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Signal	  Analysis	  and	  Classifica:on

• op/miza/on	  of	  low-‐energy	  an/-‐fibrilla/on	  pacing	  (LEAP)

• detec/ng	  pa/ents	  with	  high	  risk	  for	  suffering	  from	  
arrhythmias	  (ICD	  candidates)

In	  the	  following:
novel	  features	  (parameters,	  biomarkers)	  for	  signal	  
analysis	  and	  classifica/on	  employing	  Ordinal	  PaKerns

goals:
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Classifying	  Beat-‐to-‐Beat	  Time	  Series	  Using	  Ordinal	  Pa8erns

normal	  rhythm	  	  	  	  	  	  	  	  	  	  	  tachycardia	  	  	  	  	  	  	  	  	  	  	  	  fibrilla>on	  Electrocardiogram

Electrocardiogram

normal	  rhythm	  	  	  	  	  	  	  	  	  	  	  tachycardia	  	  	  	  	  	  	  	  	  	  	  	  fibrilla>on	  

beat-‐to-‐beat	  intervals	  (RR	  intervals)	  	  	  	  	  	  	  	  	  	  	  	  /me	  series	  {xn}	  

xn xn+1 

Characteriza/on	  of	  RRI-‐/me	  series	  using	  ordinal	  paKerns	  
describing	  amplitude	  rela/ons	  within	  segments	  of	  /me	  series.
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Ordinal	  PaKerns

/me	  series	  (e.g.,	  beat-‐to-‐beat	  intervals)

>me	  (beat	  no.)
n

xn 4

A generalization of the Shannon entropy is the Renyi entropy
of order q

HqðWÞ ¼
1

1$q
log $

X4W

k ¼ 1

pqk

 !
ð5Þ

that leads to the symbolic features FWRENYI025 (q¼0.25) and
FWRENYI4 (q¼4). Again, higher values of these entropies indicate
higher complexity in the corresponding tachograms.

2.3. Ordinal pattern statistics

Ordinal patterns [13–23] describe the relations within short
segments of length W of a given time series. They are easy to
compute and robust against noise. For this reason ordinal patterns
have been used in a wide range of applications including the
detection of determinism in noisy time series [18,19], estimation
of transfer entropy in epilepsy [17], complexity analysis of time
series [20], or classification [23].

The construction principle for ordinal patterns of length W is
illustrated in Fig. 1. All possible ordinal pattern of subsequences of
lengths W¼3–5 are shown in Fig. 2. A unique index can be assigned
to each ordinal pattern by interpreting the subsequence as a
permutation that is characterized by a permutation index. This is
done by first reordering the samples xn,xnþ1,xnþ2, . . . xnþW$1 with
respect to their amplitude such that xpðnÞrxpðnþ1Þrxpðnþ2Þr . . .
rxpðnþW$1Þ and then computing the permutation index of p. For
example, a sequence ðxn,xnþ1,xnþ2,xnþ3Þ ¼ ð2:22,4:21,1:30,3:76Þ
leads to a permutation (3, 1, 4, 2) with a permutation index of
I¼11 (see Fig. 2b). If two samples have the same amplitude, they are
ordered with respect to time (i.e., xn¼xm yields (m,n) ifmon).1 Note
that some information about amplitudes and gradients or variability
is lost upon this discretization. For example, a sequence 1, 1.01, 0.99
corresponds to the same permutation index I¼4 as a sequence 1,
10 000, $20 000. Depending on the application any information
about (absolute) amplitudes or derivatives has to be taken into
account by other (additional) quantities or features.

Similar to the symbolic dynamics approach (Section 2.2) each
time series can be transformed into a sequence of permutation
indices that formally may also be considered as a sequence of
symbols from a finite alphabet of size W! The concept of ordinal
pattern can be extended [21,22] by considering not only con-
secutive samples but also subsequences with samples xn,xnþL,
xnþ2L, . . . ,xnþðW$1ÞL that are separated in time by a lag of L
sampling times TS which corresponds to a delay of T ¼ L & TS in
(absolute) time units. On this case xð_nþkLÞ is the RR interval at
the beat nþkL. The probabilities of occurrence of specific patterns
with permutation index I for a given delay T and length W are

used as features for characterizing the underlying time series and
will be denoted in the following by ‘‘perm(T, W, I)’’. The prob-
ability perm(T, W, I) will be given in percentage. Since the unit of
time of beat-to-beat time series is ‘‘heart beats’’ in this case T is an
integer number (¼ number of omitted beats þ 1) that equals L.
Furthermore, we compute the Shannon entropy based on all
probabilities for a given delay T and a given word length W (in
the following denoted as ‘‘perm entropy(T, W)’’).

x2

x1

x3

x4

2W = 1 3 4

Fig. 1. Illustration of the construction principle of ordinal patterns of length W.
For W¼2 there are only two possible directions from x1 to x2, up or down. The
third part of the pattern can be above x2, below x1 or between x1 and x2 as
illustrated here. For pattern length W¼4, there are four additional possible
locations of x4, leading finally to W! different ordinal patterns.
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Fig. 2. Ordinal patterns of length (a) W¼3, (b) W¼4, (c) W¼5 and corresponding
permutation indices. For each pattern the values (or amplitudes) of the sequence
are plotted vs. time (horizontal axis).

1 If many pairs of equal samples occur in a time series, the ordering with
respect to time will introduce a bias in the probability distributions and some
random selection of (m,n) or (n,m) may be more appropriate.
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all	  ordinal	  paKerns	  
of	  lenght	  W = 3
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Ordinal	  Pa8erns
>me	  series	   Ordinal	  paKerns	  of	  length	  W=4	  and	  

corresponding	  permuta>on	  indices
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/me	  series

sequence	  of	  integers	  ranging	  from	  1,...,W!	  
(symbols	  of	  a	  finite	  alphabet)

{xn}

>me	  (beat	  no.)
n

xn 4 18

Determine	  how	  oRen	  a	  specific	  ordinal	  paKern	  occurs	  in	  the	  
given	  /mes	  series	  	  ➙	  ordinal	  paKern	  distribu/on	  
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book
• J.	  M.	  Amigo,	  Permuta)on	  Complexity	  in	  Dynamical	  Systems,	  
Springer-‐Verlag	  (2010)

early	  work
• C.	  Bandt,	  B.	  Pompe,	  Phys.	  Rev.	  LeK.	  88,	  174102	  (2002)

Ordinal	  Pa8erns	  (Order	  Pa8erns)

• detec/on	  of	  determinism	  in	  noisy	  /me	  series	  	  
	  	  	  	  -‐	  J.M.	  Amigo	  et	  al.	  Europhys.	  LeK.	  79,	  50001	  (2007)
	  	  	  	  -‐	  J.M.	  Amigo	  et	  al.	  Europhys.	  LeK.	  83,	  60005	  (2008)
• es/ma/on	  of	  transfer	  entropy	  in	  epilepsy
	  	  	  	  -‐	  M.	  Staniek,	  K.	  Lehnertz,	  Phys.	  Rev.	  LeK.	  100,	  158101	  (2008)
• detec/ng	  changes	  in	  /me	  series	  
	  	  	  	  -‐	  Y.	  Cao	  et	  al.,	  Phys.	  Rev.	  E	  70,	  046217	  (2004)

used	  for:

6
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Ordinal	  Pa8ern	  Distribu@ons	  Characterizing	  Heart	  Rate	  Variability

