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METHOD AND APPARATUS FOR DETERMINING WATERMARK SYMBOLS IN A
RECEIVED AUDIO SIGNAL THAT CAN CONTAIN ECHOES, REVERBERATION
AND/OR NOISE

Technical Field

The invention relates to a method and to an apparatus for
determining watermark symbols in a received audio signal

that can contain echoes, reverberation and/or noise.

Background

Audio watermarking is the process of embedding in an in-
audible way additional information into an audio signal. The
embedding is performed by changing the audio signal, for ex-
ample by adding pseudo-random noise or echoes. To make the
embedding in-audible, the strength of the embedding is con-
trolled by a psycho-acoustic analysis of the audio signal.
WO 2011/141292 Al describes watermark detection in the pres-
ence of echoes, reverberation and/or noise in an audio sig-
nal, e.g. loudspeaker sound received by a microphone. These
echoes are resulting in multiple peaks within a correlation
result value sequence of length N with a watermark symbol
(i.e. a reference signal), and are used for improving the
watermark detection reliability. Basic steps of that statis-
tical detector are:
- Find peak values v=(vpvb."ﬂ%p) in the correlation result
sequence for each candidate watermark symbol, where

v 2 ".Zi%p and n, is the number of correlation result peak

values taken into consideration:

- Recursively calculate the false positive probability P(k),

k=1,...,n,, of the candidate watermark symbol being embed-
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ded;
- Select the candidate watermark symbol resulting in the

lowest P (k) value.
P(kx) 1s the probability of falsely accepting the candidate

watermark symbol. It describes the probability of k or more
correlation result values from a non-watermarked signal sec-
tion being greater than or equal to the actual k peak values
under consideration.

That statistical detector solves the following problems:

a) How to recursively evaluate the probability P(g), where

the number k of considered peak values can be increased
gradually.
b) How to minimise the computational complexity by re-using
already performed calculations.
That statistical detector uses several correlation result
peaks in order to improve the detection performance. Espe-
cially this improvement is advantageous if the watermarked
tracks are transmitted over an acoustic path resulting in
multipath detection due to echoes. The n, peaks v = .. Zi&p

used for calculating P(g) are taken from the whole correla-

tion result value sequence of length N.

Summary of Invention

However, this kind of processing does not reflect the physi-
cal reality in an optimum way because the additional peak
values in the correlation result value seguence are stemming
from reverberations and are therefore grouped closely around
the main peak. I.e., they will be time delayed in relation
to the direct path between the loudspeaker and the micro-
phone of the detection device, but only within a limited

time period. In case the watermark detection device receives
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sound over an acoustic path with a distance of dg (measured
in samples s) from the source, the propagation distance is
dy =dscT meters, where ¢T is the distance the sound is
propagating within one sampling interval, T=1/f is the sam-
pling rate and ¢ is the speed of sound.

For example, if d% = 4m for the direct path and di, =2d% = 8m
for an indirect path, the distance in samples between the

main peak of the direct path and that neighbour peak due to
, dé
the reflection is Adg =dl—d? = m/cT'z 560 samples with

sarnpleS/
s

¢~ 343M/¢ and f =~ 48000 In a typical setting the

correlation length is N=16k samples (with 1k=1024). There-
fore the peaks are to be searched in a window of e.g. size
Lx1k samples (i.e. L<<N) around the main peak value or peak
values, and the corresponding false positive probabilities
are to be calculated. Since the main correlation result peak
value is located somewhere in the current set of N correla-
tion result values, the false positive probability is calcu-
lated for all possible N-L+1 shifts of the window of size L

within a buffer of size N.

A problem to be solved by the invention is to take the phys-
ics of multipath reception better into account than in known
statistical watermark detectors, and thus to improve false
positive probability calculation and watermark detection
performance. This problem is solved by the method disclosed
in claim 1. An apparatus that utilises this method is dis-

closed in claim 2.

As mentioned above, following transmission of a watermarked
audio signal over an acoustic path causing echoes, reverber-
ation and/or noise, watermark detection correlation result

peak values generally are concentrated around main correla-
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tion result peaks within a limited temporal range, with its
maximum size denoted as L, which is much smaller than the
total correlation length N. The related task for watermark
detection can be formulated as follows:

Given n, peak values v=(vpvb.uﬁ%p) in an average or expected
probability distribution for correlation result values for
unmarked audio signal content, how to calculate the probabil-

ity PFP(np,L,v) that within a sliding window of length L

there are n, or more peak values from a current length N
correlation result value set greater than or equal to these
peaks v ?

Measurements have shown that such average or expected proba-
bility distribution for correlation result values for un-
marked content corresponds to, or is similar to, a Gaussian
distribution.

Remark: when performing a correlation by shifting sample-by-
sample a reference pattern over a current input audio signal
section, the N-values result of this correlation can have
positive peak values as well as negative peak values, which

together are denoted 'peak amount values'.

To simplify the following description, some notations are

introduced:

- q:é(q,q+p-~,q+bﬂ) denotes L correlation result values
within the j-th sliding window of length L starting at po-
sition j within N.

