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ABSRTACT

With the increasing lawn area, intelligent mowers are gradually replacing manual
maintenance. At present, intelligent lawn mowers on the market adopt the
electromagnetic barrier to confirm the working boundary, but when there is high
frequency electromagnetic interference sources in the working environment, such as
motors, underground cables, etc., due to poor anti-noise ability, they often cannot
identify the boundary characteristic signals and fall into shutdown; In addition, the
coverage path of existing mowers is random, and there are problems such as high
repetition rate, long time consuming, and low coverage rate.

Aiming at the problems of current intelligent lawn mowers, this thesis designs an
intelligent mower system with the ARM Cortex-M4 core as the main control module,
and adds a driver module, a boundary recognition module, a sensor module and a
wireless communication module to realize the functions of mowing operation,
boundary recognition, path planning, remote control and management at the APP.

In view of the problem of poor anti-interference ability of conventional
intelligent lawn mowers and signal distortion in noisy environments, resulting in
inability to obtain boundary feature signals and falling into downtime, this thesis first
optimizes and improves Sparrow Search Algorithm (SSA) and Wavelet Threshold
Denoising (DWT), combines them with Variable Mode Decomposition (VMD), and
designs a boundary signal de-noising method based on ISSA-VMD-IWTD to de-noise
the induced current signal and restore the boundary characteristic signal waveform.
This method will select the denoising method according to the noise intensity to
prevent excessive denoising and enhance the real-time performance of the system. In
the case of strong noise, this method first will use the Improved Sparrow Search
Algorithm (ISSA) to optimize the parameter pair of VMD and decompose the input
signal based on them. Then the Improved Wavelet Threshold Denoising (IWTD) will
be applied to noisy components. Finally, the components will be reconstructed and
end the denoising process. The test shows that this method has good denoising effect
in strong noise environment, and the signal-to-noise ratio is increased to 4.2123dB
compared with other single denoising algorithms.

Aiming at the problems of low coverage and low efficiency of conventional



RN L L s PN 2 Tl e VA8

intelligent mowers, this thesis studies the positioning and path planning of the
complete coverage, and designs a multi-sensor fusion location method based on
extended Kalman filter and a complete coverage path planning method based on
Bidirectional Jump Point Search (BJPS). The output data of encoder and gyroscope
are fused by extended Kalman filter to calculate the accurate position and pose of the
intelligent mower, and then five important parts of complete coverage path planning
are implemented according to the position and pose data, including boundary learning,
environmental map construction, global region decomposition, sub-regions coverage,
and sub-regions connection. For the connection of sub-regions, BJPS algorithm is
used to plan the shortest path between regions to shorten the operation time. The test
shows that the horizontal position absolute pose error of the multi-sensor fusion
positioning method based on extended Kalman filtering is reduced by 0.436m
compared with the single positioning method. At the same time, compared with the
common BA* complete coverage algorithm, the complete coverage path planning
method based on BJPS reduces the total time by 7.5%, and operation efficiency is

improved.

Keywords: Intelligent mower, Internet of Things, Wavelet Threshold Denoising,

Fusion positioning, Bidirectional Jump Point Search
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FEIAIEL N 150-960MHz, BB, Jo s B de 51 0, R 55 RS A i i S 40

WiFi #5Heik ol 3y 72 R ) ESP8266 4% 4H, ESP8266 7 £ br
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G 1 AT 25 BAT S8 SR BB IR BRI 7 W AT o« 4TS5 5AE S5 2 MR A nC/OS-III
Fr AR AL S ALyl B BAF 55 B BB TIEME, RIS R W)
[ 25 S AT 5% TR H 4 05 VA i

NPERFEF AT, TG REEMAEY, A CHBRVIGWAT SN TG
E5 3 R=RI, R ERIZATSS . W& A8 BT AR & 3 2R/
HA A SR AT 55 H T8 R B BN & OIS HERE I &, G5 AL R 3 5 HAE 55
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K 2.12 REZATLHHER
FEF TG HATES, B THAE REWIGEIL, R EBIEVIGA TS . VI
AT ZS 688 AR AN R G A R S Bt AT W) UG, 2 J5 1 void OSTaskCreate()

PRECENEE AT 55, ZRESEU 5 IR 2.4 s
% 2.4 OSTaskCreate F%i S $i3

it 5E L 24 5E X
OS_TCB *p_tcb AR E ot CPU_STK_SIZE stk_limit  A&iinifr &
CPU_CHAR *p_name E 55 24 F5% CPU_STK_SIZE stk_size e 7 [H) RN
OS_TASK_PTR p_task R4 N 0S_MSG_QTY q_size K B
void *p_arg PNEIEE OS_TICK time_quanta NG
OS_PRIO prio 1T 5552 void *p_ext VAR
CPU_STK *p_stk_base R Ak ALtk OS_OPT opt 155 € 1% T
OS_ERR *p_err B R A

