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1. Denoising Diffusion Probabilistic Model (DDPM)

2. Score-based Generative Model (SGM)

3. MCVD: Masked Conditional Video Diffusion
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DDPM : Forward process

0<pr < - < <---<Pr=1

9 (% | x0) = N(Vaxo, (1 — oy)I) sy = 1oy (1— Bs)
—> X = /uXo + /1 — e ;e ~N(0,1)
X0 X¢—1

SN— 4
Xt—1 = /0t—1X0 + /1 —qs_1€

arxiv.org/abs/2006.11239
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DDPM : Reverse process

q, (1% )Y Pe(Xe-1)?
*i-1 | X — (Bayes’ theorem)
Pe(Xi-1 | x1) pe (Xt )?

arxiv.org/abs/2006.11239
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DDPM : Reverse process

El
<

X+ 1 X+ v Xt
) = %% 1%1-1) qt(;l (Conditionon xg)
qt(xt XO)

Dt (Xt—l ‘ Xt o[ X0

arxiv.org/abs/2006.11239
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DDPM : Reverse process

XT

/p(u) = N(u|mu,A™Y), \
p(v|u) =N(v|Au+b,L™)
=p(v)=N(v|Ap+b L +AATAT),
= p(u|v) = N(u| C(ATL(v — b) + Amu), C)

2 2 [C=(A+ATLA) ]

e \\ e \\ thereu:xt,l | X0, v=x /

\

pt(xt—l ‘ xt,fco) :N( Ht(xtaXO) 5t )

~ \/ at 1,81: 1/ 1_/3t(1_&t—1) .o l—oy 4
X X — _——57me = t
:U’( ts 0) 1—a, Q"‘7 & X: /Bt 1—ay B
arxiv.org/abs/2006.11239 N g
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DDPM : Reverse process

g (% | %0) = N(Varxo, (1 — a)I)

?\\ From(2) : X = 1/0uXo + /1 — e
\ (2) xo = (x¢t — /1 —€)//ar

0 X():(Xt—\/]_—@t \6 )/\/54_,5
© P:(xi1 | %0, %0) = N( /1 (x4, %0), B,T)

arxiv.org/abs/2006.11239
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DDPM : Reverse process

/— Deep neural network!
0 )2'.0 :(Xt—\/l—ﬁtég(xt,t))/\/at

@ v (xi 1 | xi,%0) = N iy (x4, %), A1)

arxiv.org/abs/2006.11239
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DDPM : Generation

fort=T — 0:

%o = (x: — VI —Gres (x1,1)) /&

X1 = —f_t;—lft o 4 YA

-y 4
= X A / = v/
1—Oét L H 1-oy 6t/t

arxiv.org/abs/2006.11239
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DDIM : Generation

fort =T — 0:

Xo = (% — _ _
Qt(Xt ! Xo) :N(\/a_tXOa(l - Oét)I)
@ Xt—1 = \/at_l)/\{() —|—1/1 — Q1 CQ(Xt,t)/ (1) x¢ = \/@_tx() + 1 — e

Xt-1 = 4/0t-1X0 + /1 — Q¢_1€

Deterministic!
arxiv.org/abs/2010.02502
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DDIM : Generation

/xT ~ N(0,1) DDIM N
fort =T — 0:

%o = (x: — VI —Gres (x1,1)) /&

e X1 = /01 )A{() —I—\/l — Q1 — a? €9 (xt,t) + ot 24 Deterministic = o3 = 0

(zt ~ N(07I))

arxiv.org/abs/2010.02502
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DDPM vs DDIM

DDPM

9 (%1 | x0) = N(Varxo, (1 — a)I)

/a1 VI1-B,(1—a;-1)
pt(xt—l ‘ Xt,XO) :N( ]_a_t&lt 't x0+ 1t_&t t—1
1

Xt 3

(" xz ~ N(0,T)
fort=T —0:
o }AC() = (Xt — \/1 — O_étGQ(Xt,t))/\/O_ét

Vo 18 . V1-B,(1—ay_
th—l - 1—5; X0+ e
\

~

xr ~N(0,T)
fort=T —0:

O = vI—Tekt)/vVa

11—y
o,

1—oy
arxiv.org/abs/2006.11239, arxiv.org/abs/2010.02502

\e Xt—1 = /01X +\/1 — Q41 —O%Z eo(x¢, 1) ﬂ;gizt/
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Noise matching

