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. National Institutes of Health (NIH) estimates that this costs society on the order of $500,000
dollars per child, in special education costs and lost productivity, with an overall economic
25 impact in billions of dollars.

If the hearing loss is detected early, hearing aids can be fitted to an infant as young as
four weeks, and a cochlear implant can be surgically mserted at one year of age. When the
child and the parents participate in an overall mterventlon program that includes hearing

- assistive devices, parent education, special speech training, and ongoing clinical supervision,

30 - these children can develop speech ability and listening comprehension fully by the time théy
are school-age. This has a profound impact on their quality of life, and a very large social and
economic impact on the society as a whole. As a result of the remarkable difference that carly

detection of hearing loss makes, 32 states in the U.S. mandate hearfng tests for all infants, and
other states have legislation pending orin process. '



det ection of ‘heari ng | oss mekes,

tests for all i

process.

listing of the abbreviations used thraughout this witten description.
- auditory brainstern response ADC -

nf ant s,

32 states in the U S. mandate heari

and other states have | egi sl 20iSsptgoerdi2A@6 or

anal og-to-digital converter

ng
in

YO Gage@nber 2006 WO 03/ 090610 PCT/ US03/ 09711  BcFaRbgoskbel ow i s

-ABR

AVWGN -

addi tive white GAadsi helowds lising pffthe althenviptigrsgised throughont (higeritien desprmighor m

presents tones in the ear, and measures a response to those tones coming from the cochlea.
‘An auditory brainstem response test presents acoustical clicks in the ear, and measures the
evoked elecirical potentials generated by the neurons triggered in response to the acoustical
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To accurately and objectively measure hearing loss at birth, a cochlear acoustic test
(otoacoustic emission-OAE) and an auditory brainstem response (ABR) test need to be
5 performed, at multiple frequencies and multiple stimulus levels. An otoacoustic emission test
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A substantial increase in speed of bio-signal estimation is required fo overcome this
25 problem and accurately detect the presence of hearing loss. Testing at only a few levels
causes high rates 6f false positive (Type I error) test results. Currently, that rate is on the
order of 3-15%, where only 0.3% of infants born actually have a hearing loss. At the cost of
close to $1,000 for a follow up diagnostic test, on the order of 100 to 600 million dollars will
be wasted annually on incorrect referrals when the program is fully implemented. Today over
30 | 50% of the infants born in the U.S. are screened at birth, currently wasting between 50 and
300 million dollars. There is also a large emotional cost to the parents of infants incorrectly
.identified with a hearing loss. These criticisms of neonatal hearing screening programs have
been the main hindrance to its full nationwide implementation. '
An additional reason why most of the children screened for hearing loss receive only
S35 " the OAE test and not the ABR test is that it is economically infeasible — the equipment to
- conduct the ABR test costs approximately $20,000, and it only provides hearing testing at
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- Acoustic noise (equipment cooling fans, beepers, other equipment, personnel)
- Electromagnetic and radio-frequency interference from other equipment and
broadcast media
‘Bio-signal Acquisition and Processing noise:
30 - - Transducer-to-body interface noise (movement noise, “electrode pops”)
- transducer internal noise (elecirodes, microphones, temperature sensors)
- various types of electronics noise (thermal, shot, burst, avalanche noise)
- - electromagnetic and RF interference from on-board digital circuitry
o =~ arithmetic noise in digital processing (quanﬁzaﬁoﬁ, finite register length effects)
35 o The cumulative effect of all the various noise sources often results in a combined
| noise magnitude significantly larger than the underlying signal. For present purposes, the

cumulative effect of all the noise sources may be considered to be a single equivalent noise
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- electronystamography (ENG): electrical signals produced by vestibulo-ocular

_ﬁmction

~ respiratory flow measurement: air flow signals produced by the Jungs

- blood oxygen level monitoring; optical signals produced by the transparency of the
25 blood stream
Tn the preferred embodimeht, signals generated by the brainstem in response to
auditory stimuli are analyzed utilizing a novel wavelef based noise suppression algorithm.
The auditory brainstem response was chosen because it is a good example of a weak bio- |
signal. It is a member of the EEG class of bio-signals, occurring several miiliseconds after
30 the onset of the stimulus. The key results derived by studying ABRs are directly applicable to
many weak, repetitive bio-signals.
| The field of ABR recording and processing is very extensive because ABRs have
found very wide applications in the clinical environment, ABRs are also known as brainstem
. auditory evoked potentials (BAEP or AEPs), brainstem auditory evoked responses (BAER),
35 brainstem evoked response (BSER), as well as early or fast evoked EEG responses. A very
| large body of literature exists in the form of textbooks, handbooks and journal papers, n
which many different uses, aspects and variations of ABRs are explored. In general, ABRs
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envi r onment the ABreicaadeadamsirfidvdinlosy §ANA the pwesican Fasechl gnago gk éﬁ’ff)‘&t entials
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ability detection oug no single I Cla ed standard exists
for ABR rechlf6hdeoustibal Skeisty opAmaries Bew, Yorle AlencY etk (1986). dlalldp bisde pl acenent ,
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signal processing methods commonly used in ABR processing. These two works, along with
_ ~ numerous others, are in line with the currently accepted clinical practices and are the basis of
25 the operation of commercially available ABR testing equipment. The data collection and
analysis methods presented herein will be based on the same parameters as in these two
works.
The first auditory related neural recdrdings were reported as early as 1929 by Berger,
“and 1930 by Weaver and Bray. The history of ABR recordings is very rich, beginning with a
30 thorough description and nomenclature by Jewett and Williston in their 1971 work., From
| there, a variety of directions were followed with various fypes of stimuli, electrode placement,
elecirode type, processing type, etc., but they eventually converged into a single, but not |
- entirely specific, clinical standard with some variations. ABR has been shown to be invariant
under many different patient conditions (wake state, environment, time of day, etc.), and to
35, have predictable morphology of responses across patients. It is an indicator of hearing ability,
‘which can be measured objectively without patient response. Its ainplitude is on the order of

. microvolts, and it is commonly contaminated by noise of the amplitude on the order of |
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nmul tiple levels 1n both ear s commnla/ t akes over aﬁ our 3“% ndard
clinical seliekmeptitiomieiaig apyerimaply 8o po ickyseceind oxfra Fﬁsh‘ﬁ‘fat'log SHERPFAEult in a

uni versal g &I@gtlgl%m%rl ng screening program because the infants are
commonly only In e hospital for a short ampunt of tinme. Durin that short
‘time they have Tb@SlE@alﬁe@pwnfymcqwedawn&%sﬁt@ﬁﬂ“@Pﬁ’@P elegRerY i BRE B ¢ hei r

vitals sig ni’ox‘@i{egd,%ﬂﬁlgﬂ%%étn&t01d process behind each ear. One of the mastoid electrodes is
used as a reference, while the potential between the forehead electrode and the other mastoid
- electrode is amplified differentially by a factor of approximately 15,000. Electrical power
_ sﬁpply lines operating at 50 or 60 Hz, depending on the country, produce a large electrical
interference signal in the ABR recording. To reduce the effects of this interference, the
30 common mode output of the differential amplifier is inverted and fed back into the reference
| electrode. This creates a common mode active ground circuit, routinely used in EEG, ECG
and ABR equipment. The amplified signal is converted to a digital signal using an analogjto-
digital converter (ADC). The ADC contains an anti-aliasing low pass (LP) filter with a cutoff
frequency at 3 k¥z. The digital signal is then filtered by a digita! linear phase BP filter with
35 user selectable filter settings. Most commonly used criteria are about 30-100 Hz for the low .
o frequency cutoff, and about 1,500-3,000Hz for the high frequency cutoff.
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usi ng an angalep-to- digital converter (ADC). The ADC contains an
anti-aliasing low pass (LP) filter with a cutoff frequency at 3 kHz. The
digital signal iBherwavpletiransiopace membsr of thy familyof Reuer prsfamBis Fnregesyofyi t h 35
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30-100 Hz for the uency cutoff, and about 1,,500-3,000Hz for the
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The start ofingalRafasQui sition is synchronized to the onset of the clicks by
the ABR testing controller, and continues for a period of approximtely 15
nms after each cl éhstraAmosaludgp@terﬁoamhmsf@m@ﬂérﬂﬁapmmn@}y yeferred toin the neasur ed
response ¢ ed

G anal 1A ELARRR g G RS Rbmpd Gl RIS SR T
est i4fat e obradueing\BRequesgsotnomin pr@kﬁnyab@mf thewigiab Jnicoatrash thedisgretefiragelet | s

linearly  gansform (DWT) uses a family of spec&f cally designed fanctions called wavelets (little
waves) as basis functions. A family of wavelets is created by dilating (or “stretching”) the

original wavelet function called the “mother wavelet”. A wavelet transform decomposes the
signal in bdﬂ1 time and frequency using different dilations of the mother wavelet. With the
30 - - application of the DWT, the one-dimensional finite signal x[n] is represented in two-
-dimensional “wavelet coordinates™. Individual levels of signal decomposition are created,
called scales. At each scale, a set of coefficients is created by compﬁting the inner product of
the original signal x[n] with a scaled version of the mother wavelet. The mother wavelet |
function is designated by ¥, and its dilations are designated by W(j). The position index of a
35 . wavelet at scale jiscalleda hﬂa:zslatiou; ‘The value of the wavelet is completely described by
~ the two dimensional sequence ¥(3,k), where j is the scale (or stretch level) index of the
wavelet, and k is the translation (or position) index. We then define the DWT as follows:
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el

the results are not in e“range, .7a ~pathology is declared to be
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di l ating- (Qﬁmz&ﬁﬂaﬁewmeng Whild 16 noi6d thatlidvalxedviiR kitsightinefoufiNardahdoRélerith e
A wavel et transform deconposes the nal i th tinme

"ot her wavel et Sl n bqﬁ
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represented in two- dimensi onal "wavel et coordi nates". |ndividual |evels of

si gnal deccﬂ‘?ﬁ?ﬁéﬁ“t“i"lﬁﬂe%‘faéw@rﬂé’é?@d’ecalé'élﬁ%d scal es. At each scale, a set of

coef ficients is gxpga aohfert FTR YA LR LR AR in Bétﬁ@ﬁH\@tan@frecglEﬁb? demh@s.nal
S|gnal x[n], with a scaled version of the nother wavel et e not her wavel et

function | SAtfEEGHeRL ROy ‘spread ougy epqqogc%cwaereénQnaméasa’é'sq GRSEBEP BYOVP(j ) .

‘The posi ti Gianky MdeeteiRbefficidns M8 YRR 1B rephalt®9is df%ee%hreamgy tagpsl ation. The
val ue of t% wavel et is conpletely described by t wo _di nensi opal
i

sequeh uqeyy sighabsracs is cemplpiely spamped (coverah) pi fvevﬁlqt ordfigientspd all sgtest e
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DWI as foIIows 29 Septenber 200 03/0 0610 P uS03/ 9711 9 x-i 71

-1, k) =Yx [orsisvilloqpyire vwaré“?vecopﬁice@fsfff zeprepgt 09% of sigyal energy. On the other hand,

a completely incoherent noise will require 99% of the coefficients that span the entire space to
represent 99% of its energy.
25 : The conventional wavelet de-noising process is a three-step process:
1. Wavelet transform the signal to obtain wavelet coefficients at different scales
2. Threshold the coefficients and set to zero any smaller than a threshold §
3. Perform the inverse wavelet transform to approximate the original signal
In the de-noising process, the noise components of the signal are attenuated by
* 30 selectively setting the wavelet coefficients to zero. De-noising is thus a non-linear operation,
because different coefficients are affécted differently by the threshold function. There are
many parameters to control in this algorithm: level of wavelet decomposition, threshold '
selection, vsing ef different thresholds at different wavelet decomposition levels, scaling of
“wavelet cbefﬁcients that are kept by a fixed amount, and so on. However, what is common to .
35 all these variations is that in the prior art the process is performed only once, on a single
7 | signal frame. '
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conpl et el y ®lamniseleqch Svae M)Vlwlmvéthen acoet Ihea'casm sWhen a:lnlvenmomléts and

Lrans| ati onisidk #elied IGHMY B 5¥bcsied B ISINIARGH. bikeil SRRLGR 2Ll Y

sel ected wavel e asis w req u e very eW co I Cl en o represent 99%
of signal elﬁéxk@iﬁﬁ to@qrqqﬁ“ectwlyahmhams almagt Abofhestaielet ¢qeﬁ'mlmatsembludmgﬂle wil

require 99% n tdr a pr esent

99% gf Its %lﬁiﬁe;%&ngbgfﬁlﬁg c%n@@ﬁ%&gé\agﬁ? ch}’fl@?tgp Eeﬁ%‘l’% ?“r?ét ogtrthoecs : gl Is a

t hr edist ep ey slost by settivpthe wavelat evefficienttd e. MMembmwﬁeta:amfmvmﬂet

coeff|C|ent(§ fscdbihHE BNl wicddi SSefidentd nbgohol d .t he coeff C|ents and set to
o hRIE Gk w0 BBt sy HRRACH Tort HE SRTLIEMIR oD (T

zero any snal er t

‘transformto app¥exseeond way h:elpplylcgnwatmrml @mainsmg intd first a:befage)ths indiyiquabcess,

t he noi se COBP are nuat 3Q sel ectj veI y setting
the wavel et Cogr?@&tﬁ%eqqeg iotcgeagé S48 gl%verage me i & &ﬁ%ée-gmﬁe tﬁat Sphgle
oper at i on, avgregedifsmed Thisepwnachcatseﬂéadmoarshsstanﬁ chéfﬁessetixepbrﬁbmim,amtnlw by the

thre oIdf | Al r araneters to n this
al go?‘?t hm Jé@@%ﬁgg?mbme/g\glfe e Sgseeggr%{p%%l%ﬁ@ﬁmpﬁ?v&%ﬁ(?% t@%’r &%‘ on, using of
di f f er ent - tchmestimlabd:-mising dobend workfoy dé-aéisite ABRHAK wdisn bameke, fo tineat i ng of

wavel et coel(,élﬁgq{l%nts that are kept by a fixed anount, and so on. However,

what is cormp 35 all these variations is that in the prior art the

process is perf Ghapesahinyention resaits @nesi dighrithm tHaginay bd coaneniendly Sept enber
2006 VO O%Hcgmen e% 15%%&&0&40%%3%11 Efxatl utilizes information from all of the individual N
25 frames of data and produces an estimator whose performance exceeds that of the linear
averaging procesé. The new algorithm recombines the original low SNR data frames in a
tree-like fashion, creating an array of new frames of size N*K, where K>>1. Two adjacent
frames of original data are linearly averaged and de-noised, thus creating a new frame that is
not a linear combination of the original two adjacent frames. A new leve! of frames is created
30 and each new frame at that level is averaged and de-noised with a small threshold value. This
. is illustrated in Figure 5.