- ¢; 2V indicates that in vector ¢; there are n, or more cur-
rent correlation result values greater than or egqual to
the n, peak values v in the average or expected probabil-
ity distribution for correlation result values for un-

marked content.
- qikl7neans that less than n, current correlation result

values in vector ¢; are greater than or equal to the n,



10

15

20

25

30

WO 2014/161785 PCT/EP2014/056304

peak values v in the average or expected probability dis-
tribution for correlation result values for unmarked con-
tent.

Remark: Cj 2V is complementary to Cj > v in that Pr{cj v}

+Pr{c; 2v}=1, where Pr means probability.

Let a sliding window of length L shift through N correlation
result values. As mentioned above, the required FP (false
positive) probability is the probability that for one or
more times the sliding window contains n, or more correla-
tion result amount values greater than or equal to the n,
peak values in the average or expected probability distribu-
tion for correlation result values for non-watermarked audio
signal content. The complementary case for that FP probabil-
ity is that there is no sliding window containing n, or more
correlation result amount values greater than or equal to n,
peak values in the average or expected probability distribu-
tion for correlation result values for non-watermarked audio
signal content, namely ¢; 2v,Vj . Consequently, Pr{c¢; £v,Vj}
is the complementary probability for the false positive
probability Pr{3j€ (1,..,N—L+1), ¢; 2V} (one or more windows
indexed by 7).
The final FP probability calculation can be expressed as
(see the detailed description further below) :

1-Pr{c; 2v,Vj} = 1-Pr{c; 2 v|c; 2 v}"™' Pric, 2 v}

Pr{c,>v,ci v N-L
=1—(1—ﬁ) Pri{c, £ v}
For L=N (in that case ¢; =¢=(€,€y, ..,Cy)), 1in view of the
above Remark in the 'c¢; 2v' definition, this general formula
reduces to the case of the recursive calculation in the WO

2011/141292 statistical detector: Pr{c, =2v} = 1-Pr{c; v}

The calculation of Pr{ec; 2v} is described for the statisti-
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cal detector in WO 2011/141292: based on peak values in the
correlation result values for a current signal section, it
is detected which one of the candidate symbols is present in
the current signal section by using related values of false
positive probability of detection of the kind of watermark
symbol, wherein the false positive probability is calculated
in a recursive manner and the total false positive probabil-
ity for a given number of correlation result peak values is
evaluated by using initially the false positive probabili-
ties for a smaller number of correlation result peak values,
and by increasing gradually the number of considered corre-
lation result peak values according to the required detec-
tion reliability.

Therefore the calculation of the false positive probability
in the following description is mapped to the problem of
calculating Pr{c, 2v,¢; 2v}: for a given number n, of peak
values this probability can be recursively calculated from
the probabilities for n,-1 peak values starting with peaks 1
= 1,2 (cf. section Description of embodiments).

While the invention improves the detection performance of
the WO 2011/141292 statistical watermark detection pro-
cessing by significantly reducing false positive detection
decisions, it retains all advantages of the WO 2011/141292

watermark detection.

Advantageously, the invention can be used in a 2nd screen
scenario where a user watches TV and gets via the water-
marked TV sound watermark information e.g. for a tablet com-
puter that uses the watermark information for downloading
and presenting basically in synchronism additional infor-

mation related to the current TV program.

In principle, the inventive method is suited for determining

watermark symbols in a received audio signal that can con-
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tain echoes, reverberation and/or noise, said method includ-
ing the steps:

- correlating a current section of the received audio sig-
nal with at least two different candidate reference pattern
signals related to corresponding different candidate water-
mark symbols is, so as to produce in each case N current cor-
relation result values ¢, for each candidate watermark sym-
bol is;

- for each candidate watermark symbol is, determining M peak
values within said correlation result values ¢i;

- derived from said M correlation result peak values for
each candidate watermark symbol is, either determining for
said current section of said received audio signal a water-
mark symbol out of said candidate watermark symbols is, or
determining that no watermark symbol has been detected,
wherein said watermark symbol determination includes the
further steps:

- for each one of said M peak values denoted global peak
values and for each candidate watermark symbol is, determin-
ing from the current correlation result values ¢ a corre-
sponding vector vﬁ of n, peak values within each one of M
windows of length L, each length-IL window including one of
said M global peak values and the summed-up length of all
length-L windows being smaller than N, wherein k = 1,...,M;
- for each one of said M windows of length L, calculating
from the current correlation result values ¢ a false posi-
tive probability FP(vﬁ) value which corresponds to the prob-
ability that for one or more times such length-IL window con-
tains n, or more correlation result values greater than or
equal to n, peak values in an average or expected probabil-
ity distribution for correlation result values for a non-
watermarked audio signal;

- gelecting for the current section of said received audio
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signal that candidate watermark symbol is as a detected wa-

termark symbol which has the minimum false positive proba-

bility value nﬁnk(nunk(FP(vﬁ))).

