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Abstract

The classical sign test usually provides very bad power for certain alternatives. We present
a generalization which is similarly easy to comprehend but much more powerful. It is based on
K-sign depth, shortly denoted by K-depth. These so-called K-depth tests are motivated by
simplicial regression depth, but are not restricted to regression problems. They can be applied
as soon as the true model leads to independent residuals with median equal to zero. Moreover,
general hypotheses on the unknown parameter vector can be tested. Since they depend only
on the signs of the residuals, these test statistics are outlier robust. While the 2-depth test, i.e.
the K-depth test for K = 2, is equivalent to the classical sign test, K-depth test with K > 3
turn out to be more powerful in many applications. As we will briefly discuss, these tests are
also related to runs tests. A drawback of the K-depth test is its fairly high computational effort
when implemented naively. However, we show how this inherent computational complexity can
be reduced. In order to see why K-depth tests with K > 3 are more powerful than the classical
sign test, we discuss the asymptotic behaviour of its test statistic for residual vectors with only
few sign changes, which is in particular the case for some nonfits the classical sign test cannot
reject. In contrast, we also consider residual vectors with alternating signs, representing models
that fit the data very well. Finally, we demonstrate the good power of the K-depth tests for
quadratic regression.

Keywords: K-sign depth, sign test, runs test, outlier robust, distribution free, quadratic regres-
sion

1 Introduction

We consider stochastic models where a parameter § € © C RP, p € N, is unknown and where
residuals Ry (0),..., Ry (0) of N observations in R are independent with

Py(Ro(6) > 0) = 3 = Py(Ra(6) < 0). (1)

This assumption is fulfilled by every continuous distribution with median zero. Examples of such
models are linear and nonlinear regression models with additive errors F,, where the observations are
of the form Y,, = g(x,,0)+ E,, with z,, € R? leading to residuals R, () = Y, — g(xy,0). Generalized
linear and nonlinear models are further examples if the link function can be expressed by the median
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of the observations Y,,, i.e. if med(Y,) = g(x,,0). More examples are given by stochastic processes
with ii.d. increments such as AR(p) processes given by Y, = g(Y,—1,...,Yn_p,0) + E,.

In models given by (1), the classical sign test can be used for testing hypotheses Hy : 6 = 6°
and for deriving confidence sets. This test counts the number of positive (or negative) residuals and
rejects the null hypothesis if the number of positive signs is too small or too large. In particular, it
does not reject the null hypothesis Hy : 0 = 6° if half of the residuals R,,(6°) are positive and half
of them are negative. However, this can also happen for alternatives with parameters far away from
69, see Figure 1, p. 9. Hence this test has a very bad power for such alternatives. This can also be
seen in the simulation studies of Kustosz et al. (2016a,b) where the classical sign test is compared
to tests based on simplicial regression depth for linear and nonlinear regression and autoregression
with two unknown regression parameters.

Simplicial regression depth is a modification of the regression depth introduced by Rousseeuw
and Hubert (1999) to generalize the depth notion to regression. Originally, the halfspace depth of
Tukey (1975) was used to obtain a generalization of the median for multivariate data. Liu (1988,
1990) extended this to simplicial depth. Simplicial depth can be expressed by counting the number
of all p 4+ 1-tupels of the p-dimensional data set with positive halfspace depth. Replacing halfspace
depth by regression depth leads to simplicial regression depth.

For defining regression depth, Rousseeuw and Hubert (1999) introduced the concept of nonfit.
They defined the nonfit via residuals. However, Mizera (2002) extended this for arbitrary qual-
ity functions and Mizera and Miiller (2004); Miiller (2005); Denecke and Miiller (2011) used it
for likelihood functions. This also led to depth concepts for scatter as proposed by Mizera and
Miiller (2004); Paindaveine and Van Bever (2018); Wang (2019) although most depth concepts
concern central parts of a data set as those of Zuo and Serfling (2000); Mosler (2002); Agostinelli
and Romanazzi (2011); Lok and Lee (2011); Paindaveine and Van Bever (2013); Dehghan and
Faridrohani (2019). In this context, datasets consisting of functional data were considered as well,
see e.g. Lopez-Pintado and Romo (2009); Claeskens et al. (2014); Lopez-Pintado et al. (2014);
Cuesta-Albertos et al. (2017); Nagy and Ferraty (2018).

Simplicial depth has the advantage that it is a U-statistics although it is often a degenerated U-
statistic so that more effort is necessary to derive the asymptotic distribution, see Diimbgen (1992);
Miiller (2005); Wellmann et al. (2009); Wellmann and Miiller (2010). Moreover, for its calculation,
Rousseeuw and Hubert (1999) and Miiller (2005) noted that the regression depth of a p-dimensional
parameter vector within p 4+ 1 observations is greater than zero if and only if the residuals have
alternating signs. Sufficient conditions for this equivalence and a proof of this property are given
by Kustosz et al. (2016b). One of the sufficient conditions is that the observations are given by a
natural order as this is the case for time series. This was the reason that the proof of the asymptotic
distribution of the simplicial regression depth for p = 2 was given by Kustosz et al. (2016a) for
AR(1) regression. However, the proof is not restricted to AR(1) regression since it uses only the
alternating signs of p + 1 = 3 residuals. In particular, the derived asymptotic distribution can be
used as soon as there is an approriate ordering of the observations and the median of the residuals
is zero. This leads to the idea to define simplicial depth not via regression depth but via alternating
signs of residuals.

We call this depth notion K-sign depth or shortly K-depth where K stands for the number of
residuals used in the simplicial depth. In contrast to the regression depth, it is not necessary to
choose K = p+ 1 if the unknown parameter vector is p-dimensional. Tests based on this depth
notion are called K-depth tests. They can be used to test arbitrary null hypotheses of the form
Hy : 0 € ©°. We show in this paper that the K-depth test with K = 2 is equivalent to the classical



sign test, hence K-depth tests with K > 2 are indeed generalizations of this test. Moreover, we
demonstrate that K-depth tests with K > 2 are much more powerful. In particular, in contrast to
the classical sign test, they do not have the drawback of not rejecting alternatives for which (nearly)
half of the residuals are positive. Furthermore, these tests are robust against outliers caused by
heavy-tailed errors since they are based only on signs of residuals.

In Section 2, we introduce the K-depth and the K-depth tests, discuss a relationship to the runs
test, and show how the computational complexity can be reduced by block implementation. Basic
properties of the K-depth are derived in Section 3. This concerns a strong law of large numbers
for the K-depth, the behaviour at alternating signs of residuals and the behaviour when only few
sign changes occur. In particular, it is shown that the expected value is asymptotically an upper
bound for K-depth and is not reached in situations of few sign changes for X' > 3 which provides an
explanation for the good power of the K-depth tests for K > 3 at alternatives that lead to only few
sign changes. A comparison between the K-depth tests for different values of K is given in Section
4. At first, for K = 2, the equivalence of the K-depth test and the classical sign test is derived
formally. Afterwards, the K-depth tests with K = 3,4, 5,6 are compared by p-values in some worst
case scenarios with few sign changes which were derived in Section 3. Section 5 demonstrates the
good power of the K-depth tests for K = 3 and K = 4 via simulations for quadratic regression.
Finally, a discussion of the results and an outlook is given in Section 6. All proofs can be found in
the appendix.