ZAES U, ITEAESS BIREE 1R TS50 % B N J FAE S5 ik & A E 556
BT, BESHRAIM6 8 % B aeta AR B8 SO, TR d5 K B30
5, &2 F G ke P 550 B 8] i G 8e Z Huk U =k 2.5 Fros.
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N EAEAT & 7o it B B AL S« I sh AT . B REEI LT T
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frame_len frame_len frame_len frame_len
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SESERE AR R TT 5 o AT BT R RERI FAHLR ST AL 55 57 & R B L S B 52
B R B HE RS 6, HAM RS TSRO AP 12 D3R AU % 2 b
W5 S, IFEIRSS E AR AEAH N2 P 3 () AP 2 o V55 2= BARKESR 40 N BT
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SN R P 38 55 2 5 FE I 2 56 2R - View AT Controller 5 FH S & A5 U S IE,
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K] 2.21 APP % F'iig MVC 4244 1]
2.5 BIRYRRER

ANFONFTR AT R GEE N R G s, HPE 2.22 £ 2.29 N REE]
A2, H 2.30 EK 233 HFHL (Z5) APP 84> ThAg S
P .
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TJRIEEE, ARG T AR TE ISR, e St 2em oy ks AL 7 1A o
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NORIER e R RN LR PR Va B N AR, FRAERSFhmE mdigpE, DIhgig
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R, MLRMRWE 3.1 B, 7o ik ) 454 s DL Y LA 5, =
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N Arx107" Tm/A.

_ g ldixr g IdIsin®
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SEBSISHE T SR/ AR o A R R RS S R A, R B BE B AT R
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3122 RHFHESHR
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(2) NBBMES BIE R BORE /N BIE M SRR RE 1% Gt ) B AELAT
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(3) B REEHIFA LS ZR B, 5 R BT i R MR L RE I S AT A B
A AL, PRI SCSIN 2 S, 255 a5 S s & &, 34T E8
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NAE 2014 4E4R H I —Ff B 38 AL B 5 10 5P, M T 2 S s, %
JVESEEL T EAERAERL 7y, Al b ok e RS TRE W . VMD BefE H &
VUG Pic % 5 245 ) e v Co AR T B PR, S B A B R s PO i A
PR L s, (t) (Intrinsic Mode Functions, IMF)& & EMIE 5, (@B 7)Rxw, Hxt

RENTE S s(t) tHR(3.8)&Kw. (3.8)H, H NA/RIMAFER, HAGLMHmEL
N (3.9) i~

s, (t) =a, (t)cos(g, (1)) (3.7)

s(t) =s, (1) + jH[s, (1)] (3.8)

h(w) = - jsgn(«) (3.9)

VMD kA5 5 f (t)@id 0 v] IE 2] K A BA R E 0 R o 7>
U . NHE o MU, FFERE DL, 1(3.10).
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}

min-0. 2 .10)

{uHa} k=1

i §(t) MK TE R (5(t)+—)*u (t) L A RABRFA R U () FA0
W, 0 MBS EAT, *NERIBEAT.

NAE(3.10), RIEE I IR R H eR 0K 2 A A Y AE L AR R, 1Y

JRE S B R R
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2
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2
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F o NIESTRF, A NP H AT, SRS E 7 7 R 7ok TR e/
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A @) « A(@) +o(f (@) - 07 (@) (3.12)

AL M) + Ly u, e
st

f ()~ Zu(w_il

0 (o) = izk 3.13
(@)= 1+ 2a(w— )’ (3.13)
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MEACR . BRINS Bk 5% #FEEEE(B 15)?,%T ﬁﬁljgj\:ﬂlﬁcﬁﬁ%tf;#ﬂﬁo

2%
VMDiW5%%ﬁ%@%%wJ @w fﬂm Hebn &N 0, Ak

PO IE BN K FE ST T o, R R(3.12)~(3.14) AR T Hr A L ot A
B2 R B &b 4RI (3.15), 43I K MRS &

3.2.2 MitMERREEAMR

JBR 22 #8 2Z% $59% (Sparrow Search Algorithm, SSA)/& Xue Jiankai Z57E 2020 442
H B — R AR REAI A SRR, O i e M R R IR S R Sl S
AT RNIATIEACR . RREEREIERA BEMN. i, e thag. el
FE PRGNS iU, AHZEEATAFAE 5 AR B Be A0 AL R AL e b, RIS AR
PR AR Ay, £ BRI L REVE IR BN SR B0 1 ) O, R A )
T HE - Fh S R A8 48 R B (Improved Sparrow Search Algorithm, ISSA), 14k
JREEEG . S E, St E AL R A st A T s A R TR

3221 HEEFEXFRE

PR R SRR 2 8 BT 3, KRR M R I B AE R, K S
ARSI BRI MAE R I, HARIVIBREH o [N Rl — & MR it
T TS, — BRIEYUR BRI ).

