Table 2: Formulations that are invariant to the choice of the noise schedules. The maximum likelihood
training loss w.r.t. A is equivalent to the objectives in [10} [41]], and the exact solution of the diffusion
ODEs are proposed in Proposition 3.1}

Method \ Invariance Formulation

Ao
Maximum likelihood training / Eqo (o) EenA(0,1) {Heg(:i,\, A) — €||3|dA
AT

R s
Sampling by diffusion ODEs | &, = CjAt Ty, — Qy, / 67)\€A9<:1A3>\, A)dA
an

s As

A Sampling with Invariance to the Noise Schedule

In this section, we discuss more about the exact solution in Proposition[3.1]and give some insights
about the formulation. Below we firstly restate the proposition w.r.t. A (i.e. the half-logSNR).

Proposition (Exact solution of diffusion ODEs). Given an initial value Z_ at time s with the
corresponding half-logSNR ), the solution Z, at time t of diffusion ODEs in Eq. 2.7) with the
corresponding half-logSNR \; is:

At
:i/\t = %i’)\s - Oét/ e_)\ée(i)\a /\)d)\ (A.D
s A

In the following subsections, we will show that such formulation decouples the model €y from
the specific noise schedule, and thus is invariant to the noise schedule. Moreover, such change-of-
variable for X in Proposition [3.1]is highly related to the maximum likelihood training of diffusion
models [10,41]. We show that both the maximum likelihood training and the sampling of diffusion
models have invariance formulations that are independent of the noise schedule.

A.1 Decoupling the Sampling Solution from the Noise Schedule

In this section, we show that Proposition [3.1]can decouples the exact solutions of the diffusion ODEs
from the specific noise schedules (i.e. choice of the functions «; = «(t) and oy = o(t)). Namely,
given a starting point \s, a ending point \;, an initial value & at A\s and a noise prediction model
€9, the solution of ), is invariant of the noise schedule between \; and ).

We firstly consider the VP type diffusion models, which is equivalent to the original DDPM [2, |3]].
For VP type diffusion models, we always have a? + o7 = 1, so defining the noise schedule is
equivalent to defining the function a; = «(t) (For example, DDPM [2]] uses a noise schedule such

that 8(t) = % is a linear function of ¢, and i-DDPM [16] uses a noise schedule such that
B(t) = % is a cosine function of t). As \; = log oy — log oy, we have o, = ,/ﬁ and

o = 4/ H_F%At Thus, we can directly compute the oy and oy for a given A;. Denote &y == 4/ He%ﬂ,

we have

Ae
Zy, = I Ty, — dxt/ e Meép(@, N\)d. (A2)
Ck)\S

s

We should notice that the integrand 67)‘@9(.’% X, A) is a function of A, so its integral from A to A; is
only dependent on the starting point A, the ending point A; and the function g, which is independent
of the intermediate values. As other coefficients (&, and &), ) are also only dependent on the starting
point ¢ and the ending point ), we can conclude that &, is invariant of the specific choice of the
noise schedules. Intuitively, this is because we converts the original integral of time ¢ in Eq. (13;1;)
to the integral of A, and the functions f(t) and g(¢) are converted to an analytical formulation e~*,
which is invariant to the specific choices of f(t) and g(¢). Finally, for other types of diffusion models
(such as the VE type and the subVP type), they are all equivalent to the VP type by equivalently
rescaling the noise prediction models, as proved in [[10]. Therefore, the solutions of these types also
have such property.
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In summary, Proposition [3.1 decouples the solution of diffusion ODEs from the noise schedules,
which gives us an opportunity to design tailor-made samplers for DPMs. In fact, as shown in
Sec.[3.2] the only approximation of the proposed DPM-Solver is about the Taylor expansion of the
neural network €y w.r.t. A, and DPM-Solver analytically computes other coefficients (which are
corresponding to the specific noise schedules). Intuitively, DPM-Solver keeps the known information
as much as possible, and only approximates the intractable integral of the neural network, so it can
generate comparable samples within much fewer steps.

A.2 Choosing Time Steps for )\ is Invariant to the Noise Schedule

As mentioned in Appendix [A.T] the formulation of Proposition [3.1]decouples the sampling solution
from the noise schedule. The solution depends on the starting point A¢ and the ending point A;, and
is invariant to the intermediate noise schedule. Similarly, the updating equations of the algorithm
of DPM-Solver are also invariant to the intermediate noise schedule. Therefore, if we have chosen
the time steps {\; } 2, then the solution of DPM-Solver is also determined and is invariant to the
intermediate noise schedule.

A simple way for choosing time steps for A is uniformly splitting [Ar, Ac], which is the setting in our
experiments. However, we believe that there exists more precise ways for choosing the time steps,
and we leave it for future work.

A.3 Relationship with the Maximum Likelihood Training of Diffusion Models

Interestingly, the maximum likelihood training of diffusion SDEs in continuous time also has such
invariance property [10]. Below we briefly review the maximum likelihood training loss of diffusion
SDEs, and then propose a new insight for understanding diffusion models.

Denote the data distribution as go (), the distribution of the forward process at each time ¢ as g, (),
the distribution of the reverse process at each time ¢ as p;(x;) with pr = N(0, I). In [3], it is proved
that the KL-divergence between ¢y and pg can be bounded by a weighted score matching loss:

1 /T g3 (t
Dx1(qo || po) < Dxr(ar || pT)+§/ U(Q)qu(mo)]EeNN(O,I) [llee(mt,t)*eﬂg] dt+C, (A3)
0 t

where x; = axg + o€ and C is a constant independent of 6. As shown in Sec. we have

do? dlog « dlog o dlog dA
) = G —2 ot =20t (T )=

A4
dt dt @4)

so by applying change-of-variable w.r.t. A, we have

Ao
Dx1.(qo || po) < Dxv(qr || pr) -ir/A Ego (@o)Ee~nr(0,1) [Hee(ﬁ% A) — 6||§]d>\ +C, (AS)
T

which is equivalent to the importance sampling trick in [41, Sec. 5.1] and the continuous-time
diffusion loss in [10, Eq. (22)]. Compared to Proposition[3.1] we can find that the sampling and the
maximum likelihood training of diffusion models can both be converted to an integral w.r.t. A, such
that the formulation is invariant to the specific noise schedules, and we summarize it in Table@} Such
invariance property for both training and sampling brings a new insight for understanding diffusion
models. For instance, we can directly define the noise prediction model €y w.r.t. the (half-)logSNR
A instead of the time ¢, then the training and sampling for diffusion models can be done without
further choosing any ad-hoc noise schedules. Such finding may unify the different ways of the
training and the inference of diffusion models, and we leave it for future study.

