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1 Formulation

1.1 Single-Channel Features

Solution in the Primal Domain.

k
min [[Agw —y|[3 + Aul[wl3 + A2 Y [|Awl[3 (1)

=1

The primal objective function f, in Eq. can be rewritten by stacking the
context image patches below the target image patch forming a new data matrix
B € R*+)nxn  The new regression target § € R*+tD" concatenates y with
ZEros.

Ao 2

VA2 Ay
Lw,B) =[] T | w— [ NIl = Bw =315+ AllwlE (2)
VA2 Ay 0]1l,

where w € R?, B € R(ktDnxn g ¢ Rlk+1)n

Since f,(w,B) is convex, it can be minimized by setting the gradient to zero,
yielding:
Vof(w)=2B"(Bw —3)+2\;w =0 (3)
Solving for w:
w=(B"B+\I)"'B'y (4)

Identity for circulant matrices (F is the FFT matrix):

X = F diag(x) F¥

X7 — F diag(%*) FH} XX =T dieex 08 12 ®)



2 Matthias Mueller, Neil Smith, and Bernard Ghanem

Therefore:
k
B'B=AlAo+. ..+ X AA = ATA + X > ATA,
=1
k
= F diag(a) © &) F” + X, ) "F diag(a; © a,) F/ (6)

i=1

k
= F diag <53®€10+Azzﬁf®ﬁi> FH

i=1

y
BTy = [AT VAT ... VAT
0
= Al'y =F diag (8}) F¥ y = F diag (35, © §)
Substituting into Eq. [
-1

k
W= [F diag (ag ©ag+ A+ X >4 @aZ) F7| Fdiag(a;oy) 8)

=1

—1

diag (35 0¥)  (9)
i=1

2
Ff w= [diag (ég@éo—i—)\l—l-)o Zé}kQZ?li)

a0y
a50ap+ M+ X Yb L ar 04

\x/:

(10)

Detection formula. The learned filter w is convolved with image patch z (search
window) in the next frame, where Z denotes its circulant matrix. The location
of the maximum response is the target location within the search window. The
primal detection formula in time and frequency domains is given by:

rp(w,Z)=2Zw & 1, =20W (11)
Solution in the Dual Domain. Note that the solution in the primal domain in

Eq. has the exact same form as the solution of the standard ridge regression
problem [2]. Hence, the solution in the dual domain is given by:

a= BB +\I) 'y (12)

where a € R(k+1)n
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Ao
VAzAy
BB” = : (AT VAT VAT

VA2 A
AoAT  VIAGAT ... gAGAT

VRRAIAT MALAT L MAAT
VAARAT MARAT L A ARAT

F...0 diag(ap ®4ay) ... diag(v/ A2 8o @a;)] [F¥ ... 0

|0 ... F| |diag(v/A2 &, ©4g) ... diag(\e &4, © &j) 0 ... FH
= FDF”
(13)
Substituting into Eq.

-1 _

a=[FDO+M)FI] §=F (D+\I]) Fly (14)

diag(dgp) ... diag(dog) ! y
a=D+aDry=| : (15)

diag(dgo) ... diag(dgx) 0
where vectors dj; with j,1 € {1,...,k} are given by:

doo =8004a5+ M\
d;; = X2 (& @é;) + A1, j#0 (16)
dji =V (84;04]), j#1

Note that the kernel trick can be applied, since all interactions between the
image patches occur as bi-products. Hence, the linear correlation can simply be
replaced by one of the kernel correlations as derived for conventional kernelized
CF trackers [1].

Since all blocks are diagonal, the system can be decomposed into n smaller sys-
tems of dimension RF+1)x(k+1) Thig significantly reduces complexity and allows
for parallelization. Instead of solving one large system of dimension R(k+1)nx (k+1)n
to compute a, a separate system is solved for each pixel p € {1,...,n} of a, as
follows:

—1 .

doo(p) --- dok(p) y(»)
&(p) = Do : (17)
dro(p) ... dix(p) 0
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Detection Formula. Note that B contains the context patches in addition to
the target. Consequently, a € R+t is composed of a concatenation of dual
variables {ay, ..., ax}.

ry(a, B,Z) =Z BT« (18)
(&%)
(631
rqg = Z [Ag vV )\QA,{ RV AQA{] . (19)
Qg
(&%)
rg=F [diag(z® &) ... VA; diag(zoa})|F” | : (20)
(e72
Qg
fq = [diag(2 @ &) ... VX diag(z ©&})] | : (21)
(e73
k
fq=204a;0 ao+ Vo Zz@af@az (22)
1=1

1.2 Multi-Channel Features

Solution in the Primal Domain. Now we want to solve the same problem for
multi-channel features and effectively learn a joint filter for all feature dimension.

m 2 m b = i
. 2
WI{?.I,%VM Z Aogw, —y|| + M\ Z [willy + Az Z ‘ Ajiw; (23)
= 9 i—1 j=1|li=1 2
Note that:
2
Z Aow; —y| =|[[Aor- Aom] | ¢ | —Y 29
i=1 2 Wm 2
2
m W1
2 . 7|2
dolwilla =[] ¢ [ = 1wl >
1=1 Wi 9
2
L m 2 A01 P AOm w1
s[cam] <1 @9
7j=11li=1 2 Akl vea Akm Wm

2
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Therefore, the objective function f,(W;B) in Eq. can be rewritten in a
similar fashion as in the case of single-channel features (Eq. (2))) with the differ-
ence that B € R+ xmm contains the base and context image patches as rows
and their corresponding features columns. The filters for the different feature
dimensions are stacked into w € R™.