Consider	  subsequences	  of	  beat-‐to-‐beat	  intervals	  sampled	  with	  lag	  L:

xn	  ,	  xn+L	  ,	  xn+2L	  ,	  …,	  xn+(W-‐1)L	  

Features	  (Heart	  Rate	  Variabilty	  (HRV)	  parameters,	  biomarkers)	  
based	  on	  ordinal	  paKern	  sta/s/cs:

perm(L,	  W,	  I)	  	  =	  	  probability	  of	  occurrence	  of	  paKerns	  with	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  permuta/on	  index	  I	  	  for	  a	  given	  lag	  L	  and	  length	  W

perm	  entropy(L,	  W)	  	  =	  	  Shannon	  entropy	  based	  on	  all	  probabili/es	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  for	  a	  given	  lag	  L	  and	  a	  given	  word	  length	  W

U.	  Parlitz	  et	  al.,	  Computers	  in	  Biology	  and	  Medicine	  42,	  319-‐327	  (2012)

are	  compared	  with	  other	  heart	  rate	  variability	  parameters

7

n

xn
L=2
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-‐	  features	  based	  on	  symbolic	  dynamics,	  like
• POLVARΔ	  =	  probability	  of	  occurrence	  of	  the	  subsequence	  ‘‘000000’’	  
in	  a	  symbolic	  string	  defined	  by:

• FWSHANNON	  and	  FORBWORD	  =	  Shannon	  entropy	  and	  probability	  of	  
forbidden	  words	  of	  length	  three	  (based	  on	  4	  symbols	  from	  non-‐
uniform	  quan>za>on	  levels)

8

Other	  HRV	  parameters

-‐	  	  conven>onal	  heart	  rate	  variability	  parameters,	  like
• meanNN	  =	  mean	  RRI	  (inversely	  related	  to	  mean	  heart	  rate)
• sdNN	  =	  standard	  devia>on	  of	  RRI	  values
• (V)LF	  =	  (very)	  low	  frequency	  band	  (0.0033–0.04	  Hz)	  0.04-‐0.15	  Hz
• HF	  =	  high	  frequency	  band	  0.15–0.4	  Hz
• LFn	  =	  	  normalized	  low	  frequency	  band	  (LF/(LF-‐HF))
• shannon	  =	  Shannon	  entropy	  (using	  amplitude	  binning)	  
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Evalua@on	  of	  Classifica@on	  Performance

Two	  data	  sets	  (24h	  beat-‐to-‐beat	  intervals,	  @256hz):

• 15	  pa/ents	  (11	  male,	  4	  female,	  ages	  56	  ±	  11	  yr)	  	  suffering	  
from	  conges/ve	  heart	  failure	  (CHF)	  	  (from	  physionet)

• 15	  healthy	  subjects	  (11	  male,	  4	  female,	  ages	  56	  ±	  5	  yr)

Task:	  	  Dis/nguish	  (classify)	  both	  groups	  using	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  probabili/es	  of	  ordinal	  paKerns	  
	  	  	  	  	  	  	  	  	  	  	  (ordinal	  paKern	  distribu/ons)	  as	  features

9

Leave-‐one-‐out	  cross	  valida/on	  for	  a	  simple	  classifica/on	  scheme	  
minimizing	  the	  number	  of	  misclassifica/ons	  on	  the	  training	  set.
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Features	  based	  on	  ordinal	  paKerns	  provide	  compe>>ve	  classifica>on	  results!

Evalua@on	  of	  classifica@on	  using	  p-‐values	  and	  cross-‐valida@on

Typical	  results	  :

Feature
mean value ± standard deviation

p-value
% of correct classifications

Control CHF Both Control CHF
perm(3,3,5) 13.8± 0.7 15.3± 0.6 1.6 · 10�05 87 80 93
perm(3,4,3) 2.89± 0.64 4.49± 0.52 1.3 · 10�08 100 100 100
perm(4,4,3) 2.76± 0.40 4.53± 0.80 3.9 · 10�07 97 100 93
perm(3,4,5) 2.87± 0.64 4.50± 0.66 1.3 · 10�06 87 93 80
perm(4,5,109) 1.34± 0.11 0.83± 0.20 9.0 · 10�08 97 100 93

VLF 7.8± 4.9 2.5± 4.1 2.7 · 10�05 80 80 80
LF 3.24± 2.34 0.55± 0.62 1.6 · 10�05 70 73 67
HF 0.90± 0.84 0.41± 0.50 4.3 · 10�03 73 80 67
LFn 0.79± 0.07 0.55± 0.12 1.3 · 10�06 83 87 80
meanNN 786± 60 668± 119 3.7 · 10�03 77 93 60
sdNN 121± 31.1 62± 24 3.5 · 10�06 90 93 87
shannon 3.10± 0.24 2.33± 0.40 2.4 · 10�07 87 87 87

FORBWORD 4.07± 4.27 0.87± 1.75 1.6 · 10�03 80 87 73
FWSHANNON 3.60± 0.15 3.83± 0.13 1.7 · 10�04 80 73 87
POLVAR5 6.9 · 10�04 ± 1.0 · 10�03 0.036± 0.033 5.2 · 10�08 93 93 93
POLVAR20 0.286± 0.194 0.683± 0.216 1.1 · 10�04 80 80 80

10

perm(L,	  W,	  I)
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conventional HRV parameters (see Section 2.1). The best perfor-
mance exhibits the standard deviation sdNN, the normalized low
frequency band LFn, as well as the Shannon entropy (Eq. (4))
shannon and the Renyi Entropies (Eq. (5)) renyi2 and renyi4.2

Table 2.II shows classification results obtained with para-
meters from symbolic dynamics (see Section 2.2), where POL-
VAR5 provided best classification results.

The results for probabilities of ordinal patterns are shown in
Table 2.III where we have listed those patterns that provided the
best classification results (including several ordinal patterns of
length W¼4).

In Fig. 3 the p-values of the probabilities of permutations
indices of subsequences sampled with lags T are plotted vs. T for
different lengthsW. For lags between 3 and 4 most of the p-values
show local minima. These patterns span a period of ðW#1ÞT ¼
3 % 3#4 % 4¼ 9#16 heart beats, i.e. about 6–11 s (or 0.09–0.16 Hz)
and they are correlated with the HRV parameters LF and LFn,
which are known to have smaller values for CHF patients (due to
medication or cardiac insufficiency) [28–30].

Therefore, we conjecture that ordinal patterns describing the
dynamics on a time scale of about 0.09–0.16 Hz are quite
sensitive and descriptive, because this is the frequency range,
where BBI time series from CHF patients significantly differ from
heart beats of healthy subjects.

3.3. Cross validation

Our second evaluation criterion is based on leave-one-out
cross-validation (LOO-CV) of classification results obtained with
individual features. For each feature a classifier was constructed
by finding a threshold value that minimizes the total number of
misclassifications in the training set. Then, the test data set was
classified using this threshold. The classification were repeated
for all possible separations into training and test sets and the
percentage of correct classifications of test sets was computed.
The results are given in columns 5–7 in Table 2 showing the
percentage of correct classifications of data sets from the control
group (‘‘Control’’), from the patient groups (‘‘CHF’’), and for all
beat-to-beat time series (‘‘Both’’). As can be seen in Table 2.III
feature perm(3,4,3) achieves 100% correct classifications in the
LOO-CV test. An illustration of the corresponding ordinal pattern
I¼3 (see Fig. 2b) in terms of ECG-signals is shown in Fig. 4.

