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Abstract

Freezing of gait (FOQG) is a common motor symptom in advanced Parkinson’s disease (PD)and
is strongly associated with an increased risk of falls. When used independently, inertial
measurement units (IMUs) primarily capture peripheral motor information but previde limited
insight into central neural states. Electroencephalography (EEG), although capable of reflecting
central neural activity, may exhibit insufficient stability due to substantial inter-individual
variability. Moreover, existing on-demand cueing strategies generally lack information
regarding central nervous system states. Therefore, this study investigates whether a bimodal
sensing approach can provide complementary information' forrisk identification and whether

such information can be incorporated into a closed-loop.cueing framework.

A self-developed multimodal wearable closed-loop cueing system was employed to
synchronously acquire EEG and leg-mounted IMU data from 11 healthy volunteers under a
FOG-like experimental paradigm. EEG was used to characterize central activity associated with
motor preparation and cognitive doad; while IMUs captured peripheral gait kinematic
characteristics. A dual-branch fusion model was developed to integrate central and peripheral
information across modalities and classify gait states into three risk levels: stable (stable
walking), risk (high-risk or rhythm-disrupted state), and freeze (gait interruption or freezing-
like event). Based on the estimated risk state, the system delivered rhythmic cues through a
combined auditery and vibrotactile feedback module, thereby establishing a closed-loop

intervention pathway.

The proposed multimodal closed-loop system was fully deployed and functionally integrated
on a simulation platform, enabling continuous operation across signal acquisition, feature
extraction, risk scoring, feedback stimulation, and subsequent state reassessment. At the current
stage, the effectiveness of both the model and the system was evaluated offline using a FOG-
like dataset collected from healthy volunteers. The proposed multimodal closed-loop strategy

achieved a state classification accuracy of 85.57% and a Macro F1-score of 0.829. Compared
11



with the IMU-only unimodal approach, which achieved an accuracy of 84.90%, the proposed
approach demonstrated a 4.26-percentage-point improvement in classification performance and
maintained more stable performance under modality-missing conditions. These findings
provide preliminary algorithmic evidence that the integration of central and peripheral
information can offer complementary discriminative cues for the prospective identification of
freezing-like events. The results establish a technical and data foundation for subsequent real-
time deployment and clinical validation in patient cohorts. In the long term; the’proposed system
may contribute to reducing fall risk associated with FOG episodes and provide a lightweight,

low-latency decision-support tool for personalized neurorchabilifation interventions.

Keywords: Parkinson’s disease; freezing of gait; bimodal sensing; closed-loop cueing; deep

learning
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SRMELEERBIR. IMU {55 H BT SiE she i sog AR WSk . X+ EEG
Ay, ARSCIEAFSRBIN AN Mg L&A I B 2 MR IR M RHE, DAL
SKIEAT BRI R S RERE MR S8R . [3R EEG RFEFEAR S5 RE T 1100 B AR b ek |
FINTTER, ELEEE 5 S 45 RAVE AL 3 B ok IGE, Ao BEAE B AME R RS A
2 FOG KAEWS (Iph 2R ELHLH] o

— LR e R P A 5 L BRI Rs = 0.7, {3305 Ak Tkt P i o 7 e
XE, KRGS LT WHRIDR T, EBF SR SRNG5S H T 2RE M
AR, DrEEP R, RAEE R AR IR

43 EEG-IMUBLA R PS5 B

SSRGS T A R G B R E BN IRR IR, XA RIE S F2D KA
2 EEG. IMU I A5 5, FAL Ok T B HE AR A 0 SCR « SR XU 32
HATHER, 435 4 EEG HIRTSIAREAE . IMU B0 ASRHIE, 56 (5 Bk & W 2 kAT
AR, mehm it Sai e D s AT .
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4.3.1 ZEHESHLE

JE IR AR BAEATAE LA — 3 RS FSWMRE . DTSR
B, FEHRN G S5 2 1 7 S AT PR A TR B AR o AR SCE R B B S0 T =
HEAE, 53502 EEG S, WAMEE . (A B RAEX TR 40 B P .

