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Abstract

Abstract

Compared with traditional speech detection technology, laser speech detection
can detect speech signal in long-distance and non-contact situations, and has the
advantages of strong concealment and convenient operation. Therefore, it is widely
used in military, security, surveillance and other fields. Common laser speech
detection technologies (such as light reflection modulation measurement technology
and speckle image measurement technology) have shortcomings such as poor
environmental applicability and complicated adjustment of measurement equipment,
which cannot meet the practical application requirements of laser speech detection.
Laser coherent Doppler vibration measurement technology has the advantages of long
distance, high precision, non-contact, high spatial resolution and wide dynamic range.
It has become the main detection method in the field of laser speech detection.
Foreign related systems have achieved 300 meters of speech detection, meanwhile a
series of related researches have been carried out in China. However, compared with
foreign countries, there is still a certain gap in terms of the distance of operation
(under the same laser power) and the quality of speech signal acquisition. In order to
achieve long-distance, high-quality speech detection in China, more in-depth
researches are needed in terms of optical path structure design, measurement target
selection, and speech signal processing. Therefore, this paper focuses on the above
three aspects, using theoretical analysis, numerical simulation and experimental
research combined method to carry out in-depth research on long-range laser coherent
speech signal detection technology. The main contents of this paper are as follows:

(1) This paper introduces the development status of laser speech detection
technology at home and abroad. Characteristics of common laser speech detection
methods are analyzed and compared. Additionally, the method about applying the
laser coherent Doppler vibration measurement technology into laser speech detection
system is proposed. The development history of laser coherent Doppler vibration
measurement technology is reviewed and the research status at home and abroad is
introduced. Besides, the technical difficulties that need to be solved in the
development of laser coherent speech detection technology in China are summarized,
which provides guidance for further in-depth research.

(2) The principle of speech signal detection based on laser coherent Doppler
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vibration measurement technology is expounded. Mathematical expressions for
assessment criteria which are used to evaluate the performance of the system such as
the carrier-to-noise ratio, minimum resolution and detection probability of the laser
coherent speech detection system are given by theoretical calculation. In addition,
through theoretical derivation and numerical analysis, the effects of optical factors
such as aberration, laser line width, detection mode and emission crosstalk on the
performance of laser coherent speech detection system are studied. Finally, based on
the optical path structure of the all-fiber laser coherent voice detection system,
partial-fiber structures are designed and built to solve the problem of insufficient
isolation of the fiber circulator. In addition, the optical components of the system are
determined based on the results of the theoretical research.

(3) The essence of laser coherent speech detection is to detect the vibration of an
object caused by sound pressure. Therefore, the selection of the object to be measured
directly affects the quality of the detected speech signal. According to the STL theory
and the SSC model, the vibration model of the flat plates with different materials and
shapes in the sound field is used to simulate the vibration amplitude of the object in
the sound field, and the accuracy of the analysis is verified by experiments. During
laser speech detection, objects near the sound source are rough compared to the
wavelength of the light. Therefore, this paper discusses the influence of different
rough surfaces on the carrier-to-noise ratio of laser coherent speech detection system
using the combination of numerical simulation and experiments. When the rough
surface has motion other than the optical axis direction relative to the speech detection
system, speckle noise will be introduced to the speech detection process. In this paper,
the influence of speckle noise on the detected speech is discussed based on the
speckle characteristics, and the experimental verification is carried out. In addition,
the power spectral density of speckle noise is calculated theoretically. The above
research can provide guidance for selecting suitable measurement targets during the
detection process.

(4) Several common demodulation methods are introduced systematically.
Aiming at the requirement that the laser interception system needs to ensure the
accuracy and real-time during the signal processing at the same time, the
demodulation algorithm combined with orthogonal demodulation and arctangent
detection is used to reconstruct the speech signal. Due to environmental noise, rough

surfaces of objects, etc., reconstructed speech is subject to noise interference.
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Therefore, the noise reduction processing is required. According to the representation
of noise in coherently detected speech signal, the noise can be divided into
background noise and impact noise. For background noise, this paper uses the method
combined with Optimal Logarithmic Spectrum estimation algorithm (OM-LSA) and
phase compensation to reduce noise; For the impact noise, this paper first uses the
kurtosis ratio to determine the position of the noise in the speech signal, and then uses
the linear prediction method to estimate the speech data contaminated by the impact
noise. In addition, since the vibration response of the measured object to the sound
field will cause the bandwidth of the coherent detection speech to be narrow, this
paper uses the half-wave rectification-based speech bandwidth extension algorithm to
extend the coherent detection speech bandwidth.

(5) Speech detection experiments were conducted and the indoor distances are
30m, 70m, 120m, while the vibration measurement targets are folder (plastic),
beverage bottles (paper) and computer display. The experimental results show that the
self-developed system can effectively acquire long-distance (at least 120m)
understandable speech signals. On the basis of fully demonstrating the performance of
the self-research detection system, the dual-mode monitoring experiment and the
long-distance speaker recognition experiment were carried out respectively. The
results of the two kinds of experiments show the feasibility and potential of the
self-developed speech detection system in the field of security monitoring and
biometric identification.

In summary, this paper has gradually solved various key difficulties through the
theoretical and experimental research on the key technologies of long-range laser
coherent speech signal detection, and laid the foundation for the subsequent

realization of longer-distance and higher-quality speech detection.

Key Words: Laser Speech Detection, Rough Surface, Speckle Noise, Speech Noise

Reduction, Bandwidth Expansion, Laser Coherent Doppler Vibration Measurement



H %

T B s I
ADSIFACE.......cooi e 111
=<1 =5 OO 1
11 HAEFVUARER . BEXRERIMIRK e, 1
1.2 BRIBZWTMEIIRLEIR ....ooovveeeeeeeeeeeeee et 4
12,1 SEREFVHEBMBERIIR ..ooovoveeeeeeeee s 4
122 BOBEEUGMEEITR oo 5
123 BT ZEEUIRIEIAR oo, 6
1.3 HAMBETF LR ARARARZERIMIRK ..o, 7
1.3.1 HEAT 2 EEMIRE AR ..o, 7
132 ERIIMAZRIIIR oo 12
1.4 IR BBEIMGERILHE oo 15
F2E AHETESESHNERHRFAREEIT ... 19
2.1 BT IBZUUURIE ..o 19
2.1.1 BT EZUUUSEIRIE ..o 19
2,12 BT MR EIE. ..o.coovooeeceeeeeceeeee s 20
2.2 AT BT UM BE S A e 22
221 FRIMMIIHETR oo 22
222 FRIMBEZR ..o 24
223 BRBEEIREL ..o 28
23 HAHETEFOUNMEEFZMME R DT oo, 31
23.1 BEXMBEEFESUMRGAIFIM. ..o 31
232 HARELERENHCETIESTOUNREIFIM. ..o, 34
233 EHRMBHRNG RS HEBFIESOUNRERIFIM..ccoooeeva 38
234 ASABMIITFAEFIBEOCUNRZAIFZN....ooooovocecens 40
24 BAHETFEFVUMNRGABELEMDELTT oo, 42
241 RAAHIEHETFESVMRGE BB ..o 42
242 EWAAABAETIEBTOUNRGAEELEM. oo, 44
243 BAREE ARG oo 44



B B O 15 A 5 DS AT T

244 DRABMEITAAEEMRELLEEI ..o 47
2.5 ZREEINEE oo 50
FIE REEHNEBRREGERE e, 51
3.1 WMARETEFIFAIIRTIFFIE ..o 51
3.1.1 WMRREERIAAIITRIIAER oo 51
312 AEDHETTIR ettt 54
313 SR HIETTI oo 57
32 HMAREAEREEXTEEAETIEE UM RGRIFIN. ..o, 59
3.2.1 IR HTAEREE T ERREEAUREM. ...ooo s 60
3.2.2 AEAREE T EIRE AR MM B E IR s 62
323 SR IEREEITEREEAIRIMD. ....cooeeeeeee e 66
3.3 BB AXTEAEHETESUUUARGAIFM. ..o, 68
330 BEIEEFME oo 70
332 BHASBIIEAFME ..o 74
333 BPERREAEXTEEETESIUNRZERIFM. ..o, 80
B4 ZREEINGE oo 85
FT4EF AR ESOAREESLIE ... 87
4.1 FBERRETEMIEFR oot 87
O O R = 5 U UTORRS 87
B12 BRI oo 88
413 ARSTRBBIIEINFRE ..o 90
42 KT S S B E M e 90
421 AEEHEBEIBVDIIR oo 90
422 EXBASKREVEREESNRBEARZE. 91
423 BB REIE H cooeeeeeeeeeeeeeeeeeeeeeeeeerrnnrnne 93
I 1= o= o= O 94
431 BRI B EIIT oo 96
432 HEIEEHIEIE R oo 104
b BB E T T R e 109
441 BRI EBEESE Y RBE IR e 109
442 ETFREERMEEHEREYT REZE s 111
45 IRBEINGE ..o 113

VIl



FSE AEHETEEIOMSERAR ..., 115
5.0 FBEUMSEIEETT oot 115
52 MAEMAFSSEIEIDT .ot 121

521 FRBTAEIM ..o 121
522 MAEMISRGE TAETTIN oo 123
523 WARMEIESEIEZER BT oo 125
53 EEEEHIEAIRBSEIEIITT oo 127
5301 UMBEESMEIREEIEIL oo 127
532 FBEHFEIREL .o 128
533 ET GMM-UBM B iE NIRBIREL ..o, 130
534 WIEBEHIEANRAIEIEER R, 132
5.4 ZREBINGE oo 134

BOE BLEERIE ..o 135
6.1 IS A E R oo 135
L ) 3= SO TR 136

2l NPT 139

EEBUER B ZRNERIRLERFRTER ..o 151

1L i R =1 1 153

3§ SOOI 155



CRE A

F1E 4P

11 HAEFERFOUHARE R, BEXKERIMNEIK

BT 15 &5 572 B i A SH BAC R M i 1 7 =X, 25 Bk — A E %
Bk, PUE S OTE AR 2 N T 2P bt At s, FEREH, Fla
NN, ARAT . R, WL SRS AL I e A ), Ry, B
ST ARG ITEE DU BOR ZEAHAE P B ERUE S E 5. —RINE &
PR IRAS I AR SR T L B I v A A1 1 1 AR 2 5 52 3 75 TR 1
WA T KRR, XFPRS S SRR A AR, BT A R, @R
e IS FU (R A AT SR BUE & (5 5 AR, T R R e 2 S AR R I S Pl R
B, DAL S E S TSR TAREE AR, A REIES (EE A —
AR TECE AT 38AE o AT DX Aol e FE A%, AN SRS AR A AT X
S, JECE AT 38 A AR R, I A 1 T (T 2 AR R A R
EEES . WM SR AR AL, PhTH 22 50 KSR AT A A T (i s 2
BEEES, HR PR A GURT), I HAE AR AA T A R Bokih &
AT A — TP H RN TE & DR, AHBCT AL G e E TR S,
FETE T DTN BE AR SRI 0 15 15 45 2 38 5 I 2t 75 Y PR A IR 3 155 B3R AR1
RS %o A e 7 PR BBURR IR LA, AN 2 2 S0 PR VR AL e FE PR s . S — DT, BT
WOt iR, (A0 HIT EAR AT DAEI PR RS, AEB A i L TN S5 S
TG 5 1 BE B TR E AT 3844, I BOOGIE T DAFELLANE I IS, X ARIE T 0
VBB DT A PR B -

