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Figure 3: Results for the Annealing, Ionosphere and Parkinsons datasets using the “la-

bel flips” method for simulating annotators. The “x” marks indicate the average true

accuracies of the simulated annotators.
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Figure 4: Results for the Iris, Segmentation and Wine datasets using the “model noise”

method for simulating annotators. The “x” marks indicate the average true accuracies of

the simulated annotators.
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http://amilab.dei.uc.pt/fmpr/gpc-ma/


2.2× 10−16

O(N3) R



0 2000 4000 6000
800

810

820

830
ionosphere

−l
og

 p
(D

)

0 5000 10000
1700

1750

1800

1850
pima

0 1000 2000 3000 4000
700

750

800

850
bupa

iteration

−l
og

 p
(D

)

0 5000 10000
1400

1500

1600

1700

1800
breast

iteration

α β





100 200 300

0.72

0.73

0.74

0.75

blues

AU
C

100 200 300

0.86

0.88

0.9

0.92
classical

100 200 300
0.7

0.72

0.74

0.76

0.78

0.8
country

AU
C

100 200 300

0.68

0.7

0.72

0.74

0.76

disco

100 200 300
0.78

0.8

0.82

0.84

hiphop

AU
C

100 200 300

0.81
0.82
0.83
0.84
0.85

jazz

100 200 300

0.6

0.62

0.64

0.66

metal

AU
C

100 200 300

0.7
0.71
0.72
0.73
0.74
0.75

pop

100 200 300
0.78

0.8

0.82

0.84
reggae

AU
C

num. queries
100 200 300

0.54
0.56
0.58

0.6
0.62
0.64

rock

num. queries

 

 

random
pick instance
pick both



R = 1 α = 1 β = 1





p( )





k

βk|τ ∼ (βk|τ V )

d

θd|α ∼ (θd|α K)

nth

zdn|θd ∼ (zdn|θd)

wd
n|zdn,β1:K ∼ (wd

n|βzdn
)

K V
α

θd α α > 1
α ≤ 1

τ



wd
nzdnθdα βk τ

Nd

D

K

θd

zdn βk

43rd

56th 247th



wd
nzdnθd

cdη

α βk τ

Nd

D

K

cd dth

k

βk|τ ∼ (βk|τ V )

d

θd|α ∼ (θd|α K)

nth

zdn|θd ∼ (zdn|θd)

wd
n|zdn,β1:K ∼ (wd

n|βzdn
)

cd|zd,η ∼ (cd| (z̄d,η))

z̄d d z̄d = 1
Nd

∑Nd
n=1 z

d
n

p(cd|z̄d,η)

p(cd|z̄d,η) =
(ηcd z̄

d)
∑C

l=1 (ηl z̄
d)
.

zdn 1 K
zdn

z̄d = 1
Nd

∑Nd
n=1 z

d
n

η



wd
nzdnθd

η

α βk

cd

τ

Nd

D

K

wd
nzdnθd

η

α βk

d

τ

Nd

D

K

θd

zdn
zdn ∼ (zdn| cdθ

d) cd

θd

1:C

d

d
i,j =

{
1, cdi = j.

0, .



θd

d(α K)

d

d C C
dth

D = { d, d}Dd=1 D d =
{wd

n}
Nd
n=1

d = {ydr}Rr=1 R



nth wd
n d

zdn
θd

η
¯d

c r l
πr
c,l Πr = {πr

c}Cc=1 C

r

c

πr
c |ω ∼ (πr

c |ω C)

k

βk|τ ∼ (βk|τ V )

d

θd|α ∼ (θd|α K)

nth

zdn|θd ∼ (zdn|θd)

wd
n|zdn,β1:K ∼ (wd

n|βzdn
)

cd| d,η ∼ (cd| (z̄d,η))

r

yd,r|cd,Πr ∼ (yd,r|πr
cd)

z̄d d z̄d = 1
Nd

∑Nd
n=1 z

d
n

p(cd|z̄d,η)

p(cd|z̄d,η) =
(ηcd z̄

d)
∑C

l=1 (ηl z̄
d)
.