(1) EEG i S5fes

—JFUG % L Bt 2 EEG T FE 7 (12 H 24 i e 40 38 B ADC %t I 807 i
XM FEERERLT—22 228 -1 X MElZ b, FEEBIEG S8, K
B BONRAR AL, B B iR 1 A 2 R FTR

108 (4.1)

Sycec i
FEAH DG HL, BT AR 1 RS 4 38 10 525 fi TR, TE AT 98 2 X A S U L
B9 2.5V, GHRIFZMEE SHORR MG, HRIE Pk H 9 o8 /508 24.

A bRl B R IER ADC IE SRR AE 4b T + 8388607 £-8388608 2
(]P0 R T AL B o e W VAN s B R R, FE S B I (] SR PR, 18 AR AD
(A RO L AR I T2, 8 1Ry Rt G YRR AE N 5 S I AT
FOGE R . 2 R O N RN Y LORE R AER, SRIEE SR BN E R, R IR R
Jiti T A 1 LS S K AR YR B A R A T

(2) I 1) [F) 2 55 o RAE T 5%

EEG M IMU 7&JFACREES R FA 25, M BRI RN 2K A S . RGuH%
HEH bR A 2R BP0 H SRATT 100Hz A2 R385 23 (RN 1] I A%, 3 FH IS TR) A 2 M4 (i 7 VA4
MUERSAS 5 G0 55 BUARUE R ()5 1 o 4 (R 2 R B3 B A D s SR A DL AR 50 1) 3
S, R SR AR B R A B S A R i AN TR, 5 i SR R B — S0 EL B[R]
o 0T 5% PR RS A I P 25040

(30793 e e e

ARG PR TT, ik —Br BT 0.5~40Hz 77 il E 3 &5 KA € EEG A 21
WA, JERR ELIMEERS . FEZIEAL . i s, DA SEIlar il Hbr. 25
B IN—> 50Hz %7 FE DR AT, RROE NS T HEAR & 1 LART 4L HEAT 40dB LA L iy 4],
Ab PR T PR AR AE S0Hz AL TR PEA I IR, 3K B TATE i 25 BRI RUR

(4) BN R
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TEA LR I 2 & 17 SORIZ WA THERE AR, % 000/ M0 5 88 4R M S
IREDLRFF—EORAS, DURAR CR VI SR B R B AR R A . 3 DR OS5 N
UG 2 70, FHARE L E ST 50%, AKN 11, £E 100Hz REFRPIEL T, BN
A 200 NKFE R T BT H 0 i el TR g, BB S ML AT R R TR B R
Bovh&, Tt RE A% IR BT I KU PE 23

FEEAE AR R S, 2D R 10 45 5 MRS THRHE Y X — R
B R ST, A RETE ] SREE SR IMU IR RSN K o EEG {5 5 itk
Ko BRI NEE, WREARE T UM, FR, ZAHEE R AR P L, TR
W5 T HA R . ER A R LG G TR, L B LG S BT, Wt (E
A B LAY S T A 4R

4.3.2 FARINE SR

ARWFFENEE T 11 24 4E G BE AT A RIZRR 45 A0 AT 551 A R AP, i e I
RN B e, I HARYS B A AT RS BAT AP ORI . 2 B AT P e B #
VEPERRZEE X, FESAI A) & HARIC VR g « IS ERE R AR, SR )5 A L ) ya
DAL )i L ] 5 N B B TR  SROSHR S AT R P e, AN B FH SRt AT A Y 1 2k
ABAUEH 2 RS HEA

N T AOREAS AN RS B FEAR [F) 25 18 T T LB, ASHI U0t 3 4% Ja B RE A K RS
80%YINZREE . 20% 5 11k 4 I L A7 SE i B 1 2 fE AL I 7, 18 EEG - only. IMU -only. Z 4%
AR A5 B AN TR AR FH AR [A) el 1) 7305 300 XAl 7y 07 23 0 T RV e 5 1Y
1524 H i FE LS8 FOG - like Hia 5 L HPIRZSHBE /7 ASRIBLZS 2 18] (AR ok 1 L o