4

2
< € —€plxs, T
Jt, X()diata,GNN(O,I) H 0( b )HZ
(x¢ = Vauxo + /1 — aze)

arxiv.org/abs/2006.11239
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Denoising Diffusion Probabilistic Models (DDPM)

1. Noise matching

<

44
t) X0 ~Pdata > ENN(OaI)

2. Generation

e — €o (%1, )]

(Xt — V@XQ + \/1 - @t€>

/XTNN(O,I)
fort=T — 0:

Voar106; V1-B;(1—0y-1)
xt_l - ].—EMt XO+ 11— X
—oy

%o = (x: — VI —Gres (x1,1)) /&

DDPM)

arxiv.org/abs/2006.11239
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Denoising Diffusion Probabilistic Models (DDPM)

1. Training

n € —€g(xs, T 2
D xep s eonto) 1€~ 00D
. (Xt = V@XQ + \/1 - @t€>
2. Generation

M
e
I

(Xt — \/]_ — @tég(xt,t))/\/at
V &t—lﬁt ~ LV 1_515(1_&15—1) 1
X0 +

—Qy1

&
34
L

|

l1—oy

(zt ~ N(07 I))
arxiv.org/abs/2006.11239
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1. Denoising Diffusion Probabilistic Model (DDPM)

2. Score-based Generative Model (SGM)

3. MCVD: Masked Conditional Video Diffusion
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9 (x| %0) = N(x0,02I) 01 <- <oy <--<or

— X; = Xq + 0€ ;e ~N(0,1)

Langevin Dynamics: Xt-1 Xy
X 1 = Xt + )\t Vx logp(xt) + v 2)\75 Z ;AL = )\0',?/0% Zy NN((),I)
(Gradient ascent) (Stochastic)

arxiv.org/abs/1907.05600
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SGM : Score Matching

1. Score Matching:

<

4 [s6(x¢,t) — Vi, log p(x¢)|[5
t) X0 ~Pdata > ENN(OaI) ’

(x; = x¢ + 0¢€)

Denoising Score Matching:

~ K so(X¢,t) — Vix, log s (¢ [x0) |5
“t, X0~Pyarar e~N (0,1 e :
Tosnta6) = Eqte %HMX; ) - al%z(){) 2] JEsMq, = JIDSMq,

_ Olog g, (X]x)
0%

2
1 -
JDSMqa (‘9) = Eqa(X,i) [5 ¢(X; 9)
arxiv.org/abs/1907.05600 https://www.iro.umontreal.ca/~vincentp/Publications/smdae _techreport.pdf
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Score (gradient of log density)

= log g: (% | %) = const — #(Xt —x0)7 (x¢ — %0)
t
Xp—X
= (Score) Vy, log ¢: (x; ‘XO):_ﬁ(Xt—Xo) _ X : !
t o-t

Iso (¢, 1) — 225
t

arxiv.org/abs/1907.05600, arxiv.org/abs/2006.11239, arxiv.org/abs/2205.09853
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SGM : Denoising Score Matching

1. Score Matching:

<

4 [s6(x¢,t) — Vi, log p(x¢)|[5
t) X0 ~Pdata > ENN(OaI) ’

(x; = x¢ + 0¢€)

Denoising Score Matching:

<

Jta X0 ~Pdata > ENN(OaI)

N\
Y

||s6(x¢,t) — Vi, log (Xt\Xo)Hg

— [K 180 (x4, ) — 2525

Jta X0 ~Pdata > ENN(OaI) i

arxiv.org/abs/1907.05600
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SGM : (Un)weighted Denoising Score Matching

1. Denoising Score Matching:

00 .= K [|so (x¢,t) —
( ) t) XOdiatmeNN(OaI) t

(x¢ = X0 + 0¢€)

X0 — Xt

15

Variance of score:

E [|IVx, logar(x: | x0)II3] = E[Il = 25215] = E[1Z15] = LE [lel};] = = dim(e)

(o O.t

(Un)weighted objective function:

£9—0'£9 4: O'SX,t X0 —X¢
( ) t ( ) t, XOdiataaéNN(O,I) || t 0( t ) ||2

(x = x¢ + O'tE)

arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011
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SGM ~DDPM

—

|

4

Jta X0 ~Pdata > GNN(O,I)

e X; =Xg T+ 0t€E —> 1+

e Make: O+Sp (Xt7t) —

<

4

Jta X0 ~Pdata s GNN(OJ)

arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011

loesg (xe,t) - 2413
(x¢ = xq + ot€)
X0 — X4 — €
Ot
—€p (Xt, t) ----------- How?