Notation. Throughout the article, 71(0),...,rn(0) denote realisations of Ry (0),..., Ry (0). If
the choice of the parameter 6 is clear, we also use the abbreviations r, := r,(0) and R,, := R,,(#) for
n=1,...,N. The sign of a real number z is denoted by ¢(z) = 1{z > 0} — 1{z < 0}, where 1{-}
denotes the indicator function. In some asymptotic calculations we make use of the O-Notation:
For real-valued sequences (ay)n>1 and (b,)n>1, we write a,, = O(b,,) if there is a constant C' > 0
and an integer ng with |a,| < C|b,| for all n > ng. Furthermore, a,, = O(b,) denotes that both
an, = O(by) and b, = O(ay).

2 K-depth tests and reduction of their computational com-
plexity

In this section, we introduce the K-depth of a vector and how to use the K-depth notion as a test

statistic. We also briefly discuss the issue of a fairly high computational complexity when working

with K-depth tests. This issue can be resolved by using alternative representations of the original
definition of the K-depth.

2.1 K-depth and K-depth tests

The K-sign depth or shortly K-depth dg(ry,...,7n) of r1,...,rN is the relative number of
K-element subsets with alternating signs, i.e. for K > 2,

dr(r1,y...,TN) = L Z (H 1{(-1)*r,, >0}

(I]\é) 1<ni<ne<..<ng<N k=1

K
+ L1 {0k, <0}).
k=1



Remark 2.1. Note that the definition of the K-sign depth depends on the chosen order and therefore
this choice is a crucial aspect. If z,, € R? for ¢ > 1 then various multivariate orderings can be used.
Not all of them provide powerful tests. However, a paper is in preparation where we derive data
based orderings which lead to powerful tests. The following arguments hold also for this multivariate
case. In the applications of this paper, we focus on the univariate case ¢ = 1 and choose the canonical
order on R.

In order to obtain a non-degenerate limit distribution, the K-depth test is based on the
following test statistic:

Tk(0) == Tk (Ri(0),. .., Rn(0))
K-1
=N (dK(Rl(G),...,RN(Q)) - @) ) . )

A test based on (3) requires the a-quantiles of the distribution of the test statistic. If N is
small, the finite sample distribution for any K can be easily simulated since the determination of
the K-depth with an underlying C++ algorithm computing Formula (2) is fairly fast for small N.
For larger IV, see Subsection 2.2.

With the quantiles at hand, the K-depth test, K > 2, is defined as in Miiller (2005): A
hypothesis of the form Hy : § € ©° shall be rejected if the K-depth dx (r1(6),...,rn(0)) of 6 or
Tk () is too small for all § € ©°. Hence, if q, is the a-quantile of the distribution of Tk () under
6 then the K-depth test for Hy : 6 € OV is given by

reject Hy : 0 € ©%if sup Tk (0) < qa. (4)
060

Remark 2.2. The K-depth test can also be used in a two-sided version:

reject Hy : 0 € O if sup Tk () < qg or inf T (0) > q1-sg.

9cO0 0cO° 2
This test also rejects Hy if too many sign changes occur in the residual vector, which is an indicator
for negatively correlated residuals. While the one-sided version is mostly focused on detecting
deviations from 0 in the median and can detect only strong positive correlation in the residuals,
the two-sided version is the preferable choice when testing simultaneously whether the residuals are
independent and have median zero. The hypothesis of independent residuals can also be tested with
the runs test of Wald and Wolfowitz (1940), see e.g. Gibbons and Chakraborti (2003), pp. 78-86.
In fact, there is a simplified version of the K-depth which can be considered as a generalization
of the runs test: This simplified K-depth uses only subsequent residuals and can be defined as in
Kustosz et al. (2016b) for K > 2 by

1 N—-K+1 K
df{(rla"'arl\/) ::m Zl (]}Tlﬂ{(l)k?"n+k_1>0}
- X (5)

+ T 1 {0 rusa < 0}).
k=1

If K = 2 then this simplified K-depth counts the number of sign changes and thus the number
of runs. Kustosz et al. (2016b) used the simplified versions because they are faster to compute and



their asymptotic behaviour is easy to derive. However, since the simplified K-depth only considers
N — K + 1 subsets instead of (%), tests based on it are usually less powerful than tests based on
the full K-depth, in particular if the independence of the residuals is ensured. This can be clearly
seen from the examples in Kustosz et al. (2016a) and Falkenau (2016) for AR(1)-models. Since our
main interest lies in testing whether the median of the fitted residuals is zero, neither the two-sided
version nor the simplified version is used here.

2.2 Runtime and block-implementation

A major drawback of the K-depth test is its slow runtime when using an algorithm based on the
definition (2). This definition requires the consideration of all increasing K-tuples in {1,..., N},
hence leading to an algorithm with runtime ©(N*). Such an algorithm is clearly impractical in
applications with fairly large sample sizes. Fortunately, the derivation of a limit theorem of the
test statistic Tk (0) leads to an asymptotically equivalent form of (2) which can be computed in
linear time for all K > 3. Such a limit theorem is given in Kustosz et al. (2016a) for K = 3 and a
generalization to arbitrary K is currently submitted elsewhere.

We will not go into detail on how this algorithm with runtime ©(N) works since it requires a
major part of the computation necessary to obtain the limit theorem and this is beyond this paper.
Instead, we discuss a different approach which leads to an algorithm useful for residual vectors with
only few sign changes. We refer to this approach as block-implementation. Aside from speeding
up the implementation based on (2), this approach will be useful do derive some of the properties
presented in Section 3.

Block-implementation. Let r := (rq,...,7x) be a vector of residuals and let 1 (x) denote
the sign of a real number z, i.e. ¢ (z) := 1{x > 0} — 1{z < 0}. The vector r is decomposed into
blocks by letting a new block start at index j if and only if r;_; and r; have different signs. More
formally, we define the number B(r) of blocks and their starting positions s1(r),...,sg((r) via
s1(r) :=1 and

N
B(r) =14 1{t(rn1) # ¢ (ra)},

n=2

sp(r) :=min{€ > sp_1(r); ¥ (re) ¢ (re—1)}, b=2,...,B(r).

For convenience, we define sp(,)4+1(r) := N + 1. The block sizes are defined as
qv(r) := spp1(r) — sp(r), b=1,...,B(r).