B Proof of Theorem 3.2

B.1 Assumptions

Throughout this section, we denote x4 as the solution of the diffusion ODE Eq. (2.7) starting from
7. For DPM-Solver-k we make the following assumptions:
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Assumption B.1. The total derivatives ) (as a function of \) exist and are continuous for

0<j<k+1.
Assumption B.2. The function €y (x, s) is Lipschitz w.r.t. to its first parameter .
Assumption B.3. h,,., = O(1/M).

diép (&,
AN

We note that the first assumption is required by Taylor’s theorem Eq. (3.6)), and the second assumption
is used to replace €y (&5, s) with eg(xs, s) + O(xs — &) so that the Taylor expansion w.r.t. A is
applicable. The last one is a technical assumption to exclude a significantly large step-size.

B.2 General Expansion of the Exponentially Weighted Integral

Firstly, we derive the Taylor expansion of the exponentially weighted integral. Let ¢ < s and then

A+ > Ag. Denote h := \; — )\, and the k-th order total derivative éék) (Zx, ) = %. For
n > 0, the n-th order Taylor expansion of €y(&x, A) w.r.t. Ais

L = A=)y, ntl

€o(Tx,\) = E ¢ (&, As) + O(R™TH). (B.1)
k=0 ’
To expand the exponential integrator, we further define [31]:
1 k—1
1)

— (1-9)z __z

vr(z) = /0 e = 1)!d§, wo(z) =e (B.2)

) = ek (2)=er(

and it satisfies ¢, (0) = 7; and a recurrence relation ¢y, 41(2 9 By taking the Taylor

expansion of €y (&, A), the exponential integrator can be rewritten as

At n

s s o () /- n

/ e eg(in X = 1SR g () (@, \s) + O ). (B3)
As b k=0
So the solution of ; in Eq. (3.4) can be expanded as
a n ) ) .
Ty = a—tw — 00 Y W (h)E (@, As) + O(h" ). (B.4)
s k=0

Finally, we list the closed-forms of ¢ for k = 1,2, 3:

h
e —1
e1(h) = ——, (B.5)
eh—h—1
p2(h) = g (B.6)
h—n?fs —h—1
e 2
p3(h) = /h3 : (B.7)
B.3 Proof of Theorem[3.2lwhen k = 1
Proof. Takingn = 0,t =t;,s = t;_; in Eq. (B.4), we obtain
oy, .
=~ “ogy | —ou(e" — 1ea(my, | tiig) + O(h2). (B.8)
ti—1
By Assumption[B.2]and Eq. (3.7), it holds that
~ Qg . h; ~
T, = T,y — Ot (6 - l)ee(xtifwti—l)
ti—1
g, . , -
= o = T,y — Ot; (ehl - 1) (ee(mti—l’ti_l) + o(mti—l - xti—l))
ti—1
Qy, , -
- o . Tty — Oy (ehl - 1)69<$ti—1?ti_1) + O(wti—l - mti—l)
ti—1
= Ty, + O(hgnam) + O(iti—l - wti—l)'
Repeat this argument, we find that
th = Tt + O(Mhzmw) = T, + O(hm(li‘)7
and thus completes the proof. O
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B.4 Proof of Theorem 3.2 when k& = 2

We prove the discretization error of the general form of DPM-Solver-2 in Algorithm 4]

Proof. First, we consider the following update for 0 < ¢t < s < T, h := A\ — A;.

s1 =ty (As +mh), (B.9a)

a="2g o, (" 1) e, 5), (B.9b)
Q a.

Ty = a—t:c — 0 (" —1) eg(xs,5) — i(eh —1)(ep(@, 51) — €g(s, 5)). (B.9¢c)

Note that the above update is the same as a single step of DPM-Solver-2 with s = ¢;_1 and
t = t;, except that x4, , is replaced with the exact solution x;, ,. Once we have proven that

x; = x; + O(h?), we can show that &;, = =, + O(h3,,,) + O(Zs,_, — x,_,) by a similar

max

argument as in Appendix [B.3] and therefore completes the proof.
In this remaining part we prove that &; = x; + O(h?).
Taking n = 1 in Eq. (B:4), we obtain

a A A
Ty = ;tms - Uth<,01(h)€9(:135,$) — JtthDQ(h)eél)(.’B)\s,)\s) + O(h3). (B.10)
From Egq. (B-I)), we have
_ o o )
T, = oTth — oy (" — 1) eg(s, 8) — T;(eh — 1)(eg(@, s1) — €g(xs, 8))
o o )
= a—tws — 0y (eh — 1) €(Ts, 5) — 277“)&1 (eh — 1) [eg(@, s1) — €a(xs,, 51)]
S
G A A~
o i (eh - 1) |:()\51 - )\S)eél) (w)\sv)\s) + O(h2):| .
27"1

Note that by the Lipschitzness of €y w.r.t. « (Assumption [B.2),

leo (@, s1) — es(@s,, 1) = O(l|@ — s, [}) = O(h?),
where the last equation follows from a similar argument in the proof of k = 1. Since e” — 1 = O(h),
the second term of the above display is O(h3).

As \s, — Ag = 11h, pi(h) = (e" —1)/h and o(h) = (e — h — 1)/h?, we find
Ao —

S )\S A A
xp— & = 0y |h2pa(h) — (" — )22 eV (@y A + O(h?).

2T1
Then, the proof is completed by noticing that
As; — As

Wga(h) = (e = 1) 22—

= (2" —h—2—heM)/2=0(R3).
B.5 Proof of Theorem 3.2l when k& = 3

Proof. Asin Appendix it suffices to show that the following update has error Z; = x; + O(h*)
forO0<t<s<Tandh=A\; — A

s1=tx(As +mh), s2=1tx(As+12h), (B.11a)
Uy = Y51 Ts — O, (e“h - 1) €o(xs, 8), (B.11b)
Qs
D, = ep(uq,s1) — €p(xs, 5), (B.11¢)
_ O, - o5, (€7 —1
Uo = C;S Ts — Og, (6 zh _ 1) E@(CES,S) — 171 (7‘2h — 1) Dl, (Blld)
D = eg(u2, 52) — €o(xs, ), (B.11e)
b1
T = Lo, — o (" — 1) eglms,s) — 2 (e —1) D,. (B.11f)
Qg 9 h
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First, we prove that

Uy = x4, + O(h®). (B.12)
Similar to the proof in Appendix since Erf:; —1=0(h)and 4; = x,, + O(h?), then

