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Abstract

Score-based generative models have excellent per-
formance in terms of generation quality and likeli-
hood. They model the data distribution by match-
ing a parameterized score network with first-order
data score functions. The score network can be
used to define an ODE (“score-based diffusion
ODE”) for exact likelihood evaluation. However,
the relationship between the likelihood of the
ODE and the score matching objective is unclear.
In this work, we prove that matching the first-
order score is not sufficient to maximize the like-
lihood of the ODE, by showing a gap between the
maximum likelihood and score matching objec-
tives. To fill up this gap, we show that the negative
likelihood of the ODE can be bounded by control-
ling the first, second, and third-order score match-
ing errors; and we further present a novel high-
order denoising score matching method to enable
maximum likelihood training of score-based dif-
fusion ODEs. Our algorithm guarantees that the
higher-order matching error is bounded by the
training error and the lower-order errors. We em-
pirically observe that by high-order score match-
ing, score-based diffusion ODEs achieve better
likelihood on both synthetic data and CIFAR-10,
while retaining the high generation quality.

1. Introduction

Score-based generative models (SGMs) have shown promis-
ing performance in both sample quality and likelihood evalu-
ation (Song et al., 2020; Vahdat et al., 2021; Dockhorn et al.,
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Figure 1. An 1-D mixture-of-Gaussians data distribution (a) and
ScoreODE’s density (b,c). (b): ScoreODE trained by minimiz-
ing the first-order score matching (SM) objective in (Song et al.,
2021), which fails to estimate the density around x = —0.25. (c):
ScoreODE trained by minimizing our proposed third-order SM
objective, which approximates the data density well.

2021; Kingma et al., 2021), with applications on many tasks,
such as image generation (Dhariwal & Nichol, 2021; Meng
et al., 2021b), speech synthesis (Chen et al., 2020; Kong
et al., 2020), shape generation (Luo & Hu, 2021; Zhou
et al., 2021) and lossless compression (Kingma et al., 2021).
SGMs define a forward diffusion process by a stochastic
differential equation (SDE) that gradually perturbs the data
distribution to a simple noise distribution. The forward dif-
fusion process has an equivalent reverse-time process with
analytical form (Anderson, 1982), which depends on the
score function (the gradient of the log probability density)
of the forward process at each time step. SGMs learn a
parameterized neural network (called “score model”) (Song
& Ermon, 2019; 2020; Song et al., 2020) to estimate the
score functions, and further define probabilistic models by
the score model.

Two types of probabilistic models are proposed with the
learned score model. One is the score-based diffusion SDE
(Song et al. (2020), “ScoreSDE” for short), which is defined
by approximately reversing the diffusion process from the
noise distribution by the score model and it can generate
high-quality samples. The other is the score-based diffu-
sion ordinary differential equation (Song et al. (2020; 2021),
“ScoreODE” for short), which is defined by approximating
the probability flow ODE (Song et al., 2020) of the forward
process whose marginal distribution is the same as the for-
ward process at each time. ScoreODEs can be viewed as
continuous normalizing flows (Chen et al., 2018). Thus,
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unlikely SDEs, they can compute exact likelihood by ODE
solvers (Grathwohl et al., 2018).

In practice, the score models are trained by minimizing an
objective of a time-weighted combination of score matching
losses (Hyvirinen & Dayan, 2005; Vincent, 2011). It is
proven that for a specific weighting function, minimizing
the score matching objective is equivalent to maximizing the
likelihood of the ScoreSDE (Song et al., 2021). However,
minimizing the score matching objective does not neces-
sarily maximize the likelihood of the ScoreODE. This is
problematic since ScoreODEs are used for likelihood esti-
mation. In fact, ScoreODEs trained with the score matching
objective may even fail to estimate the likelihood of very
simple data distributions, as shown in Fig. 1.

In this paper, we systematically analyze the relationship be-
tween the score matching objective and the maximum likeli-
hood objective of ScoreODEs, and present a new algorithm
to learn ScoreODEs via maximizing likelihood. Theoreti-
cally, we derive an equivalent form of the KL divergence'
between the data distribution and the ScoreODE distribu-
tion, which explicitly reveals the gap between the KL diver-
gence and the original first-order score matching objective.
Computationally, as directly optimizing the equivalent form
requires an ODE solver, which is time-consuming (Chen
et al., 2018), we derive an upper bound of the KL divergence
by controlling the approximation errors of the first, second,
and third-order score matching. The optimal solution for
this score model by minimizing the upper bound is still the
data score function, so the learned score model can still be
used for the sample methods in SGMs (such as PC samplers
in (Song et al., 2020)) to generate high-quality samples.

Based on the analyses, we propose a novel high-order de-
noising score matching algorithm to train the score models,
which theoretically guarantees bounded approximation er-
rors of high-order score matching. We further propose some
scale-up techniques for practice. Our experimental results
empirically show that the proposed training method can im-
prove the likelihood of ScoreODEs on both synthetic data
and CIFAR-10, while retaining the high generation quality.

2. Score-Based Generative Models

We first review the dynamics and probability distributions
defined by SGMs. The relationship between these dynamics
is illustrated in Fig. 2(a).

2.1. ScoreSDEs and Maximum Likelihood Training

Let go(x¢) denote an unknown d-dimensional data distri-
bution. SGMs define an SDE from time 0 to 7" (called

"Maximum likelihood estimation is equivalent to minimizing a
KL divergence.

“forward process”) with &y ~ go(xo) and

where x; is the solution at time ¢, f(-,t) : R? — R?
and g(t) € R are fixed functions such that the marginal
distribution of @7 is approximately N (z1|0,021) with
or > 0, and w; € RY is the standard Wiener process. Let
g¢(x¢) denote the marginal distribution of «;. Under some
regularity conditions, the forward process in Eqn. (1) has an
equivalent reverse process (Anderson, 1982) from time 7' to
0 with &r ~ gr(x7):

da, = [z, t) — g(t)*Va log qi(z4)]dt + g(t)dw,, (2)

where w; is a standard Wiener process in the reverse-time.
The marginal distribution of x; in the reverse process in
Eqn. (2) is also ¢;(x¢). The only unknown term in Eqn. (2)
is the time-dependent score function V, log ¢:(x:). SGMs
use a neural network sg(x:,t) parameterized by 6 to es-
timate the score function for all z; € R? and t € [0,7].
The neural network is trained by matching sg(x;,t) and
V. log q:(x;) with the score matching objective:

Tsm(0; A(+))

1 T
— 5/ /\(t)]eq(mt)[||89(act,t)—Vm loth(wt)llg}dtv
0

where A(-) > 0 is a weighting function. By approximating
the score function with sy(x¢,t), SGMs define a parameter-
ized reverse SDE from time 7 to time 0 with probability at
each time ¢ denoted as p$PE(x;) (omitting the subscript 6).
In particular, suppose z7 ~ p5°t(xzr) = N (z7|0,02.1),

the parameterized reverse SDE is defined by

day = [f(xs,t) — g(t)?sg (s, )]dt + g(t)dw,, (3)

where the marginal distribution of x; is pf°F(x;). By solv-

ing the parameterized reverse SDE, SGMs achieve excellent
sample quality in many tasks (Song et al., 2020; Dhariwal
& Nichol, 2021). Moreover, the KL divergence between
qo(o) and pSPE(x() can be bounded by the score matching
error with the weight g(-)? (Song et al., 2021):

Dxw(qo || PiPF) < Dxw(ar || p°F)+Tsm(0; 9(-)?). (4)

Therefore, minimizing Jsm(0; g(-)?) is equivalent to max-
imum likelihood training of p(s)DE. In the rest of this work,
we mainly consider the maximum likelihood perspective,
namely \(-) = g(+)?, and denote Jsm(6) == Jsm(0; g(-)?).

2.2. ScoreODEs and Exact Likelihood Evaluation

The parameterized ScoreSDE cannot be used for exact like-
lihood evaluation, because we cannot evaluate pg°F(zg)
exactly for a given point xy € R%. However, every SDE
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has an associated probability flow ODE (Song et al., 2020)
whose marginal distribution at each time ¢ is the same as
that of the SDE. Unlike SDEs, the log-density of the ODE
can be exactly computed by the “Instantaneous Change of
Variables” (Chen et al., 2018). Particularly, the probability
flow ODE of the forward process in Eqn. (1) is

dzy

at = hq(CBt,t) =

Fwt)~ 5ot Valogae,). )
If we start from o ~ ¢o(xg), the distribution of each
@; during the ODE trajectory is also ¢;(x;). Note that
the only unknown term in Eqn. (5) is also the score func-
tion V log ¢;(x:). By approximating the score function
with sg(x¢,t), SGMs define a parameterized ODE called
“score-based diffusion ODE” (ScoreODE) with probabil-
ity pPPE(x;) (omitting the subscript 6) at each time t.
In partlcular suppose x7 ~ pPE(zr) = piPE(zr) =
N (xr|0,021), the ScoreODE is defined by

day

dt = hp($t,t> =

Fot) — 5ot so(@0), ©

where the marginal distribution of x; is pPPE(zx;). By the

“Instantaneous Change of Variables” (Chen et al., 2018),

log pPPE(x,) of x; can be computed by integrating:
dlo pODE
P — (Tahy(mt). )
t
If sp(x¢,t) = Vglogqi(xy,t) forall z; € RY and t €

[0,T], we have h,(x¢,t) = hy(z,t). In this case, for all
2o € RY, log p§ (o) — log go(0) = log pP°F (1) —
log gr(z7) ~ 0 (because qr ~ p°F), where 7 is the
point at time 7' given by Eqn. (5) starting with x( at time
0. Inspired by this, SGMs use the ScoreODE with the score
model for exact likelihood evaluations.

However, if sg(x¢,t) # Vg log q:(xs, ), there is no theo-
retical guarantee for bounding Dxr,(go || pSPF) of Score-
ODEs by the score matching objective Jsm(6). As a result,
after minimizing Jsm(6), Song et al. (2021) find that the
ScoreSDE of the “Variance Exploding” type (Song et al.,
2020) achieves state-of-the-art sample quality, but the log-
likelihood of the corresponding ScoreODE is much worse
(e.g., = 3.45 bits/dim on CIFAR-10 dataset) than that of
other comparable models (e.g., = 3.13 bits/dim of the " Vari-
ance Preserving” type (Song et al., 2020)). Such observa-
tions pose a serious concern on the behavior of the likelihood
of p§PE, which is not well understood. We aim to provide a
systematical analysis in this work.

3. Relationship between Score Matching and
KL Divergence of ScoreODEs

The likelihood evaluation needs the distribution p§PE of

ScoreODESs, which is usually different from the distribu-

tion pgPE of ScoreSDEs (see Appendix B for detailed dis-
cussions). Although the score matching objective Jsm(6)
can upper bound the KL divergence of ScoreSDEs (up to
constants) according to Eqn. (4), it is not enough to upper
bound the KL divergence of ScoreODEs. To the best of
our knowledge, there is no theoretical analysis of the rela-
tionship between the score matching objectives and the KL
divergence of ScoreODEs.

In this section, we reveal the relationship between the first-
order score matching objective Jsm(6) and the KL diver-
gence Dx1,(qo || pQPE) of ScoreODEs, and upper bound
Dx1(qo || pSPE) by involving high-order score matching.
Fig. 2 demonstrates our theoretical analysis and the connec-
tion with previous works.

3.1. KL Divergence of ScoreODEs

In the following theorem, we propose a formulation of
the KL divergence Dkr(go || p°) by integration, which
shows that there is a non-zero gap between the KL diver-
gence and the score matching objective Jsm(6).

Theorem 3.1 (Proof in Appendix E.1). Let qy be the data
distribution and q; be the marginal distribution at time t
through the forward diffusion process defined in Egn. (1),
and p9Pt be the marginal distribution at time t through
the ScoreODE defined in Eqn. (6). Under some regularity
conditions in Appendix A, we have

Dxu(qo || p§7F)=Dxw(ar || p7°E) + Tope(6)
= Dxr(ar || p2°5) + Tsm(0)  + Tpy(0),

upper bound of Dx1,(qo || p‘BDE) in Eqn. (4)

where

Tooe(0):= 5 | 9(0)Eouian(30(0. )~V logan(a)”

(Va logp?DE( t)— Vg log qt(a:t))] dt, )

Ton®) = /0 9oy oy (0 (@0, 1)~ Vi og o ()"

(Ve log ™" (1) — 8o (e, 1)) | . ©

As p9PF is fixed, minimizing Dkr,(qo || p§PF) is equiva-

lent to minimizing Jopg(6), which includes Jsm(#) and
Jpite(6). While minimizing Jsm () reduces the difference
between sq(+,t) and the data score V4 log ¢y, it cannot con-
trol the error of Jp;gr(6#), which includes the difference be-
tween sy(+,t) and the model score V, log pPPE. As we
show in Fig. 1, only minimizing Jsm(#) may cause prob-
lematic model density of the ScoreODE.
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Forward SDE (Eqn.(1))

Eqn. (3)

Qt(wt)

approximate V 4 log g by s8¢

Eqn. (6)

(a) Relationship between ¢:, p;°F and pPPE.

