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Proposing a System for Unobtrusive Detection of Body Movements

during Sleep Based on the Measurement of Wi-Fi RSSI

0saMU AMMAE!  JosepH KORPELA! TAKUYA MAEKAWA?

Abstract: Although sleeping is essential for healthy life, many people have a problem related to insufficient
or poor quality sleep. This problem causes not only loss of concentration but also a decline in immune func-
tion and various diseases. Also, children’s lack of sleep is known for preventing mental and physical growth.
Therefore, many researchers have developed sleep monitoring systems that permit us to measure the quality
of sleep. However, because many existing sleep monitoring systems require a user to wear some some device,
e.g., wristband, the systems are more or less obtrusive to the users. In addition, several existing systems
require an expensive special device and expert knowledge. On the other hand, previous research has found
a correlation between body movements during sleep such as rolling over and sleep state. In this paper, we
propose a method for unobtrusive detection of body movements during sleep based on the measurement of
Wi-Fi Received Signal Strength Indication (RSSI) by using off-the-shelf Wi-Fi devices like smart phones or
tablet computers. From the detected body movements, we can estimate a user’s sleep state such as Rapid
eye movement (REM) sleep or non-REM sleep. In our proposed system, we obtain RSSI data by placing two
devices equipped with Wi-Fi modules on the left and right sides of a user’s bed when sleeping. One devices
measures RSSI of the opposite device and we use the RSSI data to construct a body movement recognition
model by employing machine learning approach. We construct a user independent recognition model based
on the hidden Markov model, and employ maximum likelihood linear regression (MLLR) to adapt the user
independent model to an end user. Therefore, our system is designed so that it does not require an end user’s
labeled training data.
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F=RIG U TCEBNT A =R EHYIZ T4 v T4 7T
L2FETHS. LAL, MLLR itz H W25, #11
D 2—YIHKIEE T % N2 383 BRI I3 0 DEAE
THAREMENH S, 72 MLLR @61, REEIZH LT
HIEETD720, HIREBIZRBEINEZTANT 2O
DR VGE, @EE 13 OMERECTLE S, BED
MLLR #)&1%, T o DERIZ X > TIlHAHENMERNT 2
BNLH 5.

ZZTAWIETI, TANT—XDORIZEL T LD FIK
BETIVEIGEITD 72012, THiliiclEd 208 i
NTWBEREAZ AW MLLR #iG% W5 [14). ZOF
ETI, TAMT—ZOEIZELU T MLLR #ETHWSZE
BT OHEHEBTHRET 5. [\RAOHI %K 8 IZRT

8 [mlJEARDH

M8 Tix, 8/ — K Gy IZHMM 28I 22 TDIRED
GMM 2B&ENTWS, 2—2 1) v N HW- 0 F
HTIZED, GLIZEENECMM %2 G ODF/—KR Gy &
Gs D2 DODTN—TIZnET 5. MFZhELTDO CMM
MHEXINDETHOET. ZThizk->T, £z GMM 1%
ERAROHTRUMLEEZRFOL > CRhS. fIXIE, Gy %
HAEL ULTHD G5, Gs, GolZ&ENS GMM 1%, L
TWwWbeEZLNE., ZDXD1Z, Bito7- HMM DIRRE
WZELUTWAB L2 GMM 20T ZEitko T,
DI BT BEEITHWTH HMM DOIREEIZ (348
MR GMM OFECRN EI2 L > T, RFBOHE I LU THE
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RRFEIEETD 22D TES. X, W DDA~
7 MIVIZDWT Gg DIREBIZE T EIRETHBIZE 10D
573, Gy Lo THRIHEIN WS, Zhonit@on
HETHS Gy ITHEREYT, Gs 2 Gy 2Erd7- Gy T
DWTEHITH ZRD D Z L IZ& > T, BHOEY DFE
PBIBTAIENTELEZIOLNS.

FRMEFARZHWLZEIZE>T, TAMNT—XDOREIZ
I U7z R AT R 5. FIZE, DPEOTFANT—X
ULMESNERr-725E8, B/ —F G IZ20WTEFEH
570 =NV REWETD. ULELE D TRVWEAICIE
LD TFD/ =Rz L TloE#mETS>. 2£0, TA
FTF—RDBEIZNUTEHREITD /) — NE2EHT LI N
TE5. HDHE/) —NIZHFHETSE CMM IZET AT A b
F=RPDRNES, HlZE, K8IZBWT, Gg ITFET
5 GMM IZJET 5T A NTF—RBD70WgGE, G & Gy i
HEND GMM IZH LT, B/ —Fiz#by, Gz izl T
ZH T % RKDT MLLR #EIGE21TS5. ZhiZk-T, @
ZEOMELZBRRT AN TELZLEZOND.