'112 = O;SQ Lg — O, (erzh — 1) 69(:135, S)
S

r erzh
o (1 - 1) (e9(@a, 1) — cpla, ) + O(K)

1 roh
= s T — 0, (€7 — 1) eg(xs, 5)
Qg
ro (€72 —1 1
— 05271 <T2h - 1) 61(9 )(wws)()‘a —As) + O(hg)-

Let hy = 72h, then following the same line of arguments in the proof of Appendix [B.4] it suffices to
check that
QDl(hQ)hQ = 6h2 — ].,
ehz — 1
ha

o2 (ha)h3 = 2 (

T1

- 1) oy = o) + O(H"),

which holds by applying Taylor expansion.
Using 1y = x5, + O(h3) and \g, — A\s = 1oh = %h, we find that

oy L 1 (el —1 _
Ty = —Ts — Oy (e - 1) €o(xs,8) —opr— -1 (69(u2,52) - eg(azs,s))
Qg o h
o h 1 [l -1 4
=z, -0 (e" —1) eg(ws, 5) — ot - 1) (eg(ws,, s2) — €o(s, 5)) + O(h*)

= %a:s — 0y (eh - 1) €g(xs, s)
s

1 feh—1 !
~ o < P 1) (ep (@s: s)rah + G e? (s 5)r3h%) + O,

Comparing with the Taylor expansion in Eq. (B.4) with n = 2:

@, = %w — o1hgy (h)ep(xs, 5) — orh2pa(R)eS) (w4, 5) — 0h03(h)el) (x4, 5) + O(BY),

S

we need to check the following conditions:

ho1(h) = el — 1,

h _
h2ps(h) = (e - L 1) h,

h_ 2
h3ps(h) = (e - I 1) 217 o),

The first two conditions are clear. The last condition follows from
h? h?

h 2
3 Y R N i a_ (e -1 roh
hos(h)=e€e"—1—h 2—6+(’)(h)—< A 1) 5

Therefore, ; = x; + O(h*). O

B.6 Connections to Explicit Exponential Runge-Kutta (expRK) Methods

Assume we have an ODE with the following form:

dmt

g = ¢ + N(a:t,t),
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where o € R and N (x4, t) € RP is a non-linear function of x;. Given an initial value x; at time ¢,
for A > 0, the true solution at time ¢ + h is

h
Ty = ez, + et / e “"N(xigr,t+7)dT.
0

The exponential Runge-Kutta methods [25| 31]] use some intermediate points to approximate the
integral [ e~ *" N (xy.,t+ 7)d7. Our proposed DPM-Solver is inspired by the same technique
for approximating the same integral with &« = 1 and N = €y. However, DPM-Solver is different
from the expRK methods, because their linear term e“h g, is different from our linear term a;—thxt.
In summary, DPM-Solver is inspired by the same technique of expRK for deriving high-order
approximations of the exponentially weighted integral, but the formulation of DPM-Solver is different

from expRK, and DPM-Solver is customized for the specific formulation of diffusion ODE:s.

C Algorithms of DPM-Solvers

We firstly list the detailed DPM-Solver-1, 2, 3 in Algorithms[3] @] [5] Note that DPM-Solver-2 is the
general case with r; € (0, 1), and we usually set r; = 0.5 for DPM-Solver-2, as in Sec.

Algorithm 3 DPM-Solver-1.

Require: initial value x, time steps {t; }}£, model €y

: def dpm-solver-1(&;, ,,t;—1,t;):
hi < /\ti — )‘ti—l
= I hi ;
Tp, ¢ 5%, — o1 (e" —1) eg(Ty,_,,tio1)
return I,
‘;i:to — xr

fori < 1to M do

&y, < dpm-solver-1(&;, ,,ti—1,t;)
end for
return x;,,

R A A e

Algorithm 4 DPM-Solver-2 (general version).

Require: initial value zr, time steps {t;}£,, model €5, r; = 0.5
1: def dpm-solver-2(&s, ,,t;—1,t;,71):
2: hl < Ah — )\f1

-1

3: S; <ty (/\t171 + Tlhi)

4: U; < ati: 53151,71 — 0O (erlhi - 1) EQ(jti—lvt’i—l)

5: jti — ait:l 53151,71 — 0ty (ehi - 1)69(53%71 ’ ti—l) - ;:71 (ehi - 1)(69(’114, Si) - 69(53%71 ’ ti—l))
6:  return I,

7: ito — T

8: fori < 1to M do

9: &y, « dpm-solver-2(&¢, _,,t;—1,t;,71)

10: end for

11: return x;,,

Then we list the adaptive step size algorithms, named as DPM-Solver-12 (combining 1 and 2;
Algorithm [6)) and DPM-Solver-23 (combining 2 and 3; Algorithm [7). We follow [20] to let the
absolute tolerance €, = W for image data, which is 0.0078 for VP type DPMs. We can tune
the relative tolerance e, to balance the accuracy and NFE, and we find that ¢, = 0.05 is good
enough and can converge quickly.

In practice, the inputs of the adaptive step size solvers are batch data. We simply choose E5 and
E3 as the maximum value of all the batch data. Besides, we implement the comparison s > € by
|s — €| > 107" to avoid numerical issues.
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Algorithm S DPM-Solver-3.

Wi

Require: initial value z, time steps {t;}/Z,, model €9, 71 = , 72 =
1: def dpm-solver-3(&;, ,,t;—1,t;,71,72):

2: hi < /\ti — )\ti71
3: Soi_1 < T (>\t1,1 + Tlhi) , 8o <t ()\tFl =+ Tghi)
. Fo2i-1 4 hi =
4: U2;—1 < af.l 11 LTy, | — Ogg; 4 (e” — 1) Gg(mti_l,ti_l)
5. Dai 1+ €g(ugi—1,82i-1) — €9(&4,_,,ti—1)
X Qs ~ o hs ~ Osqo:T2 [ eT2hi_q
6 wgi < By, — 0ny, (€7 = 1) €9(Br,_, tio1) — T (T - 1) D2i
7. Da; < €p(u;, 52;) — €9(Ty,_,,ti1)
. ~ Xt A hi T . ot (ehi-1 )
8: Ty, < o, Tt,_, — Oy, (6 — 1) 69($ti71,t,_1) T ( o 1) D,;

9:  return I,

10: ito — T

11: for ¢ < 1to M do

12: &y, < dpm-solver-3(&;, ,,ti—1,t;,71,72)
13: end for

14: return x;,,

Algorithm 6 (DPM-Solver-12) Adaptive step size algorithm by combining DPM-Solver-1 and 2.