A01 N AOm w1 Yy w1 2
_ VA2Air ... VA, 0
fp(V_V§ B) = . . : | + M (27)
V3A o VoA | LV 0 Wm

2
_ B
= [[B® — [, +MlIwli3
where w € R™™, B € R(Hl)nmm’ g e R(E+1)n

Note that the objective function fp(v_v;B) in Eq. is convex. Hence, this
optimization problem can be solved by setting the gradient to zero:

Vwf(®)=2BT(BW - §) + 2\ % =0 (28)
Solving for w:
w=(B"B+\I)"'Bly (29)
Applying the identity for circulant matrices (Eq. (5)) yields:
[AT VAT, . VRGAT -‘6’
Bly=1: &+ .
Al VAT VAT :
L“+0m 282 1m, 283 km 0 (30)
[Afy F diag(as,) Fy F diag(ag, © y)
(ALY F diag(&g,,) F™y F diag(ay,, ©¥)
- Ay ... A
Al VRAT . VXATL o om
_ ot 2 PR AGAL - VAL,
B'B=| : : : S .
AT VAT AT L
L-20m V42 m P VAR - VA AR,
[AD A+ XY ATA, . AL Ag, + X Yr AT A,
(AT Ao+ A X0 AL A AT Ao + 00 X, AT A
[F ... 0] [diag(€yy) ... diag(€im)] [FH ... 0
=]t Lo ;. | =FCF"
10 ... F| |diag(Cp1) ... diag(Cmm) 0 ... FH
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where: .
Ci1 = 4aj, ®ag + A2 Zﬁfl © &y
i=1
k
Cim = 80, @ A + A2 Y47 O iy
=1
. (32)
Cmi1 = 4y, ©® ap1 + A2 Zéfm OF: 13
=1
k
Coim = 8y, © Bom + A2 DA%, © Aipy
=1
Substituting into Eq. 29
w=[F (C+\I) FY]' BTy (33)
Ffw = (C+\I)7 FABTy (34)
[diag(€11) + MI...  diag(@m) 1 [diag(al ©¥)
w = z : :
| diag(Sm1) ... diag(Cmm) + M1 diag(ag,, ©y) (35)

- = T
Cii ... Gy diag(af; ©F)

The target and context image patches for each feature dimension j,1 € {1,...,m}

are denoted by ag; and a;; respectively. The blocks of (C + A\I)~! are defined
as:

Cj; = ding (a5; © 80, + A2 301, 83 © éij) ol

e Eooae ) (36)
le = diag ag; ® ag + A2 Zi:l a;; O] ail) , JFEL

Unfortunately, this system cannot be inverted as efficiently as in the single-
channel case. However, since all of the blocks are diagonal, the system can be
decomposed into n smaller systems of dimension R”*™. This reduces the com-
plexity significantly and allows for parallelization. Similar to Eq. , a separate
system is solved for each pixel p € {1,...,n} of the filter w.

_ _ —1 Frax .

cu(p)+ Ao Timl(p) 461 © §](1)
w(p) = S : : (37)

Detection formula. It is almost the same as in the single-channel case in Eq.
with the difference that the image patch z and the learned filter w are
m-~dimensional.
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Solution in the Dual Domain. Just like in the case of single-channel features,
the multi-channel primal solution (Eq. (29)) also has the exact same form as
the solution of the standard ridge regression problem [1] yielding the following
solution in the dual domain:

a= (BB” + /\11)_1 y (38)

where & € RF”

AOl PR Aom T T T
_ VA2ALL ... VA2AL Af VAAT o VAL

: : i : . K : .
_\/EAkl \/EAkm AOm \/gAhn \/EAkm

ST UAGAL VAT AvAnT L VAR YT AjiAl T

VR AGAL YT AuAn o Y AnA”
VST AGAL YT AkAGT L Y AAL
diag(3o72, 80 © &5;) ... diag(vVAe X, Aoi © &)
- F : : j kil
= FDFY
(39)
Substituting into Eq.

a=[FD+M)F) 'y=F D+ Fly (40)

diag(dgo) ... diag(dog) ! y
a=O+MDy=| 5 (41)

diag(dgo) ... diag(dix) 0

where vectors dj; with 7,1 € {1,...,k} are given by:

doo =10 (A0 © &) + M
djj =X 200,(8;0&5) + A, j#0 (42)
djl = \/E Z:il(éji © é?})v J 7“