K R Nd

dth



wd
nzdnθd

cd yrn πr
c ωη

α βk τ

Nd K

R C

RD

βk

πr
c

D = { , } = { d}Dd=1 = { d}Dd=1

θd zdn
βk cd

Πr

p(θ1:D, 1:D,c,β1:K ,Π1:R, , |Θ) =

(
R∏

r=1

C∏

c=1

p(πr
c |ω)

)(
K∏

i=1

p(βi|τ)
)

×
D∏

d=1

p(θd|α)
(

Nd∏

n=1

p(zdn|θd) p(wd
n|zdn,β1:K)

)
p(cd| d,η)

R∏

r=1

p(yd,r|cd,Πr),

Θ = {α, τ,ω,η}

q(θ1:D, 1:D, c,β1:K ,Π1:R) =

(
R∏

r=1

C∏

c=1

q(πr
c |ξrc)

)(
K∏

i=1

q(βi|ζi)
)

×
D∏

d=1

q(θd|γd)

(
Nd∏

n=1

q(zdn|φd
n)

)
q(cd|λd).



Ξ1:R ζ1:K γ1:D λ Φ1:D

Ξr = {ξrc}Cc=1 Φd = {φd
n}

Nd
n=1

p(D|Θ) =

∫ ∑

,c

q(θ1:D, 1:D, c,β1:K ,Π1:R)

× p(θ1:D, 1:D, c,β1:K ,Π1:R, , |Θ)

q(θ1:D, 1:D, c,β1:K ,Π1:R)
dθ1:D dβ1:K dΠ1:R

" Eq[ p(θ1:D, 1:D, c,β1:K ,Π1:R, , |Θ)]

− Eq[ q(θ1:D, 1:D, c,β1:K ,Π1:R)]

= L(γ1:D,Φ1:D,λ, ζ1:K ,Ξ1:R|Θ),

L

L(γ1:D,Φ1:D,λ, ζ1:K ,Ξ1:R|Θ)

= Eq[ p(θ1:D, 1:D, c,β1:K ,Π1:R, , |Θ)]

−Eq[ q(θ1:D, 1:D, c,β1:K ,Π1:R)]︸ ︷︷ ︸
H(q)

=
R∑

r=1

C∑

c=1

Eq[ p(πr
c |ω)] +

K∑

i=1

Eq[ p(βi|τ)]

+
D∑

d=1

(
Eq[ p(θd|α)] +

Nd∑

n=1

Eq[ p(zdn|θd)] +
Nd∑

n=1

Eq[ p(wd
n|zdn,β1:K)]

+ Eq[ p(cd|¯d,η)] +
R∑

r=1

Eq[ p(yd,r|cd,Πr)]

)
+H(q),

H(q)

H(q) =−
R∑

r=1

C∑

c=1

Eq[ q(πr
c |ξrc)]−

K∑

i=1

Eq[ q(βi|ζi)]

−
D∑

d=1

(
Eq[ q(θd|γd)]−

Nd∑

n=1

Eq[ q(zdn|φd
n)]− Eq[ q(cd|λd)]

)
.

L

L γ ζ



Ξr = {ξrc}Cc=1 Πr = {πr
c}Cc=1

ζ1:K = {ζk}Kk=1 β1:K = {βk}Kk=1

γ1:D = {γd}Dd=1 θ1:D = {θd}Dd=1

λ1:D = {λd}Dd=1 = {cd}Dd=1

Φd = {φd
n}Nn=1

d = {zdn}Nn=1

γd
i = α +

Nd∑

n=1

φd
n,i

ζi,j = τ +
D∑

d=1

Nd∑

n=1

wd
n,jφ

d
n,i.

ξ
L ξ

L[ξ] =
R∑

r=1

C∑

c=1

C∑

l=1

Eq[ πr
c,l]

(
ω +

Dr∑

d=1

λd
cy

d,r
l − ξrc,l

)

−
R∑

r=1

C∑

c=1

Γ

( C∑

t=1

ξrc,t

)
+

R∑

r=1

C∑

c=1

C∑

l=1

Γ(ξrc,l),

Dr rth Eq[ πr
c,l] = Ψ(ξrc,l)−

Ψ(
∑C

t=1 ξ
r
c,t) Γ(·) Ψ(·)

L[ξ] ξrc,l

ξrc,l = ω +
Dr∑

d=1

λd
cy

d,r
l .