The process of building an array of new frames is iterative. The new method first
applies de-noising with a small threshold 8, to each of the N original ABR data frames and
then recombines the frames to obtain new single-frame sub-averages. De-noising is applied

- 35 again with a different threshold 81 to each one of the new frames. This process continues
until a set of N*K wavelet de-noised frames is obtained. When the last level of frames K is
obtained, the frames af this level are linearly averaged to generate a single de-noised frame.



. coefficient

One of the assunptions nmade in -conventional de-noising is that the SNR of

"the signal being de-noised is relatively high. The 29 &epietiher 266 es on t he

fact thatwid@aggsitude of the signal is substantially larger than the
anpl i tude of the noise, thus producing |arger wavel et co®CGH{USPHHY for the
signal than for the noise. Hence, an application of conventional de 5 -

noi sing to sWhe épeStiby cfifgmelrecoldirationisrefeRYE Nas R¥ok &) @gvglg’][ana bieacdftyent i-onal

de- noi si'ng hﬁ’%epagfen rmlgst ralt ed j.nthe |iterature as a fast estimator of
‘signal's corr SCERYE\ATRIPI Savelst coptficint threshpld 3« siappfied as p fimeticprof thedevalkgnal , by

per f orni ng aTh mogél @igotithuteh @ bioa@dasdefieRas tfth ialtfeSBles Ginoh Qe blhbs ents to

zero, and then,performn inverse wavel et transform ™ This suggests that
there are two db%acﬁym%%\aggﬁﬁﬁﬁqSBH&Paldé@l%{@? Kgseddo pgtinate thesighalnal s,

given fhat a s2ngbendisimpie pe;ffoﬁaamdt@lg%ﬂm%n%d%ﬁ@myhsmgdiﬁbﬁn@' gorithm
ividual ly, and then average the

One way is to dﬁéfnqi?@ each frane in
- results. Waen conVEHPiofd > de- noi si ng is applied to a single, un-averaged
frane, threshoBdiWﬁdmefwmeseifeataa@q&a‘&rsﬂlf&%ﬁedﬁ&ﬁ?{ﬂ@&@fﬂafdﬁféﬁéﬁ effectively
ncl udi ng the

el i m nat es al nost, al. he Yvav_el et coefficients, i ones

| .of
representing t he “BPHRLPD ofysalzorifim ineneasesthe qualibrefites avespzedsignal sych thagst  of

~the signal Jvﬁavahm@nb‘esenaa@timbqsr&@tﬂyianﬁmr&.la@xﬁéﬁ\éﬁ&%gl%e?&;aiﬂdﬁinﬁé}tofﬁépgtzef 0.

The iﬂ)verse ve;eﬂ?t transform of the de-noised sin ranme Wwav
& been gequined. oyphAlgorithmay b comparedyo lingargyataging. THe second

way to appl pereriiesainia9bakesth@aPidhst lifkGr ﬁv%taﬁgﬁxgﬁs%i?%%%tﬂ‘égx&%?ﬁ%n&%gh Rty dual ABR

frames together to create a single average e- nol se that
single averYU&H: Pdspeosityisthat the novel algorithmprodueess fasterastiate ofkey Faturadef r ease
in perfor matgamddiRinlovaSNBQipagr Y | arge number of frames (several thousand)
are pre-averaged together. nce conventional de-noising does not work for
de- noi si ng ABR signals when conpared to |inear averaging. The present .

- invention presemesogding:ty an erobadimenticonsisteniwitiethe prasent iavdritisn, 4 sighanented in
~a digital processor that utilizes information fromall of the individual N
. 25 franmes BfoCERORisgNavigeddndeswisingesitinpul signalvberaprighty & Aicione for exfiggds t hat

- of the linear averagi ng process. The new al gorithm reconbi nes the original
1 ow SNR dathg inpud signali whereirt the dnput Bignd) éssdivided ints & plurility Gffradidsadf dafa new

. frames of size N'K, where K>>1. Two adjacent frames of original data are

- linearly aRentacand apgcesson oonfigdreditbuseparataly paform naon-fineaidelnbing s  not  a

. i near conbination of the original tw adjacent franmes. A new | evel of
frames i s enestiosdn3I@ch ol theqibrality wf framesofadatd paintst anetombsinatheragagnand

: de-noised with a small threshold value. This is illustrated in Figure 5.

. The pr ocesde-aoisastiraniesf data pointsyio messunibiredbesiltant denaistd mpulléignariew met hod
~first applies de-noising with a small threshold 6 to each of the N
~original ABR délse donsistest withithettnesent ineentionpiherd is provideaessigmal phicassbrnew

. single-frame sub-averages. De-noising is applied 35 again with a different

- threshol d fekde-noising eadipub signalf canrisingva hemonsior Stoiing RaMRA SigRanvhBless

-until a set of N*K wavel et de-noised frames is obtained. When the |ast.

' level of flheinpst signalis divided intuia plubalityf of fremes of difai pinis)\wald s3recdssoear |y

. averaged to generate a single de-noised frane.

- configured to: separately perfwm a non-linear de-noising operation on each of the
plurality of frames of data points; rearrange the plurality of frames of data points to |
qeate new frames of déta points and perform a non-finear de-noising operation on each
of the new frames of data points; and combine the resultant de-noised framés of data

points and the resultant de-noised new frarmes of data points to form a combined

resultant de-noised input signal.




29 Septenber 2006 WO 03/090610 PCT/US03/09711 11 The operation of frane
reconbi nati on preferably has K=loge (N) |evels, and 29 Sepetmbbex®i6
preferably a different wavel et coefficient threshold Sk is applied as a
function of the level k The novel algorithmin its broadest sense has
three main features, anongst others: 1. Each individual frane of thHe N
original data franes is used to estimate the signal, 5 2. De-noising is
performed in step-by-step fashion, and lEt’f‘eferabl y using different threshold

- levels, F *N new frangs of data are preferably created fromthe .
N f ‘ﬁﬁl?é i

ori gi nal congiset i the prseqtinvendppcheretisprovided asuathodiorqual i ty of
hunan cHB2PRIg L RpueL caerisha Aligos v mpERIOTEOInt & Ryl
R W S R o o 50, T,

2"t ast opuHTl BT ety Rl ARG SomPINMG be peata Jenop s Engt of |
or ocesciints o Bl GRbRGS festlant e nalsod MARBERa onal | compr i si g’ & memory

for storing the input signal, wherein the input.signal is divided into a

plurality of Furgieesosistélat ' s . cessor,.configured to:
_separately performa non. Iv?tﬁéggb%g-éﬁtdﬁ%%ﬁg"'%%gl'sa‘PrPB'He‘gﬂ"@gmef t he

pl ural i t yembistr Aptlsi ' o ombine the resul tant de-noi sed
franes. of da':S a gf)ég?n?s s{ggé;gor'ﬁ@é&@gdr%@ﬁgg% r'g@ﬂlsﬁgﬁ(}"@eqﬁm@fﬁﬁﬁﬁﬁ si gnal .

Al so conef ddte pbinidh bérfdrithg’4 Wm%ﬁ%ﬁﬁ%ﬁfé?@% nngVi dsd a,_ si gnal

processor for de-noising an i nput sign P&tlﬂ%r storing
t he i npuplusilifysfiframeBF 8518 poiite éT'FHHg i s, Qi.vi ded. into a plurality of
frames of data points; anciJ a prr%ces Bnytg%'g‘rt{f#@u&é@qeédggﬂﬁﬁgwy perform a
non- | i necreaaendrarditofUaes Sdihieand [ lurality of franes of data
poi nts; rearrange the pl urgtlhi ty“o?e@g‘ﬂ%@gﬁpﬁ'é%ﬁﬁdﬁa%@%m@n@&e new

of The now 11 aneeof "dae o oae poitS: 2nfl Snblotiihe kG deriebfames o

of the new franes of data poi

frames ofatalpbiis apdithd fesatisht dBSe -noi sed new franmes of data
points to forma conbi ned resurstgg#% 3 e!-i'n'%f\ogggiaiwmE’\é\'ff’ﬂﬂélopnweéeptenber
2006  1T¥esifftant dehoisedmpat iz, th the present invention, there is provided

a nethod for de-noising an input signal conprising dividing the input
signal into Alspleuhgistetivith the pAdsRRt i t ' .performng a separate
non- | inear de-noising operation @tnlng%néﬂﬁb@e@ﬂ%mo%‘dﬁaélﬁ'qvweqog??s&ﬁes of data
POi Nt s; fameib-seohsting &% Mut $igndi SHbMAAREY €Sl ddsBTRsy, ©of data

Consistent with the present invention, there is further provided a method for

de-hoising an input signal substantially as shown and described.

The above described embodiments, advantages, features and cbjects consistent

with the present invention are each to be read disjunctively with the object of at least
providing the public with a useful choice.

While some of the advantages and features of the present invention have been

15 explained above, a fuller understanding may be gained by referring to the drawings and

detailed description of the preferred embodiment that follow.



points to forma conbined resultant de-noised input signal. Further
consistent wth the present invention, there is provid&dpenmbet OG5 f or

de-noi sing an input signal conprising dividing the input signal into a
plurality of franmes of data points; perform ng a separate non-linear

de-noi si ng operation on each of the plurality of frames of data points;
rearranging the plurality of frames of data points to create new franes of
data points and perform ng a non-1|ineaf;e-noising operation on each of _
the new frames of data points; and conbining the resultant. de-noi sed frames
of data points and the resultant de-noised new frames of data points to -
form a combi Beief Des@piibis afthe BRmisSed | nput signal. Also consistent with the
present invention,, th?r_e |'s provided a signal processor for de-noising an
i nput si gnal substigHE] 4% 3 partidl cxossscptionativiewe ofthé Hewlan foiphéraltanditorysysiemt he

preseB® inventi onFigkrBeiea drdplf AHLIS, ' hgd for de-noisipng an
i nput signal S stanti al I%{rg%s Sh%\%ﬂﬁeﬁ%&%\’gﬁa@?@%@g{e@ﬁ Ofgao%’ﬁ'éﬁd’&?licged
enbodi ment s, * At Wepsured insthe earaising the BRo] M trmsdoarsi stent  with the present

i nvention- are eaqh 3 gssm LSELWNET | ith the obje of at | east .
provi di ng the publ_;gdé@w?t%h a ugg?%%ﬁ%?égk)éﬁ#ﬂage@ ?‘Fé‘"(?*’“%ltl?ﬁarﬁ'&\?aﬂﬁages and
features of the pig¥ehis ssphesmtic diastimsbowingn typldal ABRIsiphiledqadieottanda f Ul | er
- under st andi Rgodd@ingRese@i ned by referring to the drawings and detail ed

: descri'%tei on of the preferred enbodi nent that follow 29 Septenber 2006 11b

Bri ef f tscr:]ri pti orFi%*fe—'_tﬁé%ﬁo@p?@trEé—ganb?ingaigﬁxgtgm?ﬂ[e}éi@brziﬁﬁﬂmgﬁonal-

Vi ew o e AmaR, , ry, s m igure 2 is a gra _
showi ng frequent bgégﬁ%(% n crﬁg’%‘%@%@;ﬁeg#dcas%ﬁ?ﬁﬁwtfweﬁElcreABFka'&ﬁhPB?(Wleyfli lus as’
measur ed i nPFasess being wpéated tb beweldR crdahy & 0B RSN * Ki 3 fRins | aph

showi ng t ypiggalks A H@g}éapeargt rn for a norya| hearin adult@el%it%trjre 41is a
schemati ¢ di agram show ng a e@ﬁ?gf T iREFoate; al%}@ﬁ'ﬂF famen ands processing
system 25 Fi gur EigBreiésis asahemptic drioia BRbvan iﬁ@cﬁiﬁ{?é'n'%' ] H?ﬁﬁ"erei n
origisgal N lrog%@gg%‘ et BR data are conbi néed and enozof;%d a%%{lgﬂsae of new
-frames is create tg“?]he new | evel, the process being repeated to |evel K
creating a total Fi:gmiegésmgmﬁhﬁlo{mm,f,‘ﬁﬁmm;é . vel K are
aver aged toget her ‘io create %’lhe fina ' aver.age Fo??%%&#“‘é?%ﬁf@%'%ﬁa

“ schematic draw ng SHEHERGOYr BiLR frampss gyeslaiddy the system neisewaséformowhaditithe 30
processi ng moistvBrechideiiisne’a V-ely oNg..a typi cal ABR wavef orm
resul ting from gﬁéggB SPL &1 rrﬁ_l l?gEang %sg%rgsd&%é&%%@fgw%ﬂs overlaid
by the systemn & fiés acgrephrshoming @ipawetupectmbleasitydf o fsB0NE Btotdiiony A