Reverse SDE (Eqn.(2)) 3 p§DE (xt )
“}.(Appendix. B)
Probability flow ODE (Egn.(5)) — % p?DE (iBt )

Dx1,(qo || p3PF)

!
(Song et al., 2021) :eminimizing upper bound—| (Theorem 3.1 & Eqn. (11))

V' Ism(0) - \/ Trisher(0)

l(Theorem 3.2)

Dx1,(qo || pYPF)

Js;(g)

! I
! |
g '

first-order SM first-order SM  second, third-order SM
(Theorem 4.1, 4.2, 4.3)

(b) Relationship between SM objectives and KL divergence.

Figure 2. An illustration of the theoretical analysis of score-based generative models and score matching (SM) objectives.

3.2. Bounding the KL Divergence of ScoreODEs by
High-Order Score Matching Errors

The KL divergence in Theorem 3.1 includes the model
score function V4 log pPPE (), which needs ODE solvers
to compute (see Appendix. D for details) and thus is
hard to scale up. Below we derive an upper bound of
Dx1(qo || pSPE) by involving high-order score match-
ing, which can avoid the computation of V, log pPPE(x;).
Specifically, we show that by bounding the first, second
and third-order score matching errors for sg, V,s¢ and
Ve tr(Vzsg) with the corresponding order score functions?

of g;, we can further upper bound Dxkr,(qo || p9PE).

Let DF(q ” p) = Eq(m)”vm logp(:l:) — Vg log Q(x)”%
denote the Fisher divergence between two distributions ¢
and p. Define

1 T
jFisher(6> = 5/ g(t)QDF(Qt || P?DE)dt. (10)
0

By straightforwardly using Cauchy-Schwarz inequality for
Eqn. (8), we have

Jope(0) < \/jSM(e) . \/jFisher(9)~ (11)

The upper bound shows that we can minimize the KL di-
vergence Dxp,(qo || pSPE) of ScoreODE by minimizing
Jsm(0) and Frisner(0) simultaneously. When sg(x;,t) =
Ve log q;(x;) for all z; € R? and ¢ € [0, T, the equality

holds and Jopg(0) = Jsm(0) = 0.

We can regard Jrisher(0) as a weighted Fisher divergence
between ¢; and pPPF during ¢ € [0, T)]. Directly comput-
ing the Fisher divergence also needs ODE solvers (see Ap-
pendix.D for details) and is hard to scale up. To address this
problem, we present the following theorem for bounding
Dr(gq; || pPPE), which introduces high-order score match-
ing and avoids the computation costs of ODE solvers.

Theorem 3.2 (Proof in Appendix E.2). Assume that there
exists C > 0, such that for all t € [0,T] and ©; € R,

*In this work, we refer to V2 log ¢;(x;) as the second-order
score function of g, and Vg tr(Vi log g: (wt)) as the third-order
score function of g:.

V2 log pYPE(x4)||2 < C (where V? denotes the second-
order derivative (Hessian), and || - ||2 is the spectral norm of
a matrix). And assume that there exist §1, 02,3 > 0, such
that for all ¢, € R, t € [0, T), se(x¢,t) satisfies

llso(xe,t) — Valoggi(ze)|l2 < 61,
[Vaso(xi,t) — Vzlogqi(m:)|r < b2,
||v:c tr(ste(:ct, t)) — Va tI‘(Vi log qt(wt)) ||2 < 53,

where || - ||F is the Frobenius norm of matrices. Then
there exists U(t;01,02,03,C,q) > 0 which depends on
the forward process q while is independent of 6, such that
Dr(q; || pPPE) < U(t;01, 62,03, C, q). Moreover, for all
t €10,T], ifg(t) # O, then U(t; 61,92, 03, C, q) is a strictly
increasing function of 61, 02 and Js3, respectively.

Theorem 3.2 shows that by bounding the errors between
Sp, Vzsp and Vi tr(Vyzse) with the first, second and
third-order score functions of ¢;, we can upper bound
Dr(gq; || pPPE) and then upper bound Frisher (7). As Tsm(6)
can also be upper bounded by the first-order score matching
error of sp, we can further upper bound Dxkr,(qo || pSPF)

by the first, second and third-order score matching errors.

Note that the high-order score matching for sg is compatible
for the traditional SGMs, because the optimal solution for
8¢ (x+,t) in the non-parametric limit is still V log g: ().
So after minimizing Dkr,(go || p§PF) by high-order score
matching, we can still use sy for the sample methods in
SGMs, while directly minimizing Dkr,(q0 || pSPE) by
exact likelihood ODE solvers cannot ensure that (see Ap-
pendix. E.3 for detailed reasons).

4. Error-Bounded High-Order Denoising
Score Matching (DSM)

The analysis in Sec. 3.2 shows that we can upper bound
the KL divergence Dxr,(qo || pSPE) of the ScoreODE by
controlling the first, second and third-order score matching
errors of the score model sy (and its corresponding deriva-
tives) at each time ¢ € [0, T'. Inspired by this, we generalize
the traditional denoising score matching (DSM) (Vincent,
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2011) to second and third orders to minimize the high-order
score matching errors. In this section, we propose a novel
high-order DSM method, such that the higher-order score
matching error can be exactly bounded by the training error
and the lower-order score matching error. All the proofs in
this section are in Appendix. F.

Without loss of generality, in this section, we focus on
a fixed time ¢ € (0,7, and propose the error-bounded
high-order DSM method for matching the forward pro-
cess distribution ¢; at the fixed time ¢t. The whole train-
ing objective for the entire process by t € [0,T] is de-
tailed in Sec. 5. Moreover, for SGMs, there commonly
exist oy € R and 0, € Ry, such that the forward pro-
cess satisfies q(x¢|xo) = N (z¢|awxo, 07 1) for zo, x; ~
qro(xs, o) (Song et al., 2020). Therefore, we always as-
sume q(x¢|xo) = N (x¢|aix, 02 1) in the rest of this work.

4.1. First-Order Denoising Score Matching

We present some preliminaries on first-order denoising score
matching (Vincent, 2011; Song et al., 2020) in this section.

The first-order score matching objective Jsm () needs the
data score functions V4 log ¢; () for all ¢ € [0, T'], which
are unknown in practice. To address this issue, SGMs lever-
age the denoising score matching method (Vincent, 2011)
to train the score models. For a fixed time ¢, one can learn a
first-order score model s1 (-, t;0) : R? — R? parameterized
by 6 which minimizes

Eou(on) || 2(@1,£:6) = Ve log ()]

by optimizing the (first-order) DSM objective:
1
0* = argmin By, {UQHUtsl(:cht;@) + e||§} . (12)
o0 t
where € ~ N(0, I) and x; = ;g + ote€.

4.2. High-Order Denoising Score Matching

In this section, we generalize the first-order DSM to second
and third orders for matching the second-order and third-
order score functions defined in Theorem 3.2. We firstly
present the second-order method below.

Theorem 4.1. (Error-Bounded Second-Order DSM) Sup-
pose that §1(x4, t) is an estimation for the first-order data
score function V z log gi (), then we can learn a second-
order score model s5(-,t;0) : RT — R parameterized
by 0 which minimizes

Byt [[|s2(2,t:0) = V2 log ay(wo)|[7]

by optimizing

0* — argminEg . |:%Hat232(mt,t; 0)+ I —£1£IH§,:| , (13)
0 t

where X
Ly (e, xg,t) = 0181(xy, t) + €,

e ~N(0,I).
Moreover, denote the first-order score matching error as
01(xe,t) = [[81(x¢, ) — Vg log qi () ||2, then Vay, 0, the
score matching error for so(xy,t;0) can be bounded by
||sz(a:t,t; 0) — Vi log qt(:ct)HF
< lsa(e,t,0) — s2(@e,1;67) || p + 67 (4, 8).

(14)

Ty = 4T + OE€,

Theorem 4.1 shows that the DSM objective in problem (13)
is a valid surrogate for second-order score matching, be-
cause the difference between the model score sa(x4,t; 6)
and the true second-order score V2 logq;(x;) can be
bounded by the training error || s3(x+, t; 0) — 2 (x4, t; 0%)|| F
and the first-order score matching error &1 (x;, t). Note that
previous second-order DSM method proposed in Meng et al.
(2021a) does not have such error-bounded property, and we
refer to Sec. 6 and Appendix F.4 for the detailed comparison.

The DSM objective in problem (13) requires learning a
matrix-valued function V2 log ¢;(x;), but sometimes we
only need the trace tr(VZ log ¢;(x;)) of the second-order
score function. Below we present a corollary for only match-
ing the trace of the second-order score function.

Corollary 4.2. (Error-Bounded Trace of Second-Order
DSM) We can learn a second-order trace score model
shace(. :0) : RY — R which minimizes

race 2
Eq, () US’Q (2, t;0) — tr (V2 log qt(mt))| } ;
by optimizing

* . 1 race
0" = argminE, ¢ {F olgh (mt,t;9)+d—||€1|\§
0 t

2
} . (15)

The estimation error for s5°°° (x4, t; 0) can be bounded by:

|5 (@1, £;0) — tr(V2 log gu(x1)) |
< |312mce(wt7t; 9) . Sgace($t7t; 9*)| 4 (5%(3315,15).

Finally, we present the third-order DSM method. The score
matching error can also be bounded by the training error
and the first, second-order score matching errors.
Theorem 4.3. (Error-Bounded Third-Order DSM) Sup-
pose that §(xy,t) is an estimation for ¥V 5 log q:(x) and
82(xy, t) is an estimation for V2 log q;(x;), then we can
learn a third-order score model s3(-,t;6) : RY — R% which
minimizes

Eyutan) [[|83(2,4:0) = Y tr(V2 log au(@)) 5]

by optimizing

0* = argmin B, . [016”0?33(%,& 0) + £3||§} (16)
0 t



Maximum Likelihood Training for Score-Based Diffusion ODEs

where
by (e, xg,t) = 0181(x4, t) + €,
(6 Zo, ) U (xh )+I (17)
£3(€7 iL'(), ( |£1 ||2 — tr(fg)I 222) 81,
wt:atmo—i—at@ e~ N(0,1).

Denote the first-order score matching error as 01(x¢,t) =
81(xt,t) — Vgzloggi(at)|2 and the second-order
score matching errors as Os(xy,t) = ||82(xy,t) —
V2 logqi(xs)||p and bo4(xet) = |tr(82(xe,t)) —
tr(VZ2log qi(x;))|. Then Y, 0, the score matching error
Sor s3(xy,t;0) can be bounded by:

||33(wt,t;9) Ve tr(V2 log q; (x4 )H2
< |lss(@,t50) — s3(@e, t;67)||, + (07 + da.r + 262) 67

Theorem 4.3 shows that the third-order score matching
needs first-order score matching, second-order score match-
ing and trace of second-order score matching. The third-
order score matching error can also be bounded by the train-
ing error and the lower-order score matching errors. We be-
lieve that our construction for the error-bounded high-order
DSM can be extended to even higher orders by carefully
designing the training objectives. In this paper, we only
focus on the second and third-order methods, and leave this
extension for future work.

5. Training Score Models by High-Order DSM

Building upon the high-order DSM for a specific time ¢ (see
Sec. 4), we present our algorithm to train ScoreODEs in
the perspective of maximum likelihood by considering all
timesteps ¢ € [0,T]. Practically, we further leverage the
“noise-prediction” trick (Kingma et al., 2021; Ho et al., 2020)
for variance reduction and the Skilling-Hutchinson trace
estimator (Skilling, 1989; Hutchinson, 1989) to compute
the involved high-order derivatives efficiently. The whole
training algorithm is presented detailedly in Appendix. H.

5.1. Variance Reduction by Time-Reweighting

Theoretically, to train score models for all t €
[0,7], we need to integrate the DSM objectives in
Eqn. (12)(13)(15)(16) from ¢t = 0 to ¢t = T, which needs
ODE solvers and is time-consuming. Instead, in practice,
we follow the method in (Song et al., 2020; Ho et al., 2020)
which uses Monte-Carlo method to unbiasedly estimate the
objectives by sample ¢ € [0,T] from a proposal distribu-
tion p(t), avoiding ODE solvers. The main problem for
the Monte-Carlo method is that sometimes the sample vari-
ance of the objectives may be large due to the different

value of U% To reduce the variance, we take the time-

reweighted objectives by multiplying o2,0},09 with the cor-

responding first, second, third-order score matching objec-
tives at each time ¢, which is known as the “noise-prediction”
trick (Kingma et al., 2021; Ho et al., 2020) for the first-order
DSM objective. Specifically, assume that g ~ go(x¢), the
time proposal distribution p(t) = U[0, T is the uniform dis-
tribution in [0, 77, the random noise € ~ A (0, I) follows
the standard Gaussian distribution, and let &; = a;ay+ oy€.
The training objective for the first-order DSM in Eqn. (12)
through all ¢ € [0, T is

Ti(0) = Eray e[ [ovso(@et) + e}, a8)

which empirically has low sample variance (Song et al.,
2020; Ho et al., 2020).