R, NRAE { SaiE s HT R o VR BENL R 07 2, TR 2k A B S A A
A BRI ZR B AN AR B AT BEME . PTLL, ARTSEIR A4 R 3 E I R EAAE O
A ZARE B AV N BRI TERE, Joik B AR R R WS 2 A B ok L 32 1A
WIS RZALRE T o o SRAED KRR R I i 2 ik 9 52 1 o i) 73 i it — 2D gt AT
B
4.3.3 CNN-Transformer Bi& M4

R ES T E T EEGIMUFOGNet ¥Jgamh A48, e YiZ ] EEG 5 IMU X3 %
LRI ZeRy, o) 2 BB A S 1) B S8 PR AE, I HAE B Transformer 3 — 25 %}
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55 T V)R 11 (DB PP AR 0 R R AR . FEWTAR BB B, BALIESI N T 10 4E N T ST
RRAE, ISR E MR EEG M1 IMU FRAEARRL S, DAHORAN AT, 554
THE &

N T IRUE T TRHE 73 SCRE AN RETT RSN VEREEE R, A SO E 11T T — A I s
B, ORI T . LA RN, 2 10 4T DRAECLS, BRI R
83.76%%2 = F| 85.57%, Macro F1 M\ 0.812 $2= % 0.829, I HAEA 1) 45 M 408,119
PEAICE 388,323, XN KM, 1B UATHIREMIBL, AE5 %4 T, GAMRIMTIF Tk
TEEA IR BRI 2 208, REIEATRESIN T —LTURAE B FREL AT a1
FEAELFET THRHIE 2 3 BEG-IMU W2 #% CNN-Transformer i £ it il A 584 1 5 22
F R R A AR

B AR FE = AN E 5. H—, EEG 5IMU 7l 8 i ST i) — 456 R 2 i
FRIEHUR B FPRAE. =, R RBESRHE M AR 4, & B) Transformer X 8K BT
136 B N A RIEFF M, H =, 240382 HH Stable. Risk F Freeze X = 2K
RAS BITRIMIMERE o 25 R 7E OR B DUSEAS ELAME B 2 Bk T 87 N TARAE T2, NS4k
SCI R AR RS T T RS ST R

EE3RESRE

EEG Channel Signals IMU Channel Signals

7 [ |

2
I ConviD(k=15+BN+GELU |j | ConviD(k=15)+BN+GELU |j
|

k2
I ConviD(k=9,s=2)+BN+GELU U | ConviD(k=9,5=2/+BN+GELU U
|

e £ e e e £ T

2
I Conle(k=7.s=2)+BN+GELUj | ConviD(k=7,5=2)+BN+GELU U

TemporalCNNEncoder

____________________________

Sinusoidal Positional Encoding

D
A

4.2 CNN-Transformer i £ /% 2 424 [&]
(1) R4S 736 R i
EEG Al IMU % H iz 57 ) Temporal CNNEncoder 4wt a%, &A1 EIFAILE,
UG RE T N S S AN R B o ARt . Mdmidas B =2 —4E RS INm s, S m ik
DK 2 R FEERAE, HRIFELET 200 £UE 1 RAERBORE) 50 /M) token, X FRTELR B
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T AR BRI R, b 7R

(2) I} 5 Transformer %1%

TR S o R i o A T T A B 7 T HEAT DR AR, S 1 B 2R AR R S R L St ]
Transformer fii N4/ d_model, 5 ICFRIRES NN IEZRZALE HfS, AR HZE R
SR B BN 1) Transformer #h 7RI 758 J5 AH OGS B o A0 B S ik 52 [ i 1 2 A AT
HE, AR ES SR G I Zad FE 2. B4 A B AE 5% R BT 5, A5k
TIEZHE P52 R FH AR 5% BRI AT T, AN RV 2 4 T D0T LA [R] R 23 I AT R, i3 44 P A8 Aok P
B, TS P4 AR A ST

AW TR EAE SN 2 2 Transformer 4ufid#s 2 1, B2k HEE JIHLH K PE 2
I MRGOBEAT R ASE, AU 418 R 45 5 A 2 i L IR PR i X3 8 . Transformer 1544
2532 GELU Hus ek £, [RIN i Bl Dropout JZMHIE A5 .

