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Abstract: Compressed sensing is a sophisticated technique that performs high-efficiency compression/
reconstruction using sparsity of data. In the wireless sensing device, most of energy consumption is con-
sumed by wireless transmission, and energy saving can be achieved by reducing the amount of transmission
data using compressed sensing. Wireless sensing is used for failure analysis of buildings and machines, many
of which use only a specific frequency band, while compressed sensing compresses all properties including
the entire frequency. In this paper, we introduce efficient compressed sensing “selective compressed sensing”
which selectively compresses the target band. The reconstruction process is conventional 11 norm optimiza-
tion. We use following 3 techniques. (1) Compression process uses the Walsh-Hadamard transform matrix
corresponding to the target band. (2) Walsh-Hadamard transform requires only addition, subtraction, and
shift operation, while Fast Fourier Transform requires floating-point operation which is a burden to resource-
constrained microprocessors. (3) We succeeded in improving fast Walsh-Hadamard transform which can
improve the frequency resolution by integration algorithm using successively received data and reducing
the calculation time. Applying this to a diagnose device for motors by their vibrations reduces its energy
consumption by half.
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Fig. 1 The concept of conventional compressed sensing and
selective compressed sensing when the target frequency
band shown by green. In conventional compressed sens-
ing, entire frequency bands are reconstructed equally,
but the accuracy in the target frequency band is low.
For selective compressed sensing, the signal in the green

frequency band is fully reconstructed [4].

b ORERA RSB TR 7E R
Graduate School of Information Science and Technology,
The University of Tokyo, Bunkyo, Tokyo 113-8656, Japan
2)  okuya23@akg.t.u-tokyo.ac.jp
b)  kawahara@akg.t.u-tokyo.ac.jp
©)  asami@akg.t.u-tokyo.ac.jp

© 2017 Information Processing Society of Japan

L LML > v v F e fiise L7z, 1ROt v >~
TIIBHATHNG 7 » & 2475 & iV CEME T 5 2 & T4
PR\ IS L7z - HILFETH L. D720, b
BOEFICK 1 TR TR LB 2 B Bei DAL b 1H 7T
TAEEVPEENL. —F, RETHHERWIEML 2 v
7 CL3BHAT51C Walsh-Hadamard 4751 % F\, A O
BT DR T 2 BIWICIEMET 4. 2 OFIRIY 2 AR 12 &
0, ANEL EWERE OBEICRERE & IS L T L B
WOBETCEEZ M LW THL. ThFEFTI, KHEES
XAy e L, EERATY & BUATHNC W2 R £
VYV TDPRESN TS [2. T OTFEIEHLEI LT
AT BEEKIBICHIR L 72285, FHEEREEESRTES
T, ML T AL F— 1T E A CHIRE AT W
B, RTINS T, HEMLBIC LR X ) &7
JTRL, FHERLHIRLERE Y Yy 7/ Th b, —E
T 5B EME L > ¥~ 7 TlE, Walsh-Hadamard ZE#47
B % i o 72 46 - 5ok Walsh-Hadamard 283t (FWHT) @
BRI L B 400F s ELNA 5. 1 2HIZ, 70O
FEN L OHRTH ) BERONBE D H CTHEMELITRETH 5.
BT OBEHREN £1 DA TH ST ¥ ¥ 2475 % T2 E
fiit > v 7 (6] (LABE 1-bit FEfit > 2 > 7)) 3l <25
HwoinTBh, /N1 7)) OFEERITH % BIATHNICH 7
JEffit > 22 7 2] R EIBHENT WS, N F 1) DR
GrEFEEOBIHATINE A T ) OEHICOH LN TV DA,
INA ) DEGY & RO BIAT NI BENAT Y & DR AR A
WEDATEHETRETH B E V) FELES720, I—REF
FECOZORERERT A, BESRH- 2V~ a1
FEEMEL Y7 MERETEI L TwL720, XM F1)D
J%.45 % ¥5> Walsh-Hadamard 175 % Bl{T5 &+ 5 2 &
THARLHEOGFEAIHIR S ND, L, mdty M
TN A 2 e e WK B E I~ A 2 TOEHET
e Bl wHFEELR S, 2 0HIZ, Walsh-Hadamard
LHEATH & 7 — ) TAEBATHIOFMIC XY, LB HEK
TICHAL L2 i vy SRR E A D v ) F A
H D, R 3BT %5 Walsh-Hadamard 2846
THNO—EB % BHATH &5 2 L T, FMBOT— 71240
TR EW T OB % %  GUIEME AT, FRE 0Bk
WL L Eft v v a2 5. 3 2HIZ, B
L 727 — % £ Walsh-Hadamard Z #4751 & DR DO FHE
WEETHDLEVIIFELr DL, 7—) TEHRICEET —
VIS A X 912, Walsh-Hadamard 25312 13 5
Walsh-Hadamard ZeH3A5F7E L, JERERM CHEAMRULEEASH] fE
L. RROFEREOHIRKICBW TRAKDHIEIZZOT.
KIZEBHDTHA. 4OHIZ, &i# Walsh-Hadamard 25
BOFTHENEF 2 WL, BEBIEE M Lo $8903 2
FHEICERT A2 T, SHICEIHEEZHIRITIETH 5.
KEOWRIIDTOEBY) THL, 2ETIIIEHE Vv
YU DORBEEANL, 3ETIREEOBEEE I L L