As for the second and third-order DSM objectives, we take
81 (¢, t) = sp(xy, t) for the first-order score function esti-
mation, and 83 (¢, t) == Vz8g(x:,t) for the second-order
score function estimation, and both disable the gradient
computations for 6 (which can be easily implemented by
stop_gradient or detach). The reason for disabling
gradients is because the high-order DSM only needs the es-
timation values of the lower-order score functions, as shown
in Theorem. 4.1 and 4.3. The training objectives through
all t € [0, T for the second-order DSM in Eqn. (13), for
the trace of second-order DSM in Eqn. (15) and for the
third-order DSM in Eqn. (16) are

j(Q) ( ) ]Et,mo,e |:||O—3vm80(mt;t) + I - eleIHiﬂ}a
T (0) =Euan.e |02 tr(Vaso(@e, ) +d—|12]3]°],
JDgM(e) = ]Et,wo,e |:||U?thr(vm39 (iL’t, t))+ ESHZ} ’

respectively, where £;, £3 are the same as that in Eqn. (17).
Combining with the first-order objective in Eqn. (18), our
final training objective is

min TS0 (0) + M1 (T5o(0) + TS (0)) + AT 04(6),

19)
where A1, Ao > 0 are hyperparameters, and we discuss in
Appendix. I.1 for details.

Remark. Although as shown in Eqn. (7), we can exactly
compute log p§PE () for a given data point o via solving
the ODE (Chen et al., 2018; Grathwohl et al., 2018), this
method is hard to scale up for the large neural networks
used in SGMs. For example, it takes 2 ~ 3 minutes for
evaluating log pSPE for a single batch of the ScoreODE
used in (Song et al., 2020). Instead, our proposed method
leverages Monte-Carlo methods to avoid the ODE solvers.

5.2. Scalability and Numerical Stability

As the second and third-order DSM objectives need to com-
pute the high-order derivatives of a neural network and are
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expensive for high-dimensional data, we use the Skilling-
Hutchinson trace estimator (Skilling, 1989; Hutchinson,
1989) to unbiasedly estimate the trace of the Jacobian (Grath-
wohl et al., 2018) and the Frobenius norm of the Jaco-
bian (Finlay et al., 2020). The detailed objectives for high-
dimensional data can be found in Appendix. G.

In practice, we often face numerical instability problems
for t near to 0. We follow Song et al. (2021) to choose a
small starting time € > 0, and both of the training and the
evaluation are performed for ¢ € [e,T] instead of [0, 7.
Note that the likelihood evaluation is still exact, because we
use pOPE(x) to compute the log-likelihood of &, which is

still a well-defined density model (Song et al., 2021).

6. Related Work

ScoreODEs are special formulations of Neural ODEs
(NODEs) (Chen et al., 2018), and our proposed method can
be viewed as maximum likelihood training of NODEs by
high-order score matching. Traditional maximum likelihood
training for NODEs aims to match the NODE distribution
at t = 0 with the data distribution, and it cannot control the
distribution between 0 and 7. Finlay et al. (2020) show that
training NODEs by simply maximizing likelihood could
result in unnecessary complex dynamics, which is hard to
solve. Instead, our high-order score matching objective
is to match the distributions between the forward process
distribution and the NODE distribution at each time ¢, and
empirically the dynamics is kind of smooth. Moreover, our
proposed algorithm uses the Monto-Carlo method to un-
biasedly estimate the objectives, which does not need any
black-box ODE solvers. Therefore, our algorithm is suitable
for maximum likelihood training for large-scale NODEs.

Recently, Meng et al. (2021a) propose a high-order DSM
method for estimating the second-order data score func-
tions. However, the training objective of our proposed error-
bounded high-order DSM is different from that of Meng
et al. (2021a). Our proposed algorithm can guarantee a
bounded error of the high-order score matching exactly
by the lower-order estimation errors and the training error,
while the score matching error raised by minimizing the
objective in Meng et al. (2021a) may be unbounded, even
when the lower-order score matching error is small and
the training error of the high-order DSM is zero (see Ap-
pendix F.4 for detailed analysis). Moreover, our method can
also be used to train a separate high-order score model in
other applications, such as uncertainty quantification and
Ozaki sampling presented in Meng et al. (2021a).

7. Experiments

In this section, we demonstrate that our proposed high-
order DSM algorithm can improve the likelihood of Score-

=== Isu, First

10% 4 Lfisher, First
= {Fisher, S€CONd
— Irisher, Third

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Crisher (t) and fsm(t) of ScoreODEs (VE type) on 1-D
mixture of Gaussians, trained by minimizing the first, second,
third-order score matching objectives.

ODEs, while retaining the high sample quality of the cor-
responding ScoreSDEs. Particularly, we use the Variance
Exploding (VE) (Song et al., 2020) type diffusion mod-
els, which empirically have shown high sample quality by
the ScoreSDE but poor likelihood by the ScoreODE (Song
et al., 2021) when trained by minimizing the first-order
score matching objective Jsm(6). We implement our exper-
iments by JAX (Bradbury et al., 2018), which is efficient
for computing the derivatives of the score models. In all
experiments, we choose the start time € = 10~°, which
follows the default settings in Song et al. (2020). In this
section, we refer to “first-order score matching” as mini-
mizing the objective in Eqn. (19) with \; = A2 = 0, and
“second-order score matching” as minimizing the one with
A2 = 0. Please see Appendix. I.1 for detailed settings about
A1 and Xo. The released code can be found at https:
//github.com/LuChengTHU/mle_score_ode.

Remark. Song et al. (2021) use a proposal distribution
t ~ p(t) to adjust the weighting for different time ¢ to
minimize Jsp(6). In our experiments, we mainly focus on
the VE type, whose proposal distribution p(t) = U[0, T is
the same as that of our final objective in Eqn. (19).

7.1. Example: 1-D Mixture of Gaussians

We take an example to demonstrate how the high-order score
matching training impacts the weighted Fisher divergence
Jrisher(0) and the model density of ScoreODEs. Let g
be a 1-D Gaussian mixture distribution as shown in Fig. 1
(a). We train a score model of VE type by minimizing the
first-order score matching objective Jsm(#), and use the
corresponding ScoreODE to evaluate the model density, as
shown in Fig. 1 (b). The model density achieved by only
first-order score matching is quite different from the data
distribution at some data points. However, by third-order
score matching, the model density in Fig. 1 (c) is quite
similar to the data distribution, showing the effectiveness of
our proposed algorithm.

We further analyze the difference of Jrisner(6) between the
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Figure 4. Model density of ScoreODEs (VE type) on 2-D checkerboard data.

first, second, third-order score matching training. As qq is a
Gaussian mixture distribution, we can prove that each g; is
also a Gaussian mixture distribution, and V, log ¢; can be
analytically computed. Denote

1
gFisher(t) = ig(t)QDF(qt || p?DE)a
1
lsm(t):= gg(t)2eq(mt) 80 (21, t) = Valog gi(:)][3,

which are the integrands of each time ¢ for Jsv(#) and
Jrisher(0). We use the method in Appendix. D to compute
Dr(q: || pPPE), and evaluate lpigher(t) and fsp(t) from
t = etot = T with 100 points of the ScoreODEs trained
by first, second, third-order denoising score matching ob-
jectives. As shown in Fig. 3, although ¢sy () is small when
minimizing first-order score matching objective, {gisher(t) is
rather large for most ¢, which means Jrisner (6) is also large.
However, the second and third score matching gradually
reduce Crigner(t), Which shows that high-order score match-
ing training can reduce lgishe; (¢) and then reduce Jisher(6).
Such results empirically validate that controlling the high-
order score matching error can control the Fisher divergence,
as proposed in Theorem 3.2.

7.2. Density Modeling on 2-D Checkerboard Data

We then train ScoreODEs (VE type) by the first, second,
third-order score matchings on the checkerboard data whose
density is multi-modal, as shown in Fig. 4. We use a simple
MLP neural network with Swish activations (Ramachandran
et al., 2017), and the detailed settings are in Appendix. 1.3.

For the second and third-order score matchings, we do not
use any pre-trained lower-order score models. Instead, we
train the score model and its first, second-order derivatives
from scratch, using the objective in Eqn. (19). The model
density by the first-order score matching is rather poor, be-
cause it cannot control the value of V, log pPPF in Jpig(0)
in Eqn. (9). The second-order score matching can control
part of V, log pPPE and improve the model density, while
the third-order score matching can reduce the Fisher diver-
gence Dr(q; || pPPF) and achieve excellent model density.
Such results show the effectiveness of our error-bounded

high-order denoising score matching methods, and accord

Table 1. Negative log-likelihood (NLL) in bits/dim (bpd) and sam-
ple quality (FID scores) on CIFAR-10 and ImageNet 32x32.

ImageNet

Model CIFAR-10 32x32

NLL| FID| NLL |
VE (Song et al., 2020) 3.66 2.42 421
VE (second) (ours) 3.44 2.37 4.06
VE (third) (ours) 3.38 2.95 4.04
VE (deep) (Song et al., 2020) 3.45 2.19 4.21
VE (deep, second) (ours) 3.35 2.43 4.05
VE (deep, third) (ours) 3.27 2.61 4.03

with our theoretical analysis in Theorem 3.1 and 3.2.

7.3. Density Modeling on Image Datasets

We also train ScoreODEs (VE type) on both the CIFAR-
10 dataset (Krizhevsky, 2009) and the ImageNet 32x32
dataset (Deng et al., 2009), which are two of the most pop-
ular datasets for generative modeling and likelihood eval-
uation. We use the estimated training objectives by trace
estimators, which are detailed in Appendix. G. We use the
same neural networks and hyperparameters as the NCSN++
cont. model in (Song et al., 2020) (denoted as VE) and the
NCSN++ cont. deep model in (Song et al., 2020) (denoted
as VE (deep)), respectively (see detailed settings in Ap-
pendix. 1.4 and Appendix. 1.5). We evaluate the likelihood
by the ScoreODE pOPE, and sample from the ScoreSDE by
the PC sampler (Song et al., 2020). As shown in Table 1, our
proposed high-order score matching can improve the likeli-
hood performance of ScoreODEs, while retraining the high
sample quality of the corresponding ScoreSDEs (see Ap-
pendix. J for samples). Moreover, the computation costs of
the high-order DSM objectives are acceptable because of the
trace estimators and the efficient “Jacobian-vector-product”
computation in JAX. We list the detailed computation costs
in Appendix. [.4.

We also compare the VE, VP and subVP types of Score-
ODEs trained by the first-order DSM and the third-order
DSM, and the detailed results are listed in Appendix. J.
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8. Conclusion

We propose maximum likelihood training for ScoreODEs
by novel high-order denoising score matching methods. We
analyze the relationship between the score matching objec-
tives and the KL divergence from the data distribution to the
ScoreODE distribution. Based on it, we provide an upper
bound of the KL divergence, which can be controlled by
minimizing the first, second, and third-order score matching
errors of score models. To minimize the high-order score
matching errors, we further propose a high-order DSM algo-
rithm, such that the higher-order score matching error can
be bounded by exactly the training error and the lower-order
score matching errors. The optimal solution for the score
model is still the same as the original training objective of
SGMs. Empirically, our method can greatly improve the
model density of ScoreODEs of the Variance Exploding
type on several density modeling benchmarks. Finally, we
believe that our training method is also suitable for other
SGMs, including the Variance Preserving (VP) type (Song
et al., 2020), the latent space type (Vahdat et al., 2021) and
the critically-damped Langevin diffusion type (Dockhorn
et al., 2021). Such extensions are left for future work.
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Table 2. Three distributions: g;(z:), pi°" () and p"F(x;) and their corresponding equivalent SDEs / ODEs.

Distribution ‘ Dynamics type ‘ Formulation
Forward SDE da; = f(x, t)dt + g(t)dw,
qi(z¢) Reverse SDE dzy = [f(z,t) — g(t)* Vi log qi(x)]dt + g(t)dw,
Probability flow ODE 92— f(z¢,t) — 29(1)*Vy log g ()
Forward SDE dzy = [f(z4,t) + g(t)? (VlogpSDE( t) — So(xe, 1))]dt + g(t)dw,
pyF () Reverse SDE dz; = [f(zs,t) — g(t)? Se(wm t)ldt + g(t)dw,
Probability flow ODE B — f(xe,t) — g(t)%so(ze,t) + 29(1)*V, log piPE ()
Forward SDE \
pOPE(xy) Reverse SDE \
Probability flow ODE 20— f(zy,t) — 2g(t)%sg(x, 1)

A. Assumptions

We follow the regularity assumptions in (Song et al., 2021) to ensure the existence of reverse-time SDEs and probability
flow ODEs and the correctness of the “integration by parts” tricks for the computation of KL divergence. And to ensure the
existence of the third score function, we change the assumptions of differentiability. For completeness, we list all these
assumptions in this section.

