1 013 0z 023 03 0.35 04 043 0.5

(a) The contour of the number of undetected (b) The contour of the number of false alarm.
change points.

Ovetrlapping of Contours

110t

100

90

aor

01

60

50

ant

Jor

20

0.1 015 0.z 0.25 0.3 0.35 04 045 0.5
c1

(¢) The overlap contour of 10(a) and 10(b).

Figure 10: The contours of the figures 8 and 9 and their overlap

In the figures 10(a) and 10(b) above, we draw the contours of the mean number of undetected
change points, those of the mean number of false alarms and their overlap.The numbers on
the figure of the overlapping of contours are given as an indication to show the evolution of
the mean number of false alarms (blue) and the mean number of undetected change point
(red). Let us point that on figure 10(c), the intersection of zero or one non detection and false
alarm is void. However, a choice of extra-parameters A > 70 and a threshold C; € [0.15,0.22]
would insure a mean number of non detection smaller than one and a mean number of false
alarm smaller than 8.
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Example 3

In this example, we keep the variables n and 7 of the example 2 and we take shifts on the
mean g of the change point smaller than those in the example 1 and 2, that is to say

op = (—=2,-1.5,—-1,-0.25,0.25,1,1.5,2) with 6o = 0.25. The figures 11 and 12 show the
variation of the mean number of the undetected change points and those of the mean number
of the false alarms for different values of the extra-parameters A and C}.

fean : number of Undetected Change Points Mean : number of False alarms

MNhb Mon Detection
Mhb Falze Alarms

-

Figure 11: The mean of the num- Figure 12: The mean of the number of false
ber of undetected change points alarm

In the figures 13(a) and 13(b) below, we draw the contours of the mean number of undetected
change points and those of the mean number of false alarm. A choice of extra-parameters
A > 70 and a threshold C} € [0.15,0.22] would insure a mean number of non detection smaller
than 3 and a mean number of false alarm smaller than 8. But, fixing C; = 0.15 insures a
mean number of non detection smaller than 1 without impact on the mean number of false

alarm.

Contours for Mumber of Non Detections Caontours for Number of False Alarms

L L L L L L L L L L L L L i
01 01s 0z 0.zs 0.3 0.35 04 045 05 01 01s 0z 0.zs 0.3 0.35 04 045 05
1 1

(a) The contour of the number of undetected change (b) The contour of the number of false alarm.
points.
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Overlapping of Contours

0.1 0.15 02 0.25 0.3 0.35 04 045 0.5
c1

(c) The overlap of the contours 13(a) and 13(b).

Figure 13: The contours of the figures 11 and 12

We note that, in the three examples, when the threshold C is smaller than §y (especially
when C) € [0.15,0.22]) and the window size A is large enough without exceeding the value

%7 we get less undetected change points and less false alarms.

Conclusion

Our analysis suggest a comprehensive way to optimize the Filtered Derivative function extra-
parameters in the first step of the FDpV method. By giving the precise values to choose for the
window size A and the threshold C}; where we have to choose A > 70 and C; € [0.15,0.22],
we obtain fewer false alarms and undetected change points. Thus, in the second step, we
calculate less p-values, gaining computational time and memory.

Another method is used in [30]. The first step is still based on the Filtered Derivative function
with the two extra-parameters: the window size A and the threshold C;. Yet, in the second
step, they increase the window size A such that for each value of A they detect a real change
point. This algorithm may detect all the true change points. But the problem of the false
discoveries is not resolved, and can be enhanced by a good initial choice of the parameters A
and C .

On the other hand, by fixing a value for the window size A and the threshold C in Step 1
of the FDpV method, we detect the real change points and, at the same time, we minimise
the number of the false discoveries. Furthermore, in Step 2, we eliminate more false positives.
Finally, we studied the impact of the false alarms and the undetected change points on the
Mean Integrated Square Error in order to determine which one has a more significant impact.
To sum up, for the FDpV method, we have specified the values of the window size A and the
threshold C; in Step 1. In forthcoming studies, we need to find a way to estimate the value
of the threshold pj in Step 2 to discard as many false positives as possible.
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A Proof of Proposition 3.3

Proof.
i) Without false alarm :
]SE(Tl,TQ) = ISE(Th’f'l) —|— ISE’(%177:2) —|— ISE(%277—2)