Ezample 2.1. The vector r = (1,2, —1, 3) consists of B(r) = 3 blocks with starting positions 1, 3, 4.
The block sizes are g;(r) = 2 and ¢a(r) = ¢3(r) = 1.

We say that the nth residual 7, belongs to block j if and only if s;(r) < n < sj41(r). The sign
of a block j is defined as the sign of the first (and thus any) element r, (., belonging to that block.
Blocks j; < ... < ji are called alternating if and only if the signs of the blocks are alternating,
i.e. the signs of block j; and j;;+1 are different for all i = 1,...,k — 1. Note that two blocks j; and
j2 have different signs if and only if j; is even and js is odd or vice versa. In particular, the blocks
Jj1 < ... < ji are alternating if and only if j;;1 — j; isodd for all i =1,...,k — 1.

The advantage of decomposing the residuals into blocks is that it helps to identify the K-tuples
with alternating signs: A tuple (75, ...,7n,) With 1 <n; < ... <ng < N has alternating signs if



and only if 7,,,...,rn, belong to alternating blocks j; < ... < ji. In summary, we therefore have
the following alternative representation of (2):

Lemma 2.2. Let 2Ny + 1 denote the set of all odd positive integers and let
-AK,B = {(il,...,i}() S {1,...,B}K; T — th—1 €2No—|—1f07‘k:2,...,K},

K
1
dK,N,B(qu-“an) ::T Z quk fOTBEN, (Z17---,CIB>0-
(K) (’il ..... iK)eAK,B k=1

Let qi(r),...,qp()(r) be the block sizes of a residual vector r = (ry,...,rn). Then
di(r1,...,"N) = dg N By (@ (7), - aBE) (7)) (6)
Remark 2.3. Note that the size of Ag p is @(BK). Also note that the effort to compute the
block sizes qi(r),...,qp((r) of a vector r = (ry,...,rn) is O(N). Hence, an algorithm based

on the expression in Lemma 2.2 has computational complexity O(N + BE) if B = B(r) is the
number of blocks in 7. This is a significant improvement to a direct implementation of (2) if the
number of blocks is much smaller than N. Since, even in the worst case B(r) = N, the complexity of
computing (6) never exceeds the complexity of (2), one should always use the block-implementation
rather than (2).

3 Basic properties of the K-depth

This section contains some of the basic properties of the K-depth. In particular, we discuss the
typical behaviour in terms of a law of large numbers in Section 3.1. Sections 3.2 and 3.3 contain
extremal cases where the test statistic is close to its maximal or minimal value, respectively.

3.1 Law of large numbers

Let Ry = Ri(0),...,Ry = Rn(0) be independent random variables satisfying (1). Then the
expectation of the K-depth is given by

Eo (dx(R1(0),...,Rn(0))) .
() 6)) -6 i

A convergence of the K-depth towards this expectation can be shown by rewriting the summands
in (2) using the identity in the next lemma. In order to avoid triple indices, we write i(j) instead
of ’LJ

Lemma 3.1. If E,,,...,E,, are random variables with P(E,, # 0) = 1 for i = 1,.... K and
K € N\ {1} then we have

K . K X 1 K-1
[T 10 > 0+ TT 1m0 <0 ()

| L) w ©
T 9K-1 Z H(fl)Z(J)Q)[) (En,i(j)) P-almost surely,
L=11<i(1)<...<i(2L)<K j=1



where ¢ (x) := 1{x > 0} — 1{z < 0}.

Studying the variance of the expression (8) reveals that it converges to zero as N — oo, which
is shown in detail in appendix. Hence Lemma 3.1 leads to a law of large numbers for K-sign depth:

Theorem 3.2. Let K > 2. If Ry(0),...,Rn(0) are satisfying (1) then

1

dic(R1(0), ..., R (0)) — (z)K_l

Py-almost surely as N — oo.

3.2 K-depth for alternating signs

In this section we study the behaviour of the K-depth of residuals with alternating signs, i.e. of
residuals rq,...,ry with ¢ (r,) = =¥ (rpy1) for n = 1,..., N — 1. Alternating signs indicate a
good fit and the K-depth attains its maximum value in this situation. Therefore it is of interest
what exactly this maximum value is. This is given by the following theorem. As usual, we use the
convention (:) =0 for n < k.

Theorem 3.3. Suppose rq,...,ry have alternating signs. Then, for 2 < K < N,

i) — é) <<L(N +KK)/2J> . <[<N+I§( 2)/21)) |

Note that Theorem 3.3 can also be used to determine the size of the index set Ag p in the
block-implementation:

Corollary 3.4. Let B, K > 2 be integers and let Ax p be as in Lemma 2.2. Then

A sl = (L(B +KK)/2J) N (((BH; 2)/2]>’

where | Ak, g| denotes the size of Ak p.

Theorem 3.3 implies that the K-depth of residuals with alternating signs converges to the
expected value (1/2)%~1 as N — oco. In conjunction with Corollary 3.4, we may extend this
property to the following more general class of alternating vectors:

Definition 3.5. Let M € N and let r = (r1,...,7n) be a vector of residuals. The residuals
r1,...,rN are alternating in blocks of size M if N is a multiple of M and if

gi(r)y=M forallj=1,...,B(r),

where the number B(r) of blocks and the size q;(r) of block j are defined in Section 2.2. In particular,
residuals have alternating signs if they are alternating in blocks of size 1.

With Corollary 3.4, it is not hard to compute the K-depth of such residuals explicitly:



Lemma 3.6. Let M, N € N with B := N/M € N. Furthermore, let (x); = H;];Ol (x—j) forzeN
and x> J. If r1,...,rN are alternating in blocks of size M and if B > K, then

<B+§—2>K71 NK

(a) di(r1,...,7N) = if K+ B is even,

BEK-1 ’ <N>K
2<B+§_1>K NK
= . if K+ B 1 ;
(b) dg(r1,...,7N) BE N if K+ B is odd

An asymptotic analysis of the K-depth based on Lemma 3.6 reveals that the K-depth test
statistic of residuals that alternate in blocks of size M converges to its maximal value:

Theorem 3.7. Let M be a fized integer. If the residuals r1, ..., N are alternating in blocks of size

M, then
K—-1
. 1 K(K —1)
1\/1E>I}>ON<dK(r1’7TN)_<2) )ZQI(

Remark 3.1.

(a) Theorem 3.7 yields that the maximal value of the test statistic (i.e. the value for residuals
with alternating signs) is asymptotically K(K — 1)/2%X. Since the minimal K-depth is zero,
the minimal value of the test statistic is —N/2X~1 which diverges as N — oo. Hence the
(asymptotic) distribution of the test statistic Tk () is bounded from above but unbounded
from below. In particular, its distribution is not symmetric.

