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Doppler sensing system for contactless in-home activity

recognition®

Shinya Misaki

Abstract

The recent advancements in sensing technology have opened up the possibilities for
various services that support daily life, such as energy-saving home appliance control.
To realize such services, accurate and cost-effective daily activity recognition in a wide
range is essential. To actualize such a system, it is imperative to address the following
challenges: the acquisition of sensors entails very high costs (Issue 1), it is hard to
achieve precise recognition for location-independent activities like reading a book (Is-
sue 2), a burden of wearing devices from the perspective of residents (Issue 3), and the
preservation of residents’ privacy is compromised by using image data from the cam-
era (Issue 4). In this thesis, we propose a method for recognizing daily activities utiliz-
ing a Doppler sensor in a relatively longer detection range than other motion detection
sensors that can be used for dynamic objects. First, we evaluated the degree to which
Doppler sensors can be used for activity recognition. We conducted an experiment
with several participants in an environment with no furniture other than a desk, and
several Doppler sensors were placed at a constant distance from the participants. The
results showed that the average recognition accuracy of the random forests was 81.0%
in the one-session-out cross-validation, indicating that the system was able to recog-
nize the participants’ activities. However, when the signal amplification was adjusted

to activities with large movements, it was found to be difficult to acquire some small

*Doctoral Dissertation, Graduate School of Science and Technology, Nara Institute of Science and
Technology, January 30, 2024.
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movements. Therefore, we developed an amplifier that amplifies the output signal by
three different amplification levels. After making these improvements, we conducted
an experiment with five participants in the living room of a smart home at Nara Insti-
tute of Science and Technology (NAIST), which is similar to an actual environment.
We assess the proposed system from the following three comparisons: optimizing and
comparing the recognition accuracy by different machine learning models and cross-
validation methods, evaluating the effectiveness of ensemble methods, and examining
the impact of sensor reduction on recognition accuracy. In the first comparison, the
logistic regression achieved the highest accuracy of 65.99% in the leave-one-person-
out cross-validation. The second comparison revealed an accuracy of 59.39% for the
parallel activity recognition method and 57.24% for the location estimation activity
recognition method. In the third comparison, logistic regression achieved a recogni-
tion accuracy of 65.26% when four sensor nodes were used: two sensors were placed
on both sides of a participant, another was diagonally behind the participant, and the

other was installed on the ceiling.

Keywords:

Activity of daily living recognition, motion detection sensors, doppler sensors, ampli-

fier circuits, machine learning
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EWRLTWS., L, TRHOFETIE, BEEDOT7ANY—2RET IR
NhdH5.

2.6 AHARDMUEDIT

F 1 IATHERRO S FHEOMR I N TV AREO IR E RT. 20y S EE
WMEDFFETIE—HHE IR TETNED, TRTOEMG RS 2 L2 EE
RFRIBBEEIN TN 0D, Z I THRADMETIEINS DFEE
RS 2N TEBZ AT LOEREEZHIET.



3. Ry 75—t OEERE

AFETE RNy 7 HICEHTS. Ky Fo7—toHiE, B2V 7H
NDONYEDRARCKEE Z AT 2 IHEMAY VTHB. Fy FI7—krHid
EEWEHIL, WRICYZDR- TERLKFEEZEL, EEHK e KON
MELZ Ky 7935 LTHINIT 5.

ZOMHAEAZFAL, 4 7 afTEEGHRSL Y = X F v —E# DS [5, 6] WK
RUOHDOZEAIC K B2 HRKRHOZ L BUGF T 5 2 212 & o TRl CN A LT —
X2 BUS T 2W3EbITHONTW3 [7,8,29]. Lien & [5] DT oW TIE Ky 7
F—t Y EMFHL, 402D 2 AF ¥ —% 92.10% DFEE Talik L T\ 5. Bhalla
5 [6] M To 25T Ry 79—k U0 b BMHAOL — & —F— 22 IUEL,
TIORA-VLYI- Ry 571V XLe@HLCllT — X232
WkoTk—bwy F72EM L, CNNIZ X o THITRRTEER D 10D H
WAIETEIZ 69.37% DFEE Tilak L T\ 5. Yamamoto 5 [7] DT - 7232 T,
AREEOOINC L BZELZ Ry 5 —k U HIC k> THIEL, CNN & LSTM %
L CLEXK(ECGER) Z BT 282 1ToTHh, MHEEEEZ 0.86 %
T, BRECLDEREEZHEMKNT 2 ZPARETHS I ERLTVWS., Z
D ESICHNINBESRMNT 2 Z 212 & D27 HE AR TE O i AR HE
DM ZCDEUFTE . T/, APEICOREDD D, MROBHREEICH
FIL T3,

M1 e 2 ANYOEEREDEY, $EREDMZDEVICEIE Ny I —+%
YHOHIMEES B K VAERBER 022 R T. K 1(a), K 2(a) Z AV H
WKW SO NEBETHD, K 1(b), K2b) ZAYHRRELLENZE EDH
HEETHZ. TNHDORIRT LI, \WOEENREWES, Fv7rXo—+
VY OHNEBIRABRRENERT. —7, A\VIDES»ICEERIT- 58,
U OHNEZIERRLHI RN ETRT. 6, AUTEHTH->TH ZDITE)
TS M X o TRBEREDZLT 2. K 2(c) 1 45 A Z AN 2 IRBE T
TEZIT o RO NESDREEERMETH 5. RITRTEIHCHELZEZT
[ CATEIZBS T % L M SN B AEEEENLT 2. 22 TRy 79— 30
HHREBEE f; £ L, NROBER v, EERBEE f, €235 BT830



3500 3500 3500

3200 3200 3200
S S S
£ 2900 MWMWMWWM E 2900 E 2900
5 2600 & 2600 & 2600
S g g
S 2300 S 2300 S 2300
2000 2000 2000
o 1 2 3 4 s o 1 2 3 4 5 o 1 2 3 4
Time[sec] Time[sec] Time[sec]
(a) FEeH 7Bl = - 1B (b) ER VB =-1FH (c) BEFRVE)Z-45°

1 #Er AEOEWC XS HNESDZE

N
(%
N
03]
N
(%

- A
v O
- a N
v O
- A
o v O

o wu

Amplitude Spectrum[mV]

o

Amplitude Spectrum[mV]
o v o

Amplitude Spectrum[mV]
o v O

50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200
Frequency[Hz] Frequency[Hz] Frequency[Hz]

(a) $E D 2B = IE (b) ER VB = FH (¢) BENH) X -45°
2: B X ¥ AEOEBEWIC X BB ZL
HEOAER 0, dE crT2L, fIATRORICE->TRODZZENTES.
2vfocos O
fa= 20000 m

N1&D, Ny 77—t HENROBEIHH L AP DESZH TS 2
ZeBOhb.
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4. BRIRIBICKITA ARy TS —tv =R L IEE
B ITEIRS R F EDIRR
ARETIX, Fy 77—t 3ol on3EGEE52BM L TAYOE—2 2D
BEWEIZ 22T, B THREET 2 A7 LADRERITV, EHELCHMiiz
75. RELE, Ry 77—t HHNIEBHESRTLE Ry TI7—2Uh
SIS LN L RHME T, ZORMEEZAWAIETEHREEE 7L O, FL
723 AT Lk W FHESEER, ZDRERE EZICOWTIRNS.

41 Ry 75—t HHADESAES X T LA

KRR TIE, Fy 77—t IhoBoh2G52BL, \WOE—>a >
DEWERZ S T, EETERGREFER T 5. XEiLE, Fy 77—k ¥
DHIMES DR, HES R T 4, FEEME, EETERGRE 71O
WZDOWTIEN 3.

4.1.1 HAHESEEMOEER

RFFETE, Ry 77—ty oI N2MINEEEZHEIET 279, HiE
[FIE& DBHFERAT o 7z, K 3 WChAFE L7 HEIERE & K2R T. XTI, HEiE
[ CHHAT 247> 7% NIM4S56M & LTz, ZDART VY FEANY R 7 %
YOMERE LTHHEHINTED, ANEMEELD 100V /VHz 2KV
», Fy 77—t HoOHNEBSIC// 4 X2HMETICHEETE 2. X512, K
TIOBMED /) A ZICERLTVWE I bEZ N0, NA 7 A[AFECHEIE
[FIE, B — 27 4 VR THEHL TOA2ESIEH KL L, 2hUcibETCarysy
JFORBEFEL-. BEFEBITHEHDO~ AL a2k ->T, REIN B 5V/3.3V
WA EVF T a4 4 EMTERZHEHL, HHEZITS. 23~ arfllo
BIRFHE T ZITS &, BHEI RIS T2 > TL RV, KA A XDE
TR D, /A X koTHN2:DTH5. Lizho>T, ERICLS
A RXEMZ 270, XvTFUHhEe L.
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Amplification circuit

LPF HH

Lithium-ion battery

charger

5V/3.3V output

AMP2

X 3: s (A OB X

sensor

Doppler AMP1 |
sensor
Doppler Amplification

circuit

Measurement

system

Measurement system

Microcontroller
for measuring

X 4: HIE S 2T AFEK]

412 HAOESHES AT L

3ETHAREZEISIC Ry I — I NEINSESDOREEEE, K12
LRDDBZENARETH S, SHEFEHTZ Fy 77—t oI OEEREBEE fH 1F
24GHz TH Y, cosO@ % 1 T2 Ry 7T —FEE L 1ZATDE 51k 5.