- ISE(mi,71) = e1(p — fio)”
For 79 = 7 et 73 = 73, we have :

~A o (F1—71)p1+(m1—70) o
fo =7 X ot =5,
N g (%1—T1)u1—(71—70),u0
— = - x Uy — ~
M1 — Mo 251 /—TAl — 0 1 — To
_ mmmm - —m)m — (=m0 « Uy
1 — To VT —To
T — 70 g

) - —2 xU
721 -7 (:LLl MO) /—7,_\1 - 0

MISE(ri,71) = E(ei(m — fio)?)

||51||00 = Sup|€1k| < M81

— T g 2 0'2 T1— T 2
E [(2—73@1 — po) — F= X Uo) ] =zt (ﬁ) (1 — p0)®
Thus :

. o? mn—1\>
MISE(m, 1) < M, [7:1 — + (7; _Tz) (11 _“0)2]

ISE(T,73) = (T2 — 71) (1 — 4i1)?

Wehave:/11:M1+\/,f;fﬁXU1:>M1_/21:_\/gj
Thus :

XU1

M[SE(’?A'l,%Q) = E((%Q—%1)</,61—/,21)2)

= (f2—7)E(u1 — fir?)
0.2

= (7 —71)—— x E(U})

T2 —T1

—= 0'2
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ISE(fQ — 7'2) = EQ(Ml

g

we have : j[io = T

p— fg =

MISE('fQ,TQ)

25

N ﬂ;r)g (r2—F2)p1+(F3—72)
T2—T2) 1+ (T3 —T2) 2
X U2 T3—T2
g % U2— (Tz_%Z)/,Ll_(Tg_TQ)ILLQ

W — -
VT3 — T2 T3 — T2

(18 — o) — (T2 — To)pn — (73 — o)

g

T3 — T
T3 — T2 g

s — 75 (Ml - M2) - —’—73 —

XUQ

= E (52(M1 - ﬂ2)2)

IA

S

g
X
=

le2]loc = suples,| < M,

2 2 T3—T: 2
\/7% X U2> :| - 7'30—”?2 + (ﬁ) (:ul - :U’2)2

(222 — o) -
Thus :

— X Uy
VT3 — T2

2 _ 2
MISE(r, 1) < M&Q[ 7 +(T3 TQ) (NI_N2)2]

7'3—7A'2

Thus, we can deduce that :

MISE(t,1) < o0*+4¢

ii) With false alarm : ISE(m, ) = [SE(1,71) + ISE(71,73) + ISE(T3,T2) + ISE(T, T2)

ISE(Tl,f'l) = 81(/,61 —

g

we have : jip = TA—

P — flo

ﬂ0)2 (F1=71)pa+( )
T1—T1) 1 +(71—70) 10
X UO + T1—T0
a (71 — 7)) + (11 — 7o) fho

XUQ—

1 —To

o
N e

XUQ

H1 — —F7— ~
1 — 70 71— 7o
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M[SE(Tl,fl)

26

E (e1(pm1 — f10)?)

2
T — 70 g
= Ele | = — — % U,
1 (7_1 T (,M1 ,Uo) —7:1 _— 0)
2
T T0 g
< €1lleo X E — — - X U
< el % E | (2220 — ) - =2 x 00
||51||00 = Sup|€1k| < M81
T1— T g 2 0'2 T1— T 2
E [(ﬁ(ﬂl — po) — F= X Uo) } =50 T (fi,T(?) (11 — po)?
Thus :

MISE(T1,7A1> S M€1[

ISE(71,73) = (T3 — 71) (1 — fi1)*

We have : /11:;;1—1—\/7}‘)’?
Thus :

MISE(#,7)

ISE(%?”@) = (7:2 - 723)(#1 - ﬂ22)

We have :
ﬂ1=M2+\/+:f%3><U2=>/i1—/12:
Thus :

MISE(73,7T2)

ISE(Ty, 73) = (1 — fi3)*

XUy = py — jip = —

g

E ((73 — 71) (1 — #i1)?)
(75 — 71)E(p1 — fir)?

