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SOUND-INDUCED SLEEP METHOD -AND A SYSTEM THEREFOR

" PRIORITY CLAIM
[0001] The present application claims priority to Singapore Patent Application No.

201304490-4 filed 11 June 2013.

FIELD OF THE INVENTION
[0002] The present invention generally relates to interactive sleep inducement, and

more particularly relates to a method for sound-induced sleep and a system therefor.

BACKGROUND
[0003] The intensé life of _moderh soéiéty makes a good quality sleep precious yet
difficult. People are too troubled with hecti‘c workloads and family burdens to re's_t-
ﬁeir brains, even when it is time to sleep. To quickly induce good ciuéiity sleep,
researchers have looked to a number ofﬁx_nethodé, utilizing an electrocardiogram
(ECQ) and)or an electroeﬁcephalo graphy (EEG) to monitor the sle¢p qﬁality.
[0004] Electricai pulses, for example, transcutaneous electrical nerve stimulator-like
pulses (TENS-like pulses), have been used to release 'endor;phins thereby promoting
sleep. Howe{fer, at least one eleqtrode must be contacted with ihe subjecf’é skm to
providc eléctriéél pulses iﬁ thviS rﬁethod. Also, ‘this method is particular applicable to .
subjects who are 1n pain and cannot sleep because of the pain. ‘Yet, ﬁ non-invasive
and éasily implemented method is more desirable, even in regard to patients in pain.
[0005] Thus, what is'needed is an easy and effective individualizable sleep-inducing

method. Furthermore, other desirable features and characteristics will become
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apparent from the subsequent detailed description and the appended claims, taken in

conjunction with the accompanying drawings'and this ‘background of the disclosure.

SUMMARY

[0006] According to the Detailed Descriptioh, a meth_od for sound-induced sieep is
provided. The method includes detecting brainwav.e signals of a subject, analyzing
fhe brainwave signals to determine a current sléepy state of the subject, selecting a -
souﬁd in response to the Curlje_nt sleepy state based on a quantified association index
between the Brainwave signals and acoustical features of the sound, and playiﬁg the
sound to the squect.

:[0007] In accordance with another aspect, a system for sbund-induced sleep is
provided. The system includes a detector module', an analyzer module, a processor
modulle and‘ a player module. The detector module is configured to _de;tect brainw_ave.
signéls of ;1 ;ubject. The analyzer modulé is configured to analyzé the brainwave
signals to determine a g:urrent sleepy’stat¢ of the subject. The processor module is
configured to select a sound in response to the current sleepy state based on a
éuantiﬁed associétion index between the brainwave signals and acoustical features of

the sound. And the player module is configured to i)llay the sound to the subject.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] The accompanying figures, where iike reference. numerals refer to identical or
ﬁlnctionally similar elements throughout the separate \./iews and which together with
the detailed description below are incorporated in and form part of the specification,
serve to illustrate various embodiments and to explain various principles and

advantages in accordance with a present embodiment.
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[0009] FIG. 1 depicts a flowchart of a method for sound-induccd sleep in accordancc
- with a present embodiment. |

[0010] FIG. 2 depicts a block diagram of a system for ‘sou-nd-i'nduced slcep in_v
accordance with the preseht embodiment. |
[0011] FIG. 3 dcpicts a flowchart of a methcd for sound-induced bslecp 1n accordance
with the present cmbodimeht.

[00‘12] ‘FIG. 4 dcpicts a ﬂowchért of a method for sound-ihduced sleep in accordancc
with the present embodiment.

[0013] FIG_.- 5 depicts a flowchart cf mcdelling of the sleepy states detection depicted
in FIG. 3 in'accordance with the present crﬁbodiment.

[0014] FIG..6 depicts a flowchart of. selectihg sound in accordance with the present
embodiment. |
[0015] And FIG. 7 depicts a flowchart of an evaluaticn process of a sound-induced
- sleep method in accordance with the present embodiment.