F AN T — X OTEFIZIL, Viterbi 71TV X b %
W3 ZeT, BllIN-ERRIN MR LTELZRE
REDOENREEY (KRB & #Ril) Z2kD 5 [15].

4. FHMEER

41 FT—4%+tvb

AEBRTIE, K1ITRT &5 B4 TERMNIC 5 [BASE)
BiTol 5 DT —X %2 1y yarvedi575—X%
L7 38hoZFhTh10kyyaryd20EL, &
0kyyarvorF—XEREL.

4.2 FHEAE

LA k2 LTI, 3 Leave-One-Session out 38 2R
ExEAWT, MEEiltoBERMEEZ T 5. Leave-One-
Session out REME L IEI—YHIZ1 DT AN TF—X%2E
O, TNUHNE N L=V T TR ETEFETHD. X
IZ, Leave-One-User out R Z#&E % FI\ T, MLLR &)&
DA% i 95 . Leave-One-User out % ZME & Ik
LADZ=YDT—=XE2T AT =&, ThbSO1—H
DF—REN—=ZVITT—RETBFETHD. T,
AT %38 & 3% (precision), FHLEK (recall) L IEXN D 2 D
DIEEE ZNS D HEHBEINS F {# (F-measure) Z VT
To7-. FlaE&ld, FEMMEEZRTHEAGRLE, MEELERT
HEROHFMEETH Y,

2 - precision - recall

F-measure = —
precision + recall

ko TRkDoNE., BEFETEENENORMEEIC
il £ 72138 & DHET B - OB BO DR RS Z
NonfEE2BEH TS, FRBEFEE LT, BEEHE
BEI D E D A% FAWT HMM 12 & 0 223, 2034+ 47 5 Bl
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BFEEAR L.

4.3 #R
4.3.1 Leave-One-Session out XEMRTE
REFHELIRFEE UTHW 2B FEROME 2 £
LITmd. BEFERTEAGE, HHE, FMHEA2TIZBWT
P2 KE< LRl 72, P FAEL 0.6 FREL
il KENCEBNE e TF—20E%E S £
ZONTWIRWI W05, —1, REFETIIN0.8S
DFEZERLTE Y, REFIEOREIHEOE LM% 1
NT&E7.

& 1 Leave-One-Session out 232 ME DR

AR | HEX | FE
Bz Tk | 59.2% | 60.7% | 0.597
RETFIE 81.3% | 89.2% | 0.843

4.3.2 Leave-One-User out XERE

RETFIE L MLLR #)t % 17072 WFE (MLLR #6748
L) D#ERZXR2ITRT. 2L, H25MEDOHZ Y
vavEMiTaeE, TRy v a v EEGH
T—REUTHW:., RBEFERITHEEE, BHE, FHEST
IZHWT MLLR )G %472 \WFE%E Eal - 72, MLLR
WEEITS>Z LT, 0.8 AEDEWFEZERL T\ 2.
T/, HHIARFEOBREE 2ITRLTWED, FEDIE
IR o 7=,

% 2 Leave-One-User out 2272 MRE Dk R

HE®R | HHE | FE

Bl 7 TR 55.3% | 57.1% | 0.553
REFE 79.0% | 87.3% | 0.819
MLLR #&7L | 76.9% | 84.5% | 0.795

£/, WBE (2—Y) BOF#E2E3ITRT. 2L,
CA—PRE RV HBEDO IRV ENEZT -2 %
FEIZHWGEOMRE, “«a—PIKF ($Mho—F
D7 RFFEINT =X E2FBICHCZIGEOMR %2R
. MLLREIGZITS Z2i2& b, 2—FHBD T U
EINT—R2E2HWESEE L IFIEASEORE @KL T
WBZ BB, £, ETOI-FIZBWVTEHWVRH
1L A VNGV

xR 3 ASNEORMHEE (F 1H)

