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Multiscale entropy (MSE) has been widely and successfully used in analyzing the complexity of physiological
time series. We reinterpret the averaging process in MSE as filtering a time series by a filter of a piecewise
constant type. From this viewpoint, we introduce filter-based multiscale entropy (FME), which filters a time
series to generate multiple frequency components, and then we compute the blockwise entropy of the resulting
components. By choosing filters adapted to the feature of a given time series, FME is able to better capture its
multiscale information and to provide more flexibility for studying its complexity. Motivated by the heart rate
turbulence theory, which suggests that the human heartbeat interval time series can be described in piecewise
linear patterns, we propose piecewise linear filter multiscale entropy (PLFME) for the complexity analysis of the
time series. Numerical results from PLFME are more robust to data of various lengths than those from MSE. The
numerical performance of the adaptive piecewise constant filter multiscale entropy without prior information is
comparable to that of PLFME, whose design takes prior information into account.
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I. INTRODUCTION

The complex fluctuations exhibited by a signal generated
from a physiological system contain information of underlying
interacting mechanisms which regulate the system. Quanti-
fying the “complexity” of physiological signals has drawn
considerable attention [1-6]. In general, there is no precise
mathematical definition for “physiological complexity,” and
no single statistical measure can be used to assess the com-
plexity of physiological systems [6]. Intuitively, complexity
is referred to as “meaningful structural richness.” Several
entropy metrics, such as approximation entropy [7] and sample
entropy [8], were proposed to measure the regularity of a
system by quantifying the degree of predictability of a series of
data points generated from the system. However, irregularity is
not the same as complexity. For example, the entropy measures
mentioned above assign the highest values to uncorrelated
random signals (Gaussian white noise), which are highly
unpredictable but not structurally “complex.” Moreover, when
they are applied to the human heartbeat interval time series
(HHITS), certain pathologies including cardiac arrhythmias
such as atrial fibrillation are assigned a higher entropy value
than healthy dynamics, which represent more physiologically
complex, adaptive states. The reason these entropy matrices do
not work on physiological systems is that they only measure
complexity at the single scale. While biological systems
operate across multiple spatial and temporal scales, their
complexity should also be measured multiscaled. Therefore,
these entropy matrices are not direct indices of physiological
complexity. In this paper, as in [3,5], we take the point of
view that for a physiological system, complexity should be
measured across multiple scales using entropy matrices, and
the higher the multiscale entropy (MSE) value is, the more
complex the system is.
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The remarkable MSE [3,5] takes into account that bio-
logical systems operate across multiple spatial and temporal
scales when measuring the complexity of the physiological
time series, and it examines the physiological dynamics over
multiple scales. When applied to HHITS, MSE not only
provides a meaningful measure for the complexity of the
physiological time series, but it also shows good results in
distinguishing different patterns from subjects with different
ages and heart diseases. The hierarchical entropy [9] considers
both the low- and high-frequency components of a time series
and uses a binary structure in analyzing the signal.

A crucial step in MSE is the coarse-graining procedure,
which assesses the entropy rate. It is achieved by an averaging
process, extracting low-frequency components of the time
series, at different scales. This procedure can be reinterpreted
from a filter viewpoint as applying a piecewise constant
low-pass filter which has a matrix representation to the time
series. We shall take this point of view in studying filter-based
multiscale entropy analysis.

The purpose of this paper is to introduce filter-based multi-
scale entropy analysis. We shall provide a general framework
of filter-based multiscale entropy (FME) and theoretical results
of FME for Guassian white noise as well as 1/f noise.
The application of FME to HHITS will also be thoroughly
studied.

Specifically, with FME the time series is passed through
desired fine-to-coarse filter matrices at different scales, and a
blockwise sample entropy value is calculated at each scale.
On the one hand, this general setting will give us an insightful
understanding of MSE; on the other hand, it will allow us
to choose a filter that better fits the given data when certain
prior information of the data is available to improve the
entropy result. When prior information of the time series is
not available, we can develop adaptive filters which extract the
main feature of the time series.

We consider in this paper HHITS as our main study case.
Heart rate turbulence (HRT), the technique of acceleration-
deceleration oscillation analysis proposed in [10], suggests
that HHITS can be described in the piecewise linear pattern.
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The time series generated by different heart conditions show
distinguished differences in this pattern. Therefore, using
piecewise linear filters for capturing this pattern is highly
desirable. We apply the piecewise linear filter to HHITS before
measuring their complexity and find that aging may reduce
the complexity of the cardiac system more than congestive
heart failure. Numerical results from piecewise linear filter
multiscale entropy (PLFME) are more robust to data of
various lengths than those from MSE. We furthermore design
an adaptive filter for HHITS (without prior information of
HHITS) and use it to develop adaptive piecewise constant
filter multiscale entropy (APCFME). In the study of HHITS,
the numerical performance of APCFME is comparable to that
of PLFME.

We organized this paper into six sections and two Ap-
pendixes. In Sec. II, we describe the coarse-graining process-
ing using filters and a blockwise sample entropy for computing
the resulting filter-based multiscale entropy. Then in Sec. III,
we study FME for the Gaussian noise and the 1/f noise.
For these cases of study, we provide theoretical results, with
their detailed proofs reported in the Appendixes, and as well
as numerical results. Section IV is devoted to application of
PLFME to HHITS. In Sec. V, we design an adaptive piecewise
constant filter and use it in developing APCFME. Numerical
results of APCFME applied to Gaussian noise, 1/f noise, and
HHITS are also presented in this section. We draw conclusions
in Sec. VL.

II. FILTER-BASED MULTISCALE ENTROPY

We motivate FME from a filter viewpoint which reinterprets
the averaging process in MSE as filtering a time series through
a lower pass filter of a piecewise constant type in generating
its multiple frequency components. Piecewise constant filters
may be suitable for signals which can be described in piecewise
constant patterns but may not be suitable for others. To
make MSE more robust to signals with a different nature,
we introduce FME which considers the meaningful structural
complexity of a physiologic system over multiple spatial
and temporal scales resulting from filters appropriate for the
specific physiological system. Specifically, at each scale, from
finer to coarser, the time series is passed through a desired filter
to capture its characteristic pattern. For example, a piecewise
polynomial filter of order k£ can be used to approximate a
time series which can be intrinsically represented by such a
function. When prior information of the signal is available,
one can use it in the filter design, and when it is not
available, one may construct filters adaptively from the given
signal.