Bt OGS AR I R AR R R, BORIE & 0TI AR T2 3N S B
FLYE 1985 4E, Modern Electronics and Creative Computing 3T )45 £ 4 %
FORREST MIMS X WOGIE B WU RGGIR . HZleas . Jese gl e By v
WO S5 THIREAT T PR A28 MV 4 IR, 58 [ 8 A8 OB Wi 824
TWT B B i 0K SR N IR TEDY . bAh, 7E 1997 4 s FR 0% 2 7 4
WOCHUT Y& 3T T U AR L BOGMIIT & B 1T IZ B T AL 255400,
I A LY {7 A5 ‘22875 W 4% - Weihong Li. Yufu Qu. Tao Wang A }2 Zhigang
Zhu & NU-"VEAEE Polyete AW AR IIOGAR T 2 3 8l IR (X (Laser Doppler

1



T E B WOCAH T A F 5 5 N HAR T

vibrometer, LDV) HU& SBOLIIT 5248, H 456 PTZ (pan/tilt/zoom)HAL 5 £ 41
AL, B TEEE SRS, KT hWEE s ik 300 KOEOLHRIIFE N
LR B 1.1 NZRGHREE, B 1.2 H1ZRGHE S H bR 420 550U
RIS 15 215 B B T IXEeSEFRM 2 4h, Rui Liv Tao Wang %5 A28 T4
PRYR B X O 1 5 0TI 520 - Rui Liv - Nicholas Madampoulos 25 A U3 7t
T WG T BN Iz B B WO E S T AR . BRILZ AN, Avargel N0
T R G T1E & 3. Deng! VR OGN RGN E &5 5T ZE S

AP
PTZ

LD\7\

Mirror

PTU

Reflective
surface

L1 ZREFRGREE

Figure 1.1 Schematic setup of the multimodal model detection system

I
]

el Ll

|
aea
]

0:00/ 0:54

B 1.2 7 420 EREERFEROWAESESED

Figure 1.2 Audio-video integration in a 420-foot corridor

SEAMALE, A BRX T EOCE S DTSR T TR DA, (22 H TS
WA 7 ERIFTFRECR . B0, 2003 4F, HARERR SR RGN EOE
EE DN A AT 7T idie, AT TSR, seinaf RAeE 10t
EE DS AT LR 48, EBRR MR RN B RHEO G i i 7 v i



CRE A

3 (10 DR UM P FH PR B 1 75 1) ) R, SR P OO AR R P R R . 2R AR FIR RV A%
DAL IS IS K AR B 4555 (R 77 105 R AR OR U A8 AR e 75 (1408 2007 4%, J
T DSP V&, AR A S A S R AR A K /N O RO i
EEHEATRE . 2008 4, [ BRI KB FLUOVH] <3 IR RN 0 % SR IEO 6T
B ONEARBEAT 1 ik, SEL T WOGIE S WU R G RN KRG S HEIRR G HIAH
2545 LA S i B AR T HE (Y E S I, 2009 4, RHCHUTIO M. s
S NPORSEUF R4 A0 A0 2 5 B IR A LR U PR B 1E 515 5 - SR 45 156
WE T RS A R BOE I 155 5 (FIRW]IE 40 2K, 2011 4F, J638RE7K ).
s PSS AL T PGC RIAHEIAR, Wil JHEE 7RO B Sl RS . 5k
WEE RN, HAGA N TARRE B A 20 K. 2012 48, JHYLITTE A 3% sTM bk
&P T — B UR B B ORI R A, R RS LAEME R ATIA 50.7 K. 2014
F, KEBETRXHE . B — 78 NP2 T U RER IR 3845 2 1 — B WOl i
Wr &40, [F4AE, SRR ST TR T8 25 NPIEAL T H AR BRI
BOGEE DRI . 2015 A 225 — B FUHTRIE 1 —FoR) H O B S
BOGHIIT ECREY . 2017 4, B RS K2 5K 270 OGS 0T &
ST AR TN . [F4E, MRS B TRE K 22 M Ak ST SO 1 35 ol
H i ) N P A HR AR AT T 2, FRER XN RIS B (R, SR T A R
Behe 7 5o R4, S AR CAL ) T POV Y DU R BRI 28 A0 1) 1 — & 75 E 4RI R 4
2018 4F, FLFRIKEGREOR SO OGRS R, SRR T BRI
HIBOCIRBNIEAL, 1% RGEATSEHL 200 SKARFIIEZ O CHOLR IR 2W).
2019 45, HhBHE LT T 94 L SR A5 NP F R BEOR R4 42 1 2% ( deep recurrent
neural network, DRNN) XSG TE & HEATFERE . R T F R 8 Btk SO' il
W e RBEATHE T2 4h, — Lo R AR R I AR D8R, i, A H % 3¢
&\ Fr BB 22 K S T ROE F Ak (i 1.3 s 7y BAT-200 B0
W ik



T E B WOCAH T A F 5 5 N HAR T

B 1.3 BAT-200 ZLEOLHF FiE
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Figure 1.4 Scheme of the light reflection modulation
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Figure 1.6 OFV-5000 Laser Doppler vibrometer
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Figure 1.9 PSV-500 3D Laser Doppler vibrometer
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Figure 1.12 Nova series Laser Doppler vibrometer
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Figure 2.5 The detection probability as a function of the CNR.
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Table 2.1 Zernike Polynomial for Primary Aberrations

n m Meaning Zernike polynomial
0 0 Piston 1

1 0 Y tilt psinéd

1 1 X tilt pcosd

2 1 Defocus 2p%-1

2 0 Y primary astigmatism p?sin20

2 2 X primary astigmatism p*cos26

3 1 Y primary coma (3p>-2p) sind
3 2 X primary coma (3p>-2p) cosO
3 0 Y trefoil p’sin30

3 3 X trefoil pcos3d

4 2 Primary spherical 6p*-6p+1
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[ n
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A (2-51) fEifkAN:
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nz_(; » n+1) (2-52)
A (2-52) F, B 2m=n I, ew=2, 2 2m#n I, em=1.
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Figure 2.8 The CNR as a function of the rms for the primary aberrations.
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Figure 2.9 (a) The displacement resolution as a function of the rms for the primary
aberrations. (b) The detection probability as a function of the rms for the primary

aberrations.
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Figure 2.10 The CNR as a function of the laser linewidth.
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Figure 2.13 Phasor diagram of carrier with crosstalk.
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Figure 2.14 The phase shift as a function of the ratio of the amplitudes.
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Figure 2.15 Scheme of the all-fiber Laser Doppler vibrometer.
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Figure 2.17 Scheme of the partial-fiber Laser Doppler vibrometer.
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Figure 2.20 (a) Experimental results of the partial-fiber system. (b) Experimental results of

the all-fiber system.
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0
FE 2 Jh5 1 b, RS R 25 IR BT 2 ia ka3, BT RSB RO R
ST fa IRE RSN, IR TV 2 SR SE B T LS O
v,(xy,h)=j2xf,S,(xy.h) (3-5)
A3 (3-5) 1, va(xy,h) 5 Sa(xy,h) 7 YA TV 2 Bl HR 38 R I R 5 ik

AL . [ VEY0 Pk F T 9 A AL e AR, IR 2 9 9 P W
Valx,y ) 575 Pa 2 1] 05 2 7T 5 Jgli22590),
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1 dR(xy.h)
—-j2rf,p, dz
A (3-6) W, poRNTAMIEE RIEARK (3-4) . A (3-5) FIAK (3-6),
2 FE S bR EE & XT3 HRBIRFE Sa(x,y,h) A

cosd, A
2 f,pC, R,

YRR TR 7 3 b AR hE B2 AT il A 3 (3-7) ForR, AHR T 7 I U &
V RIEARBONE I, R BRI . (ERARYE Be & S B ) 45 S % v AE
SR T AFAEIF R AR

v, (x,y,h)=

(3-6)

S, (xy,h)=

(1-V) (3-7)

VZ+T? =1 (3-8)
R IR Z A FCRH, 2R 7 4% 5 4 (sound transmission loss, STL) L 5
BHE T Z I8 R AR oR g2 291941,
L=-20IgT (3-9)
PRI, I8 SR P I AR e L R BRI R 2V, T kit 54
RREE P RS IR LRI . fEASCH, Alpteimide L @i Sewell-
Sharp—Cremer(SSC)ERLSIR i, iZAR A )32 N FH T VPA 75 35 78 B2 AR )
it #e. 1£ SSC AR, MR fa A AR BUETEE R, 757 M ke L
WEANFE R B RBEE I f. SHT4% (coincidence frequency) fc
AR R, EE SN =B fa< fd2, fol2<fasfc fl fa> fo, HA fo AIRIRA:

2 [L2p,(1-v7)
fo = o \/ e (3-10)

AR (3-10) 1, pamph AT R, BEHIE, p WAEHINETE, E b
FORER, va IERALL,

LI f db T BRI, B fa< /2, PSR L ZA R
e

1
In(k,\/A)+0.16-U (A)+4ﬁAk;

[ttt

L(dB)=-10lg

(3-11)

53



B B O 15 A 5 DS AT T

N (31D 1, ka=2afalcm AEM B BIREL om AEM BRI, A TR
HITH AR CP BRI A A BER /D), A D9 PR S TERIELAE, U (A DXt AR~
W IE RS, BIERFU (A AIRESR AR RN:

U (A)=-0.0000311A°+0.000941A" - 0.0107A°+0.0526A° - 0.0407A - 0.00534  (3-12)

0 7 A o A T 5 = B S FEINT B 2> oo P AL AR L 55 50y
L(dB):20@(ﬁ¥35)+10m(gii—}—5 (3-13)
PoC f.

AR (313) h, g A TAHOMLE SFE R 3L

05 A T AT BRI, B f2<haste, AOHIEHIIRE L 10354
AR L 2EF5 8 fa=fol2 A5 o b 2 90 O MR A

HAEN R HOME TR o, TR I A0 1O AU O PORE L, 30T
AR R ARV, R AR R R B0 2 T RO YR B B

3.1.2 nESHSTHE

WRAE b al 0, WA R AL R RS iE A KA R, ik
MNEAR G SH: IR R HE . B REE. J0ia b UL e 1548 R A0
DI, R, BRI R IRSIIE I E Y @ 1 R R . WO T
EE DTN N S SR AR = SUE I E i E R A, Rt
AT 5 Jo) R AR DA K 20 & 260 v o LRI, Bl BB AR 4R L SCAF
ARG, BRE. WESEYIM . SRR T KECR IX e iy ek, B BRL A
4 (LY. BRIAL . DL, AR E S EEHE I AR T AR S
B HIRENREE . 3R 3.1 NIX AR R S4L .

#31 ERMEHZSH

Table 3.1 Common material parameters

arameters ) )
Iron  Aluminum Plastic(PVC) Glass Paper (fiber)
Materia
Density p (kg/m®) 7850 2700 1450 2500 900
Poisson ratio v, 0.25 0.33 0.38 0.25 0.3

Young's modulus

E (Gpa)

206 70 3.14 55 1.5
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Damping loss
0.002 0.008 0.04 0.002 0.0177
factor 74

Speed cm (m/s) 5200 5000 2388 5639 2591

HEE RN, R 31 AN ARREUE, BT E RS, LK S
Bz 53R 31 G HNEUER —ENESR.

-100

100‘ ; : T
Iron |
Aluminum
-120
50~ Plastic : 7
Glass | 130t
i Paper | |
0 ’ | |0
S [ I el
@ -501F | | p 1
= | f.=1316Hz
g f,=1182Hz Y | -160 —575 1000 500 2000 2500 000
5_-100 | f.=4709Hz 1
e
<C.150-
| |
| |
200[ | |
| |
P, | | | | | | | | |
0 300 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Frequency(Hz)
3.2 AFAPRIIIRE IR
Figure 3.2 Vibration amplitude of 5 materials.