3.4. Unfiltered data

Table 3 shows results obtained from unfiltered CHF data and
from unfiltered controls. Due to the robustness of ordinal pattern
statistics their values differ not significantly from those estimated
from the preprocessed data (cf. Table 2.III) and can be classified
with the same leave-one-out cross validation. While some of the
other parameters can be obtained from unfiltered data, most of
them, however, show significantly reduced descriptive power,
some even loose it entirely (e.g. P, sdNN, rmssd, or FORBWORD).
The main cause for this failure may be beat-to-beat time series
like the example shown in Fig. 5 that contain very long interbeat
periods, probably due to interrupted measurements. If these very
large (and spurious) BBI-values are not eliminated during a
preprocessing or filtering process they may considerably distort
parameters based on Fourier transforms or signal power. Notably,
the statistics of ordinal patterns is almost unaffected by a few
extreme amplitude values.

Fig. 3. p-values of the probabilities of permutations indices of subsequences
sampled with lags T vs. lag T. (a) length W¼3, (b) length W¼4, (c) length W¼5,
The mean value of logðpÞ-values is plotted as a thick (black) line with a clear
minimum between lag 3 and 4.

t

x1 x2 x3 x4

Fig. 4. Sketch of an ECG-signal (sequence of R-peaks) corresponding to an ordinal
pattern perm(3,4,3). The time intervals xk between every third beat (T¼3) are
ordered as x1ox3ox2ox4.

2 Bonferroni corrections were not explicitly applied but since most p-values
listed here and in the following tables are very small, the results would remain
significant even when including a correction factor of a few 100.
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conventional HRV parameters (see Section 2.1). The best perfor-
mance exhibits the standard deviation sdNN, the normalized low
frequency band LFn, as well as the Shannon entropy (Eq. (4))
shannon and the Renyi Entropies (Eq. (5)) renyi2 and renyi4.2

Table 2.II shows classification results obtained with para-
meters from symbolic dynamics (see Section 2.2), where POL-
VAR5 provided best classification results.

The results for probabilities of ordinal patterns are shown in
Table 2.III where we have listed those patterns that provided the
best classification results (including several ordinal patterns of
length W¼4).

In Fig. 3 the p-values of the probabilities of permutations
indices of subsequences sampled with lags T are plotted vs. T for
different lengthsW. For lags between 3 and 4 most of the p-values
show local minima. These patterns span a period of ðW#1ÞT ¼
3 % 3#4 % 4¼ 9#16 heart beats, i.e. about 6–11 s (or 0.09–0.16 Hz)
and they are correlated with the HRV parameters LF and LFn,
which are known to have smaller values for CHF patients (due to
medication or cardiac insufficiency) [28–30].

Therefore, we conjecture that ordinal patterns describing the
dynamics on a time scale of about 0.09–0.16 Hz are quite
sensitive and descriptive, because this is the frequency range,
where BBI time series from CHF patients significantly differ from
heart beats of healthy subjects.

3.3. Cross validation

Our second evaluation criterion is based on leave-one-out
cross-validation (LOO-CV) of classification results obtained with
individual features. For each feature a classifier was constructed
by finding a threshold value that minimizes the total number of
misclassifications in the training set. Then, the test data set was
classified using this threshold. The classification were repeated
for all possible separations into training and test sets and the
percentage of correct classifications of test sets was computed.
The results are given in columns 5–7 in Table 2 showing the
percentage of correct classifications of data sets from the control
group (‘‘Control’’), from the patient groups (‘‘CHF’’), and for all
beat-to-beat time series (‘‘Both’’). As can be seen in Table 2.III
feature perm(3,4,3) achieves 100% correct classifications in the
LOO-CV test. An illustration of the corresponding ordinal pattern
I¼3 (see Fig. 2b) in terms of ECG-signals is shown in Fig. 4.

3.4. Unfiltered data

Table 3 shows results obtained from unfiltered CHF data and
from unfiltered controls. Due to the robustness of ordinal pattern
statistics their values differ not significantly from those estimated
from the preprocessed data (cf. Table 2.III) and can be classified
with the same leave-one-out cross validation. While some of the
other parameters can be obtained from unfiltered data, most of
them, however, show significantly reduced descriptive power,
some even loose it entirely (e.g. P, sdNN, rmssd, or FORBWORD).
The main cause for this failure may be beat-to-beat time series
like the example shown in Fig. 5 that contain very long interbeat
periods, probably due to interrupted measurements. If these very
large (and spurious) BBI-values are not eliminated during a
preprocessing or filtering process they may considerably distort
parameters based on Fourier transforms or signal power. Notably,
the statistics of ordinal patterns is almost unaffected by a few
extreme amplitude values.

Fig. 3. p-values of the probabilities of permutations indices of subsequences
sampled with lags T vs. lag T. (a) length W¼3, (b) length W¼4, (c) length W¼5,
The mean value of logðpÞ-values is plotted as a thick (black) line with a clear
minimum between lag 3 and 4.

t

x1 x2 x3 x4

Fig. 4. Sketch of an ECG-signal (sequence of R-peaks) corresponding to an ordinal
pattern perm(3,4,3). The time intervals xk between every third beat (T¼3) are
ordered as x1ox3ox2ox4.

2 Bonferroni corrections were not explicitly applied but since most p-values
listed here and in the following tables are very small, the results would remain
significant even when including a correction factor of a few 100.
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p-‐values	  of	  ordinal	  paKern	  distribu/ons	  	  vs.	  sampling	  lag	  L	  

Dependence	  of	  Ordinal	  Pa8ern	  Distribu@ons	  on	  Sampling	  Lag

length	  W =	  4 length	  W =	  5

colored	  curves:	  	  different	  ordinal	  paKerns
	  	  	  	  	  	  black	  curve:	  	  mean	  value	  of log(p)-‐values	  

11

lag	  L=3	  ➙	  paKern	  of	  length	  W	  =	  4	  spans	  12	  heart	  beats	  	  which	  
corresponds	  to	  a	  period	  of	  roughly	  ten	  seconds	  or	  0.1Hz	  (LF	  range).
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p(⊕|+) =
N(⊕,+)

N(⊕,+) +N(",+)

p("|−) =
N(",−)

N(⊕,−) +N(",−)

p(+|⊕) =
N(⊕,+)

N(⊕,+) +N(⊕,−)

p(−|") =
N(",−)

N(",+) +N(",−)

1− )

U

sensi/vity:	  

specificity:	  

posi/ve	  predic/ve	  value:	  

nega/ve	  predic/ve	  value:

p < 0.05

n

n− 1

⊕,# +,− N

N(•, •) =
(
N(⊕,+) N(#,+)
N(⊕,−) N(#,−)

)
=

( )

p(•, •)

	  ⊕,	  ⊖	  	  	  classifica/on	  result
+,	  −	  	  	  true	  value

N	  the	  number	  of	  observa/ons

Evalua@on	  of	  the	  classifier’s	  performance
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Receiver	  opera/ng	  characteris/c	  curves

Evalua@on	  of	  the	  classifier’s	  performance

sensi/vity	  vs.	  specificity	  
as	  a	  func/on	  of	  a	  bias	  
parameter

• diagonal	  represents	  a	  random	  guess	  
• the	  larger	  the	  area	  under	  the	  ROC-‐curve,	  the	  beKer	  the	  classifier
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±
p