(3) NLHFHIERLE 733

AT TG, BRI P AL B DU A BEAE OGS L, Skexs 10 4EF T4t
THRHE R RR T —IRAE . )5, BB, DU ORUE/E SRS S0 BURFE
UERELERE —BURE . B — A F S ROAFAE, 5B R 4% MLP #HAT MU, #Em
#7255 d_model 4ERFAE A &,

(4) 73Kt

Transformer it £ 7E i A1 B EAT BB AGERAE, HBEI3RTS & R PR & . %
s £ A RRAE ) M B S, IRk Sk LayerNorm, )24
BEREZ . GELU i, Bttt 3 8511 logits 7741

4.4 TR AFERIETF T

PHIA Rl ke DA S HE B4 SRR AN S 5K, K 70 GRS HILT 2.
Z RS, ek DA ] RN A HUAE SRR S, R R SRS A i PR
PABESCBL ARG U . PRES T PRIB H 19 it B sh izl A . ASGER LI ZRS
O Hicdi A B S 2t AT I, XM HGE RE G 1L VI P 55 A0 i £ R E AR E T T DR
— 2 IEBENS B DN o0 A R T R BE T B
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4.4.1 RS PR T

R GG R N 2 % 1 R B AR AT A T A 26 4 g 3 g il X MRUEAE 0.3
1208, 4bF 1 3fbL 3 &Lt sE i, RERILH DS NFe iR R Il . 2Ly
AT R Y B AR 77 2o RR 45 WD 2SI, BESROZEAR AN HE I B 11 AR A S
BWME, BRI S8R iR, iR R R R e . AU R R T
2o NI IRV E O R 45 R 2 R — A ST 1, B R R R RO A S~ —
AN IR BP0 BIAEAT AR TN E AR AN S AR 7 A o — RIS A5 H (R4
Vo, H AT P g B EJE S FOG - like SEER RS FIWT 5 5 R ik, IFAREH
TG KA HE B G AR R 45 05 S T4 A2

RGACRA AL I =50 R4 A UV E PP I I 2 . BEXT AR ¢ M HERR T 1
M5, B8 T Stable. Risk. Freeze iX —FRRA PG 171 &, Bl P()=[PS(t),PR(t),PF(t)]

XM, PS(HP_S(t). PR(HP_R(t). PF(t)P-E(t)/r HIREE 20 B R e A
At T Stable . Risk 1 Freeze AR 25 I #) 4228k 70, H & AT & X B 5% & -
PS(t)+PR(t)+PF(t)=1 o 3X =AVF40HH B ZAR] fE4E 3 — FhRE R I HCF ORI, X P ORI AR T
CATRSANGELA 1, ST B LE AL TR 2 i B FUIRZS I 40 JH b B R 3L,
A BT HERFIE T R 5 B A RS S0

T — L, EIREUE R BRI A 7T g RS Y FOG-like AT-55 i tH 1)
R RV B gy, HAE RIS AT T RSN, AL X IFA G 2
L G PRI AE R & TR 5 D R A . FE T Ik, ASCAS BB AR ES R
B MERE

RN L R G A A B AR B AR E AR B e, RIS T, AT
Risk IRZS AT FreezeIRA, 40 I BEE 1 #E NI L JB HBME . Risk IRZS IR\ BUE B 10 A

, RHBIEBEAN o Freeze IRASMBEABIMERICH , BHBIEEILN .
ARG UL E BIAE, RENE XS RGUIRAS AT SEA BN S B ], R A P gE AR B 4
KoE, BIRSEAGIBITHEERENIER, FT R E w83 e8RS BE5, Wb
TR AT E TR e HILE) IR R, ORIE 2R eI AT I AT SE e A 51 1 .