2
e = eo(xt,2)|[3

(x¢ = xq + ot€)
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Score (gradient of log density)

= log q;(%; | X9 ) = const — #(xt —x0) T (x¢ — xq)
t
1 X0 —X¢
= (Score) Vy, log a:(x;: | x0) = —g(xt —Xp) = >
t O't
/ EstimatingE\
1
X; = Xqg + 0:€ (3) e = O_—t(xt — XO) is equivalent to
estimating a
1 scaled version
(Score) Vy, log g (x¢ | x9) = ——¢€
Ot KOf the Score! )
arxiv.org/abs/1907.05600, arxiv.org/abs/2006.11239, arxiv.org/abs/2205.09853
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Score-based Generative Models (SGM)

1. Training

==l

<
< | ‘Sg (Xt, t) E
Jt7 X0 "~Ddata s ENN(O,I)
2. Generation

Xi—1 = X¢ + At sg(X¢,t) + V2N 2 ‘A = Ao? /o2 7 ~ N(0,1)

2
0y

(x¢ = X0 + 0¢€)

arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011
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Score-based Generative Models (SGM)

1. Training

n € —€p(X:.1 2
2. Generation

Xy 1 = Xt + At —ep(xe,t) + V2 24 ;A = Ao? [o?; 2, ~ N(0,1)

(x¢ = X0 + 0¢€)

arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011
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Denoising Diffusion Probabilistic Models (DDPM)

1. Training

N 2

k HE—EQ(Xt,t)H
2

Jt7 XOdiata7 GNN(O,I)
o (x¢ = \/auxp + /1 — dye)
2. Generation
X = (x¢ — /1 — avep(x4,t))/1/0 z; ~ N(0,1)
\ vy B /1-B,(1—oy_ I
g Xi-1 = 1a—&1t X0 [it_(&t : l)xt 11_&t Brz

arxiv.org/abs/2006.11239
Vikram Voleti
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DDPM vs SGM

DDPM

SGM

g (Xt | x¢21) = N (/1 — Bixq, BI)
9 (% | %0) = N(Varxo, (1 — ay)I)

0 (x| %0 1)= N (%0, (67 — 02 )I)
0 (% | x0) = N (%9, 071)

}AC() = (Xt — \/]. - dt@(xt,t))/\/dt
\4 _7 6 S \/1_ 1__* _&t—
O~ 1a_talt T

1—&,5 1_&t

arxiv.org/abs/2006.11239, arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011

Xi-1 = X¢ + At sg(xy,t) + V2t 2

Vikram Voleti

Score-based Denoising Diffusion Models


https://voletiv.github.io
https://mila.quebec/
https://arxiv.org/abs/2006.11239
https://arxiv.org/abs/1907.05600
https://arxiv.org/abs/2006.09011

Using SDEs

Forward: dx = f(x,t) dt + g¢(t) dw
Reverse: dx = [f(x,t) — g(t)* Vy logp; (x)]dt + g(t) dw

arxiv.org/abs/2006.11239, arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011, arxiv.org/abs/2011.13456
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Using SDEs

Forward: dx = f(x,t) dt + g¢(t) dw
Reverse: dx = [f(x,t) — g(t)* Vy logp; (x)]dt + g(t) dw

DDPM

SGM

g (Xt | x¢21) = N (/1 — Bixq, BI)
9 (% | %0) = N(Varxo, (1 — ay)I)

0 (x| %0 1)= N (%0, (67 — 02 )I)
0 (% | x0) = N (%9, 071)

X0 = (x¢ — VI —duep(xe,1))/ /o

1By . vV 1-B8,(1—ay-1) 1—a;_
O x =Ry T B
— &g — G

X1 = X¢ + )\t So (Xt,t) + 2)\15 Z;

dx = —3B(t)x dt + /B(¢) dw

Variance Preserving

dx = /T 4oy

Variance Exploding

arxiv.org/abs/2006.11239, arxiv.org/abs/1907.05600, arxiv.org/abs/2006.09011, arxiv.org/abs/2011.13456
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Score (gradient of log density) for DDPM

