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W E. %% A 448 £ 08 % (Background-aware correlation filters, BACF ) i A 2k 3 ff & T A8 % JE ok
ERIBFHETHARKEFA, BRI TNAHAEOREFRLZT, RBHAET B ARGEE TR, AR
RO THZERGMER, KA THEMNREEZN,BACFAEx@E 2R FTLHERFRENBAFRRB, ™
EHRTRIFERE . AXLEBACF ka9 A b R T B mREZERGESR , ZIT BRI —%RE
ERE, 5 BACF kR4S, REMM—KRBAAFHEE T, BA R RZEIEEEZFTN B AHFREE
. B A A E R BRI % BEA, REE R B H ¥ T BACF £k, BrvA AL H 3 E4RGE
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Object Tracking Based on Kernelized Correlation Filter with Background-Aware

and Fast Discriminative Scale Space

WANG Yongxiong'?, FENG Han'-?

(1.School of Optional-Electrical and Computer Engineering, University of Shanghai for Science and Technology, Shanghai, 200093,
China; 2.Shanghai Rehabilitation Equipment Engineering Technology Research Center, Shanghai, 200093, China)

Abstract: To deal with the limitation of boundary effect and improve tracking speed in the traditional
object tracking based on correlation filter, a fast discriminative scale space with background-aware
correlation filters (BACF ) algorithm is proposed. The BACF algorithm effectively solves the boundary
effect caused by cyclic shift, greatly increases the quality and quantity of training samples, and thus
improves the performance of the tracker. However, because of its disadvantage in scale detection strategy,
it seriously affects its tracking speed. The we design a one-dimensional scale filter. The scale filter and
translation filter are trained and optimized independently. The proposed algorithm greatly improves tracking
speed while ensuring scale and translation estimation. The experimental results show that compared with
BACEF algorithm, the proposed algorithm can improve the tracking speed by about 75% without losing the
tracking accuracy.

Key words: object tracking; kernelized correlation filters (KCF); adaptive scale; boundary effect
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S . Henriques 55 75 st HE il 51 A 2688 A7 45 /F 1A% 4% 75 (Circulant structure of tracking-by-detection
with kernel, CSKE)H IHE I 1 I ZiAt A 5 IF- 15 53 & P A5 10 14 B L 76 5 22 19 AR R AT 92 1 A% AH G %
I R 15 (High-speed tracking with kernelized correlation filters, KCF )3 B I T 55 5L % 551 7 %) ke 3 456
H 7 EHRHE (Fast HOG, FHOGU) B ARUSSE #Y IR BE R AE | 3 — A0 $2 3 BREZAS 2 . Danelljan 55000 1) H 5
)@ PEAFAE (Color name, CNU)HE H B [ 35 W 9 SEUVAR, 2 BRI A S 03] ) 100 200 €8 R ik R A7 B B () A i
B E A W R R RO o 50 AN JUAR TR BE 2% 21 5 A0 DG TR I 10 205 5 1 SR B2 00 Bl o JBCAH A B 22 (1 R0

A G U 1B 2 R B L VO A IO R R 1% ) A A — S S T R AR A A R, 2 5RO R e 2
o BN A S o TR IS AL R R BR T e S5 A I REAS LA R RE AR R AE B RS A A Y L X
FEESEREA 5 R A2 BN GREERAH: . SE bR I v 3 36 388 2 5 O B A R 0 X3 3 LS 4% 5% o
T P SN X R R ARG I AL L ok AR b LR B AR 1 e B BN IR A G B HRE AR L &
REUE LT R RE R ORI TR ER AR 9 MERE . Galoogahi 55 $i 9 5% SR AR OC 8 I (Back-
ground-aware correlation filters, BACF )YV YL T &b M3 11 T — /N 8RBV K B P, A 37 KR X 48k 19 JE il
B PEAT R IR AL AT, B JiE BB I Al A F AR AN SR R o RS I X T RS R AR AESE S T, it