0.19± 0.11 187± 698 2.9 · 10−2 67 80 53 53 80 73 63
0.084± 0.059 15.1± 56.2 2.2 · 10−1 60 73 47 47 73 64 58
0.026± 0.022 2.22± 7.95 2.7 · 10−1 70 100 40 40 100 100 63
0.34± 0.20 247± 922 2.9 · 10−1 63 73 53 53 73 67 61
5.46± 2.61 1.30± 1.62 3.5 · 10−6 87 87 87 87 87 87 87

0.747± 0.077 0.386± 0.163 2.5 · 10−6 93 93 93 93 93 93 93
802± 62 703± 155 1.5 · 10−2 77 93 60 60 93 90 70
50± 15 210± 496 2.7 · 10−1 67 87 47 47 87 78 62

0.063± 0.016 0.137± 0.232 4.1 · 10−1 63 73 53 53 73 67 61
26.7± 6.6 183± 571 5.8 · 10−4 80 87 73 73 87 85 76
30± 12 253± 598 1.4 · 10−1 53 67 40 40 67 55 53

1.86± 0.31 1.21± 0.45 1.7 · 10−4 80 80 80 80 80 80 80
1.69± 0.31 1.06± 0.40 1.1 · 10−4 80 80 80 80 80 80 80
2.06± 0.31 1.44± 0.49 1.7 · 10−4 83 87 80 80 87 86 81

29.2± 8.0 34.4± 8.9 1.3 · 10−1 50 53 47 47 53 50 50
2.64± 0.26 2.34± 0.36 3.2 · 10−3 77 73 80 80 73 75 79

0.399± 0.135 0.633± 0.223 4.3 · 10−3 80 87 73 73 87 85 76
0.327± 0.069 0.182± 0.146 1.4 · 10−3 73 73 73 73 73 73 73
1.80± 0.23 1.17± 0.51 2.6 · 10−4 80 87 73 73 87 85 76

1.6 · 10−3 ± 2.2 · 10−3 0.033± 0.033 1.3 · 10−6 87 93 80 80 93 92 82
0.286± 0.194 0.648± 0.221 3.9 · 10−4 77 80 73 73 80 79 75
0.029± 0.032 0.050± 0.115 1.1 · 10−1 50 60 40 40 60 50 50
3.42± 0.23 3.23± 0.29 2.9 · 10−2 73 87 60 60 87 82 68

13.8± 0.7 15.4± 0.7 1.2 · 10−5 87 80 93 93 80 82 92
11.4± 1.2 15.8± 3.3 8.8 · 10−6 87 93 80 80 93 92 82
18.6± 2.1 13.5± 3.0 2.0 · 10−5 87 80 93 93 80 82 92
12.3± 1.4 14.7± 1.1 4.4 · 10−5 80 73 87 87 73 76 85
2.86± 0.64 4.48± 0.46 1.3 · 10−8 100 100 100 100 100 100 100
2.75± 0.38 4.47± 0.79 5.8 · 10−7 97 100 93 93 100 100 94
2.89± 0.63 4.65± 0.65 3.9 · 10−7 90 93 87 87 93 93 88
5.55± 0.46 3.89± 0.89 2.5 · 10−6 97 100 93 93 100 100 94
1.34± 0.11 0.82± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.15± 0.09 0.83± 0.13 9.0 · 10−8 97 100 93 93 100 100 94

0.164± 0.056 0.411± 0.200 3.5 · 10−6 87 87 87 87 87 87 87
0.855± 0.095 0.561± 0.091 1.5 · 10−7 93 93 93 93 93 93 93

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

0.19± 0.11 187± 698 2.9 · 10−2 67 80 53 53 80 73 63
0.084± 0.059 15.1± 56.2 2.2 · 10−1 60 73 47 47 73 64 58
0.026± 0.022 2.22± 7.95 2.7 · 10−1 70 100 40 40 100 100 63
0.34± 0.20 247± 922 2.9 · 10−1 63 73 53 53 73 67 61
5.46± 2.61 1.30± 1.62 3.5 · 10−6 87 87 87 87 87 87 87

0.747± 0.077 0.386± 0.163 2.5 · 10−6 93 93 93 93 93 93 93
802± 62 703± 155 1.5 · 10−2 77 93 60 60 93 90 70
50± 15 210± 496 2.7 · 10−1 67 87 47 47 87 78 62

0.063± 0.016 0.137± 0.232 4.1 · 10−1 63 73 53 53 73 67 61
26.7± 6.6 183± 571 5.8 · 10−4 80 87 73 73 87 85 76
30± 12 253± 598 1.4 · 10−1 53 67 40 40 67 55 53

1.86± 0.31 1.21± 0.45 1.7 · 10−4 80 80 80 80 80 80 80
1.69± 0.31 1.06± 0.40 1.1 · 10−4 80 80 80 80 80 80 80
2.06± 0.31 1.44± 0.49 1.7 · 10−4 83 87 80 80 87 86 81

29.2± 8.0 34.4± 8.9 1.3 · 10−1 50 53 47 47 53 50 50
2.64± 0.26 2.34± 0.36 3.2 · 10−3 77 73 80 80 73 75 79

0.399± 0.135 0.633± 0.223 4.3 · 10−3 80 87 73 73 87 85 76
0.327± 0.069 0.182± 0.146 1.4 · 10−3 73 73 73 73 73 73 73
1.80± 0.23 1.17± 0.51 2.6 · 10−4 80 87 73 73 87 85 76

1.6 · 10−3 ± 2.2 · 10−3 0.033± 0.033 1.3 · 10−6 87 93 80 80 93 92 82
0.286± 0.194 0.648± 0.221 3.9 · 10−4 77 80 73 73 80 79 75
0.029± 0.032 0.050± 0.115 1.1 · 10−1 50 60 40 40 60 50 50
3.42± 0.23 3.23± 0.29 2.9 · 10−2 73 87 60 60 87 82 68

13.8± 0.7 15.4± 0.7 1.2 · 10−5 87 80 93 93 80 82 92
11.4± 1.2 15.8± 3.3 8.8 · 10−6 87 93 80 80 93 92 82
18.6± 2.1 13.5± 3.0 2.0 · 10−5 87 80 93 93 80 82 92
12.3± 1.4 14.7± 1.1 4.4 · 10−5 80 73 87 87 73 76 85
2.86± 0.64 4.48± 0.46 1.3 · 10−8 100 100 100 100 100 100 100
2.75± 0.38 4.47± 0.79 5.8 · 10−7 97 100 93 93 100 100 94
2.89± 0.63 4.65± 0.65 3.9 · 10−7 90 93 87 87 93 93 88
5.55± 0.46 3.89± 0.89 2.5 · 10−6 97 100 93 93 100 100 94
1.34± 0.11 0.82± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.15± 0.09 0.83± 0.13 9.0 · 10−8 97 100 93 93 100 100 94

0.164± 0.056 0.411± 0.200 3.5 · 10−6 87 87 87 87 87 87 87
0.855± 0.095 0.561± 0.091 1.5 · 10−7 93 93 93 93 93 93 93

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

0.19± 0.11 187± 698 2.9 · 10−2 67 80 53 53 80 73 63
0.084± 0.059 15.1± 56.2 2.2 · 10−1 60 73 47 47 73 64 58
0.026± 0.022 2.22± 7.95 2.7 · 10−1 70 100 40 40 100 100 63
0.34± 0.20 247± 922 2.9 · 10−1 63 73 53 53 73 67 61
5.46± 2.61 1.30± 1.62 3.5 · 10−6 87 87 87 87 87 87 87