2D LS, LYV DHEIT 1 m/s DEETITENZITS & 160Hz B3 1 &N 5.
ZD/D, NEEEDEVWS AT LATEESEIUS TS 2212k D, K42 RITHIZH
BARETH B e EZ NS, L L, Raspberry Pi3 121X 7 v 7 ANER <,

(Arduino Mega)

Microcontroller
for recording
(Raspberry Pi3)

\

.CSV

fd =160v

12




AD 2 Y N—=&TH % MCP3008 ZfEH L7z 5, ¥ 7V ¥ 7% 2ms AR
WRF2ZenTERDP o, ZZTARETIEHEN~A 2> ¥ LT Arduino
Mega Z{#fi 3 %. Arduino Mega !%, Raspberry Pi3 1ZiZ7%2\, 7F a7 ANDH
b, vy ZEFERS 16 MHz & T3 WHEE 2B L TWa. X4 I1ZHES A
T LAOMERZRT. 2Tk D, FHlleEEEIA D<A a Ty, 7
VY ZREMZ Ims I TEL L, 5HllZIT5 28T, $IZ0HETHTH-TD
BETE5X51ICLTW3.

4.2 HFRITEERETFE

HIEATEORBT RIS OVWTHBR S, AETEEHRE, PL—=r 75— &L
15, FEmME, YHETNVOEED I OO 7 = —IXh ol Eh 3. DITIC,
FNEFRD T 2 — XDEIZONWTIHBR B,

42.1 F—42t v FDYE

BMFEE 21T DT> T, DO LDOBRXBOL Y7 — X238 DITENIN
BT 20ERLIZ ML=V T T — RBRETH 5. RIFFETIE, 4.12JHIIRT
Ry 75—t X 2MESRATLZMHEHL, XD cosOI2L2 Ky FF7—JF
BBOZZN T, MBELFRDOmMEZEEL, WEZITo%. 7V
ZL—HMZ, 1kHz 12§52 & T, BMEREOENMTENIN L T REEZMET
= 5. MERBMNE, BESNLTHZIToTH oW, ZoOMIERBMNE, 8E
INTATHDAEITo722 LTI NI ZITo .

4.2.2 FHEDHE

HR LT =& &b, BROTEIE UTERE L6 DOITEIZilik T 5 7= DR
BEHMMT 5. M5 FHEMNFEOBMERZRT. $35rdrofionk
7 — & % Time-window Z ¥ I257E]3 %. Time-window IJAEERINIC 10 IR E L T
W3, RIZ, £ Time-window X[ Z 2 \ZFHEEZ M 5%, % Time-window [X [t
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XBICEDT—4
/%i;xiﬁgT :ib

='3000
£
3500 32500
£ 2000
— 3 o
z o0 = 1500 EI:%'?UJ
E 2500 0 2 4 6 TR
< Time[sec] }$ *&
E 2000 b ) II:I:II an
BT 1%
1500 100000
01213456 738910 80000
Time[sec] 2 60000
3
. . £ 40000
Time window 2 20000
: /

0 50 100 150 200 250
k Frequency[Hz] /

5: S A O BEE X

W SN A TE D & BB R E %15 5 72 FFT (Fast Fourier transform) % i
ML, FABEEEZ RO TWD. K2 ICHEEMHERZ RS, Zhs DI,
HEATEIRERICES 3 2 BEE#ESE (9] 2> S B RIEDR S 1T W 5 BEEIC velocity(s) &
maxFreqIndarea(s) Z 2 72 d D & 725 TW3. velocity(s) Tld maxFreqlnd(s) T
O OB S, K21 Ko THEZRDZHDTH 5. maxFreqlnd_area(s)
CIHE RT R 72 AR B 8% 5 08I L, 2#I U 7B O 2 & i K DHRIE
lErfio BB 2R e 35, £, Y HEPIRDUIN 22T K-> THE
L7 UEDLIR E LT, R TORETH I SNl 5Bz e L .
ZLTC, 3% EoErthhEing e i1 ENTAED T5%DIECEAR L, 25%2
TNOHGETHIUIM S SN 25%DIEICEHRL TV 5.

4.23 THFHEETILDIBE

TRCHEZATV, Rz g, 20 o228 7 — 2 & LIRSS €7 0 2 R
5. AWFTIE, EETHRERRE TV EMET 579, Python DA —F >y —
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& 2: FHEE MBI

S E R BEA = Type (T: Time, F: Freq.)
mean(s) Arithmetic mean S=y ):, 1 Si T.F
std(s) Standard deviation o= \/ ): 1(si—39) T,F
mad(s) Median absolute deviation median;(| s; - median;(s;) |) T,F
max(s) Largest values in array max;(s;) T,F
min(s) Smallest value in array min;(s;) T,F
energy(s) Average sum of the square % ):f‘il 31.2 T.F
entropy(s) Signal Entropy T (cilog(e)), ci = s,-/):?L, sj T,F
iqr(s) Interquartile range 03(s) — Ql1(s) T.F
autorregresion(s) 4th order Burg Autoregression coefficients arburg (m; '"”;(‘;’]10) ,4) T
skewness(s) Frequency signal Skewness ):N (‘ f)3 F
kurtosis(s) Frequency signal Kurtosis N A % F
maxFreqInd(s) Ist to 4th Largest frequency component argmax( 5) F
velocity(s) Target velocity(using value of 1st to 4th Largest frequency component) maxFreglnd - ¢ /2 fycos @ F
maxFreqInd_area(s) Largest frequency component In the specified frequency band argmax;(s;) F
meanFreq(s) Frequency signal weighted average ¥ (isi)/ Z’/V:l sj F

A E 4 72

ET: =7 A7V —,

N : signal vector length, Q : Quartile, 7 : Time domain features, F : Frequency domain features., s : Sensor data divided for each time window

UV TH 3%, Scikit-learn! Z{FHFH L,
W2 555EE (RF: 9V XA L7+ A, ANN: ZES—t S ha v
NB: HffiR4 X, LR: @Y A7 4 v Z[HIF, SVM: HR—

TERSRIC R S M E T

, DT: YEAR,

MR &Z =<, KNN:kEfEE) Z2HHAL, HHEEZ{To TV L.

4.3 EriEER

Ky 75— —t YR\ ?iﬂmun&%{ﬁ@lﬁ

U EHREL, FAIERZIT- .

WThR 3.

4.3.1 XR1TE)

EHRTSEBRICIIPERE 10 ADIZN L, Personl * 5 Personl0 & L 7-.
v\ ?iﬂmun&?(ﬁ@ I‘i
T8 21T - 7=,

WBRHE DT

I'Scikit-learn : https://scikit-learn.org/

15
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PUMICHRTFER D HAY & SEBRAERICD

Ky 75—

ZEHES 5720, HERFEIZSFY AR—
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S 3

ENOIGIES
2m

S 1

X 6: FERBEEX]

BE:
FHEOBHED LS ICT— 7 ARKRICE NI Y EiEA, [TIEATHZE D
T FE TOITH)

PC 121E:
RAVYTTF =L TLAL, F—R—FEXA VY7 T21T7H)

s,
BT

S5 S 10 1 BIR—U 2B L 217H)

AI— b7 # 4E:
MEE 72 IMEICHE 2T E L TR Y A 73 2178)

gaIEIKRE:
FFIPE - 7IRRETHEHI S, bk L 7=IRAE

i)

9



SEEXR:
RiZ DX EEZRICEHEEEITITH

HEERTIE NS D 6178 % 60 P TZNZN S5 EIT DTV, ZRHDT—X
ZHE L TATERSGRTF RO 21T - 72.

4.3.2 FHRERER

1.0

== ANN
== DT
. ET
0.8 - = KNN
== (R
LightGBM
3 0.6 - m— NB
© I RF
S SVM
@)
g 0.4
0.2 -
0.0 -

1 2 3 4 5 6 7 8 9 10
Participant_ID

X 7: BPBRFE & DITHIREARE

BWERE Z L IO EREFHR LT, BELEZRIET L R 1ty a Yy
PRAN DR AEMEEC & > CEHMEi L 7=, X 7 ICRREE 277 7 CHEL-d D%,
M 8 IZ T RN TOWERE DBATHOFIEGRREE Z RY. K 7ITRENd X5,
TARTOPFFZF B TROBFEED S Ro DRI T VX L7+ LA b
7Y, ZOHT Person2 DFEEGRIEED RS &<, 95.7% %oz, ¥/, §
NTOWERE DFBFBEEDFEII T VX L7+ LA MPRDBELRD, 81.0%L
olz. M8ITRT &I, BETEINER D PR ENE L, 30 DITEN
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= ANN
mm DT
0.8 . ET
B KNN
- m— LR
O 0.6 - LightGBM
© == \B
S
S 04 -
go
0.2 4
0.0 -
() @) (2
& < & 0 (@ﬂ‘\ &\oq
< N &L ° AN
o <0
2 2
Activity

X 8: BITEIZ L OFBEE (V—Tov vty ary7vh)

BETH LD KL, AU LI RFEBBEEL RoTWD. ZIUIBETEIHIL,
Bz D TE) & LR THIRI KR E LB LTED, £ IS ORBEIR X
I B o, BHMBEIE Kol EZ LN 5. H9®$ﬁmﬁﬁﬁﬁ
B B KD o 72 Person6 DIRFAITINCBWTIX, BETHOREMEE IXIEFE IS
BoTWB IRy h5. Lil, ﬁ%uﬂwﬁ@rm%i%%%%éﬁ@,x
~— b7 3, PCHEELEZEHMPZ L RoTW0a. 2, BFTHLUNE,
VY DMEDRIROE) X LIEOMAOVENZ R R Z 2 Z e AL <, G
WEPHT-OTERVHEEZONS.