In principle the inventive apparatus is suited for determin-
ing watermark symbols in a received audio signal that can
contain echoes, reverberation and/or noise, said apparatus
including:

- means being adapted for correlating a current section of
the received audio signal with at least two different candi-
date reference pattern signals related to corresponding dif-
ferent candidate watermark symbols is, so as to produce in
each case N current correlation result values ¢;; for each
candidate watermark symbol is;

- means being adapted for determining, for each candidate
watermark symbol is, M peak values within said correlation
result values ¢, and for determining, derived from said M
correlation result peak values for each candidate watermark
symbol is, for said current section of said received audio
signal a watermark symbol out of said candidate watermark
symbols is, or for determining that no watermark symbol has
been detected,

wherein, for each one of said M peak values denoted global
peak values and for each candidate watermark symbol is, there
is determined from the current correlation result values ¢
a corresponding vector vﬁ of n, peak values within each one
of M windows of length L, each length-IL window including one
of said M global peak values and the summed-up length of all
length-L windows being smaller than N, wherein kK =1,...,M,
and wherein, for each one of said M windows of length I,

from the current correlation result values ¢ a false posi-

tive probability FP(vﬁ) value is calculated which corre-

sponds to the probability that for one or more times such
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length-L window contains n, or more correlation result val-
ues greater than or equal to n, peak values in an average or
expected probability distribution for correlation result
values for a non-watermarked audio signal,

and wherein for the current section of said received audio
signal that candidate watermark symbol is is selected as a

detected watermark symbol which has the minimum false posi-

tive probability value nﬁnk(nunk(FP(vﬁ))).

Advantageous additional embodiments of the invention are

disclosed in the respective dependent claims.

Brief Description of Drawings

Exemplary embodiments of the invention are described with

reference to the accompanying drawings, which show in:

Fig. 1 Disjoint possibilities of three or more correlation
values being greater than or equal to three correla-
tion result peak values vz, vy, Vy;

Fig. 2 Disjoint possibilities of C% having two values =2v,
with corresponding representative vectors
[0,1,1],[0,0,2], [m = 2,0],[m = 1,1,0],[m = 1,0,1] and
zero compensated representative vectors

[[0,1,1]], [[0,1,1]], [[1,m = 1,0]],[[m = 1,0],[[m > 1,0,1]];

Fig. 3 General value distribution for 'm=' cases;

Fig. 4 Block diagram for the inventive processing;

Fig. 5 Flow diagram for the inventive processing;

Fig. 6 Example correlation result with three length-L win-

dows depicted.
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Description of embodiments

A. Definition of false positive (FP) probability

It is well-known in watermark detection based on cross-

correlation to use a single correlation result peak value

for determining the embedded watermark information. In this
invention, however, optimum watermark detection employing
multiple correlation result peak amount values is described.

For evaluating FP probability it is assumed that:

- correlation values between any unmarked signal section
content and a reference pattern or watermark symbol are
independent identically distributed random variables;

- for a specific correlation result peak value v, it is
known how to calculate the corresponding probability dis-
tribution tail probability p 2 Pr{c = v}, where ¢ denotes a
correlation value subject to a specific distribution like
Gaussian.

For a single peak value v in a current correlation result of

length N, the FP probability is the probability that in the

average or expected probability distribution for correlation
result values for unmarked content there are one or more
values out of N correlation values not less than that peak

value v. Similarly, for n, peak values v121@;zu-21%p, the

false positive probability is defined as the probability
that in the average or expected probability distribution for
correlation result values for unmarked content there are n,
or more correlation result values greater than or egqual to
these peaks V1, V2 Upy, where corresponding tail probabili-
ties are defined as p;2Pr{c=zv;},1 <i<mn,.

Given a specific correlation result vector sample & £ [¢f, -, ¢.]

following sorting (xZi

denotes a vector collecting sequence
values x indexed from n; to n,), i.e. ¢ =¢, =+ 2¢,, 1t can

be determined whether it has n, or more values greater than
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or equal to vfp
nGT = 0;
for i = 1:np
if ci >= vi
nGT = nGT + 1;
end
end
If nGT=np, cf has n, or more values greater than or equal to

'p

v,

which is denoted as ﬁj21ﬁp in the sequel. Cases for

ﬁjZlﬁp are divided into disjoint events. The final FP proba-
bility is the sum of probabilities for individually occur-

ring events.

A.1 Correlation value distribution, comparison to multiple
peaks

For the purpose of comparing correlation result values to
multiple peak values, the complete range of correlation re-

sult amount wvalues is divided into np4-1 intervals:

[=00, V), [Vn, V1)) [Vn =1, Vnpy—2)s -+, [V1, +00)
Correlation value distribution is then performed by counting
how many correlation result amount values are located within
individual intervals, which can be described by a repre-
sentative vector. Because sometimes a number of values in
some intervals are irrelevant for FP probability evaluation,
representative vectors may have different lengths. There-
fore, in this description, the most right element of a rep-
resentative vector always corresponds to the interval
[v1,+0), while it's most left element is referred to as its
first element.
Fig. 1 illustrates correlation value distributions for dif-
ferent cases where n, =3 or more correlation result values
are greater than or equal to three peak values v3 <V, <.