A filter may be described in terms of a matrix. For example,
the Haar filter is the 1 x 2 matrix [%, %]. The piecewise
polynomial filter may be derived from the wavelets on invariant
sets [11], and a general construction of filters of this type was
discussed in [12]. From [13], the piecewise linear filter is the
2 x 4 matrix given by

111 0O 1 0
A=3l_ v 1 B D
2 2 2 2
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and the piecewise quadratic filter is the 3 x 6 matrix given by

1 0 0 1 0 0
1
Bi=> N )
Vi5oo1 Vi5 o1
0 =% 1z 0 3 3
A coarse-graining process of a time series X:=

[x0,...,xy—1] of real numbers can be viewed as a matrix
multiplication of the vector x (we use the same notation
x for the time series and the vector). Specifically, at each
scale T =2,3,..., a matrix A® € RP**% js chosen as a
filter for x. For matrices P :=[p;;] and Q we define the
Kronecker product P ® Q := [p;jxQ]. By |-| we denote the
floor function. At scale 7, the coarse-grained time series is
constructed by A® as y* := (I, ® A®)x, where n := L%J
and [, is the n x n identity matrix. If N = nq, + k, for some
integers n and k with 1 < k < ¢, we shall drop the last k
components of X when constructing the coarse-grained time
series since such insignificant loss of a few components will
barely affect the complexity of the whole system. Thus, in each
coarse-grained procedure, the time series is partitioned into n
blocks with each having ¢, components and being transformed
by A® to another block of p, components.

The coarse-graining process can also be viewed as the
application of the same filter matrix recursively to x. For a

filter matrix A € R”*? and t = 2,3, ..., the coarse-grained
time series at the scale t is obtained recursively by y* =
(I, , ® A)y" ! withy! :=xandn,_; := L%J,where N._

is the length of the time series y*~!. For example, for PLFME,
in the above formula A is the piecewise linear filter defined in
(1) and g = 4.

We recall the notion of sample entropy [8]. Let Z,, :=
{0,1,...,m — 1} forapositive integer m. We denote by x(7 ) the
ith component of a time series x. For a given X, we construct a
sequence W, := {u,,(j) : j € Zn—_m}, Wwhere u,,(j) := [x(j +
k) : k € Z,,] are vectors of m data points, with m being the
length of the pattern templates. The distance between u,,(£)
and u,,(j) is defined as d[u,,(£),u,,(j)] := max{|x(£ + k) —
x(j+ k)| :k e Z,}. For a given tolerance r > 0 and a fixed
integer £ € Zy_,, we let B;' denote the number of vectors
u,(j) with j > £ which satisfy d[u,,(£),u,,(j)] < r. The
number r serves as the tolerance for accepting matches, and
u,(£) is called the template. Then the probability of vectors
uu(j) € u, that are near the template u,,(€) within tolerance
r is given by Cy'(x,r) := By"/(N —m + 1). Let C"(x,r) :=
Z,]ZV:_O"’ Cy'(x,r). The sample entropy of x is defined by

Cm+1(x’r):|

Sm(X,r) = —1In |: Cm(X,r)

We propose a blockwise sample entropy (BSE) for the
filtered time series y* at each scale. The use of BSE (instead
of the standard sample entropy) is to adjust to the size
of the filters used in FME which result in output signals
having blocks consisting of more than one component. We
now introduce BSE for the coarse-grained time series y* for
T > 2. It follows the same idea as sample entropy and is
designed to suit the structure of y*. Note that y* consists of n
blocks, each of which has p, components and is obtained
from a block of x transformed by the same matrix A,
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Components in each block represent different information of
x, captured by different rows of the filter A®. For example,
different rows of the linear filter transform x to different
components in the piecewise linear function basis. For this
reason, in calculating BSE, we consider each block of y*
as a single unit and apply the sample entropy calculation
process to y*. To this end, we write y* = [yg,....¥,_],
where each y; is a vector with p, components and [y;]‘Y =
Yy'(jp: +s) for each s € Z, with [d]; denoting the sth
component of a vector d. Then the sequence corresponding
to u,, in sample entropy is constructed as w;, := {u; (j):
J € Zy_p}, where u(j):= [y§+k :k eZ,] consists of
m vectors. Let o (u,, (€),uy,(j)) := max{|[y; Js — [y§+k]s| :
s € Z,,}. The distance between u; (¢) and u; (j) 1s then
defined as a vector of p, components by d[u;, (£),u},(j)] :=
[os(u;,(£),u;,(j)) : s € Z, ]. For a given u], (£), we denote
by B;"" the number of vectors u[,(j) with j > ¢ which
satisfy o (u;,(€),u;,(j)) < r; for each s € Z, , where r{ :=

9 |A%|r. Here r is the tolerance used in calculating the
sample entropy of x, andf\s) isthe (s,t) entry of A . Letr® :=
[rg,ris .o wsrpey] and CP'(y",r7) = B /(n—m+1), L e
Zy—m+1- BSE S,,(y%,r") of y* is defined in tlle same way as
the sample entropy with C' (x,7) replaced by C'(y*,r"). That
is,

3)

Am+1
§4 ) = —In |:C€ + (yr,rf)].

Cy(ye.rm)

The choice of parameter r* in BSE is crucial. In MSE,
the same value r was used for different scales. Adjusted to the
decreasing variance of the filtered time series in scales, the
parameter » in MSE was adjusted in [14] as a certain
percentage of the standard deviation of the filtered time series
at each scale. In BSE, the parameter r* is calculated from
a different viewpoint. Since the filtering process in FME is
a transformation of the time series by a matrix, measuring
the similarity of the components in the filtered time series
should be related to the filter matrix. Thus the parameter
r® is a vector whose components are transformed by the
corresponding rows of the filter matrix. Each component r/,
s € Z,,, is to measure the similarity of the corresponding
components among different blocks in the filtered time series.

We now elaborate the relation of MSE and FME. In MSE,
the consecutive coarse-grained time series {y*} is constructed

according to the equation y*(j) =1/t Y\ tlr)f_l x(k), j e
Z|n/z;- The time series is actually filtered by the 1 x T matrix
cO .= [%,%, . ,%] at scale 7. That is, y* = (I, ® C™)x.
Thus y* has [N/t ] blocks with each having one rcomponent.
In this case, BSE degenerates to the standard sample entropy.
Therefore, MSE is actually a special case of FME with the
piecewise constant filter C¥ at scale 7. We also remark that
whent = 2f fork = 1,2, ..., filtering a time series by C® is
equivalent to filtering it by the Haar filter k times recursively.

III. FME FOR GAUSSIAN AND 1/f NOISE

In this section, we discuss the behavior of FME in
simulating white noise, a completely irregular signal, and 1/f
noise, a correlated signal.
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A. FME for Gaussian noise

We first apply FME to Gaussian white noise. Intuitively,
complexity is associated with “meaningful structural richness”
[15]. There is no straightforward correspondence between
regularity and complexity. For example, uncorrelated random
signals, such as Gaussian white noise, are highly unpredictable
but not structurally complex. We present both theoretical and
numerical results of Gaussian white noise from FME. We
shall see that the entropy measure of the Gaussian white noise
decreases as the scale increases. This indicates the lack of the
complexity of the Gaussian white noise.

For a positive integer N, let x :=[x; : j € Zy] denote a
random vector taking values in RY. When the components
Xj,j € Zy, are independent and have the same Gaussian
distribution in the sense that they have the same mean and
standard deviation, we call x a real Gaussian random vector,
we call a component of x a Gaussian random variable, and
we call an instance of x the Gaussian white noise. In this
subsection, we use g :=[g; : j € Zy] for the real Gaussian
random vector, with the mean of g; being 0 and the standard
deviation of g; being 8.