1567



BEAIEF =R G Vol.58 No.10 1566-1577 (Oct. 2017)

[Efit > v v 7 CTh D ERNTM L > ¥ 72 Hhl &
EBHITHAT 5. 4 T TIIHREE OB ECHT IR LS5 72
® 1272 Walsh-Hadamard 475 2 A5 5. 2O
TNz, 1oL 20BOMA BN, T2, &
3 Walsh-Hadamard Z£#212 X ) 3 DHOFEESNA.
5 # CTl3 75 # Walsh-Hadamard 281 % S 5121k L, 4O
HOFRTH LS50 L5 HOHRELT) . 6 B TIIEIL
FHEIGEA L, 7)) TR E W 7AETTIC & 2 BT
DWTIHRRS. 7TETIIMO TP TR CHE LMz $ D12
VBB L L, IR > v v Ik B AL
F—ALZFEHT 5. ST TIEEAERED W UHEOEITLHE %
XD T v & TR R Efit v v v I e L,
BIRWTAE L > v v T ORWEITCEE 2R Y. 9w TIIE
e AU 2722 12 XD &k Walsh-Hadamard 28400 —
HOWH % ZEMAMTH) 2 £A5TE, TS LY FHEKH
REDA EDSTRETH D Z L 2m L, 10ETARET LD 5,

2. EfEtET T

JEffE v 2 v TG A= AR W BT T, AR
SLEIZBENATH & BUS L 727 — & OFE T (7], [8]. &
TEALFRIE IR 2l 72 D A= A 7 — ¥ 4RI &
%m0, ZAETNA ZADFHEIIHEMEL 5 505, It v
TNAADIANF—ZEHT DG G AR 2T TH 5.
FERGLER L, BUS L 727 — % x 120 L CEIATY @ % 3
LZMETHY, M2DLICNEZOT—FD0MEHZD
T—=% yIZEMEINA, F72, sH0 THRWEE K -
TWAEE, sl K A=A THhbHEWVS ., HICWIIZIX
O v aMER L SR, BINERE Y > 7T
bINEZ[HMHT S [9. Eiity sy s A=A T
HEMEZHNT, BFOTNTOMHEE SHEEICHITT
XD E LTHY SR, B4 LEEIMTDI TS [10].
— R R Y Y Y TR T RTOME &5 L < EHE
T5 L ICENATY @ 12T v ¥ 275 & VA AN
WS, BT OB E IZEITCR R IS BT 220 EETH

N
K-sparse

X | gy
2 JEfEL VY v S ORI, fiiFhEMEREL, HIZ0 %
Y. BUSE LA T =4 x $IEE U L 28— 2% s L OF
TERIN, BHITTH @ CIEMSND [3]

Fig. 2 Compression process of compressed sensing. Each color

represents a value, and white represents 0. The input
data x is represented by the product of the basis ma-
trix ¥ and the sparse s and is compressed to y by the

measurement matrix o [3].
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Fig. 3 The first figure shows the raw data which is sparse

in a frequency domain. The second and third fig-
ures show the reconstructed first raw data using se-
lective compressed sensing and the conventional com-
pressed sensing, respectively, where the measurement
matrices are the same size. Blue dashed lines rep-
resent spectra of raw data and red solid lines repre-
sent spectra of reconstructed data. The fourth figure
shows the reconstructed first raw data using the con-
ventional compressed sensing where the measurement
matrix is three times larger. From a viewpoint of the
data size, compression efficiency is tripled by selective
compressed sensing, because the reconstructed accuracy
of the fourth figure is almost same as the second fig-
ure [4].
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Fig. 4 The first figure shows the raw data which is sparse
in a time domain. The second and third figure show
the reconstructed first raw data using selective com-
pressed sensing and the conventional compressed sens-
ing, respectively, where the measurement matrices are
the same size. Blue dashed lines represent spectra of
raw data and red solid lines represent spectra of recon-
structed data. Selective compressed sensing can selec-

tively compress the target band.
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Fig. 6 Reduction of calculation by division of Walsh-

