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A Representative Stochastic Gradient MCMC Algorithms

This section briefly introduces three recently proposed stochastic gradient MCMC algorithms, in-
cluding the stochastic gradient Langevin dynamic (SGLD) [4], the stochastic gradient Hamiltonian
MCMC (SGHMC) []], and the stochastic gradient Nosé-Hoover thermostat [2] (SGNHT).

Givendata X = {x1, -+ ,Xx}, a generative model p(X |0) = Hf\il p(x; |@) with model parameter

60, and prior p(@), we want to compute the posterior:
7(6) £ p(6] X) x p(X[0)p(6) £ ¢™U@ .
A.1 Stochastic gradient Langevin dynamics
The SGLD [4] is based on the following 1st-order Langevin dynamic defined as:
do = —%VgU(O)dzH—dW, (10)
where W is the standard Brownian motion. We can show via the Fokker—Planck equation that the

equilibrium distribution of (I0) is:
p(0) = (0) .

As described in the main text, when sampling from this continuous-time diffusion, two approxima-
tions are adopted, e.g., a numerical integrator and a stochastic gradient version U;(6(;_1y) of the
log-likelihood U (0) from the I-th minibatch. This results in the following SGLD algorithm.

Algorithm 1: Stochastic Gradient Langevin Dynamics

Input: Parameters h.
Initialize 8y € R™ ;
for [ = 1,2,...~do
Evaluate VU;(0(;—1)p,) from the [-th minibatch ;
O1n = 0—1yr, — VUI(O—1)n)h + V2L N (0, 1);
end

A.2 Stochastic gradient Hamiltonian MCMCs

The SGHMC []] is based on the 2nd-order Langevin dynamic defined as:
d0 =pdt
dp =-VeU(0)dt — Dpdt + V2DAW |

where D is a constant independent of 8 and p. Again we can show that the equilibrium distribution

of (TI) is:

Y

pr
P(0,p) x e VO

Similar to the SGLD, we use the Euler scheme to simulate the dynamic (IT), shown in Algorithm[2]
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Algorithm 2: Stochastic Gradient Hamiltonian MCMC

Input: Parameters h, D.

Initialize 8y € R™, p, ~ N (0,1) ;

for [ = 1,2,...do
Evaluate VU;(0(;_1)p,) from the [-th minibatch ;
Pin = Pu-1)n -D Pu-1n h = VU(0q-1yn)h + v 2DhN(0,1);
01 = 0q_1yn + Py s

end

A.3 Stochastic gradient Nose-Hoover thermostats

The SGNHT [2] is based on the Nose-Hoover thermostat defined as:
dd =pdt
dp = —VeU(0)dt — ¢pdt + 2DAW (12)
& =(@E'p/n-1),

If D is independent of 8 and p, it can also be shown that the equilibrium distribution of is [2]]:

P(6,p,&) x e~ U@ —3p p+5(6-D)*

The SGNHT is much more interesting than the SGHMC when considering subsampling data in
each iteration, as the covariance D in SGHMC is hard to estimate, a thermostat is used to adaptively
control the system temperature, thus automatically estimate the unknown D. The whole algorithm
is shown in Algorithm

Algorithm 3: Stochastic Gradient Nosé-Hoover Thermostats

Input: Parameters h, D.
Initialize 6y € R™, pg ~ N (0,I),and §, = D ;
fori=1,2,...do
Evaluate V(NJI(B(I,U ») from the [-th minibatch ;
Pin = Pa—1n —S$a-1n Pa—1yn b — VUI(Oq_1yn)h + V2DRN(0,1);
O = 0u_1yn + P 1
&in = Ea—yn + (£ P P — 1)
end

B More Details on Kolmogorov’s Backward Equation

The generator L is used in the formulation of Kolmogorov’s backward equation, which intuitively
tells us how the expected value of any suitably smooth statistic of X evolves in time. More precisely:

Definition 11 (Kolmogorov’s Backward Equation). Let u(t,x) = E [¢p(X})], then u(t,x) satisfies
the following partial differential equation, known as Kolmogorov’s backward equation:
{ %(t,x) = Lu(t,x), t>0,xe€R"

(0, %) = ¢(x), x € R" (13)

Based on the definition, we can write u(t, ) = P;¢(-) so that (P;);>¢ is the transition semigroup
associated with the Markov process (X (,x));>0,xer» [23] (also called the Kolmogorov operator).
Note that the Kolmogorov’s backward equation can be written in another form as:

u(t,x) = E[¢(Xs)] = e 6(x) , (14)
where e*“ is the exponential map operator associated with the generator defined as:

etﬁ A I+ i (t‘c)l

7!
i=1
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with [ being the identity map. This is obtained by expanding (¢, x) in time by using Taylor expan-
sion [23]:

© i i
u(t,x) = u(0,x) Z—'— (t,%) |t=0

N |
u(0,x) +Z T u(t, %) |10

i—1

d
= u(0,x) + Z Eﬁﬁu(t’ x) [e=0

i=1

X)+ > ;Li(b(x) =e'“o(x). (15)
i=1

The form (T4) instead of the original form (I3} of the Kolmogorov’s backward equation is used in
our analysis. To be able to expand the form (14) to some particular order such that remainder terms
are bounded, the following assumption is required [24]].

Assumption 3. Assume 1) F(X) is C* with bounded derivatives of any order, furthermore, and 2)
|F(x)] < C(1+]|X|?) for some positive integer s. Under these assumptions, series of the generator
expansion can be bounded, thus (13) can be written in the following form [6] [24)]:

L
u(t,x) = 6(x) + 30 L) + 1 (B 0)(x) (16)
i=1

with |re(F, ¢)(x)| < Cy(1 + | x |*) for some constant Cy, ky.

C More Comments on Assumption 1]

Assumption [T assumes that the solution functional ¢ of the Poisson equation () satisfies: 1) and
its up to 3-rd order derivatives, D¥, are bounded by a function V, i.e., | D¥y| < CpVP* for
k=(0,1,2,3), Ck, py > 0. Furthermore, V is smooth such that sup¢ g 1 Vp(sX—l—(l -35)Y) <
CVP(X)+VP(Y)),¥X,Y,p < p* = max{2p;} for some C' > 0. Finally, sup, EVP(X;;,) < 0o
for p < p*. This is summarized as:

sup EVP(X;) < o0 (I7)
l
sup VI(s X +(1 — ) ¥) < COP(X) + V(X)) (18)
s€(0,1)
D" < CyyP™ (19)

Compared to the SGLD case [6], in our proofs, we only need & be up to 3 in instead of 4. More
specifically, the proof for the bias only needs k be up to 0 given other assumptions in this paper, and
the proof for the MSE needs £ be up to 3.

As long as the corresponding SDE is hypoelliptic, meaning that the Brownian motion W is able to
propagate to the other variables of the dynamics [12], e.g., the model parameter @ in SGHMC, we
can extend Assumption 4.1 of [6] to our setting. Thus we have that is equivalent to finding a
function ¥V : R™ — [1,00] (n is the dimension of x, e.g., including the momentum in SGHMC),
which tends to infinity as x — oo, and is twice differentiable with bounded second derivatives and
satisfies the following conditions:

1. V is a Lyapunov function of the SDE, i.e., there exists constants a, 5 > 0, such that for
x € R", we have (V,V(x), F(x)) < —aV(x) + .
2. There exists an exponent py > 2 such that E HF(X) - ESF(X)H < VPH(x), where E;

means expectation with respect to the random permutation of the data, E means expectation
with respect to the randomness of the dynamic with Brownian motion. Furthermore, for

x € R™, we have: |V V(x)|” + [|F(x)|* < V(x).
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Similar to [6], (I8) is an extra condition that needs to be satisfied, and (I9) is more subtle and needs
more assumptions to verify in this case. We will not address these issues because it is out of the
scope of the paper.