Require: start time 7', end time ¢, initial value &7, model €y, data dimension D, hyperparameters
€l = 0.05, €401 = 0.0078, hjnie = 0.05,0 = 0.9
Ensure: the approximated solution . at time e
1: 8T, h < hipit, T < TT, Tprey < TT, 71 < % NFE « 0
2: while s > ¢ do
32t t\(\s+h)

4: 1 < dpm-solver-1(x, s, 1)

5: o < dpm-solver-2(x, s, t,r1) (Share the same function value €y (, s) with dpm-solver-1.)
6: 0 < max(€yol, €rtol MaAx (|21, [Tprev]))

7: EQ < % || % ||2

8: if £5 <1 then

9: Tprey $— T1, T 4 T2, S L
10: end if

1
11: h + min(6hE, 2, X — X\s)
12: NFE < NFE + 2
13: end while
14: return x, NFE

D Implementation Details of DPM-Solver

D.1 End Time of Sampling

Theoretically, we need to solve diffusion ODEs from time 7" to time O to generate samples. Practically,
the training and evaluation for the noise prediction model €4(x¢, t) usually start from time 7" to time
€ to avoid numerical issues for ¢ near to 0, where € > 0 is a hyperparameter [3].

s

In contrast to the sampling methods based on diffusion SDEs [2, 3], We don’t add the “denoising’
trick at the final step at time e (which is to set the noise variance to zero), and we just solve diffusion
ODEs from T to e by DPM-Solver, since we find it performs well enough.

For discrete-time DPMs, we firstly convert the model to continuous time (see Appendix [D.2)), and
then solver it from time 7" to time ¢.
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Algorithm 7 (DPM-Solver-23) Adaptive step size algorithm by combining DPM-Solver-2 and 3.

Require: start time 7', end time ¢, initial value 7, model €y, data dimension D, hyperparameters
€rtol = 0.05, €400 = 0.0078, hjnie = 0.05,0 = 0.9
Ensure: the approximated solution . at time €
1: 8T, h < hjpit, T < TT, Tprey < TT, 71 < % Ty — % NFE « 0
2: while s > e do
32t t\(As+h)

4: Ty < dpm-solver-2(x, s,t,71)

5: 3 < dpm-solver-3(x, s, t,r1,72) (Share the same function values with dpm-solver-2.)
6: 0 < max(€yol, €rtol Max(|X2|, [Tprev]))

7: E3 < % || % ||2

8: if F5 <1 then

9: Tprey $— T2, T < T3, St
10: end if

1
11: h + min(6hE; * A — \s)
12: NFE < NFE + 3
13: end while
14: return x, NFE

D.2 Sampling from Discrete-Time DPMs

In this section, we discuss the more general case for discrete-time DPMs, in which we consider the
1000-step DPMs [2]] and the 4000-step DPMs [16]], and we also consider the end time € for sampling.

Discrete-time DPMs [2] train the noise prediction model at N fixed time steps {t,, }_,. In practice,
N = 1000 or N = 4000, and the implementation of the 4000-step DPMs [16] converts the time
steps of 4000-step DPMs to the range of 1000-step DPMs. Specifically, the noise prediction model
is parameterized by €y (x,,, 10]%0") forn =0,...,N — 1, where each x,, is corresponding to the
value at time ¢,,41. In practice, these discrete-time DPMs usually choose uniform time steps between
[0,T], thus ¢, = %L, forn =1,...,N.

However, the discrete-time noise prediction model cannot predict the noise at time less than the
T

smallest time ¢;. As the smallest time step ¢; = 4 and the corresponding discrete-time noise
prediction model at time ¢, is €y (o, 0), we need to “scale” the discrete time steps [t1, ty] = [+, T]

to the continuous time range [e, T']. We propose two types of scaling as following.

Type-1. Scale the discrete time steps [t1,tx] = [%, T to the continuous time range [+, T, and let

€9(-,t) = €g(-, =) for t € [¢, %]. In this case, we can define the continuous-time noise prediction
model by

. T
€o(x,t) = € | x,1000 - max t_N’O , (D.1)
where the continuous time ¢ € [e, %] maps to the discrete input 0, and the continuous time 7" maps to
. . 1000(N—1)
the discrete input —3—.
Type-2. Scale the discrete time steps [¢1,n] = [%, T to the continuous time range [0, 7. In this
case, we can define the continuous-time noise prediction model by
- (N —-1)t
t) = 1000 - ———— D.2
€(x,t) = € (-’B, ~NT ) (D.2)
where the continuous time 0 maps to the discrete input 0, and the continuous time 7" maps to the
1000(N —1)

discrete input N

Note that the input time of €y may not be integers, but we find that the noise prediction model
can still work well, and we hypothesize that it is because of the smooth time embeddings (e.g.,
position embeddings [2]). By such reparameterization, the noise prediction model can adopt the
continuous-time steps as input, and thus we can also use DPM-Solver for fast sampling.

In practice, we have 7' = 1, and the smallest discrete time t; = 10~3. For fixed K number of
function evaluations, we empirically find that for small K, the Type-1 with ¢ = 10~3 may have better
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sample quality, and for large K, the Type-2 with ¢ = 10~% may have better sample quality. We refer
to Appendix |E|for detailed results.

D.3 DPM-Solver in 20 Function Evaluations

Given a fixed budget K < 20 of the number of function evaluations, we uniformly divide the interval
[Ar, Ae] into M = (| K/3] + 1) segments, and take M steps to generate samples. The M steps are
dependent on the remainder R of K mod 3 to make sure the total number of function evaluations is
exactly K.

* If R = 0, we firstly take M —2 steps of DPM-Solver-3, and then take 1 step of DPM-Solver-2
and 1 step of DPM-Solver-1. The total number of function evaluations is 3- (% —1)+2+1 =
K.

o If R =1, we firstly take M —1 steps of DPM-Solver-3 and then take 1 step of DPM-Solver-1.
The total number of function evaluations is 3 - (%) +1=K.

» If R = 2, we firstly take M — 1 steps of DPM-Solver-3 and then take 1 step of DPM-Solver-2.
The total number of function evaluations is 3 - (£:2) + 2 = K.

We empirically find that this design of time steps can greatly improve the generation quality, and
DPM-Solver can generate comparable samples in 10 steps and high-quality samples in 20 steps.

D.4 Analytical Formulation of the function ¢, (-) (the inverse function of A(¢))

The costs of computing ¢ (-) is negligible, because for the noise schedules of a; and o used in
previous DPMs (“linear” and “cosine”) [2, [L6]], both A(¢) and its inverse function ¢ (-) have analytic
formulations. We mainly consider the variance preserving type here, since it is the most widely-used
type. The functions of other types (variance exploding and sub-variance preserving type) can be
similarly derived.