λ L λ

L[λ] =
D∑

d=1

C∑

l=1

λd
l ηl φ̄

d −
C∑

l=1

λd
l λd

l +
D∑

d=1

R∑

r=1

C∑

l=1

C∑

c=1

λd
l y

d,r
c Eq[ πr

l,c],

φ̄d = 1
Nd

∑Nd
n=1 φ

d
n∑C

l=1 λ
d
l = 1 λd

l

λd
l ∝

(
ηl φ̄

d +
R∑

r=1

C∑

c=1

yd,rc Eq[ πr
l,c]

)
.



φ̄d

η d

Eq[ πr
l,c]

¯d

Eq[ p(cd|¯d,η)] = Eq

[
(ηcd¯

d)
∑C

l=1 (ηl ¯
d)

]
= Eq[ηcd¯

d]− Eq

[ C∑

l=1

(ηl ¯
d)

]
,

(E[x]) " E[ (x)]

−Eq

[ C∑

l=1

(ηl ¯
d)

]
" −

C∑

l=1

Eq[ (ηl ¯
d)]

= −
C∑

l=1

Nd∏

j=1

(
φd

j

) (
ηl

1

Nd

)

= − ( φd
n),

!∑C
l=1 ( ηl

Nd
)
∏Nd

j=1,j ̸=n

(
φd

j

) (
ηl

Nd

)
φd

n

(x) # ϵ−1x+ (ϵ)−
1, ∀x > 0, ϵ > 0 x = ϵ

(φd
n)

old x = φd
n ϵ = (φd

n)
old

φd
n

−Eq

[ C∑

l=1

(ηl ¯
d)

]
" −( (φd

n)
old)−1( φd

n)− ( (φd
n)

old) + 1.

φd
n,i∑K

i=1 φ
d
n,i = 1

φd
n,i ∝

(
Ψ(γd

i ) +
V∑

j=1

wd
n,j

(
Ψ(ζi,j)−Ψ

( V∑

k=1

ζi,k

))

+

∑C
l=1 λ

d
l ηl,i

Nd
− ( (φd

n)
old)−1ai

)
.

V
φd

n

λd



Θ = {α, τ,ω,η}
α τ ω

η

η L
L η

L[η] =
D∑

d=1

(
C∑

l=1

λd
l ηl φ̄

d −
C∑

l=1

bdl

)

∇ηl,i =
D∑

d=1

(
λd
l,iφ̄

d
i −

bdl∑C
t=1 b

d
t

Nd∑

n=1

1
Nd

φd
n,i ( 1

Nd
ηl,i)

∑K
j=1 φ

d
n,j ( 1

Nd
ηl,j)

)
,

bdl !
Nd∏

n=1

( K∑

i=1

φd
n,i

( 1

Nd
ηl,i
))

.

Ξ1:R ζ1:K

L

D d
β Π1:R

η1:K

θd d cd

ζ1:K
Ξ1:R ρt

{ρt}∑
t ρt

∑
t ρ

2
t < ∞



γ(0)
1:D φ(0)

1:D λ(0)
1:D ζ(0)

1:K Ξ(0)
1:R t = 0

d

φd
n n ∈ {1..Nd}

γd

λd

φd
n γd λd

ρt = (t+ delay)−κ

ζi,j
(t) = (1− ρt)ζ

(t−1)
i,j + ρt

(
τ +D

Nd∑

n=1

wd
n,jφ

d
n,i

)

ξrc,l
(t) = (1− ρt)ξ

r
c,l

(t−1) + ρt
(
ω +D λd

c y
d,r
l

)

d
θd d

y c π

q(β1:K |ζ1:K) =
∏K

i=1 q(βi|ζi)

p(θd, d) =

∫
q(β1:K |ζ1:K) p(θd|α)

Nd∏

n=1

p(zdn|θd) p(wd
n|zdn,β1:K) dβ1:K .

q(θd, d) = q(θd|γd)
∏Nd

n=1 q(z
d
n|φd

n)
γd
i φd

n,i

φd
n,i ∝

(
Ψ(γi) +

V∑

j=1

wd
n,j

(
Ψ(ζi,j)−Ψ

( V∑

k=1

ζi,k

)))
.