D The Proof of Theorem

Proof. For an SG-MCMC with a K'th-order integrator, according to Definition[T]and (3), we have:

E[(Xin)] = Ph(X_1yn) = e ’lilwx(l 1>h>+0<hK+1>

= (14 nL) (X Z - B R (X ) + OEH) . 0)

where [ is the identity map. Sumover! =1,---, L in (20), take expectation on both sides, and use
the relation £; = £ +AV] to expand the first order term. We obtain

L L—1
S TER(Xn)] =¢(Xo) + > B[ (Xo) +hZE Lp(X - 1yn)]
= =1 =1

L K ok L
+h Y EIAVH(Xa-un)] + Y 77 D EIL (X)) + O(LAFH).
=1 k=2 I=1

Divide both sides by Lh, use the Poisson equation (d)), and reorganize terms. We have:

L
Bl 3 0(Xu) — 4] = Z (L4 (Xa-nyn)] @1
l =1
1 ot &
=7 (Bl (X)) - ¥(Xo)) ——ZE AV X)) = Y T D EIE 9(Xgayn)] + O(hF)
k=2 =1

To transform terms containing /:’f(k >2)to high order terms, based on ideas from [12]], we apply
the followmg procedure. First replace v with El w from (20) to (21)), and apply the same logic

for Cl 1/} as for 7 in the above derivations, but this time expand in ([215]) up to the order of O(h?),
instead of the previous order O(h%*1). After simplification, we obtain:

1
Zﬂml Xa-nn)] = O(h+Lh> (22)

Similarly, replace ) with Ef{_zw from to (21), follow the same derivations as for Zf{_lw, but
expand in (20) up to the order of O(h?) instead of O(h?). We have:

K 1 hd - 1
;E[ﬁf (X)) =0 (h + Lhz) + ;Ewmmum)} =0 (h + Lh2> ,
(23)

where the last equation in (23)) is obtained by substituting (22)) into it and collecting low order terms.
By induction on k, it is easy to show that for 2 < k£ < K, we have:

. 1
ZE[ﬁfw(X(l—l)h)] =0 (h + Lth“) : (24)
l

Substituting (24) into (1)), after simplification, we have: E (1 3=, ¢(Xss) — ¢)

= 7 (B O]~ (X)) S BAV(Xio-a) Zo ("

Cy

hk 1
+ hK> + C3hK
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for some C3 > 0. According to the assumption, the term C is bounded. As a result, collecting low
order terms, the bias can be expressed as:

s 1 A\l O 2 EAVIY(X-1)n) K
]E¢—¢\—E<LZ¢(XM>—¢>‘— i 7 + Csh
Zl EAVIY(X-1yn K 1 3, |EAV
< ht| = — =T K
< ’ 7 +|C3h" | =0 7+ 7 + ,
- || denotes the operator norm
and is bounded in the space of ¥ due to the assumptions. This completes the proof. O

E The Proof of Theorem

Proof. For a K-order integrator, from Theorem [2| we can expand E (¢(X;,)) as

K 1k
B (5(X0)) = (L4 h(E -+ AVD) 9(Kiy) + 3 oy E6(Xu) + O,
k=2

Sum over [ from 1 to L + 1 and simplify, we have:

L L L L
> E (X)) = Z?ﬂ(x(zq)h) + 0> LYXgonyn) +h Y AVIP(Xg_yn)
=1 =1 =1

L

k
+Zh Z£z¢ (Xa-1yn) + O(LA*FT) .

kz'll

Substitute the Poisson equation (d) into the above equation, divide both sides by Lh and rearrange
related terms, we have

L
=6 = g (B(Xua) — ¥X0) = 77 37 (BV(Xa-) = (X010

k—1
—fZAvlwxal Zh Zﬁlw ») + O(hK)

k=2

Taking square and expectation on both sides, since the terms (E'z/)(X(l_l)h) — UJ(X(l—l)h)) and
AVip(X(;-15) are martingale, it is then easy to see there exists some positive constant C, such that