Hadamard transform and coupling method without er-
ror. Error is generated when reconstructing and com-
bining the divided received data respectively, but it can
be reconstructed without error by performing appropri-

ate preprocessing on the divided received data [4].
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HoTWhIehn, BTRBZDOWIEHLEL L., &
DIZZOZHETIE, Wkt A KA LE LT L84, B
BEHRWTRETH L. T— 7D N 288 DFHETHIRT
5. 7 TlE, —IICH WS LS S Walsh-Hadamard
BMOMEZ R, HwET 2 FEEETH 5 Walld] 225
Wall6] DFMEIZS, BEREED T 5720, % DFF
"PLEERL, —75T, B8 T, fimd Wal0] 205
Wal[7] OFIMEIE, FIEED 2 DD Wal[0] A5 Wal[3] %1
LB (2) © Wal [0] 205 Waly[3] 12T BiAY Wal,[0] 2
5 Waly[3] IZAHIET 5. A0S 5 Wal[4] 225 Wal[6)
DOFMEIIEN Q) DEBD 20 & 2n+112n=1%fCAL
72 Wal[2] 25 Wal[3] ® 2 # DA LETH L. ZhL
ATOB I b FARICEHAEREITMEIEL, LV ABWEIETH
i# Walsh-Hadamard Z2H#3A5Wfe & 2 5. U THRT &, &
B WA pN 5 gN FHOEF IR T % & &,
VR EA ORI
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2-point CS-FWHT 4-point CS-FWHT 8-point CS-FWHT

é x[0) o — _1WaI0] Yaitor Wal[0]
S X1 _l|‘->-—_<— IWa\[l] - Iwa|[1] Wal[1]
g, x[2] L >< Wal[0] N 'Wm[z] Wal[2]
@ x(3] i W - _:wa|[3] Wal[3]
% x[4] : >< Wal[0] Waifo] Wal[4]
§ X3 , T e L2 wa) Wal[5]
g x[6] _I><_wz,\[o] - ¢ > Wizl Wal[6]
2 X[7] —=<=-2 T Pha T Wal[7]

Ordered by sequency
X 8 Wal[4] 7*5 Wal6] #5 11 7 Fi O Cal 5 n] i 7 #5iE Walsh-
Hadamard 2. AU & SALL IR AR T (4]
Fig. 8 Fast Walsh-Hadamard transform can be calculated by
11 additions/subtractions required for calculation of
Wal[4] to Wal[6]. The solid line indicates addition and
the dotted line indicates subtraction [4].

logy N

Z % (ceil(¢2™) — floor(p2™)) (3)

n=1
LY, FTHEIEIB L Z (—p)Nlogy, N TH 5.

S5, FEEEE MRS 5 L OB A BRI FEAT
THETH 5. Cooley-Tukey B DAL AT AE v b il
Thh, ZRO 1 ODHOEFEZIT) LTI 7)) 7o
FR L EOREMABLEE Y, 7)) IR T 5%
TR OFHHREZATRT, ARG OREE S HE L v,
RETHEWTIE, ANDPHEMIETH Y, Ao L b
DR, ZIROWHED L K HRETH L. M8 ITRTA
WTIE, EFEBN NS WDIZ, AND § kb oi
5 T4T 2 AT A E D 4-point FWHT T/REN 54
D L7255, Ty OEIRETUL § 1TEDL.

6. 7—UIRED—EBEHW/1ET

BIRM LA £ >~ ¥~ 713 & # Walsh-Hadamard 283 &
B L THEMLE 247> Twab, —HT, 7 —1 1%
PEINTEFEZILOBEBICR TS AL, #FE7—1) T
TAEATH . FO720, EIRWEM L~ ¥ v 7 O
I2b @7 % 5l Walsh-Hadamard 32179 2 &
TIDT—FEEILTEDLEEZLNL, UL, HILE
T O LT D P EAT X Walsh-Hadamard 25§ T o JH
WHCTE R 7)) ZEKTORE#RTHY, 7—-V) L
) T D FE 7 R B D45 7 13 Walsh-Hadamard &)
DX T BB EA AL FGT AL, ISk, @
Walsh-Hadamard 25212 & o T DB LEADEL, HIG
FEEDEAL L 72, 22T, HuCRIICE, Efitr v v s
T—HRICHWS NS 7 — ) ZEWATH e RIEE T 5 4, /
VoMb z iV G, BRIEE 7 — ) ZARTHI0FT & L7
HHNE, TS 7 — ) TR TOREBERTH S 2
LT TR L, WROFEAIREIE T Walsh-Hadamard Z5J&
ICHAR7 =) THET L) A=A ZEE L0 TLH 5.
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kD 7 =) THREEF VDMLY v v 7 3] TIE,
BRERERIRE T2 2 L% 0D, #RNEM L2 v 7
TIIBIFTH2S Walsh-Hadamard ZE#ATH| TH 5 720, 4
B BN E e OB T DA DHEMER IS . IREFETIE, L
BEREEE T OARD 7 —1) TIJKE Wiy, & LTHEIE L.
38 Walsh-Hadamard 288413 H—1 # W 720475 = 5 %
WHTHY, H ' =LH' THY, ¢ Walsh-Hadamard
RO Ta 5 728, ¥ Walsh-Hadamard 2413 &7
Lo TRIME L, ENFNOEITL LG % X