0.2

= (73 =7 x B(U?
(73 71)7:3_7:1 (U1)

g 0'2

Vs < U2

E ((72 — 73) (1 — fi1)?)
(72 — 73)E(py — fi2)?
x E(U2)

o

(T — 73)

0_2

~ A~

Ty — T3

N o (Ta—=m2)p1+(m2—74) 13
we have : [ig = T X U + —
. o (7o — To)pi1 + (T2 — T4) i3
1 —fl3 = p1 — —F———= X Uy — =
VT — Ty To — Ty
Ty — Ta o
= — X U2

To — T4

(#1 —M3) Y
VT2 — T4
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MISE(7,72) = E(ea(n — fiz)?)

||52||00 = Sup|€2k| < M62

T2 —T. o 2 0'2 T2 —T 2
E [(é—éﬂh — p3) — = X U2> } =505 T (éfé) (1 — p3)?

Thus :
. o? =71\’ 5
MISE(TQ,TQ) < M€2 = + N (,Uzl_,Uz3)
To — T4 Ty — T4
Then :
MISE(m,1) < 20°+ M, |= + (= (1 — fto) (A.2)
1 — 70 1 — 70

+ M.,

o? To — T4 2
- + ( - ) (1 — p3)?
Ty — T4 To — T4

B Proof of Proposition 3.4

Proof.

i) Without non detection :
]SE(71,7'3) = ISE(TlﬂA'l) + ISE(%l,%Q) + ISE(%Q,TQ) + ISE(7_277:3> + ISE(%;),,Tg)
- ISE(ri,71) = e1(1 — fo)”
For 79 = 7y et 74 = 74, we have :

N _ o (F1—m)u1+(T1—T0) ko
Ho = VT1—T0 X UO + T1—To0
N g (?1—71)/“—(71—70),&0
H1 — Mo 251 /—791 — 0 71— To
(A= m)m = (F— 1) — (1 — o) o °
= - - = 0
1 — To V71— To
7 — 7o ag

A ) — 2 x U
R i
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MISE(Tl,%l) =

le1lloo = suple,| < M,

2
B | (32200 — ) — 72 % U0 | =

Thus :

M[SE(Tl,%l) S ]\4-81 [

ISE(%M%Q) = (721,722)(/% - ﬂ1)2
We have :

o

ﬂ1=M1+mXU1:>M1—/f1=—

Thus :

MISE(T,Ts)

]SE(TE - 72) = 52(#1 - ﬂ2)2

E (e1(pm1 — #i0)?)

2

2
o T1—T( 2
T1—T0 + (ﬁ) (’ul o ,U())

A

0'2 ™1 — T0 2
(222) ooy
1 — 170 1 — 70

z XU1

VT2—T1

E ((72 — 71) (1 — 4i1)?)
(7o — 71)E(py — 4ir)?
X ]E(Uf)

" " g
(Ta — T1)——
To —T1

0_2

1+ (T3—T2) 2

we have : jip = T

g

g X U2 ‘I’ (7'2—’?2)

T3—T2

(T2 — To) i1 — (T3 - T2)M2

— [l = ———— x Uy — -
M1 — M2 H1 s — 7 2 T3 — Ty
(=T — (T2 — To)pr — (73 — T2)fho U
= - - = 2
T3 — T2 VT — T2
_ T3 — T2 g % U2

MISE(fQ,TQ) =

e

E (e2(p1 — f12)?)
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le2lloo = suples,| < M,

(é:é (1 — p2) — Jrata < U.

29

2
T3—T: 2
t(22) )

Thus :
o2
M[SE(Tl,%l) S E9 =
T3 — T2

ISE(12,73) = (73 — T2) (1 — fiz)?
We have :
fio = pn + 7= X Us = iy — fiy = — 72—
Thus :

MISE(#, %)

2
T3 — T2
+(222) <u1—u2>2]
T3 — T2

XU3

E (72 = 71) (11 — 412)?)

= (f2—7)E(u1 — fis?)

= (7'2—71)7: =

—= 0‘2

ISE(73,m3) = e3(p1 — ,124)2
we have : jiy =

0.2

x E(U3)

2 —T1

o x Uy + (13—=73)p1+(T4—73) p1a

Vi

T4—T3

g

=y = H1—ﬁXU4—
41— T3

Ty — T3

MISE(73,73) = E(e3(m — fun)?)