Given afilter A € RP*% we consider BSE of the filtered
Gaussian random vector,

g =, ® A)g, 4)

wheren = L%J .Recall that BSE estimates the negative natural
logarithm of the conditional probability that the distance
between two blocks in g* is small (measured by r; in the
description of BSE) given that the distance between the two
preceding blocks is also small. This conditional probability can
be analytically expressed by the probability density function
of all of the blocks in g' (Lemma 2 in Appendix A) and the
independence of blocks in g* (Lemma 3 in Appendix A). For
notational convenience, in the remaining part of this section
and Appendix A we use the same notation S‘m(g’,r) for the
theoretical value of BSE of g*. For a positive integer N, let
Z; :={1,2,...,N}. For a given r > 0, we let

q‘[
rl= Z |A$)
=1
For a given vector y € R”:, we define
Qy = (Iyh = ri. Iyl +7{) x -+

X ([¥lp, = 5o [¥)p, +75)-
Clearly, 2, C R”r. For the standard deviation § of g;, we
define the matrix ¥ € R7**Pr by
pf
S = ZAE;)AEE)SZ, 1<s, t<p-.
j=1

+
r, S§€ sz‘

We assume that the matrix ¥ is invertible. We shall show in
Lemma 2 that all of the blocks in g* have the same probability
density function with the covariance matrix X. We next present

S (g ,r) in terms of the matrix X. To this end, we let
1
L(Qy) := / Ay exp (—EXTZ_1X> dx, 5
Qy

— 1
where )\.): = o A
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Proposition 1. If A e RP*4 and g7 is defined as in (4),
then for any r > 0

Su(g’,rt) = —ln{/R I(Q2y)A5 exp (—%yTZ_]y) dy}.
(6)

Details of the proof of Proposition 1 can be found in
Appendix A.

Formula (6) holds for a general filter matrix A, In partic-
ular, when we choose A = C@, it recovers the theoretical
results originally proved in [5] of MSE for Gaussian white
noise.

We next present a special result when the rows of the filter
matrix A are orthogonal. Examples of such filter matrices
include the piecewise polynomial filter of order k. In this
case, in addition to the independence of blocks of the filtered
Gaussian white noise, elements within each block are also
independent (Lemma 4 in Appendix A). We use erf to denote
the error function defined by

erf(x) 2 /x 4
X) = — e "dx.
NN
For given r > 0 and matrix A € R?*?, we let §(A,j) :=

Vi A38 and
q
rei= Y |Aglrs € Zj. (7)
t=1

Then §(A,j) is the standard deviation of the jth element in
each block of the filtered Gaussian random vector (see Lemma
4). For real numbers a and b, we define

E(a,b) :=erf <ﬂ) — erf( a _l,] ) .
8(A,J) 8(A,J)

Proposition 2. If matrix A € R?*? has orthogonal rows,
then for g := (/x| ® A)g and for any r > 0,
q

Sn@.r7)=—In ﬁ;/ E(xj.r))
i V2r8(AL ) Jr

—x2
X exp —xj,dx,- . 3)
2[8(A, N*

The proof of Proposition 2 is presented in Appendix A.
Since the Gaussian noise is a completely irregular signal, one
expects that its complexity, measured by FME, decreases as
the scale increases. This is the case when the filter matrix A
used in FME has orthogonal rows and satisfies the condition

ATA = p?l, )
for some constant p € (0,1). This is stated in the next theorem.
For this purpose, we let

g = (I ®A)(1vs @A) - (1 ® A)g. (10)

where N; is the length of the time series g-f,j =23,...,T —
1, and N is the length of g.

Theorem 1.1fg := [g; : j € Zy]is areal Gaussian random
vector with mean O and standard deviation §, A € R”*? is a
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FIG. 1. (Color online) MSE and PLFME for Gaussian white noise
(mean 0, variance 1) and 1/f noise, N = 8 x 10*.

filter with orthogonal rows and satisfies condition (9), m > 1,
r > 0, and g° is defined as in (10), then for 7; > 15,

Sn(@™.r™) < Su(g™.r™).

The proof of Theorem 1 follows from Proposition 2 and the
fact that the error function is strictly increasing. Details of the
proof are presented in Appendix A.

It can be verified that the piecewise polynomial filters
of order k whose construction was described in [12] have
orthogonal rows and satisfy the condition (9). Hence, the
hypotheses of Theorem 1 are satisfied for this class of filters,
and as a result, the corresponding filter-based multiscale
entropy of the Gaussian noise decreases as the scale increases.
This fact is further confirmed by the numerical example.
Numerical results from PLFME and also MSE for Gaussian
white noise are presented in Fig. 1. Unless stated otherwise,
all entropy values presented in this paper are computed
by choosing m :=2 and r being 15% of the time-series
standard deviation. A similar pattern in which the entropy
value decreases as the scale increases is shown in both of the
methods.

B. FME for 1/ f noise

Now we apply FME to 1/f noise. Note that 1/f noise
can be observed in various physical, chemical, and biological
systems [16]. It is the signal whose power spectral density is
proportional to the reciprocal of its frequency. To describe 1/f
noise, we recall complex Gaussian variables and the discrete
Fourier transform. As usual, we leti = /—1 be the imaginary
unit and denote the complex plane by C. A complex variable
7 := x + iy is called a complex Gaussian random variable if
both x and y are real independent Gaussian variables with the
mean 0 and the same standard deviation §. The corresponding
probability density function for the complex Gaussian random
variable z is given by

L ey
8?2

Z

p(2) = zeC,

where 8, := +/28. Given n € N, we let 6, := 22—’,,’ and define

the discrete Fourier transform F,, by a 2" x 2" matrix,
1 .
2—n[e*'9n“ ik € Zon,l € Tl (11)

For a random vector x taking values in ]RZN, we use X to denote
the discrete Fourier transform of x, that is, X := FyXx. We write
R 1= [zx : k € Z,wv]T. Itis well known that the discrete Fourier

F, =
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transform has the symmetric property
o1k = Zov-ig, k€ L. (12)

We need only to obtain the first 2V ~! + 1 components of the
vector X since the remaining components may be obtained
from the symmetry property.

We describe the 1/f noise following [17]. If zx, k €
Z;’N,_l, are independent complex Gaussian random variables
with mean 0, zo and z,v_; are real Gaussian random variables
with mean 0, and there is a positive constant ¢ such that for all
k € Zyv-14, the standard deviation & of z; satisfies §; < ﬁ,
then we call x a 1/f random vector and we call an instance of
x a 1/f noise. In this subsection, we use f := [f; : k € Zon]T
to denote a 1/f random vector and f:= [zk i k € Zow]T to
denote the discrete Fourier transform of f.

It is known that 1/f noise contains complex structures
across multiple time scales [18,19]. We shall show that the
filtered 1/f noise is again 1/f noise if the filters satisfy certain
conditions. This indicates that the filtered 1/f signal is as
complex as the original 1/f signal.

We start with a simple filter A which has the form

A = [a,f],

where o, € R. The next proposition shows that the filtered
1/f signal, (I;v—1 @ A)f, is again a 1/f signal for most of the
filters of this form. The proof will be given in Appendix B
by using Lemma 6 to Lemma 12. To present this result, we
write Af := (Ipv—1 ® A)f and let §;,54 x denote the standard
derivations of the (k + 1)th random variable of f and Af,
respectively.