For simplicity, in the Appendix sections, we use V(+) to denote V() and omit the subscript . And we denote V - h(x) =
tr(Vh(x)) as the divergence of a function h(z) : R — R

Assumption A.1. We make the following assumptions, most of which are presented in (Song et al., 2021):
1. go(x) € C? and By (o [[| ]3] < o0.
2.Vt € [0,T]): f(-,t) €C% And 3C > 0,Vz € R4t € [0, 7] : || f(z,t)]2 < C(1 + ||z]|2)-
3. 30> 0,Yz,y € R?: | f(=,t) — £y, 1)]l2 < Cllz — yl|2.
4. geCandVt € [0,T],|g(t)| > 0.
5. For any open bounded set O, fo Jo la:(@)[13 + d - g(t)?|| Ve ()]|3dedt < oo.
6. 3C > 0,Yx € REt € [0,T] : Vg ()2 < C(1 + ||z||2).
7. 3C > 0,Ve,y € R : [ Vlog gi(x) — Vioggi(y)[|2 < Cllx — yl|a.
8. 3C > 0,Vx € R4t € [0,T] : ||sg(z,t)]|2 < C(1 + ||z]2).
9. 3C > 0,Ya,y € RY : |sy(w, 1) — s0(y,t)]2 < Clla — ylla
10. Novikov’s condition: E {exp (% fOT IV log g+ (x) — 39(m,t)||§dt)} < 0.

11. ¥t € [0,T),3k > 0 : qo(x) = O(e~I1=15), pSPE() = O(eI1=12), pOPE(z) = O(e~I=I2) as ||z||, — oo.

B. Distribution gap between score-based diffusion SDEs and ODEs

We list the corresponding equivalent SDEs and ODEs of ¢;(x;), piPE(x;) and pPPE(x;) in Table 2. In most cases, q;(x;),

pSPE(x;) and pPPE(x;) are different distributions, which we will prove in this section.

ODE (

According to the reverse SDE and probability flow ODE listed in the table, it is obvious that when sg (@, t) # V log ¢;(x:),

q¢(x¢) and p;PE are different, and ¢;(x;), pPPF are different. Below we show that in most cases, p;PF and pPPF are also
different.
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Firstly, we should notice that the probability flow ODE of the ScoreSDE in Eqn. (3) is

da,

1
o = fl@nt) - 9(t)?sg(z4,t) + =g(t)*V log piF (), (20)

2

where the distribution of x; during the trajectory is also p$PE(x;). Below we show that for the commonly-used SGMs, in

most cases, the probability flow ODE in Eqn. (20) of the ScoreSDE is different from the ScoreODE in Eqn. (6).

Proposition B.1. Assume f(x;,t) = a(t)x; is a linear function of x; for all x; € R% and t € [0, T], where a(t) € R. If
forall z; € R*and t € [0,T), sg(xs,t) = Vg log piPE (xx;), then pSPE is a Gaussian distribution for all t € [0, T).

Proof. 1f sy(-,t) = p$PE, then for any = € RY, by Fokker-Planck equation, we have

o) _y,. (7.0 - 5907V og (@) ) (). e

On the other hand, if we start the forward process in Eqn. (1) with 2o ~ p3PE, and the distribution of @ at time ¢ during its
trajectory follows the same equation as Eqn. (21). Therefore, the distribution of z; is also p;PE.

As f(xt,t) = at)x; is linear to «; and g(¢) is independent of x;, there exists a function x(¢) : R — R and a function
5(t) : R — Rso, such that pSPE(x;|xg) = N (4| u(t)xo, 5 (¢)*I). Therefore, for any xr ~ pSPE(xr), there exists
random variable e which is independent of xg, such that € ~ N(0, I) and z7 = pu(t)xo + o(t)er. As zr ~ N(0,021),
by Cramér’s decomposition theorem, because the random xr is normally distributed and admits a decomposition as a
sum of two independent random variables, we can conclude that p(t)x also follows a Gaussian distribution. As pu(t) is
a scalar function independent of x;, we can further conclude that xy follows a Gaussian distribution. As pSDE(a:t|wo) =
N (@] pu(t)xo, 5(t)21) is a Gaussian distribution whose mean is linear to o and covariance is independent of ¢, we have

p3PE(x,) is a Gaussian distribution for all ¢. O

The assumption for f(x:,t) is true for the common SGMs, because for VPSDE, VESDE and subVPSDE, f(x:,t) are
all linear to x;, which enables fast sampling for denoising score matching (Song et al., 2020). In most cases, piPE is
not a Gaussian distribution because we want to minimize Dkr,(qo || pSPE). Therefore, there exists ¢ € [0, 7] such that
s9(,t) # Vg log piPE, and then the probability flow ODE in Eqn. (20) is different from the ScoreODE in Eqn. (6). In
conclus1on in most cases, p°F # pSPE, and minimizing Jsm(6) is minimizing Dxr,(go || pSPF), but is not necessarily

minimizing Dx,(qo || p§PF).

Remark. The ”variational gap” of ScoreSDEs in (Huang et al., 2021) is the gap between the “joint distribution” KL
divergence of pSPF and “marginal distribution” KL divergence of pSDE which does not include pPPE. We refer to Appendix C
for further discussions.

Remark. When Jsv(0) = 0, we have sg(-,t) = V5 log ¢;. In this case, the ScoreSDE in Eqn. (3) becomes the reverse
diffusion SDE in Eqn. (2), and the ScoreODE in Eqn. (6) becomes the probability flow ODE in Eqn. (5). However, if
F (x4, t) is linear to ; and go(xo) is not Gaussian, we have g7 is not Gaussian, so g7 # p5PF and gr # pPE. Therefore,
in this case, we still have sy (-, T) = Vg logqr # Vg log pSDE so the probability flow in Eqn. (20) of the ScoreSDE is
still different from the ScoreODE in Eqn. (6), leading to the fact that p3PF # pSPE. (But the difference is extremely small,
because they are both very similar to gg).

C. KL divergence and variational gap of ScoreSDEs

(Song et al., 2021) give an upper bound of marginal KL divergence Dkr,(qo || pgPF) of ScoreSDE by calculating the joint

KL divergence Dx1.(qo.T || pSDE) (path measure) using Girsanov Theorem and It6 integrals. The upper bound is:

1 T
Dx(qo || pP%) < Dxw(qor || Pi2F) = Dxi(ar | pSTDE)+§/ 9()* By, (@0 [50(me,t) — Vg log ge()||5] dt (22)
0

In this section, we derive the KL divergence Dk, (qo || pg°F)

KL divergence Dxr,(qo || p3PF) in the following proposition.

and the variational gap of the ScoreSDE. We first propose the
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Proposition C.1. The KL divergence Dx1,(qo || pPE) of the ScoreSDE is

1 T
Diwan | 7 = Diclar | 995+ 5 [ 907 Euony [Is0(@ist) = T logar(@o) [ = lso(es ) — Vrlogp (o) ]
0

2
(23)
Proof. By Eqn. (20), we denote the probability flow ODE of ScoreSDE as
dx 1
3 = P (1) = fl@et) = (0?0, 1) + 59()Va log 5™ (@0), (24)

First we rewrite the KL divergence from ¢ to pgPF in an integral form
Dxwu(ar || p7%) = Dxw(ar | p3°%) + Dxw(qo || p5™°)
oD SDE
SDE / KL (It | vt )dt (25)

Dxw(qo || p3P) =

= Dxw(qr || p7

Given a fixed «, by the special case of Fokker-Planck equation with zero diffusion term, we can derive the time-evolution of
ODE’s associated probability density function by:

9a (a 9pSPE
L) = Vo (hae, (o)), I =0 (o, 0 2) 26)
Then we can expand the time-derivative of Dkr,(q; || pFPF) as

ODkL(qe || PiP%) 0 / ()
ot T ot a(@)lo pSDE(w)d

g (x) . qu(x) dqi(x) / a(x) Op" ()
o By T o T ey e
=0

= [ Ve el >>10gpé’éfs()>d”/ pgégl)“'<hpsw<w,t>p§“< ))de

_ x . o @ () T — or SDE T q:(x) x
= [l (@) Ve ton G s~ [ (s 1p5 () VT @

_ / a() [B] (1) = hlan(,)] [V loggo(@) — Vo log pi*E(x)] da

= 01 Ey | (Vo log (@) + Va log o () — 289(a. 1)) (Vi log as () — Vi log o™ () |

2
1
= =59t Eq @) [lIso(2, 1) = Vo log (@) |3 — [lso(x,t) = Va log ;™" (2)|3]
where Eqn. (27) is due to integration by parts under the Assumption. A.1(11), which shows that limg_, o hq(x,t)g () =0
and limg o hyso (@, £)pfPE(x) = 0 for all t € [0, T]. Combining with Eqn. (25), we can finish the proof. O

Thus by Eqn. (22) and Proposition C.1, the expectation of the variational gap for p3°F under data distribution qq is

Gap(qo, p3™%) = Dxr.(qo. || P32F) — Dxr.(qo || p3°F)
1 (T
= 5/0 g(t)Qeq(mt) [||39(33t, t) — Vg logpSDE(wt)Hg} dt (28)

Note that this is equivalent to the expectation of the variational gap in (Huang et al., 2021). This expression tells us that

Gap(qo, SDE) —0e Ve, eRYt e [0,T], s9(xt,t) = Vg logpSDE( t)- (29)

Therefore, in practice, we always have Gap(qo, pS°E) > 0 since according to Proposition B.1, Gap(qo, pSPE) = 0 means

that p;PE is a Gaussian distribution for all ¢ € [0, 7], which doesn’t match real data.
Besides, we should notice that the variational gap Gap(qo, pgPF) is not necessarily related to the KL divergence of ScoreODE,

because in practice piPE # pPE.
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D. Instantaneous change of score function of ODEs

Theorem D.1. (Instantaneous Change of Score Function). Let z(t) € R? be a finite continuous random variable with
probability p(z(t),t) describing by an ordinary differential equation dz(tt) = f(z(t),t). Assume that f € C3(RI*1), then
Sor each time t, the score function V , log p(z(t), t) follows a differential equation:

dV, logp(z(t),t)

= — V. (tr(Vof(2(1),1)))

dt (30)
— (Vaf(=(),1) " V2 logp(2 (1), 1)
Proof. Given a fixed x, by the special case of Fokker-Planck equation with zero diffusion term, we have
Op(z,t
WED . (s plz0) a1
So
Ologp(z,t) 1 9p(z,t)
= 2
ot p(z,t) Ot (32)
= V.- f(z.t) — f(z,1) Vzlogp(z,1) (33)
and
OV.logp(z,t) _ Ologp(z,t)
ot = Vs ot (34)
=-V. (V. f(z,1) -V, (f(z7t)TVz 1ogp(z7t)) (35)

Then assume z(t) follows the trajectory of ODE dZ—(tt) = f(z(t),t), the total derivative of score function V, log p(2(t), t)
w.r.t. tis

dV.logp(z(t),t) 0V.logp(z(t),t) dz(t) n OV log p(z(t),t)

dt a Oz dt ot (36)
= V2logp(=(t). ) (2(1).1) = Vi (Vi - F(2(8),0)) = V= (£(2(0).1) Vi logp(2(8),1))  (3T)

= V. (V- F(2(8),1) = (Vo F(2(1),1) " Vs logp(2(t), t) (38)

O

By Theorem D.1, we can compute V, log p{PE(z) by firstly solving the forward ODE 9%t = h,(z¢,t) from 0 to T to get

x7, then solving a reverse ODE of (z;, V, log pPPE(z;)) with the initial value (z7, V4 log p9PE (27)) from T to 0.

E. KL divergence of ScoreODEs

In this section, we propose the proofs for Sec. 3.