[0016] Skilled artisans will appreciate that elements in the figures are illustrated for -
simplicity and clarity and have not necessarily been depic‘ced to scale. AFvor example,
the dimehsiocs of some of the eiefnents in the block diagrams or flowcharts may be
exaggerated in respect to other clemcnts to help to improve understanding of the

present embodiments.
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DETAILED DESCRIPTION
[0017] "I"he following detailed description is merely exemplary in néture and is not
intended to limit the invention or .the_ application and ‘u-'ses- of the ‘inven'tionv.
Furthermore, there is no intenﬁon to Be bound by any theory presented in thev
preceding background of the invention or tﬁe following detailed‘ déscﬁption. It is the
intent of the present embodiment to present a novel soﬁnd-induced sleep-method.and
a system therefor. The present sound-induced sleep method k_:ombiﬁes ‘music therapy
and brain-computer interface. It continuously and adaptively selects the most suitable
~ sound t§ quickly in(iucé a good iquality sleep. The sound is sélccted in response to the
3 brainwa?es. A .system for sound-induced sleep is also proposed fo quickly induce a
good quality sleep. . |
_[0018] Referring to FIG. 1, a method 100 for sound-induced sleep in écCordance with
a present em_bodiment is-dg:picted. The ‘method 100 comprisés detectirig brainwave
signéls of 'a..subject at step 110. While the method 100 and the discussion of thé‘
sound-induced sleep in accordance with the presént ‘embodiment is limited to
detecting br;clinwave signals of a subject, the present embodiment and the sound-
induced sleei) method is applicable when other signz;is are detectgd from a subject,
such as heartbeat signals. The éubject discussed hérein comprises a human, an animal
or any other creature which responds to sound.v |
[0019] Th;:’ method 100 further comprises analyzing the brainwave signals to
determine a current sleépy state of the subject at stép 130, selecting a sound in
response to the current sleepy state based on a quantified association index between
the brainwave signals and acdustical features of the sound at step 150, and playing tﬁe

sound to the subject at step 170. -
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[0020]  Brainwaves are produced by synthoriized elec&ical pulses from mésseé of
_neurons communicating with.e‘ach_ other in the brain. The brainwave §ighal$ are
detected using sensors placéd on fhe scalp; .such‘- as gsin_g sensors for an
" Electroencephalography (EEG). Brainwaves are divided into bandwidths and .e.ach ’
bandwidth is associatea with a diffcreht sleep state: Delta waves are associated with a
deep or dreamless sleep; Theta wéwes are asSoéiated With a light sleep; Alpﬁa, vBeta :
énd Gémma waves are associated with awake states. Accordingly, a current sleepy
sfate can be determinéd from _the bandwidth to which the brainwaves belong. The
current sleepy state may comprise a sleepy state and é non-sleepy state. The sleepy '
state may b.e associated with Delta 'wa\./es and Theta waves whereas the non-sleepy -
state may be‘ associated with Alpha, Beta and Gamma waves. The current sleepy state
, méy also cdmprise a deep-sleep state, ‘a light-sléep state, a meditation state or a wide- |
awake state. Each sleepy state may be vassigned a sleepiness score to quantify the
sleepiness. |

[0021] The sound played to the subject may comprise music,‘ nature sounds,
 electronic sounds, and thé.like. There may be a databank or a sound library for storing
such sounds for inducing sleep, such as a sleep therapy compact disk. (CD). The
selected sound Amay cofnprise a single musical song/sound or a list of sounds
comprising rﬁultiple musicél songs and/or other type of sounds. The list of squnds
comprised in the selected sound may be pre-stored as a whole in which the sounds are
particularly arranged in a preset sequence to induce sleep in accordance with the
method as described below. |

[0022] A sound- may be represented and analyzed by its acoustic features. The
‘acoustic features of a sound may comprise a feature selected from the groﬁp

comprising music signal global energy, tempo, brightness, roughness, Mel-frequency



"WO 2014/200433 ' : PCT/SG2014/000271

v cepstra_l coefficient, ‘pitch, inﬁam0niCity, key, chr@magram, mode, tonal centroid and
period entropy. The acoustic features may be computéd fromv ambient music or
natural sounds. |

[0023] The‘,quantiﬁed associatidn index between the brainwave signals and the
acoustical’ features of the sound may be obtained by detefrnining a correilativon
, therébetWéén; The lcorrelatio.n may be expr'e'ssed using ‘a Canonical Correlation
Analysis (CCA) The CCA is a way of measuring the linear relationship between two
multidimensional vafiabl_és by finding the two bases in Whicil the corrélation mafrix
betweén_ the Variébles is diagonal and maximizing the correlations on the diagonal.
Accordingly, the CCA simultan.eously maximizes the corrélétion 'beﬁ)veen the
brainwa\k signals and the acou’stical features of .the sound and maximizes a
discrimination between the sleepy state ahd the non-sleépy state.

