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Abstract: With the problem of difficulty that a single filter to adapt to various complex changes in the tracking
process, an adaptive multi-filter target tracking algorithm based on the efficient convolution operators for tracking is
proposed. Spatial-temporal regularized filter, the consistency check filter and the correlation filter in the efficient
convolution operator tracker, convolve with target features respectively, which obtains three detection scores. The
training method of spatial-temporal regularized filter is to introduce temporal regularization into loss function. The
consistency check filter is a filter that uses current filter to track the target of previous several frames and updates
only when the error of forward and backward position is less than the threshold. Target position is estimated by the
best filter detection score with the peak-to-side ratio is maximum. The improved algorithm is tested with the
OTB-2015 dataset and UAV 123 dataset. The experimental results show that the proposed algorithm can better adapt
to the complex environment in tracking process, which has high precision and robustness.

Keywords: target tracking; filter; spatial-temporal regularized; consistency check; efficient convolution operators
Citation: Li G Y, Zhang F X, Ji Z A. Adaptive multi-filter tracker based on efficient convolution operator[J]. Op-
to-Electronic Engineering, 2020, 47(7): 190510

i HEA: 2019-08-31; UsZM&saimHER: 2019-12-27

E&WmA: (2011139) (F2012203111)
L (1972-) E-mail Igyysu@163.com
BIEEE: (1994-) E-mail 1097089954@gqg.com

IRILER B ©2020 o BB B B AR BT

190510-1



https://doi.org/10.12086/0ee.2020.190510

Ju
][l

[1-2]

4 (5]
f6]
)
Bolme @®
(minimum
output sum of squared error, MOSSE) Henriques el

CSK(circulant structure with kernels)

CSK
Henriques [
(histogram of oriented gradient, HOG)
KCF Danelljan
] KCF SRDCF

(spatially regularized discriminative correlation filters)

(continuous convolution operators for tracking
C-coT)i

DCF(discriminative correlation filters)!*

Danelljan [
(efficient convolution operators
ECO)

Li 09
SRDCF

[17]

[15]

ECO

OTB-2015 (18

[16]

(peak-to-side ratio, PSR)

UAV123 1wl

2 ECO RiIFHE:

ECO 04
(GMM)
21 DBERET
M {xj}fv' cx d
xj eRM 4
Rle...XRND Nd x;'i
Ja
t€[0,T)
N,-1 T
]d{xd}(t): z xd[n]bd(t__nj > (1)
n=0 Nd
ba T>0 Ja{xa}
J{x}(@t)eR™ J{x}
ECO C(C<D)

190510-2



https://doi.org/10.12086/0ee.2020.190510

FOe fO C-COT Y=Yo
fO e fO plx, y)=p(x)8, (y)
D
Sy (X} =Pf #J{x}= Y P, f %], {x,} p(x) =X, N (e s L
. = N (x;u;1) m, L weX
=f*P J{x} , (2) I
P DxC Pr X 7 =
/) m
Ztli):l Pd,cf(C) C Pd,c num = xj 77 L
f(C) 7,
f p ko1
&' [k]=x"[k]b,[K] n
z=]{x}
T, =T, + 7, ,unznk‘uk—w 7)
T[k + 7Tl
AT 1y ~ | ¢ N 7(c) > 2
E(f.P)=|"Pf - 3| +z“w* il V) NE ) T % o
c=1 12
(6)
P (Frobenius) L , C 2
_ _ (c)
: rn-Snls-nfoShel o
A A M
Z'Pf (f.B) L=M/8
2P+ AP)(f + Af)~ 2"Pf, , + 2" AP,
. 2.3 ECO HZERKRTE
=z Pf,,+(f,®z) vec(AP) , (4) (CN)
fin=F+of ® (HOG)
AP
(4) () i t [0,T) (PCA)
. 2 P,
E(f.,,AP)=|2"Pf. , +(f, ®2)" vec(AP)- J .
+§“w * fO L AR+ AP (5)
prl : F P f ECO
fia AP’
};+1:sz Pz‘+1:Pi+AP,k
22 EMEARTEEER
X N.
p(x,y) y P ECO
. 1
2 () 2
sp=alls o} Sl ©
c=1 . ~ ~ [ == 7.
3 BEMNZIENSEEE
E p(x, )
peey) =% a8, | (x.) S, ECO

