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IoU ∈ (0.25, 0.75] IoU ∈ (0.75, 1]

×
×

×



f(x) = max(0, x)

×

×

P (x) = 0.2

[0, 1]

f(x) =
1

1 + e−x

α



f(x) = max(αx, x)

× ×

fr =
N∑
i=1

∑Q
j=1 (αij − α̂ij)

2

N
− βi

eβ̂i∑N
j=1 e

β̂j

α α̂
β β̂



× ×

× ×

lr = 10−3

fcomp



fcomp =
P (B|A)

P (B|A) + P (B|¬A)
fcorr

fcorr =
P (B|A)

P (B|A) + P (¬B|A)
fquality

fquality =
fcomp · fcorr

fcomp + fcorr − fcomp · fcorr

0.25 ≤ fquality < 0.75 fquality ≥ 0.75









×××



P (x) = 0.5





fd
fp f¬p

fk fs
fr

λa = 5 λb = 0.5

f = λafd + fp + λbf¬p + fk + fs + fr

fd
(xi, yi, wi, hi)



fdxy = (xi − x̂i)
2 + (yi − ŷi)

2

fdwh = (
√
wi −

√
ŵi)

2 + (
√

hi −
√
ĥi)

2

fd =
S2∑
i=1

B∑
j=1

1
obj
ij [fdxy + fdwh]

fp f¬p
fp

f¬p

fp =
S2∑
i=1

B∑
j=1

1
obj
ij (Ci − Ĉi)

2

f¬p =
S2∑
i=1

B∑
j=1

1
¬obj
ij (Ci − Ĉi)

2

fk

pi(j) p̂i(j)

fk =
S2∑
i=1

1
obj
ij

∑
j∈n

(pi(j)− p̂i(j))
2

fs

s
ŝ

fs =
W∑
i=1

H∑
j=1

(sij − ŝij)
2

fr

l



σ μ

fr =

∑l
i=1 σ

2
i − 1 + μi + eμi

2l
− 1

Q

Q∑
i=1

2∑
j=1

α α̂

nobjects = [1; 10)

s = [0.7, 2)
θz = [0, 2π)

r = [−5, 5]
α = [0, 2π)

lrmin = 10−6 lrmax = 10−4

w0 = 4 × s w1 = 2 × s

{
x = r × α

y = r × α



flr(x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x
w1

× (lrmax − lrmin) + lrmin, x < w0

1

π 3
e
1+π× (x−w1)mod(w0+1)

w0 ×
(lrmax − lrmin) + lrmin,







Y
Ŷ

n3





Ŷ Y
Ŷ Y
O(n!)

O(n3 n)

×××

×

×





f(x) =
1− e−2x

1 + e−2x

/



fk
fr

fk ≤ 0.3

f = fk + 1{fk ≤ 0.3}fr
fk

o ô
s ŝ yc

n

fdp = yc

n∑
i=1

L1s(oi, ôi)

fds = yc

n∑
i=1

L1s(si, ŝi)

fbce =
1

n

n∑
i=1

yc · ŷc + (1− yc) · (1− ŷc)

fk = fdp + fds + fbce

L1s

zi(yi, ŷi) =

{
(ŷi−yi)

2

2β
, |ŷi − yi| < β

|ŷi − yi| − 0.5β,

L1s(y, ŷ) =
1

n

n∑
i=1

zi

femd

fexp

α = 0.1

fr = femd(S, Ŝfine) + femd(S, Ŝcoarse) + αfexp





femd = min
φ:S→Ŝ

1

|S|
∑
x∈S

||x− φ(x)||2

fexp =
1

KN

∑
1≤i≤K

∑
(u,v∈τi)

1{d(u, v) ≥ λli}d(u, v)