BRONER AL T, MELLRET L E 1 83— VBRI DR MR
Lo TiHtiL7z. 10, 11 ICFRFEEEZHES 7 7 CTHIER L MR e STEZ L D
WA I U7 RS, BROSEREHKRT 2, vo X7 4 v Z7[EG
D3 Fdasha D <, 45.3% 78D, RITE O EBakAE L & 72 o 72 D23 LightGBM
DA32%TH 5. 1ty a RO EMEE T L7z & & L FIfkic, BT
FOFMIEE M RDEL D, 80.0%L L koihd, BFETEILANOITENIK
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Eating R 0 0O O 0
80
PC A
=
>
= Readingq{ 3 60
©
5 {3
§ Smartphone - 40
° Stati 0
ationary A
y - 20
Writing 4 2 5 0
T T T T T __0
o U o O > o
£ & £ < g £
= T 2 ¢ B
© © < Fo) [
L v £ 5 =
© & 8
£ O
n

Predicted Values
9: Person6 DIR[EILT%1

{leolz. K120uY 2T 4 v ZAGORFFTHITIE, ELIREE 2~— 7 3
VEMERETIE L AT 5 2 Z#&D ZAUIEBAY % NSERENED SR E 1
Ko TEDPR V- DRFBEDE L, WITHBTIER-—IZ2 DL 2FEDE N,
AR—=F T VERATAL TRy Fia ¥ ODRERIFRHERE IC X > TE S 7202
WREEMEL Ro DT RVAEEZ LN S.

44 EZE

KFEBCID, Fv 77—t ¥ EHAWTEHRESRTEOE % FEE v 5
WEoTHLIZL. 2R, 12y > a VERNDOREMIETIX, TXTOH
BRE DRBNEEDFINI T VXL T+ LA RT8L.0%E D, 13— VRAD

RAMGETIX, v R T 4 v Z7AmOEEMBEIRbEL, 453% ko7, %
7o, TTEIZ & ORFBE O E R 2 v, BELIOITEITIE, #RIEKEANDHER
WNZ IR0 TWVWB MR L. ERETH2 e, Fy I —k T
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1.0
0.8 -
>
O 0.6 -
©
| -
S5
3 0.41
go
0.2 -
0.0 -
S N A & & N~ < N
@ Q < S % &Q’ < & &
0&‘
Classifier

10: B0 SR 2 DITEIREGEE (V — T T =Y U 7T )

1.0 E ANN
== DT
0.8 N ET
= KNN
- == (R
U 0.6 - LightGBM
© = NB
> m RF
O
Q 0.4 - SVM
<
0.2
0.0 -

Activity

11: BITHZ L DFEREE (V=T o=V 79 )
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Eating 3 3 1 0 7 80
< PCq 1 12 13 9 20 60
£ Reading{ 1 16 20 20 14
©
- 40
% Smartphone4{ 2 10 13 27 6
G
Stationary4 0 8 13 ' 36 4 L >0
Writing4 4 16 15 16 3
> U © O = o
£ o £ S © =
= T 2 c =
& 5 5 2 =
© & 8
E O
n

Predicted Values

X 12: v P27 4 v 7 [EFEDEFRATH

IES D2 785720, FHIEIRRE GRS 558, A~— b7+ U
EEHNESOE D NI W e REZ ONDE. ZOFELRRT 5 7-DI12I1FH
JE SR OIEIEIR OMIERZ LIF 20803 H 5. L L, HERE B
Ba, BFETHO LS 2liE KE L EhTTECIEHIE > X 7 2 OHIERFE %
BLTLEWL, HAGEZELLHETERY. Z07kd, BIZOKRZWTEL
B Z 2V NS WTEDD HHIE T & 2 2 e O HIIES & Bl 2 IR CHEE L,
HIERTRERR S AT LDIE L 1 5.

F AR T, HREBNCEBO Ry 77—t U3 2858E D & OIEREN—
BB EIF™EL, EREIT-o72. LHaL, —ROREEZRE LGS, R
%#5&zﬁif@ﬁ%M%$ﬁ@%Téu%kiof M 270, —ROR
FEIZITWEREE T B Ml 21T 5 ED D 5. ik,$%%?@k/ﬁ%ﬁ%ﬁ@%
BIELD 4D FRRE LD, Rkt kB E iS5 729, 30k
BRZHECTOLEND L. ThLDENFZITTICS AT LAOWRZITo TV,
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5. ERITEIRADIODRY TSI VIORT
LORHE

ATTIE, 4 ETHRESLTHRMNS 27 AOMBZRIL, X D55
(2 b TR TR § 5 & 27 LOFERATY, FHIT 5. KHILIE, i
IFEHIRIERES DU & BRI T, 2 ORI & O R A TR T 7
VOREE, FE LTy AT LB EAHIEE, 2O/ELEFCOVTHEAS.

5.1 iR HESEBEIRORRE

NDOEIE RS 7T B0, FEAL-> TOBHR SRS ROFEDLE N
T8 & A= RRER EHP WA DOB X 25 T8 2 HICERTE R TR LR
V. X5 ICEEFICRBE T 256, BRE U e oD EER, HIIEE VI
LB, BITGESVWTHHEEDPRELZDTELZZdEZIONS. LrL
B, Ry 75—t r¥—7 2 TOMEIERZ WL O WE) = 2 57 fERET
PR T E 2 XD ICEWHIERICERE ST 3 &, KEVEIE ZHERE DT - 12BRICE
SRR L TL RV, WITRKEWTENCAHE TRWEIERICERE T 2 L M5k
B E DR TERVE VI HEND - 7=

Z 2T, RABEBOBEIERZ S OMIERZMREL, HIERORL 2(E5 %25
PRLEICTERT 2 & 2T, MERERS LIRBEORZRESOMA ZilsGH T
5 FIEZRMEL Uiz, BHFE L - HEIREEE » K2 X 13 L X 14 1R3. 2 O
[ #4513 IEMEZR % Low, Middle, High & 3 BFEIZ T THD HE 2 X 51K > TW»
3. ZHUTED, RN TOBER Y DFIRERE# - 728 & DK EWITH),
AHLE L OWZE > 72 KRZ2WTHI, X~ R EER ROz WENE 2 L5 T8 %
ZRZEIEERDOES BEPOLBUFTE 2 X512k 5. X512, & hEWHEIEER
DFRETHBEL 125, MILOBMEE OFE LT 270, N4 7 A AR
[FE&, B— 27 4 VX THHAL TV RHESEB KRR EL, ZhUCEbETa
YTV ORBERTOHBERZITo. BIRGBIEIFAMD S DL 4 X2 ¥ DR
ANZPi 7o 5VIETIOTF N4 22 EH LEMEFE e L. Zhickd, HiEds
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W25/ A X2/ L, BEANDOREZITo THHEREDITEIZIEL {Fl#xd 5 2
EDARETH 2 7. DB Ziii/e§ T e A TE 2.

13: BRI RS L 7308 A%

52 EFRTEORETFE

ETEATEIORBFIRICOVWTIING. R 27 L TlX, BEWMAZE I X D AETET
BIE ka5, HWEE oEAERIX, FECHERT 27 —& 2y FOEYR, B
Bl == 7 —2OREEOMME, ATRTHOFXEET LVOME, O35
D7 2z =X SRR EINE. LNZENLZND 7 2 — ZXDBEIZOWTIANS.

521 =42ty bONE

BB 2175 10D 5T, BoHUHERMOE Y7 — 20 L OfF#NH
BT 2ERLIT =Rty "HPRETH 2. KRR TIE, S5.18THZICHKE
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Amplification circuit

Doppler sensor H{ AMP1 (

AMP2

I

|

5V Input(battery)

Output(Low) —l_

Measurement

[

Output(Middle)

system

AMP4 == Output(High) —l-

14: FRLICBAFE U 7= SE0E R O MEEX]

K 3 A U ARl B

HHEMLES  HA

2

Type (T: Time, F: Freq.)

mean(s) Arithmetic mean

std(s) Standard deviation

mad(s) Median absolute deviation
max(s) Largest values in array
min(s) Smallest value in array
energy(s) Average sum of the square
entropy(s) Signal Entropy

iqr(s) Interquartile range

autoregression(s) 4th order Burg Autoregression coefficients

skewness(s) Frequency signal Skewnes

kurtosis(s) Frequency signal Kurtosis

S

maxFreqInd(s) 1st to 4th Largest frequency component

meanFreq(s) Frequency signal weighted average

%l

N):: 15
iy (si = 5)2
mediani(| s; - median;(s;) |)
max(s)
min(s)
NZI 18 l
Z,‘:] silogasi
03(s) — Q1(s)
arburg (mui Ym”ir(zjzz(v) 74)
prilt (3‘ 5
ZN (s— Y)A

argmax (s)

X Gsi) /XN )

T,F
T,F
T,F
T,F
T,F
T,F
T,F
T,F
T

T T T ™

N : signal vector length, O : Quartile, 7 : Time domain features, F : Frequency domain features., s : Sensor data divided for each time window

L7 EBHIEREIC, 412HTRLEHNESIES X7 22 HAEDYE
THES AT 2L, N1 Dcos012k2 Ry 77 —RAEMOENEN L T2
B, fiEr BROMEZEEL, NRITHOREZIT- 7.
ZDOHIER NI E I NTEHDAZITo /2

EEINEATHZRIToTH 5,
LTINIFTFT 2T 7.
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5.2.2 FHHEDHE

518 TR X512, HAEEHEBREONBIZED, Ry FIo—tr¥ns
FoN-HNEEDN 3 DD R 2 HEIEIRIC X - THEIEX N, High, Middle, Low
YLTHAINDE XD ko7, 2D, FBEOMETFIEOLEINE Y 72
%. SHEHRRT 2 FETIE, SIEEFR L ZEREEEIC X - T High, Middle, Low
& 2 B IERIC X o TR X W ESH 6 2 2 EEM BRI X - T
HEzME 5. UKD, K2Rz flio 2 KEWTEITIX, High ot ES
BHMEBINE S R 7 2 OWEMDRFZEZ T, ELLMENTE TV
7S ETH-TH, Low DINEE»LH N ENIFEEIC K- T, HiiEDA
D) E D/NXWITE)IT Low D EBSICE2L B WEETH, High D h
EENZOTHOLLERHEL LTHIFL, ELLEMTE 3.