190510-3



https://doi.org/10.12086/0ee.2020.190510

Sample space model

—— Run only at initialization Run only after initialization Every frame

PCA Dimensionality reduction
Initial projection matrix

Component2

iInterpolationt

—
1

Gauss-Newton subproblem

Conjugate gradient

l"""i"""‘I
Projection matrix :0‘:

Filter update every Ns frame

First frame(position and scale)

Sequence Detection scores
A1 ECO HikifzRl
Fig. 1 Algorithm flow chart of ECO
T 2 ¥ of
=Bt =, + 2w £
ECO c=1 ja
+ﬁ||fT _fT,H "2 ’ )
B g
Y g = fT ZTP = Zp
ECO © ©
3.1 Bz IE ML IEIR =% L(w,g,s)= ||prT - y"z ¥ i(fT(c) gy
c=1
< O 4 o5l £0 _ o 2
2w +rx| A7 - g + Bl - fral o100
s B
h=sly
2 C ol?
on g =l o[+ S
STRCF (spa- c=1
tial-temporal regularized correlation filters)  ['*! +y§|| flO— g9 +n" i /3" fo—fra "2 (11)
c=1
) = arg min"szT - y"2
oo —g il +Blf— fra )
(1) g ©|P 2
g =argmin) |lw- g\ +y|fr—g+h
fT fT,t—l R h(i+1) _ h(i) + f(x:)l"_ (i+1) " ' "
||fT_fT,t—1|| T g
Parseval ()

190510-4



https://doi.org/10.12086/0ee.2020.190510

3.2 —HMAGIL IR AR ARE

argmin|z, f, - [ TR N A A
(13)
(13) j b j
c 1, z,
v(f)eR" 1 C j
) n P =(x)
argminll (2, v, ()= 5[ + By, ()=, ) i
. N fe
(14) v,(fr) P!
v (f)=0,2, v, ) +(B+PDQ . (15) ot -1
Q=v,(2,)j+y(v,(&)—v,(W)+Pv,(fr,) (16) B ={por P Py}
7. . P
fr v
5 Wz )T D,..=p_. -1 19
PiNep? TiVp t—17 t
gy g rror t—7 t
4 g D,.. T=2N,
y error =
{y““) =minG™ey) D, >0
g=W'W+yD)"(of . +yh) 6
Yy P 3
1 Gril2
122
0
var=|f-f.[
Shaking Var 4
2

— Spatial-temporal regularized filter

0.20 ; . ) .
i — Correlation filter in ECO
b teat - "
Target appearancel \ E

015+ i | |
/Target appearance|changes little

' changes greatly

0.10

Var

0.05

B2 B I Ak Ik 25 a4 R AL

Fig. 2 Variation of spatial-temporal regularized filter against frames

190510-5



https://doi.org/10.12086/0ee.2020.190510

Forward target location

fe.~fe.tns

Update fc

A
—— |lPt-—pe..l Derror<0

Consistency check

A3 —HMARIERB %A

Fig. 3 Consistency check filter training process

A1 @5 &8 B AT L AR

Table 1  Direction and backward target trajectory coordinates

Backward trace Forward trace
Frame Error
X y X y
120 371 251 370 251 1.39
121 374 250 378 251 4.41
122 303 227 384 252 83.93
123 310 227 389 252 82.56
124 312 227 310 227 1.89
125 313 226 312 227 1.01
126 294 226 310 226 15.63
127 296 227 311 226 15.55
128 295 227 311 227 15.40
129 295 228 296 226 1.40
130 294 228 295 227 1.77
100 r r r r r " "
Derror=83-9
80 | #111~#120 #1385~#1394
target covered
S q ;‘“ Derror=59-1
60
Q 40t
20 +
o---
0

200 400 600 800 1000 1200 1400
Frame

A4 #EEIERIRE

Fig. 4 Forward and backward distance error
_ T
3.3 BRI BIERILE Sptt=firPixt
i {T, C, 0}
ECO Spr{x}
fT fc fo Sfﬂ{x}