Note that the linear system is the same as in case of the dual domain solution for
single-channel features with the exception that there is now a sum along the fea-
ture dimension m. This solution also permits the use of kernels and the linear sys-
tem can be solved in the same fashion as the single-channel case (Eq. ) Since
all blocks are diagonal, the system can be decomposed into n smaller systems
of dimension R(++1)x(k+1) " Thig significantly reduces complexity and allows for
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parallelization. Instead of solving one large system of dimension R(k+1nx(k+1)n
to compute &, a separate system is solved for each pixel p € {1,...,n} of &, as
follows:

1 .

doo(p) - dok(p) y(p)
alp)=| . ; (43)
ako(p) PN akk(p) 0
Detection Formula. It follows the single-channel feature case with the difference

that Z € R"*" and B € RE+TDnxnm now have multiple feature dimensions as
columns:

ry(@,B,Z)=7Z B"a (44)
(e
AL VAT o VRAT af
AL VGAT o VAT dk
(o %)
rg= Y1 ZAL VG Y0 Z AT FT | (46)
ay,
(o %)
rg=F [Y, diag(z; @ 4ay,) ... VA Yo, diag(z; © af;)| F7 | (47)
Qg
&
fq= [diag iz 04a8) ... Vg diag(doin, 2,0 éi‘;i)] : (48)
au,
m k m
= (Z 2; @é&-) ORTERVIYY (Zzi @ﬁ};) ®é; (49)
i=1 j=1 \i=1

1.3 Energy of data term

|Aow — y[13 = (Aow —y)" (Agw — y)
= (Aow)"(Aow) — (Aow)Ty —y" (Aow) + (y)"(y)  (50)
= [[Aow]|[3 — 2(Aow) "y + |ly|[3

where Agw is the response
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2 Experiments

We also evaluate trackers with the same parameters on two additional datasets
to show that our framework improves tracking performance consistently. Figures
and show the results on TC-128 and Figures and show the
results on UAV-123 . While the results are lower for all trackers due to the
higher difficulty of these datasets, the context-aware CF trackers consistently
outperform the corresponding baseline CF trackers by a margin. Also note that
none of the parameters was adjusted and that the sampling strategy for the
context patches is very naive. With further parameter tuning and a smarter
sampling strategy the results can be much further improved.

Precision plots of OPE on TC128 - All Sequences Success plots of OPE on TC128 - All Sequences
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(a) TC-128 - Precision Plot (b) TC-128 - Success Plot

Fig. 1: Average precision and success on TC-128 for all sequences
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OPE Precision plots on UAV123 - All Sequences OPE Success plots on UAV123 - All Sequences
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(a) UAV-123 - Precision Plot (b) UAV-123 - Success Plot

Fig. 2: Average precision and success on UAV-123 for all sequences

The following Figures show the performance for each attribute on OTB-100 .
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OPE Precision plots on OTB100 - Aspect Ratio Change (16) OPE Success plots on OTB100 - Aspect Ratio Change (16)
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Fig. 3: Average precision and success on OTB-100 for videos with the attribute
Aspect Ratio Change

0.9 OPE Precision plots on OTB100 - Background Clutter (31) 0.9 OPE Success plots on OTB100 - Background Clutter (31)
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Fig.4: Average precision and success on OTB-100 for videos with the attribute
Background Clutter
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0.9 OPE Precision plots on OTB100 - Deformation (44) 0.9 OPE Success plots on OTB100 - Deformation (44)
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Fig.5: Average precision and success on OTB-100 for videos with the attribute

Deformation
0.9 OPE Precision plots on OTB100 - Fast Motion (39) 0.9 OPE Success plots on OTB100 - Fast Motion (39)
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Fig. 6: Average precision and success on OTB-100 for videos with the attribute

Fast Motion
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OPE Precision plots on OTB100 - In-Plane Rotation (51) 0.9 OPE Success plots on OTB100 - In-Plane Rotation (51)
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Fig. 7: Average precision and success on OTB-100 for videos with the attribute
In-Plane Rotation
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OPE Precision plots on OTB100 - lllumination Variation (38)
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Fig.8: Average precision and success on OTB-100 for videos with the attribute
Illumination Variation
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Fig.9: Average precision and success on OTB-100 for videos with the attribute
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Fig. 10: Average precision and success on OTB-100 for videos with the attribute
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Fig. 11: Average precision and success on OTB-100 for videos with the attribute
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Fig. 12: Average precision and success on OTB-100 for videos with the attribute
Out-of-Plane Rotation
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Fig. 13: Average precision and success on OTB-100 for videos with the attribute
Out-of-View

OPE Precision plots on OTB100 - Scale Variation (64) OPE Success plots on OTB100 - Scale Variation (64)
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Fig. 14: Average precision and success on OTB-100 for videos with the attribute
Scale Variation
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