Case Py can be described by a representative vector [m = 3],
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indicating that there are 3 or more correlation result val-
ues in the interval [v;,) and that the other L—m correla-
tion result values are less than peak value v;. On one hand,
regardless of how many values there are in intervals [vs3, ;)
or [v,,vy), these cases are all included in the condition that
there are L—m correlation result values less than v;. On

the other hand, for comparison with three peaks, it is con-

venient to check how many correlation result values are lo-
cated within the specific intervals [vs, v,), [V, V1), [V, ). For a
representative vector [m = 3] the worst case is that there is
neither a correlation result value within interval [v;,V,) nor
within interval [v,,v;), corresponding to a representative
vector [0,0,m = 3].

For such case, due to v, 2v,,V =2 7v3, there is still at least
one value 2v,, one value =2v,, and one value =27v;. This can
be interpreted as two zeros associated with the intervals
[v3,v,) and [v,,v,) are compensated by m=3 in the interval
[v1,00). For simplicity, a 'zero compensated representative
vector' denoted [[...]] can be defined in this case as
[[1,1,m = 1]], derived from the original representative vector
[m=>3]. If not otherwise stated, a zero compensated repre-
sentative vector having a length n, is used for the interval
[V, +00).

E.g. in case Py, there are two correlation result values 1in
the interval [v;,®), zero correlation result values in the
interval [v,v,), m=1 correlation result values in the in-
terval [v3v,), and L—2—m correlation result values are less
than v;.

Given a representative vector a = [a, :*,a,a;], 1ts correspond-
ing zero compensated counterpart is derived as follows:

- Expand vector a to length n, by adding n, —n zeros: a’::[Onp_n,a];

- Find elements greater than 'l' in a' as {a;0,1<t<T};
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- For t=1,2,...,T , perform zero compensation: If there are
zeros on the left hand side of aiwo, at most Qﬂn—'l Zeros
can be compensated from right to the left. During =zero
compensation, zero elements and corresponding ajn are suc-
cessively updated. Each time a '0' is compensated, its
value in a' is changed to 'l', and %o in a is reduced by
one.

The resulting vector a4’ 1s the zero compensated representa-

tive vector for a. Note that zero compensated representative

vectors for any interval [vg,+o) with k>n can be similarly

obtained by just replacing n, with k.

For example, representative vectors and their zero compen-

sated representative vectors for the cases listed in Fig. 1

are (m=3],[m=10.2],[m=12],[m=21],[m=111] and

[[1,L1,m=1]],[[m=1L11]],[[Lm = 11]],[[1L,m = 11],[[m = 1,1,1]] ,

respectively. Obviously, the mapping from a representative

vector to a corresponding zero compensated representative
vector is unique, while this is possibly not true for the
reverse mapping.

Advantageously, with the introduction of such zero compen-

sated representative vectors it becomes much easier to com-

pare correlation result values including multiple peaks.

Specifically, if there is no zero element in the zero com-

pensated representative vector, it can be assumed that a

correlation vector collecting N correlation values, denoted

as ¢ = (¢, 7,¢y), is greater than or equal to n, peaks,
which is concisely denoted as c?;zvf”. Moreover, 1f there are

k zeros in the zero compensated representative vector, it

can be stated that ¢} has exactly n, —k values Zlﬁp.

According to the value distribution shown in Fig. 1, the

probabilities for individual events are calculated as
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B i (L) ra-p)tm
IZ (L - 2) (p3 — Do)™ (1 — pg)t=2—m

2
1
m=1
L-2 L—_2
2 (0 ) me—poma—p
m=1
L-1
1

= ;)

=(0)
P, = (i)P 4 (L;l )(Pz —p)" (A —p)

P ::(i)P1(L11)(P2 —p1) %iii(ﬁ;z)(pg —p)" (1 —px)t ",
and the final FP probability is Pgpp =P +P,+P;+P,+ P5. The

3

factor (p; —pi—1) 1s the probability of obtaining a correla-
tion result peak with a value in the range [v;,v;_1], whereas
(1-p;) is the probability of getting a peak in the range

(=0, 1]

B. FP probability for correlation result peak values within
a limited range

As mentioned above, for signal transmission over an acoustic
path correlation result peak amount values generally are
concentrated within a limited temporal range of maximum size
L, which is much smaller than the correlation length N.
Thus, for n, peak amount values within a current window of
length L out of N correlation result values, the probability
is to be computed that in the average or expected probabil-
ity distribution for correlation result values for unmarked

content there are n, or more correlation result amount val-

ues greater than or equal to the n, peak amount values in

this current length L window.

B.1 Inventive FP probability calculation processing
The definitions for ¢; = (cj,cj+1,---,cj+L_1), ¢;2v and ¢; £V were