AT FAE By ORAS VP or— B I B — 2 82 B LU A — [RD R IR tH — B ER R BLA,
TS = 3 A tH A AR 1 BRIl 4 it —3R, BRI ST 1 TIGI 3))
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I MR TS 3R R AR I

4.4.2 73 FORSHLIZ ] K0

RGSABATRER 7 RF R IBITA . KB TES RS EA . BRI AIxY
AN, ARAS AR VR G50 e G i 0 SR SR REA T, T ELZEAR e IR AS I S 4 IR AR 2 K
RFEAS, EBRPIRSREE B | IX N,
(D FREBITSEN LRGN EERMRE . B8 H I K2 A stable FUI-HL, )
BGAR RUS: PR 45 IR 28 01 RIS BIAH N BIE I, RG24k TAE IBAT IRPIRAES « TR
BT RG SRR LI AT WHERE, FIF 5 5 ESP32.m R IZIRAHS 0, DL
KUERIER, HASENEM RS,
(2) RS THERZS: 5l LR KR A Risk, JF ELRisk ME2E KT 5055 F XU T
BUER, RAESMREBITIREE AR N RRTE RS s A£XMIRE T, RG] ESP32
FIEARAD 1, BT 2R 5 Bh i B ARSN R, TR A A B 2 D
A URGHFNFERRNE, FErrE RS DA SBEERERNRIES, W
IR RERE By 1A S 5 T PO I WAT A S
(3) REE B RAEELZ WP B AWM AR freeze, H. freeze BEF K T-55 T B I
i ERE, FIRGELLHINE HER AR RN, REHANR—FRE . MRS
e TR TUER . ERXFRET, Rt ESP32 KIXRAN 2, DU E ) 5E 54
PRANPER, LM R A R4, A BT 5 R i 3o 7 o XU S 20 R SR P ) 2 A 4T
REEIRES . REGARIERS FEERAWIHEES, IF A EEs o NGRS 1
ERERIH o

(4) BRERERI A BB SR S AR J5, RGiex H ZhHE N e B KA BR AR
P FEMIE, RGAREE NREISRMKIES, (RS SRR AR
fil R PR BRI 2o W VR SE AT B, R BRI N IR G5 S5 HIR 200 2, R G Be e T4
RUREE T . MRS R BRI 2 B R EE 1H 5, LALKBr (b 78 45N 18] Y P O Ml R 18
e, EERE COEWUE I, THEUAZ S S SR HORAOIRES, R[] 3 0E 5 A

Algorithm 1: Risk-driven closed-loop cueing control
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Input:

P={Py,P,,P/}, model inference output
R, risk threshold
Ry, freeze threshold

Ny, freeze confirmation window

Ng, silent windows

Output:

S'e {0,1,2}, optimal feedback

Initialization:

state «+— NORMAL

freeze counter < 0

silent_counter «— 0

1:

O 0 3 O »n B W N

| \O N NG T N T NS R NG T S I e e e e e S =
wnm A W D= OO 0 NN N R WD = O

state < NORMAL

freeze counter < 0
silent_counter «— 0
//System is running

fort=1to T do

Obtain classification probability P
\\ Step 1:Freeze risk confirmation
if = then
freeze counter «— freeze counter + 1
else
freeze counter «— 0
\\ Step 2: freeze counter. «— 0
if freeze counter 2 then
state <+ FREEZE ALERT,S « 2
SendCommand(S) then
vibration « strong rhythm
voice cue «— ON
freeze. counter «— 0, silent_counter «—
\\ Step 3: Risk warning decision
elseif = = and silent_counter == 0 then
state «— RISK WARNING, S =1
SendCommand(S) then
vibration = weak rhythm
silent_counter «

\\ Step 4: Normal walking state
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26: else

27: state «— NORMAL, S=0

28: SendCommand(S)