75 D 4EfR S (R, REAMAEBLE B X, = (X, X, Xp ) Fon, BANMAETE R E
N = (X, X000 Xp) o B SCE R EAL T F 73 L AT PD (0 < PD <1, % PD=0.2)
WA R I, R B BB A a0 R s

n+1

(3.15)

X' -ex R, <ST
Xy = . IO(az-itermax) ? (3.16)

X', +Q,R, > ST
B X RORFEIE B AN, R TN MAR S d G0 E, o N
e (O HIBENLEL, iter, , NERAIEARE, Q NARHEILAS D ATBEHLE, ST NEM
BIE, BUEYEEN[051], R, A[0,1]¥5IBEHIE.
HARAMER vk, HATE EH AT
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X\t/vorst d _Xitd . Nn
-exp(—————),1 > —
e I (317)
Xo.q +‘Xit,d —X;'s|- A" - L, otherwise
AT =AT(AAT)T (3.18)

T Xorse B TR HH O VL BE 5 22 (KM, ) R R B Hhad L JRE fee DL A
A, AEK/INA LD IR R A — RN -1 G IR n R EEMARE

AR R BE LI I SD AN MR N E S ERPUT IR T, SD EOVF
AR 10%~20%. HEREEIN, MAISMF LR, i E,
MR Sk A R ae /. HoAr B g {(3.19).

t t t
Xbest,d +ﬂ(xi,d _Xbest,d)l fi < fg
t t

Xi, — Xwors ,
m+mii——ﬂqm=g
( fi - fworst) t+é&

Hepx,  AMBERIEAME, pRARTKEHSE, B ESEESS A
MUE, KAN[-LUNMEHLEL, . WERZEGNEE, ¢ 2BER/NMUEE, Bk
BN 0, EHE RN 0.01,
3.2.2.2 BUuHREERE XS

IR AL R SR SOE ERUR, (EHRCE SN R, HaiREA el
Vo BXTEIESIE, IRZZEFHHEM 7@ty RN T2 TRET. B8
UL SRR AT, BUB T “ARUEREATR SR, R T A
TR RE ) SR AR T . SRR SN I A E A AR A R AR
S5 J T v T AR S RS X SSA BEAT LA, AERTH A R ) S B B B R
IR R SCHR[B3]4R T — FRTERR I R Bk, L it Tent YRG5 4146
WRPRE, S T RIIRIERI &, Inss 1 SR R B R A e

ERBEAR S UL AR GERI N LR AR — e, AR

(1) ERFETMBRIAEACTIRAT — EBENLIE, ToiEw IR XA da L
I ESEAVEE 2SR E

(2) b &k RS T 2 A s DU A 5 AU o B bR T AR A B S
i, BRI T FRE )RR

(3) LRSIy s I Rk B v, 25 R R RE R S LA b B RE ) AN sk
I PEER, N MEREHOK

BEXT LA L i R, A SCAE S 5 A NI D0AE AT b DA 45 8 e B S L S B L H
(LRI N s R B R S e el K N OB/ 26 e N RS G P NG E Ik S
et R, FRIRNAEACEER, RIVEEE R RAES, MREVEISIEE .
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(3.19)
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IR R 5 N 2 = A A7 e
FREERIA6 A 2 FEVEAE B R R A S U O E B, HL 5 e 35 SR A (R KG
SO . R AR IR E B K2 PR Y, R — R R ST B O 3L
R SR50 77 i5, FLAE 4R (A P A& 25 50 3 A I AR B T TR 2 B2 B o ARSTR
P R WTAR AL BREFNRE, oM 2 e, JLRBE Y, WG, 3o d 4EM A
() PR B SE AR, AT AL B X = (X, X, -+ Xy ), X €Gy,0< X <1i=1,2--d IR,
Gy HATTA n & T A mi 4R

P, (k) = {x(" (k), x3" (k) --- X" (k),1 <k <} (3.20)

Gy FHAER — AT = (1,0, 1,) N, (r) Fomif (3. 20) A5 3y Wi A 4L
o(n) NimZERE, Wk(3.22)F 7.

0<x"(k)<r,i=12---d

4

2reGy, P K) ={{r" -kK}L" -k}---{r" -k} 1<k <n} B2 o(n) 35 2 X
(3.23), HHAIC(r,&) /& R M, e(e>0)HRIIEE, WP (K)FAESSE, rlhE
A A KHARREUNEGH 4

p(n) =C(r,s)n ™
B r ={2cos(27k / p), 1<k <d}, Hidif: fEN:

(3.21)

o(r) =sup| L -

reGy

(3.22)

(3.23)

]

A

ik

2cos @}}
P

(3.24)

Horb p iiAe (p-3)/2>d M/ R AL R MU 248 2 A (] R DY 3K(3.25),

St ub, FiTlb, 3 5172

E
I
®
=
5
=
'E

s /o

NS

J 4ER) B S

X, (1) = (ub; ~Ib;) - {rf" -k} +1b,

P
100 e X T F T R T ¥ R X 60 — —
***ﬁ****}*’ti}*’?****i*
e * % *
0K wow F o  F X L x X * Kk x
* ok * kX %k ok * X kX %
sofx F X E R E L e E T ] *
* Kk * Ok A * % £ ¥ J o
* K K * X% K % % % ** * k¥
* % * X % * o £ F Ky XX
701¢ * K * % ¥ * K * * ok oA
* * * * ¥ * * * 40
* K X * ok A *ox b XK oy X XK
* % * K K % * o X
60-*¢***¢**i}*¢i§*¢ii-
* X % * K %
o T A Fao
B0 x K e w KR R Lk e <
M T AR
40*****i****i****f*******ﬁ
********1&***;’5* * o 20
sl & * R % opox k % x A o A X %
LI R I T I S
xR A * * * % L
209 * % % % % L * K K . 10
* * * Joox *
L A T A T S
LR T T T
N L LK, ok e R L 0 01 02 03 04 05 06 07 08 09 1
0 10 20 30 40 50 60 70 80 90 100 A
(a) (b)

(a) Bl

(b) HERMEARETTE

K 3.8 fE M K
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DIHIUAC R BEAN BN =100, 4 D=2, L F5ub=100. lb=0Mfl, £
SERTAA AP A B AR B 5 B 3.8(a)(b) B . FH I AT, PB4 AU
AT, AR 2.