η

cd∗ =
c

ηc φ̄
d.





d
yd,r ∈ R xd ∈ R

r br pr

yd,r ∼ N (yd,r|xd + br, 1/pr).

xd

¯d

r

c

πr
c |ω ∼ (πr

c |ω C)

k

βk|τ ∼ (βk|τ V )

d

θd|α ∼ (θd|α K)

nth

zdn|θd ∼ (zdn|θd)

wd
n|zdn,β1:K ∼ (wd

n|βzdn
)

xd| d,η, σ ∼ N (xd|η ¯d, σ2)

r

yd,r|xd, br, pr ∼ N (yd,r|xd + br, 1/pr)



wd
nzdnθd

xd yrn

X

X

br

pr

η

σ

α βk τ

Nd K

Rd

RD

θd zdn
βk xd

p(θ1:D, 1:D, ,β1:K ,Π1:R, , |Θ) =

(
K∏

i=1

p(βi|τ)
)

D∏

d=1

p(θd|α)

×
(

Nd∏

n=1

p(zdn|θd) p(wd
n|zdn,β1:K)

)
p(xd| d,η)

R∏

r=1

p(yd,r|xd, br, pr),

= {xd}Dd=1 Θ = {α, τ,ω,η, , }
= {br}Rr=1 =

{pr}Rr=1

q

q(θ, 1:D, c,β) =

(
K∏

i=1

q(βi|ζi)
)

D∏

d=1

q(θd|γd)

(
Nd∏

n=1

q(zdn|φd
n)

)
q(xd|md, vd),

ζ1:K γ1:D φ1:D = {md}Dd=1 = {vd}Dd=1

q(xd|md, vd)

L(γ,φ1:D, , , ζ|Θ) = Eq[ p(θ, 1:D, ,β, , |Θ)]− Eq[ q(θ, 1:D, ,β)].

p(θ, 1:D, ,β, , |Θ) q(θ, 1:D, ,β)



L(γ,φ1:D, , , ζ|Θ) =
K∑

i=1

Eq[ p(βi|τ)] +
D∑

d=1

(
Eq[ p(θd|α)]

+
Nd∑

n=1

Eq[ p(zdn|θd)] +
Nd∑

n=1

Eq[ p(wd
n|zdn,β1:K)]

+ Eq[ p(xd|¯d,η)] +
R∑

r=1

Eq[ p(yd,r|xd, br, pr]

)

−
K∑

i=1

Eq[ q(βi|ζi)]−
D∑

d=1

(
Eq[ q(θd|γd)]

−
Nd∑

n=1

Eq[ q(zdn|φd
n)]− Eq[ q(xd|md, vd)]

)
.

L γ ζ
φ

φd
n,i ∝

(
Ψ(γi) +

V∑

j=1

wd
n,j

(
Ψ(ζi,j)−Ψ

(
V∑

k=1

ζi,k

))

+
md

Ndσ2
ηi −

2(η φd
−n)ηi + η2i

2(Nd)2σ2

)
,

φd
−n ! ∑

m ̸=n φ
d
m

Eq[xd] = md

= {xd}Dd=1 xd

md vd L m

L[m] = −
D∑

d=1

Rd∑

r=1

pr

2

(
(md)2 + 2mdbr − 2yd,rmd

)

−
D∑

d=1

1

2σ2

(
(md)2 − 2md(η φ̄d)

)
.

L[m]

md dth

md =
σ−2(η φ̄d) +

∑Rd
r=1 p

r(yd,r − br)

σ−2 +
∑R

r=1 p
r

.

md



m L v v

L[v] =
D∑

d=1

(
1

2
(vd)−

Rd∑

r=1

prvd

2
− vd

2σ2

)
,

vd = σ2 +
Rd∑

r=1

1

pr
.

Θ = {α, τ,η, σ, , }
α τ
σ2

η = {br}Rr=1 = {pr}Rr=1

η L η
η

η =
D∑

d=1

Eq

[
¯d(¯d)

]−1
(φ̄d) md,

Eq

[
¯d(¯d)

]
=

1

(Nd)2

(
Nd∑

n=1

Nd∑

m ̸=n

φd
n(φ

d
m) +

Nd∑

n=1

(φd
n)

)
.

br

L b

L[b] =
D∑

d=1

Rd∑

r=1

pr

2

(
2yd,rbr − 2mdbr − (br)2

)
.

br

rth

br =
1

Dr

Dr∑

d=1

(
yd,r −md

)
.

pr

L p

L[p] =
D∑

d=1

Rd∑

r=1

(
1

2
(pr)− prvd

2
− pr

2
(yd,r −md − br)2

)
.



