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Adelphi, MD (US) A method for improving the signal to noise ratio of an EEG
e . signal in which a wavelet packet decomposition having a
(72)  Inventors: David Siegel, Cincinnati, OH (US); plurality of levels is first applied to a time slice of the EEG
Canh Ly, Laurel, MD (}JS)’ Troy Lau, signal. A default signal is set to the first wavelet packet and a
Am,l Arbor, MI (US); William D. default peak response is then calculated for the first wavelet
Hairston, (US) node. An update signal is set to the default signal combined
with another of the wavelet nodes and an update peak
(21)  Appl. No.: 14/257,110 response signal is then calculated of the update signal. If the
update peak response signal exceeds the default peak
(22) Filed: Apr. 21, 2014 response, the default peak response is set equal to the update
peak response and the default signal is set equal to the update
Publication Classification signal. Otherwise, the value of the current node is set to zero
which effectively eliminates the signal data of the current
(51) Imt.ClL wavelet node. These steps are reiterated for all of the wavelet
A61B 5/00 (2006.01) nodes and, thereafter, a composite waveform of the EEG
A61B 5/0476 (2006.01) signal is reconstructed from the non-zero wavelet nodes.
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METHOD FOR IMPROVING THE SIGNAL TO
NOISE RATIO OF A WAVE FORM

GOVERNMENT INTEREST

[0001] The embodiments described herein may be manu-
factured, used, and licensed by or for the United States Gov-
ernment without the payment of royalties thereon.

BACKGROUND
[0002] 1. Technical Field
[0003] The present invention relates generally to a method

for improving the signal to noise ratio of a waveform and,
more particularly, to a method for improving the signal to
noise ratio of an EEG signal.

[0004] 2. Description of Related Art

[0005] In many situations, it is desirable to monitor elec-
troencephalography (EEG) signals. For example, hospitals
and other medical facilities often utilize EEG monitors to
monitor the EEG signals. Additionally, in military applica-
tions it is oftentimes desirable to monitor the EEG signals of
warriors in a combat arena.

[0006] It is well known that under certain circumstances,
the human brain responds to certain stimuli in a manner that
yields a large-amplitude response with a latency of approxi-
mately 300 milliseconds. This signal, known as the P300
response for EEG signal analysis, is considered to be one of
the most important EEG signals when assessing the reaction
of the brain to a stimulus. Furthermore, even though the P300
response begins around 300 milliseconds following the
stimulus for most individuals, the P300 response actually
extends between 300 and 600 milliseconds after the stimulus,
and is highly variable across individuals and circumstances.
[0007] Onedifficulty in monitoring EEG signals such as the
P300 response, however, is that such signals are relatively
noisy and, thus, difficult to properly analyze. Indeed, in some
situations the signal noise may obscure the P300 EEG wave-
forms to such a degree that it is difficult to identify or accu-
rately analyze the P300 signal.

[0008] There have been previously known attempts to
apply noise filtering to the EEG signal in an attempt to
improve the signal to noise ratio of the EEG signal and, in
particular, the P300 response. These previously known
attempts to improve the signal to noise ratio, however, have
always focused on applying a static noise filter to sequential
time segments of the EEG signal over the entire duration of
the signal e.g. 300-600 milliseconds. A disadvantage of this
approach, however, is that the noise present on the P300
response signal varies over time even as short as 300 milli-
seconds-600 milliseconds. Thus, while the noise filter of
these previously known methods may improve the signal to
noise ratio of the EEG signal over a portion of the 300-600
millisecond time period, they provide minimal, if any,
improvement of the signal to noise ratio over other portions of
the 300-600 millisecond P300 signal.

SUMMARY

[0009] The present invention provides a processor imple-
mented method for improving the signal to noise ratio of
single trial EEG signals which overcomes the disadvantages
of the previously known methods and processes. Further-
more, the method of the present invention automatically
adapts for different sequential time segments or time slices
over the entire duration of the EEG signal.
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[0010] In brief in the method of the present invention, a
single trial of EEG response, such as the P300 signal begin-
ning at 300 milliseconds following a stimulus, is first
acquired. A wavelet packet decomposition of N levels is then
applied to the acquired EEG signal to form N wavelets of
adjacent frequency pass bands, e.g. 0-2 hertz, 2-4 hertz, . . .
12-14 hertz. Each wavelet has a high pass and low pass
coefficient or node corresponding to signal magnitude and
direction. In the preferred embodiment of the invention, N is
equal to 7, which refers to the level 7 of decomposition of the
wavelet packet, although fewer or more wavelet packets may
be utilized without deviation from the spirit or scope of the
invention.