FINAE SRR RS, T R BIE A AT Ak, fkHEAE %
A BB M B, A ST A 1 Bk R 2 A kA5 5, SR
R B IR IR IR B B SR, TR 2B ) J USSR . BARSEIP IR

Step 1: Bk BLFEEAE H A 0(3.16)2 5 A3 (3.26), BN A BLHE AL E 7
AT L —A IES /- A BEALEL 1+Q) -

w1 | % (@+Q),R, <ST

t_ 3.26
hd { X4 +Q,R,>ST (3.26)

Step 2: Si—iBFEFEIEMEH 70, BB E K NS5, ¥
(3.17)& 8 Hyx(3.27).

t+1 t+1

X =Xog +‘xI ¢ — Xl AL (3.27)

Step 3: XTPUEETHE RS AT H 2, #0(3.19)% 5 A3 (3.28), HA KA KBk
2HEREEREZ NI E, THEKEBEAR G S HIURE Z BN E .

X o+ B —=xt ), f<f
Xit’-;l — b:ast,d ﬂ(t i,d bestt,d) |_ g (328)
Xi,d +/B(Xworst,d _Xi,d)’ fi - fg

CAED BRI AL B SR ERAE, U TRV R R, B EEE . ISSA

%%ﬁﬁ@@BQ%m,@¢Zﬁ%éw%ﬁmﬁ,H%mﬁﬁﬁﬁ%ﬁuﬁo
C owm )
- /

1

‘ TIEHBRUE. FEMBEESH ‘

|

‘ R KRV TEES AT ‘

|
v

‘ MEE R ‘

‘Msmiamms. WERIE. & ‘

B BRI MA
‘ RER(3.26) EH RIAEME ‘ z+1
\ 4
‘ RIFER(E.27)EHEREE AL E ‘ 5
Y /\\
(% N
KB R(3.28) EHMRTHEMAMLE = Ditema? = ‘m"\%ﬁ ﬁlﬂi%%/\

K 3.9 E&l&%é?ﬁé%ﬁi&mﬁz@
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3.2.2.3 BURRERREEM AT

S B BT PP A R S 1 R BV (ISSA) T RS, A SR B Z AN ek K, [+
TG RR A1 R AL (SSA). Tent TR T Ik 555 F R 48 48 % 505 (TSSA)®L. Piecewise
TR 2 kL ST P JRR 28 48 R B2 (PSS A)CO | Logistic YR i uft 55T 16 bR 42 48 2% 00 (LSS A) 1!

F1 Circle VRV B E 11 R 2248 22 00 (CSSA) AT LU A BRAIF o IR bR B0 .35 «
% 3.1 IR EER

BRI i RS MG
D
RO =D x 30  [-100,100] 0
D D
R0 = x|+ T Tl 30 [-100,100] 0
i=1 i=1
D-1
F, (0 = > [100(x, — %, ,*) + (% —1)°] 30 [-30,30] 0
i=1
D-1
F,() =Y =% sin(y/[x]) 30 [-500,500] -12569.488
i=1
D-1
F(X) = > %2 —10cos(27x)+10D 30 [5.125.12] 0
i=1

F (X)-—{lOSIn(ﬁyl)+Z(y ~1)? [1+105|n (7ry,+1)]

=1

(Y, -1} + Zu(xi ,10,100, 4) 30 [-50,50] 0
X +1
=1+
=Ty

D-1
25 30  [-600,600] 0
_ =l —TTcos -o0U,
R ()= 4000 1_1[ ( j

R (X) = O.l{sin2 (37x,) + i(xi ~1)’[L+sin*(3zx, +1)]+
= 30 [-50,50] 0
(Xp —1)[1+sin® (277%,)]} + D u(x;,5,100,4)

i=1

Ferh D oANYERE, B¥u(x ak,m)FixwR:
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k(x—a)",x>a
u(x,a,k,m)=+k(-x—a)",x<-a (3.29)
X, otherwise

G BMURTE AT, ISSA FE R KN RTR A AR U4 By 30 i 200, s
ST =0.8, RIH I N PD=0.2, AR/ & ] SD =0.2 A
SEVEPE AT, PR AR S AR SO SR (TP TR 4 BT IEAT 20
W GHHTHRALIG | EEW RIS A, 4RIk 3.2 ik