U FLER 5 24 b 1 4 2 D 090 B 7 (o A 05 2 g e 11 2L s s g ke A 7T 1 22

At

BACF 53 38 5o 40 5 #5545 DI 2ot AR B2 1) Joi M50 AR AT B R A 22 55, B B0 85 Wil o0 F A o
A AHR FARTERS Sl R R bR T A7 AR AR AN R 2 EREE R BACF Bkl Z W EE TR Z
A RUBE B89 H AR DXCAR A5 d i B, SR A5 F AR S0 A4 (07 8 be RUBE o s BACF B0k B> RUBE B9 407 5 1 )
A8 BN E] S T, W0 N A RUBE (9 4530 I 8] 249 S N T 2% IO ARG 100 S8 s 7™ Bk 52 00 1 s ) RSl 2 o AR ST X
BT BER T Danelljan 55U UH AP B i RUORE 0 Dl B A, BEit 17— A S7 i — 2 RUBE IR e 4% , 5203 )
T BACF 535 i it the iy S8O0 A WA B AR O B A AL 3, HaH 3R BACF 583k 19 B Ar oz & A3t
SR 5 PR RBE 8 % 00 F AR ROBE R Ak . el T A U8 D g S I 2k R R LA, HLRCBE DR D AR T E A
LN T S BACE 5k BB ]OBE IR I A B USRI R0 To(Ts<<T), WIAR SO i By 3 [ 24
T —+Ts, Bt AZR SCHE v BE 7 F/ G K i 5000 A0 F AR ROBE 2 1k 10 [] i 5 O 42 T B A B R 2 3 2, 5
BACF BE A LG, A SCHATE A5 % BR RS B2 0 Bl b 4 e 29 7500 B BB R 3

1 *H;&;:mi&%%*ﬁﬂ
1.1 fERBEXEEFRE
225 [ 358 S 08 9 R B A TR i e e /N A 2R PR BBOR R B3 45 1 DB A A, BT K pR B U
K z /1 K 2
Y= Dhiex, +§;||hk”2 (1)

by € RVAUER H Ar 0 B2 Hh 5 K 3o AR R AE 18 3 K05 o7 7 23 ) A G 18 AT 5 Ay 1E W Ak R %0
2, €R", by € RY, 535278 55 k38 18 J< AL B U 2R R A FAE £ A T TE B0 0B B &% , D3RR LI ZRAE AR
I R GE R o R T () R B — A BRIt 7 A A S B M R 0 0 D A T8 S A PR RS 7 48 A T
PARG R SE VN G A B, 3 o DB e o ) B PR 1k o TS I B8 (0 8 VR I ) 403 2k R B0 SR

E(h)Z%




346 B HRE B L Jowrnal of Data Acquisition and Processing Vol. 35, No. 2, 2020

1 D 2 A K 5
E(h) =53] + 5 2l 2)
j=1 ) k=1

[ Ag ISR jIRIE IR AL LA,y ()RR 1950 j o0k, BAR TR B AT .
1.2 BRBABEXERFER

6 A% 57 45 A FT LA IS I e AR 4 5 20 2R 4 M B 0 e M) P ) R S A B 1 R A T P s
KA o I 51 F RS Z R A BN 2 O I 55 R AR B PERE . AN TR T SCRR[11R A L1 PR B9
B U8 U A TSR RONE, AR SR T BACF B335 19 REAEL, R 2 7 9 5O 19 - A% 0 Dl 4, 1 59 14 SR A
F AR T B A P RE

AP T 1 570 SR 9 1 B2 208 0 48 3 o S 0 — > BT M PR BT 5 1 A DI ZRRE A R RE B I 2k
REASBCRE , SCREA K m I R AE A O Bl o o8 R 09 4 ¥ P s ) 408 % pRBOE SO

T 2 /1 K 2
E(h) =5 > + 5 2nd, (3)
P PR DX T MR, T3R8 7605 I 25 FEAS 33l 3 19 48 B , b T D, € RV E IR 55 kAN
ENGREA . thTF T D, FFLAIE W38 h 10 R E /N T 4R A 2 iy R
2 SR AL KR

2.1 SRk
(3R AT B ODPK?), A F T BR B5 (4) S2 it M o 38 o ) R &8 400 iy e 5 T DA o /0 1
i, R)TEE A R BN

y(j)— Zh}xk[ﬁn]

Mﬂ—ﬁ%ﬂbmh]

