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RESEARCH ON VIBRATION MEASUREMENT
ALGORITHM BASED ON HIGH SPEED VISION

ABSTRACT

High-speed vision measurement technology combines high-speed
cameras and image processing technology to take video shots of target
objects and extract vibration information through image analysis for
signal processing. The development and innovation of this technology is
continuously driving industrial and scientific progress as well as
improving measurement accuracy, automation levels and data processing
capabilities. The technology not only provides a more reliable and
efficient solution, but has also won the widespread attention of many
researchers at home and abroad.

This paper firstly briefly describes the research background of
high-speed visual vibration measurement and its development at home
and abroad. Subsequently, it introduces in detail the components of the
high-speed visual measurement system, as well as the calibration method
and measurement process, and derives the imaging geometry principle of
the camera in the system. Then, this paper starts from the two aspects of
displacement extraction methods based on template matching and deep

learning, analyzes their features one by one, and proposes improvement
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methods for their in-depth study. The main research content of this paper
is as follows:

(1) Aiming at the problems of low computational accuracy and
difficult measurement of small vibrations in the process of vibration
displacement extraction, this paper proposes a method of small vibration
measurement based on video amplification and improved edge
information on the basis of template matching-based displacement
extraction algorithm. First, the Phase based Eulerian Video Magnification
(PEVM) algorithm is used to magnify the amount of tiny changes of the
object in the video; then, the sub-pixel localization accuracy in the
template matching process is improved by the surface fitting method;
finally, the traditional edge information extraction algorithm is improved
to extract the important feature information to create new templates in a
more efficient way, which solves the problem of high time-consuming
template creation and also reduces the matching points, and realizes the
adaptive search step by setting the threshold. Applying this algorithm to
the tuning fork vibration frequency measurement experiments, the results
show that the total consumed time of the tiny vibration measurement
method based on video zoom and improved edge information is reduced
by 79.09%, while the tuning fork left and right side frequencies are
255.5Hz, which is similar to the natural vibration frequency of 256Hz,

with only a tiny error of 0.1953%. This result verifies that the tiny
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vibration measurement method based on video amplification and
improved edge information can accurately identify tiny vibration features,
significantly reduce the computation time, and improve the computational
accuracy and efficiency, thus realizing the accurate measurement of the
vibration frequency of the experimental object, and ultimately realizing
the visualization measurement of tiny vibration.

(2) Aiming at the problems of low measurement accuracy,
insufficient anti-interference ability and poor robustness in the process of
vibration displacement extraction, this paper proposes a displacement
extraction algorithm based on improved You Only Look Once Version7
(YOLOV7) as the research basis of the target detection method, and
applies it to the bridge vibration frequency measurement experiment. .
First, in order to improve the target template detection accuracy and
accelerate the target detection speed for effective feature information
extraction, this paper adds three modules to the network framework of the
original YOLOv7, which are the Improved Spatial Attention (ISA)
module, the Channeling Spatial Attention (CSA) module and the
Enhanced Feature Extraction (EFE) module. Then, by decomposing the
captured bridge motion video and creating a new dataset manually, the
improved YOLOv7 target detection algorithm is used to compute the
displacement from the position information of the detection frame frame

by frame, so as to extract the displacement information of the target
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object in each frame; finally, the vibration frequency is obtained after
spectral analysis. The experimental results show that the measured value
of the bridge vibration frequency is only 0.02 Hz different from the 20 Hz
set by the actual vibration source, and the error is only 0.1%. This verifies
the accuracy and robustness of the displacement extraction algorithm
based on the improved YOLOvV7, which can accurately extract the bridge
vibration frequency and effectively reduce the interference.

(3) In this paper, for the problem of noise in displacement
information, two denoising methods are designed-improved wavelet
denoising method and iterative Singular Value Decomposition (SVD)
denoising method, and the effectiveness of the denoising methods is
verified through simulation experiments. The experiments show that the
improved threshold function has the highest PSNR value, the smallest
MSE value and the best denoising effect compared with the data obtained
after denoising with other threshold functions. With the increase of the
number of iterations, the residual amount of noise in the displacement
signal obtained by the iterative SVD denoising method gradually
becomes less, and the denoising effect is further improved.

This study aims to realize efficient and high-precision measurement
of vibration displacement and provide effective solutions to meet the
demands for high precision, reliability and automation in signal

processing, vibration analysis and other fields. Through experimental
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verification, these methods not only show good results under
experimental conditions, but also have a certain degree of universality
and practicality, which provides an important reference and support for
the further development of the field of vibration displacement

measurement.

Chu Dongting(Electronic Information)

Supervised by Liu Bingyou
KEY WORDS: vision measurement, vibration displacement extraction,

template matching, YOLOv7, denoising
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5

LA}

SCHRI 78 % B A DR v A SR AR LAE FA F 0 B b OR 47 A5 E FIAE 3 o B R 4
FHAG KB F FE AN B NP 56 H AR HEAT BEMGCRFE I B B g8 o RN iy B S AR ML
FI T tRod s 3 B AR A (37 55t 0T S 4% ] 7 e B 7R 2L R M RS E PEA TR A
B DR D SEAR L RE S SC I ERER B bRIg 3 JF B8 i R

AT IREEGFR R, RIECR S MBSR AR E, ASCRH TS A
EF-200 HI3AJE LED #MGAT RN BEBDGIE, B LK 2-2.

&l 2-2 EF-200 ¥£J% LED #M6AT
R T HABIE B 258, ASCRAM LED BIEAMNCIT BA WS MIRET, i5e
R AR TR REHE T LR SR O0 AL, T DUR Y H0 £ S B R B A R
A 7 1) R 5 DG AR R B G R B2 A1 CURIRE, W OROG 2RI S 2 A AE S ERR G5
AN AR SO AR T H IR R BRI Xk, PRIE BIMECREE U= .

222 BEGRELRE

REGERER BRI R BIGEREEE . BIGRRERHR. R,
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12877 30 A R BRI, [ e R B ) ml B L T RN E AR
IR ER A AT H bz . BRIk, D9 7 SREE B AR R, 2R IE
iy BURRERM G AR E

J62E B R TE AR B PR OCREAE A, T U A B R IR R . B
e 57 B2 T M PR TR T S S S S B P M B . BT A R G
PRGBSk B OCHE B, 7 BRI IR R R B AR Bk & & ik 2
B, GfRRE. OB X AEREBSAE. BESkAREE LR TSR RS, iR B
7, RS, R B . R RN R I FE A SR, BRI
B IGIEA B TG A TR B i MR, SEIR SR RBUR .

FE SR LR AR AE R AL RS b, AR ER F AN LR . — Hok
eI N Bk, EAIHE R A B AR IR AR T b, EROBE S B HE S
o BUR ALK X S p 5 5B B TR ek e R T R E, & ERR
FERB S, BHRET G . RE, XER RG] LaE Lk
HAh AT A7 SR BT RE— D AL B . X — R BB RS T AL
BT R I R AL B R, Dy 85 i 2 FH SR T BRI o o 0 MG AL R 3R
R A5 A & R S A 2F 2 8 (Complementary Metal-Oxide-Semiconductor,
COMS)A% [543 Al B 177 # & %84 (Charge-Coupled Device, CCD){£ & 2% . 1 18 2 H 4
& B A W ¥ ¥ 5 1k (Back-Side Illuminated Complementary
Metal-Oxide-Semiconductor, BST CMOS)f% & #5 Fl 3D &/ # . 1X L& 5 A5 2% 1Y)
PEREFE PR XS LL L R 3R 2-1.