(b) Since the test statistic converges to its maximal value if the residuals are alternating in blocks
of size M > 1, the (one-sided) K-depth test will not reject the model when such residuals are
observed and N is sufficiently large. This can often be desirable in practice where alternating
residuals indicate a good fit and a systematic alternation (in blocks of fixed size) can be caused
by some vibration behaviour which is difficult to filter out.

(c) If the independence of the residuals is questionable and of additional interest then alternating
residuals are indicating dependence. In such situations, the two-sided K-depth test as proposed
in Remark 2.2 can be used. Since alternating residuals yield the maximal possible value, the
two-sided test will always reject the model when such residuals are observed and N is sufficiently
large.

3.3 Behaviour in situations of few sign changes

Residual vectors with only few sign changes usually indicate a bad choice for the modelling param-
eter, see, e.g., Figure 1 for so-called nonfits in a quadratic regression model. A nonfit is defined as
in Rousseeuw and Hubert (1999):

Definition 3.8. A parameter 0 is called a nonfit if there erists another parameter 0 such that
|rn(0)] < |rn(0)| for alln=1,...,N.

The 2-depth test can struggle rejecting such bad choices since this test, as we will formally show
in Section 4.1, is equivalent to the classical sign test. In particular, it does not reject the model if
nearly half of the residuals are positive, regardless of how many sign changes the residuals have.
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Figure 1: 12 observations generated by Y,, = g(z,, 0°) + E,, with g(x,6°) = 30— 62 +0.5 22 (dashed
line, #° = (30, —6,0.5)") and E,, ~ N(0,1.5%). The solid lines correspond to parameters that yield
nonfits with either one or two sign changes: §* = (120, —24,1)" yielding g(z,6') = 120 — 24z + 22
on the left hand side and 62 = (3,6, —0.5)T yielding g(x,0?) = 3 + 62 — 0.522 on the right hand
side.

K-depth tests with K > 3 are much more powerful in this regard since they immediately reject
models that lead to few sign changes. More precisely, the following lemma is easy to show for
residuals vectors r = (11, ...,7y) where the number B(r) of blocks (see Section 2.2) is small:

Lemma 3.9. Let K > 3. Then dg(r1,...,rn) =0 if and only if B(r) < K — 1.

Note that a K-depth of zero is the smallest possible value of the K-depth. Hence this will always
lead to a rejection of the null hypothesis by the K-depth test if the sample size is high enough that
a rejection at level « is possible. Usually a nonfit of a p-dimensional parameter is expressed by at
most p — 1 sign changes. Hence a K-depth test with K = p + 1 will protect against bad power at
nonfits, see also Kustosz et al. (2016b). However, choices K < p+ 1 can also lead to a good power
of the K-depth test at alternatives for which the expected depth of (1/2)%~1 is not reached. More
precisely, since all a-quantiles of the asymptotic distribution of the K-depth test statistic Tk (6)
are fixed values greater than —oco, we have the following property for growing sample size N: The
strict inequality

K-1
1
lim sup di(ri1(0),...,rn(0)) < (> (9)
N—00 gec@o 2
implies limn_ o SUPgeeo Tk (6) = —o0 so that Hy : 6 € ©° is rejected if N is sufficiently large.

Condition (9) is in particular satisfied if the relative number of either the positive or negative
residuals is tending to 1. This is often the case when the region of explanatory variables is growing
to infinity as IV converges to infinity. This was used in Kustosz et al. (2016a) to show the consistency
of a test based on simplicial depth for explosive AR(1) regression.

Assuming a bounded, fixed support for the explanatory variables, the relative number of posi-
tive/negative residuals usually does not tend to one for alternatives, e.g. in polynomial regression.



However, one at least expects only few sign changes then; see Figure 1 for examples with only one
or two sign changes. We therefore end the section with a discussion on the K-depth of residual
vectors where the number of blocks/sign changes is bounded.

For the remainder of the section, we will use the alternative representation of the K-depth based
on the block-implementation (see Section 2.2). Recall that the K-depth of residuals rq,...,ry with
B blocks and block sizes qy, ..., qp is given by

K
1
dxnB(q1,---,q9B) = 7(]\{) § H iy, -
K (11

) ,...,iK)E.AKVB k=1

Although ¢4, ...,qp are integers in practice, it will be more convenient in the subsequent analysis
to let ¢1,...,gp be positive real numbers. In order to see that the K-depth test always rejects the
null hypothesis if B is sufficiently small, we need to consider the input ¢i,...,¢gp with maximal
K-depth. While it is arguably quite intuitive to assume that this maximum is attained at ¢; = N/B
for all j =1,..., N, a formal proof to determine the maximum is challenging. We therefore state
the following conjecture which we only checked for some particular choices of K and B:

Conjecture 3.10. Let K > 3, B> K and N > B. Consider the set

Mg N, = argmax {dK,N,B(QM .--2qB); (q1,---,9B) Z% }

Then the following holds:
(a) If K + B is even then

| =

N
vsa={(Z )Y
(b) If K + B is odd then

MK,N,B={< BN, N N ,(1_5)N>;ﬁe(0,1)}.

B-1"B-1 "B-1" B-1

The necessity of a case distinction between K + B even/odd might be a bit surprising at first.
But in fact it is not hard to check that the function dx n p has the following property:

Lemma 3.11. Let K > 2 and B> K. If K 4+ B is odd then
dx,n,B(q1,--.,q8) =drk,N,B-1(01 + 4B+ G2, .-, qB-1).

Hence we may assume w.l.o.g. that K + B is even and use Lemma 3.11 to cover the odd case.
Before stating the general result, we consider the special cases B = K and B = K + 1. In these
cases, Conjecture 3.10 is easy to verify since, by definition,

dg Nk (q1,- -5 9K) H 4>

=

1
dr, N k+1(q15 - - qK41) = ( ) (@1 + qr+1) H qj-
K

10



In particular, we have the following theorem for the maximal K-depth among all valid block sizes
q1,---,q5- The set of these valid block sizes is denoted by

B
Onp =3 (q1,---,q8) ENP; > g =Np, N,BeN, (10)
j=1
Theorem 3.12. Let K > 2, B € {K,K + 1} and let Qn g be as above. Then

| K! 1\ "1

i . ; . =—<|= 11
Am sup {dxnB(q1,---,q8); (q1,---,9B) €EQN,B} TK = (2) ; (11)
where the inequality in (11) is strict for K > 3.

For the general case B > K + 2, we will only consider the input ¢; = ... = gg = N/B since this
is assumed to yield the maximal depth according to Conjecture 3.10 if K + B is even. Lemma 3.6
yields the following result on the asymptotic K-depth.