E.1. Proof of Theorem 3.1

Proof. First we rewrite the KL divergence from gq to pPF in an integral form
Dxv(ao | 3°°) = Dxw(ar | p7°°) = Dxw(ar || p7°%) + Dxw(qo || p5"") (39)
T ODE
0Dk1(q: || p
= Dxw(ar || 7F) - / ﬂ;t“ ar (40)

Given a fixed x, by the special case of Fokker-Planck equation with zero diffusion term, we can derive the time-evolution of
ODE’s associated probability density function by:

Oq;(x)
ot

Op?E ()

5 = Ve (hp(z, t)pP (). (41)

= —Va - (hy(x, t)q (),
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Then we can expand the time-derivative of Dxr,(q; || pPPF) as
oD ODE a
_ [Ou(x), @) 0y () @(x) OpP(x)
= [ T en e [ e [ i e )
=0
i (x (@
[ Ve oo e oz S de+ [ BT (hyfm @) @0
qi(x
= /(h,;((w,t)qt(:c))—rvm log ptODSE(:)B) dx — /(h (z, t)p?DE( ))Tvmp?gg(;)dw (45)
= / g(@) [hg (@.1) = hy (2,)] [Valog g (@) — Va log p®F(x)] da (46)
1
= —59()Eq, (@) [(Se(wﬂf) — Vo loggi(@))" (Vo logp{™ (z) - V, logqys(iﬂ))} , 47)

where Eqn. (45) is due to integration by parts under the Assumption. A.1(11), which shows that limg_, o by (2, t)g () =0
and limg o0 by (z, £)pPPE(x) = 0 for all ¢t € [0, T]. Combining with Eqn. (40), we can conclude that

Dxw(qo || pg™)
1 (T
= Dxr(qr || P7°F) + 5/ 9By, (@) |(s0(w1,1) = Vieggi(xr)) " (Viog pf™ () — VlOth(wt))} d 48)
0
= Dxw(qr || p2°%) + Jooe(0)
= Dxw(qr || p9°F) + Tsm(6) + Toie(6).
O
E.2. Proof of Theorem 3.2
Firstly, we propose a Lemma for computing V log pPPE(x;) — V log q; () with the trajectory of dm’ = hy(xy, ).
Lemma E.1. Assume % = hy(x:,t), p9PF and q; are defined as the same in Sec. 2. We have
V log p9PF — V1
Al P = VI8 U) (9 te(hy (a1, 1) — ¥ tr(T (2, 1)
— (Vhy(@1,t) TV 1og pPPE (1) — Vhy (@, t) TV log gi(a)) “49)
— V?log p?PE (z )(hp(wt,t) - hq(azt,t))
Proof. (Proof of Lemma E.1)
Given a fixed «, by the special case of Fokker-Planck equation with zero diffusion term, we have
o ODE
p?() = =V (hy(zy, )™ () (50)
So
Ologp?™(®) _ 1 0pPP(z) 51)
ot - pfP(x) ot
=~V hy(@e,t) — hy(ae, 1) "V log pPF () (52)
and
1 ODE 1 ODE
OVlogpy™" (@) _ 0logpy™"() (53)

ot N ot
—V (V- hy(wy, 1)) = V (hp(xs, 1) "V log pPPE () (54)
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ODE (

As x, follows the trajectory of % = h,(x, 1), the total derivative of score function V log py’""(x;) w.r.t. t is

dV log pPPE (x t) IV log pPP" (x;) dey | OV log p?™" (z4)

dt ox dt ot (55)
= V21log p{" (z)hy(z4,t) — V (V- hy(m, 1)) — V (hy(z4, 1) TV 1og pPPF () (56)
=~V (V- hy(@,1)) = Vhy(@, 1) Vg ppPF () — V2 1og pPPF (@) (hy (@0, 1) — hy(4,1))
(57
Similarly, for V log ¢;(x:) we have
dVlo T
%w =~V (V- ho(@,1) — Vhy(,,£) ¥ log g () (58)
Therefore, by combining %8 CI;?DE(:”‘) and ¥ loif"(w‘), we can derive the conclusion. O
Then we prove Theorem 3.2 below.
Proof. (Proof of Theorem 3.2.)
Firstly, we have
1
hp(mtat) - hq(mtﬂf) = *59(75)2(39(3%70 - VIOth(fb‘t)) (59)
So we have
L2
H (wh ) hq(wht)”? < ig(t) o1, (60)
1
IVhy(@1,1) = Vhg(@e,t)l|2 < [[Vhy(@,t) = Vhy (@i, t)][r < 59()%0, (1)
1
IV tr(Vhy (2, t) — Vir(Vhy(ze, t)]2 < §g(t)263, (62)
where || - ||2 is the Lo-norm for vectors and the induced 2-norm for matrices.
Assume that dmt = hy(x¢,t), by Lemma E.1, we have
Vlog py (@)~ V log ¢ (a+) = Vlog p7*"(wr) — Vlog gr(zr) (63)
/ (v t1(Vhy (s, 5)) — V tr(Vhy (s, )))ds (64)
/ (Vhp ,,5)" Viog pdPH (@) — Vhy(zs,5) " Viog qs(ws))ds (65)
/ V2 1og p2P () (hy (x5, 8) — hg(@s, 5))ds (66)

For simplicity, we denote h(s) == h,(xs, s), hy(s) = hy(xs,s), ps = pOPE(z,) and qs == gs(xs). We use || - || to
denote the 2-norm for vectors and matrices. As

Vhy(s) TV 1og pe—Vhy(s) Viog gs = (Vhy(s) — Vhy(s)) | (Vlogps — Vlog ) (67)
+Vhy(s)" (Vlogps — Vlogqs) + (Vhy(s) — th(s))TV log g (68)
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We have
T
|V 1og pi—Vlog q;|| < ||V logpr — Viogqr| +/ |V tr(Vhy(s)) — Vtr(Vhy(s))||ds (69)
t
T
+ [ UIVh5) = Vo] + [ Thy(s)]) - |V logp, — Vlogads 70)
t
T T
+/ [Vhy(s) = Vhy(s)|| - ||V log gs||ds +/ IV*1og ps|| - [1hp(s) — hy(s)] ds (71
t t
I
< IVlogpr = Viegar| +5 | 9()* (8 + 8[| Vlog .| + 6:C ) ds )
t
T 52 )
+ 5 9(8)" + [Vhe(s)ll ) IV log ps — Vog g, [lds (73)
t
Denote
u(t) = [|Vlogp; — Viog ¢ (74)
1 T
a(t) = [Vlogpr ~ Viogarl + 5 [ 95 (3 + &l Vlog ] + 5:C) ds 75)
t
5
B(t) = 329'(1&)2 + [IVh @)l (76)

Then «(t) > 0, 5(t) > 0 are independent of ¢, and we have

T
u(t) < at) + B(s)u(s)ds. (77)
t
By Gronwall’s inequality, we have
T s
u(t) < aft) +/ a(s)B(s) exp < ﬁ(r)dr) ds, (78)
t t
and therefore,
T s 2
Dr(g: || pr) = Eq, [u(t)?] < By, (a(t) +/ a(s)B(s) exp (/ B(T)dT> d8> : (79)
t t

where the r.h.s. is only dependent on 41, d2, 03 and C', with some constants that are only dependent on the forward process
g. Furthermore, as r.h.s. is an increasing function of a(t) > 0 and 5(t) > 0, and «(t), 5(¢) are increasing functions of
1, 02, 03, C, so we can minimize 01, 02, d3 to minimize an upper bound of Dg(q; || pt). O

E.3. Maximum likelihood training of ScoreODE by ODE solvers
By Eqn. (7), we have

T
log pYPE () = log p2PE (2 7) —|—/ tr(Veghy (2, t))de, (80)
0
where 92t = h(z¢,t). So minimizing Dx1.(qo || p§PE) is equivalent to maximizing
T
Ego (o) [logpgDE(a:O)] = Ego (o) [logp%DE(xT) +/ tr(vmhp(wt7t))dt‘| . 8D
0

We can directly call ODE solvers to compute log p§PE () for a given data point g, and thus do maximum likelihood
training (Chen et al., 2018; Grathwohl et al., 2018). However, this needs to be done at every optimization step, which is

hard to scale up for the large neural networks used in SGMs. For example, it takes 2 ~ 3 minutes for evaluating log pyPF
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for a single batch of the ScoreODE used in (Song et al., 2020). Besides, directly maximum likelihood training for pQPE

cannot make sure that the optimal solution for sy (x;, t) is the data score function V, log g;(x), because the directly MLE

for pSPE cannot ensure that the model distribution pPPF is also similar to the data distribution ¢; at each time ¢ € (0,7),

thus cannot ensure the model ODE function h,(x, t) is similar to the data ODE function h,(x;,t). In fact, ScoreODE is
a special formulation of Neural ODEs (Chen et al., 2018). Empirically, Finlay et al. (2020) find that directly maximum
likelihood training of Neural ODEs may cause rather complex dynamics (h,(x;,t) here), which indicates that directly
maximum likelihood training by ODE solvers cannot ensure h,, (¢, t) be similar to hy (¢, t), and thus cannot ensure the
score model sy (x;, t) be similar to the data score function V, log g;(x+).

F. Error-bounded High-Order Denoising Score Matching
In this section, we present all the lemmas and proofs for our proposed error-bounded high-order DSM algorithm.

Below we propose an expectation formulation of the first-order score function.

Lemma F.1. Assume (x;, xo) ~ q(xs, o), we have

V:l:t 1Og qt(wt) = eqg(mo\wt) [th 1Og QOt($t|$0)] (82)

Proof. (Proof of Lemma F.1)

We use V() to denote the derivative of @, namely Vg, (+).

VC]t(wt)
Vi = — 83
og qi () 7 () (83)
_ V[ qot(z¢]20) go (o) dao 84
Qt(wt)
_ / qo(x0)qot (x¢|20) VQOt(mt|‘BO)dx0 (85)
Qt(ﬂft) QOt(th|$0)
= /Qto(m0|$t)V10g qot (|0 )dxo (86)
= Egyo(xolz:) [V log qo¢ (¢ |x0)] (87)
O

And below we propose an expectation formulation for the second-order score function.

Lemma F.2. Assume (x;, ) ~ q(xs, o), we have
V2 log g ()

T
= EQto(w0|wt) {Vi,, log QOt($t|m0) + (th log QOt($t|fC0) — Vg, log Qt(wt)) (Vm, log QOt(mt\mo) — Vg, log Qt(mt)) ]
(83)
and

tr(Vit log qt(a:t)) = Eq,0(zo|z) [tr(Vit log q0t(azt|a)0)) + Hth log qot(@¢|®o) — Vi, log g () ||ﬂ (89)

Proof. (Proof of Lemma F.2)
We use V(+) to denote the derivative of @, namely V, (-). Firstly, the gradient of ;o w.r.t. &; can be calculated as

90(@o)qot (%+|z0)

Vo (xol|xs) =V ©0)
qe ()
_ qO(mO)Qt(wt)vqot(wt|$0) - qgt<$t‘3§0>vgt(1¢t> o)
qt ()
= 0(®0)qot (x+|0) (Vlog qot(xi|xo) — Viog gi(xy)) 92)

Qt(fﬂt)
= qro(o|zs) (Vog qot (x¢|0) — V1og g (x¢)) (93)
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Then using Lemma F.1 and the product rule, we have
V2 1og qi(x) = VEq,o (wo]ar) [V 108 qot (4| x0)] (94)
= /Qto(l‘o\l’t)v2 log qot (@ |0) + Varo(@o|@:)V log gor (] @0 ) " dao 95)
= Eqyo(woler) [V 108 qor(@e|20) + (Vlog qor(@e|ao) — Viog ge(@:)) V1og qor(ai|zo) 7] (96)
From Lemma F.1, we also have E,,, [V log qos — Vlogg¢] = Vlogg, — Vlogg, =0, so

Eq,, [(V log gor — V1og ¢;)V log th] =E,,, [Vloggo — Vlogg] Vlog th 97)
=0 (98)

Thus Eqn. (96) can be further transformed by subtracting 0 as

V?log q¢(w¢) 99)
= By, (wolze) |V 10g qot(@¢|T0) + (V 1og qot (®i|zo) — V1og gi(z¢)) V log qor (z¢|xo) ] (100)
— Egpo (wolae) [(V 108 qot (e|o) — V1og q¢ (2¢))V log Qt(mt)T] (101)

= Eyuo(amolan) | V2108 dor(@1]0) + (V10g qor(@|0) — ¥ log (@) (V log go(i|0) — VIogae(wy)) | (102)

which completes the proof of second-order score matrix and its trace. O

Below we propose a corollary of an expectation formulation of the sum of the first-order and the second-order score
functions, which can be used to design the third-order denoising score matching method.

Corollary F.3. Assume (x;, xo) ~ q(xt, xg), we have

E oot | Ve 108 dor(1120) V', 10g goe (1) ™+ 72, Iog g (a1 )| 109
= Va, 10g (1) Vg, log qi(@:) " + V3, log g ()

and

Eqg.o (olz:) [vat log qgt(mt|m0)||; + tr(Vit log th(mt|w0))} = Hth log qt(:ct)Hg + tr(Vit log qt(mt)) (104)

Proof. (Proof of Corollary F.3)
This is the direct corollary of Eqn. (96) by adding V, log ¢:(x:) Vs, log g;:(x;) " to both sides and using Lemma F.1. [

And below we propose an expectation formulation for the third-order score function.