#* 3.2 MiAHEE

B

% SSA TSSA PSSA LSSA CSSA ISSA

15
bR
G  3541e-30 1.610e-45  8.369e-36 1.050e-57 2.5649e-38 1.241e-124
W  5448e-18 4.484e-25  4.049e-35 5.566e-36  4.1276e-37 1.681e-110
A 3.532e-19 2.719-26  2.969%e-35 3.069e-37 5.7172e-38 3.021e-111
G 1.726e-20 6.16%-23  9.716e-95 1.080e-30 1.1946e-29 1.591e-60
W  7.315e-17 9.005e-22  7.850e-49 1.046e-16 1.4609e-20 5.632e-56
A 2.258e-18 2.844e-23  3.670e-50 6.683e-17 1.504e-21 1.632e-56
G  5.345e-02 1.271e-12  6.672e-04 1.408e-02 2.0157e-03 1.408e-03
W  8541e-01 5.689%-06  1.614e-02 7.304e-02 3.0216e-02 0.145e-02
A 6.484e-1  1.362e-07  1.768e-03 4.951e-02 6.9942¢-03 0.1141e-02
G  -9985.563 -12569.31 -12569.402 -12569.476  -12569.485  -12569.583
F, W -6744529 -6648.479  -8194.708 -8383.067 -9016.336 -10076.961
A -7410.803 -8539.278 -11833.848  -9577.483  -11216.261 -11976.565
G 0 0 0 0 0 0
W 0 0 0 0 0 0
A 0 0 0 0 0 0
G 3.017e-03 6.067e-07  7.597e-08 1.044e-08 2.266e-07 2.729e-07
W 1.394e-01 1.267e-05  8.342e-06 2.354e-07 2.0949e-05 5.816e-06
A 7912e-02 1.957e-06  4.798e-07 8.880e-07 1.0818e-06 3.801e-06
G 0 0 0 0 0 0
W  3.681e-02 0 0 0 0 0
A 1.036e-02 0 0 0 0 0
G 2.229-1  1.283e-06  1.064e-04 9.508e-06 6.5086e-06 7.564e-06
w 1.641 4.233e-05  7.125e-04 1.113e-04 3.3493e-05 3.422e-05
A 9.694e-1  1.541e-05  3.016e-04 1.085e-05 1.5784e-05 1.803e-05

FH IR 45 B T %0 ISSA AR T SSA MERESE T A &, 4% i ) 42 Jo T B
[FI B AT PR B ISSA TE F A F, Wk e 25 b 1) SR B8 0 RO o T o Ath e it 5032,
T 75T A2 A R B R ISSA et 5 Fe ZE A AH 22 /N, SRIHA BE i R e 1
BSE T ISSA A& H i /S itae .
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[N} S8 IE ISSA SEAXEE B SRS AT R, A SOt B3 pir Ay S ANE BB
WSt DLt AT geit, DLReR 2 FOu B, R S8R A2, k45 R an & 3.10
Bz o

100 §

10—50 L
B
e
=
1)
1 0—1 00 [
PSSA
LSSA
CSSA
10—150

0 2IO 40 6‘0 8I0 1(;0 12IO 14I10 1é0 18IO 200
AR EL
K 3.10 FHRIEAU S FE A

LT T ISSA S HA O B R S FE 5 b FL IO AR 0 P
YoE T ISSA TLHT SRS (A A, A T LA SR TR

Gi EOYHT, IO AR RS T LR BT AA L P 7 000 LR R AL
SRR AR )RR E MR BRI SR, CBIRRERE 2B IR ISSA 4E3%
PRI R T B0 T AL, TR B, IS TR R B L

3.2.3 it R EEES

3.2.3.1 /EEH]RIBIL

AN He i — MAE T o RN 2 AN AN R R BE A A (i Rl-RBED A
. HEKZRE (2093 okt eSS RS, HE 5 /R
TERHATRGR, B— e AR E e A, (B TR AT 4 i i 40 R 4k 2 Al 7 i
FEE A i PR 8 ) /N 3 B B AT AN R BE PR A 4, A i — RV AN [F] 43 3%
R IEAT AR N 5 2 ) 7 FE 10

BaEs f(t)e B(R) (LX(R) 2N, RRBFIA/NE W, )5
G BN Ry () Wi RE &, TP b, 152N R R By, , (1) , T130(3.30)
s, ¥y, ()5 f@)#7 WA E RIS 2G5 f(t) P/, st
(3.31).
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Vo 0 == (=) (3.30)
Ja o a
W, (2,0) =< £ 0,1, 0 5= —— [ £ Q0w (D)ot (3:31)
Jajo T a

JREEDR - a F1-T-F2 B b 43 5l S Bl 115 -5 B A0 P A e S 12k

H TS NE AR AR 2 TR, tHEEIER, PRI AE SRR Hhoonf g 4t
NPT R DR R RS Rl T AT B O A 3 . B s O O R R
M= (3.32) o, 13BN AR =X(3.33)

a=a,'(a, >0,a,#1) (3.32)
b=ka, /b, (k, j €Z,b, € R) '

W, (j,K) =< f (), (t) >= jfmmaw|mmt (3.33)
J_

RNITEUE, BEENTRa =2, by =1.
3.2.3.2 INEEMEXRERE

HE, FET /NI ZMEITVERN )z o iR HHE T b B
%ﬁﬁTﬁ,Th¢&£%ﬁ&ﬁﬁ%ﬁ:ﬁ,ﬂ%ﬁ¢&£@&ﬁﬁ@%%\
AN R B e ME e L /N R {215k (Wavelet Threshold De-noising WTD).
ANBBE M AR R, 200 BT R R I%E%MMIH
L VAR &5 P Al N