Proposition 3. 1ffis a 1/f random vector and («, 8) satisfies
the condition

a+ B #£0, (13)

then Af is also a 1/f random vector. Moreover, if there exists
a positive constant ¢ such that for all k € Z,v-1,4, 8,% < #'k,
then for all k € Z,v-244, 8/24’,( < k”—Jr’l, where ¢/ = 2(a? + B?)c.

Note that the special case of Proposition 3 with [«, ] :=
[%,%] was proved in [9]. If («,8) does not satisfy condition
(13), then @« = —g. In this case, (I,v-1 ® A)f may not be 1/f
noise. For example, when A is the high pass Haar filter, that is,
A= [%, — %], it was verified in [9] by a numerical experiment
that (Iov-1 ® A)f is not 1/f noise and the entropy value of
the filtered 1/f signal will decrease as the scale increases.
In addition, if we take A := [1,0] (A := [0, 1]) in Proposition
3, we can see that the random vector consisting of the odd
components (the even components) of a 1/f random vector
is still a 1/f random vector. This result is summarized in the
next corollary.

Corollary 1. If £ :=[fo, f1,...,fnv-1] is a 1/f random
vector, thenw := [u,, : m € Zy 4] withu,, = fo, and v :=
[V i m € Znjrp1] with vy, = fo,41 are also 1/f random
vectors.

Though the result in Proposition 3 is only for filters of a
simple form, it can be utilized (together with Corollary 1) to
establish below that a filtered 1/f noise is still 1/f noise. The
proof of this result will be provided in Appendix B.
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Proposition 4. If £ is 1/f random vector and the matrix A
is defined as in (1), then (lo,nv—> ® A)f is also a 1/f random
vector.

Numerical results from MSE and PLFME for 1/f noise
are presented in Fig. 1. Results from both of these methods
are consistent with the fact that 1/f noise contains complex
structures across multiple scales [18,19].

IV. APPLICATION TO HUMAN HEARTBEAT INTERVAL
TIME SERIES

We apply FME to HHITS to study the loss of complex-
ity, a generic feature of pathologic dynamics. Specifically,
we apply the piecewise linear filter recursively to HHITS
of healthy young subjects (YOUNG), healthy old subjects
(OLD), subjects with cardiac arrhythmia, atrial fibrillation
(AF), and subjects with severe congestive heart failure (CHF),
and we compute BSE of the resulting signals of multiple
scales. We test the hypothesis that healthy heart interbeat
interval dynamics are more complex than those with pathology.
Our numerical results also suggest that aging may reduce the
complexity of the heart interbeat interval more than CHF. This
finding is robust to data of different lengths.

In this consideration, the use of the piecewise linear filter
in FME is motivated by a study of the biological mechanism
of the cardiac system described by HRT [10]. HRT describes
short-term fluctuations in the sinus cycle length that follow
spontaneous ventricular premature complexes (VPCs). The
physiological pattern described in HRT consists of brief heart
rate acceleration, which is followed by more gradual heart
deceleration before the rate returns to a pre-ectopic level.
Following singular VPCs, the HRT pattern is frequently
masked by a heartbeat interval time series. Consequently,
HRT is usually assessed from Holter recordings as an average
response to VPCs over longer periods (e.g., 24 h). From such
recordings, the VPC tachogram is constructed by aligning
and averaging sequences of heartbeat interval time series
surrounding isolated VPCs. Figure 2 from [20] is VPCs
tachograms showing normal (left) and abnormal (right) HRT.
From Fig. 2, we observe that different heart conditions show
distinguished differences in HRT pattern.

Normal Abnormal

VPG gompansatory pause
1200!

1000

early accelération

1ate deceleration

1000!

800

RR interval (ms)

600

400

VPC cabpling nterval

-1 1 5 10 15 -1 1 5 10 15
no.cf RR interval no. of RR interval

FIG. 2. (Color online) VPC tachograms showing normal (left)
and abnormal (right) HRT. Thin orange curves show single VPC
tachograms. Bold brown curves show the averaged VPC tachogram
over 24 h.
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Several parameters characterizing the HRT pattern were
proposed [10,21-23]. Among these parameters, turbulence
onset (TO) and turbulence slope (TS) [10] quantify two phases
of HRT, namely early acceleration and late deceleration. These
two parameters are meaningful in the clinical sense, especially
inrisk prediction and monitoring of disease progression in sev-
eral pathologies (see [20] and references therein). TO and TS
represent the regression slope of the corresponding sequences
of HHITS (acceleration and deceleration) surrounding isolated
VPCs. The acceleration phase surrounding an isolated VPC is
characterized by a negative value of TO, and the deceleration
phase surrounding an isolated VPC is characterized by a
positive value of TS. Both TO and TS are constants for each
sequence of HHITS surrounding VPCs and representing the
acceleration and deceleration phase, respectively. This implies
that regression slopes of the acceleration and deceleration
sequences of HHITS surrounding VPCs have a piecewise
constant pattern. Therefore, sequences of HHITS surrounding
VPC may have a piecewise linear pattern. This inspires us to
use a piecewise linear filter for the cardiac signal to capture
its piecewise linear pattern. Though HRT only describes
sequences of HHITS surrounding VPCs, we use a piecewise
linear filter for the entire HHITS assuming that the piecewise
linear pattern represents the entire HHITS better than the
piecewise constant pattern, which is captured by the piecewise
constant filter used in MSE. In Fig. 3, we compare the HHITS
with their piecewise linear representations, where the signals
in column (b) are obtained from the original HHITS in column
(a) by the linear filter %[1 ,2,1]. This shows that HHITS may
be well represented by a piecewise linear signal.

According to the discussion above, we use PLFME for
the cardiac signal. Specifically, in PLEME, the original time
series is filtered by the piecewise linear filter A defined in (1)
recursively at multiple scales. That is, we define

y1 =X,y = (I,,P1 ® A)y”l,

Nr—l

wheren, | 1= [}

yr—l'

] and N _; is the length of the time series

We next present numerical results of PLFME. We compare
MSE and PLFME of the time series of consecutive heart beat
intervals derived from 20 YOUNG, 20 OLD, 7 AF, and 20
CHF subjects of data lengths N =t x 10*, where ¢ = 3,5,8.
The entropy value of each group shown in Fig. 4 is the mean
entropy value of the group. MSE values are computed using
the software provided in [24]. We see that PLFME improves
the robustness of MSE to the data of different lengths.

The most significant difference between the results of MSE
and PLFME occurs in the OLD and CHF groups.

We first look at the results of MSE [Fig. 4(a)]. When
N =3 x 10*, the same data length as used in [5,25], we
obtain the same results as those in [5,25]. As N increases,
the curve representing entropy values at different scales of the
OLD group (black dot) gradually drops below that representing
entropy values of the CHF group (blue circle). In particular,
the black dot curve is above the blue circle curve at scales 4
to 12 when N =5 x 10*. The blue circle curve exceeds the
black dot curve at all scales when N = 8 x 10%, suggesting
the cardiac system from the CHF group is more complex than
that from the OLD group. It is known that both disease and
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FIG. 3. (Color online) A comparison of the original signal
[column (a)] and their piecewise linear representations [column (b)].

aging will reduce biological complexity [6]. However, which
condition reduces the complexity more remains inconclusive
from MSE, which provides different results from data of
different lengths.