Theorem 3.13. Let K > 2 and B > K be fized. If K + B is even then

K-1 /B+K K—1
; N N k=1 ( 2 *k) 1
— .., = | = <|= .
NIEI})OdK,N,B (Bv ; B> BE-1 =1\9 (12)

The inequality in (12) is strict for K > 3.
Remark 3.2. If K + B is odd then Lemma 3.11 and Theorem 3.13 yield for all 5 € (0,1)

BN N N (1-B)N
(3—1’3—1""’3—1’ B—1 )

_ 1 f:(B—l+K—2k)< 1\
oK—1 (B—1)K-1 =\2

with a strict inequality for K > 3. Moreover, if we assume that Conjecture 3.10 is true, then (12)
and (13) imply for any fixed number B of blocks

lim dK,NB
N—o00 ’

(13)

lim sup{dx n,B(q); ¢ € QN B}
N—o00

1 [I5Y(B—1{K + B odd} + K — 2k) _ (1)K1

oK1 (B—1{K + B odd})K~1 2

with Qn p defined as in (10). Moreover, the inequality above is strict for K > 3. Hence, Hy :
6 € 09 is rejected at an alternative for sufficiently large sample sizes N if the number of blocks in
(r1(0),...,rn5(0)) is uniformly bounded for all # € ©° as N — oo.

4 Comparison of K-depth tests for different K

A proper choice for K is a crucial aspect to obtain a K-depth test with high power. This section
contains some basic observations for the cases K < 6, in particular in terms of power when only few
sign changes are observed. A more profound comparison in applications will be done in Section 5.
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As we will see in Section 4.1, the 2-depth test is usually a bad choice since it is equivalent to
the classical sign test. This test struggles to reject the null hypothesis at alternatives that lead to
a nearly equal amount of positive and negative residuals. K-depth tests with K > 3 can correctly
identify and reject such alternatives as long as the number of sign changes in the residual vector
is fairly low. A discussion on the p-values of the K-depth tests, K = 3,...,6, for several different
sample sizes can be found in Section 4.2.

4.1 Equivalence of the 2-depth test and the classical sign test
The test statistic of the classical sign test is given by

_ N,(0) - N/2
~ VNJ2
denotes the number of residuals with positive signs among (R1(), ..., R, (6)). Assuming (1), this

test statistic converges in distribution to the standard normal distribution. Hence the classical sign
test (in its asymptotic version) is defined via

N
Tiign(0) : where Ny (0) := > 1{R,(6) > 0}
n=1

reject Hy : 6 € ©° if for all € ©° : Tsign(0) < ug or Tsign(0) > ui—g,

where u,, denotes the a-quantile of the standard normal distribution. Equivalently, one can define
the classical sign test via

reject Hy: 0 € O if inf Tyien(0)? > x2 ,
J 0 01690 51gn( ) Xl,l—a

where x7 ,, is the a-quantile of the x7 distribution. Note that Ti;s,(0)? is minimized if Ny (6) = N/2.
Hence the test will not reject the null hypothesis if half of the residuals are positive.

To see the relationship to the 2-depth test, note that a pair of residuals has alternating signs
if and only if one of them is positive and the other one is negative. Since we have N () positive
and N — N, (0) negative residuals (assuming R, () # 0 Pp-almost surely for all n = 1,..., N), the
2-depth satisfies Py-almost surely:

N
(5)

The 2-depth can be transformed into Tyen(6) by using the identity

do(R1(6), .., Ry(6)) = —= N2.(6) (N — N4 (6)).

r(N—2)=—(vr— N/2)> + N?/4, z€R,

for = N, (). A straightforward calculation based on this identity reveals that the test statistic
(3) satisfies for K = 2,

N N
T5(0) = SIN—T) AN = 1)Tsign(0)2 Pyp-almost surely.

Hence the 2-depth test and the classical sign test are equivalent.

12



4.2 Comparison of K-depth tests for K > 3

As we have seen in Section 3.3, K-depth tests with K > 3 are capable of rejecting nonfits that lead
to a small number of sign changes, at least as long as the sample size N is sufficiently large. We
will now take a closer look at the performance for small samples sizes up to N = 160.

Recall that, according to Conjecture 3.10, we assume that the maximal K-depth of a residual

vector r = (r1,...,ry) with B blocks is given by
deng (5. %), if K + B is even,
NK,N,B -= N N N N . .
dr,N,B (2(3_1)3 B—1' " B=1* 2(3_1)) , if K+ B is odd.

Hence, the test statistic (3) for a residual vector with B blocks can be at most

1\ K-
nx.npB =N (UK,N,B - <2> ) .

Figure 2 contains the p-values when observing a value of 7k n g for B = 3,4,5,6 blocks or 2,3,4,5
sign changes, respectively, i.e. the probabilities

Py (Tk (R1(9), ..., Rn(0)) < 1k N.B)

are plotted for samples sizes N between 10 and 160 and K = 3,4,5,6. Recall that if a residual
vector has B block, i.e. B — 1 sign changes, then K-depth tests with K > B will automatically
reject the null hypothesis as soon as the sample size is large enough to make a rejection possible
for the test. Figure 2 thus only contains K-depth tests with K < 4 for situations with two sign
changes to highlight that the p-value of the 4-depth test indeed becomes 0 if NV is sufficiently large.
The same applies to the 5-depth test when three sign changes occur. The other two plots (four and
five sign changes) do not contain the corresponding 6- and 7-depth tests since their p-values behave
similarly.

All four subfigures of Figure 2 indicate that the p-values of all considered K-depth tests are
decreasing to zero for growing sample size. They decrease more slowly for K = 3,4 than for K = 5, 6,
but even the p-value of the 3-depth test reaches 0.1 for a sample size greater than N = 150. It is
remarkable that the p-values of the K-depth tests with K = B — 1 and K = B are always very
similar for all B—1 = 3,4, 5 sign changes we considered. However, this does not hold for B—1 = 2
since the 2-depth test is the classical sign test which always has a p-value of 1 in the case of two
blocks of equal size.

5 Applications

The high power of 3-depth tests in the case of two unknown parameters was already shown for
explosive AR(1) models, namely in Kustosz et al. (2016a) for linear AR(1)-models given by Y;, =
0o+ 0,Y,_1+ E, and in Kustosz et al. (2016b) for nonlinear AR(1)-models given by Y,, =Y,,_1 +
01 Yneil + E,, see also Falkenau (2016). In particular these results showed for normally distributed
errors F,, that 3-depth tests possess similarly high power compared to classical tests based on least
squares.

Here we will compare the 3-depth test, the 4-depth test, the classical sign test and the classical
t-test in a quadratic regression model with three unknown parameters. Other results for a nonlinear
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Figure 2: Simulated p-values of K-depth tests, K = 3,4,5,6, for two to five sign changes (top left
to bottom right) at different sample sizes N.

AR(1)-model and an explosive AR(2)-model, each with three unknown parameters, can be found
in the supplementary material.