/N BB W R S o IS S e ER G aEE HE O B AR, Bt
T B

BREES

RS

4

> DNEOME > RELE > PREH > RRES

i
L/
\

311 /N AR AL ]
FERR GRS y(n) FEEERIEN:

y(n) = x(n) +e(n) (3.34)
KA x(n) MRIGES (AUFE5), e(n) WS ES . H GG R EE
HAEARAIER 43 W R A5 5 I 20 AT 7E = AR 47 o d\&itﬂﬁ§§3%K%UFHzhﬂ%ﬂé%ﬁqﬂﬂéfi
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FEREME, FISEIUAE S S NRERESY, RIS IRAESE/NESRIE, JRIGE
TR /NRE FR B A TR S IRV SR A R T, /N R 2 e i 3 ) )
B X 43 4G5 5 A A5 A5 5 1 /N AR 28, FF R R a2 BB L ek Bl AT AR S 1t A B
I E BN REL, TR ENE 528 EH 1.

Mallat B35/ N o i A s R il A5 sl an ] 3.12 A& 3.13 Fiz. Mallat 8%
NI AR B AR 5 5 AN DE I A A 125 B ST b 3 A3 1) /NI B AT R e K
VERARIE e 2 A IE I 28 H . G, M {HE 5 5IR s H B s e
SHE T BE R W0 I A FAH E M55, 38R A i A 8k 28 40
h. gseBldls, BREMES. Hd0 CARNBIEE GEl4srE), CD NEM

BEE (T DE.

—  fE8Xn) — —» BHESXN) <—
H G h g
v v | |
— CA1 — cD1 = CA1 € cD1
H G h g
v v | |
— CA2 — cD2 —> CA2 I cD2
H G h g
y y | |
— CA3 — cD3 > CA3 L) cp3
H G h g
v v | |
LN ] LN ]
Bl 3.12 /NSy R AE 1A Kl 3.13 {5 5 EIHER

3.2.3.3 Hut/VEBIERBIAR

B 3.2.3.2 /NTIRTAL,  RE 23 Ml I 65 5 AT /NI A AR AR 245 2 =R
HOAMEA R E, T80 B bR EO S A R BOHAT I8, AR ST DR R, DRl
BRI bR B KR L 520 /)N o B 25 M R PR R, 538 1) R R 50K B R B3 T/
I BRI 25 AR . Donoho 22N L 6 4% 5 R R B AT DR, 43 i D e R
SR BMERE AR an=(3.35) F1(3.36) AT -

o >4
mk—{wm‘w”b> (3.35)
0,|o;|< 2

{wn@50¢%gxxphd>z
= (3.36)
0,|oy, |< 2
Kt o NN REE, Yy, NHBHEALE S H/N B R %, A NBIME, sgn i
FH5 R X THERME R, 2/ R KT RAE R, 258 808 B I A 1
BTRHME, 2 H/INERBLESIHEN TS T RAER, WK H 5225, 1Xi8E R
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(L RR A + A AP AN SE ) £, S EEME S TR IEA L, AR SR
T TR B R, AR TR T A B {8 B BAE £ A AN S BRI, HRESHE S
YN Z RAFAE — D EDE H B R 2, AAEEME S 5 RG(E 5 Z R8T R
Z2 [ BREE o

BEXS B R, 4G HT N SOEE AR A R B B B FUE S SR i
(SIS ST 1 Pl S A B PR e T8 M o MO AE £ 034, HLIE
BT, WS TR B pR A, s i 220 K 3 A A £ S I R [
R FeRE Ak

A 1
sgn(e; )x(‘a).' - — X ),‘a).’ ‘>/1
Vi = ) : e%ﬂm\ ’ {/‘a’j,k‘ﬂ -7 +1 ! (3.37)
0, |, |< 2

O BIE R ESIN T a Ml g 28, 8 i E AN R SRR SOE
RO, P 1 Sk RE I o 3 F I AT AR 4f M P o P AN AR A5 5 1 i R e T i 2
e, DRSS 1 LRI BE -

D58 UE SR R AE BRI AT, T DR e B pR B AT EIE R, TR
NPTy, BUEALIESEEA R 220, BT RO AT R, R R R R E S
P

(1) BRECELEE

Ao, —> A

lim .t _1_
A N

) 1 1
lim

At B 1
5[~ ﬁ”wj,k‘ 2% +1 1

(3.38)
1

FIrbL:
A 1

Iim +Sgn(w"k)x(‘a)j,k - E\Mﬂl‘k‘a*"“a x p )
e f/‘a),-,k‘ —A7 41 (3.39)

‘mj‘k‘al !