Lemma F4. Assume (¢, x0) ~ q(:, o) and V3 _1og qo(x¢|x0) = 0, we have

Vm,, tr(Vit log Qt(mt)) = eqo(mo\mt) [vat log QOt($t|fCo) - Vm,, log Qt(mt) H; (V:ct log QOt(mt|ﬂ?o) - V:c,, log Qt(mt))}
(105)

Proof. (Proof of Lemma F.4)

We use V(-) to denote the derivative of x;, namely Vg, (-). Firstly, according to the second-order score trace given by
Lemma F.2, we have

V tr (V2 log ¢ (wt))

= V/qtg(a)0|azt) tr (V2 log th(:ct|a:0)) dxzg +V/qt0(m0\mt)||V10g qoc(x¢|x0) — Vog g () ||2da (106)

(€] (2
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Before simplifying them, we should notice two simple tricks. Firstly, due to the assumption V? log qo; (z¢|xo) = 0, we
know that V2 log qo; and tr (V2 log th) are constants, so they can be drag out of the integral w.r.t &y and the derivative
w.r.t. ;. Secondly, using Lemma F.1, we have E,,, [V log go: — V1og ¢;] = 0. Also, Vgo(xo|xz;) can be represented by
Eqn. (93). Thus

(1) =tr (V2 log th(a:t|a:0)) V/qto(mo|mt)dm0 (107)
=tr (V2 log th(:ct|a:0)) V1 (108)
=0 (109)

(2) = /VC]to(CUO|iUt)||V10gCI0t(€Et|iB0)—VIOth(CBt)H%diBO+/Qto(iﬂo|wt)v||vIOgQOt(th|CB0) —VIOth(iBt)H%dwo

(3 4)
(110)

where
(4) = 2/Qt0(£150|$t) (V?1og qot (w:|wo) — VZlog qi(x4)) (V1og qot (@:|wo) — Vlog q:(x¢)) dag (111)

=2 (V?log qo¢ (@ |z0) — V? log qi(4)) /Qt0($0|$t) (Vlog qot(z¢|zo) — Vog gi(x4)) dzo (112)

=0 (113)

Combining equations above, we have

Vtr(V?log g (x1)) = (3) (114)
= /Qto(f'30|93t)||V10g qot (x4 |@o) — Vog qr () |13 (V log qor (| @o) — V1og gy () dzo (115)

= Eqo(@olen) [V 108 qot(@i|z0) — V1og g (24) |3 (V log qor (24 |0) — V log g (4))] (116)

O

Lemma F.5. Assume (x4, x¢) ~ q(x¢, To) and Vzt log qot(x+|xo) = 0, we have
Ve, (v V3, loggi(z:)v)

L2 (117)
= E(It,o(:co\wt) [ ((Vm,, log QOt(ﬂJt|wo) — Vg, log Qt(ﬂ?t)) ’U) (th log QOt(wt\ﬂfo) — Vg, log Qt(a%))}

Proof. (Proof of Lemma E.5)

We use V(+) to denote the derivative of x;, namely V, (-). Firstly, according to the second-order score given by Lemma F.2,
we have

\% (UTV2 log qt(wt)v) = V/qto(a:okvt) (’UTV2 log th(mt|w0)v) dxg (118)

1)
2
+ [ anl@olen) ((V1og an(@ifeo) - Vioga(@) " v) dao (119)

(2)

Similar to the proof of Lemma F.4, we have

(1) = (v V?log qor (¢ |wo)v) V1 = 0, (120)
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and
2
) = [ Vaolwolzo) (7 10g o) ~ Tiog () ) des (121)
(3)
2
+ /qto(m0|azt)v ((Vlogqm(wthco) — Vlog qt(:z:,g))T v) dxg (122)

4

Also similar to the proof of Lemma F.4, we have
.
(4) =2 / awo(@olze) (((V*10g qor (wilwo) — V2 1og au(@1)) " v) ((V1og qor(ilwo) — Vog (1)) v) dao (123)

=2 (((V2 log qo¢ (x¢|x0) — v? log Qt(wt))T 'U) /Qt0($0|=’ﬂt) ((Vlog qot(x¢|xo) — Vlog Qt(wt))T U) dzg (124)

-0, (125)
$O
\V (UTVQ log qt(wt)'v) (126)
=(3) (127)
2
= / awo(@olz2) ((V log aou(@i[wo) = Viogau(@:)) " v) " (VIogaui(wilwo) — Viegau(w)) dzy  (128)
T2
= Eqtamofen | ((V1og aor(@lwo) — Viog (@) 'v) " (V1og qor(elwo) — Vlog ai(w1) | (129)
O
F.1. Proof of Theorem 4.1
Proof. For simplicity, we denote qo; = qot(T¢|T0), o = qro(Tolxs), @& = qi(x1), o = qo(T0), 81 = 81(x4, 1),
$2(0) = sa(xs, t;0).
As Vlog qor = —U% and V?log qoy = —%I , by rewriting the objective in Eqn. (13), the optimization is equivalent to
* . N N 2
0* = argénm]eq]eqo [HSQ(O) — V?log qor — (V1og qos — 81)(V log qos — sl)THF} (130)

For fixed ¢ and «;, minimizing the inner expectation is a minimum mean square error problem for s2(#), so the optimal *
satisfies

$2(0%) = Eq,, [V log qor + (Vlog gor — 81)(V1og gor — 81) '] (131)

By Lemma F.1 and Lemma F.2, we have
82(6%) — V*log g (132)
=E,, [§1§I — 4, Vlogqg, — Vlogqes, — Vlogq,Viogq, + VlogqeViogq, + Vlog thIqu(m (133)
= (8, — Vlogq:) (51 — Vloggq)" (134)

Therefore, we have

I82(6) = V*log ql|r < [|52(0) — 52(0") || + [[52(6") — V*log q¢ | (135)
= [ls2(60) — s2(0") | + |81 — Vlog |3 (136)

Moreover, by leveraging the property of minimum mean square error, we should notice that the training objective can be
rewritten to

0" = argminEg, (5,)[|s2(¢, 15 0) — s2(24, t; 0*)1%, (137)
9

which shows that ||s2 (@, t; 0) — sa(xs, t; 6%)||F can be viewed as the training error. O
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F.2. Proof of Corollary 4.2

Proof. For simplicity, we denote qo; = qot(@¢|®0), qr0 = qro(xol®s), ¢t = q(xt), g0 = qo(x0), &1 = 81(w4, 1),
s5ace(0) == shfree(xy, t;0).
As Vlog qo: = —O_it and V2log qo; = — ﬁl , by rewriting the objective in Eqn. (15), the optimization is equivalent to
0* = argminE, E,,, Usgace(Q) — tr(V?log qor) — ||V 1og qor — éngﬂ (138)
0

For fixed ¢ and x;, minimizing the inner expectation is a minimum mean square error problem for s52°(¢), so the optimal
0* satisfies

S5°(0%) = By, [16(V> log qor) + [V 1og gor — 1] (139)

By Lemma F.1 and Lemma F.2, similarly we have

s5°¢(0%) — tr(V*log i) = |81 — Vlog i3 (140)

Therefore, we have
|85%¢(0) — tr(V?log g1 )| < |85%°°(0) — s5°°(0%)| + [s5°(0%) — tr(V*log q; )| (141)
= [85°°(0) — s5°°(0")| + || 31 — Vog .3 (142)

Moreover, by leveraging the property of minimum mean square error, we should notice that the training objective can be
rewritten to

0" = argmin E,, ()85 (my, t; 0) — s5° (@, 1;6%)]%, (143)
0
which shows that |s5%°¢ (x4, t; 0) — 852 (4, t; 0*)| can be viewed as the training error. O
F.3. Proof of Theorem 4.3
Proof. For simplicity, we denote qo; = qoi(T¢|T0), qro = qo(To|Te), ¢ = qe(Tt), g0 = qo(xo), 81 = 81(xy, 1),

8o = 8a(x4, 1), 83(0) == s3(w4, 15 0).
As Vlog qor = _ai, and V2 log qo; = —%I , by rewriting the objective in Eqn. (16), the optimization is equivalent to

0 = argénineq(mt)E s3(0) — ||V log gor — 51]3 (Vlog gor — 51)

qto(xol|xt)

9 (144)
+( (tr(ég) — tr(V2 log th)) I+2 (§2 —V?%log qot) ) (V log qor — §1)

2

For fixed ¢ and @;, minimizing the inner expectation is a minimum mean square error problem for s3(#), so the optimal *
satisfies

s3(0%) = By, [||v1og qot — 512 (V log qor — .§1)} (145)
~E,, {((tr(ég) — tr(V21og gor) )T + 2(82 — V2 log th)) (v log go; — slﬂ (146)

As V21ogqor = fgi?I is constant w.r.t. 2o, by Lemma F.1, we have
s3(0%) = By, [HV]oqut — 52 (V1og gor — §1)} (147)

— ((tr(.§2) — tr(V2 log th))I + 2(52 — V?log th)) <V log q; — él) (148)
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By Lemma F.4, we have

s3(0%) — Vtr(VZlog ) (149)
~E,, KQVlog doeV 1og qd + 292 log qor — 2§2) (Viog g — .§1)} (150)
+ gy [(11V0g gorl3 + tr(V2 log gor) — t1(55) ) (Vlog g — 81)] (151)
+ (181113 — 11V log gu[|3)Eq, [V log got] (152)
+ 2B, [(V10g al,81)81 — (V1oga], Vlog))Vlog ai| (153)
+ [ V1og g5V 1og g — [|31135: (154)

By Lemma F.1 and Corollary F.3, we have
53(0%) — Vtr(V>log q;)
= 2(V log ¢;Vlogq, + V?logq, — §2) (Viogq — 81)
+ (I 10g a3 + tr(V2log ) — tr(52) ) (VIog ar — 31)
+ (18113 = [V log :[|3)V 1og ¢¢

+2((Vlog g, 81)81 — [|[V1og ¢:[5V log g;)
+||Vlog q:[3V log g — ||81]|581

= (2(V2 log q; — .§2) + (tr(V2 log qt) — tr(éz)))(v log q; — 31)

+ [ Viog g — 51[5(Vlog g — 81) (155)
Therefore, we have
Is5(0) = Vtr(V*logge)ll2 < [I83(6) — 85(6%)ll2 + [|s5(6") — V tr(V log ¢ |12 (156)
< [ls3(0) = s3(0") 2 + |V log g — 813 (157)
+ (2HV2 log q: — .§2||F + | tr(V2 log qt) — tr(§2)‘) IV log q; — $1]|2 (158)

Moreover, by leveraging the property of minimum mean square error, we should notice that the training objective can be
rewritten to

6" = argmin By, o, ||sa (e, £:6) — sa(@r, & )13, (159)
which shows that ||ss (@, t;0) — s3(xy,t;0%)||2 can be viewed as the training error. O

F.4. Difference between error-bounded high-order denoising score matching and previous high-order score matching
in Meng et al. (2021a)

In this section, we analyze the DSM objective in Meng et al. (2021a), and show that the objective in Meng et al. (2021a) has
the unbounded-error property, which means even if the training error is zero and the first-order score matching error is any
small, the second-order score matching error may be arbitrarily large.

(Meng et al., 2021a) proposed an objective for estimating second-order score
. T2
6* = argminE, E,,, [HsQ(a) — V2log gor — V log go:V log gy + slslTHF] (160)
0

For fixed ¢ and @;, minimizing the inner expectation is a minimum mean square error problem for s5(#), so the optimal *
satisfies

82(0") = Eq,, [V log qor + V1og g0V log gy — 3151 | (161)
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By Lemma F.1 and Lemma F.2, we have

s2(0%) — V*log qt = Eg,, [~818] — Vlogq;Vlogq, + VlogqoViogq, + VlogaVioggg, (162)
=Vlogq;Viogq, — 8:5] (163)
However, below we show that even if 6 achieves its optimal solution §* and the first-order score matching error ||§; —

V log g;|| is small, the second-order score matching error s2(6*) — V2 log ¢; may still be rather large.

We construct an example to demonstrate this point. Suppose the first-order score matching error §; — Vlog¢; = 47 - 1,
where §; > 0 is small, then the first-order score matching error ||§; — V log ¢¢||2 = &3 V/d, where d is the dimension of x;.
We have
59(0%) — V2log g = Vlog ¢;Vlogq' — (Vlogqs + 61 -1)(Viogg, +0;-1)" (164)
= -5 Viogg1" — 81V Iogg, — 62117 (165)
We consider the unbounded score case (Song et al., 2020), if the first-order score function V log ¢, is unbounded, i.e. for any
2
81 > 0 and any C' > 0, there exists x; € R such that ||V log ¢;[|> > C;T&lld, then we have

[s2(6%) — Viog qillp > 61]|V1og g 1" + 1V logq, ||r — 67[[117 || (166)
> 4, |/diag(Vlog g 1" +1Vlogq, )|l — 63117 || (167)
= 01[2VIlog gi]l2 — 67d (168)
> C, (169)

where the second inequality is because ||A||z > ||diag(A)||2, where diag(A) means the diagonal vector of the matrix A.
Therefore, for any small d1, the second-order score estimation error may be arbitrarily large.

In practice, Meng et al. (2021a) do not stop gradients for 81, which makes the optimization of the second-order score model
so(0) affecting the first-order score model s (), and thus cannot theoretically guarantee the convergence. Empirically, we
implement the second-order DSM objective in Meng et al. (2021a), and we find that if we stop gradients for $;, the model
quickly diverges and cannot work. We argue that this is because of the unbounded error of their method, as shown above.

Instead, our proposed high-order DSM method has the error-bounded property, which shows that ||s2(6*) — V1og ¢:||r =
|81 — V1og ¢:||3. So our method does not have the problem mentioned above.