[0011] A default signal is then set to the first wavelet node
or coefficient. A calculated default peak response of the first
wavelet node is then also calculated.

[0012] An update signal is then set to the default signal
combined with a signal from another of the wavelet nodes and
an update peak response signal is then calculated from the
update signal. If the update peak response signal exceeds the
default peak response, indicative of an improvement of the
signal to noise ratio, the default peak response is then set to
the update peak response and the default signal is set equal to
the update signal. Otherwise, indicative that no improvement
in the signal to noise ratio was obtained, the coefficient of
another wavelet node is set to zero effectively deleting that
wavelet node and its signal information from the wavelet
packet.

[0013] The above steps are then reiterated for all of the
wavelet nodes. Following the processing of all of the wavelet
nodes, at least one node or coefficient and up to a maximum
of N wavelet nodes, are set to a non-zero value. A waveform
of the de-noised EEG signal is then formed by reconstructing
the EEG signal from all of the non-zero wavelet nodes.
[0014] Inorder to analyze the entire EEG signal, the above
process is repeated for a plurality of sequential time segments
or time slices. However, unlike the previously known meth-
ods to improve the signal to noise ratio of EEG signals, the
wavelet coefficients for each time slice are recalculated and
applied to the decomposed signal so that the method of the
present invention adapts to the requirements for noise reduc-
tion of the EEG signal for each time slice over the entire
period of analysis. As such, the method of the present inven-
tion is able to significantly improve the signal to noise ratio of
the EEG signal despite variations of the signal and noise over
the analysis period.

BRIEF DESCRIPTION OF THE DRAWING

[0015] A better understanding of the present invention will
be had upon reference to the following detailed description
when read in conjunction with the drawing which is a flow-
chart illustrating the method of the present invention.

DETAILED DESCRIPTION

[0016] A flowchart or algorithm 10 illustrating a preferred
embodiment of the method of the present invention is shown
in the drawing. The flowchart 10, which will be described in
greater detail, is performed by a programmed processor or
programmed computer. Any conventional processor may be
employed.

[0017] The method of the present invention begins at step
12 in which the time segment or time slice is set to an initial
value of one. Step 12 then proceeds to step 14 where the



US 2015/0297141 Al

number of time segments is calculated or set by the program.
The number of time slices calculated or set at step 14 will vary
depending upon the overall duration of the EEG signal to be
processed by the method of the present invention. For
example, a relatively large number of time slices will be set
for an EEG signal of relatively long duration and vice versa.
Step 14 then proceeds to step 16.

[0018] Contemporaneous with the calculation of the num-
ber of time slices, an EEG signal corresponding to the first
time slice as set in step 12 is first processed by applving a
wavelet packet decomposition at step 18. Preferably, the
wavelet packet decomposition performed at step 18 com-
prises a seven level decomposition. However, the wavelet
packet decomposition may have fewer or more levels than
seven without deviation from the spirit or scope of the inven-
tion.

[0019] In the well known fashion, the wavelet decomposi-
tion performed at step 18 effectively forms a series ofadjacent
bandwidth filters which separates the acquired EEG wave-
form in the first time slice into nodes or coefficients of adja-
cent frequency pass bands. For example, in a seven level or
seven node wavelet packet decomposition, the first wavelet
node will contain the EEG signal between 0 and 2 hertz, the
second wavelet node will contain the EEG signal between 2
and 4 hertz, and so on with the seventh node of the decom-
posed wavelet packet containing the EEG signal correspond-
ing to 12-14 hertz. The node or coefficient corresponds to the
magnitude of the EEG signal within its pass band as well as a
vector or direction of the EEG signal. Step 18 then proceeds
to step 16.

[0020] At step 16, a default signal is then first set equal to
the first wavelet node in the current time slice. Step 16 then
proceeds to step 20.