θsubject = [0◦, 360◦)
θcamera = [−35◦, 35◦]

lr = 10−3



fcd =
1

2

(
1

|S|
∑
x∈S

min
y∈Ŝ

‖x− y‖22 +
1

Ŝ

∑
y∈Ŝ

min
x∈S

‖x− y‖22
)
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/

fφ1 = femd(Sclean, Ŝclean) + femd(Sclean, Ŝcoarse)+

femd(Sclean, Ŝfine)+

α(fexp(Sclean, Ŝclean) + fexp(Sclean, Ŝfine))

fφ2 = femd(Sclean, Ŝclean) + femd(S, Ŝfine)+

femd(S, Ŝcoarse)+

α(fexp(Sclean, Ŝclean) + fexp(Sclean, Ŝfine))



fφ3 =
N∑
i=1

ŷi · log(yi) + (1− ŷi) · log(1− yi)

γ = 0.4

fφ4a = fφ2 + fφ3

fφ4b = γfemd(Sclean, Ŝclean)+

αfexp(Sclean, Ŝclean) + fφ3(1− y, ŷ)



lrmax = 10−4 lrmin = 10−5







femd = 0.0256 fcd = 0.0276

femd = 0.059 fcd = 0.079

femd = 0.059 fcd = 0.079

















3 × 3

f(x) = max(0, x)

3 × 3



α α̂
β β̂ N
Q

fr =
N∑
i=1

∑Q
j=1 (αij − α̂ij)

2

N
− βi

eβ̂i∑N
j=1 e

β̂j





80 × 80





fd
fp

f¬p fk
fs fr

λa = 5 λb = 0, 5

f = λafd + fp + λbf¬p + fk + fs + fr

fd (xi, yi, wi, hi)

S B

fdxy = (xi − x̂i)
2 + (yi − ŷi)

2

fdwh = (
√
wi −

√
ŵi)

2 + (
√

hi −
√
ĥi)

2

fd =
S2∑
i=1

B∑
j=1

1
obj
ij [fdxy + fdwh]

fp f¬p
fp

f¬p



fp =
S2∑
i=1

B∑
j=1

1
obj
ij (Ci − Ĉi)

2

f¬p =
S2∑
i=1

B∑
j=1

1
¬obj
ij (Ci − Ĉi)

2

fk
n pi(j)

p̂i(j)

fk =
S2∑
i=1

1
obj
ij

∑
j∈n

(pi(j)− p̂i(j))
2

fs

W H
s ŝ

fs =
W∑
i=1

H∑
j=1

(sij − ŝij)
2

fr

l
σ μ

fr =

∑l
i=1 σ

2
i − 1 + μi + eμi

2l
− 1

Q

Q∑
i=1

2∑
j=1

α α̂

Ŷ



n3

Ŷ
Ŷ

O(n!)

O(n3 n)





f = fk + 1{fk ≤ 0, 3}fr
fk

yc





fdp = yc

n∑
i=1

L1s(oi, ôi)

fds = yc

n∑
i=1

L1s(si, ŝi)

fbce =
1

n

n∑
i=1

yc · ŷc + (1− yc) · (1− ŷc)

fk = fdp + fds + fbce

L1s

zi(yi, ŷi) =

{
(ŷi−yi)

2

2β
, |ŷi − yi| < β

|ŷi − yi| − 0.5β,

L1s(y, ŷ) =
1

n

n∑
i=1

zi

fr
femd

Ŝ iurk tus Ŝdetalus

fexp
α = 0, 1

fr = femd(S, Ŝdetalus) + femd(S, Ŝ iurk tus) + αfexp

femd = min
φ:S→Ŝ

1

|S|
∑
x∈S

||x− φ(x)||2

fexp =
1

KN

∑
1≤i≤K

∑
(u,v∈τi)