G. Estimated objectives of high-order DSM for high-dimensional data

In this section, we propose the estimated high-order DSM objectives for high-dimensional data.

The second-order DSM objective in Eqn. (13) requires computing the Frobenius norm of the full Jacobian of the score model,
i.e. Vzsg(x,t), which typically has O(d?) time complexity and is unacceptable for high dimensional real data. Moreover,
the high-order DSM objectives in Eqn. (15) and Eqn. (16) include computing the divergence of score network V, - sg(x, t)
i.e. the trace of Jacobian tr(Vsy(x,t)), and it also has O(d?) time complexity. Similar to Grathwohl et al. (2018) and
Finlay et al. (2020), the cost can be reduced to O(d) using Hutchinson’s trace estimator and automatic diffentiation provided
by general deep learning frameworks, which needs one-time backpropagation only.

For a d-by-d matrix A, its trace can be unbiasedly estimated by (Hutchinson, 1989):
tr(A) = Ep) [v Av] (170)

where p(v) is a d-dimensional distribution such that E [v] = 0 and Cov [v] = I. Typical choices of p(v) are a standard
Gaussian or Rademacher distribution. Moreover, the Frobenius norm can also be unbiasedly estimated, since

A% = tr(ATA) = Epo) [v AT Av] = Ep0y [[|Av]]3] (171)

Let A = Vgsg(x,t), The Jacobian-vector-product V; s¢(, t)v can be efficiently computed by using once forward-mode
automatic differentiation in JAX, making the evaluating of trace and Frobenius norm approximately the same cost as
evaluating s¢(x,t). And we show the time costs for the high-order DSM training in Appendix. L.4.
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By leveraging the unbiased estimator, our final objectives for second-order and third-order DSM are:

~ ~ 2
‘7(51)\/[ estimation(e) = Etym()veEp(’U) |:||Jt28jvp +v— (Utsl "V H+€- v)(atsl + 6)||2i| 3 (172)

2
Jlggi\t/lr,)estimation(e) = Et,moaéEP(v) |: UL?UTSJ'WP + HU”% - |Ut'§1 vt e€- ’U|2’ ] ’ (173)

Tssmestimation(#) = Btz eBpw) U 0?0 Vasjup + 10081 v + € 0] (0181 + €) = (0707 810 + [0]3) (0181 + €)

2
—20e81 v+ € ) (028 0p + v)M , (174)

where s;j,, = Vg8¢(x,t)v is the Jacobian-vector-product as mentioned above, §; = stop_gradient(sy), 8;up =
stop-gradient(s;,p), and @ - b denotes the vector-inner-product for vectors a and b. We compute UTVmsjvp by using
the auto-gradient functions in JAX (which can compute the “vector-Jacobian-product” by one-time backpropagation”).

G.1. Relationship between the estimated objectives and the original objectives for high-order DSM

In this section, we show that the proposed estimated objectives are actually equivalent to or can upper bound the original
objectives in Sec. 5.1 for high-order DSM. Specifically, we have

jlggl)\/l(e) jDSM estimation (6) (175)
Toan (0) < Jéiﬁlmmmon(e) (176)
T (0) < T estimation (0)- a77)

Firstly, the estimated second-order DSM objective in Eqn. (172) is equivalent to the original objective in Sec. 5.1, because

TD(0) = By gy e [HJEVwSG(a:t,t) T~ (0481 + €)(0081 + e)Tm (178)
= Evan By [[| (03 Vas0(@et) + I = (001 + €)(u1 +€) ) o] (179)

= Et,z0,eEp(o) [HJEVmSG(mt, o +v— (0181 - v + € v)(0,8 + e)Hﬂ (180)

i estimation (0)- (181)

And the estimated trace of second-order DSM objective in Eqn. (173) can upper bound the original objective in Sec. 5.1,
because

TEo0(0) = Erzy e |07 tr(Vaso(@i, 1) +d = lloés +el3] (182
— Evae | |tr (07 Vaso(@i,t) + I = (0181 + €)1 +€) )] (183)

=Et z.e [|1Ep(,,) [0 (07 Vaso(zs,t) + I — (0181 + €) (0181 +€) ") v] ﬂ (184)

< Bt eBpio) [0 (07Vas0(@e 1) + T = (0181 + €)1 +€) ") o] (185)

= Et 20,eEp(v) [|otv Vazso(xe, t)v + HvH% —|oté1-v+e- v|2ﬂ (186)

= Tiort esimaion(0): (187)

And the estimated third-order DSM objective in Eqn. (174) can also upper bound the original objective in Sec. 5.1. To
prove that, we firstly propose the following theorem, which presents an equivalent form of the third-order DSM objective in
Eqn. (16) for score models and the corresponding derivatives.

Theorem G.1. (Error-Bounded Third-Order DSM by score models with trace estimators) Suppose that §1(x,t) is an
estimation for V4 log q;(x;), and its derivative 83(x,t) == V481(x¢,t) is an estimation for V2 log q;(x;). Denote the
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Jacobian-vector-product of §1 as 8y, (2, t,v) = V581 (¢, t)v. Assume we have a neural network sq(-,t) : R? — R4
parameterized by 0, then we can learn a third-order score model ¥V 5 tr(Vzsg(x4,t)) : RY — RY which minimizes

Eq, () [HV tr(Veso(xe, t)) — Vg tr(Vi logqt(mt))H;] ,

by optimizing
1, -
0* = argmin Eyg, ¢ {UGHGfVm tr(Vaso(ze, 1)) + Epo) [€3(4, 1, €, v) || } (188)
0 t

where

L3(xy,t,€,v) = |0y v+ e€- v|2(ot§1 +e€)— (afvT§jvp + H'v||§)(0t.§1 +é€)—2(0é-vt+e- v)(oféjvp + v)
x, = yxg + o€, €~N(0,1),

v ~ p(v), Ep)[v] =0, Covyy[v] = 1.
(189)

Denote the first-order score matching error as 61 (x¢,t) = ||81(2t,t) — Vg logqi(x:)||2 and the second-order score
matching errors as 03(2¢,t) = || V81 (w4, t) — V2 log qi (¢ ) || and 62 (4, t) = | tr(Vg81 (¢, 1)) —tr(VZ log g () ) |.
Then Vxy, 0, the score matching error for ¥  tv(V g 8¢ (2, t)) can be bounded by:

Ve tr(Vase(@s,t) — Vo tr(V3 log a:(21)) ||,
< Ve tr(Vasg(xe, 1) — Vo tr(Vase- (ze, 1)) ||, + (67 + G20 + 262) 67

Proof. For simplicity, we denote qo; = qot(@t|®0), qr0 = qro(xol®s), ¢ = q(xt), g0 = qo(x0), &1 = 81(w4, 1),
Sjup = Sjup(xe, 1), Vtr(Vs(0)) = Vaytr(Vaesg(xs, t)).

As Vlog qo: = —O_it and V2log qo; = — ﬁl , by rewriting the objective in Eqn. (188), the optimization is equivalent to:

~ 2 ~
Vtr(Vs(0)) — Epw) |(V10g qot — sl)Tv| (Vloggor — $1)

qto

0" = argminE,, E
0

2 (190)
— (v (V81 — V21ogqor)v) (Vioggor — 81) — 2 ((V1og gor — $1) ) (V&1 — V? log q()t)v}

2

For fixed ¢ and «;, minimizing the inner expectation is a minimum mean square error problem for V tr(Vs(6)), so the
optimal 6* satisfies

Vitr(Vs(0")) = Eq, Epw “(Vlogqm —81) v‘ (Vlog gor — 81) (191)
— (v (82 — V?log qoi)v) (Vog gor — 81) — 2 ((Vloggor — 81) "v) (82 — VZlog (J()t)v]- (192)
Denote
* A 2 o
83(v,0%) = Eg, [ |(V1log qor — 81)Tv| (Vlog qor — 1) (193)

— (v (82 — V?log qot)v) (V1og gor — 81) — 2 ((Vlog gor — 81) "v) (82 — V2 log gor)v |, (194)

then we have E,(,,)[s3(v, 0*)] = V tr(Vs(6*)). Similar to the proof in Appendix. F.3, combining with Lemma F.5, we
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have
53(0,0%) — V(v V?log v) = s3(v,0%) — Eg,, [|(VIogqor — Viogqe) "v|*(Vlog gor — Viog 1))
2((Viogg — 51) "v) (Vlog ¢ Vlog g + Vlogq — §2)v
v (VlogqVlog th +V2logq, — 82)v(Viogq, — 81)

+ v (18] — VlogqViogq, vV log g
+2((5] v)(Vlog g, v)81 — (Vlogg, v)*Vlog ;)
+(Viogg, v)’Viogg: — (3] v)*5
= (2(Vlog g — 82)vv " + v (V?logq — 82)v) (Vg g — 81)

(195)

+[(Viogg: — §1)TU|2 (Vlogg: — 1)
AsEpp) [0T Av] = tr(A) and B,y [ovT] = E[0] E[v]" + Cov [v] = I, we have
Vitr(Vs(0*)) — Vir(V?logq:) = Epw) [s3(v,0%) — V(v V?log @) (196)
= (2(V?logq: — 82) + (tr(V?log ¢;) — tr(52))) (Vlog ¢ — 51)
+[Viogg: — $1[3(Viog qr — 51) (197)
Therefore, we have
[V tr(Vs(0)) — Vir(V21og ;)2 < ||V tr(Vs(0)) — Vtr(Vs(0%)) |2 + |V tr(Vs(0%)) — Vtr(V>logg)[l2 (198)
<[V&(Vs(9) = Vix(Vs(0")l2 + [Viog g — 513 (199)
+ <2HV2 log g — 82|, + | tr(V?log ¢;) — tr(éz)y) [Vlogg: — 812,  (200)

which completes the proof. O

Below we show that the objective in Eqn. (16) in Theorem 4.3 is equivalent to the objective in Eqn. (188) in Theorem G.1.

Corollary G.2. Suppose that §1(x4,t) is an estimation for V 3 log q; (@), and its derivative 85(x¢,t) = V581 (24, 1) is
an estimation for V2 log q:(x+). Denote the Jacobian-vector-product of 81 as 8up(@1,t,v) = V381 (s, t)v. Assume we
have a neural network sg(-,t) : RY — RY parameterized by 6, and we learn a third-order score model ¥V 3 tr(V 8¢ (¢, 1)) :
R? — R? by the third-order DSM objectives. Then the objective in Eqn. (188) is equivalent to the objective in Eqn. (16)
w.r.t. the optimization for 0.

Proof. For simplicity, we denote qo: = qot(Tt|®0), qr0 = qro(Tol|xt), ¢ = qe(Tt), g0 = qo(xo), 81 = 81(x4, 1),
Sjup = Sjup(®4, 1), V1tr(Vs(0)) == Vytr(Vese(x:,t)).

On the one hand, by Eqn. (197), the optimal solution of the objective in Eqn. (188) is:
Vir(Vs(0*)) = Vir(V21ogq) + (2 (V2 log g — 82) + (tr(VZloggq:) — tr(82))) (Vlog g — 81)
+[[Vlog g — 81][5(Viog qr — $1), (201)
so by the property of least mean square error, the objective in Eqn. (188) w.r.t. the optimization of # is equivalent to
rneinIEmO,e [va tr(Vesg(xe, 1)) — Vo tr(Vaese« (x4, t H } (202)
On the other hand, by Eqn. (155), the optimal solution of the objective in Eqn. (16) is also:
Vitr(Vs(0*)) = Vtr(V2 log qt) + (2 (V2 log q; — ég) + (tr(V2 log qt) — tr(ég))) (Vg g — 31)
+[Vlog g, — 1][5(Viog g: — 1), (203)
so by the property of least mean square error, the objective in Eqn. (16) w.r.t. the optimization of 6 is also equivalent to

min g ¢ [vatr(vmse(azf, 1) = Vo tr(Vaso- (1, 1)) } (204)

Therefore, the two objectives in Eqn. (16) and Eqn. (188) are equivalent w.r.t. 6. O
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Therefore, by Corollary G.2, we can derive an equivalent formulation of j[ggl)vl(ﬂ) by Theorem. G.1:
Ts(0) = Btz |07 Vatr (Vaso(@i, 1) + By (@i, 1, €,0)] 3] (205)
where €3 (x¢, t, €,v) is defined in Eqn. (189). Thus, we have
Tss(0) = Evzp.c | [07Epo) [V (07 Vaso(@i 1)0)] + By [Es(@r,te,0)] |2
< Eyt o eEpo) [Hgng (v Vas(as, ) + £a(x4, 1, €, v)Hg] (206)
s esimation )
H. Training algorithm

In this section, we propose our training algorithm for high-dimensional data, based on the high-order DSM objectives in
Appendix. G.

Let ‘JVP’ and ‘VJP’ denote forward-mode Jacobian-vector-product and reverse-mode vector-Jacobian-product with auxiliary
data. More specifically, suppose f is a function R — R and fn(x) = (f(x), aux), where aux is auxiliary data, then
JVP(fn, o, v) = (f(x0), V f|e=z,v, aux) and VIP(fn, zg, v) = (f(x0), v V F|z=w,» aUX).