given above.
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The complementary case for the sliding window containing for
one or more times m, or more values greater than or equal to
n, expected peaks is that there is no sliding window that
contains n, or more values greater than or equal to n, ex-
pected peaks, namely, ¢; £2v,Vj. Consequently, the complemen-
tary probability for the FP probability is
Pr{c; 2v,Vj} =Pric, Bv,c; 2V, Cyopig BV} . (1)
Using the chain rule, the joint probability Pric, 2v,c; &
V,,Cy_1+1 2V} can be calculated by means of conditional
probabilities: Pr{c; 2v,---,cy_ 41 &V}
=Pr{cy_p41 2V|CyL 2V, ,¢0 2V} Pricy_, 2V, Oy 2D, 0 2V}
=Pricy_1+1 ZV|Cy_L B2V, ¢0 2V} Pricy_, EV|ey_ 1 2V, 2V} ...
Pr{c, 2 v|c; v} -Pr{ic, 2V} . (2)
For a correlation vector ¢; only the last predecessor ¢j_; 1is
relevant in the conditional probability Pr{c; Zv|c;_s 2v,,c &
v}, since it contains all but one new element of Loft
Pr{c; £ v|c;_, 2v,---,¢; v} =Pr{c; 2 v|c;_, £V} .
Therefore, the joint probability Pr{c; 2v,c, 2 v, ,cy_141 £V}
can be written as
Pric, 2 v,,cy_+1 £V} = ([N Pric; £ v|c;, 2 v}) - Pric, £ v} .
In addition, a subset of L correlation samples already rep-
resents a representative set of all the N samples because L
is large enough, leading to the identity
Pr{c; £ v|c;_; £ v} = Pr{c; £v|c, 2V} ,
which is employed in equation (2):
Pr{c, v, ,cy_1+1 £V} = (Pric, 2v|c, 2DV L -Pr{c, 2V} . (3)
Since it is known how to evaluate Pr{c; v}, the FP probabil-
ity calculation reduces to evaluation of the conditional

probability Pr{c, £ v|c; & v}.

B.2 Conditional probability evaluation

The conditional probability Pr{c, £ v|c; 2 v} can be reformulat-
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ed using the definition of the conditional probability. Giv-

en two events A and B with P(B) >0, the conditional proba-

P(ANB)

bility of A given B is defined as P(4|B) 2 P B) (4)
Therefore Pr{c, £v|c; 2V} can be written as:
Pr{cyzv.c1£v}
Pr{c, £ v|c, £ v} = 1— Pr{c, 2v|c1;‘zv}=1—m (5)
Consequently, the FP probability can be evaluated as
1-Pr{c; 2v,Vj} =1-"Pr{c;, 2v|c; 2 v}"L - Pr{c; 2 v}
1 _ Priczvci 203 N-L .
=1 (1 ) ) Pr{c, £ v} . (6)

This general formula reduces for L=N to the case of recur-
sive calculation in the WO 2011/141292 statistical watermark
detection processing (in that case €; £ [¢g,,Cy]) ¢

Pr{c, 2v} =1-Pr{c, 2v} .
For calculating equation (6) in case L#N, a split-up is car-

ried out as explained in the following section.

B.3 Joint probability evaluation based on correlation value

distributions
The joint probability Pr{c, = v,c; 2 v} can be represented as
Pr{c, > v,¢; £ v} = Pr{c} has exactly (n, — 1) values > v,
adding c,,, to ¢} makes ¢, > v,
adding ¢; to ¢5 makes ¢; £ v} . (7)

Cases where ¢ has exactly (n,—1) values 2v are divided into

two disjoint groups again:

« ¢5 has exactly (n,—1) values 21%?_1 in the interval
[vmf4,+aﬂ and has no value in the interval [mw,vqu). For
this case, the corresponding zero compensated representa-
tive vector for the interval h%rqj+aﬂ will have no zero
element and simultaneously only 'l' elements. Otherwise,

the zero in the interval [mw,vqu) will be compensated,

which contradicts the constraint that ¢ has exactly
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(n, —1) values =wv.

« ¢5 has exactly (n,—2) values 21%?_1 in the interval
ﬁ@w_pﬁ%m), and exactly (n, —1) values =v in the interval
[mw,+aﬂ, which corresponds to cases with 'm=b' in some

interval for value distribution. This is apparent from the

following example.

In the case of n, =3, ¢ has exactly n,—2=1 value Ziﬁ?_l
in the interval [vy, +o). This means that all zero compen-
sated representative vectors for the interval [v,, +o) have
one zero element. More specifically, [[0,1]] and [[m = 1,0]] are
corresponding zero compensated representative vectors for
n, =3.

« For [[0,1]], in order that ¢4 has exactly'(np——l)::z values
> v in the interval [v; +®), there must be one or more val-
ues in the interval [v; v,). Consequently, the zero compen-
sated representative vector for the interval [v; +o) be-
comes [[m =1,0,1]], meaning that there are m=1 values in
the interval [v; v,).

« For [[m=1,0]], it can be further distinguished into [[1,0]] or
[[m=20]]. For [[1,0]], the zero compensated representative
vector must be [[m>1,1,0]], so that ¢} has exactly 0%-—1)::2
values =2v in the interval [vs +o). For [[m = 2,0]], the cor-

responding representative vector is [m=>2,0], while no fur-

ther requirements on the number of values in the interval
[v3,v,) are necessary to meet the condition that ¢ has ex-

actly'(np——l)::z values = v.