1{d(u, v) ≥ λli}d(u, v)











fφ1 = femd(S varus, Ŝ varus) + femd(S varus, Ŝ iurk tus)+

femd(S varus, Ŝdetalus)+

α(fexp(S varus, Ŝ varus) + fexp(S varus, Ŝdetalus))

fφ2 = femd(S varus, Ŝ varus) + femd(S, Ŝdetalus)+

femd(S, Ŝ iurk tus)+

α(fexp(S varus, Ŝ varus) + fexp(S varus, Ŝdetalus))

fφ3 =
N∑
i=1

ŷi · log(yi) + (1− ŷi) · log(1− yi)



γ = 0, 4

fφ4a = fφ2 + fφ3

fφ4b = γfemd(S varus, Ŝ varus)+

αfexp(S varus, Ŝ varus)) + fφ3(1− y, ŷ)



fi b =
P (B|A)

P (B|A) + P (B|¬A)

fteis =
P (B|A)

P (B|A) + P (¬B|A)

fkokyb =
fi b · fteis

fi b + fteis − fi b · fteis

0, 25 ≤ fkokyb < 0, 75

fkokyb ≥ 0, 75





fcd =
1

2

(
1

|S|
∑
x∈S

min
y∈Ŝ

‖x− y‖22 +
1

Ŝ

∑
y∈Ŝ

min
x∈S

‖x− y‖22
)











femd = 0, 0256 fcd = 0, 0276

femd = 0, 059 fcd = 0, 079

femd = 0, 059 fcd = 0, 079





2











L1







1 2

3 4,5

1

2

3

4

5







×

×

P (x) = 0.2

y0

H(y0, p) = −
∑

y0log(
ep∑
ep
)

P (x) = 0.4



×



× ×

B ∈ [0; 1]
y0

H(y0, p) =
∑ (p− y0)

2

n



D(x, y) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
D(x, y), x �= 0

D̂(i, j)

i = x− 2, . . . , x+ 2

j = y − 2, . . . , y + 2,

◦
◦













IoU

IoU =
P (B|A)

P (B|A) + P (¬B|A) + P (B|¬A)

Completeness =
P (B|A)

P (B|A) + P (B|¬A)



Correctness =
P (B|A)

P (B|A) + P (¬B|A)

Quality =

Completeness · Correctness

Completeness+ Correctness− Completeness · Correctness

IoU
IoU

IoU

IoU

IoU
IoU





I
o
U

m
in

I
o
U

I
o
U

m
a
x



IoU ∈ (0.25, 0.75]

IoU ≥ 0.25

×

×







×
×















8 × 10

0.55 2.8

0.333 0.798
89.5













1 1

2,3 4

1

2

3

4













zmax

z = [0, 1]



×

ε = 0.9 θ = 0.01



2× 2× 2 20× 20
20× 20

1× 1 20× 20

2× 2× 2 40× 40
40× 40

1× 1 40× 40
160× 120

1× 1/2 80× 60

1× 1 160× 120
1× 1/2 80× 60

1× 1 160× 120
2× 2 160× 120

3× 3/2 80× 60

3× 3/2 80× 60

80× 60
1× 1 80× 60
1× 1 80× 60
1× 1 80× 60

80× 60



box,mask, ε �

cx, cy ← box � box

seed ← ∅

seed ← find closest max(box,mask) �

seed �= ∅ ∧ seedvalue ≥ ε

seedid ← boxid � id id

seed � ε

∅ �

seed, θ �

n ∈ seedneightbours �

nid = ∅ ∧ nvalue ≤ seedvalue ∧ nvalue > θ

nid ← seedid � id seed

FILL NEIGHBOURS(n) �

bounding boxes ← sort confidence(bounding boxes)�

box ∈ bounding boxes � b

seed ← GET SEED(box, ε)

seed �= ∅

FILL NEIGHBOURS(seed, θ)



lrmin = 1e−6 lrmax = 1e−4

y(x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x
w1

× (lrmax − lrmin) + lrmin, x < w0

1

π 3
e
1+π× (x−w1)mod(w0+1)