[0024] The optimization problem using the CCA can be formulated as:

CU){ (Cw - Cb )Cof

* o ol Cn i C ) ©
where
Cw = Z(xjy’{ +xkyJT)
Jskesame clas? : (7)

represents the correlation of sound-evoked brainwave vector x; and sound acoustical

feature vector y; from the same class (i.e. both sleepy or non-sleépy),

. T
G=  Tleol +xy])
Jkedifferent class ( 8)

represents the correlation of x;, y; from different classes (i.e. one sleepy and the other
non-sleepy),

_ v T _‘ r
C.=Xx", C, =YY ©)
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wherein X and Y are matrixes of optimized feature ée’;s obtained from the sound-
evoked ‘brainwave sigﬁals and the sound acoustical features. .Cxx and C);), are
covariance matrixes representing the correlatioﬁ aﬁlong the sound-evoked brainwave
signals and the sound acoustical features. |

.[0025] The solution can be obtained using a generalized eigenvalue problem

approach,
‘ -1
(Cw - Cb )(YY ) (Cw - Cb )T Wy = z’ZXXTWx (10)
c, -c,,)(XXT J'Cc,-CYw, =211, an

[0026] Eventually, the enhanced brainwave and soﬁnd acoustical featﬁre vectors are
respcctively‘
F=WIX, amd o (12)
L YewY o (13)

where W, and W, are éigcnvectors corresponding to the largest generalized
_eigenvalues 1. Wy and W, can be viewed as a qualified association index betwéen the
brainwave signals and sound acoustical features. Accordingly, a sound acoustical
feature will affect the brainwg\fe signal of a subject to whom the sound is played.
Therefore, by selecting appropriate sounds based on the qualified asséciation index
and playiﬂg the sounds, the Brainwaves can l;e‘ manipulated a;'xd, thus, a sleep can be
induced. |

[0027] A sleep stagé may be determined when analyzing the brainwave signals and
the sound may be Iplayed accordingly at a predetermined volume determined in
response to the sleep stage. The sleép stage may compﬁse a stage selected from the
group comprising wake, light sleep N1, light sleeﬁ N2, deep sleep N3 and rapid eye

movement sleep (REM). As mentioned aibove, Delta Wavés may be associated with

-7-
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| the deep sleep Nl3; Theta Waves may be associated tvith .the light sleep N1 and the
light sleep N2; and Alpha, Beta and Gamma waves rnay be associated with the wake
stage. The sound may be played at a predetermined starting volume (for example,-
100% in the digital domain) in the wake stage, played at a Ifading volume fading.off
from a predetermined s'turting volume and/or discontinuedvbeing played in the light
sleep stage.Nl, the light sleep stage N2, the deep sleep stage N3 and the REM sleep
stage. | |
[0028] A modelling correspondence between the current sleepy state and the
brainwave signals rnay be preéet. The modelling correspondence rnay be culibrated by
manually determining the current sleepy state from an appearance of the subject.
[0029] A sleep quahty report indicating a total sleeping hour(s), sleep start/end time,
and a ratlo of hght/deep/REM sleep duratlons may be prov1ded This is useful for
dlagnosmg any sleep-related d1seases. '
[0030] Referring ’to FIG. 2, a system 200 for sound-induced sleep is depicted. The
system 200 comprises a detector module 210 conﬁgured to detect brainwave srgnals
ofa subJect 201, an analyzer module 230 conﬁgured to analyze the brainwave signals
to determine a current sleepy state of the subject, a processor module 250 conﬁgured
to. sclect“a .sound in response to the current sleepy state based on a quantified
association index between the brainwave signals and acoustical features of the sound,
and a player module 270 conﬁgured to play the sound to the subject.
[0031] The analyzer module 230 may be further configured to analyze the
brainwaye signals in order to determine a sleep stage and the player module 270 is |
further conﬁgured to play the sound at a predetermined. volume determined in

response to the sleep stage. The sleep stage may comprise a stage selected from the
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gfoup comprisiﬁg wake, light sleep (N1), light sleep (N2), deep sleep (N3) and rapid
eye movcﬁlent (REM) sleep. |

[0032] The player module 270 may further‘ be configured to play the sound at a.
| predetermined staﬁing volume in the wake stage, to play the souhd at a fading volume
fading off from a predetermined starting volume and/or to discontinuing playing the
souﬂd in bthe. light sleep stage N1, the iighf sleep stage N2, the deep sleep stage and the
REM sleeﬁ stage. |

[0033]  The processor module 250 may be ﬁ.lrthef configured to provide a sleep v
quality repo& indicating a total sleei)ing hour, sleep start/end timé, and a ratio of
lighUdeep/REM sleep durations.