=sgn(e;,)x(1-1)=0
C&l lim y, =0, fFUESCEkR{E R AAE +A A EESE, DI e B IR 7 E

‘a)j K ‘»l’

(2) eRHumZENE

B, > +oltf:
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1

im —L  _ jim _X ¢
‘wj‘k‘”*'w e"aﬂ“’j,k‘a*l ‘(uj k‘a+oo ‘WJ k‘
1 1 (3.40)
lim — lim —=0
‘wjvk‘%ﬂo B B B ‘wJ k‘a+oc ‘(U, k‘
‘a)j,k‘ -A7+1
T eA:

‘(A)jlki‘r—Tlrw yj’k a yj’k
= lim_ 6y, =sgn(,,)x (o, |-—= = ) (341)

\mj (oo

a x ﬂ
gl -+ f/‘a)j,k‘ -2 +1

= lim o, —sgn(e;, ) x|o;,|=0

\w K|ee
P R K 0 PR B 0 22 A SR, B34 6 T B B4 B 4
SN 3.4 ELNUHL R AR RS ot (B 0 A 0 1
WA LG, DA =196,

5 . .
LR EREER A
4 r A A o) £
BOERE RS (a=1, B=1)
3| BERMEEE (a=10, 551
 BUEBER R (o=, B-10)
oL Stk BE R (=5, 8=50)
Sl B RS (=2, 5=0. 1)
1 -
4
Sal
A+
2 r
g
-3 B ,//
//
-4
-5 L
-5 4 3 2 1 0 1 2 3 4 5

3.14 Eﬁzi&l‘ﬂﬂﬁ&ﬁg}%éﬁl‘aﬂﬁ@ﬁﬁ HL ]
g b, ok A e BORAT U R
(1) St BIE AT Jywy R B, ARFRIE 55 5 I AT B R R ROR .
(2) FEBE RAL, PRBCEESER), FRkh 1 A B PR Ak e, H RS KT B
EHA DT A TR O RTE, RIRBOR T .
() MHMWATEE T, R R B SR LI RE ST, R TR
TR E R B S AT R IR 1), S B BT BT
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3.2.3.4 Bt/ HE MR SCE

/DN R L BRI R 1 /0N I R L 2 M S B 250 EURA I /N B R /N 2 i
JRECHBME, XL S HH 5o 2 /N R L M I SE PR R, DRI A/ N S5 &
WAV TR AR, LU, BESIERNI S, LR EERE.

(1) EBREEITEiEER

A A {5 M4 L (Signal to Noise Ratio, SNR) A1) J5 i 1% % (Root Mean Square
Error, RMSE){F 9 b B FH LA S5 5 M Bk RE VT A TR AR,

fEMELL(SNR)FNME 5 R 5 A DRI E, n(3.42), HxB 755+
(RS B, A5 MR B AE R S 5 g s 5 /D

n

PRI0%

SNR=10Ig{ —= (3.42)
> [x(@)-x0)]
7 W2 (RMSE) M B RO BRIE 1222, F0m BL9EAS 5 L5 MR 522 1A )
AR, FH T R A3 5 OV , 15 A N, (X2 D S P
LI . 37 IR BT R

RMSE = \/%Zn:[x(i) —%(M)] (3.43)

K(3.42)M(B.43)H, x(i) KARFIMEET, X() RAEMENES, nNES
FFHHCRE, Hrp G RAN dB.
(2) BHIER

1) SHEIEES T

FE /N B 22 8 BB PR T RN R EHE 5 5 o U, BIE Gk EX
1) B 1 o 4 5 el v AR B P M P A 5 o o HE SR IRIVE A B o bR TR S /N R
BUNT BSE 5/ N R B, WRBMEEROS &, ¥ 50 RE 5ER, R
BEIEBUEAC, EME S iAo A (E S, SR IE LSRR,

i P BB A DU A A 35 [ e T e B E SR E S i & BB AR AR /s
R, o i R AR A P o, RIE R T

2 =02In(N) (3.44)

o NEFERREZ, NOUESHFIKE. BRHIEIILAESPIIKE
ONGEME, (EMR AR 22 U T, Bl T, Sl H WAL T 0
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median(\d J. (k)\)
T 06745

N J N R, d | (k) R 750 /N RUBE T g /INipe 22 %, mediian
N TRV E PR AT

SEBRRLHI R, /N AR S/ INBO R H D IIRE AR AL, SR A% St [ E 2
B RIBTC I B b AT AL, PRI AR S A et i ] SRR M 4n3X(3.46),
ZBHE R 1 B R, S REEE O R RO IR TR o

1= oy2In(N) (3.46)

~ In(3%+1)

(3.45)

2) INEERBASBRERIER S

INEEERR BRI SE 2R, AR dbn. symn. coifn 218, S [ ) /N R R K AL
A A ATURE T, BT IR L2 (R) 25 (RIS R AN R 11, (575 /N8 R 2 e 1
REFFTEZE o /NI R ZH S A R R — — X N, g T ARG, 4557
fRIZHOS R, WHEEEK, E SO, ARG SRR, RZE D
filJZHS /], TV e 75 45 5 A EUURME 5 347 200 B, 75 (5 S 1A 2R R,
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D JEAT LA, A E{E A (3.46), BIEKECNA(B.37)(a=14=1). il
SSNHALAES, REEE N 50KHz, KA SECN 1000, FFREAES
SNR=-10.443dB, RMSE =0.49549 . JFiff5'5 . M {55 AR A5 5 WK 3.15
Fi7s o

F RN R ZHOE IR R T RS WA TR SR I OR, DR € 73 )=
HO RV A [1,10] » 2N pR BUE S E N dbn(n e[1,10]), symn(ne[2,8]), coifn
(e[L5]). HT/DBERERMNKZ, FHITYIDHiLE. KIBLE, ¥DED R
JREEN 5, RHEAN /NI R AT O LA, AP B B SRl /N R 2