Note that the 3- and 4-depth tests require the (a-quantile of the) distribution of their test
statistics. For all applications, we used the exact distribution for the small sample size N = 12
and a simulated distribution for the large sample size N = 96. The simulated distribution of
both depth tests was obtained via 10000 i.i.d. samples from the distribution. The power at each
alternative is computed based on 100 samples. Note that we also considered an increased number
of 500 repetitions for some cases which, however, did not lead to any visible changes in the plots.
Hence we decided to stick to only 100 repetitions to speed up the computation.

Quadratic regression. In the quadratic regression model given by
Y, = 90 +91$n+92xi+En, n= ]-a"'va 0= (00a01302)—r7

we consider the problem of testing the null hypothesis Hy : = (1,0,1)T with a test with level
a = 0.05 and samples sizes N = 12 and N = 96. For each simulation, a 41 x 41 grid of alternatives is
used. The explanatory variables x1,...,xy are chosen to be equidistant elements from the interval
[—6, 6].
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Figure 3: Simulated power of the sign test, the F test, the 3-depth test, and the 4-depth test for
normally distributed errors for sample size N = 12 (upper part) and N = 96 (lower part) where
the component 6 is fixed to 1 (20 grey levels were used, where black corresponds to [0,0.05] and

white to (0.95,1]).
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Cauchy distribution, N—96
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Figure 4: Simulated power of the sign test, the F test, the 3-depth test, and the 4-depth test for
errors with Cauchy distributed for sample size N = 96 where the component 6y is fixed to 1 (20
grey levels were used, where black corresponds to [0,0.05] and white to (0.95,1]).

Figure 3 shows the simulated power of the sign test, the F test, the 3-depth test, and the 4-depth
test for the case where F,, has a standard normal distribution and the component 6 is fixed to 1.
The parameters #; and 05 of the null hypothesis are given by the intersection of the two dotted
lines. The results for N = 12 are shown in the upper part of this figure. The sign test and the
3-depth test both possess an unbounded area of power below o = 0.05, whereas only the F test
and 4-sign test perform fairly well. The main reason for the bad performance of the 3-depth test
(and the fairly good performance of the 4-depth test) is that for small N, the K-sign test mostly
only rejects the hypothesis if the residual vector has less than K blocks (i.e. less than K — 1 sign
changes). More specifically, the p-value of the 3-depth for N = 12 and a residual vector with 2
sign changes can be up to 0.758 when considering the worst case scenario from Section 4.2. Now a
quadratic model corresponding to #s2% + 612 + 1 and the true model 22 4 1 intersect in £ = 0 and
inx =60;/(1 —02)if 63 # 1. Since we consider explanatory variables in [—6, 6], a residual vector
for the parameter (1,6, 65) thus tend to have either one or two sign changes depending on whether
|01/(1 — 02)| < 6 or not. The sign test performs poorly when only one sign change occurs (since it
typically occurs at a position n with x,, &~ 0 and hence nearly half of the residuals are positive),
whereas the 3-depth test performs poorly if two sign changes occur. The lower part of Figure 3
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contains the corresponding power levels for N = 96. In this case N is sufficiently large such that
residual vectors with only few sign changes will usually lead to a rejection by the K-depth tests.
For example, the p-value of the 3-depth test for vectors with two sign changes is at most 0.014 and
thus will always lead to a rejection. In summary, Figure 3 indicates that both 3- and 4-depth test
can compete with the F test in quadratic regression models where N is sufficiently large whereas
the sign test always struggles at alternatives which lead to residual vectors where nearly half of the
signs are positive.

Figure 4 shows what happens when the normal distribution for the errors is replaced by the
Cauchy distribution. Then the power of the F test becomes very bad while the power functions of
the 3-depth test and the 4-depth test change only slightly. Hence the 3-depth test and the 4-depth
test are much more robust against outliers than the F test. Furthermore, the depth tests are more
powerful than the sign test.

Similar results where either 6; or 65 is fixed can be found in the supplementary material.

Supplementary material. The further simulation results and the R-code can be found under
https://www.statistik.tu-dortmund.de/2273.html.

6 Discussion and outlook

K-sign depths can be used to define robust tests which we refer to as K-depth tests. While the
parameter choice K = 2 essentially leads to the classical sign test and thus has several limitations in
rejecting nonfits, K-depth tests for K > 3 are fairly powerful. They can even outperform classical
approaches such as the t-test, in particular in the presence of outliers. Note that those tests are
not very well-suited for small sample sizes and models where the number of sign changes in the
residual vector is likely to exceed K — 1 at alternatives. However, the K-depth tests perform very
well in our examples once the sample size is sufficiently large. Moreover, it seems like there is no
advantage in using the 4-depth test instead of the 3-depth test once the sample size is large. Note
that this observation may not be true in general and requires further research.

This paper is mainly focused on the one-sided version of K-depth test to detect shifts in the
medians of the residuals. A two-sided version of the K-depth test can also detect dependence
structures within the residuals and may be useful for stationary AR-models and other stationary
processes. Once again, further research is necessary to compare the two-sided K-depth test with
other approaches when testing simultaneously whether residuals are independent and have medians
equal to zero.

To reduce the runtime of ©(N*) of the definition of the K-depth, a faster block implementation
is presented. A linear runtime of an asymptotically equivalent form can be obtained by the deriva-
tion of the asymptotic distribution of the K-depth for K > 3. However, the lengthy derivation will
be published elsewhere.

Finally note that the K-depth depends on the order of the residuals, hence the chosen order is
a crucial aspect to obtain powerful tests. The canonical order of R seems to yield good results for
regression models with real-valued explanatory variables. For R? with ¢ > 1, several data driven
orderings of the ¢-dimensional explanatory variables exists which lead to powerful tests as well. A
detailed treatment is currently in preparation.
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Appendix
Proof of Lemma 3.1. In order to simplify the notation, we assume (n1,...,ng) = (1,...,K). Note
for x #0
1 1
e >0 =S @@ +1),  Hr<0}=g () +1).