190510-6



https://doi.org/10.12086/0ee.2020.190510

ECO
t+1
t+1
max(S,{x,,,})—u ECO
sr fi V41 t+1
itel - =, (21)
0t+1
Slx,.,} t+1 f, S {x}
P,',S:Jrl Sﬁ{xt+]} ar% ?l}aX(P”lf,rtH ’PCSTHI’P()S,rHl )’ maX(R‘,StrH) # Pozs,rt+1 # Pﬂs,rr+1
fi1*
Aut+l 0t+1 Sﬁ{xtﬂ} Apsr APsr
it+1 o,t+1 sr __ DSt ST
5 argmax| — = — 0 b max(Py ) =P # By s
Sptx} i, a,
5@) ECO OTB-2015 S "{ } ’ ’ (P= )ope =
x}, , max(P}, )=P. =
(center location error CLE) fo o AL B
(22)
5(b) a B 1,C00 i
Api,strﬂ :Pi,strﬂ _sttr
6  Skating2
@) (b) P°'=8.23
)T MA
foxP J{X(+1} =
P*'=16.65
X |
o
LB.“ For P J{Xee1) »0
P~=18.44
\
8 - - - . FreP X1}
0 5 10 15 20 25

B5 HAFRIEAFEEEF XA,
(a) - F I BRI E A A WA, (b) M EMANZ . HF e ARIFLE R
Fig. 5 The relationship between target tracking accuracy and P*".
(a) Relation curve between P*" and tracking accuracy; (b) Detection scores, P*" and tracking results of some frames

35 Variable tardet ' Occlusion and’ ' — P
. . Wt
appearance multi-noise

Psr
N
o

0 50 100 150 200 250 300 350 400 450 500
Frame

B 6 REEEERFrES I

Fig. 6 P* of different filter detection score

190510-7



https://doi.org/10.12086/0ee.2020.190510

ECO

(1) t
C2) R,
t R’ t
N U
OTB-2015 (precision plot)

(success plot)

(22) 20 pixel
0.5
7
4 gl; E f[ z + % 5 ﬁj\ 1: ﬁ - (one-pass evalua
41 SBIBSHHE OTB-2015 ¥ ECO!™
Inter(R) Core(TM) i5-4460 fDSST(fast discriminative scale space tracker)?”
(3.2 GHz) CPU 8 GB Windowsl0 KCF™!'  STRCF®  HCF (Hierarchical convolutional
64 Matlab2016b features)?®! MEEN (multiple experts using entropy mi-
nimization)?  Staple(sum of template and pixel-wise
p=15 y?=10 y™=100 lear-ners)* LCT(long-term correlation tracking)®!
p=1.2 0=8 UAV123 (2
=10 ECOM™ DSST fDSSTE”? KCF!'! STRCF?
ECO HCF®!  StapleP®” LCTPU LEDS (large-displacement
tracking vis estimation of similarity)©
(CLE 10
Ecis ) (overlapping ratio OR  Ror )
Eas =0 =50 + 0 =30 C Efﬁm 10 OTB-2015
_area(R, NR/) ’ (24)
area(R, UR,")
Sy =argminl="Bf [ + 3w £, + Bl - £ Sn

\ [

\ [

fr 1 | l

‘ ,-‘ fT,!+1

Sequence

Target position

Multi-filter

decision model

S
e By

L 2 <
fomsmin$ s - + S

2
2

g

Src

| Consistency check filter model f ¢ |

B7 %E&%EBAFRIRERAER
Fig. 7 Multi-filter target tracking algorithm flow chart

190510-8



https://doi.org/10.12086/0ee.2020.190510

(BC)