w0 ×
(lrmax − lrmin) + lrmin,

w1 =
2 × s w0 = 4 × s s

P (x) = 0.5



lr = 1e−5





P (x) = 0.1

×

× ×

×
×





32× 32× 32× 2
x× y × z × s

320× 240

5× 5/2 160× 120

160× 120
P (x) = 0.1

160× 120
1× 1 160× 120

160× 120
5× 5/2 80× 60

80× 60
P (x) = 0.05

80× 60
80× 60

1× 1 80× 60
80× 60

3× 3/2 40× 30

40× 30
P (x) = 0.025

40× 30
40× 30
40× 30

1× 1 40× 30
40× 30

3× 3/2 20× 20



320× 240

4× 4× 4
4× 4× 4
4× 4× 4
4× 4× 4

1× 1× 1 4× 4× 4
4× 4× 4

3× 3× 3× 2 8× 8× 8

8× 8× 8
8× 8× 8

1× 1× 1 8× 8× 8
8× 8× 8

3× 3× 3× 2 16× 16× 16

16× 16× 16
1× 1× 1 16× 16× 16

16× 16× 16

5× 5× 5× 2 32× 32× 32

3× 3× 3 32× 32× 32



×





nobjects = [1; 10)



G � G

minx,miny,minz ← Infinity � min

maxx,maxy,maxz ← −Infinity � max

v ∈ G � v

minx ← min(vx,minx)

miny ← min(vy,miny)

minz ← min(vz,minz)

maxx ← max(vx,maxx)

maxy ← max(vy,maxy)

maxz ← max(vz,maxz)

min,max

min,max ← EXTENTS(G)

bounds ← max−min

max bound ← 1/max(boundsx, boundsy, boundsz)

v ∈ G � v

vx ← vx/max bound

vy ← vy/max bound

vz ← (vz −minz)/max bound �

Rz

s = [0.7, 2)
Rz θ = [0, 2π)



r = [−5, 5] α = [0, 2π)

{
x = r × α

y = r × α

L = S ×R× T =⎡
⎢⎢⎣
s 0 0 0
0 s 0 0
0 0 s 0
0 0 0 1

⎤
⎥⎥⎦×

⎡
⎢⎢⎣

θ − θ 0 0
θ θ 0 0

0 0 0 0
0 0 0 1

⎤
⎥⎥⎦×

⎡
⎢⎢⎣
0 0 0 0
0 0 0 0
0 0 0 0
x y z 1

⎤
⎥⎥⎦

nlights = [1; 4)

ColRGB = [0.7, 1]
I = [0.7, 1]

× n = 25

r = 10 zmin = 4 zmax = 6



step size ← 2π/(1− n)

θ ← random(i, i+ 1) �

x ← (step size× θ)× r

y ← (step size× θ)× r

z ← random(zmin, zmax)

×







λ = 0.1

◦ ◦



55.76

11.503

IoU < 0.5



IoU > 0.5



× ×



0.571
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1
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O(n2)
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K

640x480
307200

2048

K =

⎡
⎣fx 0 cx
0 fy cy
0 0 1

⎤
⎦



p(x,y,z) =

⎡
⎣x− cx·zi

fx

y − cy ·zi
fy

z

⎤
⎦

307200

4096

εclip(y, ŷ) =
∑

L1s(ypos, ŷpos) · yconf+∑
L1s(yscl, ŷscl) · yconf + εbce(yconf , ŷconf )

L1s
BCE

εbce(y, ŷ) = − 1

n
·

n∑
i

yi · ŷi + (1− yi) · (1− ŷi)

L1s(y, ŷ) =
1

n

n∑
i

zi

zi β = 0.1

zi(yi, ŷi) =

{
0.5·(ŷi−yi)