2 Ep(Xpn) — 0(X0)? . 1 &
E(fﬁféf)) <CE (Ev( LE)Qh;ZJ( o)) +L2h2Z(]EZ/J(X(Z—l)h)*¢(X(l—1)h))2
~ =1
Az
p2k—1) [ L 2
7 ZAVz V(X a—1)n +Z T <ZEW(X(1—1)}1)> +h¥ L (29)
=1
Az

A, is easily bounded by the assumption that ||| < VP < oo, the expectation of A3 can also
be shown to be bounded later in (3I). Now we show that Ao is bounded as well by deriving the
following bound: E (¢(X;3)) — ¢(Xi5) < C1vh + O(h) for Oy > 0. To do this, it is enough to
consider the 2nd order symmetric splitting scheme, as higher order integrators generally introduce
higher order errors. Furthermore, we see that different splitting schemes, e.g., ABOBA and OABAO,
are essentially equivalent as long as they are symmetric [15], thus we focus on the ABOAB scheme
in the proof. Let the flow propagators (mappings) of ‘A’ , ‘B’ and ‘O’ be denoted as @,?, @f and
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@g" respectively. Since gb;i‘ and ¢P are deterministic, we combine them and use @ﬁB to represent

the composition flow cﬁﬁ o @B. We further decompose cﬁgl into the deterministic part @g and the

stochastic part gbfl from the brownian motion, then in the iteration for the current minibatch, we can
express the flow evolution as:

X = g o (@g o Sb;i) o G B (X—1)n)
= 17 (&7 (21" Xa-1w)) + V2DIG:) (26)

where (; is a n-dimensional independent Gaussian random variables.

From Assumption [1| we know that both $¢ and @;'Z have bounded derivatives. To simplify the

representation, we denote X; 2 3P (39 (312 (X1_1)n)) ). Now we can expanded X, from (20)
using Taylor expansion as:

Xin = @fB (@g (@?B(X(l—l)h)) + V2Dh§l)
=X, + DX, [\/QDhQ} + %DZXZ [\/QDhCl, \/ﬁcl] + O(h¢?) @7

Using the relation (27), for the solution v of the Poisson equation @) applied on X, we can bow
expand it up to 3 orders from the Taylor theory:

V(Xqp) = <S5fB (2% (en(Xa—1yn))) + DX, [\/mﬁ] + %szz [\/ﬁ(jl, \/ﬁ@} + O(hsz))
—u (%i) + Du(Xy) [DX: [VaDha | + 5D0(Xi) [D*X, [V2Dhe, v2Dh |

My S1
2®
+ %D%(Xl) KDXZ [\/2Dh§l} + %DQXZ [\/QDhQ, \/2DhC,;D ] (28)
Sa

1 3R
+ % / D3 (s X_1yn +(1 — $)X) KDX; [\/whg} + %DQXI [\/QDhCh \/2Dth ]
0

R

where [(X)V®] £ X, .-, X].
N———
N

Note that the vector fields inside the brackets in the above expression are all bounded due to As-
sumption As a result, we can show that M;,.S;,52 and R are bounded by the boundedness
assumption on v and its derivatives. Specifically, in the following we will use a < b to represent
there is a C' > 0 such that a < Cb. Let ¢y, (x) £ 394 (57 (554 (Xin +x))), according to the
definition of directional derivative, we have

X p 2Dh¢)) — @ 0
DXZ [mCl} é hm sOhl_l(Oé\/iCl) Sohl—l( )
a—0 o
— lim av2DhJ(0)¢ + O(a) _ VaDRIO)G, .
a—0 o
where J(x) is the Jacobian of ¢y, _, (x) and is bounded. Thus
EM} S hsupEV” Sh. 29)
l

Similarly, for Sy and S, using the assumptions in the theory, we have

ES? < h? sup EVP' < b2
!

ES? < (Vh+ h)?supEVP? < (VR + h)? .
l
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For R, using Assumption [T} we have

ER? < (EV(X(_1yn)*"* + EV(X;)%?)

’ PRl [\/7@} @h, L \/7417\/7@}

< h3.