Y- ne3swor k Qi‘oll&t@dﬂ&n@s:ﬁ)j&@gs&ﬁﬁivﬂo%§vexaatg}n%-f3hed to electrodes; ¢

Figure 9 is a histogram of no-stimulus ABR recording without averaging;




Figure 8 is a graph showi ng a power spectral density of no-stinulus
recording 35 colleted froma subject's scal p W t houbg®epiaaaiier@ood-i gure 9

i s a hi stWgrtampasto no-sti mul us ABR recording without averagipgicozdePt enber
2006 WD 03/090610 PCT/US03/09711 1212Figure 10 is a graph show ng a .

| og-pl ot of noise-only recording fir to a Guassian probability density
function with 66F‘gﬁedﬁﬁ~‘@&@h shoyingradpprplohefimoisgondy cesarding fsdma Gaskipn val ues

Wi th and wi Laghdis i #acadaaed.ation, 5 Figure 12 is a tinme
frequency-box represeriting energy concentrations in time and frequency
domai ns for a wavghket!lismgaphoshowikigguoompdiBion of g, vaBRs with aed widhcotdiniliagr am
Figure 14 iﬁreQJn&BE}FShOV“ ng deconposituion of a typical averaged ABR signal
using a wavelet transformat 32 levels with a biorthogonal 9-7 wavelet; 10
Figuré 15 is a gFiaph 13 koviimgfr@pEndyyboxgepmeperning etergst confengmidonsiin timé 4dr s and
deci mati on | | e ol e 16 is a series of graphs show ng LP-
filter H anggﬂﬁhﬁ'?ﬁ%%ﬁ%g?g‘%w%}ggg%%{géﬁ tion and LP filter H and HP filter -
G for reconstruEigen3 fsor ABR signtlddekaliag@aiy wavel et transform wherein

18" e poc: FRYPEII @ aSIR o el 62l 0 A B GRA lybg) 2
re,spect i vel Vﬁveﬁtgmsﬁnﬁit3Z§e'eclswithebiodh0@nai|9¥73vasbbm ng t he results of |ow

T nethves i 1 SRERCIFR o B SRRREHET S pitliReo IR ORI BT oY e

showi ng condesimationwpiplicioneigealng applied to a typical ABR signal wherein the
| eft col um sho I lan of |inea er.agi S t.hr ough,. 20
8,192 frames an\éﬁ?ﬁ%%ggﬁ e%o ﬁrr?ﬁﬂssﬁliIS‘\Wsng?’ﬁ@ rﬁ?%@%%ﬁh?rn%%%gﬁ??gﬁ' T8 al 1y
denoi sed | i md AR filtenddrand IHPfilteF i) fioraechBstivstian for thgthogheihdTovareier temasfden noi si ng
aver agi ng . f, xampl e .N=8 fr S ein_the oriqin | gnal
x[n] is dyg‘lcvi]?egéé %{ﬂg\}%[r%ﬁggsm AR W?%%%@%@g%gé@(ggﬁ“ﬁéa{ﬁ%h %'laed [rll’Zj/v signal s
xI [H, x2[mipectivdly ihstead®f Hiamd indéked by {4, 4ranpp4,3h esspergively.cycl i c-shift tree
denoi si ng (CSTD)y;al ithmifo aml e 8 frames wherein the depth of the
tree s Toga(8) TRACH s ties 30 amPhspsig e Fliiatior ke FURE OBBRET €t ng of
a di f f er entcopwntionabdencising apglied tesoisy shiwates with iR s fimrpdiodBed ¥20dBbove it ;
Figure 21 is a graph showing a cyclic shift denqgising algarithm .30 Figure
o0 e gr aph SO A2 Fires oh i mvetipl by el
decr easi ng ABRisigtal ehsein shedeft sélamh shawsci gregiessiotlofiin@ar dvefaging ioN 1 2fthdgghi on

N .
(sg riO( 2) k)8’,192 frames and the right column shows the cotresponding conventionally denocised linear

@]

averaging;

Figure 19 is a graph showing a tree &e—noising averaging algorithm for example N=§
frames wherein the original signal x[n] is dyadically averages and at three levels creating
three new signals x1[n], x2[n], x3[n];

25 Figure 20 is a graph showing a cyclic-shift tree denoising (CSTD) algorithm for
example N=8 frames wherein the depth of the tree is logo(8)=3 and each level contains
exactly N frames, consisting of a different combination of frames from the level immediately
above it; '

Figure 21 is a graph showing a cyclic shift denoising algorithm;

30 ‘ Figure 22 is a graph showing a threshold function selection plotted for 6 decreasing

-functions, a constant function and one increasing function (sqrt(2)*k);

Figure 23 is a graph showing a eight cycle sinewave; -

B Figure 24 is a graph showing a time domain of WGN ~ N[0.1];

Figure 25 is a histogram of the random noise vector (mean 9.1848e-005, variance =
35 0.999); |

Figure 26 is a graph showing power spectral density of the random noise vector;



Figure 23 is a graph showi ng a eight cycle sinewave; Figure 24 is a graph
showing a tine domain of WGN - N O0.1]; Figure. 25 |szgs@b@mfgma)f t he
random nowgrpzes®r (nean 9. 1848e-005, variance = 35 0. 9%8_%/ ure 26 1S
a graph show ng power spectral density of the random nois B%

Sept enber 2006 WO 03/ 090610 PCT/ USOE»;l 09711 13 Figure 27 is a serl es of
graphs showi ng noifigres7 mﬂessofar@hsﬂmwmglnDBpanamemashemmeiﬁb dshe |eft

col um shomsvﬂ,b,rﬁqheslb@g; L e th SN Band O
dB with adde% N t op to %?’?%m an e G GRS M L‘fﬂ%@@ﬁgﬁd?hi&ggﬁéctlve
si newaves ﬂgé‘f‘?h;ﬁd‘ée\'}@’ Getop dveatmin ang fhe Qthf colmBs shobrs IfiegdpectiRS sihévaregr aph

showi ng the Hﬂéafl?ﬁﬁ'é?d@@&vgifalf{'fb . Wavel et algorithm conpared to |inear
~averaging 512 data franes; gure is a graph showi ng a vari ance

conpar Pson bet weeFigneAd ira ﬁ%ergwmg the perfyrmanmecf the wevel wawtd algorithgor i t hm
(bottom; Fi m@&%hmv%gﬂggﬁg\wﬂgmgn experinmental environnmental noise

| evel 10 neasurenent I's a graph showi ng a typical ABR wave form
- averages over 8, 15gurp ?%Wélgapéﬁbowmawmdcempmarﬁ& Bettvbcerli@irvérhgidgopyi t h

| i near phaseadd @l waver?Q Bﬁt}m g&g) £ 32 is a graph showing a typical single
frame of ABR data W|thou averag| n overlaid on the graph Figure 29

represented by tI‘@glﬂa?(k’élﬁgmphéhovm&ﬁa;mrane’ﬂ&lemramgernwhmsélﬁw[ng a

conparg son OhedirBfa; averaging to CSTD for 512 franes of data; Figure 34
_is a graph showing a variance conparison between |inear averaging and CSTD
as a function of g HuaseraphshowimmtypicHARR €3 Forntavarag@ldvass, Bb farephs

show ng a cmﬁﬁé{.&g@a@ ﬂlqﬁt@lrmﬁlvleﬁlgpgﬁ%md la"%g >TD for 32, 128,

256, and 512 franes;” Figure 'S gra ari son of novel
wavel et denoi si n@&“(ﬁﬂ?«llﬁ@aﬂaph dxmwtngcad)mglca’am«e 8f ABR dhta st alfdrfilifee 37 1S

a series of Q&BRNG, & glé%\ghr}q @2953%? %gﬁlgf%ﬂ%‘&l gtlent s ears (Ear 1 and

Ear f}?ﬁ 25 Figure 38 I'es o FP recordi ngs for

pat i s ears ([Emgured3is mgrenlg*hoﬁalg a&)amphisbﬁ:bﬂnEﬁrav&agﬂgltoEaSTiﬂfobﬁizong tO t he
sane patlenha@gsdofgg,g;re no-stimulus recording and all other ears share
no-stinmulus recording; Figure 39 is a series of graphs show ng Fsp
recordings for aFigureildita gapeshowingar vatiamedomfaison Bivween linear averaging and

CSTD as a function of the number of frames;
Figure 35 is a series of graphs showing a comparison between linear averaging and
20 CSTD for 32, 128, 256, and 512 frames;
Figure 36 is a graph showing a comparison of novel wavelet denoising to linear
- averaging over all 8,192 frames; \
Figure 37 is a series of graphs showing F, recordings for a patient’s ears (Bar 1 and
Ear 2); .

25 Figure 38 is a series of graphs showing F,, recordings for a patient’s ears (Ear 3
through Ear 8) wherein Ear 3 and Ear 4 belong to the same patient and share no-stimulus
recording and all other ears share no-stimulus recording;

Figure 39 is a series of graphs showing Fy, recordings for a patient’s ears (Ear 9 and
Ear 10); ,

3o Figure 40 is a graph of an example of invalid ABR recordings wherein the Fg, value
did not reach 3.1 and there is no general increasing trend with and increasing number of
frames averaged;

Figure 41 is a graph of stimulus recording for a subject at 80, 75, 70, 60, and 30 dB
- SPL wherein three waves forms shown are overlaid for each stimulus level averaged over the
| 35 following frame numbers: 1-4,096; 4,097-8,192; and 1-8,192;
Figure 42 is a series of graphs showing Ear 1 CSTD (left) and variance comparison
(right); |



30 Figure 40 is a graph of an exanple of invalid ABR recordi ngs wherein the
F. value did not reach 3.1 and there is no general 2HEeptembag2@0dtend with
and i ncr e®¥) eagonamber of frames averaged; Figure 41 is apghaRbs g stiml us
recording for a subject at 80, 75, 7014 60, and 30 dB SPL wherein % ree.
waves fornms shown are overlaid for each stinmulus |evel averaged over the

35 fol | owi ng fr aFiguraddties srieslof g0@bs shopQRTES 2 (STD (efiplant-varidr@@ conffiagsone 42 i s
a series of (rgh phs showing Ear 1 CSTD (left) and vari ance conpari son
(right); 29 Septenber 2006 WO 03/090610 PCT/US03/09711 14 Figure 43 is a
series of graphsFigueidner ®eies of g@NEshomidg Bar 3 RS TR lefpand raianep egmpsgson
(right); Fi 1944 Is a series of graphs showing Ear 3 CSTD (left) and

vari ance coﬁ%ga Ison (right); 5 Figure 45 is a series of graphs show ng Ear.
4 CSTB (Il eft) anHigwerdSasrssrieon|geaphsshowingEag A CSTDRIef)and vadarics campsdsdnes  of

gr aphs show’t t)Ear 5 CSTD (left) and variance conparison (right); Figure
47 1s a serl of graphs showing Ear 6 CSTD (left) .and vari ance conparison -
10 (right); Fi guFigutd6iise srismfigephoshogimgias 5 S8ERi(lef) ddrvatlanCSTmyatisht ) and
vari ance co%json (right); Figure 49 is a series of graphs showi ng Ear 8
CSTD (left) d’ vari ance conparison (right); 15 Figure 50 is a series of
gr aphs show ng EBigue 4Z8THR3efi¢sail phaphnshowing Bané €STD fieft) ang oariante tagiptalisonFi gur e
51 igpa ser'rf%?t.of graphs showi ng Ear 10 CSTD (left) and vari ance conpari son
- (right); Fi{g g 52 is a series of graphs showi ng downsanpl ed data for Ear 6
CSTD (| eft) and Figtre¢ais azmade of graphy shewingBar §ISTD (lafihnBivguianee &npasgson bl ock
di agr am of ‘&%ﬁt.present invention as inplenented in a nmethod, or as may be
enbodi ed in rocessor, such as.a computer Detail ed Description of the
Pref erred EnbodiFigmt 42§ akediospif gabhscshowing Hand CEBR(Isfy)sind vardkaicd cunperison t he
prior art t@ ﬁ@' | ect data presents clicks into the ear canal and records
data from thé& <cal p electrodes. The data is filtered and then averaged

together in frarggureb) spperesiofiptaphsyshdbingEal ©CETIN [af) dnll earidncereimparison
present at i Right;
| Figure 51 is a series of graphs showing Ear 10 CSTD (left) and variance comparison
(right);
Figure 52 is a series of graphs showing dowasampled data for Ear 6 CSTD (left) and
20 variance comparison (right); and
Figure 53 is a block diagram of the present invention as implemented in a method, or

as may be embodied in a processor, such as a computer

Detailed Description of the Preferred Embodiment
25 A typical commercial ABR system as found in the prior art to collect data presents

clicks into the ear canal and records data from the scalp electrodes. The data is filtered and |
then averaged together in frames of approximately 15 ms following the stimulus presentation.
Existing commercial ABR systems do not have a capability of recording long sessions of raw
7 data — unfiltered and unaveraged. To investigate the performance of the novel algorithm,
30 ~ several thousand frames of unprocessed data (i.e., N=8,192) were needed to be recorded for
later analysis. The objective was that exactly the same data was analyzed for different
prooessilig schemes and parameters. A custom-built system was used for data acquisition and
storage. This system was built by Everest Biomedical Instruments Company (Everest), a
designer and manufacturer of commercial OAE and ABR test equipment. The system was
. 35 built from a combination of clinical ABR components and high quality laboratory data | .
* acquisition equipment. The basic system consists of an ear probe to present the acoustical
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devi ces ava{1 a prior - ar es no ave t o record
|l ong st r eatreamfof dahaTheTéfelreeénﬂy the fiont end ofithe AudioScreendr O fwas heed Asiah 88ir eener TM

\FI)\?Z_ efll ? ?sgglﬂh%gn%ra or at%(? a ﬁlgh—quahty ﬂﬁ&%&&%ﬁﬂhfﬁnd a high-quality EEG