3.2 N BIR TURRORMZE R SPARLE 7S I T SR IR R . fER] 3.2 iR
VX TR R PR R BE h 398 10mm, AR IITEAR 4 ¥4 0.5%0.5m?,
PIRK ST B LE A ¥ 1, FBEMIEE SES I IE 4/ RoBIAN 1, NS
P SRR TR R 0,309 0. WER 3.2 WTLLRIL: 1) 2. Sk
BAIARTAER £ A5 N UG AR YE N (300-3000H2), 1T 4RH SR AH 4 %
Se WIAE N GiTE IR VEE AL, X EIREE N OE RN, Bk, AR =
AR EEL RS~ 199 2T 2 BB AT 36 PR AR A AR AE RO B » 17 ER AR AT SR 2H A
SRR P R B 0 D) B AT 38 I B S . 2D 7R N T TR I ATE [ Y

(<1000Hz) 4RLH 5 (1T BRI AR B 8 e K, vk e 2 R UK ST, T E
FE RN (>1000Hz) X AT RHIR SR B By, X IR 2SR AN 4R £4
BHEGHI H A5, 7T RE 2 RN b i 85050 23 1R 5 15 5 25 2 Ao ok PR AR A3 1 o
B, MG BRI TE & 5 5 MPHR A . 3D BRALRL PARAE A5 15 F KA
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JUFE A (<1000Hz) #RBNIEES /DN, HT AR FEREEE P EMI Y, Fikik
BRI P ARAE R B bR, WTREZ TR IR BN IE R/, BRIIAR 2 5
BETGHEAG. 4) BEAERAREH R AR U LR AR Hh A R 4 3R
BN, {HAE H T X PIAAR 3R S B2 B AR AR B IEE), X AT RS
FEAFERII T3 15 & 15 51 & B R AE 2RI

M 3.2 ATLUREL,  RERPATRHE 5 I B4R S R A 055, E R BOGH 15
BTN B AR v B AR TR B 5 T, TR P A & AT (1 e
ANTET ), 88 5 A v PR3 3 00T A T 300~ 500Hz, %o T — BT &, 2345 2000HzZ
PATF B3 4 Mk DA A 0 3 0 5 8 (H 2546 2000Hz DA B AR AN S 5 1 X 1
YRR ARUOST, DRI A RT BRI AN RE T 5, ARFN SRLIX P R b R B 3 S A i

T H A4 o
-100,
-110
h=5cm I -120 1
| h=10cm
50 h=15cm : | 1
| h=20cm | -1401 ]
8 ok h=25cm I _150}F 1]
° I I -160} 1
5 [ [
S -170F ]
3 %0 fr1|472.6Hz : A ‘ ‘ ‘ ‘
%_ | f=787.7THz f,=2363H2 /‘ 500 1000 1500 2000 2500 000
~100f- N
£ | |
< WS I
-1501- I I N
| £2590.8Hz '
| f.=1182Hz
200k | | =
| |
| |
250 ! | | i | | | | | |
0 300 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Frequency(Hz)

33 AREET, SRR
Figure 3.3 Vibration amplitude of aluminum plates in different thicknesses.

Hi 3.1 Wt al k. YR IIRShIE EZRR 7 SMEIPERAT S, eATE B 1T
WU A KR BT 3.1 W REIRHT L H S 3E T PR R AT ot Fe ), Btk
AT, WS RYRIEE R, NSRRI . B 3.3 PR R
FEXIRENME LT . (LR 3.3 v, I3 7R HT R AREATII L, Bk TR
FE h 2R, HRSHHEEIE 3.2 ik —8. WK 3.3 TBUREL, FEE
BRSO N, FAR TR . BB 2 FEAR TR S ~FAR A IR i et B 1A FAEAIR
ERERHERRE, AR SRR RIE i 2 B A M F RIR . X R YIAEI3R
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ENE RS R EETESG, (SRR EAT %, (HARMRRIRSIIEE = b E
JE RN AR R B DRIE, ASTRAUR AR (R PR E it 3% & I & H
R ZEPP R A

3.1.3 XWHHSITL

A B R JUAT 8 HAS o A AEUE T AT 1A R R AR AE 75 3
IR BRI o AR5 K o S50 SN AN [R) 4 I 1)~ AREE 75 32 IO AR B e . dn 1
34.a R NSRRI, ARSI RGBSy MR SN . A
SIS R 7 A E Polytec A R4/ PSV-500 AYEOGAHT 22 HI 4R
Can & 3.4b Frs), ZMARACHII &5 ARE B 0~50KHz, 27 HF % N
0.04~0.5um s VHz, (LB 0 B L4 0.3nm, 1% RE AL LA L IR S S2I6 Bk
MR 7> FE S T RS EEUUSAFM BT (Wt 3.4.c Bz
MR BN, B9 KA AMZRTEEDY 300-3000Hz, (A FFE
N 100Hz IESZ15 5 LLAKED &40 R H BB 5 S CRER I IEZME 5 H i R g
WA S AF [ AR ORBE A B0 (5 5 ISR BEAR DD, AN (R4 o 28 1 P AR U4 Sy i 5
W& B bR Ky S50 12 B A2 oA 1R R IR R, BRIOA 1 i Ok ]
BOGREE PR, TESLINT, WOBAHT MRS B B bR Z R RN Im. [H]
I, EARSE T, S PRI RSN 3.2 fros.

Loudspeaker

| =
Plate

Signal

J generator

B 3.4 (a) EWEFEFE. (b) Polytec MR, (c) BMH4

Figure 3.4 (a) Experimental setup. (b) The Polytec LDV. (¢) Test component.
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#£32 PRMRT

Table 3.2 Size of plates

Parameters . ' Paper
Iron Aluminum Plastic(PVC) Glass
Materials (fiber)

Area A(cmXcm) 10.0 x10.0 28.7x11.2  26.8x18.5 95.2%29.3 24x21

Thickness h(mm) 3.5 4.0 2.0 2.2 1.0

3.5a~3.5¢ 7Nk (D PR, B AR BRHR AR . SR TR
PR AR P AR AE 3 P IR BIIE L & . IR RTEUREL: 1D A B ARE
T SSRGS PSR A T ANE, XA R BT SEB MRS 85k 3.1
PRI ZHAFAEZE S, LARE A RO ARZRIE RN, (55 A AP i) £ 1 5 3 B P A
Y51 T BRI A FLE RS RIS AT DO, NI D R (1 120 57 RN 25 1 22 DR 3
TR, B SSIRIE AR S B IRIE AR e — B0 . 2D Sl g
KL, AN ARG OL T, AR R AR 353 i P AR A AR
IR 21 5 U EL A R Jo PR T AR K, (B 3 = PO v v B0 ) 30 30 i o
BT AP R PR ZEIR 2 0 3) MALLARHI . BRI BIERIARL,  Bafr
WS D PO T IR AR B B, BN TR IR B 3 IR Bl
FERZEAK, BRI TR A B AR IR B0 B 2N T 5 b =R o . AT
5 BT oA TIE S 0TI B B2 SR B B AR AR BRI o
TR IR BN N A2, B T R R S S T R L B R,
PRl e 4R 5 SRR R B & S VR B H IR H AR, X — 250 SRR A 4 R A
— 8 W TELE R OBOCAN T8 H T R Gk 3 A E MRS RSt 1 2T

EL
ﬂ‘o
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asf @ — - — - - Simulated result { ;500 b — - — - - Simulated result  C — - — - - Simulated result

Experimental data | -135 \' Experimental data \. Experimental dataj

~

[an]

o

N—r

(5]

e

> -175 -
E 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
2 0 90

E d — - — - - Simulated result e — - — - - Simulated result
< 120 100

Experimental data| "~

'\ Experimental data

-170

-150
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Frequency(Hz)
Bl 3.5 AMERHRIRSIBE. (a) 8k (8D WPRSNEE. (b) ERIRINBE. (0 B

BHRHRSNER . (d) BIBRARSIEE . (e) LARIIIRSIMEEE

Figure 3.5 Vibration amplitude of 5 materials. (a) Vibration amplitude of iron (steel) plate.
(b) Vibration amplitude of Aluminum plate. (¢) Vibration amplitude of plastic plate. (d)
Vibration amplitude of glass plate. (e) Vibration amplitude of paper plate.

3.2 Yk AAMEE A TES UM RS RIS

FESERRHIBOCAH 15 S U A T, B T4 K 2 Bs 138 ATk,
MR ) 2R T — 7 T2 SEAS O RS U AR T BB R, 55— T RO 3
[T AN (R T 32 S [RGB AT P AR M A, AL S ARG A A2 DL RS, AT 45
FROCH T8 E DU ARG RIPERE o DA 7T 1A 2 Th AL R B0 AR T3 B Tl 1 5
Wi, A7 By T4 R ] B 5O ) AR S RS S SO AR T B 0Tl R S RE 5
MRS 580 U0 2.2 5 ik, SWOLTE S DUl R e PERE AT R ST L CNR i1 &,
DR EAE 0 A 2 THTRELRS P50 4 5 AR Tt AR S S S, X B850 M 2R TTRELAS 5 0T &%
GG LL IS R AT
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3.2.1 IR HriENE m X E MR L FI SN0

Object plane

Observing
plane

Direction
of emission

mitted light Direction —
wavefront of echo

Rough
surface

Echo light
wavefront

B 3.6 BOLRAEEHBRRE~RE

Figure 3.6 Schematic diagram of laser focusing on a rough surface.

B 2.1 WHE, RO TR S ARSI S, AT AR A ik oy
AT YDA IR BN 5182 (1 22 3 B3R 1 1810 5 ARG A2 F A0 5 1R O i
EORAERA, FARIUE S IE RN 5 e Oy R A S, R A 515
B2 BMIRS , ARGE 22 BARS BIn] SRAGD A AR BDA5E S o IR RS ' s
FEVVAR R T MR 1k 3.6 Fron, B TFRE MY A, FBOte K
AMALIER, HAHNIEIR Apde 7T R7R A

4
Ay, = 7”2 (x,Y) (3-14)

X (3-14) H1, Z(xy) AR ET H bR BEB B 6 B S RIE Es(x,y) M4 555
-JEVE H e SRR

E, (%)= [[E, (¢.n)exp(iAg, )h(x=¢,y—n)d¢dr (3-15)
i (3-15) o1, Eo(Gn) WA BHAER I FEIRIE. BT EOGEE KRG
AL, HMNHAREAKRZ N TEMeo B, HHEICRE S REEZREES
T oo, ESLPREN g, A R SO R B R AL, It Rks
W EG G IR N wo, FF HAEN TG b, WS 2R RE R 1 E R
PRI Eo(C) Al R N
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2 + 2
Eo (é, 77) = Eo exp[— é/ 277 ] (3-16)

@,

h(X-Cy-n) WAL RE R B, W3RN
1 )
h(x—¢,y—n)=——exp(ikr )
(x=¢,y-n) iAr p(ikr) (3-17)

317w, r g B SS BRI E AU I )RR RS o DR SEBRERI
H s 5 0 2 2 185l 2 i3 2 4F, TR r o] PLRIROA:
X +y* x{+yny
2R, R,
A (3-18) 1, Ro MR 5 HARTH 2 8] 1 FE 2
RIE AR (3-16) BZAK (3-18) , [ IRIE Es(x,y) /T LR A:

ol

—0 0

(3-19)
xexp(iAgode)exp(—ikngﬂ]dgdn

r=R,+

(3-18)

0

I 2.2 FIRTET, KRS T RO AR T8 B 00 2R G A R ] i O R Gk
M L PR 52 MDA T 48 2 o BT AR AUE D6 DA T U I MR AZ [ B AR S T g, LR Evo(x,y)=1,
F AR I 5 AAE A R 7 AR TR, 353 BN ERI S R T, WARYE A =X
(2-45) P13 RGHMELL .