4FELXD, R2OFHEMBBEBIIAENTH 2 Z PRI NTWE D, FidE
YL THEERMZ 2 FETEDE OVREDECDALNE P2, ZZTHEE
R EMHBEED 4 L, RIITRT &5 REBEMTBEBICEE L 7.

¥72, FiiezFiHEE UTSTFT (B — ) 2 Z#) I2Xk>oTARZ br oy
FLEER L. KIS ICE7 -V 22X o TAERSIN AR trr S
L%, K16 27—V 2 ZHUC X 2 R EMDTFEOMEN ZRT. K 1512
REEDCHNEELOEI Y — V) 22U K o TEK SN e — =y FI2id
TEIDM X DZLIC & D FET 2RENC & 2 FEEFREOZ LA EZTh TV 3.
KRR T Ry 77—t o3 OFHE L, 1TEIOZEBER O Z Ly LTH
3L, THNOHZOFBIIF CITETH-> TH—EDHETITHL TVWd b
TR, BRI > TELLTWS. ZDRDHIDARY ba s T KRR
BEITHILICED, TRETORMEMEEEIC X > THIEL L TR#EEZ 1
NTB3FEID DERELRTHERES AR Z2D0TII WAL EZ NS, FHiY
s D TTIEE, 16 1R T X912, HIEXIN/AEIKIE % Time-window Z & 12
XYIh, STFT Z#HAL, ARZ var I ax24ERT 5. IRXRTOELYH /=T
MHDT—RXTARY a2l L2eAE, TO6ZMEaL, 07— X 2R
B LTHERAT 5.
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(a) W IEIRTE (b) Wiz fif - 7-17F) () HAT1TE)

X 15: fTEIHIARZ va 75 L

523 THFZFETILDOIESE

AEZATV, R, thoze¥Bl 77— LB EE e 7 V2 HET
3. ARIFETIE, EETEHRRRE T VEME T 2729, Python DA —TF >V — 2
FE2EE 5 4 775V TdH 3, Scikit-learn' ¥ Keras?Z{#H U, 1TEER#RICE < FIH
XNTWE %M (RF: 90X L7+ LA, ANN: 28—t hoy, DT: ik
EAR, ET:. =7 X+ 7YY —, NB: Hiffin{ X, LR: Y A7 4 v Z[AllF, SVM:
PR—IRIZ X —<> >, KNN:kiif5E) ZHAL, HEZ2{ToTn L.

423 THTIENT X 5 ICHATEBR TIIERO R AL, iz fTo7%. Z
AUCINATH =72V — 2BEWMEEE 5 4 75 U Keras? D CNN (BAAA = 2 —
Ity bU—=2) ZMEHLE. ZORBEMES22HTIARILZARSZ ba s
LEFHEEY LTHET 5.

F7z, L7 e T b o i S THICHEGHEZEHA L, HAaabEET
NBERT 5. ZDETINVTIIEEER S CNN, LightGBM, 7YX L7 L XA +D
ETADLHNINIAERE 2 00FETHAGDE S, 1 DHOFETITET L
o XN BITHOMGEEL 2 Z2hDITEIZ L ICHET L, FEIL TEDOHT
b MEEEDED - 1ATE 2 2 DET LD FHl L 3% (CNN_ML (Comparision)).
2OHDFETIIZNLNDET NV TTHIINATHCZ B E & D, FHlZGE

'Scikit-learn : https://scikit-learn.org/
Keras : https://keras.io/
Keras : https://keras.io/
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PR OMGRLE T2, FRERUIZET AN T THY G, B
CHOLTOIIIEEE CTH ST 5. IRNTDOETADRPC, A~v— b7 4 V%
fE, o, BH, BE B L w3583 E T VOTEIOMEGEED & FEiE R
95,

5.3.2 IEBHETERHETFE

S >

ZOfEMITFIETIE, B 25002 8 OITEIRGRE 7 VO BHEE 21T 5 €
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NTET—=TN, V77, BiEZ, THEFEETVTIEPC, Av—1F 7 U
fE, oo, BHE, BE2HKT 5. BRIREREROMSRITMEHEE € 7V THT
EUEL, ZOBFOET AW LIEREE T2, £z, NEHEDET
JVHIEERS & W U 72358 SRR R aRes R e 5 5.
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REMGEEDRREE DR e 7 o3 A FEOFE, & o HHIRIC X 232
FEOZACZ M L7z, U ICFHESEER O B & EBRE RIS OV TR 3.

541 O HERE

K2 TR LS Ry T I —v U Hidt P icmd - TTE L7255, 160Hz
2T 5. Lo, By UCHTIATEI L2354, HAEBEIZ0Hz &
7D, ZOTEIOIE L WEEICE DB ARBIIEIE TE R V. Z20kdt 4
WXL CHEATIREET 2 2 e RWE S VY 2B T 2R0ENH L. K19
VY ORBERERT. FHMEEBRTIZRNZY B2 7 TORED-DIEEHD
£ IR E D S 2.2m, BICEGE L7zt v Yid 1.7m BER 25PN ET 4 BT,
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AEEETIE, Py 77—k HefHLTEON LYY T4 006R3DH
e HwT, RS e BRSSO REEz Mt L, BRo0EHEICED, 17
BEGRET LR L. 2L T, BEMAEE T SR EMGEE DL IEE
DI 7 % ¥ TVFIEOFHM, & > FHIRIC & 2 7GR 02L& il L 7-.

BRI E 7L & BN DRGNS O LU T IR o2 E e 7 v

DFRHMEEOMIZ 1 £y > a YERINDLREMAL L 1 =Y VERIL DI ZMREET
DHEEBHITS. 1ty > a YERNOREMIE T, RESCENEREER E03ERL S
tyParyZiZBWTH, THRSGERDAIRED ¥ S D2 MRl S 5 7-01X1To 7. 1
=Y VN DR EMGETIX, ANEOITENIIEAEZDEEL, FTITEITH-
THEWEEEDIES Z e AEZ N D720, WRE R ZEHFELNOITH 7 — &
W2 & o CIBIMTZ 2 FHIE T 2 720127272, 7 V¥ ¥ TV FIEOFHM T,
53 i TR I=FiEEHOTHET 2TV, IRXRTOT— &%M“Lt%rwk®
PORFEEE DFHIi 21T 5. & U HHIEIC & RS E O 2L ORI T, R
@@ﬁ%%ﬁb, REIZANERIT57:0, L3 ERS LGS @ﬁAb%h

% NG O b 1T - 7z,

544 BRWFETT I EBRERDEDHIEE DR

AFHETIX, 2—FDEBIITS 1y > a VIRNDOLZERIEL 1 85— VFRA
D IR FERRRIE T D FRFRREE D LUl ¥ B & 7 B C O RBFNE E O LI 2 1T > T W
. HM20 &K 22121ty > a VRINDREMGEE 1 %=V > 77 F DR AMGE
AT o 5B DB EET VO, K21 & X 23 ICERLAMEEDITEIEOD
RIBFEE R R, 1y a >y 7 v b DOREMGETIE Person3 DRk FEE A R D
m<, CNNT763%L72D, $XRTOHERE DRFBIEED I TEI VX L7+
VA MDD E L 64.2% L IaoTz. E7ATHIZ L ICERGIBE Z LR 3 2 £ BHAT
), MEBEH;D T -7, V77 dIEL, PCRHE, A~ MMTEOEMEE
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R 4: BiRH T & OFIFITENRERING E O LEk

pak b Person_1 Person 2 Person.3 Person4 Person5
LightGBM 52.4% 61.5% 68.4% 69.2% 55.3%
RF 52.7% 65.0% 75.3% 67.5% 60.6%
ANN 53.3% 59.8% 67.7% 61.9% 58.3%
DT 42.2% 48.5% 61.5% 62.0% 50.9%
ET 42.2% 50.1% 50.5% 46.6% 43.4%
NB 47.5% 54.8% 64.4% 57.5% 54.7%
LR 53.2% 59.6% 67.7% 64.0% 59.1%
SVM 53.7% 60.9% 69.5% 60.6% 59.1%
KNN 47.8% 53.6% 61.8% 53.1% 51.4%
CNN 52.2% 64.1% 76.3% 62.5% 62.6%
CNN ML (Comparison)  48.6% 61.2% 68.1% 65.0% 51.1%
CNN_ML (Majority) 48.6% 61.2% 68.1% 65.0% 51.1%

BRICEEITH), MEBHNT -7, V77 dllEL, PCRmE, AVKT
B OFBEE RN otz ZHUX, BETHRHEREZ E D HIKP
BEDB) & 23K & WITENIEUE T & T\, MR8 E 2GS 2 123 A+49T
HoleZ eWEZOND. F1 =Y VERADKREMIETIX, PCRHHE, A~
ATENCEANZDKESHTLE S DT RBBEENEL -2 RAEZONS.

