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1. Introduction

Detecting changepoints is a long-standing problem in statistics, dating at least
as far back as [29]. In recent years, there has been an explosion of research into
methods for detecting multiple changes in data, stimulated by the growing need
across many and diverse application areas. For example, changepoint detection
methods have been applied in finance [30], bioinformatics [8], network traffic
[26] and climatology [19].

There are a number of generic ways to detect multiple changepoints, many
of which are based on recursively or repeatedly applying a method that detects
and locates single changepoint. These include binary segmentation [34] and its
variants such as wild binary segmentation [16] and circular binary segmentation
[28]; simultaneous multiscale changepoint estimation [15, 25]; scan statistics [10];
and the narrowest-over-threshold approach [1]. This paper considers a different
class of popular changepoint algorithms, that aims to jointly detect multiple
changepoints through minimising a penalised cost. This cost involves a measure
of fit to the data together with a penalty that increases proportionally with
the number of changepoints. These penalised cost ideas are closely related to
penalised likelihood methods and model choice approaches [3] for linear models
that employ an Lg penalty.

In practice, different applications often require the ability to detect different
types of change, or have different types of data structure. The simplest case is
detecting multiple changes-in-mean in Gaussian data, where the goal is equiva-
lent to find the optimal piecewise-constant mean function. Fast algorithms for
penalised cost approaches with an expected run time that can be linear in the
amount of data [22, 27] have been developed. These algorithms have been widely
used in applications from RNA sequencing [7] to analysis of historical warfare



Penalised cost approaches for changepoints 4499

[11]. For detecting other types of change, for example, changes in slope [12],
spikes plus exponential decay [21], and changes in mean of heavy-tailed data
[13], efficient algorithms have also been proposed, and have been implemented
to solve real-world problems such as determining the exact moment in time at
which a neuron spikes in calcium image data [20].

In terms of theoretical analysis, existing theory is well-developed for penalised
cost approaches for detecting change-in-mean [36, 24, 32]. For example, a specific
penalty value is known to give consistent estimates of the number of change-
points and empirical results suggest that this penalty choice is tight: with lower
values frequently leading to over-estimating the number of changes. However,
separate results needs to be carried out if we want to look at different types
of change. Whilst detecting different types of change seems to be similar sta-
tistical problems to detecting changes in mean, it is fundamentally more chal-
lenging in certain cases due to the complexity of underlying signals. Asymptotic
results about consistent estimates of the number and locations of changepoints
in those cases are much more limited and weaker, if not unavailable, in existing
literatures, e.g., often opposing an unspecific value of penalty that depends on a
loosely defined large enough constant [12] and/or requiring a finite upper bound
on the number of changes as in [36]. To our knowledge, the most general results
are in [4] which provides a simple argument that demonstrates consistency for a
wide class of changepoint models if we measure fit via a residual sum of squares,
and have a penalty that increases faster than the logarithm of the number of
data points. In this paper we develop a general statistical theory for penalised
cost approaches of detecting different types of changes, and, in particular, pro-
vide theoretical guidance on on how the penalty for each additional changepoint,
should be chosen.

As the first contribution of this paper, we establish a general framework of
penalised cost approaches, which applies to all multiple changepoint models that
admit an additive cost as the measure of fit, and show that the performance
of the approaches is related to their behaviour when analysing data with either
no change or one changepoint. We call these two specific cases as local regions.
Analysing the behaviour of penalsed cost methods in local regions is much sim-
pler than for the case of multiple changes. Informally our results show, subject to
additional conditions, that a choice of penalty that leads to consistent estimates
of the number of changes when there is one or no changepoints will directly lead
to a consistent estimator when there are multiple changes. Therefore, for differ-
ent types of changepoint problem, we only need to focus on their properties in
local regions. We propose a set of general conditions of detectability of changes
across all local regions, that will be sufficient to provide consistent estimator of
the number and locations of multiple changes for the entire data.

As the second contribution, we apply the proposed framework to different
multiple changepoint problems as applications, showing that the local region
conditions are satisfied, and hence obtain the theoretical results on the choice of
penalty and the corresponding consistent estimates of number of changepoints
and their locations. These lead to new results for detecting changes-in-slope,
with a weaker condition on the penalty that is needed to obtain consistent
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estimates comparing to existing results in [12]; and lead to the first theoretical
results for the problem of detecting spikes in an exponentially decaying signal.
Using our framework, similar consistency results can be easily derived for many
other multiple changepoint detection problems.

2. General framework
2.1. Problem setup

Consider a general changepoint model with T" observations 1.7 = {z1,..., 27}
ordered in sequence, for example by time or position along a chromosome.
Assume that there are a set of m changepoints, at ordered locations, 7., =
{m,. . yTm}, With 0 < 71 < 7o < +++ < Ty, < T. This will partition the data
into m + 1 distinct segments with the j-th segment including the observations
Tr, 41, = %7, 141,27, }, Where we write 79 = 0 and 7,41 = 7. In other
words, there is a common structure for the data within each single segment, but
the nature of this structure can change between segments. We characterise this
structure using segment specific parameters 01.,,11 = {61,...,0.,,41}, which
depending on the application, could, for example, be the mean changes of the
data between segments, or the variance changes, or both, among many other
possibilities.

We wish to estimate both the number and locations of the changepoints. To
this end we focus on the Ly penalised cost methods. These introduce a segment
cost, which measures the fit to data within the segment. Often appropriate costs
are specified by modelling the data, and setting the cost to be the negative of
the log-likelihood under such a model. For a segment with data zs.. for some
e > s, we have a segment cost C(z, s, e;0) that will depend on the segment
specific parameters 6. We will assume that the cost is additive over data points:

e
C(x,s,¢,0) = ci(w1r,0). (2.1)
t=s
where, ¢;(x1.7,0), the cost associated with data point x; can also depend on
other data-points, which allows dependency between xzi.r. This additive as-
sumption is a quite generally property for segment cost, which holds for most
problems in changepoint literature.

We then define the cost for fitting a set of m changepoints, 71.,,,, with asso-

ciated parameters 1., 11 as

m+1

Z C(:L’,Tj_l + 1,7']‘;0]').

j=1
We minimise over the parameters 601.,,4+1 simultaneously to define the cost as-
sociated with the segmentation:

m—+1
»C(xl:T;lem) = min ZC(.’E,ijl‘f‘l,Tj;aj),

1:m—+41 j:1
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where, potentially, the minimisation can be subject to constraints on the seg-
ment parameters. For simplicity, here we assume the constraints fix the rela-
tionship between the parameters of neighbouring segments. For example, we
may enforce strict monotonicity in a change-in-mean model, i.e, 8;41 € (6;,00),
where 6; is mean value in j-th segment; or in a change-in-slope model §; will
specify a linear function for the mean signal within j-th segment, and the con-
straints would enforce continuity at the changepoints for two consecutive linear
functions. Our results in this paper will remain valid for more general constraints
as long as (2.3) and (2.4) in Lemma 2.1, given below, still hold.

We can extend our definition of cost so that it applies to a subset of data
T and a series of changepoint locations s < 7., < e. Using the notation that
Tu—1 =8 — 1 and 7,41 = e, we have

v+1
L (Ts:e; Tuw) = mifrl1 ZC (x,7j-1+1,75;0;).
J=u
We take the convention that if the set of changepoints contains changes outside
the region of data, then these changes are ignored. For example, if 7 < sor 7 > e
then L(Zs.e; Tuw, T) = L(Ts:e; Tuw ). Let L(Z4.0; D) denote the segmentation cost
where there is no changepoint between s and e.

If we know the number of changepoints, m, it would be natural to estimate
their locations by the set 1.,,, which minimises £(x1.7; 71.m ). However, in prac-
tice we need to also estimate the number of changepoints. Therefore we consider
methods that estimate m and 71.,, simultaneously as the value that minimises
the Lo penalised cost:

argmln{£($1T7T1m) +6m}7 (22)

(m,T1:m)

where 8 > 0 is a user-defined tuning parameter that penalises the addition of
each changepoint. We call (2.2) minimisation of Ly penalised cost as mf can
be viewed as an Ly penalty on the difference in segment parameters associated
with neighbouring time-points.

We will use the superscript * to denote the true changepoint locations and
parameter values. That is, the true model will have m* changepoints, at lo-
cations 77;,,., and with segment parameters 67.,,.,,. If we impose constraints
when calculating the cost of a segmentation, we require the true segment pa-
rameters to satisfy those constraints. We will also define £*(x..) to be the cost
of fitting data x,.. with the true set of changepoints and the true parameters,
that is

‘C*(xSZt’i) = C(:ZZ, S, T:; 0;) + C(zv T;a €; 024—1) + Z C(l’, 7_;—17 T;; 9;)7
Jj=u+1

where u and v are defined so that 7, and 7, are, respectively, the first and last
true change between s and e; and if u = v we can set the summation part to be
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0. If .. does not contain a change then L*(z4..) = C(z, s, ¢; 0,) where u is the
index of the true segment that x,.. lie in.

The follwing properties of the cost, which follow from the additive assumption
(2.1), will be important for results in subsequent sections.

Lemma 2.1. Assume (2.1) holds, then for any s <r < e and s < Ty, < €, we
have
E(-'I;s:e; 7-u:v) Z ‘c(xs:r; Tu:'u) + £(xr+1:e; Tu:v); and (23)

L (xs:e) =L (xs:r) +L* (xT-Q-l:e)' (24)

2.2. Local region conditions

Our aim is to build general conditions under which estimating the number and
locations of the changepoints via a Ly penalised cost approach will be consistent,
and to quantify the accuracy within which the locations are estimated. We will
achieve this by relating properties of penalised cost approach when analysing
data with multiple changes in x1.7 to its properties when analysing data with
either zero or one changepoint in a local region, i.e, t41.44n O Tiy1:t42n, re-
spectively, where n or 2n is the number of data points the local region.

To this end we introduce the following conditions that govern the value of
the penalised cost procedure when fitting data simulated with either zero or one
true changepoint with either the correct or too many number of changepoints.
These conditions need to apply for our assumed data generating mechanism
and our choice of penalised cost. We assume the data generating mechanism is
parameterised by the set of changepoints and the segment parameters.

Condition 2.1. There exists increasing positive constants %(11) and %(12), such
that %(LD and 'y,(f) — o0 as n — 0o; and there exists positive numbers a(y, n) and
b(7y,n) increasing in vy, and positive functions, p;(vy,n) such that p;(y,n) — 0
as v — oo, for j € {1,2, 3,4}, such that:

(i) Let S1,,,(t) = Ti41:04n be a segment between ¢ + 1 and ¢ + n that includes

no changepoint. If v > %(11),

max P<k>rr11jg:k{ﬁ (S1n(t): i) Hhr}— L7 (S1.0(1)) < a(%n)) <pi(rm),

i P £ (81(1) — £ (81,(0):2) 2 bun) ) < pals )

where probability is with respect to the data generating mechanism for
S1n(2).
(ii) Let So.,(t) = Ti41:042n be a segment between ¢t + 1 and ¢ + 2n that has a

single changepoint which is at ¢ +n. If v > %(12)’ we have

max P ( >min {L(S2n(t); 1) + (k= 1)y} — L (S2,0(2)) < a(v, 2n))

k>2,71.5
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< p3(77 n)a

max P (ﬁ* (S2,n(t)) —min £ (Sa . (t); 1) > b(7, 2”)) < pa(v,n),

T1

where probability is with respect to the data generating mechanism for
Son(t).

The above condition bounds the reduction in the penalised cost, if we have
a penalty of « for adding a changepoint, that can be obtained by fitting too
many changes. Note that this penalty of +, is specific for local regions Sy ,,(¢)
and Sg ,,(t), thus is dependent on n not T'. Whilst it is different from the global
penalty 3, it plays an essential role in determining the value of 5.

The above probabilities p;(vy,n) are for the worst case over possible parame-
ters of the data generating mechanism and time-points such that the specified
region has no change or one change in the middle. In most situations, for ex-
ample x1.p are independent and identically distributed, the probabilities will
be the same for all choices. Note that by considering the maximum over the
set {S2,,(t)}, we must have m* > 1, that is, there exists at least one true
changepoint.