2+%H/§

2

J—Xg

|
E(h.g)= ]|
st.g=VT (FP"QI,)h

s bR~ i EAHR R M 2R, Qi AT R A B TR I N K X K ST, F ol T X

T

T i) LS e R HOHE B L g AR B S B L X = [diag (&))", -+ diag(20)" | A=[h], - hE] .=

2 (4)

[ .ai] -
AT R A (4), 8 IS PR B ) &#%IJFHir“?M% BI H 5 ¥ (Augmented Lagrangian meth-
od, ALM)S 2| (5)Fr 7 3 1 hi s B H =
~ A 1 R ~ N2 A~
L(h,g,f) = E“y*Xg 2+ 5”/1
{" (g VT (FPT®I)h)+ (5)
;:T*ﬁ(FPT@Ik)hHi

2
+

S MBI H B g = [E0 - 8] RN KT 1L, o it A 10 16 B
i LA T 5
2.2 fRALKER

[T 58 C5) AT 00 A PS5 00 A ST A 0 R 0 5 A 3 0 4 3 A % . vl 2
B g M 1 0] 8, 5% 42 #0514 3% 13 (Alternating direction method of multipliers, ADMM ) 3R fi# It



EokM A TH TR L ik RT3 A 6948 % 8ok k¥ ok 347

PeAl m)
Subproblem A"

argmm{ ||h|| +{"(g VT (FP" QI )h)+

}

(#*Nﬁr) (ng +¢) (6a)

sle-

2

(FPTX®1I)h

Subproblem g*

g —argminio ||y —

£ (g—VT (FP"QIL)h)+
1
2

g-VT <FPT®1k>hHi} (6b)

— (PF" QL& HAT 88l OKTlog(T)). =X(6b) 55 &

5t (6a) :g:%ww@mg,g

O(TPK®), A RE 1 2 R B SCE VR BEoR . (E T XCGR R, 0T DU T a1 B g 9% 40 Tl 57 19 H s o

<[

+

£ =argmin (500 — (1 &)

(1) — h(2))+

e
—
~
N2
—~
o)

} (7)
] ,g( t) =[conj(g.(2) ), -+, conj( g:(¢) ) I', conj(+) 1& B 1F &
" hi(t) =V'D FP"hyo R R 855 HL AR 28 2SR5 20 (7)Y

ho8

|

oI <
.(\1

[

—

}ﬂ

S

=

l

8>

=

>

=

- =

\)

/|

=

i

i
>~ |

3 -
l

F‘)

=
=

=

=

D
7

(Ty()s, ()= $:(0)+ ps, (1)) (8)

A5, =2(0) 2(0.5.(0 =2(0) £.5,() =2(0) h,b=5,(t) + Tu. ()N O(TK).
Wt b ARSR T RN T AT A F R R . O TR EIRE AL, R BACE
SREE X NAS RO SR N WAL A ] 8UFF #E 3% % & 09 336 18], BRI e T BACT 330 32 IR B ol 8 21K

3 RERK=ZME

ERA T BACE 5035 9 @A KR i ad B e pe 1 BR R A o A 20 AR, T LUK HE A 31 H A5
B T A bRz g B b ik 2t REE RO AR AL, RS RE RS i ELPREEAS T F AR RO )2 5 3L
BRER SR A8 5835 o AT T I BACF 532 1 - 8% 8 0 48 16 22 RUBE 4 09 F A DX B0 A7 A I, o5 220 4
AN JUBE R 5z SR A, 5 0T AR R AR T[] o AR SORE SR TSP 8% i RURE 18 i Ay JEAEL 2 S )
— A — A ROBE DB Dl 5 P B8 U8 S BT AR R A DR T AR RUBE AR A



348 B HRE B L Jowrnal of Data Acquisition and Processing Vol. 35, No. 2, 2020

3.1 REEBKSZER

JORE ST 4 BB 5 1.1 35 A SR AR DR I A 2L, T R B B U B b SN RRE AR LR AR K
BRI KRG SIS g (7R 25, B i 38 0715 22 e /ANE SR A5 B A R BE SR RS A, K
)

s—Hg—Eﬁﬁﬂ A al (9)
IR e B AR OE A B g R — AR B T . (OB — AR/ R
158 i M%Em%ﬁ%&ﬂ%ﬁiuk R A 7551
HE>T££;4,Z:LMJ (10)
2?w+a