Fig. 2 lists cases where ¢5 has exactly two values >v. P;
and P, correspond to cases where ¢ has no value in the in-

terval [v;,v,]. Cases P;, P,, and P; have 'm>b' in one inter-
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val. For the five cases of Fig. 2 all zero compensated rep-

resentative vectors have a single zero element only. There-
fore it is straightforward to choose the value range for c¢p4q
and ¢; such that adding ¢ 44 to cé makes ¢, =2 v, and adding ¢
5 to ¢5 makes ¢; 2 V.
For example, P, corresponds to a zero compensated representa-
tive vector [[0,1,1]]. If ¢ <wv3, adding ¢; to ¢5 will result in
¢t 2v3. On the other side, if ¢y 4 =v3, adding ¢4, to €5 will
result in 5™ >v3.
10 Accordingly, the individual probabilities are calculated as
Py ((Lf)m (LIZ)(PZ —p)(1 - P3)L_3) ps(1—ps3)
P, ((Lgl)Pf(l - P3)L_3) ps(1—ps3)
Ps( ]Fn_=12(L;11) (P2 —p)™A —p)* ™ )p (1 — 1)
P, ((Lzl)(Pz — P ]Fn_=21(L;12) (p3 —p2)™(1 — P3)L_2_m) p1(1—py)

15 P ((L 1)191 (L 2) (ps —p2)™(1 — P3)L_2_m) p2(1 —p2)

In general, calculating the sum terms for the P; P, P; proba-
bilities can be reformulated by employing the binomial theo-

rems:
20 oo, (72) Puer — )™ (L = D)™™
7 o("2) Pisr = PO™(A = Pis)™ ™™ — TpiZ0 (72) Pian — PO™(A — piv)2 ™™
= Pir1 — P + 1= P)™ = ZiZ0 (2) Disn —PO™(A — pi)™™

= (1 =p)™ = Enl0 (02) iss —pO™ (L = pis)™> ™,
which significantly reduces the computational complexity if
25 ng<K<n, —ng.
In addition, for 'm>=b' cases such as P3P, Ps shown in Fig.
2, a look-up table for sums can be constructed in order to

reduce the computation complexity.

30 Fig. 3 shows the general value distribution for 'm=>=b' cas-
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es. The number of values in the interval [y, ) is denoted by
s, and in the interval [vg4,,V;) there are m values. Accord-
ingly, 1€g<n,—1 and 0<s<n,—2, and b=n,—1—s. Given
the number of peaks mn,, a look-up table dependent on g and s

can be constructed as follows:
a —1- L—1- —1—5—
Polqlls] £ 522 -1-s(" T *) @qe1 = P)™ (L = Pge) 7175

_q_ Np—2—S/[—1— 1 e
=1 -p)" " =E 0, (0 ) g = P)™ (L = pgr) T
Having representative vectors for all disjoint cases where
has exactly (n,—1) values =v, it is straightforward to

evaluate the FP probability.

B.4 Recursive representative vector construction

The representative and zero compensated vectors are used for
computing the false positive probability FP(vﬁ). If these
vectors are known, equations for the probabilities P; to Py
can be formulated, see the examples in the description for
Fig. 2. Thus, the calculation of FP(vﬁ) is mapped to the
problem of constructing all vectors for a given number n, of
peaks.

In the following it is explained how to recursively obtain
these representative vectors. As discussed previously, all
cases in Fig. 2 can be represented by corresponding repre-
sentative vectors: [0,1,1],[0,0,2],[m = 2,0],[m = 1,1,0],[m = 1,0,1]. The
first two vectors can be determined recursively, see above.
Regarding recursively constructing the last three vectors,
two properties for last three vectors are:

- the "m>b' element is always the first element;

- the sum of all elements becomes m = 2.

In other words, given the remaining elements in a repre-
sentative vector excluding the 'm>b' element, the 'm>b'
element can be deduced: refer to Fig. 3 where, given s,

brzr%-—l-—s. Therefore, the representative vectors for the
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P;,P,,P; cases in Fig. 2 reduce to [0],[1,0],[0,1]. And the problem
is changed to how to find these simplified representative
vectors for n, peaks.

Motivated by Fig. 3, these representative vectors are divid-
ed into different sets according to s€{01,--,n, —2} values.
Given representative vectors for s, the corresponding repre-
sentative vectors for s+ 1 can be constructed by expanding

and adding unit vectors.

B.4.1 Initialisation:
For s =0, the set of representative vectors is {[0]}, for s=

1, the set of representative vectors is {[0,1],[1,0]}.

B.4.2 Update for 1<s<n,—3:

Dependent on the length 17 of individual representative vec-

tors in the set for s, the representative vectors of the

current recursion for s+ 1 are constructed differently:

e If the length [j<s+1, find the first non-zero element in
the representative vector. Let § be the position of the
first non-zero element. Add unit vectors eq, --,€; to the
representative vector to get new representative vectors.
An example unit vector is e; = (0,---,0,1,0,..,0), where the first
zero has position 'l', the second zero has position 'i—1",
the '1' has position 'i', the third zero has position 'i+1',
and the last zero has position '[j'.

« If the length l[j=s+1, expand a representative vector by
adding one zero at the beginning. Find the first non-zero
element in the expanded representative vector and add unit
vectors.

However, if the '0' element in the zero compensated repre-
sentative vector for a representative vector is on the
right hand side of the first non-zero element in the rep-

resentative vector, perform the finding and adding proce-
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dure for this representative vector without expanding.