The auditory click stimuli were generated using the AudioScreener™ audio output
section. The peaks were calibrated using a standard procedure and IEC standard, as known in
the art. An external signal generator generating a pure sine wave at 1 kHz was fed into a '
speaker portion of the insert ear probe. The output was measured in peak dB SPL with a

30 precision calibrated sound level meter (Quest Model 1800) with a Quest standard 0.5 cc
coupler (0.5 x 10°m®). The electrical output of the signal generator was also measured using
a two channel digital oscilloscope (Hewlett Packard 54645D). The AudioScreener™ then
* generated a 100 ps rectangular pulse, which was measured on the second channel of the |
" oscilloscope. The peak magnitudes of the sine wave and the click were aligne:d, and a peak
35 | SPL level was established. This referénce level was used for in-the-ear calibration during
" testing. The stimulus repetition rate was set to 37 per second, or one 100 ps click every 27.03

ms. This rate was selecied to match the normative data given by well known literature in the



The auditory click stimuli were generated using the Audi oScreener audio
output section. The peaks were calibrated using a skarSsptenieracegiure and

| EC st andgifs nown in the art. An external si gnal enerating
a pure sine \/\éjgﬁzlgt 1 kHz was fed int speaker portlonr}g#ﬂsﬁ@w%ﬁ’sert ear

probe. The out put was neasured in pea dB SPL with a 30 precision
calibrated seusSmhiayehetihedtes(dBaESI3, mqsletd,&%bnMdnty@e@mﬁseﬁemdar d 0.5

cc coupler (0.5 x 106 trical ut .of _the s nal generat or
S ol a6 medSlial Pegied oot 50 5 e Hepowis gnt iRt st pd i ot
Packard 5464bddired diftiee FeyieSor SERE sdcohll bre I@@ﬁ@@%r@@dﬂh&@ﬁedﬁéf&ﬂ&m angul ar
pul se, which S measurgd g t he 1iecond chann of. tu} ¢ ﬁSCHh scope. The
peak rmagni t JYEergee Pavredisy !\ﬁ)"a*\?‘ée ﬁﬂo‘f’?{é‘“‘éi“fe refiest 15 o 9t ghasg Wit a peak 35 .
SPL l'evel wasquasd Blthéss The ABRVighal &neiifd Gethé ﬁMﬁés_dd@@j donsichefivaly wih éable- ear :
second. or OB FERe R B metiE Hetore e PA B R Tel ccted to |
mat ch the nor mat weeleafo@egwéfeaudauecmIalﬁohmmdphﬁ&roatmr@dwscte&m’?@Tﬁept enber
2006 WO 03/090610 PCTI USO% 09711 16_ art, %pl mul . us re etition rateﬁ of 21,°

33, 37, 38, syl was amplified diffmensiallcbya Fieloneldld-0Pthapd gresen ?Hﬁ"\%ﬁsﬁ‘f‘% e to

both 50 Hz @Eﬁér&ﬂallﬂ@ d sibhal Qad NPGHRINREA £Y intb @R GSFerehieNectbd@isched bl I €d
at the frequeﬂcy of per second were |inear]y averazgﬁg the effect of 60

Hz iWerfedds %f@abﬁa@%awéepe ABY COMEEN e TEHEFIGEHKh 00 BARFEEIE | s out of

phase with thgfpnss OMis, Qﬁle diffaeR ity MnplimaRisabions ileRn kithAaakili-i stddgd srdaimes
added constructively with each new acquired frame, whjle the 60 E%erpower

li ne int er f @palogtushpawsdutenddiE) filter Widh 3 d t & 30z, gdecthifd prgle to a

front-end agnpd)fiteh -98B pbist AYMOSGNE BRiThpedih® of tlednal sﬁ/iﬁéanﬁmiﬂkﬂvfrds@d
di fferentla:ﬂI») l g ac?or of 13, Oooﬂﬁyand ?)reseont ed tc')a t he ﬂgdﬁa éage The

di fferenti aMY»an f’i”f“i"b@"@q rgisafonyatio (GMIRYof thednppt praplificss wag ¢ ence
el ectysode atléaﬁé‘g@%ﬁhén@wﬁ@@cniiﬁd'bﬁ’m RLRLAbW TERLOAL anll BelbRUER DY conmDN node

- interference such as 60 Hz power I|ne i nterference. Al sq,

t he
differentially anptpetpe@ ﬁliedwéwsmgnerw Rresp@plifigr seetign was fed to ﬁ°‘§’é§%ﬁeﬂ§’or der

- anal og hi ghpassnit Nai&hl fnﬁﬁl:rﬂenis'daﬁaedcqﬂiﬁ:ﬁéh Gﬁ(?%oﬂﬂ'vmh aBuccdHiVe appidtindtiddi r d
order lowpass filter (L poi n 3_kHz. The input_inpedance

of the Ever &as%?%ﬁwdpﬁm@p‘\%smmer@ﬁm%@ MEHEXENQU Dt pas samled by j o

(CVRR) of thebit %Mﬁtlmﬂeflﬂpﬁfﬁ Og//gao?tﬂelﬂné Bras I10, §ud, GRKAHBmEN At@RbIeNaS
certified by U bel ow and bel ow 10A DC. The out{out of the

Audi cr een é!Pltaﬁ? b)f ’é’ﬁrﬁlﬁ@ way0. %@@V@hthﬁ/é@q igppty Shis meansihatdhesigngl resplution 3t o

National | n%ﬁéﬁ%%%&eh‘g eﬁEth&béistzBW Sé?ﬁ@uom%&umeh!a c%g,%mmsmpmo
appr oxi mation Stal Seém conductors A/ D converter

PCl - M O 16) KiSetiys. Useeddarpdo/vstingdieges @997-16 bit resol ut i on. The i nput range

of the ADC was fng[#pe BERsHEE Brdviil Sndd8fiRieldaaa: fidae ADC was
0.305 nV at the ADCH};%“E% I|lds§‘dr};eans Sﬁﬁéat t he signal reesol t(ﬁm%n as

~ measur ed by systee wasdixpd eﬂ fst48,00¢Ha, with argatj-alissing filigs st ahdd kKizm df is dimpposes to
Cor paysat I o n notg) ﬁ;l_af i anﬁ oﬁﬁfeke%%au%q{anmﬁm%lﬁ KAS iy a@ystaiﬁ )ﬁgtfbffeﬂx R0 -

 specifically for this work, the anti-aliasing filter would have also been set at 3 kHz and the
'sampling frequency selected at just above 6 kHz. However, this was an existing, custom-built
system used internally by Everest on a regular basis for various other signal processing -
.~ investigations. Thus, other arrangements as would be known to routineers in the art given the
30 - inventors teaching herein would work as well. Additionally, software associated with the data
- acquisition hardware was built and tested thoroughly to process signals sampled at 48 kilz,
and was not easily re-programmable for other sampling frequencies. Such sampling software
“may be readily duplicated by any one of skill in the ait without undue experimentation, and
_ such software used to acquire the data is not considered as related specifically to the present
35 - invention which insteéd focuses on de-noising the data after acquisition. Finally, the existing
system collected 1,024 samples per frame, corresponding to approximately 21.3 ms of a
recording following a stimulus, This was done to investigate the ABRs for low level stimuli,
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 the data were plotted using the Matlab graphing features. ‘

The reduction of the LabVIEW data set was accomplished in two steps. First, 512

- samples were extracted from the 1,024 sample frame corresponding to 10.67 ms of a respense

following stimulus presentation. Next, the frame size needed to be reduced from 512 to 64

30 samples. Sampling a 3 kHz signal at the sampling rate of 48 kHz introduced unnecessary
-noise energy beyond the signal of interest. The signal was oversampled by a factor of 8.
However, standard signal processing techniques can adequately correct this condition by
filtering and resampling, A typical signal processing method to accomplish this is to first |

_ lowpass filter the data at one eight of the original sample rate, or 6 kHz, using a finite

35 - response filter (FIR), and then decimate the resulting samples by a factor of 8 to create 64

samples per frame. However, a slightly different method with an equivalent result was used.

Because wavelet processing was being performed on all data frames anyway for the purpose
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was LP fil teasedhetingrsk Hﬂv&l&lﬁﬂgsfanﬂgahle}rwmerdtm timeniemamphmpbs Methe procdssddt er .
The frames rethe deci mat C | S | es per
o  Thor R gin e Sas Ry e it doBr b e fairoufodiil it e R
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all novel signal processing in this work was performed on the 64-sample frames, and the only

negative effect of initial oversampling were increased file sizes and computational penalﬁes.
Because of the large amount of noise present in the ABR recording process, it was
‘necessary to assure that the recorded data indeed had a signal component. Many factors such
30 'és electrode misplacement or an acoustical probe falling out of the ear canal during the
recording can cause the data to be inaccurate. Therefore it was necessary to check the
recordmg process to make sure that a valid ABR signal was present.
The validity of the recording was obtained by examining the variance of the 51gna1 It
is expected that if only noise is recorded with no stimulus present that the absolute energy of
35 _ the averaged recording will tend to zero. If there is a stimulus present, this long term average

energy will be larger than zero.
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.of initial eyeRpstdnl hebteyire. i ncreased file sizes and conputati onal
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an arbitrary signal generataor, wth EE dat t| nmul us {)ggﬁ]s%nt and

5 finally webhireglaions: BiswedR shorsiqoh of ain ?mﬁ? *Bﬂﬂ%“‘%&i’é Ser f or med

as expect ed ;8dd ABR slpBMO%130Gcdldd (Vedibcal ﬂﬁr@ﬁsﬁdrl}bﬁi 64ﬁéﬁbﬂﬁ@s&t&clﬂrﬁda¥z types of
wavel ets used for wavel et transforns, an ¥ _f&tﬁ?gﬁv%tran??f orns

avai | abl e. Bezend dpgensipy- e B}"éth?ﬂ"“?)llvfj‘i"? Stlw"’é FERBR™ gnal s t he
presept inventi qRe DPWT asliRplémesd fnhkis diveigionben bowal«itas bfo&ékﬁih@thmo('lﬁlﬂﬂl) usi ng

a particular, type of 10 symetrical wavelets called bior wavel et s,
as known |n5’£ﬁ‘€“§?‘&ab@ﬁé’f¥%\‘7§?‘g@ af%‘%?r??? ﬁi“ﬁﬁ?@’ggfa'[?‘ M& ?ngr'iéf array

-of coeffici gadoss osJQEa £pkat i gh- %ygﬂ% ahdilﬁmnﬁgmll’)lelﬁnpbfnentﬁ [decimmareebyes factor
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eserves t | ocal the s
sinplistic Q?f%\ﬂf“bﬂ’e"t MW%‘I’"@H"“’PF&W@F ik g’ls)hlglﬁ’éis aPﬂ “Epra%ﬁ%’f“B&WP{ftmId PZzes a
not her - wavej, %mfth'ékquapia fARMEERREE A chaBrithe debonvritibelevélsinlid dooflisiehtsat ar e

| different dilations and

25 can be either set to zero or reduced in magnitude, such that a particular feature of the signal i is
affected upon reconstruction. If the LP and HP filters (H and G respectively) used for
decomposition are quadrature mirror filters (QMFs), and if their biorthogonal complements
are used for reconstruction with proper treatment of endpoints, then a perfect reconstruction in
phase and amplitude caﬁ be achieved. Fig. 15 below shows graphically how the wavelet

30 | decomposition is done using successive applications of LP and HP filters.

The DWT used to describe the wavelet coefficients for using the Biorthogonal 9-7

wavelet is as follows: -



- 15 transl ations of the nother wavel et. Each of these new wavel et functions
is convolved with the original signal, and a two di eesepenter 3@ECce of
coef fi ci ewlsozighogapoduced, at different scales and transl a;tdgﬁ&s Figure 16
shows a graph of a wavelet transformgf a typical average 039 er ed
ABR signal, at 32 scales (vertical dinmension) and 64 translations at each
scale (horizontal dinension). The biorthogonal wavel et was used for the
wavel et transform 20 s e NRpddented in this invention can be

vi ewed as processing the or¥ginal signal using a bank of "constant-Q
filters applied successivel \ application of filters deconposes a
signal in high-pass (I—éiﬁa_higéagﬂg’g§kbim conponents, decimates by a
factor of 2, and then furt¥fér deconposes to another set of highpass and

| owpass confanaivhsh[kpad gfiq aretiorthiopbral ddchipssitph Biters Sorftkd 9-¥ wd g MPRSERthe Al

each of thedeconpasition_leyve he coefficients 25 can ifher set to .
zero or redl?ggtﬁ’[q%g%ﬂﬁl RS ‘aret,eJé[gl:ﬁﬁetrﬁ'ﬁt‘ﬁé‘“ﬁz?"tp?&Eﬂﬁﬁﬁ]ﬁ?ﬁgggﬁf he signal .
is affect lediterpﬂa\évﬁfﬂﬁﬂﬁgrmogéﬂamf] v&airel&ﬂ‘i@ddﬂﬁe@i@@yﬂﬁnﬁin'b&xeff&al(iiﬂh[%nd G ( )
respective us .or. deconposi ti are quadrature mrror filters (QVFS),’
and i P thei %eagt%%g*bﬁéﬁa Uil S a0 Bbhegerah vvetvels o

pr olper Ej r eaﬂlﬁﬂgflanﬁhiﬁlg mgh@ {8 natid eMRAUAEE bReL4)! wﬁ@mﬁroﬁkfﬁlw u@éhu fbﬂhﬁ Ahase find
anplitude can .achi eved.. Fi| e] ow sho graphi ca .how t he wavel et

- 30 deconposi"f‘f‘%ﬁ“ﬁ‘%a"a'gh © wﬁ*@ﬁ@@%ekmlﬁb%ﬁ%&% %Hﬁg copflgiptinEirp
filters. ThBidMbganakel7 waval@scri be the wavel et coefficients for using the

Bi ort hogonal 9-7 wavelet is as follows: 29 Septenber 2006 WD 03/090610
-PCT/ US03/ 09711 20p—4—(pf-Hog——L-hlk]1 X[ 2n - Kkl k=-4 Gx} 1 g[Kk]X2n -
k]. Functions h[k]Kand|§MF GPEsBlor t hogphal |@85mpe%d on Filters for the

9-7 wavel et. The hape |9:087828485506g00m 9 [aps [T-0064538sdhbkdoskiTter [-4, 4],
and 7 taps for thegikj—fitter 4 2] i ort hogonal

fHtter—f -4, 21— An all
9-7 wavel et is de T%d i'%ﬂzéﬁ‘*%ﬁ%mr?ﬁ%er oﬁfharﬂ-%ﬂﬁﬁ?d%soﬁ%gnts,‘ which is 4

each for both the{kX] |amthocheiogiighz T 1110 ThesiBostiinasnal 9-,7 wavel et
has 4 vani shi ng nprept$—-{tts—hapein—Matlab Hsbi ol fficients
used for the filtegr : Qigzszlzﬁgéi%@vel et{ are gP%ﬁ%BWG‘r%ﬁﬁé 2 bel ow whi ch

shows FIR filter toeff i cissrdogef90094ohe [ [Bi ortfhogonal 9-7 wavelet. K h[k] =
(-1) kool k] k 9[ kK7=—A—Hkhtk}—4—4-6-03782845550699—42—0-064538882628938
-3,3 -0.02384946501938 -3,1 0.040689417609558 -2,2 -0.11062440441842 -2,0
0. 418092273222214 biorthogod! $#7 40RSEEEN2BShestn b@a ke BEFTBWF 4D BH4Entation can

- be accomplished using simple and short FIR filters, and still allow perfect reconstruction.