K H, G F Ay RRIE WSS b, W8 1 g AITZRREAS i i L R 4 . SRAF IR D AR A5 R TANT
S AW HEAT SR
Al=(1—9)Al  +9GF [=1,+.d
. _, (11)
Bz:(l_ﬂ)Br 1+02F1F1k
K ALB A BIRER A0 F S BERR sy  p R T HR . L0V T REZIE I &% b 1R KL,
O FEY 22 106 D6 4 30 224 T 5 ¢t I b DX R AT M DG 38 SR A5 3 L ) R Sy, FE ARSI ik
ZAHZ
s d FRRFFIE S 2 Tﬁrrﬂﬁﬂﬁ%ém%ﬁilMZﬁ%émMEﬁEﬁzm@iw e,
AT L) P A L R R A R Ry, o =F (Yo B P X RN HARTES ¢ — 1TWUR B Y 52 A
i 2o AR By, e KA T TE LS o, W HARTESS (WU :a" P X "R, a W REH T .
3.2 REXMS>EMKY%
AT TR i e ) E’J%%Lity*? HY S, H oy X (12)F R . & P X RE/R BIRTER]
— WA FREE RN, S Feon Rl 43 RUBE 0. a0 H bR 0 KRS OUST S " P X a" R IGUINZRFEA f,

Sfl S—1
R
y. P K T 3BT AE 0 4, W0 B ROk & Hod o, = —

a"PXa"R,

AT ROEE R o AR BOR B, S AR GBS , AT D S B0 A KRB AT AL AR DN, % A /N IRUBE 14T 24
il o 3@ Ak B3R B AT A A e 2 (12) AT — UK A BE R A8 T H AR 0 ROEE S AL, ARl TR 2.2
TS B DR I A% T R o 0 Ak 2% AR SR A T A AR Ak, 2C(12) H A A AT A BE A DR SR A RUEE B e 7
WAL 7R, B L) B B B AR AT A B 1(b) R P38 08 e A 76 A W] RUBE | 34T 1135075 380 T )
FUEE IS &, B fs W] T = 5 X T(T 2 — WV # UE B A 1H 5 9 I 18], (R 5 A4S RUBE ) 5 [&T 1(e)7E F
V- B I A T A5 3 AL Y Bl b PR R RO R A O H AR R AR AR TR I ) Tow = T + T(T
o RN O = 2718712 3 = N O 1 5 AN/ o 1 D P =S 1 7 e S R A AN ST D o = 911 775915

Hrp a R RENT, Efrne

AR SO U A0S Dy 17, 48 RO mig oy i 13

LR R K




EokM A TH TR L ik RT3 A 6948 % 8ok k¥ ok 349

aaﬂﬂ’ il "
;;'(;55‘7:10; :710; 7;9;5 ’099J EEQ‘J
L T B == S b=
NN NI\ ) G0

J Y

1.005 1.01 0995 0.99
\
. ser T.=T+T,
(a) JRIE (b) Z RETES (o) PR IR BE IR
(a) Source Graph (b) Multiscale filtering (c) Translation plus scale filtering

BT ROBEAGIN X L

Fig.1 Scale detection comparison

2 (12) A A 7 i v AP B0 B AR 09 ROEE AR AL, i1 T H AR B — 2 RRAEZE B2 R/l P X R R
BNy BRI R A EOCh S, H P X R>S, B DR [ RRAE RBE 22 8] 45 25 i 58 10 48 O 1 5 308U o0
A VHEIR AN BTG . O T I 55 S R AR A DG 1 L B8 /INEHE DT Ay A ORI 3 43 BT 7 (Principal
component analysis, PCAM)IERFIE [0] 5 FE4E S S 4E , fE A7 105 TR 08/ 1 Rp AIE 1] & 119 4 B2, DA
T e R A 0 3