CNR :eBﬂ—ZS( JJE.(x, y)dxdy)2 (3-20)

3 (3-20) H1, AS ERIES A

MAF (3-14) FIA (3-19) ATRURIL, KRS I I m IS AR 25 51 kS el
BEGI 2 R AR AR, S BRI 5 AE S IR AR VR ATUE 5 AOAR AL R A2 Ak o
RS T ARALZE N o IEBEUE, 2R THDEHRRE SN0, MRS
HE=4 = A - AU S R
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3.2.2 FHMEEXIEMRLLME A RERE
(1) rHEEAE

9T A ARSI 0 B LU s, B Je T AR MR R T, %R
AT BE 225 SE Pk R AR, b2 m] AR e R I8 sUid . BT R 2 8k ki
E AR A i R IME N R B a0 A, PR, AR SCR A SR P 707 R RS
e 6-981, - L AJ7 B3k FE AT DA AT IR Sy 2 bR THI 1) T 26 0 2 AT R, R JE

LI o PR 300 e ST P A 8 AN T 45 2 0 AR RS T 1) v (IS AR ek B DRI A 07 S0 A it
FHRE T AT, 50 SRAT A 3R 10 (1) 1) 23l % 1

Bk B bR R AR R AL Z(xy) I3 TR A o, BERAHRKEEA I, HAIFIAHIR
KEA by, HTEREE Z0y) AENF R S B RE LA, I AH ¢ R 4L
G(RxRy) N:

G(R.R,)=467 exp(—?—xz—lR—jj (3-21)

rx ry
(32D 1, R AHURE T s AE R R A BE S, Ry DR RE P R AE N I A R . G
Ao A - O BT AR T P 2h 2R3 Pro(kky) 92

Pl )= 6(R R Joa[i(kR + |- 07 e p[ %j 3.2

T

ST R DO, USRI s KRB B R i &, &
ANEPAH AL, FARAR R A, T 22 1R HE T OB B DR . [
AR LA A RE R T RSO LoxLy, B MXN ARl H s R AR
HZ(x,y) TR N:

1 M/2 N/2

Z(x,y)= o > oy (km K, )exp[ (k X+k y)} (3-23)

Xy mk=—M/2+1nk=—N/2+1

A(3-23)7, x=mAx=mL«/M, y= nAy=nLy/N, H A m=-M/2+1...M/2,n=-N/2+1...N/2.
F H kme=2nmi/ Ly, knk=2mni/ Ly,

[N(01)+iN(0.1)]
) ZE[LLP (k P )J \/E ,m #0,M/2Un, =0,N/2 (3.24)

Xy ro \ m ? g
N(O,l), others

T E bR R TR AR BR K Z(x,y) W SRHL A8 ST Z I F (K, Kni) 2023 A2 -

F (K, .k

m N
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F (kmk K, ) -F' (k &, ) F (kmk K, ) -F (k , knk) (3-25)

£
=
=
€
2
3
©
3

wavelength wavelength

B 3.7 0=0.1k, l.=l,=L

Figure 3.7 6,=0.1%, [l.=l,=h.

-

wavelength
1
o o

[
o

-
5N

0 0
wavelength wavelength

B 3.8 0~0.30 I.=l=\

Figure 3.8 0,=0.3%, [.=l,=M\.

wavelength

0
wavelength wavelength

B 3.9 6,=03% I.=l,~1.50

Figure 3.9 6,=0.3%, In=l,=1.5A.

3.7, ¥ 3.8 5K 3.9 NAREIIIMAM R T, 7 HA AR .
LK 3.7 5 3.8 FTLUARIL, EAHRKE —EMHOL T, PRI fE
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JIAREIE g N, HeRA 3.8 HIE 3.9 T LAAI, EXITR MBI, )
R T RS 52 it o5 A A BE R KT s/ o X I T AR, ORI ),
WAV T ASORELRS (17 LA RS SEBR R DU Lo RIS AR, ML R/NRSEA
[99~1001 ) 1477 KRR AH KA FEAR VP IR, P (A 2 T 3 A WKL T SRS T
siAELRRE T LA R AR T, LR QR 3.3 P

R 33 RIERRERER R E RIS

Table 3.3 The qualitative division of the degree of surface roughness

Micro-rough small-rough  Strong-rough  Tremendous-rough

surface surface surface surface
0.12<6,<0.37, 0.3A<0r<A,
Parameter  6,<0.1A, I>>A o>, <A
|r>>;\, Irz}\,

(2) HAREEEIELEEmMOBENE

N TR 07 FORURE T 280 L A RE I, ekt Il RO BRI Es(x,y) @ HLAL -
(ECBCRE AR T 5 20 %1 73 D9 MexNe BRAH R (¥ T8 e, 0 5 A 10 B A9 TB) B 20 0 Axe
A Ayr, R 5 B G EBIRI 73 09 Max Na B R BT G, A1) 5 G L B Ta) R
BN Axa AT Aya, BRI, RO EAE— XU RO EIRIE Es(x,y) 9

1 . .k
E, (%, y)=E, (Mm,Ax;,n Ay, ) = — exp(lkRO)exp{lﬁ(mijj +n§Ay§)}

0 0

M, /2 N, /2 2 2 2 2
: : M:AXS +nZA .
X Z Z Eoexp[— 25 yr-Jexp[lA%e(mrAXr,nrAyr)](3-26)

m =—M, /2+1n,=—N, /2+1 @,
myAXym, AX, +n, Ay n Ay,
R

0

X exp(—ik }Ax,Ayr

WA AN (3-200 5 (3-26) A/ RGHMELLN:

B Mgy /2 Ny /2 2
R= " ( Z Z Es (md AXd » Ny Ayd )AXd Ayd J (3-27)

~ eBAS A 21n, - Ao
MR A0 (3-27) FonT LATH 5 2 08 0047 A 3% ThD A RE RS 2% 11T B 3R 48 1) 8k Mg L o
] 3.10a A1 3.10b 435 o M bb 5 MRS SR TR AH DG K B DL A3 T AR P R &R
NTHEBENLRZ, $EE i RMERtE, B0 BRI RIS, A LA
F& HH HOT B R AH S B Bl A2 35 7 fidia 5 1000 R 5 A I3E . BT i SpL
REMFR®], 7E1& 3.10a 5K 3.10b H, IMRIEEHEK A=1mm, FkE X5 HA
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B3 REINE E AR
1024x1024 He X 35, # 7] 5 9 1m0 L A TE] B Axc A Ayr 29549 0.01, £ #6254 0.01m,
PRIZR AN 0.01nm?, F45 LRI 43 2958 102x102 B [X 35, (Ax:Ayr)?ASBoleB A 1,
EHEHR AR 0o 5T 0.35mm, NS EIRTRE R F I EIRIE B % T 1.

7E K 3.10a 1, ¥ 7R 6:=0.31, ML %2 P 3.10a ] LA I, TEAH S BE (I Iry)<1.2%
I, ZR R LU BE A DG P2 (RS i 8, L 398 S A DG 82 (3 i i
B . X TR e K R R e R R e T B A DM R A 2 TR R 1 Fe A, 7
2K 0 B P 1) A5 RT S  [EJAE S A DG 1, I L P 6 A 2 R — B
PR LA 2 3 S [ 8 Y6 AR AR M A A 2 22 R 38 T (1 A P TR B K T A G B,
I, IX L8 R G (R AE FLAAT, R bk e S PR TR AR AR ST, X gt 45 5 3 3
HATO IR AR BRI, ATTTE MR R L e Xl ) >120 0, T e H
PRI CAEIGH, RAEBMEILEARTEE 0.2 L1,

7EH 3.10b H, AHIEKE (I lry)= 0.3%, MLEZ ] 3.100 7T LLR I, 7R3 77AR 6,<3)
I, RGN LLBEI AR o BRI SUR R R . X2 R A B A R R R T 3 7 AR
AR, SECHRE TR R, 15058 25 5 A [R5 A e 6 (R AR A 22
{74 m RS EL, (45 AT FRAH AR, BRZSE I R G ER L. 7R
O30 I, RGEEMELLAE 0.0015 P AMEBENL IS, X AT e i T3 B Rl

RGIEEH o XU ARG R I IR BE — R LG, RAEEME LS55
HHER R,

o 0.25 a

8 o T T

% 015 |} 0.20127443 /_ ;.
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Bl 3.10 G SREAERRR. @BREAMRKERR. O)BBELALHTHRAR

Figure 3.10 Relationship between carrier-to-noise ratio and surface roughness. (a)
Relationship between carrier-to-noise ratio and relevant length.(b) Relationship between
carrier-to-noise ratio and RMS.
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Figure 3.11 Relationship between carrier-to-noise ratio and relevant length and RMS.
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Figure 3.12 (a) Experimental setup. (b) The Coherent Doppler vibrometer. (c) Test

component.
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Figure 3.13 Relationship between carrier-to-noise ratio and roughness.
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Figure 3.14 Speckles. Figure 3.15 Dynamic speckles.

FESEBRRN I, BTG R A ONERR, W Rea BRI 5 H06
R85 B DU R S8 2 TR AFAE B G AlT 18] A B AR B Bl o XM X I8 3 2 o043 H A
JCTRAERARE S M AL B B, AT (A5 BRSO A A AR AR A XS L AR 2
BNAEBE, il 3.15 B o BT AR BRI [ R A AR, PRI Rl Y
G =N e o R A 1 o S S AP L O s e LTS AN O S VA
B Apae 2 BERT (A 7840 T A R AR A . SRR, F R AR (2-7) M5 N:

i (1) :2Re(”ﬂ(x, y){ELO (X Y)E; (% y,t)exp[i (@, + o, )t}exp(iAgode (X, y,t))} dxdy)

=l (t)cos[(a)d +ay Jt+ 0, (t)}

A (3-28) ™1, res(O) 1 Dres(t) 73731l H T HICHHEASE 2 A0 T4 3% 1T 51 76 FY o P 1) 324
H e R B MR S AR . IR S S S R R R R LR(t)BRAF Y, A
R () B EL M I 7R . ARYE A3 (3-28) WK, b AR CRE N [A]
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Figure 3.16 Random phasor accumulation in complex plane.
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P SRIDGREZR 2 FE R B T, AT ERBE SR L s PR 5 B2 pR 80N«

1 I, S
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0, otherwise
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0,0 ol o i X e )
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r, (X) /14R - exp{ |k( R H ds,ds, (3-45)
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Figure 3.17 Schematic of coordinate system for time varying speckles.
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<E‘Xp {i |:A¢de (é _\ltl) o A(pde (52 _\ltz )}}> ~ AS5[6§ o 52 _\7L (tl _tz )} (3-52)
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Figure 3.18 (a) Experimental setup for detecting speckle intensity. (b) Prototype of the

experimental system. (c) Test component.
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Figure 3.20 Speckle translation.
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FEBACBE R 75 OO T R G s, R AR PR e () 75 B TR A R AR,
BV AN S HIORE g 75 45 PR 30 0T AR G (R 2, LIS 73 2 1) 22 AR f o W] RN
f_d =X + ici)res (t) (3-61)
T
RAE AKX (3-61) Fraw, HOEME R T g Aaa v DAl SO B A 0
FGE R (1) — A 16 B 7 VR Ao DU SR MG 7 ) Dh i o AR 4 AN 0 BT
B VA LIS R A D2 % T 5 L R 5% B B L O A ST AR e o PR b R e v A
FEDEARAL 2 d Dres(t)/dt 1 15 AH 5K BRI B AT RO IR 75 1 D) SR 1 25 L
M 3.3.1 TR, HORFT LA R — ANl R, RO o B Y s An
REFS 3 A Xep AT Yop, PRI, HECBRE AR AH A2 W] LA I R Yop 155530 Xop Z B HUAE
HISOAEVITHRERTS . IR RO AR 528 dres(t)/dt 11 [ AH 5% BR BT RO N :

