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Diffusion Probabilistic Models (DPMs)

Ho et al. Denoising diffusion probabilistic models (DDPM), Neurips 2020.
Song et al. Score-based generative modeling through stochastic differential equations, ICLR 2021.
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* Diffusion process gradually injects noise to data
 Described by a Markov chain: g(xg, ..., xy) = q(x¢)q(xq|xg) ... q(xn|2Xn—1)

Transition of diffusion: g(x,,|x,—1) = NV Xn—1,Bnl) an

1_,311

N(O,1)

Diffusion process: q(xy, ..., xy) = q(xo)q(xq|xg) ... q(xn|xNn=1)

Demo Images from Song et al. Score-based generative modeling through stochastic differential equations, ICLR 2021.
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» Diffusion process in the reverse direction & denoising process
 Reverse factorization: g(xg, ..., xy) = q(xg|x1) ... q(cy_1lxn)q(xy)

Transition of denoising: q(x,,_1|x,) =7

~ N(0,])

q(x0)q(x1lxg) ... q (x| xy-1)
= q(xolx1) ... q(xn_1lxn)q(xN)

Diffusion process: q(xg, ..., Xy)
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* Approximate diffusion process in the reverse direction

Model transition: p(x,,_1|x,) = N(u,(x,,), Z,,(x;,))
*approximate

Transition of denoising: q(x,,_1|x,) =?

q(x0)q(x11x9) ... q(xn]xN-1)
= q(xo|xq) .. q(xy_1]xn)q(xN)
The model: p(xg, ..., xy) = p(xo|x1) .. ey lxy)(xy)

Diffusion process: q(xg, ..., Xy)

Extended-Analytic-DPM 5



* We hope CI(Xo; ;xN) ~ p(xO; ety xN) p(xn—llxn) - N(.un(xn)rzn(xn))

e Achieved by minimizing their KL divergence (i.e., maximizing the ELBO)

min KL max ELBO
: p(xo:n)
min KL(qg(x,. X & max Eglo
Iin(');zn(') (q( ON)”p( O.N)) 1 ()2 () q gq(xl;leO)
(Analytic-DPM) Suppose X,,(x,,) = ¢;2. The optimal solution is
ﬂ;l(xn) = \/% (xn - \/ﬁ_—lEq(xolxn) [En])r » lIsotropic variance is simple
" bn » lIrrelevant to state x,,
» Assume the mean is optimal
Noise prediction network: 2 _ Bn (1 - @E ||Eq(x0|xn)[€n]||2)
€n(xy) = Eq(x0|xn) [€n] " An Bn an(*Xn) d .

Bao et al. Analytic-DPM: an Analytic Estimate of the Optimal Reverse Variance in Diffusion Probabilistic Models, ICLR 2022.
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« What is the optimal diagonal covariance X, (x,,) = diag(o2(x,,)) ?

Theorem 1. Suppose X, (x,,) = diag(cZ(x,,)). The optimal solution is

x 1 Bn
pn () = \/?n (xn — \/ﬁ Eq(x0|xn) [En]);

e 2
O (Xn)? = ﬁn;l Bn + %k(Eq(xolxn) [ex] }_ Fq(x0|xn) [En]z?-

B
|
~ hy(xy) ~ €y (xn)z

T
3

predict SN: n}llinEq(xO,xn)”hn(xn) ~|€n

squared noise (SN)

See a more general version of Theorem 1 for more general q(xg.y) in the full paper
See extension to score-based SDE (Song et al.) in the full paper
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* In practice, €,,(x,,) and u,, (x,) are not optimal
 What is the optimal diagonal covariance X, (x,,) = diag(o(x,,)) ?

Theorem 2. Suppose X, (x,,) = diag(c3(x,)). For any mean i, (x,)

parameterized by &, (x,,), the optimal covariance is

(xn)z .Bn 11871 ﬂf?& ]C':Cl(xo|xn) [(En En(xn)) ]
|

~ gn(xn)
T

2
predict NPR: rginEq(xO,xn) ”hn(xn) — (Gn — én(xn))z ”

noise prediction residual (NPR):
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Experimental Results
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Likelihood results