γ(0)
1:D φ(0)

1:D
(0) (0) ζ(0)

1:K t = 0

d

φd
n n ∈ {1..Nd}

γd

md

vd

φd
n γd md vd

ρt = (t+ delay)−κ

ζi,j
(t) = (1− ρt)ζ

(t−1)
i,j + ρt

(
τ +D

Nd∑

n=1

wd
n,jφ

d
n,i

)

rth

pr =

(
1

Dr

Dr∑

d=1

(
vd + (yd,r −md − br)2

))−1

.

zdn

φ̄d xd
∗ = η φ̄d

βk

φd
n

λd md vd

br pr

ρt



r
πr πr

c,l

l c p(yr = l|c)
yr ∼ (yr|πr

c,l)
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K
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nth hn

hn = an + bn + ϵ,

ϵ ∼ N (ϵ|0, v) an
bn En

{ein}En
i=1 an bn

an ∼ N (an|ηT
a

a
n, βa)

bn =
En∑

i=1

ein, ein ∼ N (ein|ηT
e

ei
n , βe),

a
n ηa βa

an
bn ein

ei
n ith

nth ηe

βe

an ein hn

p(hn, an, n|ηa,ηe, n) = p(hn|an, n) p(an|ηa,
a
n)

(
En∏

i=1

p(ein|ηe,
ei
n )

)
,

n = {e1n, . . . , eEn
n } n = { a

n,
e1
n , . . . , En

n }



hn

an ein

a
n

ei
n

ηa ηe

En

N

η = (ηa;ηe) D =
{hn, n}Nn=1 p(η)

η

p(η|D) ∝ p(η)
N∏

n=1

∫
p(hn, an, n|η, n) dan d n.

p(η|D)
an

n

p(an|hn, n) ∝
∫

p(hn, an, n|η, n) p(η|D) dη d n,

n

an n

http://amilab.dei.uc.pt/fmpr/why-so-many-people/
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R2

c ek dist(ek, c)−1

ηa

ηe

ηa

ηe

N (0, 0.1 × bn)

R2



R2

a
n { ei

n }En
i=1

ηa ηe

R2
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Total hotspot impact

Non explainable component



Total hotspot impact

Non explainable component

Total hotspot impact

Non explainable component



Hotspots impact

Event impacts:

Megatex  kawin-kawin 2012 Non-explainable
644   0       0

847   14      0

2159   1326      1032

11:00—12:30

13:00—14:00

15:00—22:00

Time



Hotspot impact

Event impacts: 12:30h—14:30h

Non-explainable
Clash of Continents 2012
Dance Drama Opera Warriors

476
428
0

Event titleQuantity



Hotspot impact

Event impacts: 9:30h—18:30h

Non-explainable
Kalaa Utsavam 2012
Kuo Pao Kun: A Life of Practice (theatre)
SLO — Mother Daughter Wife and Lover (opera)
SRT Holiday Programme — Fantastic Mr Fox (theatre)
Travel and Make Money Seminar
The Romance of Magno Rubio (theatre)
Ten Years of Shooting Home (photography)
Int. Conf. on Business Management and Information Systems

128
697
247
238
145
128
123
116
115

Event titleQuantity

R2

R2









y
y

r

ei ei

y = fr(
r) +

E∑

i=1

fe(
ei) + ϵ,

ϵ ∼ N (ϵ|0, v) E
y E

fr( r) fe( ei)
ηr ηe

y = (ηr)
r + (ηe)

(
E∑

i=1

ei

)
+ ϵ = η + ϵ,

! ( r;
∑E

i=1
ei) η ! (ηr;ηe)

fr( r) fe( ei)



fr( r) fe( ei)

ei

yr = fr( r)
yei = fe( ei)

y
yr {yei}Ei=1

yr ∼ I(yr > 0)N (yr|fr( r), βr),

yei ∼ I(yei > 0)N (yei |fe( ei), βe),

I(a > 0) a > 0
βr βe

βr < βe

y

y ∼ N
(
y
∣∣∣yr +

∑E
i=1 y

ei , v
)
.

fr fe

r e fr( r) fe( ei)
r ei r

e r ∼ GP(mr( r) ≡ 0, kr( r, r′)) e ∼ GP(me( e) ≡ 0, ke( e, e′))



yn

yrn yein

fr
n fei

n

GP(0, kr( r, r′)) GP(0, ke( e, e′))

N (yrn|fr
n,βr) N (yein |fei

n ,βe)