4 KBERSHWH

J T A SO A SCRIE IPERE  SEE R OR A T VOT 2014 506 48 % B 4 35 50 B AS [R] 2 A 1Y) B
ER s BE TG RASE P IE Bl B SO B AR AL SRR T P A R LAY R R () ) SR
P BB A i 3l DA T 0 R DA AR BRIk A R BB A A < 0 8 8 1% 22 15 (Center location error,
CLE), 5 B8 £ ¥ (Distance precision, DP) 1 5 & ¥4 & 7 (Overlap precision, OP) . CLE ¥4 Jy ik B

j\wupfxrfﬂyry,)z

T H AR B AL B (), y,) B B (2, y ) BB R B = 2° ~ N R R A
B DP ANy ik BITT 5 CLE B /N F — 2 B A W28 o B 40000 7 40 b, A 52 56 BBOIZ (B A 20 1%
F 0P VR J5 3k BT AR 000 07 B K K /NG SE bR A B R R /N B T B R R T — 5 A A AR A o
B E o e 1 B — B s B PASCALM PR AR v R 0.5 [ A T B HAR SR 3E v fig L A 3¢
Ve T T JLAE DG 75 1 LR 3 vk MO HE 92 06, 4 9% LR JEE AR e ok AR 36 1 DSST 55 8k, i ple it S 408 10
BACF 8, LIIGER B o BRAE AR F A0 00 KCF 80k o 4% 840 1k 1 BUAG B 1F 24 9 FHOGIMERE |
4.1 XBRRBERSHIEE

AR S2 B i B 1 SF A 8 Inter(R) Core(TM) i7 2.90 GHz 4t ¥ % , 8 GB N £ , & 1F F 4 & Matlab
R2015a. &5 2 19 FI5E 399 L BLFHOG FAEAE R H AR 09 R I 20, FHOG $R1E cell K/ Ry 4, 86 B B J7
B 10 A %0k 9, 2.2 715 T 19 ADMM A Ak it B2 b s AR R BGR h 2, 38 531 R i 0 1, A SO IE Ak R %A
FA, K 0.001, 55 335 B H i Z 9 0.025,3. 2 R ER T ah 1.02,
4.2 EMESH

T B R 5 X R A PERE L 5 L AR T2 50 Jl 08 RS 56 MU A Hh 6 IS AR SR [ R ) AR
AR M 43 BT, ep B AN WA 0 6F 1 N 2 1T I R

T R BRSSO B IR ER S L S R 1o RS AU B Y 3 AR, an B 2 B,
Pl 1 Ca) A [ 20 e A AR R AN ) R R B3 0




350 B HRE B L Jowrnal of Data Acquisition and Processing Vol. 35, No. 2, 2020

x1 WIHFF
Table 1 Video Sequence

AR 2 Fik % A 3 WA 2 Bk W% PUAR 32 B2
Coke 291 56 AR, WA e i Woman 597 3z B 4 Y
Couple 140 BRI 2 ) B 355 2 S Jumping 313 BT, AR
Tigerl 354 TS AL Basketball 725 PRz 8 LAk

M 2 AT LA BV A SCRE A B0 e 1 8 MR P A A A i 3 78 Lz SRR =2 ) RE 415 25 B i
F A5, KCF 535 M DSST 5k #0A A A A2 2 B #9425 , BACF 5535 & B P AR 5 , (1 )\ Basketball Al
Coke J7 51 /] LA H, 28 52 48 25748 A R T ARG 4 =2 J5 phy A SO0 57 Aty I8 G 0 46 s ol 7 BR 2
AE STl 5 B F AR B ROBE AR A, HE T 27 ) B 35 0 A9 95 55 FAR Y o LU B AAS SCHOE B BACF 87 3%
A B R

(O Ltk
(e) Tigerl (f) Woman
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K2 EtEabriE