BEAT N R, A {E MR LA T MR ZE AR PR WA . S SRR
2 3.3 /NP R B T B R

eyt SNR RMSE Eyit} SNR RMSE Syt SNR RMSE

dbl 1.9942  0.1184 db9 0.9749  0.1330 sym8 3.3327  0.1015
db2 3.0414  0.1049 db10 2.7315  0.1087 coifl 1.8463  0.1204
db3 2.8594  0.1071 sym2 3.0294  0.1052 coif2 3.3647  0.1011
db4 2.7815  0.1081 sym3 2.5738  0.1094 coif3 2.785 0.1081
db5 2.7175  0.1089 sym4 2.1213  0.1166 coif4 3.7231  0.0969
db6 2.2783  0.1145 sym5 3.6421  0.0979 coif5 1.7082  0.1223
db7 2.9518  0.1060 Ssym6 3.8723  0.0953

db8 3.3908  0.1007 sym7 3.8145  0.0959

AR MAALE R, BIARILE 5 AN/DEFERECN sym6. sym7. coifd. sym5
AT db8. DAIX /N FE R AN SEIR2H , WA R B AN [F) o e 2 5T /N 2 e
HIPERE, MRS R HE 3.16 AT EWER.
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RS 2 2 FEEREAHE RN E R, HHIEREIE R, FrbARSCr /N
I RRIZE R 6.
3.2.3.5 Bt/ B{E AR RETTA,

VEAR e /N BB £ M REVE AR, AT RS Hofl e G — BT
BEATRTEE, A 3.15 HELGE S, mERGE S R IATLEAE 5 DS A
Wi, A3 R G T T M AR, DS LL(SNR) RIS 7 % 2 (RMSE)E N
PEREVEAL TR bR, EEXT & 7k M2 R . XTI KM 7 A4 VMDD 25 g
(K =6,a=2500, £k IMF2~IMF6 73 &) /INBCATH (R 25 18 L /NI 3R R0 25k
Horb ot N B E £ BE R B SN a=1, =1, HKRSEAZL. WEEF
fliFEbR g UK 3.4 i

# 3.4 SNR Il RMSE ##f %
i PRl VMD INERERME S NERRE S S /N A
SR fabn Pl ] ] PRl
SNR 1.1708 3.1033 2.9905 4.4654
ode RMSE 0.13012 0.10416 0.10553 0.08905
SNR 3.1435 7.1226 7.1073 8.7492
=B RMSE 0.11162 0.06557 0.06569 0.05437
SNR 5.2168 11.5409 10.3089 13.0886
ode RMSE 0.08597 0.03943 0.04544 0.03302
SNR 7.9452 16.153 14.2024 17.0674
>e RMSE 0.06683 0.02318 0.02902 0.02136
SNR 10.1708 19.3255 17.5221 20.7918
1048 RMSE 0.04581 0.01609 0.01980 0.013897
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B2 (B AN, Y BSCE AN BB (2 MR  rh FA B0 A S I ) 3
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() N B 28> B PRI, RN i 2 8 00 T U 5 5 O A
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AT VMD 70, O JE SN B 2 SR A A TR

KN B TS S x(j)(j =1,2,---N) B85 E M-
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IMF 73 B [AJ ARS8, E[]A0 D[] 70 AR B R 505 % .

NS ERA G, FREEREAE &, SFRRSE SR, IS8y
ERAT O N B 5, BRZ BN A R, R SRR R BT
HA R REH) IWTD SEREL T E s,

(3.50)

Re4 5 mmsm |
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T ISSA-VMD-IWTD i1 Fi45 5 25 7k, 15 B &30 25 et Re 1) () BN 2 4
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52



RN L L s PN 2 Tl e VA8

X A, RHEGE 5 O T — e R, K a0k A 2 e U 5
e A S E RS E RS, R E SR B E LS O =i,
W FEIEIL ISSA-VMD-IWTD FyE#t AT L Ab T, R EE 5. 3T ISSA

-VMD-IWTD i1 F5 5 M 07 1 B AR AR anan 3.14 .
e ™
( Frih )
g /

B

FREUEEVmaxFIVmin

o

HE B Eufluz

b

ZEiN+ N-FIN:

S

rﬁ—{\ﬂ@a. N 20—

— jjj\l/; ﬁ)'?f:;> B
Bt
Yy

VMDZHE

v

BRI z=2+41

v 1

B RREE R LT

v

- 2Z>ltermax? 7/':::>—Izj:_

e

T
&
v

Rl RESHT

v J

St/ BB TR I VMDA

o

RS FHESEERRGGHHE
(/\/::,, ///R/k/ Z;Zi)\:j;\)—fﬁ

SRR any
Yo B i L

Bt/ B Y &%
I

m

\ 4
BYEN

M
N AN

RUERES

K 3.20 3T ISSA-VMD-IWTD [#)il1 LA 5 Je e 5 v iR K

53



B L7 RS R S 24 18 5

B, SRNG5S R VPRI . A ANAE T & RRE s R
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u Mu, Cu =04V, u, =04V, ), GitV,>u MV, <u, FERFERADEN, FIN_,
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I R(k | K) + [sin(é(k 1K) +AO(K)) —sin A(K | k)]

(4.9)
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%, Tt TR RERIEAHLE MR
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