1ty ya VBRADKREMEE L 1 %— Y VBRIV DR MG & LR U 7246 3R,
N=Y VBRI D EBGED MmN e D, %M¥¥%7w%7/&b7jv
A b, LightGBM, BY X7 4 v Z[AlF, CNN 2L EWERREE 2 H L Tw
% 72D R[E D & DFHETIX 2 5 DR ZEMGE & W EE T V2T 5.

5.4.5 WHITENERHF L

AFHETIX 5.3.1 Hi TR FIETORRIHEROLEZ1TS. K517 ¥~
TVFIEOFMMEE O LU, X 24 1WA THRRGRFIEIC BT 2 S8 E €70
DT, K251 CNNTER LT =71 Y 7 7 DETIILORREITYZ R
T, WHNTERETFIEOMER TIZ CNN 2359.4%, 52 X7 5 LA 5 54.03%
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R 5: K7 VY TNFIEDOITENRERNE L D LLE

paE i BEFE WITEEREFE MEHETHRETFE

LightGBM  65.2% 42.8% 50.8%
RF 64.2% 53.7% 52.8%
LR 66.0% 49.9% 55.4%
CNN 60.6% 59.4% 57.2%

e, fEkL7eTr =70, V7 7 ERTEREGRE T LV TIE CNN TT — 70
69.5%, Y 7 7 M 63.1%% 7o 7. WHITERETE T OREHAE L X 5T
TILDORHBAEEITHRFEL T 503, EHHERETNVORBRKENDE V&L R
{, ZOMRTBEEIE DL EZ NS,

5.4.6 SSFRHEEITEIER AT A

ARFHECL 5.3.2 TH TR FIETOMNRERO LI Z1TS . K 26 ICHFHEE
TEREB TR IS 2 S84 £ 7L ORFLTH, X 2712 CNN TIER L 725
Fre 7 =70, V77 DETADIRRITIIZRT. B ETHRSRTFEDORR
TIXCNN 23 57.2%, © I RT7 4 v ZEED56.7%& 72D, CNN TIERK L 7235
HE, 7—70, V7> HRTEHERE T VTR, GHEED 81.0%, T— 7L
D370.2%, V7 7D 61.5%7%% o 7. GAHEETERRETFETIE, SAEEEEWw
RHBERZR - TWAD, T— 7L Y 7 7 OERBTHIESST 7L DR H
HEDEL BV DB ENE L EZONS. 2Ty 7 — X%
L7 cida P 25 4 v ZHIGED 66.0% D8NG TH - 12728 2 D DENF
FECERRREE R B2 Z v idHkz - 2.

54.7 €O HHIRICK BEREBBEOEL

ARFMCLX, EMRTOEHDIZEIAREIR N EMZ 5721 3 EEH|- 7
HAGDLEZHK T2, RV TDMHAEDLE I LICX 2RBEEE, X 28
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£6: LY T —RDMHAGDLEIC K 2 RHFEE D g

UV OfAGHE LightGBM  RF LR CNN

S_ALL 65.2% 64.2% 66.0% 60.6%
S_1,2,3,4,5 61.4% 62.3% 63.2% 54.0%
S.5,6,7,8,9 59.9% 58.4% 62.5% 57.3%
S_1,2,4,5,6,9 62,.1% 61.3% 63.9% 53.3%
S2,3,4,5,7,8 62.8% 62.8% 64.4% 58.2%
S24,5,8 63.0% 62.7% 65.3% 57.4%
S24.8 61.8% 61.4% 63.3% 56.4%
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tyTarZelZBWTh, ITHREGRDAIREDN E D D2 MGE T 2720121y ¥ a
VBRIV DR EMRFE ATV, SR E 8 2 WERE LN DITEN 7 — 212 & - TEREkHMT
2B DFHES 272012 1 8= VBRI DR EMFEZ 1T o 72, ZORR, 1y > a
YR DIZEMGEETIE, A TIEEWREED T W h3, BERE OF8E D
BFTH2 e 1 3= VRN DLREBFED T DENZ e D3 otz £l T—T L,
V7 7 BITPCRuE, AXRMTEORRMMEENMRNZ LRI L. Zh
i, FELP AT PP RENZZHISE T 2 ICE AT D TH oI ENEZD
nb.

545JHY 546HTRNZLDIZ, 7oF Y IAFETIIEREELR LXE

40



Ground Truth

Ground Truth

Eating_sofa o 0 O
Eating_table 4 0 1
Moving_sofa 0O 0 ©
Moving_table 0O 0 ©0
Noone 3 1 7
PC_sofa 1 20 11
PC_table 20 1 9
Reading_sofa 5 28 16
Reading_table4 0 2 0 0 1 0 17 3 4 18
Smartphone_sofa4 1 0 0 0 3 20 0 20 4 14

Smartphone_table{ 0 0 0 0 4 7 10 10 14 11
T T T T T T T T T T T
g g g2 @ o 0 £ 0 £ O
© ©@ ©o © § ©o @ ©o © o 9
m| SI m| BI § l’.'| BI m| SI m| S
o o @] o ) |
£ 22" Q£ 25 ¢
EF 83 BEER
© x g t
E ©
6§

Predicted Values
N = 7/
¥ 28: S_2,4,5,8 DIRF{THI (LR)

Eating_sofa 2 0 4 0 0 O
Eating_table o 2 0 4 0 1
Moving_sofa o 0 0O O o0 o
Moving_table o 0 O O o0 o0
Noone o o 3 3 1 7
PCsofa4 0 0O 0O 0 1 0 18 1 20 11
PCtable4{ O 1 0 0 3 2 E 0 20 1 9
Reading sofa4 1 0 0 0 1 17 1 5 28 16
Reading_table4 0 2 0 0 1 0 17 3 4 18
Smartphone_sofa4 1 0 0 0 3 20 0 20 4 14

Smartphone_table4 0 0 0 0 4 7 10 10 14 11
T T T T T T T T T T T
© [} © [} [ © Q © [} © [}
5 @ % @ § © @ 9 =@ 5% =B
m| SI m| EI o ln| ﬁl m| 8 w| i
g8y 2y
B2 IRER
w = s &J § E %
E E
R

29: S_2.4.8 DIEFIfT4] (LR)

41

Predicted Values




2 MTERDoT. EHLDFIETHITERERT TN OFSHIEE DK X DR
KTH2ebhroTnb. LhL, GIHEETERSGRTETIE” #d WinikEg”
ZETMBHEET TP EVIRMIEEZH L TW5. R TIEINGRIGHT 2 fE
¥, NEATEND SITEICH 203, SHBNEIGHT, £33N RITEZHEP LGE,
ETNVOBHMBEN L VB RZZeEZONDS. Lizh> T, TEIREHMEE
DA ERTZIUE, 7O H U ITNFRICEZEERLEITEZEZI LN
SHOMIEEE L TRETH 5.

L UHEERES T2 eI X 2B E O TIE, S 24,58 DIAGDEDT
RTOL ¥/ — N2 LG8 0@BMEEICRDIALRo7. ZHUIZD4
DD Ry T 7=k IRFHELTVEIEREHELT A 2Kk ThHpthuz <,
K AT LDPITEHDOT — X ZE LB TER-DeEZX 615, KT PCE
YA — b7+ VEETIE, T4 AT LAERTIEED S OB ZEM LT\ 7
D, WEEE EroRTRATE Ik 2RBETL e TRERLETE3
BEioNhb.

42



6. ER

AETIERERDER Y LT, MEZEME- VLN ORED L, Lo ¥h
O SRS £ T ORMED —E DIREE & FEFROREIRFITIE W NAIST A ¥ — h ik —
LDYE Y IN—LDBIRETIToLERIINT 250, RECRROES
WTR 5.

6.1 FROFXL®

DRy Fo7—k Yo {onsE52EILTAYMDE—a Y OEVE
23T, BETHERRT 2> AT 2%23HET 2720, HIESHIEREKS,
HIES AT LREEL, MHRENIC4ED Ky 77—t > 2 HRE Ot & I
FEEEDS—EIC/2 2 KORKEL, | EHOFMEIERZITo7. ZOHME, 1Ly =
VRN DR EMEETIE, TR TOHERE ORMFEEDOEINNET VX L7+ L A b
TRIO%EZD, 13—V VBRI DRZAEMEETIE, aP X7 1 v 7 [AllEOEGEE
ErkbEL, 453% otz 1ty s a VIRIHNDORZERIETIE, EWVilihkEE
BIRUID, (TEIZ L OFRMKEEOLEE 12 v, BEMIIOTEITIE, #Hikk
BADOFERRIZ o Tz, §ERETHZ L, Fy 7o —krVOHIE

FIWCEAD 2 72 b7, FHILIREB LRI N 20iE, A~—F 7+ VHIEX
HHESDOEI NIV EBEZLNS.