B& 2-1 W FH TG AL R3S R FE 0T L

ks ke SRR JRA PRIT15H
CMOS B = B R
CCD B AR 3 4]
BSI COMS B [ B R
3D B g 3 4]

HIZR 2-1 AT, 2 DUAS B AR I 1O PE RE SR AR T LUK EL,  CMOS A1 BSI
COMS ITIFERAR. ML R, RITEEARELR, 1 H CMOS A RAK, Z%
BIE, CMOS ARIRES MIPERETE bR, SO SC R I FE I ) CMOS 1%/
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AR SCHIE FE RS T A e AR DL T IRR s SR L M220c WL 2-3, g da
PRI 2-2; MEA ARG LA 2-4, HAERERUAR WK 2-3.

e

K] 2-3 THEIR M220c &g 1%k K 2-4 EE Y5k

F 2-2 ENEREAL M220c FRE N REFE bR

IR 1920x1080
BIC R 10pum*10pum
IR i
1920x1080 20001ps
g 1280%720 3000fps
640%256 8000fps
640x128 16900fps
WAF 64GB/256GB/512GB/1TB
(ST 1~4
BTG 60dB
RIEPSE 1S025000M, ISO8000C
G B[] lus
B F M) E(C)
(GRS S SCHF
AHBLEE F CI/E NCZHFRBE L, JBEEF M)
i <40W
72x72x95.5mm(C 1)
JSF B k)
72x72x98.5mm(E 1)

11
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R 2-3 LB EREHUK

(S Sc oS 99.9mm
B 84113 WA
BRI FE 40cm
iGN 1: 5.6
LA 46.8°

2.2.3 IHEHIEHIIE RS

EEAL I R G T R AL PR R G B RGBT R .
SIS A S0 R AL BEALE PR, I il 5 B L 3R ) B R i 1A 5K
AL EE, A A O EEE, CET Dot B, W gl E S
WA, ZARGRENG LB SR IZ 2 H AR BAS TEIN S AT

THELHUYE RERGT, MUPRAL B B AT 1 A5 Ak PR SRR X MU [ (1 A B 77t
HURGE, SO PRI SRLR TR RE A& SR T Ry AL R 5 I B AR SRR ARG L Y B
B o AP R SR 2N 2 MR, RN AU
SHRPAFIBATHE WK 2-4.

® 2-4 THENUEEE L E SRR A EAT A

BT Ab T 2% 3 4 ML RAM BV A R AR
B 3.2GHz 16GB Matlab2018b
gl 6GHz 16GB PyTorch 1.10.2

2.3 SR ENERFHIFRE

AL R B E AR IR R GO R FE A el SEME ) s D IR . HEr, [
S R TR oy =R A T RS AR LR B TRB43S) | A 4
AEALAR B IEBORARNL B bn € iR =25, 2 Tk, ATTEVEAAN FAINLRAR 1
FEA JEFAN DA _EAR BN ANLRR E J7 1.

2.3.1 ARIGJUITEAL

AL RE T, 7 2R =4 P IS B Ak 4R, XTI R AR
NG U . B B T ARPR 2R AHPLAARR & L 81 T AR R 2R DU I A

12
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P 28 2 T [ 22 [a) AR 46 40) . FLATIT 5, XA bR 28 22 18] (A BBl fih 1 AHBILIK o B AT
LA, ULHNIARRRIZE. BRI R A H A D RN 2 8] A8 #5522 ML IET 2-5

FAHLAL bR 28 A2 LIAHHLOY O S 1, SR VI RE AR MR RO BN,
AP AN T4% o ARPLAL bR 2 P (1 B ARHL N S Btk AT 8O AL 0, 15
BB T ARAR R TR o BT AL bR R FIA 1 ARPLAG S R T AR LE BT
[ E AL R, AR T = YEA bR R . R AR R8T TH AL bR R
AR BB RS, B DR RBLRIR . AR R R Y A =42 [h]
AL EFLEEH S R, RAHPLAAR R HEAE . PIRLE T S ARDR 2 rh o AN
SIS AR B EBNE T AR bR &R, R Jm WU B 28 (1 B R AR AR &R o AHBILAR
AR rh % AR 2 2 T e e 2 2-6.

m=[x, v, 7]

ik TSR 5 /{ Z,

mgens /)

Z, 0, ——4
0, S
m= [M V]T ‘///I
v,
5 g
v Xw U /, 0 g
G 2 LSRR

Ny 4

(R’ t) " v Yy
I' Xi
0. "

FEPLARAR R
Y,
Kl 2-5 B H& AR
5 AR R m%%&. FAMLAL KR 2
(World Coordinate) (Camera Coordinate)
liﬁ%ﬁl 582
g iy . .
Pl A7 e 1BF TALAR
(Image Coordinate) (Image Plane Coordinate)

Kl 2-6 FHALEUE IR AL bR REAL R R
25, O MELRE, m=[u ] FIM=[X, ¥, Z,] /5N
i 2R o R A R E R — 0 IS EL, 7 FRAR LT SR, Mt A b

13
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BPAAPLAL bR 28 T WIRA e, wT A 2- DR

Xc Xw
Y, {R 1Kv @)
Z | |0" 1)z,
1 1

Rk, [x, v, z, 1 5[x, vz 1] HHURENAE M ZE S
A R AL ER R0 AR AR, (R) FROAILIISM S8, Hor R At 5351
RN 5 PR 1]

Pl 5 Al i 2RI T A 2R 402 i SRR P R PP 1R 5 0B % 1S 7
Jo b, R R AR AT AR TR0 . (R T T ALER 2 5 BUR AR R 1 B
B R AT LUFR LR 5 AR BRI A 2 7

u lVdx 0 u, ||x
vi=l 0 ldy v, ||y (2-2)
1 0 0 1|1

A (uy,v, ) NI AL b7 A TE B AL b b H A
AHLA A 2R B — S T TS b P I o ] A e A

x _Xe
/o Zc D{Zc'x:f'Xc (2-3)
Z_£ Zeoy=f-X.
foZ
A, fROSHNE R, R (Q2-3)& i TR AR FR AT S N
X
] [roo 00l
ZCy:OfOOZC (2-4)
1 0 0 1 0 lc

ZEaNQ2-1D) (2-2) Q-4 AR BANR R G M FANE R K RATELRN:
X,
u a 0 u, 0 ¢
m ) OI[R K o
¢ ’ o 1|z
1/ ]0o 0 1 0 ‘

-
\ B 1

A

14
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R, a=flde, B=f[dy, 5EMEARBYNNNSHISERE, (aBup,vy) K
ML S, PR NAHNLS H RS

232 KEKIREE

SRECPR A5, XFRTKIEAChR @ik, s —MAblbs € 7%, T E L
KIPNEB AN S K, DL BEAT HEB ) R I S AT 55 2057 3 T AL L
IR &, X SR LA IR b E R T IS, IR E BRI R IR
M IX AR R AL B G R, AT LISRARARLI N AT SN S . 7k R e ¥ A
XHARBILARE P PSR AP ey AR ] B SR A2 NS0, 3Rk, XK IR
PR IEMRT H R 2 . FELI AR SE S 2-7 P