% = IDFT(DFT(x)) (DFT)
x = argmin||s||1(s|ly = PWy,s)  (Limit FFT)
x = argmin |[s||1(s|y = PIs) (Whole)

1
X = Nq)—ry (rev-Walsh)

LEMET A, BB 7 — ) =&k (DFT) &K E v+
Wit v > v 713 DFT OfERDZ 0 F F 082 RN O
AR MVTHY, BEBELEE LRVS, x0 & L
TEROIHICERB L7z, SENTFERICHER 7 — ) 4890
L FDOWEE AT 572D, 2Hz~5Hz DARY M x ZD
FEMWIGAELREMETH S, Whole IZA/N— AR 7 —
N THRIRERE T, x & HAATH & LKA T & LTl
WATR/METHEIL LR TH L. x=sTHDH I Lhb,
FEIR T ANR—ATH DL ERELTVE ELALES
7280, LI [BEHER T AN — AL EIRE LS ] &3
Ks 5. GOWENT— 5 2 LT, ELFEcLs%%
BREd 5. v 7)) » ZREWE 20 Hz THUAS L7z, B
SrERE 2% = 0.078125Hz ® 7 — % 1% LT, 2Hz~5Hz
PLBER HREE L LB AT W THERL, B9 (12

|

2

o8

S

506

g

T 04 ——DFT

g —— Limit FFT

50.2 —— Whole

O rev-Walsh
0

0 0.1 0.2 0.3 0.4 0.5
Ratio of Power Error
9 HEILFFHNOBREOIE. DFT (37 — ) TEHEOER,
Limit FFT &, 225 B 18- THIT L725E, Whole
[ IEEM BRI A A8 — A EARGE L THEIC L7235 A, rev-Walsh &
3 Walsh-Hadamard 24§t % FI\V CHEIG L 72356 O BARE 53 A
(BRI % = 267)

Fig. 9 Comparison of error by reconstruction method. DFT is
the result of Discrete Fourier Transform of the target
frequency. Limit FFT is the cumulative distribution
when the Fourier basis of the target is sparse, Whole is
the cumulative distribution when the signal is sparse in
a time domain, rev-Walsh is the case of reverse Walsh-

Hadamard transform.
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AT EBY, LELZEERE D DFT OfFRER5T 5
L, TR IEMETRE L O EM T % B
? DFT OfEREZFET 25507 -5 13—3%35. £L
T, BB REWEE IS8 o TEIGT 518 %€ Tk Limit FFT
&, BREEIC A= A 72 L %E L TIEICT 5 Whole &3
Walsh-Hadamard 254t % F 724870 rev-Walsh % KilEiZ
[0l % ¥5 8 CHICTE 5. Whole & rev-Walsh @ 2 D D15
LTI, BHFENICL TIBRREEOEANEL L7290,
ISRAREED S RS LA L Twb, 22T, F58EN
iz

> Hos 1, TR T DIRIE — BICE 7 DRIE)? @

Yo Has 1, (TCIE T DIRIE)?
L L7z, —hT, LEBEBGO 7 =) TRIEDOH %=
o 7256131313 0% 6 RS A LA L TBY, KK
o) % LB a0 7 — ) TRIRICT 5 2 & THIED
M EdsZ LR THRNS.

F 7, LEREEEGTPEINICENT S L) BGEE,
H 5 H LOLER H P % LIS S Z L3 L Wi
BB, GRS EE 2 B EG & R L7z A &,
TETCIRE LB 7 R D B Db (2 R B A O FERR S T -
7o, COBETREO BB (4) 12X 5085 H R
DHRDEFENE Wiz, ARl OFEECILEMREE ST
2.5Hz~4.5Hz & U CTHAME L, HICHEITIZUZE 2 B0 s
% B0%IFETLWVK 9 Y[R U 2Hz~5Hz & L CHEIGL 72,
VR B RAT (2Hz~5Hz) DIEDO A% FHV7-3—RETF
FAZ X BHETC (Target) EERDILHML Y ¥ v 712X B18
It (CS) DIEAE 10 (2R,

10 &0, DERBEEEEDS TN CHEEHE5TY, it
DT v 5 LT RV EREE Y v v 7 (CS) 12k,

Errorin 2.5~4.5 Hz

-

> ——
Sos8f
Q
o
a 0.6f
o
=
®04f ——DFT
=] —— Target
g 0.2f rev-Walsh
@) —CS
O L L L L L L L L L I}
0 01 02 03 04 05 06 07 08 09 1

Ratio of Power Error
10 2.5Hz~4.5Hz DT TEHOBRAED L. DFT 13 #E#
7 =) TEROKESR:, Target 1%, %% BHEGT ISR - 724
JC, rev-Walsh (i Walsh-Hadamard Z#t % 17 - 7234,
CS RHERD T ¥ ¥ 24752 H7zEfit » ¥ v 7 0 Bflis
A (BRI = 267)