Next we look at the results of PLFME. Notice that for data
of the OLD and CHF groups of different lengths, the results
of FLFME are more robust than those of MSE. For all of the
values of N reported in Fig. 4(b), the blue circle curve is above
the black dot curve at all scales. This suggests that the cardiac
interbeat intervals may lose more complexity from aging than
from the CHF group. This result is consistent with that of
MSE when N = 8 x 10*. Moreover, the curves representing
entropy values at different scales of the OLD and CHF groups
are better separated by PLFME than by MSE. This is further
confirmed by the classification result that we present below.

We develop the MSE classifier and PLFME classifier by
using entropy values at all scales of MSE and PLFME, respec-
tively, as features to classify the CHF and OLD groups via the
support vector machine classifier [26]. In this experiment, we
use the data of length N = 8 x 10*. The training set consists
of 22 CHF and 23 OLD subjects and the test set consists of 21
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FIG. 4. (Color online) MSE and PLFME for longer HHITS data.

CHF and 23 OLD subjects. The correct classification rates of
both methods for the OLD and the CHF subjects are presented
in Table I. Clearly, the correct classification rate of PLFME
is significantly higher than that of MSE. This may be due to
the fact that the piecewise linear filter captures the multiscale
information of HHITS more accurately than the piecewise
constant filter.

Obtaining long time series may be difficult and expensive
in practical applications. Data analysis with short time se-
ries is highly desirable. Applications of MSE to short-term
physiological recordings were recently studied in [27,28]. We
compare the performance of MSE and PLFME for shorter
HHITS with data lengths N = 4,8 x 103. The numerical
results shown in Fig. 5 from the shorter data are consistent
with those shown in Fig. 4 from the longer data.

To close this section, we compare PLFME with two re-
finements of MSE proposed by [29,30]. In [29], the averaging
process of MSE was interpreted as the finite-impulse filter
(FIR) and a refined MSE (RMSE) was proposed based on
the replacement of the FIR filter with a low-pass Butterworth
filter, which aims to reduces aliasing when the filtered series
are down-sampled. In [30], the adaptive MSE (AMSE) method
was proposed by using empirical mode decomposition to

TABLE 1. Correct classification rates of the MSE classifier and
the PLFME classifier for the OLD subject and the CHF subject.

Classifiers OLD CHF
MSE 78.3% 76.2%
PLFME 87.0% 81.0%
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FIG. 5. (Color online) MSE and PLFME for shorter HHITS data.

extract the lower-frequency components of the time series
at different scales. We performed both RMSE and AMSE
methods on our data (Fig. 6). Both of these methods do not
provide satisfactory numerical results. Numerical results of
RMSE [Fig. 6(a)] do not give any evidence that cardiac systems
from healthy young subjects are more complex than those from
pathologic subjects. Numerical results of AMSE [Fig. 6(b)] do
not discriminate OLD and CHF groups as well as those from
MSE and PLFME, especially when the length of the time
series is small. The reason that PLFME and MSE give a better
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FIG. 6. (Color online) RMSE and AMSE for HHITS data.
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description of the complexity of heartbeat interval time series
than RMSE and AMSE may be due to the fact that PLFME
and MSE filter the time series more “locally” than RMSE and
AMSE.

V. ADAPTIVE FILTERS

When prior knowledge of the system that generates a time
series is not available, we propose to use adaptive filters
constructed from the time series to compute its FME. Since
traditional entropy methods quantify the degree of regularity
of a time series by evaluating the appearance of its repetitive
patterns, and since consecutive components which are close to
each other (measured by r in sample entropy) are considered
to be a repetitive pattern, one may consider these repetitive
patterns as single units which will present the regularity of the
whole system. We further consider the multiscale structure of
these patterns to measure the complexity of the physiological
system by using adaptive filters. To illustrate the process of
constructing an adaptive filter, we present below APCFME as
an example. The idea is applicable to constructing adaptive
piecewise polynomial filters of order k.

Given a time series, we group it according to its repetitive
patterns. Specifically, for a time series x of length N, we write
x = {Xop, ...,X,—1} with disjoint x;, being a repetitive pattern
of x. Each x; sequence consisting of several consecutive
components of X and the distance between any two components
in x; is not bigger than a preselected tolerance r. For each
X;, we use [X;| to denote the number of its elements. A new
coarse-grained time series y of length #n is generated by

1
yk) = o > x(). ke, (14)

x(j)Exx

In other words, x is filtered by an n x n block diagonal matrix,
whose jth diagonal block is the 1 x |x;| matrix,

|:1 1 1:|
X171 xG ]

This adaptive piecewise constant filter (APCF) is different
from the piecewise constant filter used in MSE. We choose
m = 1 and an increasing sequence {ro,r1,...,} at different
scales to compute sample entropy. APCFME is then computed
by the following procedure:

24

Entropy Measure

2 4 6 8 10 12 14
Scale Factor

FIG. 7. (Color online) APCEME results for simulated Gaussian
white noise when the parameters r; are constant.
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white noise, 1/f noise, and HHITS.

(i) Compute S;(x,70).

(i) At scale T > 1, a new time series y© is generated
from y*~! with y° := x using APCF. The parameter r used
to construct APCF is chosen as r;_.

(iii) Compute S1(y*,r;).

We now discuss the choice of the parameters r; used
in APCFME. Constructing coarse-grained time series as
described in (14) is equivalent to averaging several consecutive
components of the original time series among which any two
components are close to each other (measured by the tolerance
r). Thus the distance between any two components in the
coarse-grained time series is potentially bigger than that in the
original time series. To further construct the coarse time series,
a bigger tolerance in the next coarse-grained procedure is
desired. We present the numerical results of APCFME applied
to Gaussian white noise when the parameters r; are chosen
as a constant (r; = 0.15) at all scales in Fig. 7. It shows that
the entropy value of the coarse-grained time series remains a
constant after scale 3, which indicates that the construction of
the coarse-grained time series fails when the scale is bigger
than 3.

According to the discussion above, we choose parameters
1’020.15, rjy1 = 1.1 X rj fOI'Og ] < Sandrj.H =1.05 x
r;j for j > 5 in the numerical results shown in the remaining
part of this section. We present in Fig. 8(a) results of APCFME
applied to Gaussian white noise and 1/f noise. The results are
similar to those in Fig. 1. In Fig. 8(b), we present numerical
results of APCFME applied to HHITS of length N = 3 x 10*
for the CHF, YOUNG, and OLD groups. We find that YOUNG
is most complex when the scale is bigger than 3. Moreover,
CHF is more complex than OLD, which is consistent with
the results of PLFME [Fig. 4(b)]. This example shows that
APCFME without using any prior information is comparable
to PLFME, whose construction uses prior information of
HHITS.