& 2-7 AHHLbRE
WL AR LR, 2(2-5)FE 7K bR e v AT AR IR O

a y u,
si=| 0 B v, |[R t]M (2-6)
0 0 1

A

X, m M 508 s m 5 M 5 IRAER, s NRERT,  y NGRS
A R R EL

FEAE SR AL R S AEN LA bR RS, It FRARBR 21 B T FR e R T AE I
Pk, Z,=0, WKQ-6)ATAE -

u X
Y w

s|v|=AlL 1, 1 t] ZW =A[y, 1, t]| Y, (2-7)
1 IW H 1

b, FEREH YN ZSHERERSN SR M R SRR, BLI D 4 AR Y

15
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AR RME, Mk, 4H=[h, h, h], W#HRQ-HL:

[h, h, hy]=24[y 1, t] (2-8)
A, A MEEE, AR S ZHEEs, BUTASHERERL R R K

{h{ ATA h, =0 2-9)

h"ATA h =hl!ATA"h,

A, Z8h A h, AT DL IS AR (] R0 B S8 2R SR . RN S FE A
(1) 5 NS EDTES DI, ZHYT RDFEE 3 DREREXR R R, MiXE
FE AT 7K IR 8 I 75 EEA W O R R S B — AN EH R R AR N SR A
M5, B

I i _r VoY — U3 1
o o o’
Bn B12 B13 181 (v —uﬁﬁ)
B=A"A"= B, B, B,|= _% 27/ 2 _%_V_Oz
5 5 g “p  dF P F B
13 23 33 5
VoY — U 7("07_”013) Vo 7(V07/—M0,5)+v_0+1
| aZﬂ aZﬂZ ﬂZ aZﬂZ '32 |
(2-10)

b, RERE BRI ARAERE, FLZH0a] LA BUR A R
B

B..B By ] (2-11)

229

B

13>

b:[Bm 12>

BATA, =[hy ok | (1=1,2,3), W

h! Bh, = VUT. b
| . @)
v = [hilhjl 5 hilhj2 + hizhjl 5 hiZhj2’ hi3hj1 + hilhj3 5 hi3hj2 + hi2hj3’ hiShj3:|
i A(2-9) T RN A
iy
, |b=0 (2-13)
(V11' sz)

AR E R, WSR2 HMSN S AR T i, HABORT 3
i, FTULEEII SR rA WSERNSE, 5%, 8 EXQ-8)n IR ZHE
MRS, SR ERTE, AR NSNS B

16
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a =4/A/B,,
_ -1

ﬁ:\//an/(BnBzz_Bé) " _AA_lhl

b et =AA™h,
y=-B,a'p I, = I,XT, (2-14)
Vo =(B12 B13_B11 B23 )/(Bll B22—B122) t= lA'1h3
U, :V07/a_Bl3a2/ﬂ P 11

_ 5 NS Tl A
A=By—[Bi+v,(B,B,=B,B,)] /B, | Ja™h| A,

WL LR, rTRORAEHAINLA SN S H. SR, AR, ) RE AL
T IR R N S IR A e A RS i, SKIEACR - KR TRk ik
RMSHIEER . € P R 8 T

~t(AR,t,M, (2-15)

iﬁ%1g%%%i¢ﬂ@¢%%]4ﬁmﬂ M AR j A s ) 22 1]
AR, (AR, M ) IREVME M HIRE A . B/ MOV e L, 7T
CASRAS i AR S LA o EAT AR RAASRAG TR T B 7 2 2 kb e B i, 22652
N T IR ESHAG T R VEAT S e . R 2 5k B, BATRTEAAAF
FEAAN TR 26 R SR AR 45 02, AT BE 2 30 2% FE AR LS B AR (AN ANt
Peo EHERHLLN, FATBATEE 10 5K PRSI R R OR bR € RS RE . — EL
€ 1 EIRHE ISR TR S wa) UL R AR S SR RS 2 8] I ELRRR
R o R ITIRREVS R AIZ B I ECSAE, M52 iy 1 I B2 2R mI 5 BE AT e A
Yo Xt e BB AL B AT 7 B SRt 1 AT SR SE A

2.4 KREBINGE

H5E, AREAX EEAL I B R GHEAT T RGBT X RGNS K
P RHS Y, BAREBRERE . WA G U EER RS, #1778
BT . SR RET, PR T eI ThRE . SRR R DL E I VE
FEETTM . 55, ASCRANEIE TABUSAG LT, 58T AR A A
RARZ B B R . BE)E, VEART AR T AL R AR E T ik, REREE T
SRICPRETR, FFXAHPLN AN S B SR A AT 1 PR HES .
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%3 8 ET R RSEN S S ER 5

3.1 5|5

IRZ BN T IRBUM/INE B S S B, R T SRk, BARSINE
B B T R R L A INZ B (BRI B T R . ARk, RO
ARSI 37 W TR0 5 AU 40520, R 1 e MRS P A N AR AL B T . 1K
T AR AT ABCRAAT R (1328 3l R B B A N 2R Ak, (AT 5E Sy S mT
W0 T8I AR A T v T R ) R , AR B A R % B fff b S 25 ol 2
ST, AT SR IR FE 5

ARICH PEVM BESSIR F 256 T i A 0 1 R B e U 2 Sk o, BT
WIRBME, M T — RIVE A BRI . A PEVM H
JBOR T AU I NZ 3, Bl G 456t A Al . Sloibi 8 B DL
B AG TG FE ) % 35 {8 V9 — 1L BUAH 5K (Zero-mean Normalized Cross Correlation,
ZNCC)BMR ILECSE . Go0d SERERIE, P th i SR I i o R 0B e, K
P T AR BRI AR DIORG BE RD IR, SEI T OIS B AT AR £

3.2 PEVM &%

RUPTBOR S0 8 5 AR o5 UGS I« B9 N =5 I bg s . BT, T2
K B 77 15 4 ik T 4 ME B BR i BEAIBOK (Linear Eulerian Video Magnification,
Linear EVM)S4AT PEVM J572% . 3 &8 5 3538 s iR AR e AL Hh 1 K B A5 I8 B AL
ALK SEIAE F A TBOR R, . SR 1T Linear EVM 2 A Al G b JBOR R 75, AT B2
Ma AR ZRAN AR AL R, BT AL RO NEA RO, R PR A,
EHFIEE RS . UL Linear EVM R BESZHRFR /MR E. AEIBSR T 4T
TSR BRI, BATTH] LA B T AR AL R AAITBCR 777, B PEVM. PEVM
FUBSARALIT AN 22 TBORME L, DR AN 22 3G e 75 (¥ o 3X iR T Linear EVM
xof M P BRI 1) R, (675 PEVM B REE TSR, NS E 2.
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3.2.1 PEVM B £ TE

PEVM i3 i F & {8 7] 4% 4738 (Complex Steerable Pyramid, CSP)SZH
St R 0 22 RO 23 8] 23 i, @ B X B0 i 515 5 IR AR R SE IS B UK
PEVM SVE AL B LB 3-1, Sl BR G R i3I

(1) 7= 53 fif: (£ CSP FH T XHAF 5 #EAT 25 () 43 i, DASREUEHRAEA )
JUBERITT 1) L ROl B2 AR AL A5 12

(2) BPIQUER: $RE() o B A AL, RS O AR ALAE BT IR
IRBUR DB AR NS B

(3) BB K 2 3ok B dak IR e Ak B F K A7 A St I BOK [R - AT TBOK

(4) BRI RO E RGBS R TRE S R E G, ARG

AR
53 Hi —

[l 2

J7 1Al
CIE3EX)

g 71—’-'5]2

i

=,
Jr i

J7 182

™ & T

ZEg0

i

~ K& A

MR ARG L
g
.