Algorithm 1 Training of high-order denoising score matching

Require: score network sy, hyperparameters A1, A2, smallest time ¢, forward SDE, proposal distribution p(t)
Input: sample x from data distribution
Qutput: denoising score matching loss Jpsm
Sample € from N (0, I)
Sample v from standard Gaussian or Rademacher distribution
Sample ¢ from proposal distribution p(t) (U (e, 1) for VE SDEs)
Get mean «; and std o; at time ¢ from the forward SDE.
Ty < Oy + OL€
def grad_div_fn(x;, t, v):
def score_jvp_fn(x;):
Sp < lambda x: sg(x, )
89(x¢, 1), Sjup < IVP(sg, T4, v)
return S;,,, Sg(x;,t)
Sjups V' V8jup, So(x4,t) < VIP(score_jvp_fn, z;, v)
return s;,,, v' V8jyp, So(T,t)
Sjups ’UTVSjvp, sop(xy, t) + grad_div_fo(zy, ¢, v)
81 < stop_gradient(sg(x¢,t))
3up < stop_gradient(s ;)
Calculate T2, (6), Tia (6), TSa (6), T8 (6) from Eqn. (18) (172) (173) (174)

return jDSM( )+ M (jDSM( ) + jéil\t/f)( )) + /\2~7DSM( )

I. Experiment details
L.1. Choosing of A1, Ao

As we use Monto-Carlo method to unbiasedly estimate the expectations, we empirically find that we need to ensure the
mean values of Jéél)v[(e), A (._7]%) 0) + JD;\[,[I (0 )) and )\gjéis)’l)v[(ﬁ) are in the same order of magnitude. Therefore, for

synthesis data experiments, we choose \; = 0.5 and Ay = 0.1 for our final objectives. And for CIFAR-10 experiments, we
simply choose A\; = Ay = 1 with no further tuning.

Specifically, for synthesis data, we choose A; = 0.5, Ay = 0 as the second-order score matching objective, and A; = 0.5,
A2 = 0.1 as the third-order score matching objective. For CIFAR-10, we simply choose A1 = 1, A2 = 0 as the second-order
score matching objective, and A\; = Ag = 1 as the third-order score matching objective.
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In practice, the implementation of the first-order DSM objective in (Song et al., 2020; 2021) divides the loss function by the

2
data dimension (i.e. use % instead of || - ||3). We also divide the second-order DSM and the third-order DSM objectives by
the data dimension for the image data to balance the magnitudes of the first, second and third-order objectives. Please refer
to the implementation in our released code for details.

I.2. 1-D mixture of Gaussians
We exactly compute the high-order score matching objectives in Sec. 5.1, and choose the starting time e = 107,
The density function of the data distribution is

21 2 1 4 2

= 207
) 92 Y 92 97 92) ( )

We use the “noise-prediction” type model (Kingma et al., 2021), i.e. we use a neural network €g (¢, t) to model oysg (x4, t).
We use the time-embedding in Song et al. (2020). For the score model, we use a two-layer MLP to encode ¢, and a two-layer
MLP to encode the input x;, then concatenate them together to another two-layer MLP network to output the predicted
noise €g(xy, t).

We use Adam (Kingma & Ba, 2014) optimizer with the default settings in JAX. The batch size is 5000. We train the model
for 50k iterations by one NVIDIA GeForece RTX 2080 Ti GPU card.

As our proposed high-order DSM algorithm has the property of bounded errors, we directly train our model from the default
initialized neural network, without any pre-training for the lower-order models.

1.3. 2-D checkerboard data
We exactly compute the high-order score matching objectives in Sec. 5.1, and choose the starting time € = 1075,

We use the same neural network and hyperparameters in Appendix. 1.2, and we train for 100k iterations for all experiments
by one NVIDIA GeForece RTX 2080 Ti GPU card.

Similar to Appendix. 1.2, we directly train our model from the default initialized neural network, without any pre-training
for the lower-order models.

I.4. CIFAR-10 experiments

Our code of CIFAR-10 experiments are based on the released code of Song et al. (2020) and Song et al. (2021). We choose
the start time € = 10~° for both training and evaluation.

We train the score model by the proposed high-order DSM objectives both from 0 iteration and from the pre-trained
checkpoints in Song et al. (2020) to a fixed ending iteration, and we empirically find that the model performance by these two
training procedure are nearly the same. Therefore, to save time, we simply use the pre-trained checkpoints to further train
the second-order and third-order models by a few iteration steps and report the results of the fine-tuning models. Moreover,
we find that further train the pre-trained checkpoints by first-order DSM cannot improve the likelihood of ScoreODE, so we
simply use the pre-trained checkpoints to evaluate the first-order models.

Model architectures The model architectures are the same as (Song et al., 2020). For VE, we use NCSN++ cont. which
has 4 residual blocks per resolution. For VE (deep), we use NCSN++ cont. deep which has 8 residual blocks per resolution.
Also, our network is the “noise-prediction” type, same as the implementation in Song et al. (2020).

Training We follow the same training procedure and default settings for score-based models as (Song et al., 2020), and
set the exponential moving average (EMA) rate to 0.999 as advised. Also as in (Song et al., 2020), the input images are
pre-processed to be normalized to [0, 1] for VESDEs. For all experiments, we set the “n_jitted_-steps=1"in JAX code.

For the experiments of the VE model, we use 8 GPU cards of NVIDIA GeForece RTX 2080 Ti. We use the pre-trained
checkpoints of 1200k iterations of Song et al. (2020), and further train 100k iterations (for about half a day) and the model
quickly converges. We use a batchsize of 128 of the second-order training, and a batchsize of 48 of the third-order training.

For the experiments of the VE(deep) model, we use 8 GPU cards of Tesla P100-SXM2-16GB. We use the pre-trained
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Table 3. Benchmark of computation time, iteration numbers and memory consumption on CIFAR-10.

Model Time per iteration (s) Memory in total (GiB) Training iterations

VE (Song et al., 2020) 0.28 25.84 1200k

VE (second) (ours) 0.33 28.93 1200k(checkpoints) + 100k
VE (third) (ours) 0.44 49.12 1200k(checkpoints) + 100k

checkpoints of 600k iterations of Song et al. (2020), and further train 100k iterations (for about half a day) and the model
quickly converges. We use a batchsize of 128 of the second-order training, and a batchsize of 48 of the third-order training.

Likelihood and sample quality We use the uniform dequantization for likelihood evaluation. For likelihood, we report
the bpd on the test dataset with 5 times repeating (to reduce the variance of the trace estimator). For sampling, we find the
ode sampler often produce low quality images and instead use the PC sampler (Song et al., 2020) discretized at 1000 time
steps to generate SOk samples and report the FIDs on them. We use the released pre-trained checkpoints of the VESDE in
Song et al. (2020) to evaluate the likelihood and sample quality of the first-order score matching models.

Computation time, iteration numbers and memory consumption We list the computation time and memory consump-
tion of the VE model (shallow model) on 8 NVIDIA GeForce RTX 2080 Ti GPU cards with batch size 48 in Table 3. The
n_jitted_stepsissetto 1. When training by second-order DSM, we only use score_jvp_fn in the training algorithm
and remove grad_div_fn. The computation time is averaged over 10k iterations. We use jax.profiler to trace the
GPU memory usage during training, and report the peak total memory on 8 GPUs.

We find that the costs of the second-order DSM training are close to the first-order DSM training, and the third-order DSM
training costs less than twice of the first-order training. Nevertheless, our method can scale up to high-dimensional data and
improve the likelihood of ScoreODE:s.

L.5. ImageNet 32x32 experiments

We adopt the same start time and model architecture for both VE and VE (deep) as CIFAR-10 experiments. Note that the
released code of Song et al. (2020) and Song et al. (2021) provides no pretrained checkpoint of VE type for ImageNet 32x32
dataset, so we use their training of VP type as a reference, and train the first-order VE models from scratch. Specifically, we
train the VE baseline for 1200k iterations, and the VE (deep) baseline for 950k iterations.

For the high-order experiments of both VE and VE (deep), we further train 100k iterations, using a batchsize of 128 for the
second-order training and a batchsize of 48 for the third-order training. We use 8 GPU cards of NVIDIA GeForece RTX
2080 Ti for VE, and 8 GPU cards of NVIDIA A40 for VE (deep). We report the average bpd on the test dataset with 5 times
repeating.

J. Additional results for VE, VP and subVP types

We also train VP and subVP types of ScoreODEs by the proposed high-order DSM method, with the maximum likelihood
weighting function for ScoreSDE in (Song et al., 2021) (the weighting functions are detailed in (Song et al., 2021, Table 1)).
Note that for the VE type, the likelihood weighting is exactly the DSM weighting used in our experiments.

We firstly show that for the ScoreODE of VP type, even on the simple 1-D mixture-of-Gaussians, the model density trained
by the first-order DSM is not good enough and can be improved by the third-order DSM, as shown in Fig. 5.

We then train ScoreODE of VP and subVP types on the CIFAR-10 dataset. We use the pretrained checkpoint by first-order
DSM in (Song et al., 2021) (the checkpoint of “Baseline+LW+IS”), and further train 100k iterations. We use the same
experiment settings as the VE experiments. We vary the start evaluation time ¢ and evaluate the model likelihood at each
€, as shown in Fig. 6. For the ScoreODE trained by the first-order DSM, the model likelihood is poor when e is slightly
large. Note that Song et al. (2020; 2021) uses ¢ = 10~3 for sampling of VP type, and the corresponding likelihood is poor.
Moreover, our proposed method can improve the likelihood for € larger than a certain value (e.g. our method can improve
the likelihood for the VP type with e = 10~3). However, for very small ¢, our method cannot improve the likelihood for VP
and subVP. We suspect that it is because of the “unbounded score” problem (Dockhorn et al., 2021). The first-order score
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Figure 5. Model density of ScoreODEs (VP type) on 1-D mixture-of-Gaussians data.
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Figure 6. Model NLL (negative-log-likelihood) in bits/dim (bpd) of ScoreODEs for both VP type and subVP type trained by first-order
DSM and our proposed third-order DSM on CIFAR-10 with the likelihood weighting functions and the importance sampling in Song et al.
(2021), varying the start evaluation time €.

function suffers numerical issues for ¢ near 0 and the first-order SM error is so large that it cannot provide useful information
for the higher-order SM.

As the data score function V4 log ¢;(x;) is unknown for CIFAR-10 experiments, we cannot evaluate Jrisher(6). To show the
effectiveness of our method, we evaluate the difference between sy(x;,t) and V. log p?PE(x;) in the Jpisr(6). Denote

loige(t) == g(t)Qeq(wt) lIso(xs,t) — Vg logp?DE(a:t)Hg, (208)

we take 100 time steps between ¢ = 10~° and T = 1 to evaluate /p;(t), where the ODE score function V, log pPPF (/)

is computed by the method in Appendix. D, and the expectation w.r.t. ¢;(x;) are computed by the Monte-Carlo method,
namely we use the test dataset for go(x() and then sample x; from g(x:|xo). We evaluate the p;g(t) for the first-order
DSM training (baseline) and the third-order DSM training for both the VP and VE types, as shown in Fig. 7. We can
find that our proposed high-order DSM method can reduce ¢p(t) for ScoreODEs for most t € [e, T]. As sg(x¢,t) is an
estimation of the true data score function V4 log ¢; (), the results indicates that our proposed method can reduce Cgigher ()
of ScoreODE:s and then further reduce Jrisner(6). Also, we can find that the “unbounded score” problem of VE is much
milder than that of VP, which can explain why our method can greatly improve the likelihood of VE type even for very
small €.



Maximum Likelihood Training for Score-Based Diffusion ODEs
<107 500000 %
107 : ---- First-order SM (VE) I o Flrét—order SM (VE)
i ——— Third-order SM (VE) 100000 4 : — T.hlrd-order SM (VE)
08— First-order SM (VP) l S First-order SM (VP)
| —.—- Third-order SM (VP) [ —-—- Third-order SM (VP)
1 300000 —
064 [
! i
! i
0411 200000 - 3 t
t i RN
t i ™
029k 100000 - N AN
\"., N
R e e e T T N T S M
00 02 04 06 0s 10 0.0 0.2 0.4 —.—()'f(i 0.8 10
t t
() Lt (¢).

(b) loige () (clipped by y-axis).

Figure 7. ¢pit(t) of VP type and VE type on CIFAR-10, trained by first-order DSM with the likelihood weighting functions and importance
sampling in Song et al. (2021) and our proposed third-order DSM.
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Figure 8. Random samples of SGMs (VE type) by PC sampler, trained by different orders of DSM.

Moreover, we randomly select a batch of generated samples by the PC sampler (Song et al., 2020) of the same random seed
by the VE model of first-order, second-order and third-order DSM training, as shown in Fig. 8. The samples are very close

for human eyes, which shows that after our proposed training method, the score model can still be used for the sample
methods of SGMs to generate high-quality samples.