Fig. 10 Comparison of error by reconstruction method from
2.5 to 4.5 Hz. DFT is the result of the discrete Fourier
transform, Target is the case where the required fre-
quency band is sparse, rev-Walsh is reverse Walsh-
Hadamard transform, CS is the cumulative distribu-
tion of conventional compressed sensing using random

matrix.
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Errorin 2~2.5,4.5~5 Hz

P

-
1

——DFT
—— Target

rev-Walsh
| |——CS

o
)
:

Cumulative probability
o
(2]

0.2r ,/
0 & L L L I}
0 0.5 1 1.5 2 2.5 3

Ratio of Power Error
11 2Hz~25Hz & 45Hz~5Hz OHEILAHAEDOLE. DFT (3
i 7 — ) T OFER, Target (&, V%% FEREAT 12HK >
TIEIC L7234, rev-Walsh (3308 Walsh-Hadamard 2541 %
MO THEIL L7206, CS kD T ¥ & 1475 2 w7z Ik
fit ¥ v v 7 ORRGAT (FEBRIE = 267)

Fig. 11 Comparison of error by reconstruction method from 2
to 2.5 Hz and from 4.5 to 5 Hz. DFT is the result of the
discrete Fourier transform, Target is the case where
the required frequency band is sparse, rev-Walsh is
reverse Walsh-Hadamard transform, CS is the cumu-
lative distribution of conventional compressed sensing

using random matrix.

BRI LM > 2 v 7 (Target) 1ZFFEE RIEICOTHET
bb. Fio, LEREEEGE O % RGN E
\ZD%D 5,

11 12, FEMERFICIEAREE L2 EIek ICLZEE L
72 2Hz~2.5Hz & 4.5Hz~5Hz D55 DIETCIRAEE IR T
B 11 @, I—EFHE (Target) (ZHERD T ¥ & 2475 % H
7eEfEw vy 7 (CS) LAEEDRRED, LIRS HERE 2R
L, Bty vy 7orb ) IGERRNTEREYE > v v 7 x
AT LI L BRAEOBINIMER CE o7z, L2 L
BEDUNEWERSITER T 5 &, BTk L 1FIFRE Ui
TH D720, FLORPISLEN LY ) BHE1EZF 0
WD ZOTLTMEPLETH L LD N5,

REOMERLLY, 7)) KL ETICHNSL Z L TE
AEPGITTHETH 5. EAIE W O CTH Y KT £
I ITFEE L 727200, HRIHEE O 1T AL F — 23
HLZESOEILICB W TBEDR EATRETH L. LE
7 RO & BRI D C E AT RE RIS G2 L, AT
B BB DS LB B EGE 5 ST AT, it
KD T 2 F LATHNE VIR v v TSR TIRET
EDEABE AR C R MR & 5 OILERICEH L 72 Bk
BriiDHh T b, £ OMORELOEWE TIEERD T >~
Y LFH R EfE Yy S ASEOEETH o 2
B3, BIRWEAG L~ ¥ v 7 HAREED SR FE R A5 013 ANT]
HE 70 72 O WL B 70 AT % TEAMRIE I B IS PE T A LT
HhH. LiL, BIRMERE Y Y > ZI3FEMT 5 B
ZHICY 7 My 2 T CEEIRETH 700, LB
Bomi DY S N3 B3 R B N LB 7% TR Ry & Rk e
WHETH 5.
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I Sampling Transforming Il Transmitting
2
<
E
e 1+
£
3
(s}
0
0 2 time [s] 8 10
2
<
E
t 1
[
£
3
o
0
0 0.2 0.4 . 0.6 0.8 1
time [s]

12 DIEFERUS - M - IEAE COER. LXTIRIEREZ#ED
BL7zLEOERmELRL, TRIZZOFEREZ 29 MIFEY KL
T (4]

Fig. 12 Current in acceleration sampling/compression/wire-
less transmission. The upper figure shows the cur-
rent when the experiment is repeated, and the lower
figure shows the mean of the experiment repeated 29

times [4].

7. BIXILF—ILDORHR

BIRWERE > v v 72 RHBERE I~ A a2V 12FEEL T
YT T R R EOHBERERTIEL, HE
IANVF—DETVERIRLTHET 5. ZLCZOHE
IANF =%, T U5 N5 1 FEATINCH W 72 E 2
Y76 Bflio THEMLTEB LG AEBLIYT—%
RIEMEE T ICRE LB E L e L, BIRWIER L > v
T OHAMERT.