Linear Noise Schedule [2]]. We have
(ﬁl - Bo)tz _ @t7

1 =L

0g Qv 1 5
where 3y = 0.1 and ; = 20, following [3]. As oy = /1 — a2, we can compute \; analytically.
Moreover, the inverse function is

0 = 5 (V38 205~ oo (e 1)~ o).

To reduce the influence of numerical issues, we can compute ¢y by the following equivalent formula-
tion:
2log (e’”‘ + 1)

ta(A) = 5 = .
VB3 +2(B1 — Bo) log (72X + 1) + By
And we solve diffusion ODEs between [¢, T'], where T' = 1.
Cosine Noise Schedule [16]. Denote

log oy = log (cos [ & . L8 log (cos (Z. 2
ogar =log(cos| o5y g\l 155) )

where s = 0.008, following [[16]. As [[16] clipped the derivatives to ensure the numerical stability,

we also clip the maximum time 7 = 0.9946. As oy = /1 — a?, we can compute \; analytically.
Moreover, given a fixed A, let

f) = —% log (e7* +1),

which computes the corresponding log « for A. Then the inverse function is
tA(AN) = M arccos (ef()‘)HOgCOS(ﬁ)) _ s
T

And we solve diffusion ODEs between [e, T'], where T' = 0.9946.
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D.5 Conditional Sampling by DPM-Solver

DPM-Solver can also be used for conditional sampling, with a simple modification. The conditional
generation needs to sample from the conditional diffusion ODE [3\ 4] which includes the conditional
noise prediction model. We follow the classifier guidance method [4] to define the conditional
noise prediction model as €p(x¢,t,y) = €g(xs,t) — s - 0: Vg log pe(y|x:; 0), where py(y|xy; 0)
is a pre-trained classifier and s is the classifier guidance scale (default is 1.0). Thus, we can use
DPM-Solver to solve this diffusion ODE for fast conditional sampling, as shown in Fig.

D.6 Numerical Stability

As we need to compute e — 1 in the algorithm of DPM-Solver, we follow [10] to use expm1 (h;)
instead of exp (h;) -1 to improve numerical stability.

E Experiment Details

We test our method for sampling the most widely-used variance-preserving (VP) type DPMs [} 2]].
In this case, we have a7 + 07 = 1 forall t € [0,7] and & = 1. In spite of this, our method and
theoretical results are general and independent of the choice of the noise schedule a;; and 0.

For all experiments, we evaluate DPM-Solver on NVIDIA A40 GPUs. However, the computation
resource can be other types of GPU, such as NVIDIA GeForce RTX 2080Ti, because we can tune the
batch size for sampling.

E.1 Diffusion ODEs w.r.t. \

Alternatively, the diffusion ODE can be reparameterized to the A domain. In this section, we propose
the formulation of diffusion ODEs w.r.t. A for VP type, and other types can be similarly derived.

For a given A, denote &), = () Oy ‘= o) As o?i + (}i = 1, we can prove that % = ﬁ,
. A
SO dlod% = &3. Applying change-of-variable to Eq. 2.7), we have
dzy, . o o
KZhe((ﬂ)\,)\) = in)\—a')\eg(w,\7)\). (El)

The ODE Egq. (E.I) can be also solved directly by RK methods, and we use such formulation for the
experiments of RK2 (\) and RK3 () in Table

E.2 Code Implementation

We implement our code with both JAX (for continuous-time DPMs) and PyTorch (for discrete-time
DPMs), and our code is released at https://github.com/LuChengTHU/dpm-solver.

E.3 Sample Quality Comparison with Continuous-Time Sampling Methods

Table 3] shows the detailed FID results, which is corresponding to Fig.[Za] We use the official code
and checkpoint in [3]], the code license is Apache License 2.0. We use their released “checkpoint_8”
of the “VP deep” type. We compare methods for € = 1072 and € = 10~*. We find that the sampling
methods based on diffusion SDEs can achieve better sample quality with ¢ = 10~2; and that the
sampling methods based on diffusion ODEs can achieve better sample quality with e = 10~*. For
DPM-Solver, we find that DPM-Solver with less than 15 NFE can achieve better FID with ¢ = 1073
than € = 10_;1, while DPM-Solver with more than 15 NFE can achieve better FID with e = 10™%
than e = 107°.

For the diffusion SDEs with Euler discretization, we use the PC sampler in [3] with “euler_maruyama’
predictor and no corrector, which uses uniform time steps between 7" and €. We add the “denoise’
trick at the final step, which can greatly improve the FID score for ¢ = 1073,

i

il

For the diffusion SDEs with Improved Euler discretization [20], we follow the results in their original
paper, which only includes the results with e = 10~3. The corresponding relative tolerance €,..; are
0.50, 0.10 and 0.05, respectively.
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Table 3: Sample quality measured by FID | on CIFAR-10 dataset with continuous-time methods, varying the
number of function evaluations (NFE).

Sampling method \ NFE 10 12 15 20 50 200 1000
CIFAR-10 (continuous-time model (VP deep) [3], linear noise schedule)
Euler (denoise) [3] e=10"2 304.73 278.87 248.13 19394 66.32 12.27 2.44
SDE e=10"* 444.63 42754 39595 30041 101.66 2298 5.01
Improved Euler [20] €= 10—3 82.42(NFE=48), 2.73(NFE=151), 2.44(NFE=180)
, e=10"3 19.55(NFE=26), 17.81(NFE=38), 3.55(NFE=62)
ODE RK45 Solver [22]1) e=10"* 51.66(NFE=26), 21.54(NFE=38), 12.72(NFE=50), 2.61(NFE=62)
DPM-Solver e=10"3 4.70 3.75 3.24 3.99 3.84 (NFE = 42)
(ours) e=10""* 6.96 4.93 3.35 2.87 2.59 (NFE =51)

For the diffusion ODEs with RK45 Solver, we use the code in [3], and tune the atol and rtol of
the solver. For the NFE from small to large, we use the same atol = rtol = 0.1, 0.01, 0.001 for
the results of e = 1073, and the same atol = rtol = 0.1, 0.05, 0.02, 0.01, 0.001 for the results of
€ = 104, respectively.

For the diffusion ODEs with DPM-Solver, we use the method in Appendix @]for NFE < 20, and
the adaptive step size solver in Appendix For ¢ = 1073, we use DPM-Solver-12 with relative
tolerance €, = 0.05. For e = 10~%, we use DPM-Solver-23 with relative tolerance ey = 0.05.