¢t (%t | x0) = N (Varxo, (1 — ax)I)

= ——1— exp( — == (% — vaux0) (%t — VX))

(27[')"(‘(1—&1) 2(1_51t)

= log q; (x; | x¢) = const — 2(;5%) (% — v/@rx0) T (x¢ — /A X0)

= (Score) Vy, logq:(x: | x9) = — 1 (x¢ — /@ x0)

l1—oy

/ EstimatingE\

is equivalent to
estimating a

(Score) Vy, log q; (x; | x9) = — 1l ¢ scaled version
of the Score! Y,

arxiv.org/abs/1907.05600, arxiv.org/abs/2006.11239, arxiv.org/abs/2205.09853
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1. Denoising Diffusion Probabilistic Model (DDPM)

2. Score-based Generative Model (SGM)

3. MCVD: Masked Conditional Video Diffusion
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MCVD: Masked Conditional Video Diffusion

p past frames: p = {p'}}_;

Y
k current frames: xo = {xp }_;

f future frames: f = {f! }Zf:l

e Video

~

4

< ta [p’xo]diata GNN(OJ)

e Video Generation:

~

Jta X0™~Pdata> GNN(O,I) ’

e Video Interpolation:

~

4

< ta [p,XO,f]diatal, 6N'/\/‘(O;[)

arxiv.org/abs/2205.09853

le — eo(xe [Pt

e — eg(x: | B)]];

le — ea (s [P, £42)5

Vikram Voleti
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MCVD: Masked Conditional Video Diffusion
¥ lff Wfl:‘ ¥ II' v‘ 1 l’f

Real data

Video

Video Generation

Video Interpolation

arxiv.org/abs/2205.09853

Vikram Voleti Score-based Denoising Diffusion Models


https://voletiv.github.io
https://mila.quebec/
http://arxiv.org/abs/2205.09853

MCVD: Masked Conditional Video Diffusion

p past frames: p = {p'}}_,| |k current frames: xo = {x}}* || |f future frames: f = {fi}/ | |(x; = v/&rx0 + /T — &ze€)

e Video

~

2
4 -
~ ta [p’XO]diatav GNN(()?I) ‘ ‘e 0 (Xt | P t) | |2 maS\‘.‘“g"

e Video + Generation:

~

4
< t) [p7X07f]diata7 GNN(O7I)7 mpNB(pmaSk)

le — e (xe [[mypyft)];

e Video + Generation + Interpolation:

~

= t [p,Xoa ] ~Pdata> GNN(O,I), |(mp’mf)NB(pmask)

arxiv.org/abs/2205. 09853

e — eg (x| |myp, my£{t)|5
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MCVD: Masked Conditional Video Diffusion
LR JULE I 'f{' LA LG ;
Iv‘ 'i‘ L“ . -

~

Real data

Video

Video
+ Generation

Video
+ Generation s

+ Interpolation
arxiv.org/abs/2205.09853
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MCVD: Masked Conditional Video Diffusion

/ * Pastframesp

Cbxpx3xhxw : bxfoxhxw
Past mask Future mask
my, (Oor1) mf (Oor1)
Reshape Rgshape -
Past frames Future frames
bx3pxhxw bx 3fxhxw
Concatenate

Future frames f\

v

[ Cond

bx 3(p+f) xhxw J

itional frames 1

b

xkx3xhxw = bxkx3xhxw 3

| Noisy current frames x,
bx3kxhxw

Y

Positional
embedding e

[Fc|
Act|
FC|

v Residual block <

Y

\_

Residual block

Y
SPATIN GroupNorm‘
FC
i [Act]
Conv

SPATIN % GroupNorm |
FC
Akl
Dropout| 1%
Conv (Conv,

G.
v
arxiv.org/abs/2205.09853

Vikram Voleti

» Residual block [«

Y
Residual

&

”| block
Y Y

Y

Residual block |«

Y
2 Residual block [€—

Predicted noise €y
bx3kxhxw

Den0|sed current frames x; ; :
bxkx3xhxw

=

i- Current framesxo : NOISE € at level t. ¢ N0|se levellr <_ Durlngsampllng(T Steps)

L {T-IT, o LT
v/ / During training !
1 UL (TAVT, ., T
e(t) = [ cos (tc Dd) ,sin (tc _DM) , ]T