Moreover, we need another condition on the cost function if we do not fit a
change near a true changepoint, which is given below.

Condition 2.2. Let Sa ,,(t) = ¢41:¢42, be a segment between ¢ +1 and ¢+ 2n
that has a single changepoint which is at ¢ + n, and, with A = dist(6(1), 8(2)).
Here 01y and 6(5) are the parameters associated with the segments immediately
before and after t+n, and dist(+, -) is a suitable measure of distance in parameter
space that may be differing across applications. Then we have

max ]P’(L(SA)n(t), @) — L (San(t) < z) < ps (S(A,n),z),

where S(A,n) is a function of signal strength, and we require ps(y, z) — 0 as
y — oo and y/z — oo, and the probability is with-respect to the data generating
mechanism.

Condition 2.2 indirectly defines S(A,n) as the signal strength of a change
from segment parameter 6 ;) to 8 (o) with data of length n on either side of the
change point, where A is some appropriate measure of distance between the
two segment parameters. The idea is that the reduction in cost of not fitting
the change will be of the order of this signal strength. Again we bound the
worst-case probability, but in many cases the probability will be the same for
all segments in the set of {Sa ,,(t)}.

2.3. Global changepoint consistency

In this section, based on the introduced local region conditions, we establish
consistency of estimates of the number and locations for the changepoints under
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the penalised cost approach when applied to data simulated with a general
number m* of changes. The result is not limited to the type of changes and the
underlying data generating mechanism. Thus it builds a general framework to
obtain consistency theories for a broad class of changepoint problems.

As earlier, we denote the location of the changes by 77.,,-, and we will denote
the true segment lengths by

dj=1 -1y, j=1...,m"+1,

with, as before, 7§ = 0 and 7,;,. | = T'. Let the size of each change be denoted
by

Aj =dist(07,,,07), j=1,...,m",

where the distance || - || is defined in Condition 2.2. In addition, we define
(ST = minj 6] and AT = minj A]
Given a set of integers mi.,- satisfying 0 < n; < min{d;,d;41}, we can

partition the data into 2m™* + 1 regions {S1,S2,. .., Sam=+1}, such that:
{SZM = A D]y ) (2.5)

S2j = w(T;fn_ﬁ»l):(T;anj)a

where we define ng = n,,+41 = 0. See the top plot of Figure 1 for an example
of this partitioning of the data. In this way, each region S; with an odd index
j does not contain a true changepoint, and each region with an even index
has exactly one true changepoint in the middle, satisfying our definition of
local regions. Therefore we can verify if Conditions 2.1 and 2.2 are satisfied on
{S1,S2,...,Sa2m++1}, depending on specific problem.

We are now ready to give a unified result for the changepoint estimation
under our penalised cost criteria in the following theorem.

Theorem 2.1. Assume Conditions 2.1 and 2.2 hold. For data x1.7, let v and
T1.n be the number and locations of changepoints we obtain by minimising the
penalised cost (2.2) with penalty . For any ny.m+ where 0 < nj < min{d;,d;41},
define an event E(B, n1.m*) as

E(Byn1m~) = {m =m* and |75 — 77| <nj,j=1,... ,m*} , (2.6)

and a minimum signal strength as S = min?":*l S(Aj,n;). Then if

B> max{'yé}) (2) b and a(B,T) > 2m*b(B,T),

) PYmax,; n

we have
P@mmWQ21om+mmaﬂmwnm@ﬂm%(m@ma

<ﬂﬁm<@m§m>—m%M&ﬂ+M&ﬂl (2.7)



Penalised cost approaches for changepoints 4505

<
| | 1 | | |
- .
| I | [ | |
o !
1 1. | -1 L |
[ o1 | - SrLE |
oA - . .
z (g . T | | A
T o | | | 1 T
1 | | | | |
P11 1 1 1 1 1
0 50 100 150 200
<
| | 1 | | |
™ .
| I | [ | : |
o~ . LT . .
1 1. | -1 1 ST
1 1. [ - [ e
o . ST B
z 1 - -l f | | : oo
T | | | | S|
1 | | | | |
o |
! 1 1 1 1 1 [l
0 50 100 150 200
g v v v
o] | 1 ' | |
| . N R [ | : : |
o . ! -
1 v S, LT -l i R . |
o e ———— . . . . .
z [ T | | : . R
T | | | -1 T
1 | | | | |
o |
! 1 1 1 1 1 [l
0 50 100 150 200

Fic 1. Top: Exzample partitioning of the data, for the univariate change-in-mean problem.
The green-line is the true mean, which has two changes. Thus our partition has 5 regions,
S1.5, with the even regions containing a change and the odd-regions containing no change.
The size of the even regions can be chosen based on the size of the change, with larger regions
around smaller changes. Middle: a segmentation of the data, together with fitted mean (red-
line), that violates the event (2.6). Such a segmentation will have errors within at least one
region, in this case the fitted segmentation fits too many changes in Sa, misses the change in
S4 and erroneously fits a change in Ss. To show the penalised cost of such a segmentation
will not be optimal, under our event F1 (see the proof in Appendiz) we bound the difference
in the cost between such a segmentation and the true segmentation, by the difference of the
cost if we fit the segmentation separately within each region (bottom figure) and the cost of
the true segmentation with the true parameters (top figure). This difference is simply the
sum of the differences of the fits in each region. The key idea is that for regions where a
putative segmentation makes an error this difference will be sufficiently large that putative
segmentation can not be optimal.

The proof of Theorem 2.1 is deferred to the appendix. Here we give a pictorial
outline of the proof, using change-in-mean problem as an example in Figure 1.

Theorem 2.1 provides the probability bound on the event that the estimated
number of changes is correct and the estimated location of each change 77 is
within the accuracy of n;. The global penalty g is chosen by collecting the
maximum of 'y(Tl) and 77(3) for all 1 < j < m* + 1. If we specify any asymptotic
regime such that

__ S
B+a(B,T)

— 00, asT — oo.
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Then if m* is finite or diverging with 7" in a slow rate, we have

m* min {pl(ﬁaT)7p2(67T)ap3(ﬂ7mja'X”j)7p4(Bamjaxnj)ap5(876 + a(ﬁ7T))}

— 0.

Hence such an event will hold with probability going to 1.

In the event such that m* = 0, we do not need to split the data into local
regions but treat 1.7 as in scenario (i) in Condition 2.1; therefore, if 5 > 'yq(}),
we have (2.7) still holds. Also, it is simple to adapt the proof to show that we
can replace § > yp with 8 > v, , where nmax = max;{d;} is the maximum
true segment length. This suggests the possibility of using smaller penalties in
situations where the maximum segment length is known and is much shorter
than T'. For a given value of the minimum signal strength, S, we can optimise
the choice of n1.,« that bound the accuracy of our estimates of the locations of
each changepoint and make it to be tighter. Specifically we can choose n; to be
the smallest value such that S(A;,n;) > S for each j =1,...,m*.

3. Applications

In this section, to show the usefulness and broad applicability of the general
framework developed in Section 2, we apply it to the estimation of change-in-
mean, change-in-slope as well as changepoint in spike and exponential decay
problems. The obtained consistency results for change-in-mean is not new, but
it is more flexible than that in [36], allowing the number of changes, m*, to
diverge with T'. For change-in-slope, the results is stronger than previous con-
sistency results, as it carefully specifies the value of the penalty, 5, that ensures
consistency. This provides very important information on how to select § and
make the methods more accessible to practitioners. For spike and exponential
decay, we provide the first consistency result of this problem.

Note that in this section we always assume m* > 1, meaning that there
exists at least one changepoint. Otherwise, we only need to verify scenario (i) of
Condition 2.1 and the global changepoint consistency holds trivially in all the
three problems. Proofs for results in this section are deferred to the appendix
of this paper.

3.1. Change-in-mean problem

First, we revisit the canonical problem of detecting change-in-mean. Suppose
we observe data xq.7 with underlying decomposition, z; = py + €;, where ¢, ~
N(0,0?%) are independent and identical distributed (i.i.d.) Gaussian, and ju; are
piecewise constant means, i.e.:

pe=0;, ifr +1<t<7 forallj=1,....,m"+ 1
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To estimate the set of changepoints, we use the square error loss as the cost
function to measure fit to the data. That is, fitting a set of points z.. with the
same segment parameter, 8, has cost function in the following form:

Clx,s,e; 0) = ZM

t=s

(3.1)

g

Note that in this application, no constraint is imposed on the parameters that
minimise the cost function. Therefore, in fact we wish to minimise over m and
T1.m, for the following penalised cost:

m—+1 Tj

(xt B 'ij—l"l‘l:Tj)Q
>y . +mp, (3.2)

g
j=1 t:T]‘_l—‘rl

where &, 41, = Yry, 1 01/(75 — T51).

The above minimisation assumes knowledge of the noise variance o2, which
can be regarded as a nuisance parameter. In practice if the variance is unknown,
it is a common procedure in the literature to plug in, for example, the Median
Absolute Deviation (MAD) estimator [17] applied to the differenced data [1],
without any effect on the correctness of the theoretical analysis below. More
specifically, for this change-in-mean exmaple we can set

median{|zy — x1],..., |z — 71|}

V29-1(3/4) ’

6’:

where ®~1(.) is the quantile function of the standard normal distribution.

It is also possible to include the effect of the consistent estimation of variance
parameter in the theoretical analysis. To this end, a simple approach is to use
some sample-splitting procedure that will be helpful to avoid dependency in the
analysis and simplify the results. For example, using the odd data to estimate
the variance, and use even data to estimate the changepoints. A drawback of
this method is we may increase the variance of our changepoint estimation.

As in Section 2.3, we define the size of the change at j-th true changepoint

Tj as

Aj=dist(07,4,0;) =10;1 =05, =1,...,m",
which is the absolute mean difference in two consecutive segments. The following
propositions show Conditions 2.1 and 2.2 are satisfied for this change-in-mean
application.

Proposition 3.1. Consider the following choices of 'y,gl) and 7,(12)
yr(bl) = max {(2 +¢)logn, 2logn + k1,1+/logn, 2logn + mgm*} ,

72 = max{k1 3m* log(2n), 2log(2n) + k14m*},

n
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for some large enough constants k1,1, k1,2, k1,3, K1,4, and € is an positive constant
that can be arbitrarily small. Moreover, let

v —2logn v —2logn
= d b = . .
a(y,n) 1 and b(y,n) 12m + 1) (3-3)
We have the Conditions 2.1 are satisfied with
(y,m) = 2ex 7 —2logn (yn) = exp [ — v —2logn
P17, - Y 4 y P2\, - p 16(2m* n 1) ;
B ~v — 8log(2n) B v — (8m* + 6) log(2n)
p3(v,n) = exp ( 1 , pa(y,m) = exp T6@m +1)

Proposition 3.2. Let S(A,n) = nA2/2, we have Condition 2.2 is satisfied if
S(A,n)/4 >z > 5, with ps(S(A,n),z) = 2exp (—z/20).

In this application the data mechanism is uniform at all time-point, there-
fore the probability is the same for all elements in {S;,(¢)}, {S2.(¢t)} and
{San(t)}. Here we remark that the above propositions illustrate as an example
that Conditions 2.1 and 2.2 are satisfied for the change-in-mean problem, where
the constants in 'y,(f), a(y,n) and p;(y,n), wherei =1,2and j = 1,...,5, are not
optimised. Note that by Proposition 3.1 we always have a(y,n) > 2m*b(y, n).

Theorem 3.1. If 8 = (2+4¢€)log T, where € > 0 is an arbitrarily small constant;
and if

(32 4+ 20¢) log T

SrAZ > (16 4 10¢) log T and A2 > A

(3.4)

then for large enough T, with probability at least 1 — (Tm* + 3)T—¢/(32m"+16)

m = m*,j_rlnaxm* |7 — 75|A% < (16 + 10¢) log T. (3.5)
This result can be viewed as a finite-sample version of the existing consistency
results for the change-in-mean problem [36, 32]. In a recent work, [35] provides
a similar finite-sample result for change-in-mean problem and shows that the
localisation rate in (3.5) is minimax optimal. In comparison, the extra condition
on A7 and the inclusion of m* in the convergence rate in our Theorem 3.1 is due
to the fact that we specify the value of penalty to be 2+ ¢, other than a lack-of-
track large constant, times log 7. The following corollary gives consistency for
a specific asymptotic regime.