VI. CONCLUSION

FME improves MSE in analyzing the complexity of
physical and biological systems. It gives a wider range of
applicability due to the flexibility of choosing different filters
according to data patterns. For HHITS, unlike MSE, which
uses piecewise constant filters, PLFME uses the piecewise lin-
ear filter (motivated from HRT) and APCFME uses APCF. The
results of PLFME are more robust to the data length than those
of MSE, and the results of APCFME are consistent with those
of PLFME. From both PLFME and APCFME, we find that
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aging may reduce the complexity of the cardiac system more
than CHF. This finding is consistent for different data lengths.
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APPENDIX A: PROOFS OF FME RESULTS
FOR GAUSSIAN NOISE

In this Appendix, we provide detailed analytical derivations
of FME for Gaussian white noise. The analysis mainly
relies on the statistical properties of a linear combination of
Gaussian random variables. Theorem 4.2.14 in [31] states that
a linear combination of two independent real Gaussian random
variables is also a real Gaussian random variable. This result
can be easily generalized to the following lemma. The proof
of the lemma is straightforward and will be omitted.

Lemma 1. 1If X ; are n independent real Gaussian random
variables with mean 0 and standard deviation §;, then for o; €

R,j € Z,, Z;'.;(l) a; X j isareal Gaussian random variable with

mean 0 and standard deviation § := (Z" ! 282)1/ 2

As usual, the expectation of a random varlable X taking
values in R is defined by E(X) := fR tp(t)dt, where p is
the probability density function for the random variable X.
Two random variables X and Y are independent if and only if
E(XY) = 0. We let cov(X,Y) denote the covariance of X and
Y. It is known from Theorem 4.5.3 in [31] that

cov(X,Y) = E(XY) — E(X)E(Y).

We let g := [g;,j € Zy] denote the real Gaussian random
vector. At scale T, welet AT € RP**% be afilterandn = Lqﬂj.

(I, ® A™)g in block form,
g =g .8

where g;, j € Z,,1is avector with p, components, and for each
k € Zp, let[g}lk :== g"(jpr + k). The proof of Proposition 1
is based on the probability density function of g% and the
independence of blocks in g®. We present the probability
density function of g%, j € Z,, in the following lemma.

Lemma 2. If g§ is defined in (Al), j € Z,, then gE is a
p--variate normally distributed random vector with its mean
being the zero vector and and its covariance matrix being X
with

We write g7 :=
(AD)

P
T= ) AQARS < st < ey
k=1

(A2)

where § is the standard deviation of g;.

Proof. From the construction of g?, for each j € Z,, we
have that g} = AVg;, where g; € R with [g;]; = g(¢. + k)
for each k € Z,,, . For each j € Z,,, g; consists of ¢, indepen-
dent real Gaussian random variables with mean 0 and standard
deviation 4, and [g;]k, k eZ,, is a linear combination of
these random variables. Hence, it follows from Lemma 1 that
for each k € Z,, , [g?]k is a Gaussian random variable with
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mean 0 and standard deviation v Zf;l(Ak[?)z(S. Hence, for
any 1 < s, < po,

p‘f
cov([g;],.[g}],) = > A AR,
k=1

where Agf) is the kth row of A®@ for 1 < k < pr. The desired
result follows directly from the definition of the multivariate
normal distribution.

Noting that formula (A2) is independent of j, all blocks
in g° have the same probability density function. In the next
lemma, we show the independence of blocks in g'. We say
that two random variable vectors X and Y are independent if
the elements of X (as a collection of random variables) are
independent of the elements of Y. Elements within X or Y
need not be independent when X and Y are independent.

Lemma 3. If g7, is defined as in (Al), j € Zj, then g} and
g, .k € Z,, are independent when j # k.

Proof. 1t suffices to prove that [g T]S and [g; |, are indepen-
dent for any s,t € Z,_if j #k,J, k € Z,. Since g(jp. +5)
and g(kp, +t) are independent, we have that E[g(jp. +
s)glkp, + t)] = 0. It follows that

E([g]],][eil)
P
=E[ZA<”g<m e—1>ZA<”g<kqf z—l)}

(=1 (=1

E(AVg; A7) =

= Z Z ADAD Elg(ige + ¢ — Dglkge +u — 1)] =0
=1 u=1
(A3)

if j # k. Thus, [g?]s and [g;];, s,t € Z,,,, are independent. We
then conclude that g; and g; are independent for any j.k € Z,
with j # k.

We next prove Proposition 1. We say that the distance
between two blocks g% and g, j.k € Zy, is less than r* if
[1g; — gills <r/foralls € Z, andwewriteitas |g; — gi| <
re.

Proof of Proposition 1. BSE §,,(g%,r7) is the negative
natural logarithm of the conditional probability that the
distance between two blocks is less than r provided that the
distance between the two preceding blocks is also less than
r. We write g* in block form as in (A1), and from Lemma 3
we know that g’ and g; are independent if j # k. Thus, when
m = 1 the conditional probability is

P(lg) —gil <rllgj-1 —gia] <r7)
P(lg; —gi] <r7) x P(lg5_ —gii] <7)
P(|g§_1 —gi| <r)
_ (g — gl <r).
Using this approach recursively, it can be proved that this result
is valid for any value of m.
From Lemma 2 and the definition of multivariate normal

distribution, we know that the probability density functions of
g%, j € Zy, are all equal to

(A4)

f(x):= —leElx} (A5)

1
Qryr 2B exp{ 2
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for x € R”7, where X is defined as in (A2). Then the desired
formula follows from the definition of BSE, (A4) and (A5). &
We next present the proof of Proposition 2. Let A € R”*4
be a matrix with orthogonal rows and g := UL%J ® A)g. We
also write g in block form, g := [gy, ... ,8,—1]- In this case, a
set of independent variables are transformed by A to another
set of independent variables due to the orthogonality of the
rows of A. In particular, given a real Gaussian random vector
g, we have the following result for each block &;, j € Z,.
Lemma 4. If A € RP*? is a matrix with orthogonal rows
and g := [8y, ...,8,—1] is defined via a real Gaussian random
vector g, then for each j € Z,,, §; consists of p independent
Gaussian random variables, with the mean and the standard
deviation of [g;]; being 0 and «/Zf:l[Akg]Z(S, respectively,
for k € Z,, where § is the standard deviation of g;.
Proof. Foreach j € Z, and k € Z,, we know from Lemma
1 that [g;]; is a real Gaussian variable since it is a linear
transformation of real Gaussian variables. The mean and
standard deviation of [ ], are easily obtained from Lemma 1.
It remains to prove that [g;]; and [&;],, s,t € Z), are
independent when s 5 ¢ for each j € Z,. This follows from
the orthogonality of the rows of A. In fact,

E([g;1s[&1)

P P
=E{§:AQUQ+@—DL}Z&@UQ+%—D@

k=1 k=1

P /4
=Y AwAE(@ljg + (k= DI} =) AuAus =0,
k=1 k=1

completing the proof of this lemma.

We are now ready to prove Proposition 2.