E.4 Sample Quality Comparison with RK Methods

Table[T]shows the different performance of RK methods and DPM-Solver-2 and 3. We list the detailed
settings in this section.

Assume we have an ODE with

dx;
ditf = F(mht)a

Starting with Z;, , at time ¢;,_1, we use RK2 to approximate the solution @, at time ¢; in the
following formulation (which is known as the explicit midpoint method):

hi =1t —t;_1,
1
si=1ti—1+ §hi7

. hi -
U; = wti,1 + ;F(wtiflvtifl)v

iti - iti,I + th(uZ, Sz)
And we use the following RK3 to approximate the solution &, at time ¢; (which is known as “Heun’s
third-order method”), because it is very similar to our proposed DPM-Solver-3:
1 2
3 Ty
$2i-1 = ti—1 +71hi,  S2i = i1 + 12hy,
U1 = Ty, , + 110 F(Zy,_,,ti1),

hi=1ti—ti-1, 1=

Ui = &y, |, +rohiF(u2i—1, s2i-1),

. _ hi . 3h;
Ty, =Ty, + ZF(-’Bt,;_lati—l) + TF(U% 52;).

We use F(x,t) = hg(x, t) in Eq. (2.7) for the results with RK2 (¢) and RK3 (¢), and F (&), \) =

izg(ﬁc A, A) in Eq. (EI) for the results with RK2 (\) and RK3 (). For all experiments, we use the
uniform step size w.r.t. ¢ or A.

E.5 Sample Quality Comparison with Discrete-Time Sampling Methods

We compare DPM-Solver with other discrete-time sampling methods for DPMs, as shown in Table 4]
and Table 5] We use the code in [19] for sampling with DDPM and DDIM, and the code license
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Table 4: Sample quality measured by FID | on CIFAR-10, CelebA 64 x 64 and ImageNet 64 x 64 with discrete-
time DPMs, varying the number of function evaluations (NFE). The method TGGDM needs extra training, and
some results are missing in their original papers, which are replaced by “\”.

Sampling method \ NFE 10 12 15 20 50 200 1000
CIFAR-10 (discrete-time model [2], linear noise schedule)

DDPM [2] Discrete  278.67 246.29 197.63 137.34 32.63 4.03 3.16
Analytic-DDPM [21] Discrete 35.03 27.69 20.82 15.35 734 411 3.84
Analytic-DDIM [21] Discrete 14.74 11.68 9.16 720  4.28 3.60 3.86
tGGDM [18] Discrete 8.23 \ 6.12 4.72 \ \ \
DDIM [19] Discrete 13.58 11.02 8.92 6.94 473 4.07 3.95

e=10"3 6.37 4.65 3.78 4.28 3.90 (NFE = 44)
e=10"4 11.32 7.31 4.75 3.80 3.57 (NFE = 46)

e=10"% 642 486 439 552 5.22 (NFE = 42)
e=10"* 1016 626 417  3.72 3.48 (NFE = 44)

CelebA 64 x64 (discrete-time model [[19], linear noise schedule)

DPM-Solver (Type-1 discrete)

DPM-Solver (Type-2 discrete)

DDPM (2] Discrete 31022 277.16 20797 12044 2925 390 3.50
Analytic-DDPM [21] Discrete 28.99 2527  21.80 18.14 1123  6.51  5.21
Analytic-DDIM [21] Discrete 15.62 13.90 12.29 1045 6.13 346 3.3
DDIM [19] Discrete 10.85 9.99 7.78 6.64 523 478 488

e=10"3 7.15 5.51 4.28 4.40 4.23 (NFE = 36)
e=10"4 6.92 4.20 3.05 2.82 2.71 (NFE = 36)

e=10"3 7.33 6.23 5.85 6.87 6.68 (NFE = 36)
e=10"4 5.83 3.71 3.11 3.13 3.10 (NFE = 36)

ImageNet 64 x 64 (discrete-time model [16], cosine noise schedule)

DPM-Solver (Type-1 discrete)

DPM-Solver (Type-2 discrete)

DDPM [2] Discrete  305.43 287.66 256.69 209.73 83.86 28.39 17.58
Analytic-DDPM [21] Discrete 60.65 53.66 45.98 37.67 2245 17.16 16.14
Analytic-DDIM [21] Discrete 70.62 5488  41.56 30.88 19.23 1749 17.57
TGGDM [18] Discrete 37.32 \ 24.69  20.69 \ \ \
DDIM [19] Discrete 67.07 52.69  40.49 30.67 20.10 17.84 17.73

e=10"% 2444  20.03 19.31 18.59 17.50 (NFE = 48)
e=10"%" 2774 2366  20.09 19.06 17.56 (NFE = 51)

e=10"% 2440 1997 1923 18.53 17.47 (NFE = 57)
e=10"%" 2772 2375 20.02 19.08 17.62 (NFE = 48)

DPM-Solver (Type-1 discrete)

DPM-Solver (Type-2 discrete)

Table 5: Sample quality measured by FID | on ImageNet 128 x 128 with classifier guidance and on LSUN
bedroom 256 x256, varying the number of function evaluations (NFE). For DDIM and DDPM, we use uniform
time steps for all the experiments, except that the experiment! uses the fine-tuned time steps by [4]]. For
DPM-Solver, we use the uniform logSNR steps as described in Appendix [D.3]

Sampling method \ NFE 10 12 15 20 50 100 250
ImageNet 128 x 128 (discrete-time model [4], linear noise schedule, classifier guidance scale: 1.25)

DDPM [2] Discrete 199.56 172.09 146.42 119.13 4938 2327 297
DDIM [19] Discrete 11.12 9.38 8.22 7.15 5.05 418 3.54

e=10"3 7.32 4.08 3.60 389 363 3.62 3.63
e=10"4 13.91 5.84 4.00 352 313 310 3.09

LSUN bedroom 256 x256 (discrete-time model [4], linear noise schedule)

DDPM [2] Discrete ~ 274.67 251.26 224.88 190.14 82.70 34.89 12.02
DDIM [19] Discrete 10.05 7.51 5.90 498 292 230 202

e=10"3 6.10 4.29 3.30 3.09 253 246 246
e=10"% 8.04 4.21 2.94 260 201 195 194

DPM-Solver (Type-1 discrete)

DPM-Solver (Type-1 discrete)
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is MIT License. We use the code in [21] for sampling with Analytic-DDPM and Analytic-DDIM,
whose license is unknown. We directly follow the best results in the original paper of GGDM [18]].