‘The biorthogonal 9-7 wavelet was chosen because it is symmetric and because it has 4
-vanishing moments. This makes it suitable for distinguishing between the expected regularity
15  ofthe smooth ABR signal vs. the zero regularity for the rough AWGN noise. The H, H’, G,
and G filters implementing the biorthogonal 9-7 wavelet are shown in Figure 16.
_ - The biorthogonal 9-7 wavelet is also the wavelet used for EEG wavelet signal
'processing in research literature, the JPEG 2000 image compression standard, and is also used
by the FBI for the national fingerprint storage database.
20 . Relevant charaqferistics of the existing conventional de-noising algorithm are as
' follows:
1. Wavelet coefficients thresholded to zero at each wavelet decomposition level
2. SNR of'the original signal must be large prior to applying de-noising (> +10 dB)
3. All de-noising operations are performed on a single data vector
25 | The first characteristic is in common with the present invention. The second
- characteristic is a limitation that is overcome by the present invention, whose performance is |
demonstrated for signals with SNR less than zero. The third characteristic of conventional

wavelet de-noising is expanded here from a single data vector to all the available data, or in



0 0.85269867900940 10 A biorthogonal class of wavel ets was chosen because
their DWI inplenentation can be acconplished using Sogipnd 280@rt FIR
filters, and still allow perfect reconstruction. The bi ort hogonal 9-7
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present i nvendar aﬂnbuﬂﬁﬁn sfROdHEinal frahec Tak insthod of the grebannmtmitmm thet performs
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reconbinatigns_.in a tree | |ke f Shl on. ect of the vention
is that it PEHHEREayomeey &th}séi"r?gl? J Chopgy fﬂ’l‘:’%%’f‘ Ay CQQPW%?%{S%)%% af'gnct i on
of t he nunmbgeiwhdelstevamshavioeyDisdidaatlingdr dvh&g@ﬁtmdﬁuﬂmbmmamdmﬁmeas -5
The invent or ﬁ‘geﬁlﬁgse of the fact that wavel et 0i Si. ng is .a n(%nl.l near

T By O et i averglLldeodiprgearate rumpReTRaoaS R B e alrdhefmfif 8t ' oo
are found tﬁaxh@ﬁa@bss{we bil¥6ce)f dveiagmly ahl dé—ﬁ(ﬁﬁiﬁ@hoﬁﬁﬂwcbembma&&mbﬁﬁmﬁes

recombi nat.i ons, th creati n? addi t I onal S’gﬁa’dF q ii ? a_. Ll near
conbi nat i on LB TR ’Bf‘tf(&lpﬁ%?f’ss ek e?Ffé’e%‘P VERESS Ees?glﬂ? PhUENEi on
t hen perf or g% cresfe@PTRYaveiagPand de-N6isé biftatioh Yreasyhmésngleos! ikgwhiah adema apgerand

de-noising them and then_ 10 r i ng the procedure until all original and
new franes é?‘%e#%@ﬂ%t‘ﬂﬁafffq?'eégpwaﬁvlgéys as possible. A wde variety of

di ffepent al gori trhemay RsiMISApitBmt @ acmlqﬂmnﬁs tadkican basialuateﬂ’bgﬂffembt y, the
franmes are conbi ned PH%{IISI n two adja a f%ramas an lCL{I al elr

| i near "aver Sgena $4¢ 8 %“’E?fBEFEﬁ“’P PP RBPY Etl“ln? 5 %’6%u at ' onal
stability, @aGgresi kvertfofl 5 T HfiplB@BIRMIcANTS usth tecdiyeattle keyldspeeast thwinvatien | s

t hen de-noised, and a new fra
is implementation of different wavefet de-noising techniques and not combinatorics of frame

rearrangements. - The goal of the preferred embodiment in frame rearrangmg is to produce
25 enough new frames to obtain acceptable performance.
Several algorithms are suitable for generating large arrays of recombinations of
-frames. One such algorithm produces an array of new frames by dyadically averaging and de-
“noising. The new frames in this array are a function of the ordering of frames in the origihal
ABR signal, i.e., {1,2,...,N}. Another algorithm involves a reordering of the original ABR
30 frames by permutations i.e., {7,19,....N,...,N-93}, or {73,4,...N,....N-121}. This reordering
process does not involve any averaging or de-noising, simply a rearrangement of frame
indices. When a new reordering is obtained, the dyadic average and de-noising algorithm i_s
applied to create a new array of frames. This way many atrays of frames are created,
" generating ati overall large number of frames M>>N.
35 Given that a chosen method of frame recombination is -dyadic averaging and de-
| noising, simple algorithms are disclosed to accomplish this. For all of the algorithms, wavelet

 coefficient thresholding is accomplished using the thresholding function by seiting to zero all



15 created. The overall idea is to generate as many pernutations of the
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The average and de-noi se operatlon créates frames at |l evel k, which are no
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etc. For the pr f SEN Pe dSndisachloddi@@uUS e

t he key aspect o? %@e#%g%ﬁ&ﬂ’hs?gé%ﬁ.gogﬁ%-atlo%g%#gdldgfereﬁja%mvel et

de- noi si ng aloHewyues and not conbi natorics of franme rearrangenents. The

goal ﬁf the prgef %Bﬁé‘ciia BORBL of diofraPiE: [FERI faRgi NG is to pr oduce 25
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sui tabl e for g%né“ﬂ@tﬂlfr@ﬂltm@@maw%tb%ﬂma rfeﬁéldribﬁﬂdeﬁ"r?’@ﬁ%mé?ﬂmfﬁa th)dne such,
al gorithm prodyc —nﬂﬂeﬁ‘ﬁsra%(ra%fféz frmhp&{ 4 a@n&glg averagi ng and de-

noi sing. The new franmes I n ay are a ’functlon of the ordering of
frames in the %r Ligembi averﬁmosqﬂgmmvo mOfeeﬂameé of the signal s anghdstneise at gor i t hm

(7 20 % AN ST Rt fedeBu ) @"H‘%{“eﬁ%k@&fﬁfﬁwﬁ.@}°§§?§‘éﬁ " br ocess
~ does lfiot |nvoIixeCmascaawwﬂaglqu'ramesmmmfi‘fr[@ilz, saph-ydesd ear r angement  of
frame 1ndicess Yfighia yPhrBE JapQ{vg)eJd6aagnt Sy 9l Rtbad di-ERdE) A¥eRage and

de- noi si ng al gori Create_a new array of frames. This way
many arrays of fnmmbatavmnea@adfdxzsgﬂindfmﬁﬁg an overal |l |arge nunber of

frames M>>N 37'5 &ﬁ&ﬁﬂeio@gbly%gt}?éﬁ&f%ﬁéﬁOd of frame reconbination is dyadic |

averagi ng and de ofrithms are disclosed to acconpl i sh
this. For all &f Appisad[f@mntwfqm&mmfmneseb@bhnwbmllﬂ hreshol ding is

ot dBber St el-bod BRI BRh IR, 7 Y bbbl drfefl, 8 2P
than 8k. ThKsldgiiNpsHelmdinhe of flemess each nberiotabl issistugesch py a fictmof 2. acavse
den(frame dat.a,3 ge and éT.nmég%{p caltB of 9o AREOAPHLAL £ 1A Plell o Bl HRATHS |9

byatree de-"noi m —as I'ect a set of N frames
of ori gi nal ledeltla 'I[hélh gt tl'ie&pot of the tfeh] th@leval &K, thiwe if tmljscpnetfw@lefm@m@gdﬂ'hq he

signal, f1 era e e §1 aRdvifest i s
aver age f 12%u;i mrlflébear er e reg%g%?lgpz Af:lsel ng’%ﬁ& ﬁ%{l@&ﬁlﬁe @ ver aae
t oget2her t we langer mnﬁlueanﬁfsamﬁe danlevill ibg peebentefd3vxtand de- noi se t hat aver age,
fd34=den(f34 , St tinue thi.s gate a
new | evel of f ra esuggl ? '?1015%5 F?rgtﬁ%%a'$ g‘%ﬁ Lllde&ltg#@ﬂﬁ% e&fsag‘fe nqL;tlrmnear ly
aver age eacbf franees ad}aeh:ﬁm levedim ﬂhe aee Ve extad dlt rewf 1eRBY o il’ndlIuQ&llei:eﬂl)’ dyasiel de-
averages of adjacent frames at level k-1, but also dyadic averages of a cyclical shift by one
frame at level k-1. This method is called here cyclic-shift tree de-noising '(CSTD). The
25 CSTD algorithm creates a tree (or array) of frames of width N and depth log,N. At each level
k, 1 <k <log,N, along the depth of the tree, two adjacent frames (dyads) are averaged and de-

noised, and a new level is created. As before, since the de-noising operation applied to the

dyadic average is a non-linear operation, the new frame is no longer a linear combination of
the original two frames.

30 . The algorithm takes N frames, and at first level of averaging produces N/2 averages
of frames numbered 1,2 ; 3,4 ; 5,6 ;...; N-1,N. Then another set of N/2 averages is produced
at the first level from original N frames by averaging original frames 2,3; 4,5; 6,7;...; (N-_
2),(N-1); N, 1. These two sets of N/2 frames are concatenated, and a new level of frames is
produced again of length N. At the next level, the algorithm is repeated, and four sets of

35 eyclic shift averages are produced, each of length N/4. The process is repeated for kua=log2

o (M) levels (for integer k this requires that N is a power of 2 or N=2%). ‘This is depicted in Fig.

20 for 8 frames, denoting by fd;2 the operation fd;;=den(f2,61):
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8 franes, denoti £d12 the operation fdl2=den(f12,Si): 29 Septenber
2006 WO osf%%%‘%@e‘%y@ﬁfsf%%ﬁognl 23 This is the algorithmused in
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- all the frames at-the original level, and that they are included in that average at most once.
25 These two results make the cyclic-shift tree algorithm desirable for investigation of wavelet
de-noising. '
When the thresholding of wavelet coefficients is applied to the frames at each new
level, those frames are not a linear combination of the frames at the previous level, becauée
thresholding is a non-linear operation. Additionally, the frames af the bottom level of the tree,
30 . arealsoa function of the ordering of the frames at the top level of the tree. For examplé, an
application of CSTD to an ordering of frames {1,2,3,4,5,6,7,8} will produce eight frames at
the bottom level of the tree that are different from the frames produced when CSTD is app_lied
- to an ordering of frames i.e., {5,3,8,1,7,6,4,2}. This is because of the variation of the
threshold as a function of the CSTD level. Each frame traverses a different path from the top-
35  ofthetreetothe bottom, and is affected differently by the thresholding function at each new
' Jevel. This fact offers a possibility of creatirig avery large number frames that are not linear

combinations of each other by simply reordering the frames at the top level of the tree and re-



data franmes are next subjected to a discrete wavelet transform and the
coefficients stored for 10 further processing, in a GSfigptanadra®06ashi on.
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of franes of vvave{net coefficients witdy the fi rst half prmﬂ%’"ﬁ?ﬂ ’ﬂgﬂbly by
aver agi ng adj acent frames of wavel et Coefficients as determined in the

initial ﬁtﬁhdgth‘é@m’betrh&ré BRTHO bIFbrithhe teWoGRE iRbe ko@arays.arltest ien
de- noi sed according to what may be a var,iable thr sho%gmlew t.hreshol d

i s cal cul at algorthas aespllsd “Ealgr-%tﬂﬁt fraang perderingy g ot Befficients.