Corollary 3.1. If 8 = (2+¢€)log T, where € > 0 is an arbitrarily small constant,
assume that m* = o(logT), S7A2 > c1logT and AZ > e T~/ (Am™+3) 160 T,
we have

P(m:m*, max ?j—Tj|A?§cllogT)—>1

Jj=1,...,m*

as T — oo, where c¢1 and cy are absolute constants that only depend on €.
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For the standard in-fill asymptotic regime with a fixed number of true changes
m* and constant size of minimum jump in the signals, i.e., Ap = O(1), from
above corollary we can obtain a changepoint localisation rate of O, (log T'), which
is the same order as in the classic results [36]. Note that this order on accuracy
of the changepoint locations could be further improved to basically O,(1) using
the argument in [37]. Also, similar improved accurary of consistent estimates is
given in [6] and [4] for piecewise constant least squares regression and general
class of functions based on the solution to an Lg least squares (Potts functional),
under the assumption of the piecewise-constant mean function, fixed number of
change points m, constant size of the minimum jump in the signal Ay and
minimum segment length dp is of order T

In this paper, we have a slight generalisation of these existing consistency
results as we allow all the parameters m, 7 and A7 to change with the sample
size T'. Our localisation rate also mathches the minimax optimal rate. Note that
some extra restrictions on m* (only slowly diverging with T) and Ay (lower
bounded) is posed in our results due to the use of the argument of constructing
global consistency from local region conditions, where in [35] and [33] they are
actually not required.

Finally, we remark that similar results to Theorem 3.1 and Corollary 3.1
could be attained if we relax the Gaussianity assumption on noise to having an
exponential or lighter tail. This can be done by adapting the chi-square bound
in Lemma B.1 to sub-gamma concentration inequalities, see similar argument
in [1]. By taking a robust cost function and penalisation term [, the general
framework should also work for the mean plus heavy-tailed noises model as
considered in [13].

3.2. Change-in-slope problem

For the change-in-slope application, we have the following decomposition of
observations:

xt:ft+€ta ].StST (36)
where g; ~ N(0,0?%) are i.i.d Gaussian noises, and f; denote the piecewise linear
mean signals, that is, for j =1,...,m* + 1:

N /RO .
ft :0j71+7"'<—47'7k1(t_7_j71)7 ijl—’_]‘ étS’TJ, (37)
J i—

In the above parameterisation, 6.,,.,, are values of the linear function at the
changes Tg.;,++1. As a consequence, this means we directly introduce the conti-
nuity constraint that enforces the value at the end of one segment to be equal
to the value at the start of next segment.

We take the negative log-likelihood as the cost function, thus to fit a set of
points x.. such that 7;,_1 +1 < s < e < 75, with the same bivariate structure



4510 C. Zheng et al.

parameter @ = (A1) #(?)), the cost function is as follows:

€

C(z,s,e; 0) = Z % {xt -0 —

t=s

—0(1) — 0(2) (t - le):| . (38)

Due to requirement of of continuity at the changepoint, we need a constrained
minimisation on the corresponding overall cost function for fitting a a set of

changes 7., i.e., Hj@) = 9§1_)1 forall j=1,...,m and 8; = (9§1)79§2)). There-
fore the overall cost function takes the following form:

m+1
E(xlzTa 7'l:m) = ngl) (1) E ¢ (ij—l-‘rl:'rj ; 0])
O1mt1,0;7 =017 i
W& 1 9; — 9 ?
. i — 051
= min E E — xt—Gj_l — Q(t—Tj_l) .
00:m4+1 o Tj — Tj—1

j=1t=7;_1+1

In this application, we define the size of change at the j-th changepoint, 77,
as

9;+1 - 9; . 9; — 0;—1

=T ¥ —
Tiy1— T; T T

A = dist(07,,,0%) = : (3.10)

which is the absolute difference of slopes in two consecutive segments. Again,
the nuisance noise variance o2, if unknown, can be robustly estimated [12], for
example we can set:

Median{|x1 — 219 + l‘3|, ceey ‘xT_Q —2x7_1 + .73T|}

VEe1(3/4)

a':

In order to study the property of the changepoint detection for this applica-
tion, we first need to verify Conditions 2.1 and 2.2 are satisfied, which is shown
is the following propositions.

Proposition 3.3. Consider following choice of %(11) and ’y,(LQ) :

%(11) = max {(2 +¢€)logn,2logn + kg 14/logn, 2logn + I€2_’2m*} ,

72 = max {(3 + ¢)log(2n), 21log(2n) + ka3 log(log(2n)), 2log(2n) + 52’4m*},

for some large enough constants ka1, k2.2, k2,3, k2,4, and € is an positive constant
that can be arbitrarily small. Moreover, let

v —2logn
B 6

—21
and  b(vy,n) = J—208n (3.11)

a(y,n) 6(2m* + 1)
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We consequently find that Conditions 2.1 is satisfied by:

—2logn —2logn
ASTIRYLE 111 BRI = T

6 C24(2mF + 1)
(rom) = 9 e 3log(2n) (r.m) = ex 7 —2log(2n)
P37y, - 4 Y 3 y  Dal?, - p 24(2m* I 1) .

Proposition 3.4. Let S(A,n) = n3A2%/25, then Condition 2.2 is satisfied if
S(A,n)/4>2z>8 and n > 2, with ps(S(A,n),z) = 2exp (—2z/20).

Propositions 3.3 and 3.4 have strong similarity with Propositions 3.1 and 3.2
for the change-in-mean problem, where again the constants are not optimised for
simplicity purposes. Based on Theorem 2.1 we can obtain the following theorem.

Theorem 3.2. If 8 = (2+¢€)log T, where € > 0 is an arbitrarily small constant;
and if

(1600 + 2000¢/3) log T
T2 ’

63.A% > (200 + 350¢/3) log T and A% > (3.12)

then for large enough T, with probability at least 1 — (33m* /44 3)T—¢/(48m"+24)

m=m", max |#; —7;°A? < (200 4 350¢/3)logT. (3.13)

j=1,....m
In terms of asymptotics, we have the following corollary.

Corollary 3.2. If 5 = (2+4¢€)log T, where € > 0 is an arbitrarily small constant,
assume that m* = o(logT), 6%A% > c3logT and A% > cqlog T/T?, we have

]P’(m =m", _max |75 — Tj|3A? <cs logT) -1

7 .m*
as T — oo, where c3 and ¢4 are a absolute constants that only depend on €.

For the standard in-fill asymptotic regime with a fixed number of true changes
m*, we would have Ar = O(T~!). In such case we get a bound on the error of
location estimates that is just a logarithmic factor worse than the minimax rate
of T?%/3 [31]. The results also holds when m* is diverging at a rate slower than
logT.

We emphasis that this result is stronger than previous consistency results of
the change-in-slope model derived in [1] and [12], as it specifies the value of the
penalty 5 that ensures consistency. This is a non-trivial technical improvement
as shown in the Appendix E. In this case to get tighter results for the choice of
penalty, we need to take account of the positive dependency in the reduction of
cost of similar segmentations. We need these tighter bounds because for the in-
fill asymptotic regime the accuracy of estimating a change-in-slope is polynomial
in T rather than logarithmic in 7. This accuracy impacts, and increases, the
number of possible segmentations we can fit to data in our local region that have
one changepoint in the middle location. We believed similar arguments can be
applied to refine the value of penalty in other changepoint detection problems.
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3.3. Changepoint in spike and exponential decay problem

In this application, the observations zi.pr have an underlying decomposition
x¢ = c; + ¢, where g, ~ N(0,0?) are i.i.d. Gaussian innovations, and the mean
function, ¢;, follows a piecewise spike and exponential decay model. That is, for
j=1,...,m*4+1,
= 0;04’5_71'**1_1, T+ 1<t <7

where 0 < a < 1 is the decay rate. When o = 1 this reduces to the change-in-
mean problem in Section 3.1.

We take the square error loss as the cost function, so to fit a set of points
Zs:e such that 7;_1 +1 < s < e < 7; with the same parameter §;, we have the
following cost:

e

C(z,s,e; 0;) = Z % (xt - Gjozt_”‘l_l)2. (3.14)

t=s
Therefore, the corresponding cost function is

m—+1 Tj

L:(:El:TaTl:m) = min Z Z % (xt _ gjoét—‘rj71—1)2 ’ (315)

) oI Ti—1
0541705077773 J=1 t=1;_1+1

where 79 = 0 and 7,,41 = 7. In this application, we minimises over m, 1.,
and 01.,,+1 in the penalised cost L(x1.7; T1.m) + mfB to estimate the number of
changepoints and their positions.

We define the size of j-th changepoint at 7" as

Ay =dist(07,,05) = |07, — GjaT;*T;—flL (3.16)
which is the size of the jump in the signal from the end of j-th segment to
the beginning of the (5 + 1)-th segment. Note that solving the problem (3.15)
requires knowledge of the decay rate a and the noise variance 2. For methods
to estimate these see [20] and [21].

In the following propositions, we show that local Conditions 2.1 and 2.2 are
satisfied for this application.

Proposition 3.5. Let
%(11) = max {(2 +¢)logn,2logn + k3 14/logn,2logn + Iig,gm*} ,

~7® = max {,%373 log(2n),2log(2n) + ﬁ3,4m*},

for some large enough constants ks 1, k3.3, K33, k3,4, and € is an positive constant

—21
that can be arbitrarily small. Moreover, let a(y,n) = Y208 ind b(y,n) =

4
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—21
J—coen We have that Conditions 2.1 is satisfied with
42m* + 1)
() = 2ex 7y —2logn (4,n) = exp (- v —2logn
P17, - p 4 y D2\, - p 16(2m* ¥ 1) ’
B ~v — 8log(2n) B v — (8m* + 6)log(2n)
p3(7,n) = exp ( 1 , pa(y,n) = exp 6@ +1) :

A2
(I—a2)(1 - a?)

Proposition 3.6. Let S(A,n) =
isfied if S(A,n)/4 > z > 5, with

s (S(A,n),z) — 2exp (_2_"’;)) .

Propositions 3.5 and 3.6 is quite similar to Propositions 3.1 and 3.2 for the
change-in-mean problem. The only difference lies in the form of signal strength.
Based on Theorem 2.1 we can obtain the following theorem.

, then Condition 2.2 is sat-

Theorem 3.3. If 8 = (2+¢)log T, where € > 0 is an arbitrarily small constant;
and if we have

A%

> logT 1

0= a%n)(1 = o?) > (8 + 5¢) log (3.17)
and
log, (1— A% < T2/ (Bm7+6+e) (3.18)
@ (1—a2)(8+5€)logT ) — ’
then for large enough T', with probability at least 1 — (Tm* + 3)T—€/(32m*+16)
A2

m =m, min / > (8 + 5¢)logT. (3.19)

j=1,....,m* (1 _ a2) <1 _ OéQl%j_T;I)

In terms of asymptotic regime, note that the signal strength in this applica-
tion S(A,n) = O(A?) will become finite if o is fixed. A more natural asymptotic
regime is to assume that we are able to obtain data at a higher frequency, which
would correspond to @ — 1 as T — .

Corollary 3.3. If 8 = (2+¢€)log T, where € > 0 is an arbitrarily small constant.
2

Assume that cs5logT < a 25T§1(1 7 and there exists universal positive
- -«

constant D < 1 such that log, D < T* ™' +6+9)  Let m* = o(logT) and
1 —a > cs(A%/logT), we have
A2
]P’(m:m*, min  ___ 20510gT) —1
j=1,....m* (1 . 052) (1 _ a2|‘rj—7';‘)

as T — oo, where c5 and cg are absolute constants only depends on €.
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For the standard in-fill asymptotic regime with a fixed number of true changes
m™*, we would have Ap = O(1). In such case if o = exp(—¢/T') for some posi-
tive constant ¢, we get a bound on the error of changepoint location estimate,
max; |7; — T;‘|, of order not greater than logT with probability going to 1.