Proof of Proposition 2. From Lemma 4, we know that the
probability density function of g7, for each j € Z,, is given
by

P 2

—X
) . (A6)

1
fo=1] em( 0
=1 /2w Y0 ALS 22 k=1 Aud?

where x is a p; random vector. By applying (A4) to (A6) and
the definition of BSE, we obtain the desired result. |
VD ob_, A%S is actually the standard deviation of
[&;]¢ for each block g; in the filtered time series, BSE of g is
determined by the standard deviation of [g; ], by Proposition 2.
This leads us to investigate the standard deviation of the filtered
time series at different scales if we apply the filter matrix A
recursively to g. At scale 7, we define g* as in (10) and write
it in block form as in (A1). By Proposition 1, at a fixed scale,
all blocks have the same probability density function. Let 8,(3’)
denote the standard deviation of the £th element in a block
at scale 7. If the matrix A has orthogonal rows and satisfies
condition (9), we have the following result for Bif):

Lemma 5. If A € RP*4 has orthogonal rows and satisfies
condition (9), then for r = 2,3, ..., 8\ = p* 1§ fork € Z ,,
where p is the constant that appears in (9) and § is the standard
deviation of g;.

Proof. We prove this result by induction on 7. When 7 = 2,
it follows from Lemma 4 and the fact that A satisfies condition
(9) that 8,((2) = pé. By the induction hypothesis, we have that

Since
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8,(:_1) = p" 28 for some T > 3. Following the computation
similar to that used in the proof of Lemma 4 for computing the
standard deviation, we obtain that for any k € Z,,

8 =

q
Y oALST = pp P =p" s,
t=1

This completes the induction and thus the proof.

We next present the proof for Theorem 1.

Proof of Theorem 1. We first reexpress S,,(g",r7) at scale T.
For each s € Z,,, let r; be defined in (7), x, be a fixed number,

and
E(xg,r5,T) 1= erf(xS j:)n) — erf(xs (—ﬂm) ,
S5 S

where 87 is the standard deviation of the sth element in a
block of g* at scale t. In Proposition 2, replacing §(A,s) by
85”, we have that

P
Su(g . r) =—In[ ] L(v),
s=1

where
2

E(x;.r5,T) eXp —

X
I(t) := iy,
2(5)?

7= .
28" Jr
It remains to prove that for each s € Z,, I, is strictly
increasing. By employing Lemma 5 with a change of variable,
= /%, we observe that

1 5 _yz
Ii(7) = —/ E(y,,rs,7) X S dy,.
2ms JR ) P 5524
where
7—1 _ -1
E(ys,rs,f) = erf(%) —erf(%>'

Since for 0 < p < 1, erf is strictly increasing, we have that
E(yg,rg,71) > E(yg,r5,72) when 171 > 15. Thus, I is strictly
increasing. ]

APPENDIX B: PROOFS OF FME RESULTS FOR 1/f NOISE

In this Appendix, we provide detailed derivations for
Propositions 3 and 4 regarding 1/f noise. We let f denote
the 1/f noise and assume that the length of f is 2V for a
positive integer N.

We first prove Proposition 3. Let A := [«, 8] for o, € R
and fs := (hv—1 ® A)f. From the definition of 1/f noise,
we need to consider the Fourier transform of the filtered
signal f1 ;= Fy_1(Iyv-1 ® A)f. Since f = Fl\leNf, £y may
be rewritten as

f) = Fy_1(Iyv-1 ® A)Fy' Fyf,

where Fy;! is the inverse discrete Fourier transform which has
the form Fy' :=[e/* : k0 € Zyv]. We shall express the
Fourier transform of the filtered signal in terms of the Fourier
transform of the original signal. To this end, we investigate the
matrix

A= Fy_(Iy1 ® A)Fyl. (B1)
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In the next lemma, we express A in terms of two diagonal
matrices

D% = diagld; : k € Zon-1], where d; := o + Belovk,

and D~ whose definition is obtained from that of D™ by
replacing the “+ sign by the “—" sign.
Lemma 6. For any positive integer N, there holds

A=[D",D7]. (B2)

Proof. From the definition of F;l and A, for £ € Zyv-1,
k € Z,v it is straightforward to compute that

(v @ A)FY'], = 1% (a + Be'™™). (B3)
Letting D := diag[D*,D"] and Fy := [aFy',BFy,], it
follows from (B3) that

(Ly-1 ® A)Fy' = FyD. (B4)
From (B4) we have that
A =[Iy_1,Iy_1]1D. (BS)

Formula (B2) is then obtained by substituting the expression
of D into (BS).

The discrete Fourier transform of a real vector is a complex
vector. When analyzing 1/f noise, it is convenient to separate
the real and imaginary parts of the discrete Fourier transform
of a signal. Considering the symmetry property of the discrete
Fourier transform, we define two operators 77 and 7. The
operator T projects a vector of length 2V to the vector of
length 2V~! consisting of the first 2¥~! components of the
original vector, and the operator 7; projects a vector of length
2N to the vector of length 2V~! consisting of the last 2V~!
components of the original vector. For a real vector x of
length 2N we write its discrete Fourier transform as X :=
% 4 i§, where % and § are two real vectors of length 2V. We
let

i] = T])NK, )N(z = Tgi,

Vi =11y, ¥ :=To5.

In the nextlemma, we express the discrete Fourier transform
X4 of x4 1= (Iov—1 ® A)X in terms of X, X, ¥, and §,. To
simplify the notation, we introduce three diagonal matrices:

AT := diag[a + B cos(Byk) : k € Zov1],

A, whose definition is obtained from that of A™ by replacing
the “4” sign by the “—" sign, and B = diag[f sin(Oyk) : k €
Zon-1]. Moreover, we denote by Re(X4) and Im(X,) the real
part and the imaginary part of X4, respectively.

Lemma 7. If x is a real vector of length 2V, then

Re(X4) = ATX) + A™%, — By, + By»
and
Im(%,) = AY§, + A™§, + BX; — BX,.

Proof. According to the definition of X, X4, and x4, we have
that

%4 = Fy_1Ax = Fy_1AFy 'k = A%. (B6)
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Applying Lemma 6 to (B6) yields that 84 = (D*,D7)&. We
partition the real and imaginary parts of the vector X as

ﬁ:(i‘l)+i(§71>. (B7)
X2 Yy

Notice that the definition of D", D™, AT, A~, and B gives
us DT = At +iB and D~ = A~ — i B, which together with
(B7) are substituted into the above formula of X, yielding the
desired result.

The next lemma states that the independence of components
of X determines the independence of components of X4.

Lemma 8. Suppose that x is a real random vector of length
2N If the first 2V~! + 1 components of % are independent,
then the first 2V =2 4 1 components of &4 are independent.

Lemma 8 is a straightforward extension of a known result,
Lemma 4.3 of [9]. We thus omit the proof.

We next recall a known result that describes the statistical
property of the linear combinations of two independent
complex Gaussian random variables. Its proof can be found
in [9].

Lemma 9. If z; and z, are independent complex Gaussian
random variables with mean O and standard derivation §; and
d8,, respectively, then for each pair of complex numbers a :=
ay +iar,b := by +ib, with ay,a>,b1,b, € R, az; + bz, is a
complex Gaussian random variable with mean 0 and standard
derivation

5 = (a}8? + a38? + b782 + b383) . (B8)

In the next lemma, we describe X4 in terms of X.