<(j)res (0)(i)res (T>> _ < XSP (O)YSD (0) _Ysp (0) Xsp (0) Xsp (T)Ysp (T) —YSp (T) Xsp (T)]>

Xg(0)+Y,(0) Xo(7)+Yg(7)

P

5
gg'+hr'i-gth2+(gh—2ﬁq)2 ln(l_q)+b2+2b(gh—hg)+(gh—Hg)2/q (3-62)

2 . ()
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N (3-62)

(3-63)

B P I TR X RRE, A3 (3-62) AL fE Aee-e3l,
N (- :
<q)res (O)(Dres (T)>—E(?Jln(l_/0 ) (3-64)
A3 (3-64) 1, p NIA—AHIEOR 5 B S A A A OC Ra B, iR YE 43K (3-64)
AN, AR HOR ) D 25 T Sep(0) FI R Ny
.o -2 .2
_of*| PP—P 2\qr _n[" P
ssp(o)_zjo( > jln(l—p )dt_2j0 1_p2dt (3-65)
PR DA U — A B AR i SEER O AH SR e L p T A EK (3-56) 3%ow, BRIEs &
i (3-56) ARANAI (3-65) AR, FAMALHIM 1) T FE 5 Ssp(0) -

2
) exp[—sz
ot P e af® . 327
S, (0)=2], l_pzdt_sjO dt ~

4( ( 2 D r (3-66)
7. |1l-exp| -2—
TC
Z8 1A A I B R B A S O 22 8 W IIR 2 TR R R 32 2l i 7= A I O
FAHALIR)S, Drévenstedt KL, EMZART UL f= V. /IQoo)f, B
FR) L 2 AL » T8 AR L AT T FACBRE R 7 AT 8 B DA 1/ (DI BE T 0,
DRI, AR OB R 7 1 2 AL ) Dy 26 T L, OO PR P A 4 AU ) D 3R o
S ORIEZIVAE

3.27 fof
’Z' C
f)=4
S () =" 827121 (3-67)
\ f?2 ¢
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AT (3-67) [T 45 5 5 Drébenstedt [ 92 45 5 — 24681, Wig A=, (3-67)
AT DA, B0 M 75 114) T 2R e 2% P T A D B T8) 7 PRV 0T ) o AR A 20 (3-57)
A5, MR A o SARGHE B VoS b, FEBEE R wo 5 HUE R ~F<co>H]

HEhnm g A, BT A SR B ARAL T R AR A S L, IR E S e R A
ERAERE AR, TR 0o SERMFEE Ro KR A:
—_ /’LRO
0y=—0, (3-68)
7T,

NI (3-68) , wo NAELERAR, SHERFAREEZE. RIEAR (3-68) 5
A (3-48) WA, BB ~T<oo> SHRMIER  Ro B K

(00)=, (3-69)
B (3-69) H5AF (3-68) MANAZ (3-57) A5, AHICHTA] ¢ SRS 3
V. PLEARIER S Ro IR RN

1 1
o111 ‘17, 1)
c IVJ_| a)oz <O_0>2 IVJ_| /12R02 a)(r)z (3'70)

Mg (3-70) FTLUAIL, M AR SCIN TH) rc URTAHXS R Vo, SRR
B Ro AR H B AT s WG SR BRI AR o o RS TE T R 10 4 A AR P X 4
TR BTN, T H AT s O RO AR 0o HRGIA S e, PR
PR VAT R 2 Ro Xof HICHHE e 75 PRS2
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Figure 3.23 (a) Relationship between speckle noise spectral power density and relative

velocity. (b) Relationship between speckle noise spectral power density and distance.
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& 3.23a A& 3.23b 73 7 VBRI S I DR EE E Sop(f) SAHXSIRE V. DL
PRIMFEE Ro K R (EE] 3.23a 1, RMPEES Ro=50m, WU & TG HR BB i
2 w0y 0.01mm. WLEE] 3.23a W LLKEL, ThEIEEEE Sp(f) BEAHXT IR EE V. 1)1
IR, fERE 3.23b, AHXHEEE Vi=10mm/s, HIEEBDERREEE ool
0.0lmm. M%EE] 3.23b A] LLKIL, ThRIEEE Sop(f) RHERNIEEES Ro IARAE
%o

(2) HIREEXTWIEFTHFI

IR 3.23 fiw, HOBE MRS B AR TP e A AR X dek. SR, A Ui A
O KZI7E 300~3000Hz, Ft, HOGHTEE M RSENNZRGHRESE TS
SZRBBEEEE T AR THEARI N WEANX (3-61) WLLKI, H
TR 7S T, S AT R G AR AU 2 A AL e - 55 n R AR A I
4, XL AR A 2 3 BUR Gt H 1915 5 IR o I ) AR A
JEP, ARALIREE R, Wrid RIr GO S BRK. SRR w3

T RS IAR K

Loudspeake

30m

B 3.24 (a) BUEBSERERHFEREEE. (b) BOUHTESMNARSE. (o BN ERF

Figure 3.24 (a) Experimental setup for verifying the effect of speckles noise. (b) Prototype of
the LDV system. (c) Target.
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B, JAsent R 3 P SIat T fa] 500 1 5 0 2R Se A 0 AR AN ) S
H, N 3.24.b Fs, SR BEWTREOGHTIE BTN R SR B S0 R S8 (B
JEARTE & O R GV WL SR — 3, B A VR LRI ) . ] 3.24.¢ R,
Wl H bR BB AR AN AR G A B AR VR A A, AR R IR AR
KRS

SERRIN, Oy TR DA AE ORI RS, S AR ARSI 5 oG L FLBh SR
b TR T BT A 43 AT OB N P ST o R, R R B AR A AE AR
RAFARAm N, b ik B~ A%y 500Hz BREES. 540, N T IRIE
RGEME LR R, RIEEEN 30m.
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B 3.25 BOBHTIES N RREAS FANEE TR ASESHBHESELE. (a

FEXTIEFEN 0. (b)FEXTEFEN 2.33mm/s. (c)FEXTE A 4.66mm/s. (d)FEXTEEA 7.00mm/s.
Figure 3.25 The Speech waveforms and spectrograms of the LDV-captured single tone with
different relative velocity. (a) velocity is zero. (b) Relative velocity is 2.33mm/s. (¢) velocity

is 4.66mm/s. (d) Relative velocity is 7.00mm/s.
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B 3.25 A [FAR T, SOt T8 & 0 R SR I E 315 5 T B
Hifig K. WK 3.25.a ATLURIL, HAHRDEE V=0, BIBA % BHBE8E ST
PET, AT E SO RGRIESE S 5HEELHAES B2 5. H2,
Kl 3.25.b 2 3.25.d I, BEAEROREME ARSI, REGRITEEE S5 IHE H IR
Hille ISR A, XA IMIE S ERIUARE RS, s, Uikt 5T
HERK, HFWREN W B, R ARLR . 4k, SRR H AT
VB AL B DL IR BOUEBENLI . W52 3.25.b & 3.25.d I LUK I, Fifi 5 AR X B
VoRISE AN, R P R it I (R s BA T BE K

i J SR AR, ICHLNR 75 £ G AR T T DU SR SR T 55
PR, ISR 22 RO A T TR Y, BEATAAERE OB,
BV RS, A TR RS T AR . BULRT(S, O T RSO
FORTROGH T8 3 (R GEROREM, 7T LB EAE I, B st EHIXE R )
PSR F 7.

3.4 KB
AREANK LB =TT

(1) BT LM SSC AL 1 ANFIM B )P ARAE 75 37 7 14
PRENEA. AR5, T IZIREIEA, BUET R 7 A FEM AL R T R RS0 R .
BeJr, M SLIGIOE T IRENSEIY A R . BRSSO 1) 40 PR 2R
P AR 3 AT B RSN, (AR 7 3780 G0, IRahie 5 TR
R o 2). e P AROWAEAS R A 75 37 T B PR B EEAR ZE A K, (HAZ2 AR IR
S L CRE AR 70 ) B/ T ARG @ HIA AL  3). B3R ] P4 U R BB 29148
RS, MEREUAT BRSSPI S, 4K 2R S B s AR S S
IER=R/N TGN RER T

(2) B FeLhmiz fTht BAR Oy R A 57 1 ARSI S B9 Bl e i) e 3k
B RJE, RAERIBOCHDERERIEI, BUE M 7RIS RS BOLAH 55
AT 2R G G B SN o B T SR IGAIE 1 2 T RHRE BE S 1 2R G A LE A 52
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WEFCR I . R G B0E LRt 5 R T ARG P2 R oin i 1 B, LA =4 3R A e 2 338
—EE LR (Ra>30), RS EME LA RS G I A BE L e sl , LI A 21 45
VA KR RS it e B LT

(3) HARBERHES 7 HABOREN S HOERBERE L. BOERA .
HUCREIN 25 R0 5< R B LA R OB 2 5 2. PRI VEA TSR 1 IO MR 7 1) ) S o 2
B A T O P RO AR 15 S DU R G, JRIE T SERG HEAT T RAE.
PRSI0 B . HORE R A 2 A 15 B 0TI SR G K U 5 (5 LR LA,
XL AR PAE BARK, HIREN o &, dRREEIiE SR E. [
I, BRIRMISCI RN, O ME R 5 g AR AT 28 G2 Te] Bt Al AR A X 12 3
AIRKKR, AAXHEE R, O Fam . RIOy 7 O, il
VERERR G AN AR S 3 A AE & H #5

MR A, — A EERIE H A2 R e, 500 R G A
Xtiazl, W A R BRI RRS N AR (HoE, @RS, R &k
PR R TR PR TGRS, R T AR R 2 i AN BEA Dy e 2 H A A 20K
N
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B4E HEBTESONRZESLE

T RO TEE DI RSN 5, Bk 7Ot REMI0 57 ARSI E H brik
FEIIRZ b, A5 5 AL VE BE M A SR 2 € R EERE S RS R B IR S5 5 10K
BN R - 1R E T R SENE AL DL S E— BfE , IRahil & H b ik 5g 1,
BRI, SRIUNE S S R EEERRTE S RS, B, EHEENE T
BELDON T SELE R R R A T R E R, AR E S RO A
B T PR 755K SR IS A R 5 e I DS AH 245 0 g R SV A SR MR 22 3 0
EHIEEES. N TIRAEEERE, KHIES T T 00 TE & 1 BRSO
B . Bn, RAES WY REVEY A TG & 158, 185
T RN E SR

4.1 BERETFNIERR

AT BT EFOCH TS U R GRS RIE S5 SR, 2O E

TRV . TR R AR NE B, R & i R R AN
E—AME SRR, EAOEE, AHREERRESES. KETS, B
RV AT 3 o E PR A I E T

4.1.1  EIFN

FWLVEA T ) 8 I PR 3 W2 4 1 T o VP AT DL E R St
NAE B R R IR, BN TN 0, F5 8RR M A e, JFHr
WHEE M SR R 2. 15 B AT L4584 (Mean Opinion Score, MOS )
2 P AR5 FH B2 3 1 3 WP 77 7