[0034] The processor modulé may be fur‘theryconﬁgured to select the sound in
acéofdanéé with a preset sequence of sounds.

[0635] .The system 200 may further comprise a modelling module 220 conﬁgufed
to preset a modelling correspondence Between the current sleepy state and the
brainwav-e» signals, wherein the modelling correspondence is_.cali'brated_ by manually
detennix-liﬂgiifél:éza1'¢unént slgepy state from an appeararice of the subject. N
[0036] Tile system 200 may further comprise three preprocessérs (232, 234, and
236) cohﬁgﬁ}ed from the detected brainwave signals to: 1) detect a noise level; 2)
obtain subjed—speciﬁc baselines; and 3) extract sleep-aware features comprising
spindle, K—cofnplex, filter bands (delta, theta, alpha, sigma, beta and gamma). This
will be discussed with regards to FIG. 4.

[0037] Referring to FIG. 3, a method for sound-induced sleep is depicted in ﬂQWchart
300 in accordance with the present embodiment. Brainwaves of a subject 201 are
measured at étep 310. The brainwaves are sent to be analyzed at step 330, including a

real-time sleep stage detection at step 331, a sleepy states detection at step 333, and a
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brainwave-sound association at step b. 33 5, either simultaneously or serially. Details of
- the énalysis will be discussed in more details with reference to FIG. 4. A sleep stage is
- determined from the brainwaves during the real-time sleep detectién at step 331. A
few parameters/actions may be determined in response to the sleep Stage at step 337.
Fér example, a sqund volume, a wake-up céntrol, ‘or a sleep qual_ify éssessment. A
current sleepy sﬁatc’ is determined after the brainwaves are sent to the sleepy states
detection. .An association pattem is updatéd from the pre-stqred qualified association
index to adapt-the subject 301°s measured brainwaves. The updated association
‘pattvem is sent tob. adaptive sound selection at step 350. Based on the updated
~association péttem, sound is adaptively selected in response to the current sleepy state
at step 350. In conjunction with the parameters determined at step 337, the selected |
sound is seﬁf for playing to the subject 301 at step 370. The process is repeatedly
going on before and during sleep of the subject 201. Accérdingly, the subsequént
sound is selecfed based on the bfain résponse of each individual subject to the
previous sound. Thus,. the present method provides an individualizable sleep-inducing
 method by adgptiyely selecting sounds for each particular individual subject.
[0038] The analysis of the brainwaves includiﬁg det‘eﬁnination of the sleep sfage and
sleepy s'tathe’“ at step 330 in FIG. 3 is now described in more details with reference to
FIG. 4.
[0039] The brainwave éignals are measured by a headband EEG sensor 310. The |
brainwave signals are then sent to three preprocessors. for three actions: sleep aware
EEG feature extraction 432, noise level assessment 434, and subject-specific baseline
detection 436. The noise level assessment 434 ié used to detect the noise level of the
EEG signals. The subject—spéciﬁc baseline detection 436 is used to obtain a baseline

for each subject. The baseline detection may be performed using the first two minutes

-10-
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of EEG sigﬁals. Spectral power distribuﬁon pattern is acquired and saved as a sﬁbjéct-
spéciﬁc baseline. In this manner, the sleep stage is individually determined and then
the sound is individually selected in response to each subject. The .res‘ults of the noise
level assessment and the subject-specific baseline detection are to be uéed to régulate
and smooth the extracted sleep aware EEG feature at a later stage 446.