2 —PIEHKAT REFH I —PAT
MLLR 57 U | (22— Y IEHTF)
A 0.875 0.877 0.880
B 0.701 0.747 0.789
C 0.788 0.810 0.836
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4.3.3 EEROEREFICS T 2HEMH
FEEROMERRFIZE S N2 T — R ICH U TIREF L2 #HA
U, TOMWREZREET 5. HD 1 LOPRENSEFFLT- 1
Mo 5.5 O TF -2 2 FANT =R LTHWZ., F—
R ZHUET BB, Microsoft Kinect 12 & % FRAMGRILR £ [F
Reiimg U, REFEOMREFMICH WS, 725X
YA MNY NENEE Y Y TH S Jawbone UP24 & %
BHL, TN LR EBEFIEOFBR L LEKT 5. G
Hike UTE, AFFIZL o TREI LIS NZERSD S
5, —[EOEEID T, UL ETH B & SNAEHZDONT,
RAMRGRE KT 5 Z LI X > THHTHEAERDEHE %
fTo7. BEEFIZOWTIE, 5.5 KEOMEGEE2ETHHT
EfRT—X%2E2DPNETH 5 7-DFM L TWARNWA
AR D SEEAE R TIEFEHRENEEER L DM 10%E < o T
W5,

KERIZKDEBFIE Jawbone UP24IZ & 5 BEARET A
o EfRDKE) HRUVERY
FBER . ggosga N ROERY

B ]

9 Jawbone I X AHEIRE =& 1) » FHEHR & KPR & 2 KEIR
HOREFR

X 9 1%, Jawbone UP24 iZ & » Mt X /= i\ EHE,
WHEIR DB S L, IREFERIZ X > THRHI N2 KE)
ERLTWS., ZORNS, ROEROKMHEIZBWT,
HEDL MBI NTWB Z D09 5. £ 7 Kinect D
TRAMGLUG & DHIROSER, T, B 100 & EDEERIK
63.5%TH>7z. BIDOEBIZHARTRWELE 5 72h, K
95, REIOBBHMDZE < IXEWABIRR & 283 s
HENZHBZ Db, 22T, Ty, 228354
BB, HERY, FMT—XBOZE2X 10 L F 412
R

100%
90%

5

4[[ 80%
) 0%

60% | 63.5%

50%
10 11 12 13 14 15

REE (7))

10 BEDZEIZ X 2 #EAFDOZEAL

10 &K 4 DFER, Ty, Z2EYNHEITH I L1285
T, SOMEDOEWEEIRLPTRTHL LEASND.
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x4 BEDOZALIC & S AREIR I L ERDZAL

Ty | AREMREE | EMR | EAER (%)
10 52 33 63.5
11 42 33 78.6
12 39 32 82.1
13 34 30 88.2
14 27 25 92.6
15 26 24 92.3

4.4 FTNA REBBAEBICEAT T
FHHOBIZHIET 5 T N1 ADABEDKRGE 21T 572, &
FHERTIX, RNy FY A1 ROMNZ Wi-Fi &Y 2 — VIR
PELZILERELET—XOBEEiT>7-. — KT, H
AKEBLLOT7ITEOE~ T, KRICHHZEWTE
B2 hbhb70, B2 RGATIZHAED E DS W HE
MRHE. 22T, WiKETLHOBIBELCT—X%
BfFL72. 20T — XD SEHR I NBEEE L BEI 7K
DORRFIT— R EF 11 L 12 12RF. X 11 X 12 2
5, TNAADFELMEEELTH, BEIEEEBES
BIZEALD A SND Z D oh o T,

[ ABOREICESILUFEL | [HBOSECLI—FHLEn

-61 20

63

. ® 15
K10

E &
R

69 s

71 0
0 100 200 300 400 500 0 100 200 300 400 500

BHFY
2

Bl (s) B (s)
H 11 AREFEERD K 12 {(KERFEERO
BErE ozt BEIN RO Z1
5 &HbHUIC

AWFFETIEE 72 Wi-Fi B§REZ i A 72 T N1 Ak D&
WO ERET S Z 8T, MHAFIZ IR ORE) %
TEHFEEZREL. RBEFETE, FTHEHBRELT
HDOEED 2 —F D 5575 RN EFET -2 2T
I — WK E T LA BN ILT TETFILIC
FoTHEET 5. BB TRIZ D —FIIRGFERET
MR LTy Ra—3EIZ MLLR #5275 2 & TEF
N d—HIHEGEEE, TV Ra—FIZsCEETLEH
W ARBIORMZTS. DS RFBHSFEEZHNLZ L
Z&koT, TV RA—VPREFRT—X2HET 2HEIR
WX O BRETILVOREEIT- /2.

AHHSEER T IE, $REFIEDHY 80% D &\ KEHE TRE) D
METADZE2HERL, £/a—PIRKEFELZET IV E
BWEIRNFEE TR OMAID TR D Z L 2R L. £7=
EEEROMERFIZE T 2B ORMBITZA S & 2HERL,
TNA ARRBALEE D DREEEZ 2 GE I B ICFERD
B A SN Z & BHER LT,

SHROFEE LT, HEZ2EOD TV ZOICRHED T
REILRBET—RNEERITO>TFETHS.
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