(1) EEE

TEE P — AT DL R T H R S I (R AR R R B AETR TG I R,
OIS Ta) N AR, 1B B AR SCRORFEREE N 2 T BB S AR o), AR
J o (A58 55 P R BEAB Bt o o 15 B ek 7R 515 S H0E s 424, JF
B F W RE R, B oy s S0,
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(2) MOS
MOS!OIFE15 32 1 22 42 1AW 3 42 B8 A 52 O PE 20 b 6 I 1 18 2 v 4, B
FT A 43 )~ 38 o0 VR N E S = A 7. 3K 4.1 N MOS PF btk
# 4.1 MOS Vi

Table 4.1 The score standard of MOS

MOS Quality Impairment
5 Excellent Imperceptible
4 Good  Perceptible but not annoying
3 Fair Slightly annoying
2 Poor Annoying
1 Bad Very annoying

4.1.2 EIFM

2 WLPEA A2 I K AR A 18] 22 R R PR AIAR HE SR PR A
M= R . BWIEIEANZ BN LR 90, EE SR, JFH.
AFTERKEN NI, 5FLB. HAr, £HEBERER NN ITiEa: o
BfE M EE . I - 75 H (Itakura-Saito) 3 & BB 35 5 5L & PP (Perceptual

Evaluation of Speech Quality, PESQ) [108-109],

(1) EfEkREE

fE MR EL A — AT I ROPOME 5 R BRI A, (Ho— RS e b A Re e
HRRGE S REE, RIMEEETENAE S, ARWZEESERREAR, it
N EER IR TE S S S PR EREEE, PTRURA T BAEMR L. 7r BUE ML 21
TS AR Wi Bl B AR B, SR 5 BT A 1 EE i BB A D Il o o
o, HESXN:

1 &
SNR,,,=—— > SNR(I) (4-1)

seg 1=1
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ANRA-D)HF, Lseg KM, SNR(NF R | MiEmtt, BEARTTRRA:
2.s(n)
2
Z[S,(n)—sl_n(n)}

A(4-2)F, sin)Foas 9 | EIARAETE &, s n(n)Ras 95 |t pgllatiE & .

SNR(1)=10log,,

(4-2)

(2 WEe-FHELEE

WG - 7 % T 2 30 A o oA 1 AT T R TN 2 8
) 22 e R BB S R R . ZE S m I ZE R ARG E dis KE X,
HuT ARIR N

of AR A |og
dy (S’Sn): o2 AR —In o’ - (4-3)

NI(4-3)F, oo M 05 73 AR TR AFRHETE T sn ATIATE & s B T8 I8 LR HE 2 5 Aen
A 2 73 T ZR 7R PR HETE oo AIIAIE 25 s AOZRME TN 2%, Ren A1 Rs 7330 R N
PRAETE B oo MTIIATE 2 s BB AR . BRGERES dis By, a2 B 2R
FRE BN, 1S P E .

(3) PESQ

PESQ 7 2001 4, H H fr & 15 B 2 5 #E & 4 21 (International
Telecommunications Union Telecommunication Standardization Sector, ITU-T)#2H
H— PP R 7k 5 A ZM PPN 7B, PSEQ B T ie
AN 5 A | o B2 S5 ) 3R 5 N SRR R Ik 38 e A B R, AT SR
B P, PR iZ 07722 B TS U PE0AH OC BE e (FH G E 0.97) LIS,
FRZ A& L2 . PSEQ F&d i TSR E 1 5 5 1 TE 5 1 & 2 ] i 2 A R
ZERATEMRIE SRR, HAXATRR:

PESQ=3a,+aD,, +a,A, (4-4)

AR@-4)H, a=4.5. a=-0.1. a,=-0.0309 NFHZ4, Dina NXTHRF-HRE)MHE,
Aing NAEXFRFEHBNE . PESQ 15706y 0.5~4.5 Z i), HAF/blm, WiW]
IR B R LRGN, 15 P R
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4.1.3  AICRABITENIRE

T ARSI B BN T 3R AT B AR Wi RIS ir i & (55, S mnllE
JEE KT AR TS & — AN E S, DR, A 32 DA PPN 1 77 P it
MAES . ENPEN P EHE MOS FIiERE K . 78 MOS WM R, W&
VEE FTAERIER 1T BEAL SR 10 42 B 5 A R

4.2 HBAFUNESESEWR

MRYE R —F R, BOLAH A& T 1 R s A R IR E B (A2
M B L) IIMSRAFE S S, PR ES SRS RS IR a5 B
AR, BRI S S SNBSS, N T EEMRRIREEE, &
XS T AT o

4.2.1 (RGEHKEEPEAR
(1) ERUREFE

TRV P AR e — P LU SRR U7, ¥ S LT IR RO AR T
IMARANCR: FH o A0 T2 AR U 140 A% o RELAEL 2 100 T I 22 05 BB A0 e i g 5 2
EEAG ) P A CASRAS DA RO IR 2008 1 o 01T 32 A A1 25 ) B AR S B 7 58 BiAH
i (phase locked loop, PLL), ki B B AE IR 26 ff i a5 110, I dbsigl y A
BB R FAAIA L o AT ) o0 5o A A0 S A ) 25 T B B — 3, S ISR
FELRFOME 1 R BORS RE, HEWR AN R . aniEl 4.1 Piros oy SERURIUR R ) — i
kD

Frequency-to-voltage converter Low-pass filter Scaling amplifier
| Voltage output
prop.to velocity

Figure 4.1 Simplified scheme of an analog velocity decoder.

+Vina

£+ Af(t)— /fc f > E

B 4.1 ARG SR R TR

A 4

W 4.1 Fror, SNSRI £ RSG5 . TSR - f R e g
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(frequency-to-voltage)= £ 5 2 M EhATAL ARAt)RRIE LG H e, 38 sk A ) e 1) 25 4
1) R AR AR BRI 2 A0, T SRASIRBAE BE i ds . — Rl &, AR
FEE AR 25 ) R I, R LA R i I AR KA B AR IR U A, FE B H Y
PP A S ) R JBOR #8438 4 P AR ORI RS 1 o VTR R PRS0 A A 2 L
TAESZTERIR, TEReft S, SERTmaRIAEA . o, MRS REAR KRR R EER
TG A AN, I BA S RAERER A Bk, AREH L
SEAHTEF WU 37 RN A

(2) FLOTHRE

FEOHEAL L R R — A E S RS 2 B 85 S IR E AR B
R TR . IR ES T, R A BOE A R, ERE 2 E AL pd0)
gl 7B I ECE A 2n i E. RIEAK (2-100 W15, B
B pa(R8 3N 2m XN T IR s()W 5 1 A2, DR bad s faf o g A S el 2 5 X
THECT SEIUR FROR LA RSN RS BN &, 0 HER 0008 A2 R E0 8.
M4 (FEZXAHHOD. Wb, i Bkt i AT R s E o e, BT
25k, ARG 2om P FEER, (HR, BTEORER, N B
PREEERITEOL N . SRS, FE0HEBuE R RENH TIRIRSIR . KYR3)
i L I B g vy, S TA AN B0 AR T35 5 DT A R 75K

4.2.2 EXMBESREVIERESHNRBEREE

VISR BAT RS . BRI al, IR S B DA S
IR SR A RS S T O H A B H 45 5 9 IR A0 ZU R AL A% A% I A A HE A
PASEEN R EROUAH T IEF O R G0 ] DU~ A B Ak AR E 5 0F H AR
ARMSITHE Ty, FIRET R R IE DV A SRR S 2 B it . AT, HorfEs
KEFRAEAF 5 JE, w] LA RO 15 & 0 R gt R & S TSR 7T, ikl
5, ALYV EE SEIL R 2 AT I 5 5 o
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Low-pass 1

Balanced Bandpass
Y Y p N Power P

Detector filter splitter B

High-

I
I
90°ph

speed | Unwrap
acquisition |
card J *
I
ul

Local Power Low-pass Output
signal splitter filter |
| IThe arctangent phase

L The 1/ Q quadrature demodulation algorithm | [demodulation alogrithm

B 42 FSAERER
Figure 4.2 The diagram of the signal processing unit.

IEAE MR R 3R IEASHE B S A L —, SR B &, 2Bl
Jifl, pirdithes. Bk, ASCl A RS BEIRIUE R AR T, X IERE
S 155 M PR TE V) S A S LA 25 AR (55« 1K 4.2 B 3R
W5 SAEVI S AAHEEA S & 15 5 A BRI . AT (@2-7) R 1, O R R34
I 5 N DB wi ATOIEBIE 5. AH R RN EALE, R%EE
i a], DA (2-7) AT AR IR A :

i~ (t) =ccos(ayt+ao,t)=c cos[a),ft +47”s(t)} =ccos| at+g, (t)]@-5)

NH@4-5)F, c AHIRIERL, W LRRN:

c=2Re([[ (% ¥){E (%, ¥)E: (x,y)} dxdy) (4-6)
IR, DU o AT, ERAHIRGE S )
e (1) = oS () (4-7)

BN ES e SARMIRG(E S o, ORISR E R IE TR
I PER A B AT B 5 wi(t).

u, (t)=LPF[i ()i, (t)]=LPF [c cos| mt+g, (t) ] cos(a)ift)]
=LPF B(cos[god (t) ]+ cos| 20t + g, (t)])} (4-8)

=%cos [0 (1) ]
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A (4-8), LPF AARACEIER A KUK, 5EWES wOM LK E(E
T uQ(t), B EIRINIAR AT k(M) 54 12 BAHEAMIRGE S Do

R, FERAHIRPTE 45 FE I B I B A 21

Ug (t) =LPF [i. (t)if, (t)]=LPF {ccos[w”t + @, (t)]cos(a,”piﬂ

=LPF B(sin[god (t)]+sin[ 20t + g, (t)])} (4-9)

=%sin [ o4 (1)]
FIFIEZRTE T wit) 5 ue(t), MARRIHRENALEE s(t)rl i@ 1k

=

MR LA R 5
DV ARSI A
A ) Uy ) A
S(t)=— t)=—arctan| — |[+—m -
()= ()=, [U.j (4-10)

A
AN OBV A BRI AT i 2 5 AR AR AR, DRt 7 A0 R A A Ad 28 45

SAALERAR AT B I . IRTEIRBNOLAZ s vl RAFEEE 5o

4.2.3 EWEESSH O
76 4.2.2 A5 HRHE H IEAS A 5 S E D) AR 45 A R iR Sk EE AR S 1 R
HEAT T, N T SN EL AR N B0 BT 12 S A A0t 2R G Aot IUE 5 FR S

HEAT T VBT S0
Object l

T

(c) B B 5

(b) BT ES MR RS

B43 (a) BHEGLRIER.
Figure 4.3 (a) Speech reconstruction experiment block diagram. (b) Prototype of the LDV
system. (c) Target.
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[EIFE Y 45em AbHIIRAD H AR SR AR A A 4R S, IR3h B AR IR EE B £y 50m
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Figure 4.4 (a) The waveform and spectrogram of the reconstructed speech. (b) The

waveform and spectrogram of the clean speech.
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S AE UV ARG & B S R] DU R A ] B S S (B2, EAEREM
e AR & ARG BEIAE 1000Hz LT, stk 2k, Xl TR S e
SHRENAN R SR 0o 34, A TR RS G 1 b mT LW 59 28] oA 15 5 52 ) g 7
T, IR W BEAR GG 36 B 1 5EHL