Thi's is repeRi®d ohd &fftitdst Morithmd Hplidd ahylop&Bifon cARKL frddtes/18@ Wlbdripiiy ar@lef fi cient s
are linearly averaged, The final frane my. then be |Fverse di screte wavel et

transformad“f”ém&a]i“’ﬁ’0\93’fﬁ‘?lr TR sgRcHes LdFmeh fridrediciiile PHMs are i nportant to .

note gbout CSTD %QQSTDEIEOHIEM&ES ndﬁ’eﬂﬁ@kthil%@ss{bﬂiﬂ%k Bﬂ‘ralnefréc&ﬁ&nﬂaﬁﬁm nbisnat i ons’
using cyclic-shift tree averagl ng yield sinple |i nea‘r;}h%:vﬂgﬁl nations f 20

frames at eBeHibldpreEdRge. e/ﬁqmeﬁera?rta%nlﬁ@teﬂ&f CP iy sl porg e

level is idgghbififiond. owttt@s Heb R a MO a orkd MARHN Homahd Se@bfhﬁriz . gv}etos The'
second itemto note is that at the bottomof the CSTD.tree frlgrre is ~
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frames at tfg raﬁﬁdepb’lsdﬂngi\ﬂgtwo 19@%&%’ SFor et)ﬂ'ﬁﬁé hoksl 093] §1 Aod@B3| hflie@Imod
operation. Additionall frames at the bottom | evel of thetree 30 are
al so a funcBidh Tbe Buletheorerm mpasghearongrivence medile fgiction denolsd N BVBPIE( 0t he tree.
For qganpl ere_yﬂ;g nt ﬁﬁf)i JnS@E is%ﬁ e&tfwaqé-gprélﬁloﬂ@ltﬂ@qﬁfdzng'"opéxaf'nbﬁ:”%ﬁmad 23,

l,2,3 duce el frames af he bottom [ evel of the tree
t hat are d| bmmf@ mod 4hendf4r pﬁoﬁmdvmﬂm@:@r@%aramﬂgﬂeace to an
ordering of oS, heaffing ¢ rfaﬁbo%l% and 4 fyifledBy 23m’véthb §ar&%@ﬁﬂfn§erqtmﬁet3&t
variation of the r eshio function “of CSTD | evel . Each frane
traverses aWhusé tespngrypachmeduimiunetiontte preas aGPW ﬁ‘ﬂéeltcP ebirgmee pybepp(em  and

i s affect Ed];hgbrfelfn%ﬁ%ﬂ%ﬂ [IBIQ& gkl ding function at each new |evel.
This fact offers a possi f ty of creati a very |l arge nunber franes that
are @8t |inear conbi natlons of dEslerother= bypodfnply reordering the franes
at the top r pld/M3e R34 0BR[10

PCT/ US03/ 09% glgp&{a %gr%ﬁqésﬁlaagTﬁgﬁﬁeﬁ% Fto\g/vog)gagﬂ lorltt hns that pr oduce
t hese reord@fSD?Pgbecamé@eeﬂefvwwWS 1675 7)dess thag B |tad are pelatselymsiopde 8f r ane
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al gorithms appli€s any operati on on t he aver@g or de-
noi si ng, thla,yeerll1=51 lwgd&eil Ahe ¥e§ltowdot= lfrlakm’esebﬁra@ﬁr F’Wéﬁlle fashi on.

5 Thgs CSTD ﬂnﬂﬁf lyui%ij%g&zq@fmg&(@aqst all possibilities of frane

r eCOTT%I nat i on

A sccond theorem, due to Fermat (not his last theorem that was just recently proved),
extends this concept to prime numbers. We also state this theorem also without proof:
(Fermat) Ifp is a prime number and a is any integer, then & = amod p.
For example, let a=8, and p=3. Then 8°=512, and 512 mod 3 =2. Likewise, 8§ mod3=2.
30 Hence, we say that 8° = 8 mod 3, or that 8* and 8 are congruence modulo 3, meaning that both
8% and 8 divided by 3 have the same remainder, namely 2.
For a particular number of frames (which needs to be power of 2 for CSTD purposes)
we can find a set of prime numbers that yield the largest number of possible reorderings.
- Particularly, if N denotes the number of ft:mtes, p is a number relatively prime to N, and iqq is

35 . the index of old frames, then index of new frames iz is given by the following equation:

(’atd p) mod N

i neu



possible to rearrange the franes prior to application of CSTD, which will
yield nore overall conbinations. Wit is needed is 29 8sptetrbeppOEand ont o

function set of (1,2, ,N to a new set that contains the sane
el ement s, {‘{)dr)lemno’&ﬁgach and of Iength N i.e., (7,19, , RCT/USOXMTY3 3| or
{73, 4, ,14-121 }. One way to a?Ccorrpllsh this |s to use a sequence

per nut at i On %Ow Ealaioel S0 PHSHLPELALASHIR. Y Sahleihe BBk FRAGR . Ve

first presen eorem at uses unction cp(k) defined as

fol | ows:  ( pprbyidés anfe@mplebeuiqa(Pkr)naé@mb indeheeordgriteand gidicajsprdorderingsioiBeger s

less than k, ?}E‘ﬁ k. Modul o function, denoted nod, gives

the remai nder ﬁg%%ynagle %’%?’ngrs For exanple, 3 m)d 8 =3, 1.1 nod 8
= 3, and 16 _nod 8 0. The Euler theorem uses the congruence nodul Q

functi on, j@l’lOlF@th_@O =Fpnedd Erame@ 15ramed eSemte 4 htame Srodframe & dyame 7

~equi val ences : 3 ; T ; 3e 73
nod 23 = 4} “and nod Zé = 4. nce, Wwe say that 73 and 4 are congrueince
modul o 23, | Beani rﬁg t hat 3both 78 and 4 idi vi dedt by 23 7have tHe sane 3

‘remai nder, | ganel y, 4 use the congruence npdul o fjunctiorg to creptela new

sequence of frane nunbers The theoremis given WIthOUt proof, as folll ows:
20 (Euler)|d" 1 ®odk whére k i & a posixive |rﬂteger and a |szrel ativel ¥
prinest o k—For—exanpte;—tet~k=8_Them Cp(8)=4, because tnere are 1our
nunbers (1, Rofee flat bEBRe %Fﬂeﬁn%]ﬁanﬁsﬁ Bad h@ly NGB! YenfRhds /HRd Rt Each efdpiefign any of
these four nunpers raised to 4" power, are congruence nodul o 8
with 1, @wonamaiﬁetamnath&{eorW@a)mﬁaﬂn@i 81 nod 8 =1. Likewise, 54=
625, 625 m)d 8=1 1&%1eﬁlewf La¥1it]11p7 ogﬂpﬂ%iLﬁ ro8sh, e HAIAHAREE Bpro tpf]iateﬁnﬁlgcond

t heorem due to Fernat ast thedremthat was just recent|

proved),  eshetifor hgivenumbenst finmepefangingl dater We itpate fhescguafiont %= {#72 t heorem
Chon 1 27 ol H cipest b 208 o hfh i g Pt g R bR m i SO 0T
3= 2. Li keofieiofs mbda given imes Forerowle, fs Nesl2 & moggm nghesd 3, or that
have the sattring faih HESHeRsclyy HRAPIR) kb s, ShAR disphned . o
needs to bepiowe’™ ol nRd F . I@Ti@e pumgo'éﬁsw pm@c@mfﬁdrf and dherelaive iogpl] me
nunbers tha h I I

Parti cul arl m)ﬂcgi %%eﬁloe{' %s“%t%glteag)%gg ngl 1??2?{9&53 ﬁ%"?“‘?"ﬁ%ﬁ%’?r relatively
pri masto N, maxiswinmmber of fertatipwsigtheotrigiiabsefrearmef N deraonts ingesel ¥NRew franes
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Per sonal Commirisdessitton$§12 Forelaiwelyprime t¢ $12N=8, Tabl e 3 bel ow provi des an
exanpl e of Bl ot RSB oS Mo AN ARG o dhARRS: SRRREGH NoS of
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8 original frames
frame index reorderings prior to the apphcatlon of CSTD. The overal} algorithm first creates

20 many reorderings of original N frames using the Euler-Fermat method described here, and
then applies CSTD algorithm to each new reordering of frames. IfP new rearrangements are
génerated using the Euler-Fermat reorderings, this creates a total of M=P*N* log,(N) pew '

frames. We then have an upper bound of the maximum number of frames that can be
generated by the combination of Euler-Fermat reorderings and CSTD: M=N*N/ 2*loga(N)=

25 0.5+(N? * loga(N)).

. To create a large number of frames, the most exhaustive choice was to simply
calculate all possible permutations, and then dyadically average and de-noise those.
However, the number of all possible permutations is NI, which grows very quickly even fora
small number of frames. For example, for N=8§, the nﬁmber of all possible permutations is

30 _ M=40,320, and for N=512 frames the number of all possible permutations is M=3 A%101%

* This algorithm was not investigated in the lab, because the combination of Buler-F ermat ~



p Frame O Frane 1 Frame 2 Frane 3 Frane 4 Frane 5 Frane 6 Frane 7 1 0 1 2
34567 30361. 4725 505274163 729skofernmedadolz 1 5
Noti ce t Va0 owembionew reordering of frames has exactly N=SpelsaBRbS; and
that each elenent in the original sef appears in the reordering only once.
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al read roduced. g .very. | ar nymber franes, .sufficient for evaluation
y p Il)Ji g igure 21, (’% el 1u e to the present invention. Wavelet coeﬁic%nts are
g 1SRGt A P PHAY

of tie nov thresholded for each frame at that level with a different initial threshold, denoted 8,. The
correct way to interpret the threshold function s as a function of two variables: &, where k
is the index corresponding to the CSTD algorithn level, and w is the index corresponding to
| the particular wavelet scale within a single frame, at the k™ level of CSTD. Since the within-

25  wavelet-scale thresholding is a part of existing, standard de-noising algorithm, we will not

‘examine it furtherrhere, and future discussion of thresholding will assume that. We will only
be examining the variation of 3 as a function of the CSTD level k — denoted §,. When we
discuss thresholding, we will exclusively refer to CSTD level-dependent thresholding applied
to the present invention. -

30 : There are two variables involved with CSTD wavelet coefficient thresholding. First
is the function relating the threshold with tree depth level. Second is the initial value (§;) at
the first level. Both play an important role in the effectiveness of the present invention.

We have many choices when selecting the underlying function.that relates & to the

CSTD level. The function 8 is selected from a range of commonly used signal processing

35 functjons in search of one that minimizes the variance of the estimator. Intuitively, we want
* 1o select a monotonic function, either a strictly-increasing, strictly-decreasing, or a constant

function, because the behavior of the CSTD is consistent from level to level.



Figure 21 depicts the CSTD prdcess graphically, for a particular .
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not  exami nepératidwithirethe KETR algarithnf (whicheraied Missy Gana). O dokvolvds tog wi | |
the. cotD | epetiipthe BuPt ol porde aRiR Mt N E on Bondl e o Bt " ©
excl usi vel y newelyereated fi@sed) Thisreduldlisgep alll értinttinrediatectadieneroabplatiard in the titkee

present | nvﬂ{)}hﬁiﬂ, .G(‘)\I%Q r%rtg% rr%uf}éstfz*tl\%fgp Y {0|[1€ Qf’ tﬁ?s t.)rlder:]rvo(tlln"‘!lggzl(rﬁII é t?h esaTDI],e\évgvel et

coefficient I e’s ] e tunction rel roI d
wi t h 20r ee déptb) jhstfarithe SETomd IDWTL o dlteinkicawaywaks tefirftSialculate the Madififarers t

| evel . Both | Aporta role in.the effecti.vene f the. present
vent i on. iR TR0k BRLLARMl Bebalylnd Pl LESHORRIRER TR MR 0 00 ¢ ha
rel ates S t perfdmming@STIW Teoaclh timd hist theiowput@ifithBICSITD, s ghgle fied ffamof wavedmige of

comonly us |- processi p unct i n_seapch of e t hat
i s & ERR s BER H the Nt YN Aop e ol P Rlee RS B,
monot oni ¢ f fromt2¥kinto Mt 1t dperatiensswith ckpeyt toperfeadngiie wateldt chhsfortecr easi ng, or a

ConSLAT | UnCC! SRR S A SRR i
o . the novel methods of the preferred embodiment. The overall algorithm was as follows:
1. Acquire ABR data from human subjects over 8,192 frames, with and without stimulus
presentation using the data acquisition system described above. '
2. Create an array of wavelet coefficients by performing a DWT on each frame of the 8,192
30 -+ frames, arranged like original frames [1, 2, ..., K]. ‘
3. Create the “final average™ by linearly averaging all 8,192 frames, and filtering to obtain a
smooth signal to be used as the “true™ ABR signal. _ ' .
4. De-noise the array of wavelet coefficients using CSTD, to obtain a total of M=N*logx(IN)
new frames, each de-noised differently. ‘(i.e., at most 8,192* 13=106,496 frames).
‘35 -~ 5. Create P new permutations p of the original wavelet coefficient frames using the Euler-
Fermat reorderings, to obtain rearranged frames (i.e., [3,5, 9,-..,N, N-3,...] of size N).