B.4.3 Example 1

Update for s=1: two representative vectors [1,0] and [0,1] both
having the length [j=s+1=2. For vector [0,1], there is no
zero element after the first non-zero element. Therefore the
new representative vectors are obtained as [0,0,2],[0,1,1],[1,0,1].
On the other hand, for vector [1,0] there is one zero element
after its first non-zero element, and there is one zero left
after zero compensation. Therefore, the new representative
vectors are expanding and adding unit vectors: [0,2,0],[1,1,0],

as well as adding unit vectors without expanding: [Z,0].

B.4.4 Example 2
Update for s=2 with representative vector set
{[0,0,2],10,1,1],[1,0,1],[0,2,0], [1,1,0],[2,0]}. According to the above de-

scription, representative vectors for s=3 are obtained as

[0,02] - [0,0,0,3],[0,0,1,2],[0,1,0,2],[1,0,0,2]
[0,1,1] - [0,0,2,1],[0,1,1,1],[1,0,1,1]
[1,0,1]] - [0,2,0,1],[1,1,0,1],[2,0,1]
[02,0] - [0,0,3,0],[0,1,2,0],[1,0,2,0],[0,3,0],[1,2,0]
[1,1,0] - [0,2,1,0],[1,1,1,0][2,1,0]
[20] - [3,0]

For [0,1,0,2] with [[0,1,1,1]] as its zero compensated representa-
tive vector there is no zero on the right hand of its first
non-zero element after zero compensation, while for [1,0,0,2]
with [[1,0,1,1]] as its zero compensated representative vector
there is one zero left on the right hand side of its first
non-zero element even after zero compensation. Accordingly,
different updating procedures will be performed for [0,1,0,2]

and [1,0,0,2] to get representative vectors for s=4.

In the block diagram of the inventive watermark decoder in
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Fig. 4, a received audio signal is sampled in an acguisition
or receiving section step or stage 41, and thereafter passes
through a pre-processing step or stage 42 (which can carry
out e.g. a spectral whitening) to a correlation step or
stage 43, in which a current section of the received audio
signal is correlated with at least two different candidate
reference pattern signals is from a reference pattern signal
generation step or stage 46 and related to corresponding
different watermark symbols, so as to produce in each case N
current correlation result values ¢, for each candidate wa-
termark symbol is. There is a total number nSymbols of dif-
ferent candidate reference pattern signals is, for instance,
nSymbols = 2. A secret key is used to generate corresponding
pseudo-random phase signals in a random phase generation
step or stage 45, which pseudo-random phase signals control
the reference pattern signal generation in step/stage 46. In
a watermark symbol detection step or stage 44 following the
correlation in step/stage 43, windows of length L are
checked around the M main correlation result peaks of the
current N correlation result values ¢, and a processing as
described above and in connection with Fig. 5 is carried
out, in order to determine and output the corresponding de-

tected watermark symbol.

In the flow diagram of Fig. 5, for an input correlation
block ¢;; received with step 50 the parameter is is set to
'1'. For example, is=1 corresponds to candidate watermark
symbol '0' and is=2 corresponds to candidate watermark symbol
'1'. For each candidate watermark symbol is, a set ¢, of cor-
responding correlation result values is sorted in step 51
according to their magnitude, such that the M biggest amount

values Cﬁ (i.e. global peak amount values) are determined,

e.g. M=3 and k=1,2,3. In step 52, for each global peak
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amount value k=1,...,M and for the current candidate water-
mark symbol is, a corresponding vector vﬁ of n, peak amount
values within a *L/2 range (i.e. in a window of length L) of
original correlation result values around each global peak
(i.e. including each global peak) is determined. Controlled
by comparison step 53, parameter is runs in a corresponding
loop from 'l' to 'nSymbols'.

Because L is significantly smaller than N, the summed-up
length of all length-IL windows is smaller than length N. In
practise, L<<N such that L is at least one order of magni-
tude smaller than N, i.e. N/L >10. For example, N=16k and
L=1k.

Thereafter, an outer loop running from is=1 to nSymbols and
an inner loop running from k=1 to M are entered, controlled
by comparison steps 57 and 56, respectively. In the inner
loop, the false positive probability FP(vﬁ) is computed in
step 54 from the current correlation result values, followed

by a comparison step 55, an increment of k, a comparison

step 56, and in the outer loop an increment of is and a com-

k) value

parison step 57. The false positive probability FP (v
corresponds to the probability that for one or more times
such length-L window contains n, or more correlation result
amount values greater than or equal to n, peak values in an
average or expected probability distribution for correlation
result amount values for a non-watermarked audio signal.
Following comparison step 57 the candidate watermark symbol
is is determined in step 58 for which the final false posi-
tive probability fp is minis(mink(FP(vﬁ))). Step 59 checks
by comparing that fp value with a further threshold Tpzx
whether or not a watermark symbol has been detected. If
true, that detected watermark symbol is output. If not true,

no watermark symbol has been detected.

In comparison step 55, if FP(vﬁ) is smaller than a predeter-
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mined threshold Tp;p, 1t 1s assumed that the correct candi-

date watermark symbol is has been found, both loops are left
in order to save computation time, and that watermark symbol

is output.