RERE

K 3-1 PEVM B3R IRE
IX YA EFE I [RI R B 1 2 T AR R BR B AR A BOR B L A% O 20 B8 o Tl I IX 4
DU, a] DLSZEL AR A Al as B AR, AT $E S AR A A0 o 25 R AT 5 &

N

3.2.2 PEVM B L [EHIE

(1) PEVM HI¥ it S
PEVM AR ORI FRAK R T EAE vl 45 & 7350 fft,  DA4 R B i35 9],

MFEE S, R S()RAIR, MEHRE SN £(x+6(r)). 8 E 24
SN A f (0 () TR ST IF 3% 24 48 R
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(X+5 ) Z A{U za) x+5 (3_1)
BTN NN 0, FMREN o G RREIEZE, [
Sw ()C,t) _ Aweiw(x+§(t)) (3_2)

IV SHIUIRL o (x+ 8 (¢)) B AT IO LIS B, BT A 3]

B, (x,t)=wd(1) (3-3)
It ORI T a0 R AOK AT 18 /)Q/BU:EI’JB( ) eSO NERESE = Yl E
&@ﬂ%ﬁﬁi,%ﬁﬁ—4¥%ﬁ:

S'w (x,t) =S, (x’t)eiaBm _ Aweiw(x+(1+a)5(t)) (3-4)

WL BL B PO T AREAT IR AL B, SCBLIEBIIIOR, & TR
LR

S 8 ()= zs (w1 e ZA bSO _ (et (14 @) 8 ) (3-5)

HH S FRAT T8 S TEOR AR A AR A SE B T 18 B RTHOK

(2) PEVM B 10 7561

FE PEVM B, JEORMUN, M kAP, Ao HARIE.
XA BETBOR 5, M B0 7 K I AN 2 2 80, TR KR 1 TBOK JE #E
SIIE I AN S B o BeAh, TEORFEECZ BRG], 5 AR RLBOR 1) SRR v 37 e
HIBRIEZER T -

ST & Y YR I AR A P o 48 T 5 A R T2 B A, X R BT AT I A
TE JR AR RLEOR BT BEA% TR FF 1E5ZAE 5 KL 61%MIMRAE , 8 b0 1 i B2 TROK & i) 2R
FAR. B, LT RARXAL:

as(t)<o (3-6)
7E Octave 7 5 1] 4% 4 735 (A 50 HH 501

a3 (1) <% (3-7)

Hrp A BB E S AR K.
£ Sub-octave 7 % 1] 1% & 7 AT TTH A
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as (1) <§ (3-8)

3.3 ETER AR E AR
3.3.1 E&ER TS ER

AR UL C & — B ] 76— R BB 538015 45 8 AR s AR (DA 1 DX 3Ry o
BN, & DLAC BB AR R ORI A & o T8 IR 0 AR 1R 5 H
P& P 2 AL E AT LU, B EATTZ TR R AR AR RE s R 21 5 AR B8 i UL e
FIEG Ay, W TR BArRER. BURECHE. MBS ALoE R <5
A

VLHC X 45K

\/

L iR P 1%
K 3-2 4 HAH B UL s &

PSR L TBC S50 ) i SERRLAE T 4K HH MR b 5 45 e AR B AR BA R [X 35, R
PSR 3-2, RTLARI N SAnUCEEME 1 AR MR T 1Kl R
WxH . wxh, BIEREG TEBAEILEEE 1 1, Bl B2, BAEHK
W5 BEAT B G RS, SEAT XIEEAT LU LA AR G . e, R3]l
RAEAR T 5 B 1 % DXL AR B2 (R AH 5 SRR R o R R s DR A HH R ) o7 2 D
UG T SRR T VT AR FE e (R X 3 SR st i R R T v e e, A
oINS

H R IR A AL RE ) T HE AT BL R LR e 2 R 22 FTVE (Sum of Absolute
Differences, SAD). % 25°FJ5 #1¥%:(Sum of Squared Differences, SSD) 14— 4k, H_1H
J:¥2:(Normalized Cross Correlation, NCC). ZNCC. ‘EATHIHHE AR HIA:
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Con =21 (x03,) T (51.37) (3-9)
CSSD :ii[](xiayj)_T(xi’ayj'): (3-10)
ZZ[[(X,»,)/]) T(x’ yJ,):
Cre =T —— o & : (3-11)
B8t EEirte
22 (o ) =T 7 (00))-T]
— (3-12)

CZNCC: — ;2 — ' -
(EET0)TT - S5 [rs0)T]

FERTIRULACEE &, SAD 1 SSD A A5, tHE A, (XL
ARG Ao UK . MILEZ R, NCC BB EAMERE_ETF, (B IR A fL A
G P S AR /DN, TG T IC R EE SR A 375, ZNCC A% T NCC 4L
TR B AR AR R 75 I - 1 S 4, LT P fe 70 SE 5, & T 50 ks B2 (R L AC AR 55
ZNCC BETHEAT B A OC R BUEFE T B 45 RVEHIFE[-1,1], RECH 1 FR5%
AV, RECH-1 FoRFTEAANILE, 110 RECH 0 FRTAH K.

FESEBRA I B S o, H TSR DL AT (1 2 B R VTS, PR A TAr
MU, RIS R S R BR R, K B3 A I & R G il
RREE, TIEERE ISR RS R, W H ZNCC MR REUT HE R &,
REARTE R OHE S EUEHR FIAT IR, AT R T FE RS AT S BE YRR ],
SEEE RS ATR RIR K o X IX L ] #8, RSOk ZNCC Bk AT Bt
B FE S T+ RS BE RV SO
332 IEERBERA

PG AR AR UL R 45 20 2 AR = AR, T B E S bRl S f i, e
VLEC A B —E R IEBR RO, XA & P B AR, A
BN TE RS AERITCECA B, A2 = F 1R 7 AR 3 e M EE RIS 1 REW TR
(5758, VAR 3R € A FIEAMN SR THULECAS B, B ToRR BUA AR lAs, 72 B e
A Py AE B A . AR Z AR T T VE A 0L Bk IR A i vk 0001
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AV EEOGIRIAI2 5 . T fa] B/ 24— N =M AR R IR T 7k .