29: \\ Step 5:  Silent protection update

30: if silent_counter > 0 then

31: silent_counter « silent_counter - 1

32: \\ Step 6: Recovery judgement

33: if =Max({ , , }) andsilent counter == 0 then
34. state < NORMAL

35: end for

R 41 D ICREHFEHIF R

4.4.3 HIEMNREREE

R AT MR R A LE & 455 ke Ja F R — MRS PR A X B 2R R, (45
PAT B AR AERFANST, DAL ORI T TR A m] 52 % 5 S 1k

RGER AL 115 ESP32 RA Ui e T 1815 , Bl o o HE B 45 R S i i A8 iR s
FFRIZZE AL &2 ASCH F45 9T, REERVITHATRAE ML, bR i,
FI VLGRS N LA IAT i A& % . ESP32 TEHI A RLRS )G, S KB MR 3 & ik
AN R T A R B IO AE S 7, JXUR 25 R FH 55 5 B2 TR) BRIIR B, R 205 25 R b A i P T 452
THEIRD) . RGBS, EE RS ML SF RS BRI, M A X
H 1R S ORIV B A 3 2 P FlBEL 2, i R 7 - Ltk B FRIE 2R G0 L 4% SR

4.5 WARSEH BT SRMFHE

ARG ESP32- 83 LT 6, WG HITH RN R AR, IF AR
SR HEATAR SR T4 <
A AR ERIRT A GIHEER AT X 5 (0 R, AR DRAE DS SETLSEIHPE RO R T, IR
FAR T T W T IRE . ABUSTH BRI R
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4.5.1 FIEEE SR PHLHI

N T AR S 55 IMU S seBlmh &, D6 Z0URA TR 25 AN 1 1B 10 508 7 B 1) RS Dy
ORFE—3 . Uk RS A ESP32-S3 o RAEHHE, (& B ThFEWE 7 HEAT SEA Il (5 LASREL
0 FECR R AR AT USRI B, 3@ i UART Hf E2HOCN IMU 1) = 80848/ = hpns
HUE, MTIE R R EEAIZ 35 B R REM B AR, HIGHH RTC 48R 8 4
FREHE HEAT X 5%

o FER SRR HAE B 16 @18 24 f7 ADC SRk BB RAE T ARy &AMl KA 21
BARER) 3 FAMFSEIE TURR. N E R LA B S, ASCikit T
[ 5 K P PR B L R o

EEG ##s 45 anT -
FB KE hge
[F2hr & 0xAB
itk 2 Byte
0xCD
EEG %45 48 Byte 16 JHIE*24 bit £
gEbRE 0xDC
it JFE. 2 Byte

0xBA

ESP32 Wi A B P S 0 i 8 e a0 it =k 7 LAR ), A4S AN ik & OxAB 2%
0xCD M, fERENGRLERWCIRES o 2 ERIRZ e g BB AR 48 715 1 fivi
fB58m, ERMEIWEFRINA 0xDC 504 0xBA B, {5 1EAR SR ZRE. &)k
KA 16 2% i L 5 4350 G — A2 ikl X B 5 5

BB IE F W IM948 R PEAL e 8s T LR 5, f5 1) ESP32-S3 UART #% M #EATIE(E .
FEARMC & a1 e

w& B0 GPIO

IMU1 UART2 RX=15TX=16

MU2 UARTI RX=18 TX=17
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IMUI K% UART2 £ 1. IMU2 §£3 UARTI # LORBHTHIEAL 4, =& &5 2
() =R A I R O B @ I I8 (5 B R 5 B ESP32 AR P S

ROKFEG— RGP, ROEEE EEG A1 IMU B4 @l & 4 THEFPIRS . AT
e ESP32-S3 W RTC WA )5, 28I St 5 T 7 i [a) 8, F A4 [A) %
wABFEFE. . B B o B RGEFHNSIHEENER 10 208 E 0% — kR
& Ja A, MmO R AR E BRI 100 FRZEHUE .