2

β
, if |ŷi − yi| < β

|ŷi − yi| − 0.5 · β, otherwise



640× 480
307200× 3
2048× 3

1 2048× 64
1 2048× 128
1 2048× 1024
2 2× 1024
1 2× 512
1 2× 7

307200× 3
4096× 3

16

4096× 3
1 4096× 64
1 4096× 128
1 4096× 1024

1024
256

×
16× 256× 258

16× 256× 129

16× 256× 64

16× 256× 3

4096× 3
4096× 64
4096× 128
4096× 1024

1024
1088

4096× 512
4096× 256
4096× 128
4096× 3



/

ε < 0.3

Ŝ

d(u, v)
φ

1 λli λ = 1.5

α = 0.1 Ŝcoarse Ŝfinal

εemd(S, Ŝ) = min
φ:S→Ŝ

1

|S|
∑
x∈S

||x− φ(x)||2



εexp =
1

KN

∑
1≤i≤K

∑
(u,v∈τi)

1{d(u, v) ≥ λli}d(u, v)

ε = εclip+

1{εclip < 0.3}(εemd(S, Ŝfinal) + εemd(S, Ŝcoarse) + αεexp)

◦ ◦
◦ ◦ ◦

◦



I∩U
≈ 80



I ∩ U

εcd(S, Ŝ) =

1

2

(
1

|S|
∑
x∈S

min
y∈Ŝ

||x− y||22 +
1

Ŝ

∑
y∈Ŝ

min
x∈S

||x− y||2
2

)

95 0.054
0.078



/



4096









0.7907

0.0256
0.276













1 2

3 3

1

2

3

0.059 0.079









O(n2)
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◦ ◦
◦

− ◦ ◦ ◦



fx fy
cx cy
640 × 480

K =

⎡
⎣fx 0 cx
0 fy cy
0 0 1

⎤
⎦ .

w, h, fx, fy, cx, cy, D �

x ← 0
y ← 0
V ← {∅} �

zi ← D(x, y) �
xi ← (x− cx) · zi/fx
yi ← (y − cy) · zi/fy

xi yi zi



◦



2.5

2048

2048





256

8

[−0.5, 0.5]

256
512





[−0.5, 0.5]

8

1 0





ω = [2π, 32π]
A = (0, 0.03] 75

50

50 [0.8, 1.8]

p(x, y, z) = (x+ A · cos(ω · x), y + A · sin(ω · y), z).



d(u, v)
1

λli λ = 1.5

EMD(S, Ŝ) = min
φ:S→Ŝ

1

|S|
∑
x∈S

||x− φ(x)||2,

EXP (S, Ŝ) =
1

KN

∑
1≤i≤K

∑
(u,v∈τi)

1{d(u, v) ≥ λli}d(u, v).

Ŝclean Ŝcoarse

Ŝfine Sclean

γ = 0.1
εΦ1 >

0.13

εΦ1 = EMD(Sclean, Ŝclean) + EMD(Sclean, Ŝcoarse)+

EMD(Sclean, Ŝfine)+

γ · (EXP (Sclean, Ŝclean) + EXP (Sclean, Ŝfine))

.



Sgt

εΦ2 > 0.08

εΦ2 = EMD(Sgt, Ŝcoarse) + EMD(Sgt, Ŝfine)+

γ · EXP (Sclean, Ŝfine).

1 0

εΦ3 < 0.05

εΦ3 = BCE(y, ŷ) =
N∑
i=1

ŷi · log(yi) + (1− ŷi) · log(1− yi).



α = 0.4

εΦ4a = EMD(Sclean, Ŝclean) + εΦ2 + εΦ3,

εΦ4b = α · EMD(Sclean, Ŝclean)+

γ · EXP (Sclean, Ŝfine) + BCE(1− y, ŷ),

εΦ4c = εΦ3.

εcd(S, Ŝ) =

1

2

(
1

|S|
∑
x∈S

min
y∈Ŝ

||x− y||22 +
1

Ŝ

∑
y∈Ŝ

min
x∈S

||x− y||2
2

)
.



/









0.059 0.079
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