SPATIN l

Interpolate to
correct size

\

Conv
Act

N

Conv Conv

Scale i Offset i
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MCVD: Masked Conditional Video Diffusion

Block-autoregressive generation:

past : current

Pred
\\ J
Sy Y
r — —\— _ T
Pred Pred
>
: \\ J
<---- Y

arxiv.org/abs/2205.09853
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MCVD: Masked Conditional Video Diffusion $oMila

arxiv.org/abs/2205.09853
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MCVD: Masked Conditional Video Diffusion

(128x128)
Cityscapes [2 — 28; trained on k] k | FVDJ LPIPS|
SVG-LP Denton and F(WU% [2018] | 10 | 1300.26 0.549 4+ 0.06
VRNN 1L Castrejon et al. [2019] 10 682.08 0.304 £0.10
Hier-vRNN C Nu]on et al. [2019] | 10 567.51 0.264 + 0.07
GHVAE Wu et al. [2021] 10 418.00 0.193 £0.014
MCYVD spatin (Ours) 5 184.81 0.121 +=0.05
MCYVD concat (Ours) 5 141.31 0.112 + 0.05

(64x64)

SMMNIST [5 — 10; trained on k] k | FYD] SSIM?t

SVG [Denton and Fergus, 2018] 10 | 90.81 0.688

VRNN 1L [Castrejon et al., 2019] 10 | 63.81 0.763

Hier-vRNN [Castrejon et al., 2019] | 10 | 57.17  0.760

MCVD concat (Ours) 5| 2563 0.786

MCYVD spatin (Ours) 512386 0.780

MCYVD concat past-future-mask 512077 0.753

(64x64)

KTH [10 — pred; trained on 10] pred|FVD| PSNR1 SSIM1

SAVP [Lee et al., 2018] 30 (374 265 0.756

MCYVD spatin (Ours) 30 (323 27.5 0.835

MCYVD concat past-future-mask (Ours)| 30 |295 243 0.746

SLAMP [Akan et al., 2021] 30 |228 294 0.865

SRVP [Franceschi et al., 2020] 30 |222 29.7 0.870

arxiv.org/abs/2205.09853
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(64x64)

BAIR [past p — pred ; trained on k] p k pred | FVD] PSNRt SSIMt
LVT [ 5 1 1 15 15 125.8 - -
DVD-GAN-FP [ b ] 1 15 15 109.8 - -
MCYVD spatin (Ours) 1 5 15 103.8 18.8 0.826
TrIVD-GAN-FP [ 5 1 1 15 15 103.3 - -
VideoGPT [ : ] 1 15 15 103.3 - -
CCVS [ ] 1 15 15 99.0 - -
MCYVD concat (Ours) 1 5 15 98.8 18.8 0.829
MCYVD spatin past-mask (Ours) 1 5 15 96.5 18.8 0.828
MCVD concat past-mask (Ours) 1 5 15 95.6 18.8 0.832
Video Transformer [ . 1 15 15 94-96* = —
FitVid [ ] 1 15 15 93.6 - -
MCVD concat past- future—mask (Ours) 1 5 15 89.5 16.9 0.780
SAVP [ ] 2 14 14 116.4 - -
MCYVD spatin (Ours) 2 5 14 94.1 19.1 0.836
MCYVD spatin past-mask (Ours) 2 5 14 90.5 19.2 0.837
MCYVD concat (Ours) 2 5 14 90.5 19.1 0.834
MCYVD concat past-future-mask (Ours) 2 5 14 89.6 17.1 0.787
MCVD concat past-mask (Ours) 2 5 14 87.9 19.1 0.838
SVG-LP [ ; ] 2 10 28 256.6 - 0.816
SLAMP [ 5 ] 2 10 28 245.0 19.7 0.818
SAVP [ , ] 2 10 28 143.4 - 0.795
Hier-vRNN [ ; ] 2 10 28 143.4 - 0.822
MCYVD spatin (Ours) 2 5 28 132.1 17.5 0.779
MCYVD spatin past-mask (Ours) 2 5 28 127.9 17.7 0.789
MCYVD concat (Ours) 2 5 28 120.6 17.6 0.785
MCYVD concat past-mask (Ours) 2 5 28 119.0 17.7 0.797
MCVD concat past-future-mask (Ours) 2 5 28 118.4 16.2 0.745
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Thank you!

voletiv.github.io
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