K K
It is straightforward to check H a;+1) = Z H a;(jy+1 for arbitrary ay, ..., ax.

i=1 =1 1<i(1)<...<i())<K j=1

This implies P-almost surely

i

[T HE(D* > 01 = oK ((=1)% (Bx) +1)
k=1

k=1

¥ (Eigy) +1

)4
=1

K

£=11<i(1)<...<i({)<K J

Similarly

H 1{Ey(-1)* < 0}

¢
Z Z (_1)i(1)+.~+i(5)+£ H W (Ei(j)) +1

£=11<i(1)<...<i({)<K j=1
1 ¢
A1) i (L
= | X > ()OO T (Bi) +1
=l KISi()< <iOSK j=1
even

1 ¢
—5x D > (—1)i +Ml:[ Eij))

0=1,...,K 1<i(1)<...<i(0)<K
¢ odd
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Therefore

K K
[T 1{E(-1F > 0} + [] 1{E(-1)* < 0}
k=1 k=1

L
_ 2?171 3 3 (~1)/ 0O T o (Bigy) + 1

1=1,...,.K 1<i(1)<...<i() <K j=1
£ even
1\ K1 1 5] 2L
i(1)+---+i(2L
N <2> torT > (-1 TTw(Eg)
L=11<i(1)<...<i(2L)<K j=1
and the assertion follows. O

Proof of Theorem 3.2. Set R,, = R,,(0). Lemma 3.1 yields

di(Ry,...,Ry) — <1>K1

2
1 1 L5 2L N
- m Z 9K —1 Z H(_l)l(]w (Rnim)
K) 1<ni<ns<..<nxg <N L=11<i(1)<...<i(2L)<K j=1

with ¢ (z) := 1{z > 0} — 1{z < 0}. Set

(4

Il
-
M5
| E—

> 1

L=11<i(1)<...<i(2L)<K

for the number of summands in the representation of K alternating signs given by Lemma 3.1. This
number depends only on K and not on N. First of all, we show that each of these v summands is
converging in probability to zero.

To this end, let L=1,..., |5 | and 1 <i(1) < ... < i(2L) < K be arbitrary. We consider the
summand multiplied by the factor 251, Because g (1) (R,)) = 0 and Ry, ..., Ry are independent,

we get at once for this summand

2L
1 . )
]EO N E (_1)1(1)+...+2(2L) H,(/J (an‘<j)) =0.
(K) 1<ni<ns<...<ng <N Jj=1

Moreover, (Rn)2 = 1 Py-almost surely implies

2L oL . i '
].7 lfni' = N;(; for]:]_’“‘72L’
Ey H 1/’ (Rni(j)) | | dj (Rﬁi(j)) = {O olse () (4)
Jj=1 j=1 R X
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Hence

2L
varg % Z (—1)iD++i2D) H ¥ (R,
(K) 1I<n;<...<ng <N j=1
1 2L 2L
= N2 Z Z Eg H 4 (R”z‘(j)) H 4 (Rﬁi(j)>
(K) 1<ni<...<ng<N 1<m<..<ng<N Jj=1 Jj=1
1

N 2:
(K) 1<ni1<...<ng <N, 1<n<...<ng <N
n;j)=n;(;) for j=1,....2L

2 2 2 !

N 2
(K) 1<ni<...<n2L <N napqa,....nk€{l,....N} fary1,...,Axk€{l,....N}
N K—2L nfK—2L 2 2L4+2K—4L
(o) NN (K)? N

—_

IN

- % S DTN — (K1 1)K
_ (K1 1 o

2L 2K
LN (1 )

for N — oo so that Chebyshev inequality provides the convergence in probability to zero. Further-
more, the convergence in probability is sufficiently quick of order O(N~2L) so that the Borel-Cantelli

lemma implies the convergence to zero Py-almost surely. O
Proof of Theorem 3.3. Let ry,...,rn be residuals with alternating signs. First note that r;,, ..., 7,
are alternating if and only if (i1,...,ix) € Ag n with Ag n defined as in Lemma 2.2. Hence
Ak N
dK(T’l,...,TN): ‘ - |

N
(x)
where |Ag n| denotes the size of Ax n. Thus it only remains to determine this size.

In the subsequent analysis, we write OQ for the set of all odd positive integers, i.e. O = 2Nj + 1.
For a vector (i1,...,ix) let Ay :=4; and Ay := i, —ix—1 for k = 2,..., K. Note that (i1,...,ix) €
Ag n if and only if (Aq, ..., Ag) is part of the set

K
Dy N = {(Al,...,AK) GNX@Kﬁl; ZAk SN}

k=1

Hence |Ax n| = |Dk, n|. In order to remove the additional condition Ay € O for k > 2, we will use

the transformation Ay, = (A, + 1)/2. Since this transformation for £ = 1 only provides an integer
if A1 is odd, we additionally split the set into the two parts

Dy n = {(A1,...,Ax) € Dk n; Ay € O},
IDI+(,N ={(A1,...,Ax) € D n; A1 ¢ O}.
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The elements of Dy  can be counted by noting that (Ay,...,Ak) € Dy y if and only if

K
(31,...,81() Eﬁf(,N = {(nl,...,nK) e NX. ang N;K}

k=1
with Ay = (Ap +1)/2 for k= 1,..., K. Similarly, (A, ...,Ax) € Df; y if and only if

K
AN ~ ~ N+K-1
(27A2,...,AK> EID}’N = {(nl,...,nl() ENK; kZ:lnk < 2}

with ﬁk as above. In summary, the (bijective) transformations discussed above yield
Ak, N| = ’51}1\;‘ + ‘5§,N‘~ (14)

The sizes of the remaining sets can easily be determined by noting that each element (nq,...,nx)
in Dy y corresponds to a K-element subset {m1,...,mg} of the set {1,2,..., [(N + K)/2]} by

letting
k

un ::Zni fork=1,...,K.
i=1

‘@w‘ _ (L(N+ K)/2J>.

Hence

K

Essentially the same arguments yield

By = (L(NH;(— 1)/2J>'

The assertion follows after rewriting |(N + K —1)/2| = [(N + K — 2)/2] and by plugging the sizes
of the sets back into (14). O
Proof of Lemma 3.6. First note that if (r1,...,7rn) consists of B blocks and each block has size
M = N/B, then Lemma 2.2 and Corollary 3.4 yield

d[{(?’l, N ,’I‘N) = dK,N,B <g, ey g)
_E)" ((UBHK)2N 1B+ K)/2] -1
() ()
Since binomial coefficients satisfy 2) = <a‘2{( for z > K, this can be simplified to
K
(rr..e.w) = Feprre (LB + E)/2 + (1B + K)/2] = 1), (15)
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If K + B is odd, the assertion follows since [(B+ K)/2] = (B+ K -1)/2=[(B+ K)/2] - 1. It
only remains to consider K + B even. For this case, let x = (B + K)/2. Then

(e + (2] =g =2(z = Nr1 +(z - Dra(e - K)
=2z —-K){x—1)k_1.