MEEL 2, L FONBENIERTE S
YFar—TaryeE LR 16). BIRNEEE Y Y v
Z TWE-Lite DIP [17] (2523 L, J#EE+ > ADXLO001-
70Z[18] THUS L7 n#E 7 — % 2 JEf L, SE LGS
% MATLAB(R2016b) T ¢, / )V A5/MbE W THEIT L
7o. T—4134,096 BETH Y, 25.6kHz T A/D LML
7AEEPAS L. HEENIZ, BHEEEIVETFVSI LY
JVF A —% 34110A [19] THlE L 72 &Eift & DR TRD 72,
VB 72 I H0d 12,800 Hz @ 40% T2 % 600 Hz~5,719 Hz
L, RO A4 X3 1,638 BHETH 5.

DR EE £ > 20 5 I EE 2 UG L, £ Ol & IR0
LU X M L 2RISR TRE A LB R
DRL7-EZOBERER 12 1RT. IEEL 550
TEOIG & FEMFLI R, BEH0EE I X 2 IHBERIK
V) RIEHAPEL, Bt Y T TN, ADHER T4
VF— ORI DR ERE THE SN TWS. 0.8s &3
X7=H 720 06 FPHERPREID LT B AT, K
RIEAE D —ER R L R LA D NG G IO A E
NEHET 5720 TH L. HEOKIELER LAt > > >
FEMwLE, X((B)I2kD) 14,960 L&Y, METH S
(¢ —p)Nlogy, N = 13,104 &itv. fERDIEHEL > ¥ > 7
TlE, 4,096 x 1,638 = 6,709,248 71 i DFE/ NG EH &9
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[ Sampling
[ Transforming

Selective
Compressed Sensing - 42.05
3.94+2.21+35.90 Il Transmitting
1-bit
Compressed Sensing - 175.69
3.94+108.92+62.83

Simply Transmit
3.94+0+89.76

93.70

0 iO 4‘0 éO éO lbO 1‘20 1‘40 1‘60 léO
Energy consumption [mJ]
13 ERWIEMEL > 2 v 7 - 1-bit Efit 2 v 7 - BT TIC
BT B O LA F— D H B (4]
Fig. 13 Comparison of energy consumption of selective com-
pressed sensing, conventional compressed sensing, and

transmission without compression [4].

LOFEEDPLETH > 72720, HEKE 450 570 1 R
BHE LT, WEHR2S, WHIZALVF— Pm]] %
LT =%y 7)Y TN EEERC LR ET— 5
A X T [Byte] # WV (5) TETMET .

P = 9.61 x 10~* x N(Sampling)
+1.48 x 10~* x C(Transforming) (5)
+2.19 x 1072 x T'(Transmitting)

VIV VA iy A3 o S Bl & MV ) BV K LV
WTTDFETICDD-723.94m] %4~ TIVED 4,096 T
L7k %, EMICD05 T4 )V F— BRI EH £ v
¥V T TOREREIZ 220 - 72 2.21 m] % 655D 14,960
T L72MRTY, BEICPDPEIAIVTF—ITEE 2o
7235.90mJ ZEET— A XD 1,638 /81 + T L7k
FEEHOTHBELAVF—DE T VR (5) 2 L7,

kDM Y Y v T E DRI AN F - DB T,
EICKEREDYE L VST 2 729012, TEMEEEAS T0%H
JEE BNy Yy LR L. TOMER, HEZ A
VE—EIR 13 DX ) 12k o7z, IEEORUSIE, FEfT
FICELT oA URIEEZLT) 720, B TRTH
T TR ELRIANVF—ITRTOFTHEICBVTE
L., SEIRWERE L > 3 Y ZTIIEET 57— 7 O
A%ITHIE N TV B 720, RO TRTEFICLELR A
VE—DBRIFICHIRE N T VL. ZORKER, 75— 2 EfH
CFIERBT LA AN THE AV F =25 45% 124l
WENTWEG, (RO Y v v 7Tk, RETAHT—
¥ DBHHI T0%IZHIRE N TV B DS, FHia TR M2
BRI AF—=HKIFISHIML T 5720, 2RO T
AVF—=DHIL T 5,

HEIAVF-DETLXG)2HNT, B1DEHIZ
AHET 22 TRANDIHEZANF —CTRELTZODT— ¥
SEBERODLZENTEL, HEIANVF—DETFT V%
YED 728012 16 PEITHEAZIT - 7208, LELZ I AV F =3
FNE DI 128 FEITH 572720, SRIOEEDT—
FH A R LB B OTF— 513128 3E L TF—%
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£ 1 HEMELELIALF— [m]]

Table 1 Number of divisions and required energy [mJ].

I 16 32 64 128 256
®T— 5 256 128 64 32 16
AL 14,960 13,312 11,648 9,984 8,192
ST A F — 35.9 36.3 36.3 36.3 39.0
FHET AL F— 2.2 2.0 1.7 1.5 1.2
AR AV F— 38.1 38.2 38.0 37.7  40.2

REETHIETHBELANY -2 R/NITE S, RKET
X, EHIENRB L RET =7 A Ah/hsnwz ke, E
FEALER OE B OHIIED 2 D DFHIC & 1 SR A6~
U TDOHBIANE NS LI EERL TS,
COHRIE, BIRWERE Y Y o EREE Y oY
DREET =T A ZADNE) T b EPETNTVELD,
PRI EAEFDSE U6 T O B IS E e A L F — 0D
LY, BERWERE Y v 7 ONEBE AL F— 13 1-bit
FHat v 7% Fhlb.