Fig. 6 shows an example correlation result of length N and
three length-L windows with k =1,2,3 depicted. Each length-L
window is arranged around peaks in the N correlation result
values. The first possible length-IL window position within N
is j=1 and the last possible length-L window position is

j=N—-L+1.

The inventive processing can be carried out by a single pro-
cessor or electronic circuit, or by several processors or
electronic circuits operating in parallel and/or operating

on different parts of the inventive processing.
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Claims

Method for determining watermark symbols in a received
audio signal that can contain echoes, reverberation
and/or noise, said method including the steps:
correlating (43) a section of the received audio signal
with at least two different candidate reference pattern
signals (46) related to corresponding different candidate
watermark symbols iS, so as to produce in each case N cor-
relation result values ¢, for each candidate watermark
symbol is;

for each candidate watermark symbol is, determining (51) M
peak values within said correlation result values ¢,
wherein said watermark symbol determination (44; 58, 59)
is characterised by the steps:

for each one of said M peak values denoted global peak
values and for each candidate watermark symbol is, deter-

mining (52) from the correlation result values ¢ a cor-

responding vector vﬁ of n, peak values within each one of
M windows of length L, each length-IL window including one
of said M global peak values and the summed-up length of
all length-L windows being smaller than N, wherein k =
1,...,M;

for each one of said M windows of length L, calculating
)

(54) a false positive probability value FP(vj) based on

the vector vﬁ of peak values and an average or expected
probability distribution for correlation result values
for a non-watermarked audio signal, wherein the false
positive probability FP(vﬁ) is defined as the probability
that for one or more times such length-L window contains
n, or more correlation result absolute values greater
than or equal to the n, peak values in an average oOr ex-

pected probability distribution for correlation values
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for a non-watermarked audio signal content;
selecting (58) for the section of said received audio
signal that candidate watermark symbol is as a detected

watermark symbol which has the minimum false positive
probability value nﬁnw(ndnk(FP(vﬁ))) if said minimum false

positive probability value nﬁng(ndnk(FP(vﬁ))) is smaller
than a predetermined threshold (Tpax) .

wherein otherwise it is assumed that no watermark symbol

has been detected.

Method according to claim 1 wherein, if in said calcula-

tion (54) of said false positive probability FP(vﬁ) value
that value is smaller than a further predetermined

threshold (Tpip), 1t 1s assumed (55) that a correct can-

didate watermark symbol is has been found and the further
processing is omitted, and wherein said predetermined

threshold (Tpax) 1s greater than said further predeter-

mined threshold (Tpip) -

Method according to claim 1 or 2, wherein M=3.

Method according to one of claims 1 to 3, wherein there

are two different candidate watermark symbols.

Apparatus for determining watermark symbols in a received
audio signal that can contain echoes, reverberation
and/or noise, said apparatus including:

means (43) being adapted for correlating a section of the
received audio signal with at least two different candi-
date reference pattern signals (46) related to corre-
sponding different candidate watermark symbols is, so as

to produce in each case N correlation result values ¢y
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for each candidate watermark symbol is;

means (44, 51, 52, 54, 58, 59) being adapted for deter-
mining, for each candidate watermark symbol is, M peak
values within said correlation result values ¢i, and for
determining, derived from said M correlation result peak
values for each candidate watermark symbol is, for said
section of said received audio signal a watermark symbol
out of said candidate watermark symbols is,

wherein, for each one of said M peak values denoted glob-
al peak values and for each candidate watermark symbol is,
there is determined (52) from the correlation result val-
ues ¢ a corresponding vector vﬁ of n, peak values within
each one of M windows of length L, each length-IL window
including one of said M global peak values and the
summed-up length of all length-I windows being smaller
than N, wherein k = 1,...,M,

and wherein, for each one of said M windows of length I,

Ky is calculated

a false positive probability value FP (v
(54) based on the vector vﬁ of peak values and an average
or expected probability distribution for correlation re-

sult values for a non-watermarked audio signal, wherein
the false positive probability FP(vﬁ) is defined as the
probability that for one or more times such length-L win-
dow contains n, or more correlation result absolute val-
ues greater than or equal to the n, peak values in an av-
erage or expected probability distribution for correla-
tion values for a non-watermarked audio signal content,
and wherein for the section of said received audio signal

that candidate watermark symbol is is selected (58) as a

detected watermark symbol which has the minimum false
positive probability value nﬁng(ndnk(FP(vﬁ))) if said mini-

mum false positive probability value nﬁnk(nunk(FP(vﬁ))) is



10

15

WO 2014/161785 PCT/EP2014/056304

28

smaller than a predetermined threshold (Tpax) .

and wherein otherwise it 1s assumed that no watermark

symbol has been detected.

Apparatus according to claim 5 wherein, if in said calcu-
lation (54) of said false positive probability FP(vﬁ)
value that wvalue is smaller than a further predetermined

threshold (Tpip), 1t 1s assumed (55) that a correct can-

didate watermark symbol is has been found and the further
processing is omitted, and wherein said predetermined

threshold (Tpax) 1s greater than said further predeter-

mined threshold (Tpip) -

Apparatus according to claim 5 or 6, wherein M=3.

Apparatus according to one of claims 5 to 7, wherein

there are two different candidate watermark symbols.
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