(1) s EE

T Uh B R A Dy — M AR RS BE SR T 53, BAAT 2 d itk mR
PR A ST AT SR . AR ULECH, I T SO S R BOR VAL SR
PR TR UL AR . A % R BUA B f KA RS, RondR 2] 1 AU X3, JF
TR AP R T, Sk 1 UGS D3R oy S ARr A AARABAE o e e e i A g 1 1
ITREE, AT LRI RAR B AL E AR R R B, BEm a0 E S tEULRC Az & . SR, &
A5 B M P A ey AR A AT - S50 T SRR E AN O 7 BE VA M R AR DL PR
DX AR AN 5 7011 5 75 0 e KAH 5 3 07 B ] AR A 5% 28 BB AT T4
B o AUA 1) TR AT DLSE 47 s B H DG TG X35 PR AR A, SEI AR 22 o kS
&, NJE SR DL RS 45 SRR A BE AT SR BRI o Dy 1 R v T A0M S FR AR B R SR T
SRLINFIA], 38 R R on Ik 2 AT S

B AR B EBAR R UL B, BN (xo, yo), 1ECENH LS FE [ 8 AN s HIAH G &R
HHIEOLT, S0 R R 1 B

C(x,y)=a,+ax+a,y+axy+ax’ +ay’ (3-13)

WOk RBOE e iX 9 M B REARAK(3-13), /BT, Xi%07
AT R, SR RIEN S H ay.a,,....a5, FTCLKAR TR, 7EAR
(ER=EER

M:al+2a3x+a4y:0 (3-14)
ox
M=a2+2a5y+a4x=0 (3-15)
oy
SR KA st T AR AR s ) S A
_2a0a,-a,a,  2a,a,—aa,

, V= 3-16
aj—4a3a5 Y aj—4a3a5 ( )

BRBHATAE 4> 3 X3 BMHR R EOEFE T PR

fELY o) fAn ][
=| f(=1,0) f(0,0) f(1,0)
f(-L-1) fO,-1) f(-1)

SRJE A TS ORI A X A il T, HA AR W 3-3.

=10.914 1 0.667

0.501 0.586 0.2561)
(3-17)
0.909 0.985 0.662
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(a) MRAK (b) XA E
K 3-3 i & AL it A
K 3-3 ARSI Ao il o0 R 8O R, 8 5 e 22 S R s BUE R . B A

FIAE A B R R B A, LA AR (-0.3003,-0.4806) . #FE 2, Zid
HH T 0L A A IS, SRR DL A B A AR R T 545508 (x, - 0.3003, p, - 0.4806) - 7]
L h TG T AR AR e T AN TR B, AR AN TR

(2) IKIZAm{E
IR JEE AR AR B AR O A5 3Rl [ ) K AR AT S T SR A TR AR =

IR EEAEL o XM 7 10 RS SR I L B AR R R OGN K AR ., AT 32 e R R
AL FEAN G AT I AE R PEAS 00 o 5 P B AR D3 32 SR PE R R X =T
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ik 3 vl
}% é o~ EMSHR I—?—>|
E)( é MPIHE R :
ol
2%

1 =

S

80x80x255

Kl 4-3 &t YOLOV7 W45 HE4E
Backbone JZ i) fizJa — /2 B E ISA i, HAINE 4-4 o, % ESIEE
FHBR AN AR, AFEBR RN, ISA BB A O B X 25 B SR AX H bR
FHEE R AR BT RESR I, BRG] BE S BUS BHHK, ISA itk
A DL A 3R B AR RRHIEAS S, AERR R A B ER X 3, A B T8 B Ay i g
BN HFRHRHIE -

|—> Maxpool »  Conv »  RelU —‘
N [ » RelU »

Tuput » Softpool »  Conv » »  Concat [ Sigmoid
L J A
Avgpool »  Conv »  RelU

8] 4-4 ISA HEBR IS5 K7 18]
7E Backbone Z A CBS L5 1 B CSA & /1, 5] X\ Backbone JZ
i HH HORRAE %3N Head 23R4T RlA . CSA BREREE MR & B 4-5 Fis, H
A BRZE KN A 3x3. K CSA FER IBIHUS G YOLOVT M4 4545,
SRS 0 H PRRHE SE BURR, A T SRS BT, DR e T A
FERE . ERIREEHE SE A SA VER U TO IR 7 SE BUHRAE 2= a3 & 0 A A EIAS
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TEANAEAE R o AR A BETHE X 2% BEE T A AL

SR AT REAR I £ 25 1) 78 5 R LI
B2 T T BARRFIE R RIERE ST, SEIL T AR

b2 S H AR B 2 B 254 R TE 15
HONERN K

|—> Concat |[€—
~|:: SE —FT SA
Conv » Conv

Kl 4-5 CSA BRI 4544 7 A

£ Head JZ4 tH i =M Z AT 5508 EFE B8, anl&l 4-6 s, 56,
PG R AT Ha 4 L 1) B JEATRFAE A SR B . 55, TR AR HEE AR O A
YEHESE . Ve RE R, A A B RIS RAE B EAT KA, JFIE AR HE S AR 34T I8 1E
WRE. e, A Concat HHURE S ML & 9F, FF@ T — KA HEG ISR
St . ESM BB AENS BT 78 70 PR X H AR AORFE, (EARRFIEE NS . A4k,
EFE L RESF i AL Or B B AR RS Ik 1 mh A (0 2 B4 A, AT =5 H AR
bl , IR AR AR B & T v e At

CBS —» CBS —» CBS —¢

\ 4

w
>

Concat —¥» CBS —»

CBS *

A 4

Maxpool

K 4-6 EFE 31 45 )7 2 18
BERX =AM, AR5 AT SEER AT L, R R ZE (Precision, P). A Al
K (Recall, R) AL EATTHEAT 211 350K 52 #4){ (mean average precision, mAP), F|H
P % % 1 %5 (Frames Per Second, FPS)H1 mAP {i 1F 4 B A A I A5 5 ( ek

YOLOvV7 MZ)PERERITEAN FE AR, T A N:
TP TP

Precision = = - 4-1)
TP+ FP all dections
Recall == P = e (4-2)
TP+ FN all ground truths
1
AP= jo PdR (4-3)
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N

2 AR
mwzﬁﬁ— (4-4)

ERsrh, TP ONIERRIN HARECE . FPOVIRIE HAREE: FNV NIE H AR
ks R AP 73 2R IR WA I i) B AR 508 o P b SR R e A 4
LA

432 BiEEEN

HEALHGE YOLOVT [8H 4 2 B AR AT 55 1 G BD IR, AR 2 S a0 4
PEEE TR RRSI N, FEA Y LT R

(1) BARWCER: ARSI ST,  WSCER RS B 2 H A 1 B AT
R AR TEAS B

(2) BHEEEAI%E: [ Labellmg dryd THFFNEA EHE 1) H brbridid 5t
HEAERIbRZS . A FARER > NN GE. BIFEMNKE. KELRE 880
5K 1920%1080 EHE HIE L, Hr 720 5k B v T-UI1Z%, 80 5K & v FH T 56,
80 5K & v F Tt

(3) PRZESCHEA R AR A B AR 3 AR AR AE B RIAR S S A

(4) BB B Bt YOLOVT IR E SO, A% sii. %z
BB R EER, DOENHRSE.