Fig.2 Qualitative analysis
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Table 2 Multi algorithm performance comparison
. CLE/Mf§ % DP/% OP/%
LI 25 Bk N - ; .
BACF KCF DSST A&X BACF KCF DSST A& BACF KCF DSST A&
Basketball 7.87 7.89 10.09 5.32 80.83 92.30 80.60  92.00 80.28 90.10 68.00 90.50
Coke 20.47 18.70  12.80 12.00 86.60 83.18 91.80 93.13 75.95 72,90 82.80 82.13
Couple 3.66 47.60 126.00 3.71 100.00 25.70 10.70 100.00  89.29 24.30 10.70 86.43
Jumping 435 26.12 36.87 4.37 98.72 33.87 5.10  98.70 92.65 28.10 4.79  95.21
Tigerl 1046  47.40 4140 10.36 91.78 35.30 29.60  90.96 91.51 36.40 29.60 92.05
Woman 241 10.10 9.96 2.47 99.83 93.80 93.80 99.83 93.30  93.60 93.30 93.30
M 8.20 26.30 39.52 6.37 92.96 60.69 51.93 95.77 87.25 57.57 48.20 89.49
1.0 1.0 1.0
0.9 09+ 0.9
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&os &5 0.5F 05
0.4 0.4 0.4
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& 05 Bo0.s & osf
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(d) Jumping (e) Tigerl (f) Woman
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Fig.3 DP curves of different algorithms under 1—50 thresholds

AR SO0 A v A 50 SR S 1R e S g R SRt CLE, DP,OPAE. W N T T&F 4l 1
R 3 PERR R AR A, S IR 2 R AR N K 3 TR
M 3ATLUFE H fE CLE F1 OP PERE (A 15 br b A SCHE RS IR T BACF Bk 1 MR E M L4 H 4
SO TEDP YRR E AR bR s T BACF 51 2.6 A 43 21, KCF 1 DSST 5335 PR AR ¥ 32 55 T A% SCE 6 AN
BACF ®&ik.



352 B HRE B L Jowrnal of Data Acquisition and Processing Vol. 35, No. 2, 2020

R3 ERETHIERL

Table 3 Performance average index comparison

PEREE br TR
KCF DSST BACF EN'S RS
CLE/f3 % 32.34 38.05 27.76 28.79
DP/% 76.35 75.52 80.27 82.89
OP/% 65.87 69.24 79.54 78.53
4.4 FHEXFLE

A% B Y B R BAAE AN R B ORI ER R, A R Ml R T 0 R R B WL R
CLE,DP,OP =A™ PEREHR A5 >k /0 AT SRS B2, v LR I A SCH LS BACF Bk fE IR L 2R AKX,
7E CLE 1 OP ¥ BE B #5 b5 L WS AR T BACF 836 1 /MR F 1A 43 20, 7E DP PR RE (48 b5 18 T
BACF 0L 2.6 /1> 43 #i o #2 N Ok E i 52 90 55090 43 B 4% 530 0k 1 R 12 ey 1 [ — R0 1 BRIt ol A
ANTE] bR B 2o A v (1 25 5 M RS K, AR S 6 30 B 2 1R 6 A WA A 1 B g B ) T 34 (B4 R i
KEE AR SRR 4 PR .

F4 REREEITLE

Table 4 Tracking speed comparison

PR 24 TR &
KCF/(f+s ") DSST/(f+s™") BACF/(f+s™") RS/ (fesh)

Basketball 125 19 12 21

Coke 110 14 10 20
Couple 137 31 10 20
Jumping 203 40 15 24
Tigerl 93 11 11 18
Woman 107 28 13 22

¥1H 129 24 12 21

M 4B R R TT LA S KCF 56 1Y R I 1 e ik 21 129 /s, 52 MR JL T 5 5 Lb 52 46 ]
O EC R R I TR U I BACF Bk, 7RIS EASCA N 21 /s, 1 BACF & ¥ 12 1/
S, BACF B5E 75% , 58 4 0 LAl JE IR 05 A% S IRE P T 0K 0 HL I AS 40 2 BR B kG
5 HRIE

A i R AL 4 BACE 8 ik 3Lt b @l & ROEE DR Uk %, E A FH BACF 58032 il o 35 1 ok 11 L3500, A
WEAS T H AR AL B AR b, ORI REE U8 e 2 B RS oA 11 B pat ROBE AR A, 78 S 458 % B B3 RG 32 A0 T) B A
PEFHT BARR R EE MR . X H SR A AT LUR AR SCR R BE S B BE R S A IR R SCR o (HR T IR
T T A AT M SR A A R A R R R R A AR YT Y Y R) A, SRS P s B AR B N KR, H R E
e PR AF B AR BB IE T I .
% T
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