N (yn|yrn +
∑En

i=1 y
ei
n , v)

I(yrn > 0) I(yein > 0)

En

N

kr ke

r| r ∼ GP(0, kr( r, r′))

e| e ∼ GP(0, ke( e, e′))

n ∈ {1, ..., N}

yrn|fr( r
n), βr ∼ I(yrn > 0)N (yrn|fr( r

n), βr)

ei i ∈ {1, ..., En}
yein |fe( ei

n ), βe ∼ I(yein > 0)N (yein |fe( ei
n ), βe)

yn|yrn, {yein }En
i=1 ∼ N (yn|yrn +

∑En

i=1 y
ei
n , v)

En nth

D N



D = { r
n,

e
n, yn}Nn=1

e
n = { ei

n }En
i=1

r
n

ei
n

n
D

yrn yein
{ r

∗,
e
∗}

p( r, e, r, e, |{ r
n,

e
n}Nn=1) = N ( r| , r)N ( e| , e)

N∏

n=1

I(yrn > 0)N (yrn|f r
n, βr)

×
(

En∏

i=1

I(yein > 0)N (yein |f ei
n , βe)

)
N
(
yn

∣∣∣∣∣y
r
n +

En∑

i=1

yein , v

)
,

! {yn}Nn=1
r ! {yrn}Nn=1

e ! { e
n}Nn=1

e
n ! {yein }En

i=1
r e

kr( r, r′) kr( e, e′)
I(yrn > 0) I(yein > 0)

p(yrn)
p(yein )

q(yrn) q(yein ) p(yrn) p(yein )

f x mf→x(x)
mx→f (x) x f

mf→x(x) =

∫
f(x, )

∏

z∈
mz→f (z) d ,

z

mx→f (x) =
∏

h∈Hx\{f}

mh→x(x),

h ∈ Hx\{f} h x
Hx f

q(x) =

[
∏

f∈Fx

mf→x(x)

]
,



Fx x
[p(x)] q(x)

p(x)

r
∗

e
∗ = { ei

n }En
i=1

r e q( r) = N ( r|µr,Σr) q( e) = N ( e|µe,Σe)

f r
∗ {f ei

∗ }E∗
i=1



± ±
± ±
± ±

f r
∗

Eq[f
r
∗ | r, r

∗, { r
n}Nn=1] = ( r

∗) ( r + Σ̃
r
)−1µ̃r

Vq[f
r
∗ | r, r

∗, { r
n}Nn=1] = kr(

r
∗,

r
∗)− ( r

∗) ( r + Σ̃
r
)−1 r

∗,

{f ei
∗ }E∗

i=1

f r
∗

p(yr∗| r, r
∗, { r

n}Nn=1) = I(yr∗ > 0)

∫
N (yr∗|f r

∗ , βr) p(f
r
∗ | r, r

∗, { r
n}Nn=1) df

r
∗

≈ N (yr∗|µr
∗, v

r
∗).

µr
∗ = Eq[f

r
∗ ] +

√
Vq[f r

∗ ]
N (zr∗)

Φ(zr∗)
,

vr∗ = Vq[f
r
∗ ]

(
1− zr∗

N (zr∗)

Φ(zr∗)
−
(
N (zr∗)

Φ(zr∗)

)2
)
,

zr∗ ! Eq[f r
∗ ]/
√

Vq[f r
∗ ] Φ(·)

yei∗
yr∗

p(y∗| r
∗,

e
∗,D) =

∫
N
(
y∗

∣∣∣∣y
r
∗ +

E∗∑

i=1

yei∗ , v

)
N (yr∗|µr

∗, v
r
∗)

×
E∗∏

i=1

N (yei∗ |µei
∗ , v

ei
∗ ) dy

r
∗ dy

e1
∗ · · · dyeE∗

∗

= N
(
y∗

∣∣∣∣µ
r
∗ +

E∗∑

i=1

µei
∗ , v + vr∗ +

E∗∑

i=1

vei∗

)
.
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Events Data

Events Announcements 
(websites)

Internet

API, scrapping Queries, 
crawling

Events 
information

Events Features

Information extraction 
Topic modelling 

Event-Independent 
Features (routine, weather) Public Transport Data

Bayesian Additive Model



R2 R2

R2 R2



βr βe

βr βe

v
βr

βe

R2



R2 42 23

462 54



yr {yei}Ei=1

η yr

{yei}Ei=1









y



R2
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x ∈ {0, 1}
µ ∈ [0, 1]