(5) BAETRALE: X EUGHAT AR EE, DARF AL I N K

(6) BRI, Ad FH 48 U I A B AR FNEE B SR X et YOLOvVT #EAT 145
NG R, BEADK AR o 5 i i RS BRI EAS BRI B 525,
PAFE e H Fmder il 14 5 o

(7) BRLPPAL: A A SOE AR PP I G R BB (PR RE . THEURRLTE H AR
TR RS HE BT 55 E I HEREFEFR(P R 1 mAP)RIFMBAY (KPE Rl . AR 48 VP 1 45
RHEATHEE, DR B ATE R WO M IR

(8) WAL E A MR EE XTI GRIF AL AT VP4l o SRIA BT g
TR, KBRS BIM AR S AL 34T SR H ARATIIAE 55

(9) DLRE(E BAREC: WA 25 5 v $ B R W A0 B A AT 5 — it H b (R 12
58 . G Sk 4y 43 B R IR B 805
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(10) SEZXFEL: KB YR(9) Al & Hh (W S AR Bl 301% 15 A FH AR A AR A1 B U5
BB MR AT SR Be x T b, TR R R 2

XL IRFY AL 1 AT 2 YOLOVT WA RS 4R BU SR 1) 5e B AR, anf&] 4-7
PR 18I iE 0 X e IR, my DU S — /N RO BRI R S8, A HREX
AR RIREN T LRSS, T T IRBNINER 43 R0 SE BB IE -

B W sk S %o B
v 4
B0 PR BIREL
v 4
PR SO HE AR TR AN 5 B
v 4
fitl B S 1B L TR PPk
v 4
BHR L TE I I 45

K 4-7 St YOLOvVT WAL R HE B v i FE K

K 4-8 B HdE g il 1A

4.4 KIEFEMAELL
4.4.1 BN E

LR, VP2 223 TE T FE/0N 5k R SORT 1) {1 R A5 J7 T B081, f R
I BRI N L R PR R . AR MEBCE T K, WRERIERRARUE 5,
1B B I /NI R BETCIRIE B LMK . O 1t B SR/ N E I RCR , W
DT 1T 2 I LAF, 49140 Donoho =5 A B283I5 1 A ] i by H50RM R R o 44
{ELE i 5 TG ) L B 5ORIT ¢ R L R 25000 A7 FE AN R SR A R AT 8 3 B0 7= 3
Z DI E 22 S BN R LR S R, 520 1455 (0 SR A RF AN HE B P o B0t
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IXEETEHL, X S T RS HY 18 LA cSot i B E pR £

sign(w,)x[|w, |-A(1 —i)“] |w; =4
W, = W, (4-5)

0 W, <

e sign(w) NFTSREG w A/ NRITIRREG W, & EKMe R I/ N EAL T
R ARBUE; a RSE. ERBEREEAL Bl T B{EM/NE R HE
R EORAE IR TR, £ @R EAEm 7 3K BE R 0 R RS R, (H
WAFAE — BB RIS A, SRR E R MEAMER B A, BEEE KT HE

I AT R FBUS BRI AR, XA RS 5200 2IE 5 (1 AR P A0 S8 B4
w, = sign(w,)x
W = / (4-6)

w, —sign(w,)

555 B MO R T B 6 T A R BT A AR %, O LI
ST T O 0 1R A T (R 3 L 0 2 A ST
FESSORTLR R, XA RS T2 RA (S, SREMMRRERLE,

ARICEE A T He GRS BR SO 00 1, R B B ML A7 T it . R
HEBRIE 0B KN T T 0 (0.7 <a <1) » M R T B/ R M
SN RS I E . Bk FRARI T

Sign(wj)x(‘wj‘—(l—a)l) ‘WJ‘Z/l
W, = ' aw? (4-7)
sign(w,)x /1] ‘wj‘ <A

X T B B (4-7) AT RN AN AT HEE 4T 15«
Hw, —> AT,

lim 1, = sign(A")x (2~ (1-a)A)=al (4-8)
| w, — A B,

ai?
A

WI,IE} w; = sign(1”) =al (4-9)
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W w ==

lim —£ = lim (4-10)
W40 W40 w.
J J
W W,

lim —£ = lim —£ =1 4-11)
w40 Y W0 Y
J J

lim (Wj—wj)zwj—wjzo (4-12)

tﬁﬁiﬁ(4-8)$nit(4-9)ﬁfj%n, W, MEARRES:, [FIEL, TRAEAE -A 4L, W, o
HAEES: ), B, 2R EAE X 8] (oo, +o0 ) AEIELL M, AR T % Gt B 1E B 2L
182 Je =AM SE A . 8T 50(4-10) @-11)FI@-12) AT 51, ik i i 1 {6
BAEBHELE R+ W, =w,, 33X — b T IR T % G0 8 R 0 ] i 2 i)

442 & SVD £S5 E

K, SVD SORFELHE T GE00) . (5 S HRFAEFR T, a2 Wl s 45
BTN Z s RN BIE S BNk T, FRERAS T AR .
B, FLFREEHRE H—FP PSO-VMD-SVD 597, AR A ¢ R AR B 20 E S
P B, A SAEE S R e A AT A S R MR A, R RO B S S 1
M5 . Zhang S5O T- 7 ZMEXALSE SVD £, I LR EY B9 G
T, AEARKAEE BBk MR, (E 7258 i s e s 4 G 5 e, &
M 2k BEAN 1=

N T RRAL R RE S SR MR (1 e, A SCBETE 1 Rk A SVD &g
T7E o BITVE R A B S I (9 x T7 [ Ay J7 [ AL REAS 5 2 il HiE A —
OPIBHERERE, ARJEXEEEAT SVD A, CRAERE NS TRERE . Gl X ARy
i, AT ASRAT RE BB S KA 7 e (8, T O DR T e 3 S (0T L PR R BE
INFRH, WIEA R REARE S FIEEE L. 85, Bl BdE 5 ERTTL,
HI AT 3RS — IR LM G IS 5 o Bl R IS AR TE R, BHRIE RIS E
FIRAT IR EMRERAT . IS H bR AW B A R, R ENERES
BEINFEIE IR G5 S, RN e A i o Gl 22 AR, BATTRT DU 3R L
O EERE, IR A RETIEER, T SEBIAE S L R AR

AT T i-1kWE, #3814 FERFES 4, , LA
4,

i-1 = (ai—l,l’ai—l,Z"" > aH,N) ’ %U% Ai—l *@lﬁ%ﬁﬁi
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X. x[7 oo x,‘, 3
14i :[ i-1,1 1,2 LN 1] (4_13)

Xicp Xias T X

XPHRE(4-13)1E4T SVD AbEE, 133:
=UDV" (4-14)

Kot U, () € ROV (vvn) € R, U VoSS 1 AR
975 23 AR RE RN 25 S R s 0t Al D =[ diag (0,.0,,),0]; 0.+ 0, 23BN
PR 7 7. i X SVD &, 153

4 =0V, + 0,V (4-15)

e u, e RV, v e R, 21,2, vy Vo BBIRY, 0T TR, o)
Fil o,v5 43 HRCAE 3 — BRI SE N 27 S8 o T 56— M4 I 0 S e B
TR 5 7 S T 65 (0 B S L BRI 75 15 5 ) — 254
BRI A S 78 T 55 25 S0 AR S B R K 4 R R A A 25— I 75
S P, 5 OSSR IR AR o PRI .
T AT IR R BOME B ASCRHERE o,V AN R BT TR AT
RAGFEIME, HARTFN:

2
T
O UV, .
; aruzlvll,j (4'16)

4=
2

Horp 4 REAASCHRZ M B ME R -

PP AT DU A OS5 5 10 E ZRFE I Se IS 5 A s s e AR,
XA T AT RE 2 51 R AL RS [0 # . [RIMG, AN T —Fh A 46 e 1 5
1%, RIVGE AR Bl A AT SR R AN A B FAORUE, B AR AR IR N,
AT EALRE R 55 N/2 FEE N/2+ TN BB R B o 68 Bl Rt e
AT IR AT B R E , IXAF ST VR A L RERS IG5 s s s . &
NJ2AFEBEH, BATRHATIY A LN B N 808 o J M R AR D7 ST U
NI, Horb Ry Ron MY A HUH

[Ail,m(]zv) " Ai—l,Rv(%jJrl ] (4-17)
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LR F06 SR ST -
B A A TR 7 P B TS (5 5 AT LA g B TR
x(i)=m(i)+&(i)  i=12,..,N (4-18)
o, m@) AEAEE, E() AMARES, VRESKE. R ()
Hankel A F% ] AR a0~ 5
A=A4,+4. (4-19)
Sofr, 4, A4, 435009 m(i) RO E (i) Mgy Hankel 4615, Hrh 4, eR™,
A eR™,
KPFERE 4, BEAT SVD AbHE, REIFANERE, RoRN:

G(Am) :(01,02) (4-20)
AT, oMo, FHRRE-NMEMNHRE, Ho, > o, . AT,

PSR BURR 2, W75 P 1L 4 K B B
R.(r)=d5(7) (4-21)

Kop: a NE() FHIRIRRIES; 8(7) 9 Kronecker BT

I =0
5(T)={0 20 (4-22)

Sob 7 I A 3R (4-22) B AR 7, FLZF R ST, T LAROR
o(4.)=(o;,0;) (4-23)
WA 4,B e R™ , ifijg=min(m,n), %I THFEZM A+BRIZRE, H:
o,(A+B)<o,(A)+0,(B) 1<i<q (4-24)
Hoft, o RRTREERFINGE i ADERE. EER SVD d, X T & 1(E
5 x(i) ¥3& 9 Hankel HiFE 4, A7 AR B0 L
o(A)<(0,+0,,0,+0.) (4-25)

SKbr b, BT S S IEE ARG @22 iR s s, XTI R
17 SVD I}, A SAE A R/INE H 2 DU G 18 1R /s o 53] 2443 (1 Hankel
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TR AT O (Bl = 2), T A ONNE RS 133 A5 R B[R], AR

o(A)~(0,+0;,0,+0;) (4-26

FEIRAR SVD i i, BEHHT IR R, REIRES 4 SRS R
LE2E A, 3 R e S Re R > — 2, BRItk BEE BN N, E S
FE 7S e B S B, T A5 5 R 2 R R R, RSB T HE S X

)
M H br o BBE T RS MRS REENE , WSRO EER M RE RN

N

#

=

iy Wy

=

E[2, $WCHE/4, .. HiWHEY, TGk SR (1-1/2 ) E
ORI, AESSBRRIAT b, SSPUH R ATREICE S K. 5 8] 2 R, W75
TR R SRR 5 5 P 10 R0 R o 7RO R, BT LASEA BLAF I
E

9 T SEHLTUI S BRI PR AR, AR SOOI 5 LA 55
L (SNR) /NS, JENISRE LS fF, 24 SNR KT S, . Msfesik: k2,
AT IS G o 35 R (02 B 1T R B IS AR R, R 04 SR 1
155 5 AN IR, R PTAM D WA R (R . IR v, AR B
(RS B AR RN, 40 S SRR (G 2 Rt .

443 KBEFEMAESR

KA B 3.4.1 /N G 47 5 [RE Sh AAR 56 1UE AR SCHE HA R 7 A
FWETTVEI LR - B 4-9 SE R T 00 YOLOVT A7 #5420 4R HU 2R 5]
BEN) x Iy fiFs gt R

10

E/mm
=

e

0 50 100

ik
4-9 RIAZ BRI BIY

I3 A 51 FH RS i 84 T (] R SSIE L A s ) e i, R R AN A S

$2 HH 11 S0k PR 18 A R i 25 MR R AR SVD 22 720 1] 4-9 Hh i) x SR AT y I
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BEAT RN, AR WA 4-10 PR .

' T
10, —— BRME M G
o R R (TR
o= = N R A
51 e PARSVD E R
£
0 :
g
St i
10t 12 |
0 50 100 150
i
(a) x Wi
ol | VIR D Y

—e— RAH 2 G A E
...... (PR G CIFE )
el SURA )Y, TSk A SN

— v — JEARSVD Lo

2 H
g P 1
= 0 45
I 4
2 q"'
¥ -6
4 /
-6 |:;
0 50 . 100 150
%
(b) y P

B 4-10 x A1y J5 145 5 R ARCR I

AL 4-10 PR LE AT UKL, et Ja 1 /N 25 e 5 IS AR SVD £ 7
2% LU R L 25 M R SR RRE ) L PR 025 M VR A 1 1) 25 MBI BN P10, SN 4
PR, RMEAMCRTELF, H oot 0 ERE o0 80 5 15 2 1015 5 BN S b

2, PIEPERE Rt

R LW FR 7~ et /N i 25 e R ATAR, SVD LMV A R, ACEIANT
FH 1 75 25 B 880 70 B 45 e LE(SNR) Y O MR 22 (RMSE)E A 2 e ME REFR R,

DA HWTE
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RMSEz\/—Z(x(n)—fc(n))z (4-27)
> (o)

SNR =101g—=! (4-28)

> (x(n)=2(n))

n=1

Horbx(n) RRBEHES: X(n)RRNERES: NERAESHIKE.
TR 4-1 MR 4-2 53 91 4-10 rh s e, B8 ] {0 A 50t 11 R /DN e Ak AR
SVD 73 fiff 23 W20} EIR 2 W AH N () SNR {EL AT RMSE 1B .
K 4-1 N FEME x Fy 77 1A 2 A

x y

EIREEE SNR RMSE SNR RMSE
WEMEAEL | 52.0399  0.28034 45.3838 0.36233
T E AL | 59.3057  0.12145 54.0138 0.13415
SO BIE RS | 63.3982  0.075817 55.8184 0.10899

#* 4-2 AR SVD ZMEJ5 x Ay 5w A bn

x y

BRI SNR RMSE SNR RMSE
1 11.5613  4.1857 10.2312 4.0327
2 124382  3.7838 12.7351 3.7821
3 13.4254  3.3773 13.2661 3.4521
4 14.5515  2.9666 14.2617 2.9855
5 15.8581  2.5523 15.8663 2.5711
6 17.4099  2.1347 17.4182 2.2001
7 19.3152  1.7143 19.3213 1.7221
8 21.7761 1.2913 21.7845 1.3035
9 252451  0.8663 29.1833 0.8682
10 311612 0.43831 | 31.2417 0.4266

) PSNR B RIS 1) MSE {12 25 W8 S0 75 25 WRIeR 7 0 e (R LA
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TR R A 2R