27 The first choice is a constant function, such that Sk=Sk_i for all k
such that 1 S k:5 10g2(N). Second mej or chor ceto bgg@g@m@rm her the
function sing or decreasing. Then we choose the unctlon
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result of Figure gcé gm)nstrat es t the decreasing function 2 yields an
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frames). One choice was to. performthe DW, .de-noise, .and the tl_gl)éﬁrforman

1 DWI M8 each i ndilpeaffest oﬁﬁ“é‘?@eﬂﬁiﬁtﬁFq’n‘Fﬁ?@mW‘Tsﬁa@Qﬁé‘ﬂ‘tf‘?aér’f‘e‘? e woul d
keep al |l theddinbfl FRMds@iEnot EauifouiSe WY enBin MBSsigiidaby. tTHE&werdgHmdmtuon
however, this required 2*M operatigns of the order of n*l o %é’?

sanpl es per IURIGEAYS lngaravaraging fos tovsesh a singlppormatptigp Wé% 5\Nas to
first cal culagie ﬂferﬁ?piwhﬁhnfc&' &5 @i’ﬂ‘éren%ér—lf&rﬁa ?ﬁﬁl‘ﬂlaﬁ&%%ly lﬁﬁgasém& fgeronl y the
wavel et coefficients in D, wi thout o]

rnmin ach tj At the
output of tHRe2 mm)roenerewgﬁ‘yetmnrﬂ%ﬁmw%aﬁw ippn wé\?@troetthat éﬁéPI?IFCéF‘é‘rﬁ %\%Qs
- obtaipged, apghvidiga sifietasmeR BE ﬁs‘lﬁesqe ke QNGRIag I dH e fiQUICRED dehiRistiy, kldoad
from2*Mto M+l operations, with respect to perform ng the wavel et
transf or ms. tpbropgating &S PP draptiousieargpemants of ignes dorsrotyiskt 2 dgHHisaRtd t he ABR
si gnal acquiygpbinnd the novel nethods of the preferred enbodi ment. The

overall algorithmwas as follows: 1. Acquire ABR data from human subjects
over 8,192 franmedlowgrarrvhilsdhagorHentD Semes were notgrsiuaple linger epmbingtian of he dat a

acqui sition oﬁ%’ﬁ&l%ﬂiﬁl&‘e&'vhﬁ%oﬂgﬁi’eﬁ to the oﬁénﬁﬁtf?méﬁltcﬁs%éuegée VR Rdeet
coefficients formng a DM on each frame of the 2 30 frames,

arrafed | i R@UW?@ indaperdertnd is[is the major reasquthat the amognf;of Sl“ﬁe‘mpf‘?"ﬁ@lmtaver age"

by 1inearly yg¥eeembN\ohiRihpfatd s sl‘lA%ﬁf@ﬁﬂy %%Jnlthé i gk thebr@RaflY Bkpdcted MOt h
signal to be used as the true R'signal. 4. De-noise the array of
wavel et coef®ilgi ents using CSTD, to obtain a tot al of MNIlog2(N new
frames, each de- ;s cATHHRIERNL ¥ corbindlion 095 llﬂ@ﬁive&gﬁa%%rocéé‘aﬁ@@ d496
frarres) 35 5. Creafe P new pernut ations he original wavel et

coef fi ci ent DGiFiBEPEOCEsS| ﬁge key differrinee betwesn T @drl@eaf javeyaging is thabthgiGPTD

rearbanged [LagRR1ek boeficientsdess thana thresdid hzeto: Setlinghe frdfolko zero in a CSTD

process means that all the wavelet coefficients are kept, and this is analogous to performing

linear averaging. Thresholds are reduced as the number of CSTD levels increases. The
number of levels, or the depth of the CSTD tree, increases with an increasing number of '
frames, hence more frames are processed by smaller thresholds while being linearly averaged
30 - at the same time. Hence, when compared to linear averaging, for a small number of frames,
CSTD de-noises more frames with larger thresholds, while for a large number of frames,
| CSTD de-noises more frames with very small thresholds as compared to the number of
- frames that are being linearly averaged. Hence the CSTD approaches linear averaging
performance for a very large number of frames.
35 . Furthermore, the linear averaging processes embedded in CSTD from one tree level
. %o the next tree level increases the SNR in addition to the simultaneous wavelet de-noising

process. Hence, for a small number of frames, a small amount of linear averaging takes place



29 Septenber 2006 -WO 03/090610 PCT/US03/09711 28 Repeat CSTD operation P
times for each new permutation p. This will obtain asy@tentier 2005™ (N2 *
| 0g2(N)) st frames. 6. Linearly average all different de-noised
reorderi ng‘? Y998 nes to which CSTD has been appl i ed to &6TASe3/87¢equence
of Nframes. 5 7. Linearly average th& N frames to obtain one frame of -
wavel et coeffi.ci : .. Perfor, he |DW on this avera fr to obtain
e domar n i PELB, ap e R b PEr G MmN RR OB Lot veen
t he |inear awefizigets&nard.iAxthe andragtfranansdnco@msanae tineat ineraganyiaprfrmadd RVS
error betwe de-pBehSs aver age and fi.n ver . for | NCr i

SHilis Cgﬁ%, a%% or Oésgtls (5 G]L:eljil bé/?f{l hest %&%%@%%gﬁs?ﬁg?]aél%&é%%&t%g—

nunber of franes. e e 0 er na

i nvest i gat edyoisip It sddviing, fsonnnelfrdthestard processeddi snatierahresholinie sprdiediatrily new

Conf[ ri P ute tt?eetl&%lsp 65 rgﬁ q}laga%ﬁtr% <9)r1]1|1 i %&&talrl¥ncr st}n? x?u\ﬁleinref armee%i Ul?stslngirs]e is! n
vari ance over I'inear aveéraging for The 'case o & S ngl e ‘pernmutation was a

-factor of 9.@bpvedhyide-eoising berpye tieahieshvldsfarclioduded fram dvel tildvel, whds met
perneations n%%:%ri ncr %%\,d that factor to 9.52, or approxinmately 3%

I mpr ovenent IS S AT i Nal catieolr t hat the application of CSTD 15 provides

a sufficient nuniiBmws,ofheh marasparotht fikenr ackragidgagecesfapplied bytisgf, lbythe CETD
de- noi si ng, .and tﬂlacltlare ea for v nent s ocgf frames

i ng CSTD ri pus, rearr e

Gocs not o dieress WA albe BB fieithusmes oS st MES BRSNS 1D
f ramed0 wer e imptovemeit isEererdllyreducedwitbamintieasingofumbéref frameg) i Hiadevbr, svite ABRt hey
were correl asg egl to the oril%i nal féaqﬁgl\@g SOme %g ree nd lr)emt,FréO
statistical I PHIESENFRT T FRIE™PE™ "BV 3l nymber 9 it of SNR
i mpr ovenent (i.eisil2gs.GIPE), hurkek the ASTPg@ithm dbs offeigmiinbraahdny whesconipaadict he
best case theorett.i Cﬁngr eﬁect ed result. Also, the CSTD process is a

PRHEET 4V

conbi nat i on GV #88i ng process and a de- noising process.. The
key difference bdhisdsventmideing a hoved fist amelcagtimgior for hppdicatidngo GEllD 25 sets

wavel coefficient I’s.thnati{]ﬁ{f?i shold. to zerQ. ttin he threshol d
(o scf i n £ ok Beobtiun CPRE Srmet e R bBRPIE T < ar
kept, and t kbsupis] Brah@gatisur of fivef echthagthe tsutdny signabBloagise gatiocSNBsHRo0l ds are
reduced as the nunb of CSTD | evel s increases.. The unber. of l.evels, or
e dept h ofCREEIED Iopeativerae sbude et Faneinurterel A inleprBioR € anes,
hence nore fiicrémstha SERPE ABRSS Conveptichabwhelet dduddipis de prdvetseofbaiimngwdvelaear | y
averaged 30 at_.t.h me tinme, Hence, when conpared tq.li r _averaqi ng, for
2 smal | nunBevCgpE fapRaresentlersing o posp lilegiHatt e st gt e
t hr esttol ds, sighbl @idgert@stolt fgactionmEewewet, chnanimal wHSEDIdsoising fadls farsipmlst r ames
with very s Ila%\@{e h]gl ds aﬁ conpared to the nunber of fé@ges that are
bei ng |1 neartyss BYE Zntiaithibocere AR ENEet prasoe{0esg: ng
performance. for UBing@ieyappathtgCandundtieod ofthefprésem Snvention, the original data frames are
recombined to create a large number of new frames, each of which was de-noised usinga . -
_ variable threshold function. Several algorithins for creation of new frame combinations are
25 disclosed, and cyclic-shift free de-noising (CSTD) is applied to these frames. This CSTD
algorithm used the original N frames of data and produced N*log,(N) new frames. The new
frames were derived by averaging adjacent original frames, and de-noising the average. New
- levels of frames were created, and at each level different de-noising thresholds are employed.
Since de-noising is a non-linear operation, the CSTD algorithm produces new frames that are
30 not a linear combination of the original frames. The experimental results showed that
permutation methods to first reorder the original frames, and then recombine them using
CSTD did not produce a significant improvement. _ .
Using the CSTD algorithm, it has been shown that applying the novel algorithm to a
simulated noisy sinusoid with SNR of —20dB achieves acceptable performance within the first -
35 512 frames. For a small number of frames (i.e., 512) of the simulated signal the novel
- algorithm has been shown to reduce the variance of the estimate by a factor of approximately

ten, when compared to linear averaging. The application of the novel algorithm to human



35 Furthernore, the |inear averaging.processes enbedded in CSTD from one
tree level to the next tree |evel |ncreases t he SNR 2gsafisthbdranot 0 the
si mul t anegigsosy@ghet de-noising process. Hence, for a smy) [gd%&rl
frames, a small anobunt of linear avergging takes place 29 t 2006
VO 03/ 090610 PCT/ US03/ 09711 29 within CSTD, and nost of the SNR

i npr ovenent sﬁlﬂ@m & 196 hikd AodRed @E}ge\ﬂﬂqéﬂiv&hent@lﬁﬁécrfoi‘rﬁaneélt'ﬂletaﬁaabEABR AS t he
nunber of franes increases, nhore Ilnﬁ,ar avg{i % performed . with
in Sty gpt

CSTD, and nofe¥eiappsda theaeizhbashood ofprak fYecollpH ﬁ‘ﬂldB:PB‘E‘@%‘lsb than by

wavel et de- apfroginAd by Phedded] bigOithmds amwelsﬁlﬁﬂ@rﬁe@ﬁﬁoﬁipﬁe@&ﬂﬁﬂar asersging | er
threshold is applied at the new 5 tree | eve Over al %B@Ee
es“”"?‘é‘ Vel by

col urm, wi t AYbAGR TPqHteR oR the grdps ARy tinggs I‘P‘t’%ﬁé‘é‘eﬂf’é’ﬁé"‘ﬁ?ﬁeg
de- noissi NG hgepden Shdwio tab@hdladitnce of the STt aas of fa@dn dfepiedxiinaielyehred wheshi | e

nore noise is reppoved by |inear . averagin when . we e th
“linear aver ZgMAYehiodingraverpging éfdrlsa@eq“t‘?éq ?to r?‘g’ct“ﬁehe(%'ﬂger ﬁ%@gg% AtReRT ch
al so uses |'t@ﬁ@éoil@ét@dﬁﬂ'aﬂ&ag’éabﬁﬂfdcﬂi-ﬁﬂi@l'o:-dﬁﬁitélyﬂw see that the amount of
10 inproverent is generally reduced wth an increasi n% nurrber of franmes.

However, with ABﬂ"he§P§Fﬁallg°fﬁF’6@%%s§Y‘H©l limfgetignse TaleJmepn A¥eragips. i <@N48t Phor overrent

for a small apMTERSS a Qhplb GRAESE dafal hefics malidle\tReasiterh&id) of thesage sicha nfuSiH
al gorithm does offer-an inprovenment vvhbcgléconp red conven%fpgﬁé l.i near

aver atfi ng. THde Thesienel baingseiiaater mush by erharent apdsmpg e‘i"]eet“ cgLpIT

appl i cat i on g0 MRpls it, becallle Wil B AR basis Yoekveltt e@hﬂﬁaig SFiadl§, tﬂeﬁlg&&dmaﬁm gnal s
produced by the human body and corrupted by a ﬁ %lrjlnt of, _noi Setha such
that the resuirent iaplemeiion peguirrgitinball ﬁ’@lf’@“’(egﬂf:ﬁatq'%eco enigag gtprsd gaor tp s 5

averagi ng of, %Peﬁﬁronsdf%};%h goliftAES., fo phidbs¥ial S8 friméls 8llof the § I2Gralich Mustde! to
i ncrease the NR of ABRs. Conventional wavel et de-noi si ng is the process of

setting wavéralebledpwempd).ents that represent the noise to zero, while-

keeping the coef fyghghl es’tb%igoﬁt%ﬂtrc%ﬁ ﬁ@tapﬁh@@to?&he‘ilcﬁmk of Wik Bignds &dar eshol d
function. However, conventional wavel et de-noising fails_ for lséélgnats whose

SNR i s bel owiosieng)s. Frseuample, oo hpresignaliheidn vrisabisrthy @P@ﬁ‘t‘% it Arguiagy Y oF o
zero. Using 1§ n@cﬁ@@tr 1%&%&3@%%*&% b@fdelitbﬁedjeﬁsﬁﬁftﬂé prefUEiR¥dnBbn usidpahor i gi nal

data franes reconbl ned create a | arge nunber, of new franes, each of

whi ch was déarn@tng@di progespry and methed. A dat i P%“siﬁ‘il)tsdh‘tt thedrpubignabhe selegtively
al gori thims deldte ?31{135 Qﬂuﬂfyer'aﬂ%afll&?@tll&@r@blﬂéﬂvﬂ% ﬁ@m@@e dpaklIesoisedd

cyclic-shift tree noi si ng lied to these franes hls CSTD

s a
al gor3% hm ugodithe mesuliant sfiziphmax mbm@sasembgeétba( rayeesipg eipreesduiRdpsliviaing i e\
frames. The ﬂtla‘?éﬂtyﬁ Jd%@?édé’tﬁﬁs%d %ﬁhﬁ@%ﬂﬁtﬁ\@%&ﬁ@ﬂ%@f@ﬁ&r&tﬂodﬁ{m& mal franes,

and de-noi si ng e averag evels of franmes were created, and at each
| evel di ffemmd@cmamrlﬂmm@ﬂtm betroliettoamivesalip BpEiperingsereRng ahas BFPLi s a

non-1 i near SABhAlWeurkdi (PR Sk G ihprafluces now frames that are S0

not a linear ¢ I nati o e original franmes. The experinental results
showed that per mm@memmaeswatw@ts efdlesy igeantipnare aehigyed and qhines, and

then gecomb 'a@w?an{a@%@s Ve%hl&gbttamed As various other changes could be made in the above without
departing from the scope of the invention, it is intended that all matter contained in the above-
description and shown in the accompanying drawings shall be interpreted as illustrative and
not in any limiting sense. The invention therefore shall be limited solely by the scope of the

claims set forth below.