[0040] The ‘s‘leep aware EEG feature extraction 432 extracts various sl‘eep—aware
features from the_ brainwave signals detected by the EEG, including sleep spindle, .K-
complex, and filter bands (delta (0.3-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma
(12-16 Hz), beta (16-32 Hz), and g‘amm‘a (32-64 Hz)), | as shown at step 438.
Furthermore, mean and variations of each filter band power ratio within each epoch
are calcul;dted’ and distribution of each filter band is. oBtained,. The extracted sleep-
aware EEG features are fed to a classiﬁe_f at step 440. The classifier is offline trained
by utilizing the daté from a databank 420 to aiscﬁminate sleepy from non-sleepy state
in steﬁ 460; The output of the classifier is a continuous parameter, deﬁne& as
sleepiness score 442. For exaniple; if the sleepiness score is 10 the subject may be in a ’
wake stage (i.e. non-sleepy state) whereas if the sleepiness scoré is 90 the subject may
be in a deep sleep stage. The score is then sent to a fuzzy rule based sleep stage
detector 444 to detect the subject’s sleep stages, including wake stage, light sleep
stage (N1), light sleep? stage (N2), deep sleep stage (N3), and REM sleef) stage. Thf:
EEG noise level aﬁd subject-specific EEG baselines are used to regulate the _detected
sleep stage at step 446. The rule;based decision system is initially trained at step 460
using sleep EEG data labelled‘by a sleep specialist and saved in the databank 420.
The rule-based decision system will be derived when more EEG data is continuously
Being collected. A smoothing postprocessor is applied to re-ﬁne the sleep stages at sfep _

448. A sleep stage is determined by analysing the brainwaves of the subject.

-11-
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[0041] Playback of sound 1s aﬁtomatically controlled in terms of volume according to
the subject’s sleep stages (wake, light sleep, déep sleep stage, and rapid eye .
movement sleép) at step 337. For instance, sound will be played during wake stage,
but gradually faaed §ﬁt and Completely discontinu'ed. during light sleep stage >1 (nén-v
REM stage Nl), during light sleep stage 2 (non;REM stage N2), as well asv during
deep (noﬁ-REM stége N3) and REM sleep stages. As both deep and REM sleep stages
are important for replenishing and repairing human body, as well z;s leaming and
memory consolidation, sound is not i)layed during these sleep stages to avoid
interfering with such activities of fhe brain. Iﬁ this manner, the present method
induces a quick and  good quality Sleep.

[0042] The whole night’s sleep stage data will be consolidated into a sleep quality
~ report at st_cp' 480 which summarizes a total §1eep h.our,. sleep start/end time,> and the
ratio of light/deep/REM sleep durations. The preprocessed data and report will be
stored into the databank for future refinement of"‘ ‘thc sleép détection ﬁxodel.

.[0043] The sleepy state detection as shown at step 333 in FIG. 3 is now described in
more details with reference to FIG. 5; A modelling of brain reépor;se between the
current sleepy state and the brainwave signals may bé perfoﬁneci beforehand to have a
preset sleepy»statc detection model. This can be performed By» manually rating
sleepiness from the appearance of the subjecf as well as by recording braiﬁwaves to
calibrate the model. For example, visual signs of the light sleep stage N1 méy include
active muscles, and the eyes rolling slowly with eyelids opening and closing
moderatély. In the light sleep stage N2, the subject may become | gradually ﬁarder to
awaken. In the deep }sleep' stage N3, the subject is less responsive to the environment _
and mahy environmental stimuli no longer produce any reaction. Visuél signs of the

REM sleep stage include most muscles being paralyzed; also arousal and oxygen

-12-
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consumption by the brain is higher ihan when the subject is awake. The calibrated
model will capture the brain response of sleepy states (sleepy or non-sleepy) to

differentiate sound stimulus.

[‘0044]‘Referring to FIG.Z 5, ’;he cound stimuli are received by a subject 501. The

brainwaves of fhe subject 501 are measured in the mcdeili_ng bnase and the sleepy
state of the subject 501 is observed-manually and rated so that this information is
utilized _tc form a preset sleepy state model a.tla sleepy_states detection model 333°.

Thereafter,ithe model parameters determined at the sleepy staites detection model 333’

are used during the real-time phase to determine the sleepy states of the subject from

1s brain\ivavesv at a sleepy states detection model 333 which associates brainwave .
eictivity with the predetermined subject sleepy state. |