CDMEE R 2720, BEDKE XICH DY IHIESZ RO riER o b
LIz £, HilREHMELY LTSTFT2HWVWTk— b~y 72ERL, ZD
R EZ FH W2 CNNIC X BITEIRSERE T LR 2 L. ZDIEDICERFBE D
M LD 7 3 v 7 VFiEr U CHHATEIRERTFE & A EHE TERGR T LT
L L., ZORELLIATLZIHIT 5720, A~ — bk— LITHERE DI,
M, &, KIHLEDTILIMCHKEL, 2 EHOFMEERZIT- /2. REHfliT
&, BRI AT LAORGEL Y L EIT S 72D SHEWE €T & R EMAHEDR
WMFEE DL 2 0D 7 ¥ v TAFIEOFM, & > HHEIEIC X 2B EDZE
LD 3OZFHE L7z, ZDFER, IR TOZ—FOFEYEREEEIX S VX L7 +
LA MDPEROEL 642% e otz F12 18— VIRNDREMGETIX, B2

43



T4 v ZHRPRDEL 66.0%E otz FAFTEIREGRTFIE T 59.4%, i1
BHEETHRRFETIES572% %D, BER EZ21TS 23 TEhro/k. &
YYBERS T Z oI X 2FEEE O TR E OMICRB LIz ¥ 25
ey 7 7 CERB Lz 3 1 2o, RKHICHRB LW 1 D 4 &
DY) —RDTF—XEFHITZ2ITRIRT 4 v ZAGEDN653%L %D,
FTRTDE VY ZHHLIGAEDRERTH 3 66.0%I1EDWFEREHR S Z LA
TE. ZhHORRED, MELEFHECEI- T, EROREITEVERET,
AV PLURATNEZEDETHITHRHE D 2EEORETITZA 2 2 LH 0
nolz.

ZOMICHBRBEHRED AT b0 7T AL EER L. X 30 ICEHERE)
RDODARZ barZ o L%ns. BEBEOARY buarsazHls L EANAE
L7GE, IRENPRKELSRD, ARZ bl 02K35R<K%5. 2L THRTFIZ
PED B E23EE 3 CIRIEDS/ NS K R D FICEL 72 5. BERICITEHICIRL -
721, IRIEAVNE S o TVE, FFITEL RoTWK. Zlbz¥EH 552
IZED, BHEADANRE, HENOBEI OGS AlE T%ét%x%h%.

6.2 FECFFRKOELE

BRELEFERIZNSO20FEDFEET 2. 1 DHOHREIE, Axv—F7 x>
BERHER EOE Z /NI WTHIORFERKER Lo Fohn s, HJEEHEE
[ OB B ZITV, 3 DODERL ZMERTHINEELEEL 223, H0EZX%2DH
FOEIGTERD o7, HERME» -2 LR R~ — b7 5 VR ETEM
DPFEI NI Z B Z 6N 570, HIEEEIER O HEIER DR E LK BN
BN EDOR DD 5.

2 OHOMEZ, FRHICEBOEFIDAEINTW2ITHOR#HTH 2. SHEEAFEL
T-HEREIEE CUX, 3 DR ZHIERTIK, Wi, f5OTEIZEUR L, iz iT-o 7

2, FROBRE TIHADE & {508 X BFRIFHICITON 2 & 5 REANREIER
TER DD, RO AT ATRIEOFEZIG T 2 EiERCAROE = 2 HIE
ZLEEPEEML, ELLEHREITO ZePHL L. ZHEMIRT 2 7201213HR
EORZNWEETHoTHEMMUICS WHIES AT 22K L, KOEIEICX 5

44



AER BFEE REF

500 g

400 fies

w
o
o

N
o
o

Frequency [Hz]

100 S

Time [sec]

X 30: MEBBH DAY Fa T L

THHEINEZOFIZEEN TV AIEDMP NI RE 22 X > THRAELE
BEROHEL TR EITS, £RIMKOEIZ% Low DEE5» M LGS, 20
Koz BbN3EE5DMS % High DT TIRREL, (THOR#BEITS> 2 &
DRAETH 5.

Fiz, KA T LTIEWL 2»0fllynd 5. 1 DHDEKINE, BIEDHZTH
5. ZHEX 1T D2 L5 2BEOMENENT 2 LRICTHTH > TD cosb
DELL, BAEEBOENT 270, BMEEIEL L e PEZ LS. #
BEOHEROBEZZFRTZ2ILICE-oTINGDENETHIL, HOHX N5
HERICHIEZITY, REEEROZLEZONS.

2 OHDHIENZE, HRD 1 ADBECDOATEHRBPITZA 2 TH B, EE

45



DIREETHHT 2 72 OIIIEB O R OITE) &2 3Rk AT RE IR & R T LI EET
HBH, WERIEBONRMSEEL, FRRCTET 22, $XRTOITEOE) % HE
XoBEPHNENE 0, ELVE#EITD 2L V. HHONREZ
NZNER 2T8%E L TOWGERRR 2B CIEI L TWGE, Hhxns
EEDREBEDEVL, BWRESHEZNTHE Fy 77—k FOMEICE -
T, ZN5DF7H), MEZRETE 3720, BHONRIZ L > TfTbALTWB1T
MERSTsenEzZLNS.

SHOBELY LTCX, HIIESHEIEEE O R EERFE M E 2 ET L,
JEH3E DITEN DA & I2HRTFE LA WS O R B 72 PR & - A 6 CRE
TETVWL TFETDH 5.

46



=A
7. '\:I:tIEEH

AT, Ry 77—y V2 U EBTHRRFEERE L. BT
DITEIRRIR TR, 2RO IHREICEIDELS K2 a2 GHED, HiZo X
5 RIGANCHIE LR WTEIORS GRE 2), TNA4 2B Ic X 28 GRE3),
AL Z T 74N —DRE 8 4) Vo BENFEET . i
LOMEEETERIATZ 2 2HNE L, BRFIETE, AR>S oh
T, MHEEHESHRIEC (10mEE) Ry 77—t noBohsd, Fo 7
7 —EEPOEBITHERMTS. 4HTE, Ry 77— I TErDRE
FEATEIRERR DT 2 2 223l 3 2 72, WIS ORED L WIREIZ B W TR OB
BEIHLT, 4680 Fy 77— I E2HERED S DEHS—EICH 2 L 5%
BL, EB2iTo/k. ZAUCED, BEFEORMNELFELME L. 58T
X, 4B CTHERLEERIRT 2720, BIZOKRE JCEbE MRS E RO
HIREEORFAE L. £, MiltRHEL LTSTFT 2w Tk -ty 7%
TER L, #DRHEE %AW/ CNN I X 2THR#SE T L 2FE L. Z0iEh
KB O LDz 7 ¥ v TAFE e UCHFITEIRRGRTFIE & AL BHEEST
B TERIRR L. SOREELEI AT LIS 2720, A~—Fh—
LITHBRE DO, B, R, KHDEDTIDFNIHREL, FHuFEEREZITV, &
BROREISEWERET, av& 27 FLATHEBZ 2D EIHTETEESE D 5
BEOHBETITZA 2 ahol. IRHDBLNEHENSHDOE T IRE
FIHEOHEEEZY R— P T3 —ELRDEHPFy 75—k 2 HWTIT
b2 HFUEFEDOHIE L HASOE S Z LIk 3 EME RS 2759 —E X
Y DRBCHKIL TS Z e RT3,

47



ST EE

KRR ZED 5I1CHT D, BAE— B, saeficilElL, 2Rk5 2
B8 - CHEZBD E L. F£i, RELULMARRORHELR Y, HREEEZF
B XV e E Lz, B#loEERTL b, DIDELIFALBLDIT
7.

MIHEZRICIE, TZICoW, MXEERE LG 2RI T EE o T, Fl
FFEHABEL LTHRARIMEEZVWEEEE L. BH#OBEEZRT DI, D&
DESHELHE LD T ET.

KR RY: AR E e & HEIRICIE, RIFRZHED 212H72 D, o3 ORHE
AT BRI DRI B 3 2 BRI, T 27— 200 thzldtd e LicH
MRS Gr 5D ZHE - THEER W EE L. R2EIGEVIIE, S,
FOSCHERFOEBAMIUCHT 2 ZME 2D L. BHoEE2RIT LD
W2, DEDVELSHEHILBELDIFXT.

BRE BEBMEE, LARHE FHMER I, FRCHERICE T 2 B
IR, WRAEFEORARIGHTIXEWLEE L2, #ATEHBL L
JET.

ONKYO O & HikkER I IZ S EEA U 72 HE > R 7 2 DIEIEEEERR D 7= D 7
1 ZEEEOETERG, e LU EERROBIEZ I T O & LEMRRI50
LOZIE - ZHIE VWA EE L. WRICHET 280 TEIFEEF L TW
JREFE L BHoEZRIT eI, DIDELHEHILFLDITET.

TR LMRICBNT, BIER 7 FANL 2% L & o - EE 832, 1l
WE B8R, MHE— B8R, TUNKFEPNEE BiZd%, Hyuckjin Choi BI##%
D T B EEDOER, HICHREE TR L2 F X Rarya—T4 ¥
7YRAT AR EDOFRE, BREICE, DA HITBMERICRD L Lz DK DK
HAHLHITET.

BRI, SHETHYEETEERAREDP OXZ T B > %R MGD, FKIC
DEDEHPL RIFET.