4. Discussion

In this paper our key motivation is to show that for a class of changepoint
methods, statistical properties for detecting multiple changepoints using pe-
nalised cost approaches can be derived from the behaviour of the method when
analysing data with either no changepoint or a single changepoint, i.e., on the
so-called local region. Therefore, we propose a general framework to prove consis-
tency results of a broad class of penalised cost approaches for detecting multiple
changepoints, only assuming the properties on the local regions.

These properties on the local regions are often easier to verify; for example
the results for the three applications we considered in Section 3 almost all follow
from bounds on chi-squared random variables and the use of a Bonferroni cor-
rection. The one exception is for the change-in-slope model where to get sharper
results on the choice of penalty, we need to consider the dependency between
the cost of fitting similar segmentations. The related techniques are presented
in Appendix E, which we believe to be of independent interest.

Our focus on the theoretical aspects of different types of change, such as of
change-in-slope and spike plus exponential decay problem, without carrying out
numerical studies is due to the fact that fast computational algorithms based
on dynamic programming and (functional) pruning have been well-developed,
and their numerical performance and applications to real-world data have been
extensively analysed in the literature. Using the technique of local region con-
ditions, this paper closes the theoretical gap in these applications. More impor-
tantly, the technique provides a powerful tool to derive consistency results for
many other multiple changepoint applications.

In additiona to the applications considered in Section 3, the general frame-
work can be readily applied to more complicated cases, for example, the signal
within the segments is non-linear [38], structure changes is in the moments or
quantiles [14, 1], and other structure changes such as and autocovariance in time
series. Moreover, as mentioned earlier the gaussianity condition on the noise can
be relaxed as well [13].

The theoretical results given in this paper could be further improved in two
regards. First the constants we obtained have not been optimised. More impor-
tantly, as mentioned earlier the results on accuracy of the changepoint locations
could be improved using arguments similar to [37] and []. The idea is to leverage
the result that shows we accurately estimate the location of 7;_; and 7;41 and
then show that the error in estimating 7; converges in distribution to the accu-
racy of estimating the location of a single changepoint from data in the region
between 7;_; and 7;11.
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Appendix A: Proofs of Section 2
A.1. Proof of Lemma 2.1

Tt is trivial to verify (2.4) as once we fix the segment parameters the cost, £*(-),
is additive over data-points.

Property (2.3) follows because we are minimising the cost on the left-hand
side over a more constrained space for the segment parameters. If r is not a
changepoint location, then

»C(xs:r; Tu:'u) + £(xr+1:e; Tu:v)

k—1

; E . .9

= min o C (x‘rj,l—i-l:‘rjwaj) +C (xrk,l—&-l:r, ak
0y:1-1,0, i=u

+ zmin C (xr—&-lzrk;eggz)) + Z C (I7j71+1:7j§0j)
6,70k t1:0 j=k+1

<min (Z C(Tr,_ 4175 0]'))
Jj=u

wiw
:‘C(J;s:e; Tu:v)y

where all minimisations include any constraints on segment parameters in neigh-
bouring segments. The inequality comes from the fact that for £(xs.,; Tuw) +

L(Zy11:¢; Tuw) We have no constraint between 0,(:) and 922), but for L(Zs.e; Tuw)
we have 021) = 0,(5) := 0. A similar argument applies if r is a changepoint, as
L(Zsr; Tuw) + L(Xr11:¢; Tuw) Will not apply any constraint between the segment
parameters for the segments immediately before and after r. O

A.2. Proof of Theorem 2.1

Consider a split of the data as (2.5) for the specified n1.p,«. Let [; be the number
of data in region S;, therefore logy1 = 0p — gk — npy1 and lop, = 2ny. We define
an event, Fp, based on this split, such that the following holds jointly for regions
Sl:2m*+1: lf] is Odd,

min {£(8;:71) + KB} — L7 (8;) > a(8.1;), and

k>1,71.%
L7(8;) — L(S5;9) < b(B,1));
if j is even,

min {L(S;; 1) + (B —1)8} — L*(S;) > a(B, 1),

k>2,71.5

T €S
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In what follows, we will condition on the above event holding. Since

2
B > max{y), .70 }-

Due to the Conditions 2.1 and 2.2, by a simple union bound we have the above
probability is lower bounded by

L= (m"+1)p(B,T) — (m* + 1)p2(B,T) — M*ps(@m]axnj)
—m™*py(, Hl?X?’lj) —m*ps (S,B8+a(B8,T)).

Now for any segmentation 7., we can compare the penalised cost of that seg-
mentation with the penalised cost of the true segmentation. Trivially, we have

{L(z1r; ) + B} = {L(z1.75 T1m) + B}

< LY(w17) — L(T1.75 Trm) + (M —m)B,
as L(x1.7; 71, ) Mminimises over the segment parameters whereas £L*(x1.7) fixes
them to their true values. Using Lemma 2.1 we have

2m*+1
L*(wrr) = L(@rriTim) <Y {L7(S) = L(Sj;Tim)} -
j=1

We can partition the set of regions into A, B and D, which are defined as the
regions where the putative segmentation, 7y.,,, fits too many changes, too few
changes, or the correct number of changes. Let k; and k7, respectively, denote the

number of changepoints in region j in the putative and the true segmentation.
Thus

{L(z1.7; Tl*m*) + Bm*} — {L(z1.7; Ti2m) + B}

<Z {£(S;) — L(Sj; T:m) + (k] — k;)B}
JEA
+ ) {L7(S)) — L(Sji Tiem) + (K] — k;)B}
JEB
+ > {L7(S)) = L(Sj3im) + (k] — k;)B}
JjE€D

Conditional on our event 4 holding, terms in the first two sums can be bounded
above by —a(3,T), while terms in the final sum can be bounded above by
b(8,T). If we let mp denote the number of terms in the final sum we have

{L(xrr; Tne) + Bm”} — {L(21:0; T1em) + B}
For any segmentation 4., with which £ does not hold when /i = m and 7.5, =
T1.m We have mp < 2m™*. Thus as a(8,T) > 2m*b(8,T) the right-hand side of

this equality will be strictly less than 0. Hence, conditional on event F; holding,
no such segmentation can minimise our penalised cost. O
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Appendix B: Proofs of Section 3.1
Lemma B.1 below is a direct adaptation of Lemma 1 in [23] and Lemma 8.1 in

[2]. We will use it repeatedly.

Lemma B.1. Let X% be a central chi-square statistic with k degrees of freedom
and X3(v) a chi-square statistic with k degrees of freedom and mon-centrality
parameter v. For any x > k and y < k+ v, we have

]P’(Xi >x) <exp <_x—l€2(2x—k)> , (B.1)
P(Xi(z/) <vy) <exp (—%) . (B.2)

B.1. Proof of Propositions 3.1 and 3.2

Lemma B.2. For any t and any model Ny,(t), if S = Ty 41440 18 a Tegion that
(1)

contains no true changepoint, then for any ~v > ~n ', where
A = max {(2 +¢)logn,2logn + 8y/16 + 2logn + 32,2logn + 32(2m* + 1)}

(B.3)
with € > 0 is a constant, we have

— 21 —21
P( min {£(S;71.6) +kv} —L"(S) < TR 2exp _Jy—coen )
1<k, 71k 4 1

and

N v —2logn v —2logn
P _ LS > L) < b L I
(‘C (8) - £(8;2) 2 4(2m*+1)> —eXp( 16(2m*+1)>

Proof. For any t and model N, (¢) such that S = ;11.44n is a region that
contains no true changepoint, since €¢41.44, are i.i.d, it is easy to derive that
L*(S) = L(S; k) ~ Xijyq and L7 (S) — L(S;2) ~ xi.

Letting a(v,n) = (y — 2logn)/4, we have

P (min {L(S; 1) + ky — L5(S)} < a(%n))

k71

T1:k

< Z]P’ <max [£*(S) — L(S; T1:k)] > kry — a('y,n))
k=1

<

NE

(Z)P (Xii1 > ky —alv,n))

>
Il

1

Combined with (B.1) in Lemma B.1,

<Z>P (XE41 = by —al(v,n))
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<Z—T exp (_ ky —a(y,n) = /(k + 1)2(2k:7 —2a(y,n) — k- 1)>

1
< — exp

(_ (k—1/4)(y — 2logn) — \/2k(k + 1)7)
k!

2
As long as v > 2logn + 8y/16 + 2logn + 32, we have

V2k(k+ 1)y < w. (B.4)

Hence

P (min {L(S;m.8) + Ky — L*(S)} < aly, n))

k},lek
=1 (3k/4 — 1/4)(y — 2logn)
< ; i exp <— 9

o

1 v —2logn
< 71 €XP 1
k=1

— 21
< 2exp (—%) .

[\~

Next we prove the second inequality. For any specified m*, define b(vy,n) =
(v —2logn)/(8m* 4+ 4). Since v > 2logn + 32(2m™ + 1), we have b(y,n) > 8,
which leads to 1/2b(v,n) < b(y,n)/2. Applying (B.1) in Lemma B.1, we obtain

P(c*<s> L(Si0) > bm,n)) =P (x2 > b(7,n))

< exp (_ b(’yv n) — 5 2b(77 ’I’L))

b
<exp (- (74» n))
v —2logn
= —_—— . O
P < 16(2m* + 1)>
Lemma B.3. For any t and any model, if S = xyy1.442n @S a region that

contains a single changepoint at ™ =t +n, for any v > 77(12), where

72 = max {(8m* + 6 + €) log(2n), 21og(2n) + 64(2m* + 1)}, (B.5)

with € > 0 is a constant, we have

P (kzrr;}gk{ﬁ(s;rl:k) k1)) - £7(S) < %‘W)



Penalised cost approaches for changepoints 4519

“exp (7 - 81;>g(2n)) ’

and

. . ) ~v — 2log(2n) v — (8m* 4 6) log(2n)
F (’C (8) — min £(S; 1) = m> =P <_ 16(2m* + 1) ) '

Proof. Note that for any 71.5 on S,
L*(S) — L(S; 1) < L(S) — L(S; 71k, TF) ~ Xy, and

L7(S) — L (Sim) ~ x5

Let a(~,2n) = %og(?n) < «/4 and b(y,n) = (y — 2logn)/(8m* + 4).

Since v > 64(2m* + 1) + 2log(2n), we obtain b(y,2n) > 16 and

V2(k—=1)(k+2)y < (k—1)y/4.
Similar to the proof of Lemma B.2, by Bonferroni correction, we have the
probability P (ming>o -, {£(S;71.%) + (k — 1)v} — L*(S) < a(y,2n)) is upper

bounded by 3%, (3P (X35 > (k — 1)y — a(7,2n))
Applying again (B.1) in Lemma B.1,

()P (e = = 17— ata.2m)

(2n)* . ( (k— 1)y — a(v,2n) — /2(k + 2)(k — 1)7)

Lo ( (k= 1)y 744k log(2n))
<1 exp (_ (k=D . 810g(2n))> .

Therefore

P( win {c<sm:k>+<k—m}—£*<s>Sam,zn))

k>2,71:1

<§2k—1_16XP <_(k - Dy 810g(2n))> —exp <_L0g(2n)) '

4 4

Moreover, since b(y,n) > 16, which leads to 24/b(v,n) < b(y,n)/2, therefore

P <£*(S) — min £(Si71) > b(, 2n)> <(2n— 1)@(5*(3) — L(S;1) > b, 2n)>

=(2n — 1P (x3 2 b(y, 2n))
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“onexp (_ b(7y,2n) — 24/b(~, 2n)>

2
< exp < b(~,2n) 4410g(2n)>
en [ (8m* + 6) log(2n)
- 16(2m* + 1) ’
which completes the proof. O

Lemma B.4. Consider any t and model such that S = T;11.412, 15 a Tegion
then contains a single changepoint at 7* = t+n and A is the absolute difference
between the true means before and after the change. For any 5 < z < nA?/8 we
have .

P(L(S; @) — L (S) < 2) < 2exp (7270) .