[0021] At step 20, a default peak response is calculated for
the default signal set at step 16. Although the default signal
peak response may be set to equal the peak response in the
default wavelet, preferably the default peak response is cal-
culated from a ratio of the peak response to the root mean
square of the default signal. Step 20 then proceeds to step 22.
Furthermore, contemporaneously with steps 16 and 20, step
17 retains all of the other or nonprocessed wavelet nodes.
[0022] Atstep 22, the wavelet node number is incremented,
i.e. set to the value of 2. Furthermore, all of the other wavelet
nodes, namely packet nodes 2-7, are retained from the wave-
let packet decomposition at step 18 by step 17. Consequently,
when the wavelet node is set to 2 by step 22, all remaining
wavelet nodes are accessible to the method. Step 22 then
proceeds to step 24.

[0023] At step 24, the method or program first tests to
determine if the node number is greater than seven, i.e.
whether or not the entire wavelet has been processed, by
comparing the wavelet node number j to the level of the
wavelet packet decomposition which was set to 7 by step 18
in the instant example. Since two is less than the total number
of wavelet nodes, step 24 proceeds to step 26.

[0024] At step 26, an update signal is created and set equal
to the default signal obtained at step 16 combined with the
current wavelet node which is initially set by step 22 as the
second node. Consequently, on the first iteration through step
26, the update signal is equal to the combination of the first
two wavelet nodes, namely nodes 1 and 2. Step 26 then
proceeds to step 28.

[0025] At step 28, a peak update is calculated from the
update signal determined at step 28. Although the peak update
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may be an absolute value of the peak response of the update
signal, preferably, the peak update is calculated from the ratio
of the peak response to the root-mean-square (RMS) value of
the combined update signal. Step 28 then proceeds to step 30.
[0026] At step 30, the peak update calculated at step 28 is
compared with the initial default peak response calculated at
step 20. If the peak update calculated by step 28 exceeds the
default peak response from step 20, step 30 proceeds to step
32. Otherwise, step 30 proceeds to step 34.

[0027] Even though step 26 combines the default signal
with the current wavelet node, the current wavelet node may
have a negative value. As such, the update signal calculated at
step 26 as well as the peak update calculated at step 28 may be
either greater or less than the original update signal.

[0028] Assuming that the peak update calculated at step 28
exceeds the initial or default peak response, step 30 proceeds
to step 32 where the peak default response is set equal to, i.e.
replaced by, the peak update calculated at step 28. Step 32
then proceeds to step 36 where the default signal is set to the
update signal determined at step 26. Step 36 then proceeds to
step 38 where the wavelet node number j is incremented.
[0029] Conversely, in the event that the peak update calcu-
lated at step 28 is less than the default peak response calcu-
lated at step 20, step 30 instead proceeds to step 34 where the
current wavelet node, i.e. node 2 for the first iteration, is set to
zero. Setting the current node or coefficient to zero effectively
eliminates the signal data for the frequency pass band for the
current wavelet node. Step 34 then proceeds to step 38.
[0030] Step 38 then proceeds back to step 24 with the node
number incremented by step 38 where the above process is
reiterated for each of the wavelet nodes until the wavelet node
number j is greater than 7, i.e. the decomposition level set at
step 18. When this occurs, step 24 branches to step 40 instead
of step 26.

[0031] Consequently, it can be seen that by retaining the
signal data for only the wavelet nodes that improve the overall
EEG signal by increasing the peak default response of the
overall EEG signal, and effectively eliminating the signal
data for all other wavelet nodes, the resulting wavelet contains
at least one, but no more than seven nodes having a non-zero
value. Furthermore, the nodes containing a non-zero coeffi-
cient each represent a known frequency pass band for the
EEG signal.

[0032] At step 40, the number of time slices is incremented
and step 40 then proceeds to step 42. At step 42, the number
of time slices following the increment by step 40 is compared
with the number of time slices calculated or set at step 14. If
more time slices must be processed, step 42 branches back to
step 16, a new wavelet packet decomposition is performed on
the acquired EEG signal in the next time slice, and the previ-
ously described process is reiterated for the next time slice.
[0033] Conversely, if all of the time slices determined by
step 14 have been processed, step 42 instead branches to step
44 where the EEG signal is reconstructed using the non-zero
wavelet nodes for each of the time slices. Step 44 then pro-
ceeds to step 46 where the now reconstructed and de-noised
EEG signal is set to the reconstructed signal performed at step
44. Step 46 then proceeds to step 48 and returns the de-noised
signal.