0.747± 0.077 0.386± 0.163 2.5 · 10−6 93 93 93 93 93 93 93
802± 62 703± 155 1.5 · 10−2 77 93 60 60 93 90 70
50± 15 210± 496 2.7 · 10−1 67 87 47 47 87 78 62

0.063± 0.016 0.137± 0.232 4.1 · 10−1 63 73 53 53 73 67 61
26.7± 6.6 183± 571 5.8 · 10−4 80 87 73 73 87 85 76
30± 12 253± 598 1.4 · 10−1 53 67 40 40 67 55 53

1.86± 0.31 1.21± 0.45 1.7 · 10−4 80 80 80 80 80 80 80
1.69± 0.31 1.06± 0.40 1.1 · 10−4 80 80 80 80 80 80 80
2.06± 0.31 1.44± 0.49 1.7 · 10−4 83 87 80 80 87 86 81

29.2± 8.0 34.4± 8.9 1.3 · 10−1 50 53 47 47 53 50 50
2.64± 0.26 2.34± 0.36 3.2 · 10−3 77 73 80 80 73 75 79

0.399± 0.135 0.633± 0.223 4.3 · 10−3 80 87 73 73 87 85 76
0.327± 0.069 0.182± 0.146 1.4 · 10−3 73 73 73 73 73 73 73
1.80± 0.23 1.17± 0.51 2.6 · 10−4 80 87 73 73 87 85 76

1.6 · 10−3 ± 2.2 · 10−3 0.033± 0.033 1.3 · 10−6 87 93 80 80 93 92 82
0.286± 0.194 0.648± 0.221 3.9 · 10−4 77 80 73 73 80 79 75
0.029± 0.032 0.050± 0.115 1.1 · 10−1 50 60 40 40 60 50 50
3.42± 0.23 3.23± 0.29 2.9 · 10−2 73 87 60 60 87 82 68

13.8± 0.7 15.4± 0.7 1.2 · 10−5 87 80 93 93 80 82 92
11.4± 1.2 15.8± 3.3 8.8 · 10−6 87 93 80 80 93 92 82
18.6± 2.1 13.5± 3.0 2.0 · 10−5 87 80 93 93 80 82 92
12.3± 1.4 14.7± 1.1 4.4 · 10−5 80 73 87 87 73 76 85
2.86± 0.64 4.48± 0.46 1.3 · 10−8 100 100 100 100 100 100 100
2.75± 0.38 4.47± 0.79 5.8 · 10−7 97 100 93 93 100 100 94
2.89± 0.63 4.65± 0.65 3.9 · 10−7 90 93 87 87 93 93 88
5.55± 0.46 3.89± 0.89 2.5 · 10−6 97 100 93 93 100 100 94
1.34± 0.11 0.82± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.15± 0.09 0.83± 0.13 9.0 · 10−8 97 100 93 93 100 100 94

0.164± 0.056 0.411± 0.200 3.5 · 10−6 87 87 87 87 87 87 87
0.855± 0.095 0.561± 0.091 1.5 · 10−7 93 93 93 93 93 93 93

±
p

14

without	  pre-‐filtering

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

±
p

7.8± 4.9 2.5± 4.1 2.7 · 10−5 80 80 80 80 80 80 80
3.24± 2.34 0.55± 0.62 1.6 · 10−5 70 73 67 67 73 71 69
0.90± 0.84 0.41± 0.50 4.3 · 10−3 73 80 67 67 80 77 71
54± 31 54± 157 3.4 · 10−5 83 87 80 80 87 86 81

4.20± 1.62 1.42± 0.73 1.3 · 10−6 83 87 80 80 87 86 81
0.79± 0.07 0.55± 0.12 1.3 · 10−6 83 87 80 80 87 86 81
786± 60 668± 119 3.7 · 10−3 77 93 60 60 93 90 70
121± 31.1 62± 24 3.5 · 10−6 90 93 87 87 93 93 88

0.154± 0.036 0.093± 0.037 3.2 · 10−4 80 87 73 73 87 85 76
114± 30 70± 61 9.0 · 10−5 80 80 80 80 80 80 80
25.9± 9.9 20.1± 14.6 3.3 · 10−2 73 87 60 60 87 82 68
2.96± 0.25 2.12± 0.40 1.5 · 10−7 90 93 87 87 93 93 88
2.81± 0.27 1.97± 0.41 2.4 · 10−7 87 87 87 87 87 87 87
3.10± 0.24 2.33± 0.40 2.4 · 10−7 87 87 87 87 87 87 87

4.07± 4.27 0.87± 1.75 1.6 · 10−3 80 87 73 73 87 85 76
3.60± 0.15 3.83± 0.13 1.7 · 10−4 80 73 87 87 73 76 85

0.057± 0.055 0.169± 0.072 1.1 · 10−4 90 87 93 93 87 88 93
0.380± 0.105 0.203± 0.107 1.7 · 10−4 83 87 80 80 87 86 81
2.25± 0.20 1.84± 0.24 7.1 · 10−5 83 87 80 80 87 86 81

6.9 · 10−4 ± 1.0 · 10−3 0.036± 0.033 5.2 · 10−8 93 93 93 93 93 93 93
0.286± 0.194 0.683± 0.216 1.1 · 10−4 80 80 80 80 80 80 80
0.025± 0.029 0.013± 0.021 2.3 · 10−2 53 60 47 47 60 54 53
3.99± 0.06 4.07± 0.04 1.1 · 10−4 73 67 80 80 67 71 77

13.8± 0.7 15.3± 0.6 1.6 · 10−5 87 80 93 93 80 82 92
11.3± 1.1 14.6± 1.9 2.7 · 10−5 87 93 80 80 93 92 82
18.6± 2.1 13.6± 3.0 2.7 · 10−5 77 80 73 73 80 79 75
12.3± 1.4 14.8± 1.1 3.4 · 10−5 80 73 87 87 73 76 85
2.89± 0.64 4.49± 0.52 1.3 · 10−8 100 100 100 100 100 100 100
2.76± 0.40 4.53± 0.80 3.9 · 10−7 97 100 93 93 100 100 94
2.87± 0.64 4.50± 0.66 1.3 · 10−6 87 93 80 80 93 92 82
5.57± 0.49 4.07± 0.89 1.8 · 10−6 93 100 87 87 100 100 88
1.34± 0.11 0.83± 0.20 9.0 · 10−8 97 100 93 93 100 100 94
1.16± 0.08 0.83± 0.14 9.0 · 10−8 90 93 87 87 93 93 88
0.17± 0.06 0.47± 0.20 9.0 · 10−8 87 87 87 87 87 87 87
0.85± 0.10 0.56± 0.09 1.5 · 10−7 90 93 87 87 93 93 88

±
p

Robustness
with	  pre-‐filtering

features	  based	  on	  ordinal	  paKern	  are	  not	  sensi>ve	  to	  noise



U.	  Parlitz

Bivariate	  classifica@on	  using	  pairs	  of	  (successful)	  features

Distribu>on	  of	  CHF	  cases	  (red	  crosses)	  and	  healthy	  subjects	  (blue	  
filled	  circles)	  in	  two-‐dimensional	  feature	  space.	  The	  separa>ng	  
(solid)	  lines	  are	  computed	  using	  a	  linear	  support	  vector	  machine	  
maximizing	  the	  margins	  (indicated	  by	  dashed	  lines).	  