For the CIFAR-10 experiments, we use the pretrained checkpoint by [2]], which is also provided in
the released code in [19]]. We use quadratic time steps for DDPM and DDIM, which empirically
has better FID performance than the uniform time steps [19]. We use the uniform time steps for
Analytic-DDPM and Analytic-DDIM. For DPM-Solver, we use both Type-1 discrete and Type-2
discrete methods to convert the discrete-time model to the continuous-time model. We use the method
in Appendix [D.3|for NFE < 20, and the adaptive step size solver in Appendix [C|for NFE > 20. For
all the experiments, we use DPM-Solver-12 with relative tolerance €.q = 0.05.

For the CelebA 64x64 experiments, we use the pretrained checkpoint by [19]]. We use quadratic time
steps for DDPM and DDIM, which empirically has better FID performance than the uniform time
steps [[19]. We use the uniform time steps for Analytic-DDPM and Analytic-DDIM. For DPM-Solver,
we use both Type-1 discrete and Type-2 discrete methods to convert the discrete-time model to the
continuous-time model. We use the method in Appendix for NFE < 20, and the adaptive step
size solver in Appendix [C| for NFE > 20. For all the experiments, we use DPM-Solver-12 with
relative tolerance €., = 0.05. Note that our best FID results on CelebA 64x64 is even better than the
1000-step DDPM (and all the other methods).

For the ImageNet 64x64 experiments, we use the pretrained checkpoint by [16]], and the code license
is MIT License. We use the uniform time steps for DDPM and DDIM, following [19]. We use the
uniform time steps for Analytic-DDPM and Analytic-DDIM. For DPM-Solver, we use both Type-1
discrete and Type-2 discrete methods to convert the discrete-time model to the continuous-time
model. We use the method in Appendix [D.3|for NFE < 20, and the adaptive step size solver in
Appendix |C|for NFE > 20. For all the experiments, we use DPM-Solver-23 with relative tolerance
€0l = 0.05. Note that the ImageNet dataset includes real human photos and it may have privacy
issues, as discussed in [42].

For the ImageNet 128x128 experiments, we use classifier guidance for sampling with the pretrained
checkpoints (for both the diffusion model and the classifier model) by [4]], and the code license is
MIT License. We use the uniform time steps for DDPM and DDIM, following [19]. For DPM-Solver,
we only use Type-1 discrete method to convert the discrete-time model to the continuous-time model.
We use the method in Appendix for NFE < 20, and the adaptive step size solver DPM-Solver-12
with relative tolerance €, = 0.05 (detailed in Appendix@]) for NFE > 20. For all the experiments,
we set the classifier guidance scale s = 1.25, which is the best setting for DDIM in [4] (we refer to
their Table 14 for details).

For the LSUN bedroom 256x256 experiments, we use the unconditional pretrained checkpoint
by [4], and the code license is MIT License. We use the uniform time steps for DDPM and DDIM,
following [19]. For DPM-Solver, we only use Type-1 discrete method to convert the discrete-time
model to the continuous-time model. We use the method in Appendix for DPM-Solver.

E.6 Comparing Different Orders of DPM-Solver

We also compare the sample quality of the different orders of DPM-Solver, as shown in Table [o] We
use DPM-Solver-1,2,3 with uniform time steps w.r.t. A, and the fast version in Appendix [D.3|for NFE
less than 20, and we name it as DPM-Solver-fast. For the discrete-time models, we only compare the
Type-2 discrete method, and the results of Type-1 are similar.

As the actual NFE of DPM-Solver-2 is 2 x [NFE/2| and the actual NFE of DPM-Solver-3 is
3 x |NFE/3], which may be smaller than NFE, we use the notation ' to note that the actual NFE is
less than the given NFE. We find that for NFE less than 20, the proposed fast version (DPM-Solver-
fast) is usually better than the single order method, and for larger NFE, DPM-Solver-3 is better
than DPM-Solver-2, and DPM-Solver-2 is better than DPM-Solver-1, which matches our proposed
convergence rate analysis.

E.7 Runtime Comparison between DPM-Solver and DDIM
Theoretically, for the same NFE, the runtime of DPM-Solver and DDIM are almost the same (linear

to NFE) because the main computation costs are the serial evaluations of the large neural network €g
and the other coefficients are analytically computed with ignorable costs.
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Table 6: Sample quality measured by FID | of different orders of DPM-Solver, varying the number
of function evaluations (NFE). The results with T means the actual NFE is smaller than the given
NFE because the given NFE cannot be divided by 2 or 3. For DPM-Solver-fast, we only evaluate it
for NFE less than 20, because it is almost the same as DPM-Solver-3 for large NFE.

Sampling method \ NFE 10 12 15 20 50 200 1000
CIFAR-10 (VP deep continuous-time model [3]))
DPM-Solver-1 11.83  9.69 7.78 6.17 428 3.85 3.83
c—10-3 DPM-Solver-2 594 488 1430 3.94 3.78 3.74 3.74
DPM-Solver-3 1837  5.53 408 f404 381 7378 1378
DPM-Solver-fast 470 3.5 3.24 3.99 \ \ \
DPM-Solver-1 1129  9.07 7.15 5.50 3.32 2.72 2.64
c—10-4 DPM-Solver-2 730 528  f4.23 326 2.69 2.60 2.59
DPM-Solver-3 75456  6.03 355 290 f2.65 1262 12.62
DPM-Solver-fast 696 493 3.35 2.87 \ \ \
CIFAR-10 (DDPM discrete-time model [2]), DPM-Solver with Type-2 discrete
DPM-Solver-1 16.69 13.63  11.08 8.90 6.24 5.44 5.29
c—10-3 DPM-Solver-2 790 615 7553 5.24 5.23 5.25 5.25
DPM-Solver-3 12437 820 573 t543  T529 1525 t5.25
DPM-Solver-fast 642  4.86 439 5.52 \ \ \
DPM-Solver-1 13.61 10.98 8.71 6.79 436 3.63 3.49
c—10-4 DPM-Solver-2 1180 631 1523 395 3.50 3.46 3.46
DPM-Solver-3 167.02  9.45 521 1381 349 1345 13.45
DPM-Solver-fast 10.16  6.26 4.17 3.72 \ \ \
CelebA 64 x64 (discrete-time model [19], linear noise schedule), DPM-Solver with Type-2 discrete
DPM-Solver-1 18.66 1630 1392 11.84 8.85 7.24 6.93
c—10-3 DPM-Solver2 589 583  T6.08 638 6.78 6.84 6.85
DPM-Solver-3 t11.45  5.46 618 t651 687 16.84 16.85
DPM-Solver-fast 733 6.23 5.85 6.87 \ \ \
DPM-Solver-1 13.24  11.13 9.08 7.24 4.50 3.48 3.25
c—10-4 DPM-Solver-2 428 340 1330 3.17 3.19 3.20 3.20
DPM-Solver-3 14948  3.84 3090 315 320 1320 3.20
DPM-Solver-fast 5.83 3.1 3.11 3.13 \ \ \
ImageNet 64 x 64 (discrete-time model [16]], cosine noise schedule), DPM-Solver with Type-2 discrete
DPM-Solver-1 32.84 2854 2479 2171 1830 1745 17.18
c—10-3 DPM-Solver-2 2920 2497 T2226 1994 1779  17.29 17.27
DPM-Solver-3 15748 2462 1976 1895 117.52  17.26 17.27
DPM-Solver-fast 2440 1997 1923  18.53 \ \ \
DPM-Solver-1 3231 2844 2515 2238 19.14 1795 17.44
c—10-* DPM:-Solver-2 33.16 2728 12426 2058 18.04 1746 17.41
DPM-Solver-3 16227 2728 2238 f1939 f1771 11743 t17.41
DPM-Solver-fast 2772 2375 2002  19.08 \ \ \