Proof. Tt is straightforward to show that £ (S; @) — £ (S, 7*) ~ x%(v) with non-
centrality parameter v = nA2/2, and L* (S) — £ (S, 7*) ~ x3. Therefore as long
as 5 < z < nA?/8,

2) (B.6)

where the second last inequality follows from Lemma B.1. O

As Lemmas B.2, B.3 and B.4 hold, respectively, for any S € {S;,(¢)},
{S2.(t)} and {Sa »(t)}, it is straightforward to obtain Propositions 3.1 and 3.2.

B.2. Proof of Theorem 3.1

We take 8 = (2+ €)log T, with a suitable choice of 1.« such that

" :min{w,aj,%},

A7

where a(8,T) = (8 — 2logT')/4 as indicates in Proposition 3.2. Let b(8,T) =
(8 —2logT)/4(2m* + 1).

First, we show that the choice of 3 satisfy the requirements in Theorem 2.1.
As we require 07 A% > (16 + 10¢) log T', it follows that

8(B+a(B,T)) (16 + 10¢)logT

(B.8)
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If T > max {exp (64/6 + 128/62) , €Xp ((128m* + 64)/6)}, we have > 'yj(}),
where

A = max {(2+e) log T, 2logn + 84/16 + 2log T + 32, 21og T + 32(2m* + 1)} :

as defined in Proposition 3.2.
Moreover, note that if T is large enough and

2(16 + 10¢) log T

2
Ar = T1/(4m*+3)

we have elogT > 64(2m* + 1) and 2logT > (8m* + 6)log (2n;) for all j =

1,2,...,m". Therefore 8 > max; 'yr(?j), where each of 77(5) has the following form

77(5) = max {(8m" + 6 + €)log(2n;), 2log(2n;) + 64(2m™ + 1)},
as defined in Proposition 3.2.
Altogether, as long as T is large enough, we have § > max {V(Tl), max; 77(5)}

and a(B8,T) > 2m*b(B,T).

Next, we give the probability bound for local region conditions. By Propo-
sition 3.1, we can derive the formula of py (v, n), p2(v,n), ps(y,n) and ps(vy,n).
Since 8 = (2+€)logT, it is straightforward to verify that

min {p1(ﬁ,T)/2,pz(B,T),p3 (B,maxnj> D4 (ﬁ,maxnj> } < Te/16Em T+
J J

In addition, note that S = min; A?nj/Z, using equation (B.8), we have S >
20 as T is large enough. Combined with Proposition 3.2 we obtain

B+ a(M)) e

0 < 2T s,
20 -

Hence, following Theorem 2.1, we have

D5 (3,5 + a(ﬁ,T)) =2exp (

P (i =m,|#; — 7| <nj forall j =1,...,m")

>1—(m*+Dp1 (6, T) — (m* + D)pa2(B,T) — m*ps (ﬂ,mjaxn])

—m*py (@mfux nj) —m*ps (S, B +a(B,T))

>1 — (Tm* 4 3)T ¢/ (32m"+16)

Appendix C: Proofs of Section 3.2
C.1. Proof for Proposition 3.3 and 3.

Lemma C.1. For anyt and any model, if S = x¢y1.14y 1S a region that contains
. (1)
no true changepoint, then for any ~v > vy’ , where

A = max {(2 + ¢e)logn,2logn + 41/9 + 3logn + 12,2logn + 96(2m* + 1)} ,
(C.1)
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where € > 0, we have

— 21 — 21
P min {L(S;7x)+ky}—L(S) < St LU PP 2 exp _J=soen ,
1<k, 71k 6 6

and

N v —2logn v —2logn
P(L*(S) - L(S;9) > —— >~ | < —_—— .
( (8) - £(8;2) = 6(2m*+1)> —eXp( 24(2m* + 1)
Proof. Note that by Lemma E.2, for any k and 71., we have £*(S)—L(S; 71.) ~
Xiio and L*(S) — L(S; ) ~ x3.
—21
Therefore, similar to the proof of Lemma B.2, let a(v,n) = %,

P (min {L(S;T1.1) + ky— L7(S)} < a(%n))

k71

T1:k

< Z]P’ <max [L£*(S) — L(S;T1k)] = ky — a(’Ya“))
k=1

3 (Z)P (42 > kv — aly.m))

k=1

IN

Applying (B.1) in Lemma B.1, we have

(n) n* (_k:'y— (v—2logn)/6 — 2k(k+2)’y>

2
s (Xeq2=ky —aly,n)) < o7 &P 5

giexp<— (k —1/6)(y — 2logn) — 2k(l~:+2)7>
el 2

Note that as long as v > 2logn + 4/9 + 3logn + 12, we have

k(y —2logn)

2k(k +2)y < 5 )

(C.2)

which leads to

P (min {L(S;m10) +ky—L7(S)} < a('y,n))

k},lek

=1 (k/2 —1/6)(y — 2logn)
O
k=1

=1 v —2logn
3" o (17 205)

k=1

( 'y—ZIOgn)
=2exp| —— | .
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Let b(y,n) = (v — 2logn)/(12m* + 6) If v > 2logn + 96(2m™* + 1), then
b(v,n) > 16, and, as a result, 1/4b(y,n) < b(~,n)/2. Hence

P(U(S) L(Si2) > b<%n>) P (x& > b(y.n))

<exp (_ b(y,n) —2 4b(%n)>
con(252)

Lemma C.2. For anyt, any n > 4 and any model, if S = x411.442n 15 a Tegion

that contains a single changepoint at 7* =t + n, then for any v > 7%2) where

72 = max{(3 + €) log(2n), 2log(2n) + 321og(C log(2n)),
2log(2n) + 972(2m* + 1), 3240}

where € > 0 and C' is a positive constant not depend on n, we have

P (k>1r2112 k{E(S T1.k) + (B —1)v} — L5(S) < %og@n))
9 v — 3log(2n)
=177 (‘f) ’

and

; i ' v — 2log(2n) ~v — 2log(2n)
P (1) —minctsin < o 28 ) <o ().

Proof. By Lemma E.1, note that for any 71, on S and k > 1,
L*(S) — L(S; 1) < L5(S) — L(S; 714, T°) ~ X243, and
L*(S) = L(S;77) ~ x5

Define a(y,2n) = (y—2log(2n))/6. Since v > max{(3 +¢€) log(2n), 3240}, we
have

a(y,2n) <

CﬁIQ

and 20k =) (k13 < % (C.3)

Therefore, similar to the proof of Lemma B.3, for k£ > 4 we have
P (kglun {L(S;m1.1) + (k — 1)y} — L*(S) < a(y, 2n)>
T1:k

< ZIP’ (max ) = L(S; 714, 7)) = (k= 1)y — a(n, Qn))

T1:k
=4
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2. /2n E—1Dvy—a(v,2n) —2(k—1)(k+3
<;(k)exp<—( )y —aly.2n) — /2(k = 1)( +)7>

2
4

where the last inequality is due to Bonferroni correction and (B.1) in Lemma B.1.
Together with (C.3), we have

P (amin {£(Sima) + (b= 1) - £(8) < al,20))

Si (2:> exp <— Uk — 1)7_7/62_ (k- 1)’7/18>

< Z 1 exp (_ (18(k —1)/17 — 1/6]y — 2k 10g(2n)>

= k! 2
=1 4 (y — 3log(2n))
< Z 7 exp (3
k=4
1 4 (y — 3log(2n)) 1 v — 3log(2n)
Z _ 2N 2N ) LA = Sl
<4 exp ( 3 =7 exp 3

Now we only need to handle the case when k = 2 and 3, note that

max {L*(S) — L,(S; 71, 72)} <max{L*(S) — L,(S; 1.2, 77)},

T1,T2 71,72

and
max {L*(S) — L,(S;71.3)} < max{L*(S) — L,(S;71.3,77)}.

T1:3

Using the results from Lemmas E.7 and E.8, if ¥ > max {2407 241og(C'log(2n)) },

where C' = max {C’{”, cl, C’é’”} is a positive constant and C7”, C4’, C¥" are con-

stants introduced in Section E.3, we have both the events

max {L*(S) — Ln(S;712,77)} > v — a(v,2n)
and

max {L(S) — L,(S;71:3,77)} > 27 — a(v,2n)
v — 3log(2n)

hold with probability less than exp (— 3

). Therefore, by the union
bound,we have

P <k2ng}g:k (L(S; 1) + (k- 1)y} — £5(S) < %‘)g@”»

9 — 31 2
<Zexp(_%0g<n>>.
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Let b(y,n) = (v — 2logn)/(12m* + 6), by Lemma E.6, if
7 > max {2 log(2n) + 321log(Clog(2n)), 21log(2n) + 972(2m™ + 1)}7
we have

P (E*(S) —min £(8:7) > b, 2n)> gP(ﬁ*(S) —min £(Si71,7%) = b(y. Qn))

v — 2log(2n)
< e =) S
=P ( 242m* +1) )’

which completes the proof. O

Lemma C.3. For any t and any model, if S = xyy1.442n @S a region that
contains a single changepoint at ™ = t + n and A is the absolute difference
between the true slopes before and after the change, then for any 8 < z <
n3A?%/100 and n > 2, we have

P{L(S;2) — L*(S) < 2} < exp (~2/18).

Proof. Lemma E.1 suggests that £(S, &) —L(S,7*) and L£*(S)—L(S, 7*) follows
X3(v) and 3, respectively, where

(n+1)(n—1)4n? +2 < AZn3
24 4n2 -1~ 25

n
_ A2
v=A;

Following the same argument as in the proof of Lemma B.4, as long as 8 < z <
n3A2/100,

P(L(S;2) —L*(S) < z+L*(S) — L(S,7")

gP(ﬁ (S;2) — L(S;7%) < 22) + IP(L',* (S)— L£(S,77) > z)

(1+v—22)2 z—/62z
< — 4
<exp < 118 + exp 5 (C.4)
<2exp (77) ,
where the second inequality follows from Lemma B.1. O

Note that Lemmas C.1, C.2 and C.3 hold for any S € {S; (1)}, {S2..(t)}
and {Sa ,(t)}, respectively. Therefore, it is straightforward to obtain Proposi-
tions 3.3 and 3.4.
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C.2. Proof of Theorem 3.2

Similar to the proof of Theorem 3.1, we take 8 = (2 + €)log T and

1/3

. 100(8 + a(B,T

nj = min <W> » 035 Ojy1 ¢
J

where a(8,T) = (5 —21ogT)/6 as indicates in Proposition 3.3 and let b(58,T) =
(B —2logT)/6(2m* + 1).
Therefore, since §3.A2. > (200 + 350¢/3) log T = 100(3 + a(B, T), we have

1/3
(200 + 350¢/3) log T’
J

8(200 + 250¢/3) log T

Combined with the assumption that A% > T2

thus

max n; < T2/3/2,
J

which leads to log (2max;n;) < 2/3logT.
Therefore, it is straightforward to verify that as long as T is large enough,
we have = (2+¢€)logT > max{fyj(}), max; 77(5.)}, where

’yé}) = max {(2 +e)logT,2logt + 44/9 + 3logt + 12,2log T + 96(2m™* + 1)} ,
7,(3) = max{(3 + €) log(2n;), 2log(2n;) + 321og(C log(2n;)),
2log(2n;) +972(2m* + 1), 3240},

as defined in Proposition 3.3. Therefore we can verify that

min {pl(ﬂaT)/2>p2(ﬂaT)a4p3 <ﬂ7mjaxnj> /9,]94 <57m§lxnj> }

< T—e/24(2m*+1)
where p1(y,n), p2(7,n), p3(,n), pa(7,n) can be obtained from Lemmas C.1, C.2
and C.3.

Applying Proposition 3.4, note that if S > 4 (8 + a(8,T)) > 32, which is true
as T is large enough, we have

Ds (3,5 +a (ﬁ,T)) < o —(2+7€/6)/20 < o=/ (48m" +24)

Therefore,

P(m =m,max |#; — 77 |°AZ < (200 + 350¢/3) log T)
J
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21—+ 1y (8,7) = "+ Dpa(, T) = mpa (.