Since 22 — K = B, the assertion follows after plugging this equality back into (15). |
Proof of Theorem 8.7. The proof is based on the formula given in Lemma 3.6. Let B = N/M be
the number of blocks and recall that M is fixed and thus B = O(NN). The key observation to derive

the asymptotic value of the test statistic for residuals which alternate in blocks of size M is the
following asymptotic expansion: For any fixed a,J and as x — oo,

(x4ay;=a’ +J (a - ng) 774 0@’ 72). (16)

This equality is based on expanding the product in the definition of the falling factorial:

J—1 J—1
@tay,=[[@+a-j) =27+ (a—jz'"" +0@’?),
j=0 j=0

which yields (16) using the well-known formula Zj;olj = J(J —1)/2. Hence, Lemma 3.6(a) and
(16) with x = B/2, a = (K — 2)/2, J = K — 1 yield for even K + B that

B+§<—2 , NK 1\ K1 . NK
dK(Tl,...,’I“N) = < BK7>1K . <N>K = <(2> +O(N )) W (17)

Applying (16) for x = N, a =0 and J = K yields

NK 1 K(K —1)

<N>K o 1— K(é(N—l) +O(N_2) 2N

where the second equality holds since 1/(1 — z) = Z;’;O 2 =1+ 2+ O(2?) as z — 0. Plugging
this asymptotic expansion back into (17) yields for even K + B that

dic(rse. ) = ((;)K_l + O(N2)> (1 + % + O(N2)>

EORRO

The case that K + B is odd can be treated in a similar fashion and leads to the same asymptotic
expansion. Hence the K-depth of r{,...,ry satisfies

K-1
N - (dK(Tl,...,?”N) — (;) ) = %4—0(]\7—1)
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and the assertion follows by taking the limit N — oo. a

Proof of Lemma 3.11. For x € R and w = (wy,...,wy) € R? let (z,w) = (z,w1,...,wy) and
let (w,z) = (w1,...,wy,z). Recall the definition of Ax g and dr n,B(¢1,...,qx) in Lemma 2.2.
The key observations to prove Lemma 3.11 are the following: If K + B is odd then, for every
i€{2,...,B—1}K"1,

(a) (1,7) € Ak, p if and only if (¢, B) € Ak 5,
(b) there is no vector j € {2,..., B —1}X72 with (1,4, B) € Ak .

Both (a) and (b) are not hard to check, details are given at the end of the proof. Based on these
properties, we can split the sum in dg n 5(q1,...,¢x) in the following way: Let
Bxp={i€{2,....B-1}"1 (1,i) € Ax B},
Cx B = AK,B N {2, ..., B— I}K.
We may now split A p into three parts: The first one contains vectors (vi,...,vk) in Ag p with
v1 = 1, the second one contains vectors with vxg = B and the third part contains vectors with

vy # 1 and v # B (vectors with v; = and vxg = B are impossible according to (b)). Then (a)
implies Ax p = ({1} x Br,B) U (Bk,p x {B}) UCk 5. Hence

K K—-1 K
> I 4. = (@ +as) > IT @. + > I .-
(ilw--,iK)G»AK,B k=1 (i17~»-,iK—1)€BK,B k=1 (il,..-,iK)ECK,B k=1

Furthermore, note that Ax p_1 = ({1} X Bk,5) UCk, p once again by splitting the set into two
parts based to whether v; = 1 or not. In particular, if ¢y = ¢1 +¢p and g; = ¢g; for j=2,..., B -1,

then
K K-1 K
> la=-a >  Ila+ > e
(i1, ik )EAK, B—1 k=1 (i1, i —1)EBK, B k=1 (i1,..,ix)ECK, B k=1
Hence dx n.5(¢1,-..,98) = dx,N,B-1(q1, - - .,qB—1), which is the assertion.
Proof of (a) and (b). For simplicity, we will subsequently assume that K is odd and B is even.
The other case can be treated similarly. For (a) note that (1,i) € Ak, p requires i = (i1,...,ix-1)

to start with an even index i; and continue alternating between odd and even in the subsequent
indices. Since the length K —1 of i is even, the last index ix_; of the vector has to be odd. Since B
is even, this means that ix_; and B indeed alternate between odd and even. Hence (i, B) € Ag p.
Similarly, (i, B) € Ak p requires ix_; to be odd and subsequent indices in the vector to alternate
between odd/even. Hence i; has to be even and thus (1,i) € Ak, . For part (b) assume for the
sake of contradiction that (1,7, B) € Ak p for a vector j = (ji,...,jx—2) € {2,...,B — 1}E-2.
Since 1 is odd, this in particular means that j; is even. Since K — 2 is odd, j; and jx_» have the
same parity in a vector j with entries that alternate between even/odd. Hence jx_o is also even.
However, since B is even, jx_2 has to be odd in order to have (1,7, B) € Ak, p, which leads to a
contradiction. a

Before proving Theorem 3.12; we start with a Lemma, that yields the inequalities in Theorem 3.12
and Theorem 3.13.
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Lemma 6.1. Let K, B be integers with B > K > 2. Then

k.K:711 (B—{Q—K _k) - (1>K—1

BE-1 2
with equality if and only if K = 2.

Proof of Lemma 6.1. First note that by rearranging the order of the product one obtains

K-1 [(K-1)/2]
B+K B+K B+K
(B35 -r)=enn TT (55 -0) (555 - -0). (19)
k=1 k=1
1, if K is odd,

with & =
KB {3/2, if K is even.

Next note that the quadratic function g(x) = ((B+ K)/2 — z)((B — K)/2 + z) has a unique global
maximum at x = K/2 and that g(K/2) = B?/4. Hence

[(K-1)/2] 2\ L(E-1)/2]
B —
H + K g B-K E) < B
pie 2 2 4

in which the inequality is strict if there is at least one factor with k # K/2, ie. if K > 3. In
combination with (18), this upper bound yields

(B k) _ e <B2) el (1)“
4

BE-1 = BE-1

where the last equality can easily be checked by a case distinction between K even/odd. The as-
sertion follows since this inequality is strict for K > 3. a

Proof of Theorem 8.12. We first consider the case K = B, i.e. the aim is to compute the maximum
of the function

(@155 qx) = dr k(q1, -+, qK) = H%

under the side condition (q1,...,q9x) € 9On K, i€ q,...,qx € N and Z,If:l g = N. When
disregarding the condition ¢1, ..., ¢x € N, this can easily be done, e.g., by using Lagrange multipliers
(considering the function In(dk k(-)) instead of d i (-) simplifies the calculations), which reveals
a global maximum at

Hence,

sup {dr rx(q1,---,qK); (q1,...,q9K) € On,K}
<y N N\ _ 1 (N\F
SArK\ 7o *@ e
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with equality if N/K € N. Thus the limit values of the maximal depth of residual vectors with K
blocks is given by

i L (N)K _ K

N->oo (% ) \K KK’

The case B = K + 1 can be treated in a similar fashion or can be deduced from B = K and
Lemma 3.11. In particular, the maximal value is attained at ¢1 + qx4+1 = g2 = ... = qx and its
limit value remains K!/K¥. The remaining inequality

K! 1\ !

follows from Lemma 6.1 with B = K. Hence the assertion follows. O

Proof of Theorem 8.13. The identity for the limit of the test statistic follows from Lemma 3.6 since
NE/(N)g — 1 for fixed K as N — co. The inequality in (12) follows from Lemma 6.1. O
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