perm(3,4,3)

lag	  	  L	  =	  3

word	  length	  	  W	  =	  4

paKern	  no.	  	  I	  	  =	  3

perm(4,4,3)

Fig. 6. Distribution of CHF cases (red crosses) and healthy subjects (blue filled
circles) in two-dimensional feature spaces. The separating (solid) lines are
computed using a linear support vector machine maximizing the margins
(indicated by dashed lines). (a) perm(3,4,3) vs. perm(4,4,3), (b) perm(3,4,3) vs.
POLVAR5, and (c) perm(3,4,3) vs. renyi4. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Distribution of CHF cases (red crosses) and healthy subjects (blue filled
circles) in two-dimensional feature spaces. The separating (solid) lines are com-
puted using a linear support vector machine maximizing the margins (indicated by
dashed lines). (a) perm(4,5,109) vs. perm(8,5,22), (b) perm(1,5,75) vs. perm(8,5,22),
and (c) FWRENYI025 vs. LFn. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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A generalization of the Shannon entropy is the Renyi entropy
of order q

HqðWÞ ¼
1

1$q
log $

X4W

k ¼ 1

pqk

 !
ð5Þ

that leads to the symbolic features FWRENYI025 (q¼0.25) and
FWRENYI4 (q¼4). Again, higher values of these entropies indicate
higher complexity in the corresponding tachograms.

2.3. Ordinal pattern statistics

Ordinal patterns [13–23] describe the relations within short
segments of length W of a given time series. They are easy to
compute and robust against noise. For this reason ordinal patterns
have been used in a wide range of applications including the
detection of determinism in noisy time series [18,19], estimation
of transfer entropy in epilepsy [17], complexity analysis of time
series [20], or classification [23].

The construction principle for ordinal patterns of length W is
illustrated in Fig. 1. All possible ordinal pattern of subsequences of
lengths W¼3–5 are shown in Fig. 2. A unique index can be assigned
to each ordinal pattern by interpreting the subsequence as a
permutation that is characterized by a permutation index. This is
done by first reordering the samples xn,xnþ1,xnþ2, . . . xnþW$1 with
respect to their amplitude such that xpðnÞrxpðnþ1Þrxpðnþ2Þr . . .
rxpðnþW$1Þ and then computing the permutation index of p. For
example, a sequence ðxn,xnþ1,xnþ2,xnþ3Þ ¼ ð2:22,4:21,1:30,3:76Þ
leads to a permutation (3, 1, 4, 2) with a permutation index of
I¼11 (see Fig. 2b). If two samples have the same amplitude, they are
ordered with respect to time (i.e., xn¼xm yields (m,n) ifmon).1 Note
that some information about amplitudes and gradients or variability
is lost upon this discretization. For example, a sequence 1, 1.01, 0.99
corresponds to the same permutation index I¼4 as a sequence 1,
10 000, $20 000. Depending on the application any information
about (absolute) amplitudes or derivatives has to be taken into
account by other (additional) quantities or features.

Similar to the symbolic dynamics approach (Section 2.2) each
time series can be transformed into a sequence of permutation
indices that formally may also be considered as a sequence of
symbols from a finite alphabet of size W! The concept of ordinal
pattern can be extended [21,22] by considering not only con-
secutive samples but also subsequences with samples xn,xnþL,
xnþ2L, . . . ,xnþðW$1ÞL that are separated in time by a lag of L
sampling times TS which corresponds to a delay of T ¼ L & TS in
(absolute) time units. On this case xð_nþkLÞ is the RR interval at
the beat nþkL. The probabilities of occurrence of specific patterns
with permutation index I for a given delay T and length W are

used as features for characterizing the underlying time series and
will be denoted in the following by ‘‘perm(T, W, I)’’. The prob-
ability perm(T, W, I) will be given in percentage. Since the unit of
time of beat-to-beat time series is ‘‘heart beats’’ in this case T is an
integer number (¼ number of omitted beats þ 1) that equals L.
Furthermore, we compute the Shannon entropy based on all
probabilities for a given delay T and a given word length W (in
the following denoted as ‘‘perm entropy(T, W)’’).

x2

x1

x3

x4

2W = 1 3 4

Fig. 1. Illustration of the construction principle of ordinal patterns of length W.
For W¼2 there are only two possible directions from x1 to x2, up or down. The
third part of the pattern can be above x2, below x1 or between x1 and x2 as
illustrated here. For pattern length W¼4, there are four additional possible
locations of x4, leading finally to W! different ordinal patterns.

1
2

5

19

97
98

20

6

4
3

13
14

17

23

101

115

91

77

74
73

75
76

78

92

116

102

24

18

16
15

9
10

12

22

100
99

21

11

8
7

49
50

53

67

109
110

68

54

52
51

61
62

65

71

113

119

95

89

86
85

87
88

90

96

120

114

72

66

64
63

57
58

60

70

112
111

69

59

56
55

31
32

35

45 105
10646

36

34
33

39
40

42

48 108

118

94

84

82
81

79
80

83

93

117

10747

41

38
37

27
28

30

44 104
10343

29

26
25

1

2

5

19

20

6

4

3

13

14

17 23

2418

16

159

10

12

22

21

11

8

7

1

2

5

64

3

Fig. 2. Ordinal patterns of length (a) W¼3, (b) W¼4, (c) W¼5 and corresponding
permutation indices. For each pattern the values (or amplitudes) of the sequence
are plotted vs. time (horizontal axis).

1 If many pairs of equal samples occur in a time series, the ordering with
respect to time will introduce a bias in the probability distributions and some
random selection of (m,n) or (n,m) may be more appropriate.
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Please cite this article as: U. Parlitz, et al., Classifying cardiac biosignals using ordinal pattern statistics and symbolic dynamics,
Comput. Biol. Med. (2011), doi:10.1016/j.compbiomed.2011.03.017

15



U.	  Parlitz 16

Bivariate	  classifica@on	  using	  pairs	  of	  (successful)	  features

perm(4,5,109)	  vs.	  perm(8,5,22) perm(3,4,3)	  vs.	  PLVAR5
W	  =	  5 W	  =	  4
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• Cardiovascular	  Diseases	  (CVDs)	  are	  the	  leading	  causes	  of	  
death	  and	  disability	  in	  the	  world.

• An	  es/mated	  17.3	  million	  people	  died	  from	  CVDs	  in	  2008	  
(30%	  of	  all	  global	  deaths)

• By	  2030,	  almost	  23.6	  million	  people	  will	  die	  from	  CVDs	  

Controlling	  Cardiac	  Arrhythmias
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Ventricular	  Fibrilla.on	  (VF)	  	  

• Most	  common	  deadly	  
manifestaEon	  of	  cardiac	  
disease

• 100.000	  –	  200.000	  sudden	  
cardiac	  deaths	  (SCD)	  in	  
Germany	  per	  year

• Requires	  immediate	  
defibrillaEon	  using	  high-‐
energy	  shock-‐80 20mV

18

http://thevirtualheart.org/
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Atrial	  Fibrilla.on	  (AF)	  	  

• Most	  common	  form	  of	  
arrhythmia

• 1	  million	  pa/ents	  in	  
Germany

• Not	  immediately	  life-‐
threatening

• Chronic	  AF	  increases	  risk	  of	  
thrombo-‐embolism	  and	  
stroke

-‐80 20mV

19

http://thevirtualheart.org/
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Defibrilla.on
Principle:	  
Reset	  electrical	  ac>vity	  

Electric	  shocks,	  energy	  360J

• 1000	  V
• 30	  A
• 12	  ms

Severe	  side	  effects

• >ssue	  damage
• trauma>c	  pain

G.P.	  WalcoK	  et	  al	  Resuscita>on	  59	  59-‐70	  (2003)

20



Scien:fic	  Challenges

21

• How	  is	  cardiac	  fibrilla@on	  induced?	  
Understand	  gene>c/molecular	  and	  dynamic	  arrhythmia	  trigger	  
mechanisms.