—m'py (ﬂ,mjax nj) —m'p; (8,8 +a(B,T))

>1— (33m*/4 + 3)T—e/(48m*+24). 0O

Appendix D: Proofs of in Section 3.3
D.1. Proofs for Propositions 3.5 and 3.6

Lemma D.1. For any t and any model, if S = Ti11.44n 1S a Tegion contains
no true changepoint, for any

v > max{(?—|—e)logn,2logn+8\/16+210gn+32,210gn+32(2m* + 1)},

where € is an arbitrarily small positive constant, we have

—21 —21
P min {L(S;71x)+ky} —L(S) < TT2oeR) o 2exp _J=soen ,
1<k,T1.k 4 4

and

= 4(2m* +1) C16(2m* + 1)

Proof. We only need to consider the case that t +1 < 71, < t+n. Without loss
of generality, let t = 0, i.e., consider S = x1.,,, where 2, = *a*~! + ¢,.

Note that £*(S) =>"_, 2/02.

For any 1 < 7y, < n, let 7o = 0 and 7441 = n, it is easy to derive

P<£*(S) _L(S:2) > m) < exp< M) ,

k+1 Tj 2

L(S;T1.5) = Z Z % (% _ éjas—rj,l—l) 7

j=1s=7j_141

where
T i1 —1 Tj —Ti_1—1
0 ZSJ:Tj—lJrl Ty 0¥ a1 + Zs]:Tj—1+1 SO
i = — = (e - .
J Tj 2(s—1j_1—1 Tj 2(s—T1j_1—1
Zs:'rj,1+1a ( i-171) Zs:T]‘,lJrla ( =171

Therefore for each j =1,...,m+ 1,

7 7
- 1 2 - 1 ) S*Tj_lfl 2
E S25s E 52 \Fs T Vi1
s=T;_1+1 s=T;_1+1

. . 2
Tj Tj s—Ti_1—1
= Z : 2 — Z ! . — S Ti-1—1 ES:T:‘—PH Esv” 7
- 28 2 S Tj 2(s—7j_1—1
o — o ZS:Tj_l—‘rl @ ( it )
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2
T s—T1j_1—1
<Zs:'rj,1+1 Est ’ )

T oNT 2(s—1;_1-1)
g Es:rj,l-ﬁ—la( i=1=h)

Tj t—1i_1—1
Zszfj,l—i-l Esx !

- 1/2
7 (EsJ:Tj—H-l a2(877—j7171))
have £*(S) — L£(S; 71k) ~ X341-
Similarly, we have

— 1 s—1 251 sl 2 (22:1 5804(8_1))2
L(S,2) = Z 52 = o2 o2y a2

s=1

Note that

~ N(0,1). Since {es}1_; are i.i.d, we

which leads to £* (S) — £L(S; @) ~ x3.
Using the same argument in the proof of Lemma B.2 completes the proof. O

Lemma D.2. For any t and any model, if S = Tiy11:442n S a region contains
a single changepoint at ™ =t +n, for any

v > max{(8m* + 6 + €) log(2n), 2log(2n) + 64(2m™ + 1)},

where € is an arbitrarily small positive constant, for n > 4, we have

P ( min {L£(S;71.6) + (k—1)v} — L*(S) < Log(?n))

k>2,71. 4
< exp (_M) ,
4
and
. . + — 2log(2n) 7 = (8m* + 6)log(2n)
P S) _ S: < L T oV ) <« — .
<£ (8) —min £(8;im) < o5y ) Sexp 16(2m* + 1)

Proof. For any 71., note that

L5(S) — L(S; 1) <L(S) — L(S; 71k, T7)
=L* (2 (t41):04m)) + L (T(etnt1):0+2m))
= L (@4 1):(t4n); Trik) — £ (T(ant1):e42n): k) (D.1)

From the proof of Lemma D.1, we have (D.1) follows a chi-square distribution
with degrees of freedom k + 2. Similarly, we have

L*(S) — rrgnﬁ (S;71) < L*(S) — L(S;7%) ~ x3. (D.2)

Using the same argument as in the proof of Lemma B.3, we obtain the results.
O
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Lemma D.3. If S = z111.442n S a 1egion contains a single changepoint at

T =t+mn and A be the absolute difference between the true means before and
AQ

after the change. For any 5 < z < (=) (1 =2 we have

P{L(S;2) — L' (S) < 2} < exp (—2/20).

Proof. Without loss of generality we let t =0, i.e., S = 21,2, With 7* =n is a
changepoint. Therefore, we write that

First, we have £L*(S) = ZS 1€2/0? and

n 1 ~ ) 2 2n 1 . ) 2
LS =~ (:z: —dat ) + > 5 (az — fpas ) . (D.3)
s=1 s=n+1
where
R n s—1 R n o sl
91 = 91( + —2221 5520[ 1 5 and 92 = 9; + Z;:n+1 .
Yo« (s—1) Zsan a2(s—n—1)

Using the similar argument as in the proof of Lemma D.1, we can rewrite (D.3)
as

n

2
C * —1 Z:n_fl ssa(s 1)
<87 T ) = g > <Es Oés an 2(8 1)

s=1 5=
2n (s—n—1) 2
+ Z i c. — "N 1 Zs n+1 Es
o2 S 22” a2(s—n—1)
s=n+1 s=n-+1

2

_1\2 2n s—n—1

Z (Camiesa™) (ZS*"“E “ )
- 0'2 €s o2 Z 042(5*1) o2 22" 4 a2(s—n— 1)’

Therefore, £*(S) — L(S;7*) ~ x3. Moreover, note L(S,2) = Zizl(xs -
fa*=1)% /o2, where we omit the changepoint and as there is a single parameter
0 to estimate, let n = o™, we have

91 €277 Zinl Esy Sil

é\:
14 n? + 14 n? Zi" a2(s——1)’

Thus, by simply algebra calculation, we obtain L£(S,@) — L(S,7*) ~ x3(v),
where the non-centrality parameter

(Gt - _ N0 +a? S

T+P—a?) ~ T-am)i-a?) = (- a™)(1-a?)

(D.4)
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Follow the same argument in the proof of Lemma B.4 we obtain that, as long
as b < z<v/4,

P(L(S;2) - L7 (S) <2+ L7(S) - L(S,77))
<P(L(S;@) —L(S;77) <2z)+P(L(S)—L(S,7") > 2)
<P (x?(y)<2z)—|—]P’(X2>z)

<2exp (—%) , O

Note that Lemmas D.1, D.2 and D.3 hold for any S € {S1,,(¢)}, {S2..(¢)}
and {Sa ,(t)}, respectively. Therefore, it is straightforward to obtain Proposi-
tions 3.5 and 3.6.

D.2. Proof of Theorem 3.3

Similar to the proof of Theorem 3.1, we take 8 = (24 ¢) log T and

2
n; = min lloga 1-— Aj a6j-5j+1 y
2 A(1—a?)(B +a(B,T))

where a(8,T) = (f—21logT)/4 as indicates in Proposition 3.3 and let b(58,T) =
(B —2logT)/4(2m* + 1).

A2
Therefore, since we assume e )T(l —o?) > (8+5¢) log T, we will have

each n; achieves the minumum value at

H 1 & = 1 >
2% T A1 —a)(BraBT)) ) " 2 P\ (T—a?)(B+5e)logT )

Combined with the assumption that

log. (1 A7
%8a ( T 41— (B +alB,T

which leads to 2max;n; < T'/*. Therefore, it is straightforward to verify that

< 112/(8m"—i—6+e)7
)))

as long as T is large enough, we have = (2 +¢€)logT > max{vT , max; an)}
where

fyj(q)*max{(ZJre) log T, 2logn + 81/16 + 2log T + 32, 2log T + 32(2m* + 1)},

77(5) = max {(8m* + 6 + ¢)log(2n;), 2log(2n;) + 64(2m* + 1)},

as defined in Proposition 3.5.
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Next,by Proposition 3.5, we can work out pi(v,n),p2(y,n),ps(v,n) and
pa(y,mn). Since 8 = (2 + €)log T, it is straightforward that

min {pl(ﬂ7T)/27p2(ﬂvT)7pd (vaax nj) y D4 (ﬂvmax nj) } S T_6/16(2m*+1)-
J J

_ A?
Moreover, note that S = min; a 2n_)](1 2y >4(B+a(B,T)) > 20 as
—a?i)(1 -«

T is large enough, we have
ps (8,8 +a(B,T)) < 20 GH/0/20 < gp=e/(32m410),

Therefore,

A2
]P’(fn—m,m_in i 2(8+56)10gT>
7 (1—-a?) (1 — 2T )

>1—(m" + 1)p1 (B,T) — (m* + )p2(B,T) — m™ps (ﬁ,mjaxnj>

—m'py (@mjax nj) —m'p; (8,8 +a(B,T))

>1— (7m* + 3)T_E/(32m*+16). 0

D.3. Proof of Corollary 3.3

Let ¢5 > 8 + 5¢, and 0 < 06_1 < (1 — D)es, since aTz/(Sm*JrHe) <D <1, we
have (3.17) and (3.18) hold. Applying Theorem 3.3 with ¢5 > 8 + 5e, since
m* = o(logT), as T — oo, we obtain

H

A2
P(m = m, min I > c5log T)
I (1-a?) (1 _ 2T )

>1— (Tm* + 3)T~</G2m™+16) 1

Appendix E: Orthogonal basis techniques for change-in-slope

This appendix provides additional technical lemmas needed for the change-in-
slope problem. We believe the orthogonal basis representation and maxima
inequality of correlated Gaussian variables to be of independent interest and
therefore present them in this separate appendix.

Without loss of generality, we re-index the 2n points in a local segment S =
Titr1t4on aS © = (x1,. .. ,xzn)T with a single true changepoint at 7 = n. Let
f=(f1,..., fon)T denotes the vector of the linear signals with a change of slope
at 7", e.g
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0, —0
0o + —24, i=1,...,n
fi=
0> — 0
0+ —=—L(i—n), i=n+1,...,2n,
n
where 6, 6; and 0y are unknown parameters, and € = (1,...,£2,)7 denote the

vector of Gaussian stochastic noises. Therefore = f + €. The following basis
representation in the 2n-dimensional vector space will be used to approximate
x.

E.1. Orthogonal basis

By algebra calculation, we can sequentially calculate the following basis repre-
sentation for the 2n-vector x.

BASIS REPRESENTATION:

1. Constant basis representation: ¢y = (¢(c)(1), ... ,w(c)(Qn))T with
b (i) = (2n) 72,

2. Linear basis: ¢y = (¢(L)(1), e ,w(L)(Qn))T, with

‘ 19 . 2n+1
Y)(i) = \/2n(2n - 1)(2n+1) (Z o2 ) .

Note that ¢z is orthonormal to ¥ ¢.

3. Basis corresponding to 7% = n: ¢(;+) = (w(T*)(l), e ,z/J(T*)(2n))T, with
Yo (i) =

_ 3(n+1) 1 — n(9n . .
\/n(4n2—1)(2n2+1)(n—1)[(4 )i —n(2 +1)}7 1L...,m

3(n—1) . o
\/”(4n21)(2n2 +1)(n+1) [<4"+1)Z —3n(2n + 1)] yi=n+1,...,2n.