8. EBIRMWEMEL > TDETHEE

BRI L 2 v ZOBMEICB W CTRHIZHH L /-
2, MOFHETERWERL Y Vv 7 EA%S0Y A4 X%
THAE A AT o 7o ¥5 B O ITCHEE % P ZRii 2 0 F il
(RMSE) TS 4. 3, BHEEHGAMICHE ) SLEE B
WATHI DK BRI IEROERML Y > v 7 8] &, 7
Y L 1 R BATHIO K ERICH kOt v
Y7 (6] B RIRIT L Y Y vy T B, 4T —
D IEFICEBAERAPANRN—AI A TFT—% LT, H
BB DN EE & F V72, FEBRICH W 72 R I I3 T 28
VBT y P2 E@ER S, EERHKIEENE
1 3,000Hz & 6,500Hz fHETH v, HILIZ & > TEAR
BEAED AR PUHET B EBHbENT W, £
SCH ) v IR 25.6kHz T 256 BEEOBEHO
R DO hN#E 7 — % % 8bit THIGEL, 2MoOXT 1) »
7 ORI L7z 2,000 Hz~3,999 Hz (40 ) &
6,000 Hz~6,999 Hz D5 (20 BHh) % LT 4 H kT &
L7z, 22T, 71 T85O0 B #RElE 100 Hz T
HDHH, FNENORWEK T cos B & sin B3 H5 &
FNDH720, 100Hz T &2 2 BEIEG FN/E7 60 B
& 72 4. Walsh-Hadamard 2824751 H 100Hz Z & 12 2 17
WMIBT A720, Gt 60 BHETH L. BET L EEBOE
F G20 L 3% AEM STV 285, BllATYI & DR
BICA— N7 O—F 2 REELEEL, HET—F Tl
FHF & 16bit £ LTWAH 20, T— &4 4 X 22 wWHEIZ
L, 46%DEMFTH 5.

BIRWESEE > > v 7 (Rhco R - I
SATVCHE D B % BRIATE O & B H W26 E O R+
Yy (FRTo ek @) - Ty A £ 2
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® 2 BN V27 BEERAIIE D SR BIATR O
BEFINOGEROEMiL Yy Vv 7 3] TV ¥ Lk +1 %
TR OB ERIZH IRk O TRt > ¥ v 7 [6] 2 L4k
BCIEAE L7 & &0 RMSE [4]

Table 2 RMSE when the data is reconstructed by selective
compressed sensing, conventional compressed sensing
using random values according to the standard normal
distribution [3]/£1 [6] for each element of the mea-

surement matrix [4].

Method IR Pk (W) ek (£1)
RMSE (ave) [m/s?] 21.7 669.1 671.1
RMSE (min) [m/s?] | (21.7) 287.6 295.9

®3 1ZEH7VOEy Mk RMSE [4]
Table 3 Number of bits per element and RMSE [4].

vy M 7 6 5 4 3 2
RMSE [m/s?] | 17.9 222 29.7 385 987 230

HATHI OB BERICH VRO LR v > v 7 [6] [HER
(+1) | % EFEOS&MECHEHMEL 72849 RMSE 2% 2 12/R
. EINMWERE v Y v ZIE o RICE UEREE AT 25, 6t
KOEME Y v v 7 (3], 6] EELEEMEHT 2720, 8%
ZAEMAR L, 1,000 [ RMSE (ave) & /M RMSE
(min) %KD 72. IR > 2~ ZI3EkoEfit ~
T T ONY - MBI R TREDSERICEH . 20
JE RIS EBATH O BEEHHHIC £1 THDH I L TIE% L,
Walsh-Hadamard 1751 A5 5 7 JE i £ % s8R0 12 Efg L 72
72OTHDLZ NN 5D.

KUz, F=BIIET L WS, ZNENROEFEIEH ) IR
B Yy MIUEENE Y A MR BT 5. 1 2E1T 8bit
TERINTWZD, 46%HY DHIHEIE 1 TR % 3bit~
4bit TRIHAICHILT D, €y MEEAHIELZE E20
RMSE #% 3 1Z/R 7. x0T 2R OEHMIL 1 BEHRd 7
) 3bit~4bit, #® RMSE (% 98.7m/s2~38.5m/s?> TH
D, FEIRWEAMEL > 2 > 7O RMSE TH 4 21.7m/s? 121
A RE AT .