~

The expectation of 1)(X;;) can be similarly bounded. Collecting low order terms, we have
E (E (4(Xin)) — ¥(Xin))* = Ch+ O(h*/?)

for some C' > 0. As a result, the expectation of the Ay term in (23) can be bounded using the above
derived bound on E (¢(X;1,)) — ¥ (Xyp).

1 2 C 1
—  STEES(Xa) — ¢(Xin): =+ O(——) .
1212 zl: (E(Xun) — ¥ (Xun)) h + O<L\/ﬁ) (30)
Substitute (30) into we can bound the MSE as:
\2
B(0-9)
LS EAVRR(Xg_1yn) | o= A2 . 2y 1 .
S L *; 572 B Z£z¢(x(z—1)h) + 75+ aga + O
L o EAVPS(Xaun) | g~ h24D R
- L +kZ:2 2L2 ZE[EMZJXU 1)h)] +17 ¥ T
A
K 2
hQ(k—l) - o .
+ Z WE Z (ﬁz V(X —1yn) — EL; ’(/J(X(l_l)h)) +O(h*F) 31
k=2 =1
As
T E[AVE 1
< Leoa=0="0 = 2K
=¢ ( L Tpth (32)

for some C' > 0, where (3T) follows by using the fact that E[X?] = E[(X —E X)?] + (EX)?
for a random variable X. follows by using the bounds in on Ay, which is bounded by

O(7257 + h*X). For Aj, because the terms (ﬁfw(X(l,l)h) — Eﬁf?ﬁ(X(l,l)h)) are martingale,
we have:

hQ(k 1) - 2
S < ZE(Eﬂ/J o)~ ELF (X))

< 1 h% ! 1 2K 1 2K
St ZEL“/)XU )] +0 ozt ) =0( 5+

where we have used (24) and the fact that Eﬁkw(X(l 1)n) is bounded. Collecting low order terms
we get (32). This completes the proof. O

F The Proof of Theorem (4

Proof. Because the splitting scheme is geometric ergodic, for a test function ¢, from the ergodic
theorem we have

/ B(x)pn(dx) = / Ex(Xin)pn(dx) (33)
X X
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for VI > 0,Vx € X. Average over all the samples {X;;, } and let [ approach to co, we have

| oeimiax) = fim [ £ ZExas (Xp)n(dx)

Thus the distance between any invariant measure py, of a high-order integrator and p can be bounded

p) = st ] [ spniax) - [ stz

L
1 _
= li — Y Exo(Xin) — ¢| pn(d
= sup fim /X [L ; ¢(Xin) ¢] pn(dx)
1 & _
<swp lim | |7 ;Excb(xzh) — | pn(dx)
< sup lim. G + CyhX (34)
¢P h 2
= Chr",
where (34) follows by using the result from Theorem 2] This completes the proof. O

G The Proof of Theorem [
We separate the proof into proofs for the bias and MSE respectively in the following.

The proof for the bias:
Proof. Following Theorem 2] in the decreasing step size setting, (20) can be written as:
. K pk
E(¥(Xin)) = (]I + hlﬁz) P(X-1yn) + Z kfﬂﬁ?w(Xaq)h) +O(hf ).
k=2
Similarly, ) can be simplified using the step size sequence (h;) as
B(6-9)

=< (E(@(Xirn)) — ¥(Xo))

L

Z

+1
WX + 0T

éQ)—‘
HMN

Similar to the derivation of (24)), we can derive the following bounds k = (2,--- , K):

L L
> MELHY(X-1yn) = O (Z (= = BEED L e (X yn) + hf“))

1=1 1=1
L
=0 <1+Zh{f+1> : (36)
=1
Substitute (36) into (33)) and collect low order terms, we have:

K+1
B (- 3) = - EWXu) - v(xo)) + o Z= M

L St

). (37)
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As a result, the bias can be expressed as:

L 3 K+1
o (E(Xun)] - w(Xo)) + O(Z=L

[EG - | < 5 )