4.3 HTFOUMESESHERE

MG 4.4 ATLURBL, A8 IEAZE I 5 S AR D) AR GSS & B i R 52 n] il
FHTE S (ST, (HAR T RGP0 7 DAL D AR TH1 - 35147 P OB i) 7L,
S AEAT AL A T0TIE & 5 S A AE MR 7S, JX MR 7 2 7 40 T T AR T i A
56, ERART DA 7 S A 5 7 AP R N P SIS A A, AR, TR
Sel v BB P PRI P (S TR RE 9 77, DRI 7 S AR T 0T IR A5 R V8 5 AT B e b B . 4R
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1M, T EOCAH T8 S DTSR R ERE, A1 AR T 00 SRAT 1 75 35 o AR A R
VEAS R FAL GEiE & {5 5 AOWR 7S, ELEAE A BUAT (015 & P S0 A RE AR 11 A2 L
PGSR o DRI R B0 0T 1 & M 7 2R s BEAT AT ST, DA HE 3 Y AR T (ot
1530 0 15 7 1R AR T vk o SR DR R PR (IO S Gy (SRIG AT TR AR 5 B
AR AR TG & AT 70 A R B 7 AE AR T 5 o AR BUE AR KB

T S R s I 7 K
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Figure 4.5 (a) The waveform of the noisy speech. (b) The spectrogram of the noisy speech.
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Figure 4.6 (a) The waveform of the noisy speech. (b) The spectrogram of the noisy speech.
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Figure 4.7 The block diagram of Short-Time Fourier Analysis-Modification-Synthesis

algorithm.
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AH(4-18)F, Gmin N FIREIME. HEFAER, A (4-16) KR N:
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T 2008 fEARH, & FECHA BUKE & AR ALIE IE T 7R,

BT EEESERMES, P RR L P 2 I AR, BT Y(Lk)=
Y'(LN-k). DIk, 3l SR AR R YL Y (LN ER B EAE, ORSE
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Figure 4.8 The schematic of Phase correction.
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Figure 4.9 The schematic of background noise suppression algorithm.
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Figure 4.10 (a) The waveform and spectrogram of the raw speech. (b) The waveform and
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spectrogram of the speech enhanced by Wiener filtering. (c) The waveform and spectrogram
of the speech enhanced by the algorithm proposed in this paper. (d) The waveform and

spectrogram of the clean speech.
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Figure 4.11 The block diagram of the algorithm for shock noise location.
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Figure 4.12 Confirmation of the shock noise area.
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Figure 4.13 (a) The waveform and spectrogram of the raw speech. (b) The waveform and

spectrogram of the speech enhanced by the algorithm proposed in this paper. (¢) The

waveform and spectrogram of the clean speech.
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Figure 4.14 Traditional speech bandwidth extension algorithm.
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JRARH NI S T VS A B, DRI, AR SR A I R a2
FEARZ Mg A AG H, AEA F BONBRVE ELE fi-2f Z IR e i &, fH2
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BT HIRRE MR A&, AR MR & i 5 S @@y el oy f
£ 2y Z [ JER A% 2(Filter 2) LERAF il & B, A B s o s I 215
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Figure 4.15 The diagram of speech bandwidth extension.
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Figure 4.16 (a) The spectrogram of the raw speech. (b) The spectrogram of the speech
enhanced by the algorithm proposed in this paper.
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Figure 5.1 (a) Experimental diagram. (b) Prototype of the LDV system.(c)Capture card. (d)
Target.
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Figure 5.2 The spectrogram and waveform of the speech detected at 30m.
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FRIAT DN 5 PR P AN i 2 A 1 I T DU, HAE A7 R0 AR IE) (A
BRI, XUALERER 120m &b, RGBT EEEE 5. JFH, €
FHASSCHR H B3 2 AL BE 7 V57T B A e 7, B =i & B 34, BRBE] 5.2,
Kl 5.3 LK 5.4 FTRURKIE—/MEATE SR ARIRSIRSR)E &5 5 5
BACMEZE R, XM 2 R TN PR 25 038 b @om A . fEARSEERh, FETNER
B9 120m I, REVIAE I HIN BRI, RIS EE SR E, IRk
S CBERHRD AR (40D I, SR TE S E 5 R ERTF. X—4i%
U B 3 5 1 B AR B H AR T O6AR T 1 i) i E A
K51 MOS B

Table 5.1 The mean score of MOS

Laser coherent

Vibration  Distance Enhancement speech
detected speech
target (m) (MOS)
(MOS)
30 33 3.6
File Folder 70 33 3.2
120 3.0 33
30 3.0 3.2
Drink bottle 70 3.1 3.1
120 2.8 3.0
30 3.0 33
Computer
70 2.5 2.9
screen
120 1.5 2.5

5.1 8 B WFHOCAR T8 B W0 R SUaR U E 215 5 DLRARR B 3 5 15 5
[ MOS 137 (35E . WEER 5.1 rLIR IS Bkt —8ungiie, /. 1D B#t
HIBOCHTE SO RGP ERBOLEE R (2 120m) ATHFESES. 2) RS
EHESRIURTEFAE 52 52 2R (RT3, A A SCRFH I8 5 A BB AT ] 410
MR, SREIEEFE. 3) RGREUE S5 R R T B 2 g
Ko 4) AFRRSIDATKEAIEZE S REAR . EARSLE T, RV KN
TR BRI, IREUAITE A5 5 51 R 8 6 TR SN AR O ST SR AN ORI IR 35
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FHARE T TN, FORA R R O8I N, HER R S O 4
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Figure 5.5 The identification process of YOLO algorithm.
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YOLO & —Fh Sk ity Sk Myl 5002:, % S5 m )2 tH Redmon J 55 A1
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TR AT LA 45 5K MG, DU YOLO K ilid B2 A 243 F0 155 5K EZ 134181, 4
Kl 5.5 fron, YOLO A ek #5 mT AR O - 1 S84 an il 1] &l 23 MM > XA
RG] CNN P28 Tt 54> A% U BAE 2 (Confidence) , Hat®E AT R
N

Conf (Object) = Pr(Object)x IOU (5-1)
AR (5-1) w1, FHWE S, U Pr(Object)=1, <2 Pr(Object)=0. IOU
TR FAEAN S PRl FHER B R, KRR A:

_ area(BTruth ﬂ Bpred )
ou= (5-2)
a‘rea(BTruth U Bpred )
2~ (5-2) H1, Brrutn 1 Bpreg 730 AR S B SEHE AN TN 120 FALE o
PR LS R LA RS B & WAk RO NS0, A m] SRS ER G150
Score = Pr(Class, |Object ) Pr (Object ) x IOU (5-3)

BRLERET G, WEBE, JERIKI, FFREAT AR AL A HA ok
fE#AE, DI E s & B A, PR RS A A

(i, pred ) = max | Pr(Class, |Object) Pr(Object)x 10U |  (5.4)

i,pred
AR (5-4) ™, | FORTIYMERIZ, pred R TRINVIR AL E -

N T BAIE YOLO SET] A R B s 3 N ORI A& F AR, BB N 8 [ 44k
BEAT T — MR SRES . A IKSER I SESR A Y Intel Core i7-7700.  NVIDIA
GTX1070. 32G WAF. KRS — PR EIIZGEIEE . A0 HBds 52 B i
Hm e, B F BRI ER] B o xS A N DL SE AR
i L LRI VE RSN B bR, BIIndERIEs . 400, BT RAORSE . v T
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PERMNASE, WX YOLO S AE LAl i) 14 e .
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Table 5.2 The precision rate, recall rate

Precision Recall
Human 99.89% 96.49%
Objects around people 89.17% 92.15%

YOLO Bz, AFZRME 5.2 Fin. L RERH: KRR
] YOLO 53k fens i el t AL A A A AR B AR AN BRI o I ELHASI
S T A2 SRR, PRI YOLO BEETE e 2 LA A2 4 B 4% N G AGr AL A3 4
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Figure 5.6 Schematic setup of the double model detection system.
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Figure 5.7 The system implementation flowchart.
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Figure 5.8 Experiment results of double model detection.
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Figure 5.9 (a) Laser coherent detected speech signals. (b) Clean speech signals.
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Figure 5.10 (a) Laser coherent detected speech signals. (b) Clean speech signals.
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5.3 mEBEHIEANRALIEHR

BLUE N VU EEA R T8 N SRIIE & 15 5 TR i 18 N S 6, 2 R0
ARAP—Fhe B TREARMA I AL BIEERA, DA BN EY IR SR
WAL BEE N R EA R B S T R 1R &, R 2R TR EERERS
IR YRR B, (45 Ui i N TR RS2 H 3 5t 32 A P e R B 2% A 1 o B SCRT
H O 15 S 00N R G0 m] IR PR S PR R SRS . BRI, TEARSEEG
BT SR H )z B B ] BRARAE T OONE B, HEAT T R B uE AR SR

5.3.1 IZESMINEEL

BEUE N VU AT 1 B3 N ZRFIR A PN B B o LEIZRIT B, ARSI ZREE BT
SRAERTE B IR0t NSRS o AE R R BN 5 JE T R0 (0 10 1 N RS,
PR PR ME S I BE N S o FHEAT 1, ST ISR EE S AR A 2 ST P it
E N —

FEARSEEG R, A S BRI PR B SEI =B N3l 7 50 NWiB& A
B CAU3E 28 N TIVERD 22 Nk, HRR A ARTE 25-30 & 20D, FANEE B
KAEINH Y 16Khz, KAER RN 1 4080, BETE. BT -S1EMIR30H brx T &
P R ARBN M 72, X 22 AR AR T & i s SRR B o 2R . RIE, A
TR VR N RB HERR T, KSR 50 B A BoBd 7 e A LA
PR A AVE IR

H T A SE SRR H 02 B e 2 5 1 1 A0 AT AT, DRI
JEAH T E BT R R IREE &5 SR . MRER RIE S RS d fR 5 5.1 1
EE DN SRR AAME . fEARSLI T, PR B FHI 50 NRIEE B CR&
PR A M. RIS T ORUESCER 1 1, IR3) H bs RS 1 2RK
AN RN s B AG e PR AR BN H AR Z [AIK [B] R 20 45em,  WOGAH 5 &
M ARG 5HRsh B AR Z [ (IEE B 208 S0m. [EAER M2, AT 3 E AT 0 iE
e, X RS E BRI TE & AT PR AL E (PELER 4.3 ).

B 5,11 IR AR 3 1 — 4L SR B AR . B as by ¢ 23 AR N IRBDY)
PR ERIS SRR DL R H I s BB SR B IE 515 5, d B LET (Rl
BRI A . BT 1 REEESHEIEE, 7 2 REEE SHE
.
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Figure 5.11 Speech spectrograms and waveforms.