NPR-DPM (predicting NPR) consistently outperforms Analytic-DPM

CIFARI10 (LS) CIFARI10 (CS)
# TIMESTEPS K 10 25 a0 1O 2000 1000 10 25 50 100 200 1000
DDPM, 3, 7495 2498 1201 7.08 503 373 7596 2494 1196 7.04 495 3.60
ET DDPM, 3, 6h.99 6.11 544 486 439 375 6.51 3.55 492 441 403 354
’ A-DDPM 5.47 4.79 438 407 33834 359 5.08 4.45 4.09 383 364 342
NPR-DDPM 5.40 4.64 425 398 379 357 5.03 4.33 399 376 359 341
DDPM, 3, 538 4.34 397 382 3777 3775 5.51 4.30) 386 365 357 354
OT  A-DDPM 4.11 3.68 3.61 359 359 359 3.99 3.56 347 344 343 342
NPR-DDPM 3.9 3.e4 359 358 357 35T 3.88 352 345 342 341 341
CELEBA 64X64 IMAGENET 64X64
# TIMESTEPS K 10 23 30 100 200 1000 23 30 100 200 400 4000
DDPM, /3, 3342 13.09 7.14 460 345 271 10587 4625 22.02 12,10 7.59 3.89
ET DDPM, fn 6.67 572 498 431 374 293 5.81 5.20 4.70 431 4.04 3.65
A-DDPM 4.54 3.89 348 3.16 292 2.66 4.78 4.42 4.15 395 381 3.6l
NPR-DDPM  4.46 378 340 311 289  2.65 4.600 4.22 3.96 380 371 360
DDPM, 3. 4.76 358 316 299 294 293 4.56  4.09 3.84 3.73 3.68 3.65
OT A-DDPM 2.97 271 267 2.66 2.66 2.66 3.83 3.70 .64 3.62 3.62 3.6l
NPR-DDPM 2.88 2.69 266 266 265 2.65 3.73 3.65 3.62 J3.60 360 3.60
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* Sample quality results (FID)

Both NPR-DPM & SN-DPM outperform Analytic-DPM

CIFARTO (L.S)

CIFARTO (CS)

# TIMESTEPS K 10 25 50 100 200 1000 10 25 50 100 200 1000
DDPM. ﬁ'ﬂ 44 .45 21.83 1521 1094 .23 5.11 3476 16.18 11.11 8.38 6.66 4.92
DDPM, 4, 233.41 125.05 6628 3136 12.96 J.04 20531 B4.71 37.35 14.81 5.74 3.34
A-DDPM 34.26 11.60 7.25 5.40 4.01 4.03 22.94 8.50 5.50 4.45 4.04 4.31
NPR-DDPM 32.35 10.55 618 4.52 3.537 4.10 19.94 7.99 5.31 4.52 4.10 4.27
SN-DDPM 24.06 6.91 4.63 3.67 3.31 3.65 16.33 605 4.17 383 3.72 4.07
DDIM 21.31 100,70 T.74 608 507 4.13 34.34 1668 10.48 7.94 6.69 4,89
A-DDIM 14.00 5.81 4.04 3.55 3.39 3.74 26,43 0.96 6.02 4 .88 4.92 4.66
NPR-DDIM 13.34 5.38 3.95 3.53 3.42 3.72 22.81 0.47 G6.04 5.02 5.06 4.62
SN-DDIM 12.19 4.28 J3.39 3.23 3,22 J.65 1790 7.36 516 4.63 4.63 4.51
CELEBA ddxbH4d IMAGENET 6dxhd
# TIMESTEPS K 110 25 50 100} 2000 10 25 50) 100 20H) 400 000
I:IIIIP'I'uI,Jr?TL 36.69 2446 1896 1431 100,48 5.95 2921 21.7 1912 17.51 17.48 16.55
DDPM, 3, 20479 11569 5339 2565 972 316 17028 B386 4504 2839 2138 16.38
A-DDPM 2899 16.01 11.23 B8 6.51 5.21 32.56 2245 1880 17.16 1640 16.34
NPE-DDPM 28.37 15.74 10.89 B.23 7003 5.33 28.27 20,89 18.06 1696 16.32 16.38
SN-DDPFM 20.60 12.00 7.88 5.89 502 4.42 27.58 20,74 18.04 16.61 1637 16.22
DDIM 20.54 13.45 0.33 660 4 .96 3.40 26.06 20010 1809 17.84 17.74 19.00
A-DDIM 15.62 9.22 6.13 4.29 3.46 3.13 2598 19.23 17.73 17.49 17.44 18.98
NPR-DDIM 14.98 .03 6.04 4.27 3.59 3.15 28.84 1962 1763 1742 17.30 18.91
SN-DDIM 10,20 5.48 3.83 3.04 2.85 290 28.07 1938 17.53 17.23 17.23 18.89
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* Sample quality results (FID)
Both NPR-DPM & SN-DPM outperform Analytic-DPM

CIFARI10 (VP SDE)
#f TIMESTEPS K 10} 25 50 10 2000 1000
EULER-MARUYAMA 292.20 170,17 90.79 4746 21.92 2.55
ANCESTRAL SAMPLING  235.28 129.29 68.52 31.99 12.81 2.72
PROBABILITY FLOW 1007.74 21.34 T.78 4.33 3.27 2.82
A-DPM 35,10 11.57 .54 4.71 3.61 2. 9%
NPR-DPM 33.70 1().44 5.83 3.97 3.05 3.04
SN-DPM 25.30 7.34 4.46 3.27 2.83 2.71
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Thanks!
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