(a) 1.0 (b) 1.0
091 —  esssasssassmasas 0.9
''''' P—
0.8 0.8
0.7 ° 0.7
§ 06 c 06
® — a —FP d [0.791
g 057 Ty g 05 ECOHC [0.763)
x 04f *== ECO_HC [0.836] 8 (.4 ||"" STRCF[0.745]
' STRCF[0.814] 3 = ;gzg.{gogggl
0.3 MEEM 0 781) 0.3 1]...- ssT o.s0]
0.2 ——LCT [0.764] 0.2 || HCF [0.656]
== {DSST [0.738] == MEEM [0.615]
0.1 DSST [0.703] 0.1 KCF [0.550] 3
0 ——KCF [0.697] ‘.DSST. [0-54:5] . . . . . \I‘ ‘
0 10 15 20 25 30 35 40 45 50 0 0.1 0203040506 070809 1.0
Location error threshold Overlap threshold
B 8 OTB2015 it OPE ##4 B A= &5 5 B
Fig. 8 Accuracy and success chart of OPE evaluated by OTB2015
88.3% ECO 4.7% (MB) (FM)
79.1% ECO 2.8% (OV) (LR)
11
OTB-2015 5
(Iv) (SV) 2 3
(IPR) (OPR) (OCQ) (DEF) 2 11
A2 FREATRIEAEGMHA
Table 2 Accuracy of tracking algorithm in different cases
Tracker STRCF ECO HCF Staple LCT fDSST Proposed
v 0.776 0.787 0.808 0.758 0.714 0.73 0.856
OPR 0.815 0.828 0.804 0.756 0.739 0.751 0.878
SV 0.759 0.769 0.776 0.714 0.642 0.663 0.831
occC 0.813 0.846 0.819 0.765 0.711 0.695 0.898
DEF 0.821 0.812 0.817 0.76 0.768 0.733 0.871
MB 0.755 0.768 0.805 0.735 0.704 0.701 0.824
FM 0.778 0.754 0.832 0.748 0.717 0.675 0.824
IPR 0.772 0.784 0.792 0.736 0.712 0.674 0.845
ov 0.759 0.736 0.676 0.69 0.59 0.576 0.786
BC 0.783 0.809 0.83 0.731 0.696 0.724 0.870
LR 0.772 0.758 0.797 0.591 0.501 0.599 0.767
A3 AR TR LR F
Table 3 Success of tracking algorithm in different cases
Tracker STRCF ECO HCF Staple LCT fDSST Proposed
v 0.738 0.752 0.604 0.699 0.685 0.658 0.802
OPR 0.728 0.735 0.587 0.645 0.656 0.65 0.762
SV 0.697 0.703 0.544 0.632 0.583 0.574 0.732
occC 0.729 0.753 0.632 0.673 0.629 0.617 0.778
DEF 0.798 0.783 0.692 0.717 0.757 0.708 0.819
MB 0.72 0.725 0.649 0.653 0.665 0.649 0.743
FM 0.684 0.661 0.659 0.642 0.627 0.603 0.690
IPR 0.686 0.695 0.616 0.645 0.65 0.586 0.727
oV 0.712 0.658 0.543 0.566 0.531 0.559 0.669
BC 0.731 0.761 0.701 0.672 0.665 0.66 0.818
LR 0.688 0.664 0.421 0.46 0.407 0.468 0.637
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Table 4 Overlapping ratio, center location error and speed of 8 tracking algorithms
Tracker ECO fDSST Staple KCF STRCF LCT HCF Proposed
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Overview: In the actual target tracking process, the shape and posture of the target are different, and the environment
in tracking is complex and changeable. It is difficult for a single filter to cope with the complex changes of the video se-
quence and tracking environment. To solve this problem, based on the efficient convolution operators for tracking algo-
rithm, a multi-filter target tracking algorithm which can adapt to more complex environments is proposed. The algo-
rithm trains two more filters of spatial-temporal regularization filter and consistency checking filter than the efficient
convolution operators for tracking algorithm. The spatial-temporal regularization filter is obtained by introducing the
temporal regularization into the loss function of correlation filtering. Spatial-temporal regularization filter can well
adapt to the huge changes in the appearance of the target, so it can adapt to the environment that targets variable. The
training method of consistency check filter is: firstly, the current filter is used to locate the target that has been tracked
forward, and then the errors between the reverse location coordinate and the forward location coordinate are compared.
When the error is less than the threshold, the consistency check filter is updated, but not be updated when the distance
error is greater than the threshold. The consistency check filter reduces the noise information introduced in the filter
update process, so it can be used in the case of more background clutter and noise. The correlation filter in the efficient
convolution operators for tracking algorithm retains the most comprehensive target and background feature informa-
tion, so it is suitable for relatively stable tracking environment with less interference. Spatial-temporal regularization
filter, consistency check filter and correlation filter in efficient convolution operators for tracking are convolved with
target features respectively, and three filter detection scores are obtained. The filter detection score obeys the Gaussian
distribution. The higher the peak to side ratio of detection score, the higher the target tracking accuracy. The position of
the target is estimated by the best filter detection score witch the peak to side ratio is more than the other filter detection
score. The improved algorithm is evaluated on the OTB-2015 data set and UAV123 data set. Through qualitative and
quantitative analysis, the experimental results show that the improved algorithm can better adapt to the complex
changing environment in the tracking process, and its accuracy and success are improved, which is superior to most
existing tracking algorithms.

Citation: Li G Y, Zhang F X, Ji Z A. Adaptive multi-filter tracker based on efficient convolution operator[J]. Op-
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