[0b45] A novel frequency optimization | method is adopted to rnodel the brain

responses to sound stimulus.» The idea is to find the optimal spectral filters to

maximize the separation between sleep andvnon-sileepy‘states. This way, a sleepy state

of a subject ic quantified by his brainwave, which is the key leading to the selection of
the most suitable sound inducing further sleepy states, together with other modules

introduced herein. The modelling process is conducted offline ilsing pre-recorded .
EEG‘ signal frorn large quantities of subjects in order io have ‘bet'tei' generalization

performance. |

[0046] Referring to FIG. 6, a selecting sound step is depicted. Based on the sleepy

state detected and the brain-sound aesociation quantified, tiie most suitable sound can

be automatically and adaptively selecteci from a sound library to fit the current brain

state of the subject. In' the sound library, 'Euclidean distance of sound acoustical

feature vectors for each sound is measured at step 651 and a similarity of the sounds is

calculated. The sound may be stored in a sequence determined in response to the

-13-
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- similarity between the sounds. If the subject’s slee_pinevsé is increasing a_,ccérding_ to
the sleepiness score of the squc_cf, the sound will continue playing and a new sound
with similar agoustic; features to tﬁe previous song will be chosen to. Be subséquently
played. On the"other hand, if the subject’s éleepin'ess is not increasing éccording to the
sleepiness score of the subject, the sound will discontipué playing and a new sound
with least similar acoustic ‘feamres> to. the previoué song will be chosen to be
~ subsequently played. This:selection process is performéd at stép 653.

[0047].Ref¢rring to FIG. 7, opération of the methqd for sound-induced sleep is
depicted in flowchart 700. This is for an evaluation of the methodv descﬁbed herein.
[0048] bEEG signals were acquired using a headband with a sampling réte of 256 Hz.
The EEG signals were collected from twenty-eight healthy subjects. Two EEG
evlectrodés'v-vere attached horizontally to the subjects' foreh'ead; 'fhe left and right
electrodes correspond to FP1 and FP2 respecti&cly. Sound with known acoustical
| features is st;red in a sound library. The sound library includes forty pieces of music
from several CD that_ special designed for sléep therapy.

[0049] Before_theAev‘aluation process, two sessions of data collectiofl were performed
subsequently for each subject. Before starting data colle;:tion, the subjects were given
some time to calm down and concentrate on thevlistening to the soﬁﬁd. Each subject
was instructed to sit comfortably and minimize body mévement when listening to
sound. In each session, the subjects continuously listen to the sound and after finish
1abel each piece of sound as sleepy or nbn-sleepy. For confirmation, the subjects were
then asked to tell whether they feel sleepy or not after listening to the sound. These
maﬁually rating data will serve as a ground fact for the evaluation.

[0050] The evaluation process compriseé two parts: one is to select sound_ according’

to the present method and the other is to randomly select sound.

-14-
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| [0051] Part one is descnbed with reference to FIG. . The process is started for -
subject 1 at step 701. A first sound is randomly selected from the sound 11brary and
played to the subJect at steps 702 and 703. At step 704 the subJect 1s assessed on
| .whether he/she is asleep. Based on the assessment, the process wﬂl go to step 705 if
the'subject is asleep or ge to step 707 if the subject is not asleep. The first sound will
discontinue playing at step 705.‘ HoWever it' the subject is awakened after he falls
asleep, the process will resume from step 706 again. The first sound continues playing
at step 707. During the penod of playlng the sound, an 1nterva1 check is performed
| from step 707 to step 704 to assess the subject on whether he/she is asleep. The check
may periodically be performed every three seconds. Following step 707 and at the end
of the first sound playing, the subject is again assessed on whether his/her sleepiness
is incteasing at step 708. Based on the assessment, the proeess will now gd to step 706
if the subject is increasing in sleepiness. A next sound in the sound library will'pe’
A played at step 706. Alternatively,_ if the subject is not increasing in sleepiness, the
process will go to step 709. A new sound will be selected in,accordance with the
present method at step 709‘and played at step 703. In any event, the process wtll be
repeated from step 703.
[0052] In this part one of the evaluation process, the initial first sound is randmnly
selected frorn the sounds in the sound library. Then the sleepy states detection module
will select the next new sound according to the current sleepy state of the subject. The
new sonnd is selected based on the qualified association index between the
brainwaves and the acoustical features of the sounds. This process will continue until
the sleep stage detection module finds that the subject has already fallen asleep and

decides to discontinue playing sounds.
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[0053] Part two of the evaluation process is performed similar to part one except that
the new sound is randomly selected from the sound library at step 709, instead of
selecting ;_h_?@w soundbased on the presont method. |
[0054] -The cffectlvenessof sound on':oa‘ch subJect in 4'_t:'erxhs of éleep indﬁceme'nt, a |
sleepy percentage is 'calcul’atod as below baéed"on the manually rating data collected
above:
Sleepy percentage= No. of sound that the vsubject feel sleepy/ Total No. of sound (14)
[0055] To evaluate the present real-ﬁme adaptive sound selection, the EEG signal and
~ the collected rating data of the sound are used for reference. In the evaluation process,
for ‘each sound selected a precision is calculated as below for part one and part two,
respectively. If the rating of the sound selected is ‘sleepy’ it is treated as a “true
positive”, ‘é;nd‘v,»»if the fating is “not sleepy”, it is treated gé a “false positive”.