• How	  to	  control	  cardiac	  fibrillation?
-‐	  Advance	  fundamental	  understanding	  of	  control	  of	  spa>ally	  
extended	  biological	  dynamical	  systems.
-‐	  Develop	  quan>ta>ve	  electro-‐mechanical	  model	  of	  	  the	  
(diseased)	  heart,	  including	  fluid	  dynamics,	  based	  on	  parameter	  
es>ma>on	  and	  model	  evalua>on.

Long-‐term	  perspective:	  Open	  the	  path	  for	  painless	  and	  non-‐
damaging	  defibrillation.
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WHY	  ARE	  ARRHYTHMIAS	  DIFFICULT	  
TO	  TERMINATE?

22
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Phase	  Singulari:es
Phase	  Dynamics	  of	  Electrical	  Excita>on	  in	  a	  Cardiac	  Monolayer

Plane	  Wave Instability Fibrilla>on

#	  clockwise
#	  counter	  

23
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Three	  dimensional	  spiral	  waves
2D

Spiral	  waves
3D

Scroll	  waves

Vortex	  filamentSpiral	  >p

24
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Ventricular	  Fibrillation	  (VF)

Membrane	  poten/al

Phase	  singulari/es

(Filaments)

3D	  Simula/on

25
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Phase	  Singulari:es

…	  are	  the	  organizing	  centers	  of	  fibrilla>on.

…	  obey	  conserva>on	  law	  for	  topological	  charge.

…	  indicate	  where	  the	  system	  is	  most	  suscep>ble	  	  
	  	  	  	  to	  pertuba>ons.

Fiber-‐RotaEon-‐Induced	  Vortex	  Turbulence
Fenton,	  Karma,	  PRL	  81,	  481	  (1998)

…	  interact	  with	  inhomogenous	  anatomical	  substrate.

26
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Contrac(ng	  
Heart

Rabbit	  Heart

Voltage Deforma/on

Ta
ch
yc
ar
di
a

Fi
br
ill
a/

on

	  	  	  	  

-‐80	  mV 20	  mV tensilecontrac>le
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Termina(ng	  Arrhythmias	  by	  Defibrilla(on

• by	  a	  large	  electric	  current,	  all	  cells	  in	  the	  heart	  are	  excited	  
pupng	  them	  into	  the	  refractory	  period	  (i.e.	  all	  ac/vity	  ceases)

• the	  result	  is	  a	  quiescent	  medium,	  which	  can	  now	  resume	  normal	  
ac/vity	  (triggered	  by	  the	  sine	  node	  	  ....	  hopefully)	  

• problem:	  huge	  amounts	  of	  energy	  are	  delivered	  to	  the	  cardiac	  
muscle	  that	  they	  can	  cause	  injuries	  that	  are	  very	  painful	  and	  
increase	  the	  risk	  of	  future	  fibrilla/on

• a	  more	  gentle	  way	  of	  termina/ng	  arrhythmia	  is	  needed

defibrillator

28
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Local	  Excita@on	  using	  Sequences	  of	  Pulses

conven>onal	  
defibrilla>on

simula>on:	  P.	  BiBhn

8	  pulses	  at	  
7	  loca>ons

8	  pulses	  at	  
1	  loca>on

fails!
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Another	  Problem:	  Pinned	  Spiral	  Waves	  

Spiral	  waves	  can	  pin	  to	  electrical	  obstacles,	  like	  blood	  vessels,	  
scars,	  faKy	  /ssue.

30
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Pinned	  Spiral	  Waves

Pinned	  spirals	  are	  more	  “resistant”	  to	  termina/on	  efforts	  using	  
sequences	  of	  low	  energy	  pulses.

fATP	  >	  fspiral fATP	  >	  fspiral

31
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Virtual	  Electrodes

Super-‐threshold	  depolariza/on	  	  
leads	  to	  wave	  emission	  if	  a	  short	  
rectangular	  electric	  field	  pulse	  is	  
applied.

E"

Blood	  vessels,	  scars,	  faKy	  /ssue
• are	  obstacles	  to	  electrical	  conduc/on
•may	  act	  as	  virtual	  electrodes	  
	  	  	  (Pumir&Krinsky,	  J.	  Theor.	  Biol.	  199,	  311	  (1999))

32
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Unpinning	  of	  spiral	  waves	  using	  virtual	  electrodes

Global	  electric	  field	  pulse	  
generates	  local	  excita/on	  
wave	  that	  detaches	  the	  
spiral	  away	  from	  the	  
obstacle.

simula>on:	  P.	  BiBhn

Once	  unpinned	  the	  spiral	  
wave	  can	  be	  pushed	  away	  
by	  subsequent	  pulses.

P.	  BiBhn	  et	  al.,	  New	  Journal	  of	  Physics	  10,	  103012	  (2008);  
Phil.	  Trans.	  R.	  Soc.	  A	  	  368,	  2221-‐2236	  (2010)

33



U.	  Parlitz

LEAP

 
Low-‐energy	  control	  of	  electrical	  turbulence	  in	  the	  heart

S.	  Luther	  et	  al.,	  Nature	  475,	  	  235	  (2011)

LEAP	  =	  low-‐energy	  an/fibrilla/on	  pacing	  

(P, 0.002). Furthermore, LEAP effectiveness was demonstrated for
ventricular fibrillation in vitro (n5 7 canine preparations, 12 defibril-
lation episodes and 28 LEAP episodes). In these experiments (Fig. 1d),
the average energy reduction of LEAP versus a single shock was 85%
(P, 1025). The spatio-temporal excitation dynamics of the right
atrium in vitro before, during and after control are shown in Fig. 1d
(see also Supplementary Movie 1). During fibrillation, waves of tur-
bulent electric activation propagate across the atria. At t5 0, a
sequence of five electric pulses is applied at the coil electrodes, followed
by a transient, spatio-temporal reorganization of the activation
waves. After each pulse, the area that is activated increases, indicating
progressive synchronization of the myocardium; fibrillation then

terminates and normal sinus rhythm (Supplementary Movie 2) can
resume.
To elucidate themechanismofdefibrillationbyLEAP,we studied the

response of quiescent atrial and ventricular tissue to a homogeneous,
pulsed electric field (Fig. 2a, b). In Fig. 2c, images taken at 1.5ms, 3ms
and 6ms after the pulse (0.22V cm21) show depolarization induced by
a single source. However, with increasing electric field strengths of
0.22V cm21, 0.39V cm21 and 0.50V cm21, the number of sources
increases to several dozen over the entire tissue. The locations of these
sources and the wave propagation patterns are summarized in the iso-
chronalmaps shown in Fig. 2d. The density of sources, shown in Fig. 2c
and d, increasedwith increasing field strength for both the ventricle and
the atrium, thereby decreasing the activation time (Fig. 2b).
The results can be explained in the context of virtual electrodes15–20. In