CSTD did not produce a significant inprovenent. Using the CSTD al gorithm
it has been shown that applying the ngvel al gorithm2®Septembar2ibed noi sy
sinusoid wth SNR of 20dB achi eves ac%Ept abl e performance within the first
35 512 franes. For a small nunber of frames (i.e., 512) of the sinmulated
si gnal th@VﬁH?steélaiﬁmleg?sr-ithm has been shown to reduce the variance of the .
estimate by a factor of approximately ten, when conpared to |inear
averagi ng. The application of the novel algorithmto human 29 Sept enber

2006 . WD-Q@3/09061 30 i ABR dat a. has al so produced a
| arge i npﬁbvenentﬂis%{eé}?g%ﬁgﬁféé&e ?ﬁgmér%@ﬁ%@ S[RB%’ CRBTES s in t he

“nei ghbor hood of pe@kmontiot $tetngttie inpus signalpwherain theingit signe is dividede

appr oxi _ b ri ' 212 {1a conmpared to
P hear aviie lfsrAAfEs of iR poiitahd s Hlocesfbrabniditeq [ SBreBY TR0 CT 10
be aver ageeformenemnlingar de-goisinglopetatina onleacmofthe plurdlity ofdcinees dfldetavar i ance of
t he signalnifd. f {Jaf. hre en. conpared to |inear

aver agi ngbm@ 1 gncli gﬁ]te'@{)ﬁ f/hglren aﬁf(;d%rgé g%q/fﬁégmé%@%%%?mg&qmaqms t hat need
to be col Fesbiped msdltani deagisad inpubisigaalt or of approxi mately five. The novel
al gorithm has several limtations. Like |inear averaging, it cannot be
applied to a si ng_le'frame of data, hence nultiple neasurenents of the sane
si gnal nudt be 10hgsigpal Mrheessprofalaimeai wioereisttherpitoedsson stfulieercoher ent  and

smoot h, WoeH ‘ e .Noj r it e this is the
basi s of wavgfi%tm% déllg%%tc')\?s é\%ﬁmﬁé’lﬂh}ﬁrayrﬁ&tac%féj% a %03'5{%?%% Qi'ﬁrgﬁ&?a'gﬁ%rent

i mpl emrent kafprgrineareifinglly eambiineal intoteheorfibinerbresoltand de-aolsed émplut sighald and st or ed
prior to the application of the algorithm (i.e., for processing 512

frames, all of the 512 franes nust be available in nenory). 15 The novel
CSTD al go¥-i t hm cdhe Bignakbéasdorn of claimh & wiwreis dlesprotesseals confiqakd tand

bi osi I : ' [ . {0 Jant in th -t hat
1 7hr P ogureise SKpRR LR of B o BT Bl d@leflor 0 mmy alco be

de- noi sed using the present invention using the same signal processor and

met hod. | that s & j . i t.signal be selectively divided
. up into g'nunber 1}0@ S@&Iﬁ%ﬁ%&#?ﬁ%ﬂé{?g@g’%ﬁb e\ﬁgcf%ﬁs%éﬁ/ﬁlphg'h be separately
de- noi sedcopligurad ta Use a difetenbihreshiblyifat eachyiterdtien dbdedneisimgsenbl ed by reversing
the procedure for dividing to thereby produce a de-noised variant signal.

The goal of the preferred enbodinment is to produce an algorithmthat can
be applidd to uniThesigadl prodeasdtr diekirn igviersiadn progcessbeisdutied of testing

d tical, i t . [ f .t he above,
he sever aailyLleiBU? Hiifars el Sds bARR? bOuiBiacPet rBES5 by ant ageous
resul t s andaiheegin al\denaised frames loé datapeinge srecoribthdado rmrile d4ta t he above
W t hout - cgﬁﬂﬂe@r@&lt%ﬁé@-ﬁnﬂ%ﬁiﬁg & o he invention, it is intended that all

a € anove- P Uest

matter contalned 1n ‘ption and shown in the acconpanyi ng
drawi ngs shall be interpreted as illustrative and not in any limting

Sense. TI%? : nvenfﬁeoglgﬁanﬁoecggsroer 0 nginl’n 1l\)~(?1e|réin r%eeigpﬁt%gg%la is%mtprrllge gfo pe of the
an array A1 or 2" frames of data points, and the processor is further configured to
perform up to N-1 de-noising iterations.




clainms set forth below 31 29 Septenber 2006 Wat is clained is: 1. A
signal processor for de-noising an input signal, con?Bsptegibea20Snory for
storing the input signal, wherein th 3 nput signal is divided into a
plurality of franmes of data points; and a processor configured to:

separ at el perfqrr n-linear de:noising operation.an each of the

pl urali tyy'of f ragrr‘g’@n%* B%g?%sor 6Fﬁt"§f5'r§n%1 'Eg%tﬁ‘gﬁ’é‘ﬁﬁﬁ@p@g%ﬁ ARTRe- noi sed
franes offodstbangihiirpsit signélpwherain theirpunhsignat ésdivitedintala pluealisest | nput  si gnal . »
2. The si rQce rofclaim 1l wherein the processor is further |
confi gur eg t!os (lﬁtdgfa Oﬁ'ﬁgé’l %E%%—pﬁ%‘fe§8°rtcr?§%$‘frﬁ of datia points for a
plurality of ti nespardtelygedotrhayocadieeén dwhdising opdraticrdon edah af tleonbi ned |
resul t ant i i ignal. 3. The signal processor of claim?2 |
wherein t ’@%P} %E@%ﬂ%érgﬁodéttac%@ggur ed to conbine nmultiple nunbers of franes j
of data points befamesgetietpliuralty af frames 4f dabé poistsgmal pegpioon @eswarineér cl ai m 2 i
wherei n the. oL F ] t Lqur to use a,different threshol d

for each %g@é{ﬁ?%@éﬁéo dlg’l%%{hsé?ﬁ%? né@ﬁ%@gggﬁgarﬁpmgfsogg%sor of claim1l 1
wher ei n t he proce¥shine the regultanéde-noised frgmee df dada peintdard thoeeduitames of dat a 3
poi nts befo = N04.S t t . rein all .de:noised

frames o?dc edrcﬁicﬁséééﬁloew %h%grg%ﬁ%g%ﬁﬁ{egégf%maér %%n%r%gm%éﬁﬁ{hﬁggdﬂrgﬁﬁl t ant g
de- noi sedsignaput signal. 6. The signal processor of claim1 wherein the |
. input signal is conprised of an array Al or 2N frames of data points, and |
the processor is further configured to performup to N1 de-noising
iteratiorfs. 29 SEiw sighal pra@dsor B 2latn 7Avierein ftle woozssssisfurtter de- noi si ng an |

i nput si - IS AQ 48 r I i t Si wher ei n
tho. i npuitocyoyrEPBRler i e B hameor BBy B ARBHY oftiias ot <.
peand a mgroieperodeseising cparfatign befdre they seepimaily edrmbined irté aeambibednoi si ng
oper at i oqe%maﬁp@nﬁgeiin@gtggdn%al ity of frames of data points; rearrange the

plurality ranes o poi nts and perform a non-1linear de-noising
operation on each of the new franes of data points; and conbi ne the

Frames of dat a poterd Brsbrera LA et R i dedfhss R bl o0 Sl nal

combine multiple numbers of frames of data points before each iteration.

10. The signal processor of claim 8 wherein the processor is further
configured to use a different threshold for each iteration of de-noising.

11. The signal processor of claim 7 wherein the input signal is comprised of
an array A1 or 2" frames of data points, and the processor is further configured to

perform up to N-1 de-noising iterations.

12. A method for de-noising an input signal comprising: dividing the input
. signal into a plurality of frames of data points;
performing a separate non-linear de-noising operation on each of the
plurality of frames of data points; and
combining the resultant de-noised frames of data points to form a
combined resultant de-noised input signal.

13. The method of claim 12 wherein the de-noising step further comprises
iteratively de-noising the frames of data points for a plurality of times before they are
finally comb_ined into a combined resultant de-noised input signal. N



8. The signal processor of claim7 wherein the processor is further
configured to iteratively de-noise t frames of dat 29 pepteindef 20062
plurality-of times as part of each - noi sing operation before they are
finally conbined into a conbined resultant de-noised input signal. 9. The

si gnal prgycessor | er.el (o] r.Js.confiqgured to conbine
mul tiple ﬁﬁnber S -lg{e @%@l&@éﬁ%&d‘gﬁgﬁ%ﬁﬁﬁpgd%i‘uﬁ%ﬁ% Sé%&“ﬁ’“ﬁ%‘ﬁ R8RS 10. The

si gnal presowdining muftiplsl mimbegs oifeaneesoftdata points ésfooe each itaratidner configured to
use a different threshold for each iteration of de-noising. 11. The signal

processor of claim?7 wherein the input signal is conprised of an array Al
or 2" frales of dhe mewidnfslaimid viHeesip thecdssasing step durthes comprdesgur ed t o

per f orm URirlgls AfterafieARhBIG: ddcRlifldiBR Br ad-foisfigeL NOd Tor de-nol sing an
i nput signal® conprising: dividlng e i'npu spgnal into a plurality of
frames of data points; performng a separate non-linear de-noising

Operati omeon eachhdlies orlleith Ablihe? bohbATRS wllstdllAe BRI ndnd combi ni ng
the resul tant de-nolsed frames o ata points to forma —comrbined resultant
de- noi sedrangsual defagrnints befere derpoisig fluain efictbertime, Bhdwoebdiing allde-de- noi si ng
step furt i s I - N0J S| r . Of poi nts
for a pl urlr?)a eidﬁ‘:%ﬁgs ??%fc&r@%ﬁ%ﬁéfié&é@grﬁ&h% f\ég’ ﬁ%ﬁg&ﬁgﬁuﬁggﬁﬁ conbi ned
resul tant de-noi sed i nput signal. 33 29 Septenber 2006 14. The net hod of

~claim13 erein - Noi .S : t: i ; %@W‘g' i mul tiple
. nunbers c;?hf ranggﬁéc:ﬁ]e atdarbq Sﬁrﬂng ga{l;g& c')é {éhreé'g@ﬁ Slﬁ‘;[?'g?l %ﬁa@ﬁf‘s s hryé'%get hod of
¢l ai m 13 ofAdosi2n frames ¢édatsipeintsy and #pe daineising steprinslidasperfosning up tali f f er ent

t hreshol gyf QbR idiSEysi on of de-noising. 16. The nethod of claim12
further conprising the step of re-ordering the franes of data points

bef ore de-noi sing them another time, and conbining all de- noised franmes of
data poinjgs to agni { ' B diRia0l [ ignal. 17.
The net hog' of clélmn%{q%%g?ggﬁmp@q?élﬁé nél gn %{ng. 9@@%&@%"8? an array
of Al or s@nafintereeplucdityddframesiohdata peinds;t he de- noi sing step incl udes
performng up to ] = 0015l i L RS de- noi si ng
an input signal %%ﬁﬁ%bgng?aﬁ%éb%ﬁéﬂg? H%@z{r?}j& I r'1prL'th Jéeg?@r?a %ﬂgﬁtg{epl urality of
frames offluiditaoifeamessof dada paintsi ng a separate non-1inear de-noising
operation on eac : I . j ;
rearrangi ng the @I) Eé%[f‘%@‘ ggbélp @gé#goﬁ%ﬁggfdg% %toaloéﬂugs@%%crgrgféea eé”ﬁ%&\%sf rames of
data points and pewof dataipoigitsanbperfdrmingra oen-irsias degospgraperasion on
each of the new frames of data points; and
_ combining the resultant de-noised frames of data points and the resuitant
de-noised new frames of data points to form a combined resultant de-noised input

signal.

19. - The method of claim 18 wherein the de-noising step further comprises
iteratively de-noising the frames of data points for a plurality of times as part of each

_ de-noising operation before they are finally combined into a combined resultant de-
noised input signal.

20. The method of claim 19 further comprising the step of combining multiple
numbers of frames of data points before each iteration.

21. The method of claim 19 further comprising the step of using a different
. threshold for each iteration of de-noising.

22, The method of claim 18 wherein the input signal is comprised of an array -




each of the new frames of data points; and conbining the resultant
de-noi sed franes of data points and the resultant degsephanthenepod rames of
data point's to forma conbi ned resul t34nt de- noi sed i nput  signal. 19. The
met hod of claim 18 wherein the de-noising step further conprises

iterative | Si he .franes of data.points for, lurality of times
s part - oY LR Al Foynis R iAo 0B iR nctedareRomtbat ned ' nt o
a conbi nag todédideawisidpiteratimnsed i nput signal. 20. The nethod of claim19
further conprising the step of conmbining nultiple nunbers of franes of
data points before each iteration. 21. The nethod of claim19 further
conpri si r&g.t he sTbpsighalypsocegsar ol ickainerewheretrhthe drpaolt sighaliis ®bioksigriagr at i on of
de-noi sing. 22. The method of claim 18 wherein the input signal is
conprised of an array 34 29 Septenber 2006 Al or 2" franmes of data points,
and wher éd4n t he dbe mighalipnocessaf iclah @8 eshereinftbe blorsignaliis a wedkk Hio-de- noi si ng
iteratio T Lanal. sor, of ¢l ai , Wherein the input signal
is a bi o%ngaﬁg?v.mdqgﬁéh%ﬁgngllgéﬁ%ﬁ%%?so@gg?g?&ﬁ%l aim 23, wherein the

bi o-signal is a weak bio- signal having a signal to noise ratio | ess than
about 0 dB.