Precision= No. of true positiVé/ ‘Total No. of sound (1 5)
[0056] The results of the twenty-eight subjects are shown in Table. 1. It can be seen
that the precioion (an average of 47.41) for part two, i.e. random selection of sounds,
is close to the sleepy percentago (an aveirage of 47.86) of the sound. However, the
precision (an average of 88.11) for part one, i.e. adaptive sound selection based on the
proposed : —;nefhod, is much higher than the sleepy perceniagc. That means the
performance of the proposed ‘method based on the current brain states is significantly

more effective than the random music selection.

Sleepy Precision | Precision
Percentage (Random | (Brainwave-sound
(manual rating) | selection) sociated selection)

Subject 2

Errs s 575 | 95.85
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suiaj ect 8

N‘n‘\dML

Subject 18 657
Subject 20 _ [ 100.00

i mzulh-m Sy

Average

- Table 1
[0057] Tﬁﬁs, in accordance with the present embodiment, an easy and effective sleep-
iridﬁcing method and a. .system therefor" has b'eeh presented which Qvefcemes the
‘:drawback of the prior art. A method to generate sleepmess score has been presented
based on a user’s EEG s1gnal However, the present embodiment can be applied when
an ECG signal is-monitored. The sleepiness score reﬂec’;s brain responses.to sound
stimulus regarding sleepiness. A new innovation of adaptively selectihg sound based
on the quaﬁﬁﬁed association index between sleepy state and rthe sound has been
proposed fo}r inducing faster and better sleep."A no{/el sﬁategy of controlling soun(i
playback based on different sleep stages (wake, light sleep, deep sleep, and rap1d eye
movement sleep) has been presented, which is automatlcally 1dent1ﬁed by a real-time

sleep stage detector using prefrontal brainwaves (EEG signals).
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[0058] 'While exemplvar‘y' embodiments have been presented in the foregoihg detailed
description of the invenﬁon; it should be appreciated that a vast number of variations
exist. For examb]é, those skilled in the art will realize from the teachings herein that
the presént technology n‘i‘ay also be applie‘di’ when an ECG signal is monitored. B
.t0059] It should -further be apbrééiatéd that the exeniplafy embodlmentsareonly
examples, and are not intended:to limit the scope; applicability, operation, orv-
.Conﬁguration of the invenﬁon in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient,road‘map for implementing an
exemplary embodiment of the inventibn, it being undérstood that various changes
may be made in the function and arrangement of elements and method of operation

described in an exemplary embodiment without departing from the scope of the

invention as set forth in the appended claims.
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~ CLAIMS

» What is claimed is:

1. 7 AmethodAfor sound-induced sleep comprising:

_ detecting brainwave signais of é éuﬁject;

'énalyziﬁg the brainv&ave' Signals to determine a current Sleepy state of fhe subject;
selecting a sound vin response to the current sleepy state based oh é quantified
association index between the brainwave signals and acoustical features of the sound;
and

playing the sound to the subject.

2. . The metho_d of claim 1, wherein analyzing the brainwave signals comprises
analyzing the brainwave signals to further determine a .sleep_ stage and playing the
sound comprises playing the sound at a predetermined volume determined in response

to the sleep stage.

3. The method of claim 2, wherein the sleep stage comprises a sfage selected
from the group éomprising a wake stage, a light sleep stage N1, a light sleep stage N2,

a deep sleep stage N3 and a rapid eye movement (REM) sleep stage.

4. The method of claim 3, wherein playing the sound at the predetermined
volume determined in response to the sleep stage comprises playing the sound at a
predetermined starting volume in the wake stage, playing the sound at a fading

volume fading off from a predetermined starting volume and subsequently
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discontinuing the sound in the light sleep stage N1, the light sleep stage N2, , the deep |

sleep stage and the REM sleep stage.

5. The method of claim 1, further cdmprising:
providing a sleep quality report indicating total sleeping hours, sleep start/end times, |

and a rafio of light/deep/REM sleep stage durations.