4.5.2 N100 2B

1% 5 45 DA S L SIS i F Ah B SR AR HE R O H A%, 18 N100AF RSt HP 6.
ESP32-S3 Fr R4 EEG M 16 MBiEXHE . IMU [ 12 i85, 48 D semt L=
N100. FGufE Bl BT (IR B 2 S B e P B AR B, A IEHAT . RURAIE A
RGP A PR . R G R ) E 25 B0 20 pR s ) T R % AR B Il 4
Lo FHHESEFNEFTE, FRIEFHR O, THRRREHRYERFEIRE . fEHE R
WIRADPN, REREFH 1, RN ESESESE SR Dk d T 5548R . B
SENEERER, RIEFH 2, —IFREIIRS Sa 75 8 K iR, PAiE s 2
IR TR H 1

453 RGFEFEBITHRE

A2 EREF SIS S R 75 SORBAT 24T TR, Hs e £ 20 R 450
M. HoEE s . BOERRE. BERFED . RSV LT,

FER T URISAT IIA%, 2405 H 0. IMU. BLE. RTC. GPIO B ¥IMHLEEIE. 2
JEAEBEN B RGN BN 2, R 10 =28, a2 100Hz, 24T IMU #0305 58
EEG ##mi i, Hamt & AL T8, 8 AN tH X S . AN BRI AT IR H
ARPRZE T, ANt — R AR B R AR . BE S R, RS AWTE IS AT T8
.

35



5 S

X —m 4, FERET EEG 5 IMU RBlE IR 7 8P 7R RS0 S350k T
& B HX RS IEE S 51 FOG-like m sy ZATER T LA, (RIS [ iR BSAS H
KRG GH . BRI br AL B A IR 45 R . NS e, ifF
G—RIUTES, @EALAFREE RS e R 5 5 R 5 2 M) EEG Al IMU
o, LR IGIE XU AS Bl A58 (1) = JORES TR PERE . XU DX Bl PR 4R 5K 1K) R 5t
WATYE . BT AR AN 2R E 2R L R EEE, P AREITIAS 4 LA H T
FOG-like S50 2614 F I 755 RGHIE, ToiE/ERIAEARE # KL FOG I ARAT M B3
TR IS .

5.1 LB EK

AW 7T A TR A T B G AT FOG-like 5 1417 25 B AF 55 25 AR, %o ik v 19
(EEG) AR FIT (IMU) XU H] 7 8 AP R R G B RE FTAT I S50
ORISR . RS VU M B R TFENIE TAF . ZERESIAR 2, AW AR ARE i &4k
T B AT BSR40 25 IR IR RS A s T 00 2, P DA SRS 45 SR £ A T30 24
il FOG-like fREVE N R G 5 FEIHOR FIAT PR A . B 5 DL R = A H A5

1. %E EEG 5 IMU RS [F) 20 R AE Y AT 471

TEAE S SR EPUT A D AT S5 2 I 2D R 4L EEG. AU IMU #diE,  DLX R4t
IR RAE . B GG I 1R [R5 B 3 I CAVEAY, AT A9 )5 22 (0 2 S Hdls 7 BT . A5
RUYNZRHE Ak PT4E ¥ B i o

2./ Biilk FOG-like 5 §1 i 20 25 AT 55 v U ] S it %

HIVEL S SUTS HEA R, T, HESMBERSE— RYITS, @A
IS Eh T MRS 25 LY TR A o 3 7 O 2% {t i  JEE 35 7 X 8 R [ 45 24 v ol
PAERPEA. EEG B51ENL. LUOA Stable. Risk Fl Freeze iX = ZRER(EMEIR
A HIbRE S HE g ST B SRR A

3. Wik EEG-IMU Fl& B () = ZORAS R A RE

%I EEG-only. IMU-only. EEG-IMU Z B AI(E Stable. Risk 1 Freeze iX =2
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FOG-like RA& 73 AT 55 BRI CALLEL, A5 DRSBTS0 70 2500 Y Rt SE2 565 >R A
EEG. IMU. FLHRFEZ SCARRARLRBIVERETT R AUREMT,  PALER Pl SR S Rl & VAL
4 iy S5 B Kceh 58 ARIR S g