Note that ¢(;«) is orthonormal to both ¢y and ¥ z).
4. Basis 1)(;,) corresponding to adding an additional change 71 on S, where
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2 <7 <2nand 7y # 7" For example, if 2 < 7y <n — 1, then ¥,,)(i) =

n—m . .
—A — =1,...,7;
n\/n(n _ 1)(2%2 i 1)7_1(7_1 — 1) (anl bn>7 2 5 s T1s

7'1(7'1—1) . o .
An\/n(2n2 + 1)(n - Tl)(n - 1) (an dn)’ =T + 17 ttt )na

_An\/ﬁ(ﬁ —D(n—m)n-1)

3t— (5 1 ) = 1,...,2n.
@+ 1) [z (5n + )},z n+1,...,2n

where
An =V3(8n31 — 4n® — 13n%72 + 9’ + 4n® + SnT
— 6n72 4+ 50y — 2n 470 — 572 + 21 + 2)7Y2,
an :(4713 +4n’m — 4n? — 571'1'12 + 5nm + 2n — 7'12 + 311 —2),
by, =71 (4n® — 3n?m + 3n? — 2n1 +4n — 1 + 1),
Cn =9n? — nty +n— 11+ 2,
d, =7n® — 3n%m + 2n° — 2n7 + 3n — 7.
Similarly we can write ¢(;,) for n +1 < 7 < 2n. Note that ¢, ) is
orthonormal to ¥ ¢y, ¥ (1) and P(r+).
5. Basis 9(r,), j = 2,3,..., corresponding to adding a j-th change 7; on S
after 71,...,7;_1, where 2 < 7; < 2n and 7; # T1.(j—1) or n. Moreover
Y(;) is orthonormal to Y(cy, ¥(r), Y(r=) and iz, _,))-

The formulas for ¢y, (1) and ¥(,~) were also given in [1]. We derive 1., as
it will be used in the proof of Lemmas E.4 and E.5. The formulas for 4,y can be
calculated by applying the Gram-Schmidt procedure to make the vector v,
(linear with a kink at Tj) orthogonal to ¢(C)7¢(L)a w(T*)and w(ﬁ)’ ...,1&(7.].71),

where
() 0, i:172,...,Tj
v (1) =1 . ]
(73) i—T1; i=T1;+1,...,2n,

We define S, = {1,...,2n} \ {1,n}; S, = {1,...,2n} \ {1,71,n} for any
given 71; and

Srn = 11,20} \ {1, 71,72, ..., Tk, )}, given Ti,..., Ty

which are the sets of possible locations for 7y, 75 and 7,41 on S, respectively.
To distinguish each of ¥(;,), we write t(; ;) as the basis formulas for () at
locations 4, where j € {1,2,...,k} and i € S,.

For each orthogonal basis 1.y, define the coefficients that correspond to x
projected onto it as z(.) = <a:, ¢(.)> = <f, ¢(-)> + <6,¢(.)> = f) +€¢)- We have
the following straightforward properties for the signal components f(.) and the
noise components €.).
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(1) f(Tj) =0 fOI"j = 1,2,...,]{:.
(2) Each of ey are i.i.d with distribution NV'(0, o%). Without loss of generality,
we assume o = 1 for the rest of the section.
(3) For any two possible locations i and j in S,,, we have E{e(; 1),e( 1} =
corr{e(i k), £k} = (Pik Vb))
The cost function of fitting changes within S therefore can be expressed using
above basis representation, for example:

LX(S) =|lz — fioybiey — Fiybw) — faoen
L(S,2)=|z — 2y — z)yYm)l
L(S,7) =llx — zcydc) — Tr)yPL) — T(r=)V(re)

2
’

2
L(Sv T1:k,s T*) =

k
T — 2(0)(0) = TLYL) — TPy = D Tr)Yiry)
j=1

Lemma E.1. The following differences in cost follow chi-square distributions:

LX(S) = L(S;7") ~ X3

L5(S) = L(S; T, T°) ~ X%+3
and
L(Sa @) - L(S7 T*) ~ X%(V)a

where
(92 — 207 + 00)2 TL(TL + 1)(71 — 1)(2”2 + 1)
n? 12(2n —1)(2n+1)
Proof. Applying the above properties and basis representation of loss functions,
it is straightforward that

LX(S) — L(S;7) =|x — fioydiey — Fiyba) — fryben

2

x —z)Pc) — TL)Vw) — TP

=¢lo) T (1) + el ~ X
and
L*(S) — L(S; 1., T)

=lz - foybie) — fiybw) = fem el

k
T — z0y o) — TL)YL) — Ty Yirr) = D e Vi)

j=1

2

-

2 2 2 2 2
=Ele) TEw) T EE T 2 ™ Xiers:

Jj=1
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In addition,

L(S,2) — LS, ) =|z — fioyic) — i) — fryben
— |le = zcyto) — 2y I?
2
=ty = {Firy + e}~k ().

(02 — 201 +609)®> n(n+1)(n—1)
n? 12(2n — 1)(2n+1)°

where f2 = (f,¢¢)) = (2n* + 1)

Moreover, one should noticed that if we consider S’ as a local region consisting
no true changepoint, by similar arguments, we have the following lemma.

Lemma E.2. £*(S') — L(S';T1:k) ~ Xj4o and L*(S') — L(S'; @) ~ x3.

E.2. Maxima of correlated Gaussian variables

In this step, we prove a lemma that provides the upper bound of probability tail
for the maxima of a series of Gaussian random variables, i.e., max, es, {&(r,)},
MaXr,es,, {€(ry) } for given 71, and max,es,, {€(r,)} for given 71 and 7.

We first introduce the following Lemma E.3, which is a direct adaptation
from a result in [9].

Lemma E.3. Let G(t) be a Gaussian process indexed by t € [a,b], with expec-
tation 0 and covariance function E[G(t1)G(t2)] = p(t1,t2). Let

?p(ty,ts)

pult) = ——55
2

to=t1

Then for any z > 0:

P <s1t1p g(t) > z) < B(=2) + % exp (—?) /ab pu@[72d,  (E1)

where ®(-) denotes the cumulative distribution function of N'(0,1).
Based on Lemma E.3, we can prove the following useful lemmas.

Lemma E.4. There exists positive constants C1, such that for any z > 0,

2
P < max €(;) > z> < Chexp (Z2> log(2n), (E.2)

7'16571

Proof. Note that the collection of random variables {£(; 1)} for i € S; , which
are € projecting onto all the possible locations of 71, are jointly Gaussian with
covariance E{e(; 1),€¢;,1)} = <¢(z‘,1), w(j’1)>, as each of them is a linear combina-
tion of i.i.d Gaussian variables €q,...,&o,.

Let R;, = [2,n—1]U[n+ 1, 2n]. Define a function p(z,y) on R, x R, with
continuous second derivatives with respect to both components, such that for
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any pair (i,7) € Sy, x S;,, we have p(i, j) = corr(e; 1), £(j,1))- For example, we
could let p(z,y) be the function that replace the discrete pair of variables (i, j)
in the formula of <1/J(i,1),’l/)(j71)> by continuous pair of variables (z,y). In this
way, by algebra calculation, we have p(z,y) =

z(z —1)(n y) Dnl(xy)
y(yfl nl nl

2<z<y<n-—-1

(n—y)z—71)  Eni(z,y)
(n—z)(y —7)

r<n—1landy>n+1;

En,l (x)En,l (y)

n+l<z<y< 2n,

\/ 2n-y@n—y+D@-n) Fulzy)
2n—2)2n -2+ 1)@ — 1) \/Fp (@) Fus(y)

where we write
Dy (z,y) = 2z — 2n — 3zy — 2zn + Tyn + zy? + 4on?® — dzn® + 5yn? — y?n +
12yn® — 2y% + 4n? — 4n3 — 9y*n? — dayn? + Szy®n — Sayn + 2;

Dy i(x) = Dy i(z,2), Dpi(y) = Dnai(y,y);

Ena(z,y) =2z + 2y — 4n — xy — Ton + 9yn + 4an? + 4an® + 4yn? 4 36yn® +
n? — 8n3 — 12n* — 20oyn? + 2,

En,l(a:) = En,l(mvx)v En,l(y) = E7L,1(y7y)§

Foa(x,y) =2y — 2n — 3zy + Ton + 8yn + 22y — zn? — ?n — 8xn® — 2yn? —
8yn — 222 — 6n2 + 2n3 + 4n?* + 22n? + 162yn? — Sxyn + xyn + 2;

Fn,l(x) = FTL,l(m7 l‘), Fn,l(y) = Fn,l(yv y)

If 2 > y, note that p(z,y) = p(y, x), which completes the defination of p(x, y).
Therefore, we can construct a Gaussian process G(t) indexed by R, , with mean
0 and covariance function E[G(t1)G(t2)] = p(t1,t2), such that G(i) = €(;) for
1€S,.

Notice that for any 2 < z < n — 1, we obtain

@ L (2 +1+ (AN U SR IR N
Pt 4 \n—z = x-—1 2 (n—=z)2 22 (z-1)?
1 1 8Dn,1(x) _ 28Dn,1(m7y)
33 -1 or dy y=z
{2 Dy, 1 z,y) _ 82Dn,1(x)}
ez Ox?
1 26Dn,1(x) 6Dn,1('ray)
292 n— T O 0y ly=
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%))

2 2
Let g(x) = — , applying the Maple program Psdged [18] which can
T — n—ux
prove polynomial inequalities using symbolic computation, we prove that:

aDn,1(x,y)/8y|y:z M i
’ D () < 9(@), ’ Dy () < g(=), (E.3)
and
02D (2 9)/ 0%l y= 0Dy (2)/007
‘ Dy () < g(z), ‘l)n,1<x) < g(x). (E4)

Hence, for 2 < a < n — 1, the following inequality holds for some ¢ > 0,

o <ems{ 2 o -

In a similar way, we can also obtain that for 71 + 1 < z < n — 1, the following
inequality holds for some ¢ > 0,

o < come{ o o -

Altogether, we have that there exists an absolute constant C; that does not
depend on n, 71, such that for any x € R, the following inequality holds:

lp11 ()| < 47r2012 max { ( _1 12 (z —1n)2’ (2n i x)? } '

By Lemma E.3, we have

2
P ( sup G(t) > Z) :iexp <— ) / p1a (1) M/2 dt
tER-rl 271- R

=C4 exp <— ) log(2n — 4).

no| 8

CI

As a result, we obtain

2
P < max €(r,) > z> <P sup G(t) >z ]| =Ciexp <Z) log(2n — 4),
T2€S,, teR L, 2

which proves (E.2). O

Lemma E.5. There exists absolute constants Co,Cs, such that for any given
T1,

2
P < max €(r,) > z> < Cyexp (—Z—> log(2n), (E.5)
T2€S, 2
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and for any given 11, To,

2
P ( max €(r,) > z) < Czexp (—%) log(2n). (E.6)

7'3637—3

Proof. For a given 71, note that {€(; 2) }ies,, are jointly Gaussian with covariance
E{eq2), €52} = <1/}(i,2),'l/1(j72)>. Due to the symmetry of the local region x
(having a change in the middle), we only need to deal with 2 <7 <n —1.

Let R, = [2,71 —1]U[r1 +1,n—1]U[n+1,2n]. Define p(z,y) : R, xR, —
[-1,1] as the function that replace the discrete pair (i,7) in the formula of
<1/)(i72), ¢(j,2)> by continuous pair (x,y). In this way, by algebra calculation, we
have p(z, ) =

2<zx<y<mn —1;

v(x—1)(r1 —y)  Dpa(z,y)
y(y - 1)(7—1 - JJ) Dn,Q(«f)Dn,2(y)7

(n—y)z—7) Enaz,y)

(n - I)(y - Tl) \/ En,Z(CC)En,Z(y) ’

Cn—y)Cn—y+1)(z—n) Fna(z,y)
(2n—2)2n —x + 1)(z —n) /F, 2(x)F2(y)

n+l1<r<y<n—1;

, n+l1<z<y<2n.

where we write

Dpo(z,y) = 2n — 11n?7¢ + 11n?r3 — 220377 — 5n?r! + 130373 — 8nirf +
2n2y? — dndy? + dnty? — 3r2y? + 673y? — 31iy? + 2na — TnTd + TnPm + 6n7 +
531 —n7i + 120t — 202z +4ndr — dntx — 2ny? + 372y — 675y + 37y — 202 +
4n3 — dn* — Ttz + Tn’mx + 6nrz + 5ndrir — nriz + 12ntmo + 1507y —
4n2ry — 28n7dy +8ndry + Intiy — 8ntry — 2nay® + 3 ay? + 6782y — 3Ty —
1n2riz+11n2rdz—22n3 2z —5n2 e+ 13n3 3z — 8ntriz — Antiy® — Tn’my* +
29022y +12n7dy% —32n% iy —5n3m Y2 +31n3 2y —6nriy? +15n2 ity —39n3 iy —
12ntry? + 24ntry + 2n22y? — Anday? + dntay? — 6720y? + 3rdy? + dnmy —
3rizy — 8n27iy? + 23y + ndriy? — lnmaoy — 14n27r22y? + Inmay? +
18n7ixy — 19n2mioy — TnTiay — 13n2 oy — 8ntmay — 13nT2ay? + 14n?may® +
20n272zy + 6nTixy? — Sn’rixy + dndriay? + 13n3riay,