the bidomain representation, the voltage in cardiac tissue is the potential
drop between the intracellular and extracellular medium. Theory pre-
dicts16 that, in the presence of an electric field, discontinuities in tissue
conductivity, such as blood vessels, changes in fibre direction, fatty tissue
and intercellular clefts, induce a redistribution of intracellular and extra-
cellular currents that can locally hyperpolarize or depolarize the cells. At
the depolarization threshold, an excitation wave is emitted15–17,21.
The electric field that is necessary to produce an activation, as a

function of the size of the conduction discontinuity in quiescent tissue,
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Figure 1 | Low-energy termination of cardiac electrical turbulence in vivo
and in vitro. a, Schematic of the anatomy of the heart. LA, left atrium; LV, left
ventricle; RA, right atrium; RV, right ventricle. A pulsed electric field was
applied with standard cardioversion coiled wire electrodes (CE) inserted into
the left and right atria by catheters (see Supplementary Information).
b, Monophasic action potential (MAP) recording of termination of AF using
LEAP in vivo. a.u., arbitrary units.Dominant frequency fv5 6.86 0.1Hz,n5 5
pulses, pulse duration Dt5 8ms, pacing cycle length Tp5 99ms, pulse energy
W5 0.0746 0.012 J. c, Termination of AF in vitro, measured from the atrial
epicardium of the same heart as in b, by optical mapping (see e). The signal
from a 0.33 0.3mm2 region is shown (fv5 6.86 0.1Hz, n5 5, Dt5 8ms,
Tp5 90ms,W5 0.0666 0.017 J). d, Reduction in pulse energy using LEAP
versus standard defibrillation. In vivo AF (n5 7): LEAP (56 episodes, mean
energy W

_
5 0.146 0.08 J); defibrillation (22 episodes, W

_
5 0.896 0.56 J). In

vitro AF (n5 5): LEAP (46 episodes,W
_
5 0.106 0.07 J); defibrillation

(39 episodes,W
_
5 1.156 0.58 J). In vitro ventricular fibrillation (n5 7): LEAP

(28 episodes,W
_
5 0.176 0.16 J); defibrillation (12 episodes,W

_
5 1.346 0.89 J;

see Supplementary Information). Box plots show the median and the 25th and
75th percentiles. Whiskers indicate the statistically significant data range and
red crosses mark outliers. e, Optical mapping of the AF termination that is also
shown in c. During AF, complex spatio-temporal propagation of electrical
excitationwaves was observed (white line indicates boundary of atrium). LEAP
(n5 5, Dt5 90ms) progressively synchronized the tissue (see Supplementary
Movies 1 and 2). Data are given as mean6 s.d. unless stated otherwise.
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Figure 2 | Sites of activation in a cardiac preparation. a, Canine wedge
preparation (7.53 5.6 cm2) consisting of right atrium and right ventricle. At
t5 0 s, an electric field pulse of strength E5 0.34V cm21 was applied for 5ms.
The colour indicates the time of local activation observed with fluorescence
imaging on the endocardium; the greyscale trans-illumination image shows the
complex anatomy of the endocardium. The white square marks the area shown
inpanel c.b,Meanactivation times t(E) for atria (bluecircles,n5 3 preparations,
17 measurements of t(E)) and ventricles (red circles, n5 6 preparations, 24
measurements of t(E)) in response to an electric field pulse of strength E and
duration 5ms. Error bars indicate s.d. c, Activation of the atrium (in the region
indicated by thewhite square in panel a) after an electric field pulse at t5 0.With
increasing field strength, the number of activation sites increased and the time
interval for total activation decreased. The colour code for each row is shown in
d (see Supplementary Movie 3). For E, 0.2V cm21, no waves were observed.
d, Isochronal maps of the activation sequences shown in c.
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• pulsed	  electric	  field	  applied	  with	  standard	  electrodes	  (CE)	  
inserted	  into	  the	  let	  and	  right	  atria	  by	  catheters

• strengthening the electric field increases the density of wave 
sources (activated virtual electrodes)
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Termina@on	  of	  Atrial	  Fibrilla@on	  using	  LEAP
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Pulse	  Generator
Power	  Amplifier

-‐80	  20
mV

Membrane	  Poten>al

1	  cm	  

Low-‐Energy	  An--‐Fibrilla-on	  Pacing	  (LEAP)

N	  =	  5	  low	  energy	  pulses	  
E	  =	  1.4	  V/cm
dt	  =	  90	  ms

Energy	  reduc>on:	  82	  %

35

S.	  Luther	  et	  al.,	  Nature	  475,	  	  235	  (2011)
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LEAP:	  In	  vivo	  Proof-‐of-‐concept

LEAP

• First	  low-‐energy	  termination	  
of	  atrial	  fibrillation	  in	  vivo	  (canine)

• Catheter	  in	  left	  and	  right	  atria	  (LA,RA)

Luther	  et	  al.	  Nature	  475,	  235-‐239	  (2011)	   36
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LEAP

Luther	  et	  al.	  Nature	  475,	  235	  (2011)

LEAP	  vs.	  standard	  defibrillation

LEAP LEAP

Energy	  Reduction

• Pulse	  energy	  at	  or	  below	  pain	  threshold.
• Opens	  path	  to	  painless	  and	  non-‐damaging	  defibrillation.
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Multisite	  Activation
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Cardiac	  Vasculature
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Structure-‐Func:on-‐Rela:on

size distribution activation timesource density
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The	  effect	  of	  curved	  boundaries

P.	  Bittihn,	  M.	  Hörning,	  S.	  Luther,	  Phys.	  Rev.	  Lett.	  109,	  118106	  (2012).

Short	  rectangular	  electric	  field	  pulse E

excited

at	  rest

0.2	  V/cm

Simula>on	  with	  the	  phase-‐field	  method:	  Fenton	  et	  al.,	  Chaos	  15	  (2005)
-‐ Method	  modified	  to	  implement	  modified	  boundary	  condi>on
-‐ On	  a	  2d	  geometry	  from	  a	  µCT	  scan	  of	  a	  let	  ventricular	  rabbit	  wall
-‐ Model:	  Fenton	  &	  Karma	  (Chaos	  8,	  1998)

0.4	  V/cm 1	  V/cm
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The	  effect	  of	  curved	  boundaries	  

Pumir	  &	  KrinskyBi[hn	  et	  al.
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P.	  BiBhn,	  Horning,	  S.	  Luther,	  Phys.	  Rev.	  LeK.	  109,	  118106	  (2012).



Terminating	  pinned	  spiral	  wave	  in	  a	  
cardiac	  monolayer	  using	  field	  stimulation

Intensity	  [a.u.]
Aim:	  Study	  vortex-‐structure	  interac>on	  
	  	  	  	  	  	  	  	  	  and	  control	  in	  2D	  experiment.

2	  mm

• Dye:	  Ca	  green
• ResoluEon:	  40	  fps,	  100	  x	  100	  pixels	  
• Ventricular	  myocytes	  (embryonic	  chick,	  8d)	  
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Rotating wave
(1.6 Hz)

Pulsed field 
(1.4 Hz, 8 V)

Termination

Courtesy	  of	  T.K.	  Shajahan
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Using	  Ordinal	  PaKerns	  Sta>s>cs

for	  classifying	  beat-‐to-‐beat	  >me	  series
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LEAP	  -‐	  Low-‐Energy	  An>-‐Fibrilla>on	  Pacing

• recruit	  virtual	  electrodes	  
• unpin	  spiral	  waves
• terminate	  arrhythmias