(x|µ) = µx(1− µ)1−x

E[x] = µ

V[x] = µ(1− µ)

x ∈ [0, 1]
α β

α > 0 β > 0

(x|α, β) = Γ(α + β)

Γ(α)Γ(β)
xα−1(1− x)β−1

E[x] = α

α + β

V[x] = αβ

(α + β)2(α + β + 1)

Γ(·) Γ(x) =
∫∞
0 ux−1e−u du

K xk ∈ [0, 1]

αk

αk > 0

( |α) =
Γ
(∑K

k=1 αk

)
∏K

k=1 Γ(αk)

K∏

k=1

xαk−1
k



E[xk] =
αk∑K
j=1 αj

V[x] =
αk

(∑K
j=1 αj − αk

)

(∑K
j=1 αj

)2(∑K
j=1 αj + 1

)

E[ xk] = Ψ(αk)−Ψ

(
K∑

j=1

αj

)

Ψ(·)

Ψ(x) =
d Γ(x)

dx
.

x ∈ ℜ
µ σ2 µ ∈ ℜ σ2 > 0

N (x|µ, σ2) =
1

(2πσ2)1/2

(
− 1

2σ2
(x− µ)2

)

E[x] = µ

V[x] = σ2

µ
ρ = 1/σ2

µ ρ
D

N ( |µ,Σ) =
1

(2π)D/2

1

(Σ)1/2

(
− 1

2
( − µ)ᵀΣ−1( − µ)

)

E[ ] = µ

[ ] = Σ

Λ = Σ−1

µ Λ

K
x xk ∈ {0, 1}

∑
k xk = 1



µk ∈ [0, 1]
∑

k µk = 1

(x|µ) =
K∏

k=1

µxk
k

E[xk] = µk

V[xk] = µk(1− µk)

x x ∈ [a, b]
b > a

(x|a, b) = 1

b− a

E[x] = b+ a

2

V[x] = (b− a)2

12





N ( |µ1,Σ1) N ( |µ2,Σ2)

N ( |µ1,Σ1)N ( |µ2,Σ2) = Z−1N ( |µ,Σ),

µ = Σ(Σ−1
1 µ1 +Σ−1

2 µ2)

Σ = (Σ−1
1 +Σ−1

2 )−1.

Z−1 = (2π)−D/2|Σ1 +Σ2|−1/2
(
− 1

2
(µ1 − µ2)

T (Σ1 +Σ2)
−1(µ1 − µ2)

)

=

√
|Σ|

(2π)D|Σ1||Σ2|

(
− 1

2
(µT

1Σ
−1
1 µ1 + µT

2Σ
−1
2 µ2 − µTΣ−1µ)

)
.

N ( |µ1,Σ1)

N ( |µ2,Σ2)
= Z−1N ( |µ,Σ),

µ = Σ(Σ−1
1 µ1 −Σ−1

2 µ2)

Σ = (Σ−1
1 −Σ−1

2 )−1.

Z−1 =

√
|Σ||Σ2|

(2π)D|Σ1|

(
− 1

2
(µT

1Σ
−1
1 µ1 − µT

2Σ
−1
2 µ2 − µTΣ−1µ)

)



N ( |µ,Σ)
Λ ! Σ−1

=

(
a

b

)
µ =

(
µa

µb

)

Σ =

(
Σaa Σab

Σba Σbb

)
Λ =

(
Λaa Λab

Λba Λbb

)

p( a| b)

p( a| b) = N ( a|µa|b,Σa|b),

µa|b = µa +ΣabΣ
−1
bb ( b − µb)

Σa|b = Σaa −ΣabΣ
−1
bb Σba,

µa|b = µa −Λ−1
aaΛab( b − µb)

Σa|b = Λ−1
aa .

p( ) = N ( |µ,Λ−1)

p( | ) = N ( | + , −1),

p( ) = N ( | µ+ , Λ−1 T + −1)

p( | ) = N ( | { T ( − ) +Λµ}, ),

= (Λ+ T )−1.

N ( |µ,Σ)
µ

dN ( |µ,Σ)

dµ
= −( − µ)Σ−1 N ( |µ,Σ).