Table [/|shows the runtime of DPM-Solver and DDIM on a single NVIDIA A40, varying different
datasets and NFE. We use torch.cuda.Event and torch.cuda.synchronize for accurately
computing the runtime. We use the discrete-time pretrained diffusion models for each dataset. We
evaluate the runtime for 8 batches and computes the mean and std of the runtime. We use 64 batch
size for LSUN bedroom 256x256 due to the GPU memory limitation, and 128 batch size for other
datasets.

For DDIM, we use the official implementatio We find that our implementation of DPM-Solver
reduces some repetitive computation of the coefficients, so under the same NFE, DPM-Solver is
slightly faster than DDIM of their implementation. Nevertheless, the runtime evaluation results show

*https://github.com/ermongroup/ddim
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Table 7: Runtime of a single batch (second / batch, +std) on a single NVIDIA A40 of DDIM and DPM-Solver
for sampling by discrete-time diffusion models, varying the number of function evaluations (NFE).

Sampling method \ NFE 10 20 50 100
CIFAR-10 32x32 (batch size = 128)

DDIM 0.956(%0.011) 1.924(40.016) 4.838(£0.024) 9.668(+0.013)
DPM-Solver 0.923(%0.006) 1.833(40.004) 4.580(%£0.005) 9.204(%0.011)
CelebA 64 x64 (batch size = 128)

DDIM 3.253(£0.015)  6.438(£0.029)  16.132(£0.050)  32.255(40.044)
DPM-Solver 3.126(£0.003)  6.272(£0.006)  15.676(£0.008)  31.269(40.012)
ImageNet 64 x64 (batch size = 128)

DDIM 5.084(£0.018) 10.194(£0.022)  25.440(£0.044)  50.926(40.042)
DPM-Solver 4.992(£0.004)  9.991(4£0.003)  24.948(£0.007)  49.835(£0.028)
ImageNet 128 x 128 (batch size = 128, with classifier guidance)

DDIM 29.082(£0.015) 58.159(£0.012) 145.427(£0.011)  290.874(+£0.134)
DPM-Solver 28.865(£0.011) 57.645(4£0.008) 144.124(£0.035) 288.157(£0.022)
LSUN bedroom 256 x256 (batch size = 64)

DDIM 37.700(£0.005) 75.316(£0.013)  188.275(£0.172)  378.790(£0.105)
DPM-Solver 36.996(£0.039) 73.873(£0.023) 184.590(£0.010)  369.090(x£0.076)

that the runtime of DPM-Solver and DDIM are almost the same for the same NFE, and the runtime is
approximately linear to the NFE. Therefore, the speedup for the NFE is almost the actual speedup of
the runtime, so the proposed DPM-Solver can greatly speedup the sampling of DPMs.

E.8 Conditional Sampling on ImageNet 256x256

For the conditional sampling in Fig.[T} we use the pretrained checkpoint in [4] with classifier guidance
(ADM-Q), and the classifier scale is 1.0. The code license is MIT License. We use uniform time step
for DDIM, and the fast version for DPM-Solver in Appendixm (DPM-Solver-fast) with 10, 15, 20
and 100 steps.

Fig. B]shows the conditional sample results by DDIM and DPM-Solver. We find that DPM-Solver
with 15 NFE can generate comparable samples with DDIM with 100 NFE.

E.9 Additional Samples

Additional sampling results on CIFAR-10, CelebA 64x64, ImageNet 64x64, LSUN bedroom
256x256 [40], ImageNet 256x256 are reported in Figs. @}8]
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NFE =10 NFE = 15 NFE =20 NFE = 100

DDIM

DPM-Solver |
(ours) &

DPM-Solver
(ours) :

Figure 3: Samples by DDIM and DPM-Solver (ours) with 10, 15, 20, 100 number of function
evaluations (NFE) with the same random seed, using the pre-trained DPMs on ImageNet 256 %256
with classifier guidance [4]).

NFE =10

DDIM
[19]

DPM-
Solver
(ours)

Figure 4: Random samples by DDIM [19] (quadratic time steps) and DPM-Solver (ours) with 10,
12, 15, 20 number of function evaluations (NFE) with the same random seed, using the pre-trained
discrete-time DPMs [2]] on CIFAR-10.
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DDIM

DPM-
Solver
(ours)

Figure 5: Random samples by DDIM [19] (quadratic time steps) and DPM-Solver (ours) with 10,
12, 15, 20 number of function evaluations (NFE) with the same random seed, using the pre-trained
discrete-time DPMs [19] on CelebA 64x64.

DDIM

DPM-
Solver
(ours)

Figure 6: Random samples by DDIM [19] (uniform time steps) and DPM-Solver (ours) with 10,
12, 15, 20 number of function evaluations (NFE) with the same random seed, using the pre-trained
discrete-time DPMs [[16] on ImageNet 64x64.
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DDIM

Figure 7: Random samples by DDIM [19] (uniform time steps) and DPM-Solver (ours) with 10,
12, 15, 20 number of function evaluations (NFE) with the same random seed, using the pre-trained
discrete-time DPMs [4] on LSUN bedroom 256x256.

DDIM
19

DPM-
Solver
(ours)

Figure 8: Random class-conditional samples (class: 90, lorikeet) by DDIM [19] (uniform time steps)
and DPM-Solver (ours) with 10, 12, 15, 20 number of function evaluations (NFE) with the same

random seed, using the pre-trained discrete-time DPMs [4] on ImageNet 256x256 with classifier
guidance (classifier scale: 1.0).
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