KETIE, BRWERL Y Y v 7L ASDOERERZ D
WROIEAMEL v 2 v 7L DI R IR L, SR
YUYV T OBEITCKEENE W L B FEEEL . BRI
YD U TR B R (S TR D AT Ik
T HEEVIEMER L 2 ) SHE COEILSTRETH 5. ([
UIEMER DGR DI © v ¥ v 7 OETIEE ME S & E D
AN=ABEDHNZ L o THRE S ND 728, LB JERR K
DREVITE, (ERDIERt Y ¥ ¥ 7 OETTHBE KT S
b, DFN, WELRERNEECE OFIE AN S WIT EEIRIE
it > v 7 OFEITCHEIIERD IR £ > ¥ ¥ 7 % Kigc
FEA. 1EEH72) DOy MROFIR D FE O ko
DIES 2 EIRIERE L TV A DITTIZ R W, ko
JEfft v ¥ v 7RO E 22 Y, LB PR O H]
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Wal,[0, 1, 2, 3]

Wal,[0, 1, 2, 3]

[2lof1|s[3][7]7]1]

ARG b

wallo, 1, ...,6, 7]

14 7D T EITEL D, 2 O Walsh-Hadamard 283
B (EMERELR) OHEHCT, BEBSHES 2 HETH D
Walsh-Hadamard Z3##& R 2 5 E W EETH 5

Fig. 14 Unlike the Fourier transform, it is possible to calcu-

late the Walsh-Hadamard transform result whose fre-
quency resolution is doubled using only two Walsh-

Hadamard transform results (compression result).

EDVNE VT BN ESi L > ¥ > FOETHEEIZE v b
s N ABYASS S - AN =R
9. B EEEDZERIIM LA E

FRO LI, BIRWEML Y Y v 72k > TRETN
A AT BRI ARL L - MRS R 2155 2 L AT g
ThHbh. LrL, ZETNA AV EIT - 726EH, L0
KB IRNT LB R 5 E T 5. 7 — ) T4 %
w2, BB RErm L3572, Y7
DY TIPSR ) Y RENH L. EE LD TN
A ATRMOMBE A Z2 5L, VS DOF—¥ 2 H%T
HIEEn), WEIALF-MEINLTLE). £27T,
T — & DBFERIGEINC & > T, JHEERAES R LT %
FeHiHT 5.

WA RIEI 4 RN BY, Af=L=L T
bhh. 0D, ¥ v IREK f B ETHIUL,
R RGN T — & OBUIIBIT 5. 77— 2 BRI
(BIL CHBEEG MR M LS 2 FEE 5 BOT =5
SFEIEAREMIZFA L TH L. (2 2, 2MHOZEL
PR T H O RO R R 2 fE & LB A0 ERES 2
LT A ENTEETH L. A (2) I2& ) DRIZEEEIEE
HMEFET % Bl Walsh-Hadamard 283058 5: 9 5 Wal[4] 7
5 Wal[6] OFIEICLEEL 3 A 85011%, #P [4] 225 [6] (24
I35 Waly o D 2] 25 [3] D2 HFTDATH A, 2T,
B 14 © X912 Wal 2] © 5 & Waly[2] © —2 OFI%5HE
L Wal[4] & 3 &K L. [FEERIC Wal5] & 5 — (-2) =7,
Wall6] % 4—(—3) =7 LR L, FEBRETHEF25TH
BANRY NUDELNL. DRIZEEEIEE TS X9
L7729, Bk Walsh-Hadamard Z5#3 13RO 2 O
% Walsh-Hadamard Z8# O #5 R O A TR OB O &
Walsh-Hadamard ZZHEOFR 2G5 N L. T OO ERRE
D1 B EZEMTIT ) 2 & TREMTHREEL I EEET
HY, BRIZZEWTIT) BROBKZHMT 52 LT
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ARG T, Efit v ¥ v 7 OBIATHIIC Walsh-Hadamard
EBATI & T, 5 OO JE BT (L & 2 2 SR T
YV Y TERRELL BRMER LY Y 71E Y T b
v x T TR A £ BINT &, O B 0N
VENRAT AN DL ICIELEED L WO R E AR, Gt
RO ¥ > 7 [ LI, B E AN T =5 0
& % 5# Walsh-Hadamard 2838 % FI W CRISE L, FEARULER
DEHEERIA 7T TR, MREE Y 7 MEEDOAD
FEReERLZ, £/, RO EHE Walsh-Hadamard 254
OB EUE L, DRI EIEIRE T 220 L, &
B0 VRO (S E R R A IR L 72, RIEIRA A
VUV REEL, HEIANVE—FHEL, RO
T2 27 B AT A F — Ol SR 1
WLz £, HEBOMENATHTHLHEI, 2E
BRI LED A TR RN T LR TH S = &
EHEAICR L. b= ERESNI-FMEFD LS (12,
Ny VBB &5 % REEEEIEDS, 5 RN E
LR TAN- AR ENLF T THNL, AT TH%
BCELWHENLIS L. FHNICEROD LEFICEAL
BN HLPEASHOBETH 5.
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