Lemma 10. If the first 2¥~! 4+ 1 components of & are
independent complex Gaussian random variables, then the first
2N¥=2 1 1 components of &, are independent complex [except
the first and the (2V~2 + Dth components, which are real]
Gaussian random variables. Moreover, for each k € Zv-144,
if the mean of the (k + 1)th component of X is 0 and its standard
deviation is &, then the mean of each component of X, is 0
and the standard deviation of the (k 4+ 1)th component of X, is

1/2
Sax=[@+ B+ 15t + @+ B — i ]°, B9

where y; 1= 2af cos(Onk).

Proof. The description of the components of X4 relies on
Lemma 7. We write X := [z : k € Zov] and X4 :=[z44 1 k €
Zyn-1]. We first prove that z4 ¢ and z4 pv— are real Gaussian
random variables. By Lemma 7, we have that

24,0 = (2o + 2o8-1). (B10)

Since zy and zo~v-1 are real Gaussian random variables, from
(B10) and Lemma 1 we know that z4 o is a real Gaussian
random variable. Noting 2V~=! — 2¥=2 = 2V=2 jt also follows
from Lemma 7 that

Zaon-2 = a(Xov-2 — ypn-2), (B11)

where x,v-2 and y,n-2 are, respectively, the real part and the
imaginary part of zon—. Hence, we conclude that z 4 ,v-2 is also
a real Gaussian random variable. By Lemma 7, we have that

Zax = (@ + Bz + (@ — B zn1 4. (B12)

Thus, by Lemma 9, z4; is a complex Gaussian random
variable. The independence of the random variables z4 k,
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k € Zyv—,4, is ensured by Lemma 8 from the fact that
the random variables zjx, k € Zy~v-11, are independent. By
applying Lemma 9 to Eq. (B12) with the symmetric property
(12) and Lemma 1 to Egs. (B10) and (B11), we obtain (B9).

Now we are ready to prove Proposition 3.

Proof of Proposition 3. We denote by Af the discrete
Fourier transform of Af. To prove Af is a 1/f random vector,
we need to show that the first 2V~2 + 1 elements of Af are
independent Gaussian random variables with mean 0, and for
allk € Zon-241, 841 < ﬁ for some constant ¢’.

Since f is a 1/f random vector, from the definition of a 1/f
random vector we know that the first 2Y~! + 1 elements of f
are independent Gaussian random variables with mean 0. Thus,
from Lemma 10, we have that the first 2Y=2 + 1 elements of
Af are independent Gaussian random variables with mean 0.

We next show that forall k € Zynv-141,84 % < lcﬁ for some
constant ¢’. Let y,:’ = a? + B2 + 20 cos(6y k) and define Vi
by replacing the second “+” in the definition of y,f with “—.
When « + 8 # 0, we have that y,:’ # 0 and y, # 0 for all
k € Zyn—1+1. Thus, from (B9), we have for all k € Z,yv-24,
that

334,1( =y 8+ yk_agﬁ’*l—k
c (A+2N "1~y + A + by
S 14k 14281 —k ‘

Note that k € Zyv—24; and thus 0 < cos(fyk) < 1. Then
the second fraction in the last term of formula (B13)
is an increasing function of k, which has the maximum
value 2(a”® + B%) when k =2N=2. This gives the desired
estimate. |

Finally, we prove Proposition 4. We first recall a known fact
of the discrete Fourier transform, whose proof may be found
in [32] (Lemma 2.37).

Lemma 11.1f M € N, N =2M, z is a vector of length N,
and u, v are vectors of length M defined by u; := zp; and
Vi = zoxa1 for k € Zyy, then form € Zyy,

(B13)

m+M
N

m

S A 272 A S A~ —2mi
Im = Uy t+e NUpy, Zm+M = Uy — €

A

From Lemma 11, we shall show in the next lemma that
the vector obtained by interlacing two 1/f random vectors is
again a 1/f random vector.

Lemma 12. 1f g and h are 1/f random vectors of length n,
then the random vector f defined by

f:=1[go0,h0.81,h1, ..., 8n—1,"n-1]

is also a 1/f random vector.
Proof. Since g and h are 1/f random vectors, by the
definition of the 1/f random vector we know that g; and
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fzk, k € Z,, are independent Gaussian random variables with
mean 0 and there exist positive constants ¢,c’ such that their
standard deviations J, x and §j, ; satisfy

c/

1+k

and 8h,k <

(B14)

Sg,k <

1+k

forany k € Z,.

It follows from Lemma 11 that for m € Z,,, fm =8&n+
e~ im/Np and for m =nn+1n+2,...2n—1, f, =
Bmn — e Tm/Np . By applying Lemma 9 to the formulas
for fm and using conditions (B14), we know for m € Z,, that
fin is a Gaussian random vector with mean 0 and the standard
deviation of fm, 8fm, satisfies 87, < 1jr_m’ where ¢’ =

\/(1 + n)[2¢? + (¢')?]. The independence of f,,, m € Z,,, can
be proved by using a similar computation used in the proof
of Lemma 4 for proving the independence considering that
[1,e=27m/N1and [1, — e~ >""/N] are orthogonal. Therefore, f
is a 1/f random vector. |

We next recall a known fact that the sum of two 1/f random
vectors is also a 1/f random vector. Its proof can be found
in [33].

Lemma 13.1f f; and f, are 1/f random vectors, then f; + f,
is also a 1/f random vector.

We are now ready to prove Proposition 4. The filtered 1/f
random vector through the piecewise linear filter A defined in
(1) is again a 1/f random vector. Here, A is referred to as the
linear filter defined in (1).

Proof of Proposition 4. Let A| and A, denote the matrices
formed, respectively, by the first row and the second row of
A. Since (I,v—» ® A)f may be obtained by interlacing (Iov—2 ®
ADf and (Iov—2 ® Ay)f, according to Lemma 12, it suffices
to prove that (Iov—2 ® A)f and (Ipv—2 ® Ay)f are 1/f random
vectors.

Let fi:=[fo,f2, ..., fv2l, f> .= [fo. f1. fa. S5,
s ’fN74’fN73]» and f3 = [f27f31f67f7? oo ’fN72’fN71]’
Since f is a 1/f random vector, it follows from Lemma
12 and Corollary 1 that f;, f;, and f; are 1/f random
vectors. By Proposition 3, (Ipv—2 ® [1/2,1/2])f; is a 1/f
random vector. Since (Iov-2 @ Af = (Ipv—2 ® [1/2,1/2]f,
we conclude that (Iov—2 ® Af is a 1/f random vector.
Note that

(Iyv> @ Af = (Iyv> @ [—+/3/4,1/4]f,
+ (Iv-2 @ [V/3/4,1/4)fs.

(B15)

By Proposition 3, both (Iov-> ® [—+/3/4,1/4])f, and (Iv—> ®
[\/§/4, 1/4])f5 are 1/f random vectors. Hence, by Lemma 13
and (B15), (Iov—> ® Ay)f is a 1/f random vector. |
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