48



BZ 3k

[1]

(2]

[3]

[4]

[5]

Eri Nakagawa, Kazuki Moriya, Hirohiko Suwa, Manato Fujimoto, Yutaka
Arakawa, Toshiyuki Hatta, Shotaro Miwa, and Keiichi Yasumoto. Investigating
recognition accuracy improvement by adding user’s acceleration data to location
and power consumption-based in-home activity recognition system. In Adjunct
Proceedings of the 13th International Conference on Mobile and Ubiquitous Sys-
tems: Computing Networking and Services, MOBIQUITOUS 2016, pp. 100-105.
ACM, 2016.

Eri Nakagawa, Kazuki Moriya, Hirohiko Suwa, Manato Fujimoto, Yutaka
Arakawa, and Keiichi Yasumoto. Toward real-time in-home activity recognition
using indoor positioning sensor and power meters. In 2017 IEEE International
Conference on Pervasive Computing and Communications Workshops (PerCom

Workshops), pp. 539-544. IEEE, 2017.

Yukitoshi Kashimoto, Kyoji Hata, Hirohiko Suwa, Manato Fujimoto, Yutaka
Arakawa, Takeya Shigezumi, Kunihiro Komiya, Kenta Konishi, and Keiichi Ya-
sumoto. Low-cost and device-free activity recognition system with energy har-
vesting pir and door sensors. In Adjunct Proceedings of the 13th International
Conference on Mobile and Ubiquitous Systems: Computing Networking and Ser-
vices, MOBIQUITOUS 2016, pp. 6-11. ACM, 2016.

Md. Zia Uddin. A robust daily human activity recognition and prediction system.
In Proceedings of the 2014 International C* Conference on Computer Science &

Software Engineering, C3S2E 14, pp. 12:1-12:8. ACM, 2014.

Jaime Lien, Nicholas Gillian, M Emre Karagozler, Patrick Amihood, Carsten
Schwesig, Erik Olson, Hakim Raja, and Ivan Poupyrev. Soli: Ubiquitous ges-
ture sensing with millimeter wave radar. ACM Transactions on Graphics (TOG),
Vol. 35, No. 4, pp. 1-19, 2016.

49



[6]

[71]

[8]

[9]

[10]

[11]

[12]

Sejal Bhalla, Mayank Goel, and Rushil Khurana. Imu2doppler: Cross-modal do-
main adaptation for doppler-based activity recognition using imu data. Proceed-
ings of the ACM on Interactive, Mobile, Wearable and Ubiquitous Technologies,
Vol. 5, No. 4, pp. 1-20, 2021.

Kohei Yamamoto, Ryosuke Hiromatsu, and Tomoaki Ohtsuki. Ecg signal recon-
struction via doppler sensor by hybrid deep learning model with cnn and Istm.

leee access, Vol. 8, pp. 130551-130560, 2020.

Wei Hu, Zhangyan Zhao, Yunfeng Wang, Haiying Zhang, and Fujiang Lin.
Noncontact accurate measurement of cardiopulmonary activity using a compact
quadrature doppler radar sensor. IEEE Transactions on Biomedical Engineering,

Vol. 61, No. 3, pp. 725-735, 2013.

Davide Anguita, Alessandro Ghio, Luca Oneto, Xavier Parra, and Jorge Luis
Reyes-Ortiz. A public domain dataset for human activity recognition using

smartphones. In Esann, 2013.

T. L. Kasteren, G. Englebienne, and B. J. Krose. An activity monitoring system
for elderly care using generative and discriminative models. Personal Ubiquitous

Comput., Vol. 14, No. 6, pp. 489-498, September 2010.

Xiaomu Luo, Qiuju Guan, Huoyuan Tan, Liwen Gao, Zhengfei Wang, and Xi-
aoyan Luo. Simultaneous indoor tracking and activity recognition using pyro-

electric infrared sensors. Sensors, Vol. 17, No. 8, p. 1738, 2017.

Sozo Inoue and Xincheng Pan. Supervised and unsupervised transfer learning
for activity recognition from simple in-home sensors. In Proceedings of the 13th
International Conference on Mobile and Ubiquitous Systems: Computing, Net-
working and Services, MOBIQUITOUS 2016, pp. 20-27, New York, NY, USA,
2016. ACM.

50



[13]

[14]

[15]

[16]

[17]

[18]

[19]

Gierad Laput and Chris Harrison. Exploring the efficacy of sparse, general-
purpose sensor constellations for wide-area activity sensing. Proc. ACM Interact.

Mob. Wearable Ubiquitous Technol., Vol. 3, No. 2, pp. 55:1-55:19, June 2019.

Ning Xiao, Panlong Yang, Xiang-Yang Li, Yanyong Zhang, Yubo Yan, and Hao
Zhou. Milliback: Real-time plug-n-play millimeter level tracking using wireless
backscattering. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 3,
No. 3, pp. 112:1-112:23, September 2019.

Fusang Zhang, Kai Niu, Jie Xiong, Beihong Jin, Tao Gu, Yuhang Jiang, and
Daqing Zhang. Towards a diffraction-based sensing approach on human activity
recognition. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 3,
No. 1, pp. 33:1-33:25, March 2019.

Lili Chen, Jie Xiong, Xiaojiang Chen, Sunghoon Ivan Lee, Daqing Zhang, Tao
Yan, and Dingyi Fang. Lungtrack: Towards contactless and zero dead-zone res-
piration monitoring with commodity rfids. Proc. ACM Interact. Mob. Wearable
Ubiquitous Technol., Vol. 3, No. 3, pp. 79:1-79:22, September 2019.

Youwei Zeng, Dan Wu, Jie Xiong, Enze Yi, Ruiyang Gao, and Daqing Zhang.
Farsense: Pushing the range limit of wifi-based respiration sensing with csi ra-
tio of two antennas. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol.,
Vol. 3, No. 3, pp. 121:1-121:26, September 2019.

Yanwen Wang and Yuanqing Zheng. Modeling rfid signal reflection for contact-
free activity recognition. Proc. ACM Interact. Mob. Wearable Ubiquitous Tech-
nol., Vol. 2, No. 4, pp. 193:1-193:22, December 2018.

Feng Zhang, Chenshu Wu, Beibei Wang, Hung-Quoc Lai, Y1 Han, and K. J. Ray
Liu. Widetect: Robust motion detection with a statistical electromagnetic model.
Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 3, No. 3, pp.
122:1-122:24, September 2019.

51



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

O. D. Lara and M. A. Labrador. A survey on human activity recognition using
wearable sensors. IEEE Communications Surveys Tutorials, Vol. 15, No. 3, pp.
1192-1209, Third 2013.

Ling Bao and Stephen S Intille. Activity recognition from user-annotated ac-

celeration data. In International conference on pervasive computing, pp. 1-17.
Springer, 2004.

Macarena Espinilla, Javier Medina, Alberto Salguero, Naomi Irvine, Mark Don-
nelly, Ian Cleland, and Chris Nugent. Human activity recognition from the accel-
eration data of a wearable device. which features are more relevant by activities?
In Multidisciplinary Digital Publishing Institute Proceedings, Vol. 2, p. 1242,
2018.

Oliver Amft and Gerhard Troster. On-body sensing solutions for automatic di-

etary monitoring. IEEE pervasive computing, Vol. 8, No. 2, pp. 62-70, 2009.

J. Hoey and J. J. Little. Value-directed human behavior analysis from video using
partially observable markov decision processes. IEEE Transactions on Pattern
Analysis and Machine Intelligence, Vol. 29, No. 7, pp. 1118-1132, July 2007.

Hamed Pirsiavash and Deva Ramanan. Detecting activities of daily living in first-
person camera views. In 2012 IEEE Conference on Computer Vision and Pattern
Recognition, pp. 2847-2854. IEEE, 2012.

Bryce Kellogg, Vamsi Talla, and Shyamnath Gollakota. Bringing gesture recog-
nition to all devices. In 11th {USENIX} Symposium on Networked Systems De-
sign and Implementation ({NSDI} 14), pp. 303-316, 2014.

Gabriela Augustinov, Muhammad Adeel Nisar, Frédéric Li, Amir Tabatabaei,
Marcin Grzegorzek, Keywan Sohrabi, and Sebastian Fudickar. Transformer-
based recognition of activities of daily living from wearable sensor data. In Pro-
ceedings of the 7th International Workshop on Sensor-based Activity Recognition
and Artificial Intelligence, pp. 1-8, 2022.

52



[28] Maxime Devanne, Stefano Berretti, Pietro Pala, Hazem Wannous, Mohamed
Daoudi, and Alberto Del Bimbo. Motion segment decomposition of rgb-d se-
quences for human behavior understanding. Pattern Recognition, Vol. 61, pp.

222-233, 2017.

[29] Naruya Inagaki, Takahiro Sasaki, and Yukihiro Kamiya. A new simple approach
signal analysis suitable for non-contact vital sensing using doppler sensor. In
Proceedings of the 2019 4th International Conference on Biomedical Imaging,
Signal Processing, pp. 7-11, 2019.

53



e S
AR ICAIR T B EHA

P fiTEm XX 55

1. Shinya Misaki, Makoto Yoshida, Hyuckjin Choi, Tomokazu Matsui, Manato Fu-
jimoto and Keiichi Yasumoto (2023). Location-Independent Doppler Sensing

System for Device-Free Daily Living Activity Recognition. IEEE Access.
- 5 BEITHG

1. Shinya Misaki, Keisuke Umakoshi, Tomokazu Matsui, Hyuckjin Choi, Manato
Fujimoto, Keiichi Yasumoto : Non-Contact In-Home Activity Recognition Sys-
tem Utilizing Doppler Sensors. In Adjunct Proceedings of the 2021 International
Conference on Distributed Computing and Networking (pp. 169-174), January,
2021.