[0034] As can be seen from the foregoing, the nodes of the
wavelet decomposition for a particular time slice effectively
act as band pass filters for adjacent frequency ranges and, by
setting the coefficient or node equal to zero for the wavelet
nodes which do not improve the overall signal, i.e. de-noise
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the signal, the ultimately reconstructed signal improves the
signal to noise ratio of the EEG signal.

[0035] Furthermore, the coefficients or nodes of the wave-
let are set individually for each time slice in an automated and
adaptive fashion. Thus, the non-zero nodes or coefficients for
each wavelet will vary between different time slices for the
processed EEG signal thus producing a de-noised signal over
a time period determined by the number of time slices and in
which the signal processing adapts automatically to each
different time slice.

[0036] Preferably, wavelet transforms are used to filter the
acquired EEG signal, or other signal, into adjacent pass band
frequency segments. However, other conventional methods
may be used to so filter the acquired signal without deviation
from the spirit or scope of the invention.

[0037] From the foregoing, it can be seen that the present
invention provides an effective method for processing signals
and, in particular, for processing EEG signals. Having
described my invention, however, many modifications thereto
will become apparent to those skilled in the art to which it
pertains without deviation from the spirit of the invention as
defined by the scope of the appended claims.

What is claimed is:

1. A method for improving the signal to noise ratio of a

waveform comprising the steps of:

a) acquiring the waveform,

b) applying a wavelet packet decomposition of N levels to
said waveform to form N adjacent wavelet packets, each
packet having a coefficient,

c) setting a default signal equal to a first wavelet node,

d) calculating a default peak response of said first wavelet
node,

e) setting an update signal to default signal combined with
a signal from another of said wavelet nodes,

f) calculating an update peak response signal of said update
signal,

) if the update peak response signal exceeds said default
peak response, setting said default peak response equal
to said update peak response and said default signal
equal to said update signal and otherwise setting said
another wavelet node to zero,

h) reiterating steps e) through g) for all of said N wavelet
nodes, and

1) thereafter, reconstructing a composite waveform from
said wavelet nodes.

2. The method as defined in claim 1 and comprising the step

of reiterating said method over a plurality of sequential time
periods.
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3. The method as defined in claim 1 wherein said default
setting step comprises the step of calculating the ratio of the
peak value of said default signal and the root mean square of
the default signal.

4. The method as defined in claim 1 wherein the waveform
comprises an electroencephalography signal.

5. The method as defined in claim 1 wherein the waveform
comprises a single trial electroencephalography signal.

6. The method as defined in claim 1 wherein N equals
seven.

7. The method as defined in claim 1 wherein the waveform
comprises a P300 response.

8. A method for improving the signal to noise of a wave-
form comprising the steps of:

a) acquiring the waveform,

b) dividing said waveform into a plurality of adjacent fre-

quency band segments at a selected time,

¢) setting a default signal,

d) calculating a default peak response of said default sig-
nal,

e) creating an update signal equal to said default signal
combined with the waveform for one of said band seg-
ments,

f) calculating a peak update response of said update signal,

) if the peak update response exceeds said default peak
response, setting said default signal to said update signal
and said default peak response to said peak update
response and otherwise disregarding said update signal
for said band segment,

h) reiterating steps ¢) through g) for all of said band seg-
ments.

9. The method as defined in claim 8 and comprising the step
of reiterating said method over a plurality of sequential time
periods.

10. The method as defined in claim 8 wherein said default
setting step comprises the step of calculating the ratio of the
peak value of said default signal and the root mean square of
the default signal.

11. The method as defined in claim 8 wherein the wave-
form comprises an electroencephalography signal.

12. The method as defined in claim 9 wherein the wave-
form comprises a single trial electroencephalography signal.

13. The method as defined in claim 1 wherein the wave-
form comprises a P300 response.
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