5.2 ZRERBE

5.2.1 HIANSHERIRHE

AR TR RS EE MMNARHELT T« B FIESEERAE 20 B 30 J& 5 2 [A]
REEEFAF 2wl MR R 2 7 B A& I RMALATERE /), TG
BATEZED 30 o8l FFHBRBZSEAWIFEZE G RE R RN, 2i8E& A 5ea W

AL REAG B AT RE T RERENT,  EERENS MK IR S8 BORSEMIME K FOG-like =1 T 20 25
55 HERRARATE N A RGPIR BE R BIRRRAI N, A n] BERZ IR IE R DS

BB R LA RGP« I AR5 3 B TR S NG AT R BB AT AR RE T BT, ™
HOCWHMIN, A S RekEAG H MMSE WAMET 24 2N, TESREGHT 24
/INESE P o 1A S W L ORI NG Sk B A 4530« SORE Bl Foftl rT RERZH EEG H
AR S A5 5 SR (1 B IR TR ) N IR R

522 Z2REBREETA

PREALAE T IR T TR, SR ED SR AR AR SRR T 1 21l R4
IR AR, RpalE EOE T IR ISR il BRI I . MSCHR N 77T A
B, REPE (FOG) MEEIEahRIEIVD P EN LB & 12 K 0L,
DA I LIS, RO shE R B IR FRRPROL, JF HZIR A RS .
EIIEATE D BB RS AT EF R P S N . BT R, A
BOUE AAPRALT “FOG” HISEE 5%, PAESKREEAT AT RIBIE. RGATATHERISE
WEAE.

R FBIFE S T 11 AR SRR R SRS, RS EE FER AT 20 21
30 Ji B RXANEE, AL RGP N BCE BVLA R G00R, R B H
PLaL o 1L W L SR L BCE ARG, ARTREW L B AN Wit AT 2E 30 70t
117 HAE SIS T Ua AR 24 /NE 22 30 R RS DOk BIE DnE R OB, B TN BRE S e
IERRBZHT, S A2 MU SER R H . WA EESEIL T S Ak
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RANEEF], RN E G FEE . N TR FA R — 3, 2H A%
WE BEFENEa . B RIT LI EE.

fE AT IR UL R Pk Y 7 g R R A AR S B, I HOKE FOG-like a1 G fil 25
BAES B RGUT K SRR B AT S ARG RO o 20 70 9 AR A8 2L S B R
RED BRI R R I BT 2 B, 0 B R AT R S MT R . XA
W B DR AIE SR N . JEE DA T WAL, HAF AL TRk EEG M
IMU WS 5 R IRBCIRESIRE . GRS N AT AT 1%

FE— S D AR SS B, RS R B 2 2 I DI K . DAL B
& TREBBhIE AR NE A R ARG, XIS 2 RPUA] LIAE— R B2
RGP SR ISR E AERAE. H, ¥5. SEZANR. WES. #EE 5
RERS I KAT B IR B shaz ] Ay, BT DLE BAT O S48 TRRSIE R B bm AR 55 2% AF
AR ERIE, @R EIRE A ERMES TP SR FE T HERREE LR DI,
BASBEMK I LA i — 35 A 35 4 R X 22 26 PR AL

A Ftic g EIEE FOG #REa, % H IR Rk ] 5F AR i ik iEig . 4R
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FLA] FEX

FOG 4507 Freezing of gait

CNN BRRAZ M 2% convolutional neural network

DBS i 5% FE ORI deep brain stimulation

MOBI ¥ 3l Wk A& Bk 4R+ AR Mobile Brain-Body
Imaging

BLE R II#EE Z* Bluetooth Low Energy

UART . [.J# 1% Universal Asynchronous
Receiver/Transmitter

IMU 53 P M 2 FL 7T inertial measurement unit

MMSE fal o k& #iOIR A& KX & Mini-Mental State
Examination

RMSE 475 #R1% % root mean square deviation

EEG fixi F, 4] Electroencephalography

ASRPRO The offline speech recognition and control

module which will be discussed in this paper
is currently widely used in the market, its
overall purchase and application expenses are
relatively low, and many electronic
equipment manufacturers and hardware
producers commonly employ this function
module to decrease the development

difficulty.
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