Σ

dN ( |µ,Σ)

dΣ
=

[
1

2Σ2 ( − µ)T ( − µ)− D

2Σ

]
N ( |µ,Σ).



q̂(fn) ! Ẑn N (µ̂n, σ̂
2
n)

≃ q−n(fn)
∑

cn∈{0,1}

p( n|cn) p(cn|fn),

q̂(fn) = bn N (fn|µ−n, σ
2
−n) + (an − bn)Φ(fn)N (fn|µ−n, σ

2
−n),

q(x)

q(x) =
1

Z

[
bN (x|µ, σ2) + (a+ b)Φ(x)N (x|µ, σ2)

]
.

Z

Z =

∫ +∞

−∞
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2) dx

= b+ (a− b)

∫ +∞

−∞
Φ(x)N (x|µ, σ2) dx

︸ ︷︷ ︸
=Φ(η)

= b+ (a− b)Φ(η),

η =
µ√

1 + σ2
.



µ

∂Z

∂µ
=

∂
[
b+ (a− b)Φ(η)

]

∂µ

⇔ b

∫
x− µ

σ2
N (x|µ, σ2) dx+ (a− b)

∫
x− µ

σ2
Φ(x)N (x|µ, σ2) dx =

(a− b)N (η)√
1 + σ2

⇔ b

σ2

∫
xN (x|µ, σ2) dx− b µ

σ2

∫
N (x|µ, σ2) dx

+
(a− b)

σ2

∫
xΦ(x)N (x|µ, σ2) dx− (a− b)µ

σ2

∫
Φ(x)N (x|µ, σ2) dx =

(a− b)N (η)√
1 + σ2

⇔
∫

x
[
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2)

]
dx

− µ

∫
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2) dx

︸ ︷︷ ︸
=Z

=
(a− b) σ2 N (η)√

1 + σ2
,

∂Φ(η)/∂µ = N (η) ∂η/∂µ
Z

q Z

Eq[x] = µ+
(a− b) σ2N (η)

Z
√
1 + σ2

= µ+
(a− b) σ2 N (η)[

b+ (a− b)Φ(η)
]√

1 + σ2
.

∂2Z

∂2µ
=

∂2
[
b+ (a− b)Φ(η)

]

∂2µ

⇔ b

∫ [x2

σ4
− 2µx

σ4
+

µ2

σ4
− 1

σ2

]
N (x|µ, σ2) dx

+ (a− b)

∫ [x2

σ4
− 2µx

σ4
+

µ2

σ4
− 1

σ2

]
Φ(x)N (x|µ, σ2) dx = −(a− b) ηN (η)

1 + σ2
.

σ4

⇔ b

∫ [
x2 − 2µx+ µ2 − σ2

]
N (x|µ, σ2) dx

+ (a− b)

∫ [
x2 − 2µx+ µ2 − σ2

]
Φ(x)N (x|µ, σ2) dx = −(a− b) σ4 ηN (η)

1 + σ2

⇔ b

∫
x2N (x|µ, σ2) dx− 2µb

∫
xN (x|µ, σ2) dx

+ µ2b

∫
N (x|µ, σ2) dx− σ2b

∫
N (x|µ, σ2) dx

+ (a− b)

∫
x2Φ(x)N (x|µ, σ2) dx− 2µ(a− b)

∫
xΦ(x)N (x|µ, σ2) dx

+ µ2(a− b)

∫
Φ(x)N (x|µ, σ2) dx

− σ2(a− b)

∫
Φ(x)N (x|µ, σ2) dx = −(a− b) σ4 ηN (η)

1 + σ2



⇔
∫

x2
[
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2)

]
dx

− 2µ

∫
x
[
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2)

]
dx

+ µ2

∫
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2) dx

︸ ︷︷ ︸
=Z

− σ2

∫
bN (x|µ, σ2) + (a− b)Φ(x)N (x|µ, σ2) dx

︸ ︷︷ ︸
=Z

= −(a− b) σ4 ηN (η)

1 + σ2

⇔ Z Eq[x
2]− 2µZ Eq[x] + µ2 Z − σ2 Z = −(a− b) σ4 ηN (η)

1 + σ2
.

Z

⇔ Eq[x
2]− 2µEq[x] + µ2 − σ2 = −(a− b) σ4 ηN (η)

Z (1 + σ2)

⇔ Eq[x
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1 + σ2

−n

.

p( , |α, τ,ω,η)

=
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