Dn,2(1’) == Dn,Q(x; (E), Dn,?(y) = Dn,?(ya y)v

E,o(z,y) = 1022y%n%m — 52%y%n? — 61:2y2n7'12 +8z2y%nm — 2%y?n — 3x2y27'12 +
3x2y271 — 8x2yn37'1 + 4:1:2yn3 — 61’2yn27'12 — 4x2yn27'1 + 5:1:2yn2 + 6x2yn7f —
3x2ynt? — 9x%ynmy + 3x2yn + 322yri — 3xym — 8xntm +42%nt + 21220312 —
1322137 —4a?n3 — 9220273 +1522n2 72 —102%n? 1 + 22202 — 622 nr + 1522073 —
5z2nT —22°n — 3227 + 32272 — 182y*n 1y + 9wy nd + 102y n? 77 — 172y’ n’m +
6zy’n? +8xy’nr? — 13zy’nr +32y*n+ 3xy? 1P — 3xy? T + 24aynit — 12zynt —
Sryn i +22xyn3r —9xynd —4xyn?rE+23zynm — 12zyn? —6xynTi —3wynti +
12zxynt; — 3zyn — 3zy7d + 3zym — Santri + danr — 13zn3r2 + 17an3m +
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9xn? 7'1 19207 +8xn?n —|—6an1 — lla:m'l —|—7xnﬁ +3m7’1 3x7’1 +9y%n3 7'1
9y%n 5y2n27'3+yn'r +5yn7’1 yn ym’ +2y TLT er n'rl 2y%n —
12yn 24 12ynt +4yn3T 5yn 72— 4yn 71 +5yn® +5yn? 7'1 Tyn712 —5yn’m +
Tyn? —|—3ym'1 3ym'1 —|—4n 2+ dantrE —dntr —dnt —dn37P —Andr +4n37'1 +
4n3 + 2n%rd + 207 — 2n°ny —2n2—2m'13—2n7'1 + 2n711 + 2n;

E,2(x) = Epo(z,x), En2(y) = FEn2y,y);

an(w y) = 2y 4n—|—271—|—17n 2 —1Tn273+53n3 72 —32n3 13+ 32n4 2+ 160t —
52n°72 +28n573 — 44n®r2 — 3wy + Tan + 6yn + 2y7’1 +3nm + 2%y —8xn? +2%n +
7xn3—8xn4—l4xn +16xn6—6yn —|—6yn —12yn*—12yn®+16yn’—222 7'1—5y7'1+
yT1 m'l 2n? 7'1+4n7'1 23n3 7'1—44n 1 +4n® 7'1+44n 7'1+16n 7'1—250 —6n*+
12054408 —8n" —572 + 13 — 222 n? +2?n3+4a?nt — 222n° +52° 1 34+ 9zyn?—
622yn—8xyn3 +30xyn? —32xyn® +122y7E + 22y —62YT] — 2296117'12 + 213@71271 —
6x2nrm + anrf’ +39zn®m — xn*r — 58zn®m — 32xn67'1 — 35ym‘12 + 36yn27'1 +
18ynT1 +49yn 7'1 6yn* 7'1 62yn® 7'1 32yn T +72%yn —12x2yn3+10x2yn4—
722 yTl 2 45x?yr—Alan?ri+132%nTi— 15:5 n 71+35a:n2 —36xn372—10x m'f’—
1022n3m — 113311373 + 53xn472 + 5x2ntm — 38:cn + 70xn572 + 4220 —
59yn?12 +3Tyn27 — 35yn3t 18yn373+64yn 38yn +70yn +4xyn—
3xymi + Txnm + 13ynm + 1895 n27'12 —2x%n? 3 x2n37'2 + 790 n3 7'1 11:102
11xyn7'1+13m2yn27'12—17x2yn27'f—|—37x2yn +29xyn71 13xyn 7'1 +2z2 ym'l—
25zynTy +37xyn i —|—94J:yn T1 —|—64a:yn Ty —lOa:yn 72 4 522 ym’ — 82 yn T+
15zyn?r] — TTayn37E — 2322yn3r + 58xyn7y — 122zyn*rf — 202%ynrm + 2,

Fn,Q(z) :Fn,2($7I)7 Fn,Q(y) :Fn,2(y7y)'

The formula of p(x,y) for other cases, such as © < 71 < y and x < n <
y can be derived similarly. Moreover, if z > y, note that p(z,y) = p(y,x).
Therefore, we can define a Gaussian process G(t) indexed by R.,, with mean
0 and covariance function E[G(t1)G(t2)] = p(t1,t2), such that G(i) = ¢ 2y for
i1€S,.

Notice that for any 2 < x < 7 — 1, we obtain

011(17):%(711_33 % ) {n—m)Q_%_ﬁ}
(Tl_m é 1 ){8Dn2( ) 5ODna(w,y)

)

x—1 0 Oy
+ aan 2((E y) (’9 Dn 2
2Dn,2 (x) 0y? — 8x2

1 < 111 ){apm(:ﬂ)apng(xy)

© 2D2(2) 7'1—:5+5 x—1

(%))

y==
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Let g(z) = 2 + i, with the help of Psdged, we can prove that:
r—1 mn—x
8Dn2(x7y)/6y|y=:c ’6D7L 2(1‘)/83)
d <g(r), |—==——|<g(z), BE.7
Duale M Wloms| < o), | B2 <o), (@)
and
821)71 Z(zay)/ay2|y:r ‘aQDn 2(1')/81'2
, 2| < gz), |TZRRIOT | o). E.8
TP B MW s < gy, | PO g ()

Hence, for 2 < z < 7 — 1, the following inequality holds,

e )

x—1)2" (1 —x)?2

where ¢ > 0 is a constant. In a similar way, we can also obtain that for 7 +1 <
r<n-—1

[p11(z)| < cmax { n _lx)z’ (z —171)2 }

and forn+1<z<y<2n

el < ems{ o G |

where ¢ is some universal positive constants.
Altogether, we have that there exists an absolute constant Co that does not
depend on n, 71, such that for any = € R, the following inequality holds:

1 1 1 1
[pra(@)] < 4m*C5 max { @12 (n 22 (@_n? (2n_a) } |

By Lemma E.3, we have

1
P| sup G(t) >z | =—ex <—
<teRlz2 0 ) 27 P

=Cy exp (

no| %,

) /R o1 ()12 dt

T2

> log(2n — 6).

z
2

As a result, we obtain

2
P ( max €(r,) > z> <P ( sup G(t) > z) = Cyexp (—%) log(2n — 6),

T2E€Sr, teR,

which proves (E.5).
The proof of (E.6) can be obtained similarly, thus is omitted here. O
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E.3. Tight probabilistic bounds for fitting too many changes

In this step, we provide the following two lemmas, which is much tighter than
simply applying Bonferroni correction for the probability of maximum over the
events that we fit too many changes.

Lemma E.6. As long as v > max {210g(2n) + 321log(Cy" log(2n)), 2log(2n) +

972(2m* + 1)}, where CY" is a positive constant only related to Cy in (E.2), we

have

* ey 7~ 2log(2n) 1~ 2log(2n)
P (mTelLX{L (S) — L,(S;71,7)} > ?> < exp (—m>

Proof. By the orthonormality of the basis and the properties (i),

L5(S) — L(S;71) <L*(S) — L(S;71,7")

_ 2 2 2 2
=€(c) T ) TG T &

T1)

This implies

P (E*(S) ~ min £(S;m) > z)

T1 €S71

<P (5%0) + s%L) + s%T*) + max (s%n)) > z>

T1ESH

<P <e%c) +elL) + €y +E(my + sUp GX(t) > z) ,
te

T1

where G(t) is the continuous Gaussian process constructed based on e(,,), 71 €
S, as in the proof of Lemma E.4.

Let Z; = 5%0) +5%L) +5%T*) and Zy = sup;cg, G?(t). Note that (¢, (1) and
£(r+) are i.i.d random variables with \V(0, 1) distribution, and are all independent
to g(r,) for any 71 € S;,. Therefore Z; ~ X2 and is independent to Zs.

Using the arguments from the proof of Lemma 1 in [23], we can upper bound
the logarithm of Laplace transform of Zy:

3u?
1—2u’

log{Eexp (u(Z1 — 3))} < for 0 < u < 1/2.

Note that for all z

P < sup G(t) > Z) <P < sup |G(t)| > Z> < 2P ( sup G(t) > Z> .

teRL, teER, teRL,

Therefore we have the probability density function f(z) for sup;cg, |G(?)] is
upper bounded by Cjlog(2n — 6)x exp(—2z2/2) when z is large enough, where
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(1 is a positive constant only depending on Cy. This further leads to an upper
bound on the Laplace transform of Zs:

log(1 — 2u)

log{Eexp(uZs)} < log(C? log(2n — 6)) — 5

For 0 < u < 1/2, we have

~ log(1 —2u)

log Eexp [u{Zs — 1 — log(CY log(2n — 6))}] < —u 5

u2

<
—1—-2u

As aresult, let Z = Z1 + Zo — 4 — log(CY log(2n — 6)), then

5u?

log{Eexp (u(Z2))} < 1— 2u

By Lemma 8.2 in [2], if
v2iu?

1-—bu’

log (]Ee“z) < for 0 <t <b !

then for any positive z,
P(Z > bz + 2vy/z) < exp(—z).

Hence, we have for any given 71, as long as z > 162,

P (ﬁ*(S) - rreusn L(S;71,72) > z) <P(Z > 2z — 4 —log(Cy log(2n — 4)))
<P(Z > 2 — (Cy +4) —loglog(2n))

4z

<Ol log(2n) exp (—5) ,

where C1" is a positive constant only depend on Cf.
v — 2log(2n)

Taki =
aking z 6@m + 1)

, then as long as

v > max {210g(2n) + 32log(C7" log(2n)), 21og(2n) + 972(2m* + 1)}

we have

4z ~v — 2log(2n)
" oo (9 _2*) < _ T 20%e\A)
C1" log(2n) exp ( 9 ) =P ( 24(2m* +1) )’

which completes the proof. O
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Lemma E.7. As long as v > max {240, 24 log(2C%" log(2n))}, where CY§' is a
positive constant only related to Co in (E.5), we have

T1,T2 6

< o (2= Soe)

P <max (L5(S) = L(S; T1i2, 7)) > — 7210%(270)

Proof. Using a similar argument to that of the proof of Lemma E.6, we have
that for any given 7 and 79, as long as z > 200,

P (E*(S) — nensn L(S;T1,72) > z) < CYlog(2n) exp (—g—g) ,

where C%’ is a positive constant only depends on Cs.
Consider all the 2n—2 possible locations for the first change 71, by Bonferroni
correction,

P (c*(S) —min £(S; 7, m) > z) <(2n - 2)P (E*(S) ~ min L(S;7,m) > z)

T1,T2 T2€S;

<C%'2nlog(2n) exp (gg) .

v —2log(2n) 5y + 2log(2n)
6 B 6

v > 24log(2CY" log(2n)),

Taking z = v — , then as long as

we have

— 3log(2
Cé//Qn log(2n) exp <g—g> < exp (%) ,

which completes the proof. O

Lemma E.8. As long as v > max{132,241log(2C%" log(2n))}, where C¥’ is a
positive constant only related to Cs in (E.6) we have

— 2log(2 — 3log(2

Proof. Using the similar argument as in the proof of Lemma E.7, we have for
any given 71 and 7y, as long as z > 242,

10
P (E*(S) —min £(S;71,72) > z) < C{'log(2n) exp (—2—22) :
73
where C%’ is a positive constant only depends on Cs.

Consider all the (2n—2) x (2n — 3) possible locations for the first two changes
71 and 79, by Bonferroni correction,

P (E*(S) — min L(S;71,72,73) > z>
T1,72,7T3
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<(2n —2)P <£*(S) —min L(S; 7y, T2, 73) > z>
T3
10
<CY'(2n)? log(2n) exp <—2—2Z> :
— 2log(2 11 2log(2
Taking z = 2v — i é)g( n) — =7 i 60g( n)’ as long as
v > 2410g(2C%" log(2n)),
we have
1 — 3log(2
CY'(2n)* log(2n) exp _10= < exp —QM :
22 3
which completes the proof. O
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