PG I o 7 T LA SR G e e . R, AR 4-1 B rT ORI, it 5 iRl
{E PR EL ) PSNR fH =1, MSE H&R/DN, SHEEMGE AL, SOtk r@1E g
HEATELFREMEPCR . WK 4-2 FTLURIL, BEE BB, SNR K,
RMSE /)N, R BB EARREE N, 55 P r R R 2R, L
R HEL, A EARE R SNR AH K/NAR G B INE & A A S0 T PLk 3]
P K

4.5 HHRIRBNINRN E LI

N T UE B SR 3 T 0l YOLOVT AL B R BURVE T Redt, AT HEAT AR
PREITAM G S5 . AE 5 T SR A2 /E Windows 10 48 FHEATHY, &
Y PyTorch 1.10.2 ¥ S HE4E, CUDA AN 11.3. B & f14% NVIDIA
GeForce RTX 3060 Laptop GPU(6GB & 7£). AMD Ryzen 7 5800H with Radeon
Graphics CPU. 16GB RAM. &% A TIRREEAHL. EF-200 3 J¥ LED %
JGHT MR PRBNIIAR 1 B AL RS . PR IRENIR A I T RIEA R 1S
AT R A RERALT A Ay 2 OCE 2 PR Eig s, MRRIREIIER — % HI7E SHz
% S0Hz [ WM RS2 X AN YE B, 7t 75 2 51 T i T3 0 M AT
IR . ARG s i HR 3 AT 2R 1 B A5 R AR MF L 5 20Hz HRENINEE, 41
WP RIRSAIN . Fr SV W 4-11

Bl 4-11 MR sca e
AF 2R DAL AT RGN DX S5 P DL 4-12.
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(a) MrEEALHI (R RNIERCY N
B 4-12 A ZER0 A 5 e ) [X 35
N T BAE YOLOVT H = AN SO 25tk L YOLOVT Btk AT i fil
SENGy, SEER RN 4-3 B,
43 RS SE RAT R

BAY mAP

YOLOV7 92.5%
YOLOV7+ISA 95.5%
YOLOvV7+CSA 96.7%
YOLOV7+ESM 97.2%
YOLOV7+ISA+CSA+ESM 99.6%

M 4-3 FLLEH, & Aot BB R R HA i I, 5 4E YOLOVT
(K] mAP (HHAK, S5, A BSOS 1) mAP EIA T, HR%
Bt YOLOV7 A [y kar RS BE # T- 10 =AMk, BUS Bk RS FE
[ B 50 E S0 YOLOVT S35 A sl i 25 (R PERE,  JEAT X LLstss, 453
W 4-4 Fis.
% 4-4 BRI R 25

Y mAP Frame Rate /FPS
Faster Renn 80.3% 36
YOLOv4 93.5% 68.3
YOLOVSs 85.1% 85
YOLOV7+ISA+CSA+ESM 99.6% 65

M 4-4 PATLLEH, X TH2 HFREdE4E, Faster Renn P45 mAP {5
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3T BT SR B, RSO i 22 HLM S8 AR BT 2% YOLOV4 ARSI 8
FHXTF Faster Renn M4 Frig &, H mAP {H L YOLOvVSs &, KA YOLOvSs
T THRE, T CARRAR TR, {2 YOLOV4 FrRS I R SR 2 22 1 A S0 $E
IR, B MAEZE A K B R H A SC AT H 7 v A bl A = dt s
K, TEMFREIG H ARG b b7 i A .

KA H AR X IR 7 BECR S X3, 8 A T2t YOLOvT i
PEMUEVE N My ARSI AT (5 B, BRI A RS B S5 0E K, WK 4-13.

716.2 | T |

E 716+
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(a) F—MEIAEALFS fh 2k
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IRIE
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0 ST
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B /Hz Bl IHz

(b) M IHEAE &
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26.1 T T T
x2
26.05 &
S
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= 2
¥
2595 B
25-9 | | |
0 10 20 30 40
t/s
905 T T T
y2
90 y
€
€
m 89.5
=
S
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t/s
(c) B/ MRETIMIAEAL F% h 2%
0.02 03
x2 y2
e oo = 0.2
x 0017 %
0.1
T DO 0 ‘ A
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PR IHz Wi Mz
(d) ZE AR I HE AR ]
-771.8 T T T
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-771.9
(S
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m 172
=
LS
1721 1
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<
w

86 | | |
0 10 20 30 40

t/s
(e) HH=/NMRTIIAENL A2 fih 28

0.04 1 x3 | 1 1 3|
it i
¥ 0.02 X 05
0 . - . 0 .
0 10 20 30 40 50 0 10 20 30 40 50
Wi /Hz i Hz

(D =AM RS 1]
B 4-13 HRRIRSLRS 2 A P

Hi P& 4-13 W0, EALAI, = AMR AR XS U AL A S 1 x 7l y
J7 AR EAE— /MR E VG N, T BALB AR e, WA R R, XK
FITEr (R P A5 S AT LD, BENE S8 38 ARV R MRS L B i . BAR B =AM
DAE IR BN A5 20.02Hz, 552 PRyRENIR B5E B 20Hz {UAHZ 0.02Hz, SE5
WREEN 0.1%, XEE T %7 VAR IR I OB U P R IR B AR, oA mikG e
R &R T, & PR AT

4.6 KEINGE

REE BN T R THRESF M H YOLOVT [ HAskrl &k, Ve
fEFE T YOLOVT H AN B 70 A0 3 AR U Y ZE AR « £ YOLOVT Bt L,
SIERIN T =AML ISA B, CSA VER JIMEEL, EFE Bibh. 285 DAoudt 5 1)
YOLOv7 By dEat, $2H T — R3O B 3 BT i5——5 T 503t YOLOVT 1)
R RIUIT 5 o 1% 77 1 G2 ) YOLOVT St IR SR ATEAT B WTAG I, 7F
Rl X AR B S AL RS S, IR A0E 5 T 5 13 218 3 B brdkahins . &5
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I8 I GRS AR B S AR AR IE Tk T dt YOLOVT 3R sl & 7 vk i A Rtk
ML b, ASGEWTTT 1 1 SO RN R THERAN SVD KT,
M SRR 1K A LR TR BENS A ROt D AL R S A A A
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FBIE RESRE

51 &R

AL AL B RGO RN R, H B R m A g6, H T
o R R R ST RIS A, IR NER T RO 9 1 A R 23T A0 A7 RS 4 X B
i BUASRUL, ASCorBISRH T HIRE R SR R B LR SR BT VA R
P LW T7VE, RSO R RN AR :

(1) BFX LA SO FE A A7 AE TSRS FEAR DA BB/ IR B 0058 1 ] R, 4
T BT AR AT A R S0 1 A5 S I B N IR B 5 75 V2 o % 1R P St S 1
ALAE BRI T, 18T B VT T (17 B $ B AR B 2 1 38 I ASEAR, FER A B
SRR, TS 7 EORS EEAT R AR . thAh, Ea A R
THERE R, AL A3 e 1 UL 2 SE A0 MR 112 308 Ak, IR SR IS 1 15912 3)
MIELSRTE, U T RIS BUT AR QI B FERT K THER AR E . UINMED)
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