— 4 B IIG

L =iEEl, BEEES, W, ARk r, DRE— BAREICE
F% Py 77—t o2 L HEMATERGRTE. IS N4 L
AV a—T 4 YT ENR=NSL YT Y RAT A (MBL), 2020021), 1-7.

— 4 BTG

g 2UPES i
TR 5

1. Tomokazu Matsui, Kosei Onishi, Shinya Misaki, Manato Fujimoto, Hirohiko
Suwa, Keiichi Yasumoto: SALON: Simplified Sensing System for Activity of

54



Daily Living in Ordinary Home, Sensors, Vol.20, No.17, Article ID 4895, Au-
gust, 2020.

2. Hyuckjin Choi, Manato Fujimoto, Tomokazu Matsui, Shinya Misaki, Keiichi
Yasumoto: Wi-Cal: WiFi Sensing and Machine Learning based Device-Free
Crowd Counting and Localization, IEEE Access, Vol. 10, pp. 24395-24410,
2022.

ER=®

1. Tomokazu Matsui, Kosei Onishi, Shinya Misaki, Manato Fujimoto, Hirohiko
Suwa, Keiichi Yasumoto : Easy-to-deploy living activity sensing system and
data collection in general homes. In 2020 IEEE International Conference on Per-
vasive Computing and Communications Workshops (PerCom Workshops) (pp.

1-6). IEEE, March, 2020.

2. Shinya Misaki, Sopicha Stirapongsasuti, Tomokazu Matsui, Hirohiko Suwa,
Keiichi Yasumoto: Demo Abstract: Activity Recognition through Intermittent
Distributed Processing by Energy Harvesting PIR Sensors, The 18th ACM Con-
ference on Embedded Networked Sensor Systems (SenSys 2020), Yokohama,
Japan , November 16-19, 2020.

3. Rei Nakaoka, Yugo Nakamura, Yuki Matsuda, Shinya Misaki, Keiichi Yasumoto
: eat2pic: Food-tech design as a healthy nudge with smart chopsticks and can-
vas. In 2021 IEEE International Conference on Pervasive Computing and Com-
munications Workshops and other Affiliated Events (PerCom Workshops) (pp.
389-391). IEEE, March, 2021.

4. Tomokazu Matsui, Kosei Onishi, Shinya Misaki, Hirohiko Suwa, Manato Fu-
jimoto, Teruhiro Mizumoto, Wataru Sasaki, Aki Kimura, Kiyoyasu Maruyama,

Keiichi Yasumoto: Analysis of Visualized Bioindicators Related to Activities of

55



Daily Living, The 35th International Conference on Advanced Information Net-
working and Applications (AINA-2021), Ryerson University, Toronto, Canada,
May. 12th, 2021.

. Sopicha Stirapongsasuti, Shinya Misaki, Tomokazu Matsui, Hirohiko Suwa,
Keiichi Yasumoto : Batterfly: Battery-Free Daily Living Activity Recognition
System through Distributed Execution over Energy Harvesting Analog PIR Sen-
sors. In 2021 17th International Conference on Distributed Computing in Sensor
Systems (DCOSS) (pp. 54-56). IEEE, July, 2021.

. Sopicha Stirapongsasuti, Kundjanasith Thonglek, Shinya Misaki, Yugo Naka-
mura, Keiichi Yasumoto : Insha: Intelligent nudging system for hand hygiene
awareness. In Proceedings of the 21st ACM International Conference on Intelli-

gent Virtual Agents (pp. 183-190), September, 2021.

. Eunice Likotiko, Shinya Misaki, Yuki Matsuda, Keiichi Yasumoto : SGBS: A
novel smart garbage bin system for understanding household garbage disposal
behaviour. In 2021 Thirteenth International Conference on Mobile Computing

and Ubiquitous Network (ICMU) (pp. 1-8). IEEE, November, 2021.

. Tomokazu Matsui, Shinya Misaki, Yuma Sato, Manato Fujimoto, Hirohiko Suwa,
and Keiichi Yasumoto: Multi-Person Daily Activity Recognition with Non-Contact
Sensors Based on Activity Co-Occurrence, The 13th International Conference
on Mobile Computing and Ubiquitous Networking (ICMU 2021), pp. 157-164,
Tokyo, Japan, November, 2021.

. Hyuckjin Choi, Tomokazu Matsui, Shinya Misaki, Atsushi Miyaji, Manato Fuji-
moto, Keiichi Yasumoto : Simultaneous crowd estimation in counting and local-
ization using WiFi CSI. In 2021 International Conference on Indoor Positioning
and Indoor Navigation (IPIN) (pp. 1-8). IEEE, November, 2021.

. Yugo Nakamura, Yuki Matsuda, Shinya Misaki, Keiichi Yasumoto: Aroma Nudges:

56



11.

12.

Exploring the Effects on Shopping Behavior in a Supermarket. In CEUR Work-
shop Proceedings (Vol. 3153). CEUR-WS, 2022.

Daiki Mayumi, Yugo Nakamura, Yuki Matsuda, Shinya Misaki, Keiichi Ya-
sumoto : Aromug: Mug-type olfactory interface to assist in reducing sugar in-
take. In Adjunct Proceedings of the 2022 ACM International Joint Conference
on Pervasive and Ubiquitous Computing and the 2022 ACM International Sym-
posium on Wearable Computers (pp. 183-187), September, 2022.

Daiki Mayumi, Yugo Nakamura, Yuki Matsuda, Kentaro Ueda, Shinya Misaki,
Keiichi Yasumoto : Kaolid: Lid-type Olfactory Interface to Improve Taste of
Beverages with Ortho-Retronasal Smell. In 2023 IEEE International Conference
on Pervasive Computing and Communications Workshops and other Affiliated
Events (PerCom Workshops) (pp. 303-305). IEEE, March, 2023.

- ZIRE, B, IS, KA. (2018). BREEFREERE L Y v b

v — 7 N T OBV AV 72 BRE 2 I HA#E 72 2 — R ENER A D
H YA, BAEHREEANA LAY P a—TF 4 Y TN R T AT A
(MBL), 2018(14), 1-6.

. ZIRE, EHEMET, 5R)IE, ZARE—. (2019). Ardupilot Z Wt >4

Yooy PHENC X B BEERAT UAV OFME. 25 81 Bl FE KX #HR S,
2019(1), 277-278.

fexRvE, RPEGRIE, =IWEWH, WEIEEZ, BERERr, KEBEE %
JIE, KRiHEfE, =K1, ZARE—: AEOEOM EEHIEL 2ERNT
B - AREHRINES X7 4 QoL 7 v = 7 KEREOMET. N THEE AR
BRI R E R 2019(SAI-034), 01.

By, =EES, BARRE, TAE—: 7N A7) TR
FF7 Ry 77—t ¥ 2RV IALEHE TERICE S 2 —8RE] 2019 5

57



10.

11.

THAAL A 2 B PE SRR SRR BT SCER, 2019.

R, RPESRIE, =IRED, BARERE, WAIMNE, TARE— RE

PR RAETETE Y OV Y AT LAORERY —¥RETD T — RIVE - fi#
MraEEs. s mERES AT L A~ — a3 2=F 4 (ITS), 2019(19),
1-8.

C —IefEE, BRI, TARE— pECHIRE SR R RS R RS

YAy MV =TT RT LORGH FEREEANf LAY Ea—T 1 YT
NR=RA > TT AT . (MBL), 2019(4), 1-4.

- ZIRPEA, SRS, AR E A &, AR Bl RO BEEZICEH L

Ky 77—t P X 2BITEIREERTIER. 55 27 B~ A F X 7 4 7ilfF e
TEULEE Y — 27 > a v TaLEE, 76-83, 2019.

AR, RAERIE, ZIREDE, JEIEZ, Rz e, KAEE, k4

AR, AKRitaifd, EHEES, NLEZR, WARE— . HEAEEITENHIS
7 AERIERE O R & 0T, 5 28 [~ LT X 7 4 TIEE L R Y —
7 a vy T, 34-41, 2019.

EHE, BEREN, BAEARr, ZREt, RHE—, WEIEE, 7R
B— RAFIvIVIIRIERTZT7 R TT 4 754 VHTIREI€ >
AT LDOWEL. 29 BRI VF X T 4 TEE L AU Y — 2 > a v T
X4, 246-251, 2021.

PR, THREE, REGE, =RED, TARE— X oz T

BRTHZETREE S — L DR 5 29 B~ L F X 7 1 75 & 7L
7 —2 < ay iR, 197-198, 2021.

B, AEE, ZREN, RERE, ZAE—: Aromug: F§78H
BERBZEZMITI2AY— <7 hy TOKE & BT ~ L FXTF 1 7,
TR EANAL LS ARI Y A 2022 #iCEE, 2022, 981-988.

58



12.

B A, AMEE, MEHOE, ZREH, ZARE— SFERKORR 2
D BYIORATRER TNA A DEKET L KRR E 2 2 R E O IR, 25 30 [
CNF AT 4 TIBEL BN Y — 7 > a v TR, 175-180, 2021.

59