= E
< leslloe X E (“
T4 —
leslloo = suples, | < M,
T4—T: o 2 o2
E [(ﬁ(’“ ) =~ g X Ui) ] =
Thus :
o2
MISE(%g,Tg) S M€3 n
Ty — T3

o
7'4—7:?,(”1 _M) - \/7'4—7:3

(73 — T3)p1 + (T4 — T3) s
T4 — T3

XU4
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Thus, we can deduce that :

2

g ™7 — 70

MISE(r,13) < 202+M51[

2

N

1T — 7o

i

1 — To

g T3 — T2
— + -

T3 — T2 T3 — T2
o? T4 — T3
— + -

Tqg — T3 T4y — T3

)2 (11— pia)?

)2 (1 — 1a)?

)2 (11 - W] (B.1)

11) With non detection : [SE(Tl,Tg) = [SE(Tl,’IA'l)—FISE(%l,Tg)+[SE(T2,%3)+[SE(’?’3,T3)
ISE(ri,71) = e — fio)”
For 79 = 7y et 74 = 74, we have :

_ a

N (f1—=71)p1+(T1—70) o
fo = Za—y X Uo +

T1—T0

o
H1 =10
(ﬁ - 7’0)#1 - (7A'1 - 7'1),LL1 - (T1 - 7'0),“0 .
71— To

o

(p1 — po) — —F—
VT1 —1T0

(71— 1)1 — (71— 70) o
’7A'1 — T0

XU()—

p1 — flo

g

XU(]

71— 70

XUO

721 — 70

MISE(1,71) E (e1(p1 — 4io)?)

2
1 —To g
= Elg |- - — —— x U,
1 (7_1 T (,Ul Mo) —7:1 — o)
2
1T —To 9
< eyl X E _ — - x U,
< Beulle % B | (22200 - o) - 2 x T0)
”51Hoo = SUP|511€‘ < M.,
T1— T g 2 O'2 T T 2
; {(%—TS (11 = o) = =g % UO) ] BEECh (fi—%) (1 = p0)”
Thus :
. o? T1— 70 ? 2
MISE(m, 1) < M, |= + | = (p1 — o)
T — 70 T — 70
ISE(71,7y) = (71,72) (11 — fir)”
We have :
fn =+ 2= XUy = i — fh = === x Uy
Thus :

MISE(#,7) = E((ra—#)(m — fir)?)
(r2 — 71)E(p1 — 4ir)”

2
X ]E(Uf)

o

(o —71)

0_2

T —T1
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ISE(T%%:’,) = (7A'3 - T2)(M1 - ﬂz)Z

We have :
ﬂ2:M1+\/+:fT2><U2$/~L1—ﬂ2=—\/T;fﬁXU2
Thus :

MISE(T,Ts)

0.2

31

E (72 = 71) (11 — 412)?)
(72 — 71)E(u1 — 4i1?)

= (o —1 x E(U2
(72 7'1)7:2_7:1 (U35)
ISE(73,73) = e3(p — fiz)” )
we have : fi3 = =2 x Us + (T3—Ts)/24_rg4—73)u3
p1— fl3 = fi1 — c _ ><U3—(T3_T3)“1+(AT4_73)M3
Ty — T3 Ty — T3
T4 — T3 o
p— — P - >< U
T4 — T3 (/'Ll IU3) Ty — 7:3 3
MISE(Rm) = E(sm — i)
2
T4 — T3 o
= ]E € ~ - - X U
3(74—73(“1 ) N 3)
2
T4 — T3 o
< €3lco X E — — —— X U.
= Il (7'4 — T3 (12 = o) VT4 — T3 3)

||53HOO = SUP|€3k| < ME3

2
E l(ﬁ(ﬂl — p3) — o= X U3> ] =nm T
Thus :
0.2
M[SE(Tl,Tg) S Mgs —
T4 — T3

Thus, we can deduce that :

i

T4—T3
T4—T3

Ty — T3

7'4—723

>2 (1 — M3)2

)2 (11 u3)2]

2
o T — T
MISE(m,73) < 20+ M., [ +(f 0
T — 70 T — T0
o? Ty — T3
+ M., — + -
Ty — T3 Ty — T3

)2 (1 —w] (B.2)

)2 (11 — M3)2]
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