5.3.2 EEHERN

B H R AE SR IR IR TR B 15 5 TR 3R I AT LS el 1 N RE R AR AE
A ULE N RSB R g — AN IS 4y . B [15]5 [141] nT 1, FRAR PRRAE BRI 2
PURHRF ARG 1) AHE B AT RRAE 22 e AT e/, AR U016 A TR RRAIE 22 -
WRER. 2) L. 3) WEE/A, FHPERI I HAEZ A ORI EF A
ST o 4) 73 8] | I IA] () S A /N o« 5O AT HME R . Mel AT 4513 22 3 (Mel Frequency
Cepstrum Coefficient, MFCC)s& H Hif il % H i 318 NFIE R e —, & HREA
ALE IR 2 5¥E NAHSRIIE B, 3 B B A B G Rk, TEARSER
W MFCC 1E 18 & R REL

MFCC HFHIESEHCA] KR E 55y 5 AN B 11090,

D fibH. Bt EEXEEHETHUNE. ol & INE . £l
ABTBUR, BIAEE x(n)2N xi(n), HA i RoRwUE IE |
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2) JEIH SIS, EZM B, A8 RS AR A AR R AR SR 45
ST
X (i,k)=FFT|x (m)] (5-5)
) LR AR, R B, TR AU 1 e
=[x (i, (5-6)
4) Mel JEUISUsk RSB H4T. R ER, TR E B A Bt Mel
PEI AR G e 1 Z I FE A] PLR R A B BRI e & E(L,K) A28 k 251528 5 Mel
VEWE L Ha(AIR, f5/5 FAR N

S(i,m)=S E(ikH, (K),  0<m<M (5-7)
k=0
A (5-7) H, Mel JER AR Hn(K) AT R
0 k< f(m-1)
k—f(m-1)
- F(m)=f(m-1) f(m-1)<k<f(m)
" f(m+1)—k (5-8)
f(m+D)=f(m) f(m)<k<f(m+1)
0 k> f(m+1)
0<m<M

AR (5-8) H1, M ERIRA Mel JEHEARH IR AN f(m) A ER A 1)
HULIR, FIRINN:
f (m):(fﬁj I:m_ell (Fmel ( 1:I )+ m Fmel ( fh)_ FmEI ( fl )J (5'9)

. M +1

A (5-9) ™, N RRBWEFEE, s RARKER, fi RRRIIER, i &or
B . BRI Fnel TR A
F

mel

i (b) =700(e""*-1) (5-10)

5) DCT kit EiZMrBt, XRIGH Mel JEH I AER S>i,m)>KHL
STHUG St AT B B4 3% 48 ¥ (Discrete Cosine Transform, DCT), f#n]3k75
MFCC HFiE R4 .
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zZn(2m-1)

f | S -
mfcc(i,n) Z og[ S (i, m)]cos[ v j (5-11)
A (5-11) o, n RRH n KLk

5.3.3 ETF GMM-UBM it iE AR HIER

SR A 1A (Gaussian Mixture Model, GMM) & H i 9247 5 S0 A TE 55 1 153%
MR S 0421900 R R AT R g 1 AR AR I SRR A A Ui ih A
Bl —> GMM 8, SR THEE S TEAF GMM BB R R, &5 it
FEERGIA T 5 7E AN ) GMM AR e (R SR ST, Ui 1 A BB . SR T, 12462
X TAE S R SR R, IF B IR AR 1 1E B K A 2 i, R
REANEE. BRI SR (Universal Background Model, UBM) & —ANiE i X AN [H]
PR A BE S I Rm A 20 KB GMM B, — s, — 4> UBM BEAL AT
PAFEAH AR R — AN R AR 5 316 AT RHIRHIE A . R, 7E UBM
R b, A8 S AU ZREE A vT I 5 AT DA 7R 43 S AN B 1 AR GMM
BERL, T R] DA BRI REE RTINS R . A S5 H GMM-UBM
RRARAR UL TE A

GMM-UBM &A1 1) ik 75 AT R Ay «

D R IEIZREE  101E B RHIE R B0 UBM AL, iR T LLAE T M

A e ST G 2 R B B AR«

P(X | Ay ) = pr

M . (5-12)
Za’. W {_E(X_:ui)'(zi)l(x_lui)}

A (5-12) 1, pi RN TERE R, e R t MTHRHIE R, D RN
T, wi RNFEARRIIIME, SRR 250, M SR m o Am 2k
=, oi ANERET, FHHWL:

Z w =1 (5-13)

2R (5-12) W4, —HIR1G UBM B K125 Ausm={wi, wi, Zi ME AT Hf
B8 UBM AL, o Rk At (Maximum Likelihood, ML) 24511238 Ausm 1
—MNE I TT . BRI N = t=1,2,.. T} BUR B H T R
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L (o %) = POX ) =T TP K ) (5-14)
A SRHUAUR BRI L e | X) BIBORAEL, A8 AT Y 20 Auewm.
e =argmax L Agy| X ) (5-15)
SROECAL AR PR A L(AmaxX) B B K AE 7T SR F 85 K HH 2B 4 oF 875 ( Expectation
Maximization Algorithm, EM) . EM ByARIsLi & — Mk RE L,  EARRIE
RIFEH, R ML AR S EL Avem HORETT . TERFUGEAR A, #RL A0 2 «
L (s X ) 2 L(Ausnt*| X)) (5-16)
A3 (5-16) 1, k FoRIEARRE LB EM FUERS, e T EE U4 Q:

Q(AUBM,%BM)=;|g[L(AUBM|x)]P(k|X,%BM)=§|9[P(X|%BM)}P(k|x,%BM)

(5-17)

EM SFykseBlid #En] 7 AR #AEE (Expectation) Al Kfb (Maximization) P54

BB AERWER, AR Q. R A, TIARYESH B K% Q K2 {wi,
i, Zi MRFECH O I B . T8I AN 8 X AN B BRAE AT A 1 2 Aueme

2) RGN UBM B REATE -, AR NGRS hdg— i 1d A )

FRESH, AT AN EE AR GMM B8, (B | A7 UiiE NRHESE0N

0= (01,02,...,01) » MiZUHANFHESHE UBM FER UL F LR 5 -

P (o) = P (0] £, 20

I (5-18)
PICAACN
=
RIE AKX (5-18) , HEFFES | ALl th NHIBUE . MEMS 2.
n, = P(mo,) (5-19)
E,(O)= nii P(m|o,)o, (5-20)
2 _i : 2 )
E,(0%)= 2 P(m|o, ), (5-21)
MHEEBSE, THES VAU E A GMM AL
&= IT+(1-a,) o, |/ ¥ (5-22)

tn=a,E. (0)+(1-a,, ) 1, (5-23)
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32 =a,E, (0%)+(1-a, ) (25 + 1k ) - 2 (5-24)
AR (5-22) w1,y NPT REL DML
M
Y.a =1 (5-25)
i=1
AR (5-22) BEARK (5-24) W, o NHENETISE, WRRN
g = (5-26)
"on +r

A3 (5-26) H, 1 AUTE AR GMM B85 UBM A 2 (A CHREE, 8% n]
X 8~20 Z [],

FEFREL UBM BRI UG A1) GMM A (280l T, v 52000E & 72 UBM
BIRFNREE B 30E N GMM [P ERLIA LE , HRIESRAFASA LE it /N X v
Ui N By o ASRLLEOR, T B BTSN .

score = log P(C | 2w ) —10g P(C | A,5u) (5-27)
A (5-27) H1, C= (C1,Ca,...,.Cr) RRMBIEE MRHIES L, Vowm FRH |
Arifiil A GMM 524

5.3.4 mIEEUIENRBISLREER RS

N T SR UE B B UG N VR T AT, AT TP SRS . SRR ania AR K
5.12 s BEASSRIR ] 73 NSRRI AN B . EUIZRRY B B SR SL I SRR
TERHEE o ARG AE N ZREEAE & h SR IBGE S RHE R A S FHE I 2R b 115 & Rk
FHHE UBM AL, e UBM BARUEEAN b, AR s ZR8E b & — AN Uiid A
GMM KR, DL SRR E S aE R 5. ERBIM B B el SR s S 1
DNAEYR, A3 E RO A T T R SR G B S 7R R, R IR A T
D25 HAE AR o AR5 PRECMNA AL 15 7 o A5 SR IE R 5 iR A
V5 R E R BN C 2N ZR4F B GMM-UBM BRI LR IR B G A . 4355
WIRER AR AR A ar 1B B RRIE REUW I LA S, GMM-UBM BR [ #4)
ZAE 53.1 £ 533 WHATHER, EHAHEZNE. ASLkd, GMM-UBM A K]
AEREY 1024 4k, FF HATH P0G ERHE R B MFCC &0 1 @b 25« BIREAME
(Cepstral Mean Subtraction, CMS) “5Z# A, JH4EfE Ny 39 gEl4 142,
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Figure 5.12 Flowchart for remote speaker recognition.

M F4545% % (Equal Error Rate, EER) PP 8Ar A 1 BB 1 (%S s,
IR HE RPN P R . — MM, EER K, U045 L. KRz
B (Detection Error Tradeoff, DET) £k th 2 VFAN P18 N iR 5 KRG EREE 217
ITERE B T IZ T2 — o TSR BRI AL AR 3 1) %of IR 8 5 1 52 2R Nl
AR LR AN O A IR 5, DET H 2R S Ur AL b iy, FCR 10 R (142,
ARSE ., KA EER Al DET B RASE K. & 5.3 AIRS) B b5 0 9 8k
B0 WSRO FRL N 2 7R B I AR AR AR T 0I5 & ) EER. B 5.13 J9AHX R 1Y)
DET MiZKl. 54b, 73 5.3 /5 — 17 7 HFHIESRE & ) EER Lo
PEALLLEL, TS AR S22 15em.
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Figure 5.13 Speaker Recognition DET Curves.
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®53 UENRBIGHERE

Table 5.3 Speaker Recognition EER

Vibration target Speaker Recognition EER
Plastic bag 5.2630%
Mineral water bottle 15.7895%
Computer screen 29.8246%
Mobile phone 1.4620%

SIS LE IR RBN H AR AR SR KO LA B H G s B B AT 3R
BB & 316 AR5 BER 230908 5.2630%, 15.7895%H1 29.8246%, FHI¥{H EER
N 16.9590% . F-HLFHIE S PIUTE ARG EER v 1.4620% . W% iR sSLEG 2%
ST DA I EARAR T o PR s AN TR 45 R T F LS & s A
RN ZER, AHR A BRSO AR T8 5 D0 2R G0 F 022 P 2 00 A 1R ek
RIE R /1. BAh, &R FR SREe 45 R — A LB T 5 T 5 AR 3)
AR LG, Pk FH RSN B bt T 58 & RSN R 2 o 4518 i LR B
bR SRS N B 527 B ) EER LA B P ASCRE T 0T 15 2 AR A 0T 2 Fég 7 gt
FRIAE, K, Xt — P RS — DN GERIHRS) H AR5 T HO6AR T8 &
0 ) B

5.4 KB

AEAFEE =AJ51H:

(DFEAT T HOCH 15 F T 556 ISRBUZ BE B 15 5 5 5 . SRIR 45 RR Y
HAHBOCAH 15 S R G SRBOR R R (220 120m) ATHRE S (S 5 .

(2) 45 HYRBOCH TE ST R GNP i 2 1 R % R 4
PASE I B B AL 1 5 SRS I o SRAG A5 SR AR UE 1 XU IS I T AT e, 1K 84
JE KRR 47 28 48 A7 i AL A1) B2 T B A

(3) £ EWFBOCAH T35 & W0 AR SEaR U rT BEEAE 55 S O SEal B, 2T
T B R UL N RS . SR EE AR 1 I B B WO TS TN SR A B
B AR AU R 7
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Lo M8 T AT W BOETE S DU 3%, R 1 REOEAR T 2 5 8
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AT 51N B R 7S o A SRR B Ag PE1 18 17 RSO P P X Aol 105 5 FR) S2
s SR e, HeAh, ARTEEIR TG T IO A 1 DR

4y N TR OGTE S DTN R GER 115 B A SIER R S I EOR, A
LR 5 RAE VIS & R SRR IR SRS . T REEZRSHIES
5T 22 B TP, FF HBOCAR T OUE = (e = 5L geih & e = R A
R, PEAH B 1 O T T TR R AR, B AN RS RS, R
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