
x

z p(z) N(0, I) x|z ∼ N(μx, σx)

z d x m

(μx, σx)

z θ = [μx, σx] = fx(z) μx(z)



z μx

σx(z) θ(z) : Rd → R
m × R

m
+

θ(z)

pθ(z|x)
pθ(z|x)

qϕ(z|x)

z|x ∼ N(μz, σ
2
z)

μz σz x ϕ = [μz, σz] = fz(x) ϕ(x) : Rm → R
d × R

d
+

z

x

p

q

z

x

pθ(x, z) =
pθ(z)pθ(x|z)

z

x

x
qϕ(z|x)

pθ(z|x) Epθ(z|x)[ln pθ(z,x)]
pθ(z|x) qϕ(z|x)



L(ϕ, θ) = Eqϕ(z|x) [ln pθ(z) + ln pθ(x|z)− ln qϕ(z|x)] .

ln pθ(z) + ln pθ(x|z)− ln qϕ(z|x) z ∼ qϕ(z|x),

L(ϕ, θ) = Eqϕ(z|x) [ln pθ(z) + ln pθ(x|z)− ln qϕ(z|x)]
= Eqϕ(z|x) [ln pθ(x|z)− (ln qϕ(z|x)− ln pθ(z))]

= Eqϕ(z|x) [ln pθ(x|z)]−Eqϕ(z|x) [ln qϕ(z|x)− ln pθ(z)]

= Eqϕ(z|x) [ln pθ(x|z)]−KL (qϕ(z|x)|pθ(z)).

qϕ(z|x) N(0, I)

z

ϕ θ

x z

z x

X



z ∼
N(0, I) pθ(x, z)

p(x, z) = p(z)p(x|z)

n
z N(0, I)
z θ μx(z) σx(z)
x N(μx(z), σx(z))
x

x n

x

x y

x y

z h

z ŷ

qϕ(z|x)

q z ∼ q(z|x)
x

x h z

Sl = {(xi, yi)|i ∈ 1..nl} Su = {xj |j ∈ 1...nu}
q



μx(z) d = 2

x
z ∼ N(μz(x), σz(x))

μx(z)

d = 2

x μx(qϕ(x))
d = 2

x μx(qϕ(x))
d = 20



d = 1 d = 10
d = 50 d = 250

d = 10

d = 20

d = 2 d = 20



L(ϕ, θ) = Eqϕ(z|x) [ln pθ(z) + ln pθ(x|z)− ln qϕ(z|x)]
= Eqϕ(z|x) [ln pθ(x|z)]−KL (qϕ(z|x)|pθ(z)).



x μx(qϕ(x))
β d = 20

β

Eqϕ(z|x) [ln pθ(x|z)]− βKL (qϕ(z|x)|pθ(z)) .

β

β β

β

qϕ

β

β β

x|z ∼ N

ln pθ(x|z) = ln

(
1√

2πσ(z)2
exp

(−(x− μ(z))2

2σ(z)2

))

= −1

2
ln
(
2πσ(z)2

)− (x− μ(z))2

2σ(z)2
.

θ x x



x̄ = μ(z)

σx = 1 I

−1

2
ln (2π)− (x− μ(z))2

2
∝ −(x− μ(z))2.

σ(z)

x μx(qϕ(x))
d = 2 σ = 1

x μx(qϕ(x))
d = 20 σ = 1

p(x|z)
x z

n
z N(0, I)
z θ μx(z) σx(z)
μx(z)

μx n

x

pθ(x|z) μx(z)



d = 2 d = 20

μx(z) z ∼ N(0, I)

x μx(qϕ(x))
d = 2 σ = 0.0001

x μx(qϕ(x))
d = 20 σ = 0.0001

β β qϕ(z|x) β qϕ(z|x)
N(0, I) β qϕ(z|x)

σx = I

σx pθ(x|z) β

σx

σx



β

σx

σx

β

pθ(x|z)
z x = μx(z) σx = 0

μx(z)

F (μ) = 0.5 F

z ∼ N(0, I) μx(z) + α × σx(z)

α

μx(z)− 0.1× σx(z) μx(z) + 0.1× σx(z)

z ∼ N(0, I)



β

qϕ

β σx

β σx

β σx qϕ

pθ(x|z) z qϕ(z|x)
θ z qϕ(z|x) qϕ(z)

pθ(z) θ

z pθ(z)

β

qϕ(z|x) pθ(z)

pθ(z|x)
qϕ(z|x) ≈ pθ(z) qϕ(z|x) x qϕ(z|x)

x x

qϕ(z|x) x x

β

β

μx(z) z

θ z

qϕ(z|x) σx



x
z ∼ N(μz(x), σz(x)) β

μx(z) β

x
z ∼ N(μz(x), σz(x)) β

μx(z) β



x
z ∼ N(μz(x), σz(x)) β

μx(z) β

x
z ∼ N(μz(x), σz(x)) β

μx(z) β



p(z|x)
μx(z)

d = 2 σ = 0.0001

pθ(x|z)

(0, 1)

(0, 1)

β β < 1

log p(x)

β β = 0

z

β = 0 qϕ(z|x)

μx(z) σx

μx(z) σx

x θ μx pθ(x|z)

x z

β



(x− μx(z))
2 z ∼ qϕ(z|x)

μx(z)

x

z d

d

z d d pθ(x|z)

β



(

m∑
j=1

xj) =

m∑
j=1

(xj) +

m∑
j �=i

(xj ,xi)

z x|z

β

z x



σx

p(x|z)

μx(z)

p(x|z)