6. The method of claim 1, wherein the quantified association index is obtained
by determining a correlation between the brainwave signals and the acoustical

features of the sound.

7. The method of claim 1, wherein the current sleepy state comprises a sleepy

state and a non-sleepy state.

8. The method of claim 1, wherein the correlation is expressed using a
Canonical Correlation Analysis which simultaneously maximizes the correlation
between the brainwave signalé and the acoustical features of the sound and maximizes

a discrimination between the Sleepy state and the non-sleepy state.

9. The method of claim 1, wherein selecting the sound comprises selecting the

sound in accordance with a preset sequence of sounds.
10. The method of claim 1, further comprising:

presetting a modelling correspondence between the current sleepy state and the

brainwave signals,
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wherein the modelling corresporidence is calibrated by manually determining the

current sleepy state from an appearance of the subject.

11.  The method of claim 1, wherein the acoiisti_c features comprise a feature
selected from the group comprising music signal global energy, tempo, brightness,
roﬁghness, Me]-frecjuency cepstral coefficient, pitch, inharmonicity, key, chromagram,

mode, tonal centroid and period entropy. _

12, The method of claim 1, wherein the acoustic features are computed from

ambient music and natural sounds.

13. A system for éoﬁnd-induced sieep compris_ing:

;1 detector module configured to detect brainwave“ signals ofa subject;

an analyzer module configured to analyze the brainwave signals to determine é
current sleepy state of the subject;

~ a processor module configured to éelect a sound in response to the current sleepy state
based on a quantified association index between thé brainwave sigﬁal_s and acoustical
features of the sound; and |

a player module configured to play the sound to the subject.

14. The system of claim 13, wherein the analyzer module is further bconﬁg_ured
to analyze the brainwave signals to determine a sleep stage and the player module is
further configured to play the sound at a predefermined volume determined in

response to the sleep stage.
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15. The system of claim 14, wherein the sleep stage comprises a stage selected
from the group comprising a wake stage, a light sleep stage N1, a light sleep stage N2,

a‘deep sleep stage N3 and a rapid eye movement sleep stage (REM).

16. - The systcrh of ‘c.laim 15, wherein the piayer inodulé is further conﬁguréd to 
play the sound at a predetermined starting volume in the wake stage, play the sound at
a fading vélume‘fading off from the predetermined starting volume and subsequently
stop playing thq ;qund'in th§: light sleep stage N1, the light sleep stage‘NZ, the deep

sleep stage and the REM sleep stage.

17. The system of claim 13, wherein the processor module is further configured
to prbvidé é'sleep quality report indicating total sleeping hours, sleep start/end times,

and a ratio of light/deep/REM sleep stage durations.

- 18. ‘The system of claim 13, wherein the quantified association index is
obtained by determining a correlation between the brainwave signals and the

acoustical features of the sound.

19. The system of claim 13, wherein the current sleepy state comprises a sleepy

state and a non-sleepy state.

20. The system of claim 19, wherein the correlation is expressed using a
Canonical Correlation Analysis which simultaneously maximizes the correlation
between the brainwave signals and the acoustical features of the sound and maximizes

a discrimination between the sleepy state and the non-sleepy state.
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- 21, The éystem of claim 13, wherein the processor module is further configured

to select the sound in accordance with a preset sequence of sound.

22.  Thesystem of élaim 13, further compris;ing:. |

a modelling ‘umodule configured ‘to pre‘set ':«;1 modelling cor_respéndence bc’c'wee‘n' the
current .éleepy .state jand the brainwave signals,

wherein the modelling corresbondence .is calibrated by manually determining the

current sleepy state from an appearance of the subject.

- 23. . The system of claim 13, wherein the acoustic features comprise a feature
selected from the group cdmprising music signal global energy, tempo, brightness,
roughness, Mel-frequency cepstral coefﬁéient, pitch, inharmonicity, key, chromagram,

mode, tonal centroid and period entropy..'

24, The éystem of claim 13, wherein the acoustic features are computed from

ambient music and natural sounds.

25.  The system of claim 13, further comprising:

three preprocessorsb’.conﬁgured to extract from the detécte& brainwave signals tb:
detect a noise level, obtain :subject-spcciﬁc baselinesk, and extract sleep-aware
features comprising spindle, K-bomplex, delta filter band, theta ﬁlter*bahd, alpha filter

band, sigma filter band, beta filter band and gamma filter band.
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