Zl 1hK+1)
SL St

0 Zl 1hK+1 .
SL St

Taking L — oo, both terms go to zero by assumption. This completes the proof. [

Sl |+

The proof for the MSE:

Proof. Following similar derivations as in Theorem [3| we have that

L L L L
D E (X)) = Z V(X -1yn) + Z hLY(X-1yn) + Z AV (X (-1)n)
=1

+ZZ klﬁlw X(l 1)h +CZhK+1

k=21=1

Substitute the Poisson equation (@) into the above equation and divided both sides by Sy, we have

b= PHRHEEE | 2 (UK ) + 90X +z - AVB(X 1)

K L
hE . h
+> > lL Lip(Xa—1yn) + C%

L

As a result, there exists some positive constant C, such that:

L \2 L
E (925 - ¢5) < CE 5712 (¥(Xo) — Ev(Xrn)) TZ (Ey(X(-1yn) w(X<z_1)h))2
L L =1

Aq

Ag

L

L 2 L3 2
Z IIAVH +Z (Z_: s, LTV (K- m)) + <g;l> (38)

=1 k=2

Az

A; can be bounded by assumptions, and As is shown to be bounded by using the fact that
Ep(Xa—1yn) — v(Xa-1)n) = O(y/h;) from Theorem [3| Furthermore, similar to the proof of
Theorem [3| the expectation of A3 can also be bounded by using the formula E[X?] = (EX)? +
E[(X —EX)?] and (36). It turns out that the resulting terms have order higher than those from the

other terms, thus can be ignored in the expression below. After some simplifications, (38)) is bounded
by:

A \2 h? 1 Z hK+1
E(d— < ZLRINAVIIP + — Za=1"1
(6-9) S 3 g Rl +SL+52+< S
h2 hK+1
—c(Z LE|AY)? +—+—(Zl 152 )> (39)
L
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for some C' > 0, this completes the first part of the theorem. We can see that according to the

[e) 2
assumption, the last two terms in (39) approach to 0 when L — oo. If we further assume % =
L
0, then the first term in ([39) approaches to 0 because:
02 ) 2\ X2
S GElaul < (swelaul) S5t 0.
;. “°L l L
N2
As aresult, we have lim_, . E (¢ - qb) =0. O

H The Proof of Corollary [6]

Proof. We use the following inequalities to bound the term Zle =

L L L—1
/ % x < Zl_a‘ <1 +/ %z .
1 = 1

This is easily seen to be true by noting that fllH ¥ <7 x1=1"*< fltl x~%dx. After
simplification, we have

L

1_L1—(x a— (L— 1)1—@
s P i N 40
D (40)

It is then easy to see that the condition for Zloil [T = 00 is a < 1. Moreover, we notice that other
step size assumptions reduce to compare Z?; 7% and 210; [7* for o < «y, which using (@0)
has the following bound:

a—1 1-L['=™ - S e _a-lo—(L- 1)i-on
ag—la—(L—-1)t-« Zlel |- oap —1 1—Li-«

Aslongas 0 < a < 1 and a; > a, the above lower and upper bound would approach to 0, thus all
the assumptions for the step size sequences are satisfied. O

I On the Euler Integrator and Symmetric Splitting Integrator

I.1 Euler integrator

We first review the Euler scheme used in SGLD and SGHMC. In SGLD the update for X;;, (= 6;3)
follows:

Oun = 01y, — VoUi(Oq—_1yn)h + V2h<

where h is the step size, ¢; is a vector of i.i.d. standard normal random variables. In SGHMC
(Xin = (O1n, pin)), it becomes:

Oin = Ou—1)n + Pu-1yn b Py, = (1= Dh) 1y, —VeUi(B—1yn)h + V2Dh(;

Based on the update equations, it is easily seen that the corresponding Kolmogorov operators IB}L are
Pl = €M1, where £1 £ ~VoUy(0(_1)n) - Vo + 21 : VoVy (41)
for SGLD, and

P}ll _ ehﬁz Oeh[’3 ; (42)

for SGHMC, where L, £ p-Vg and L3 £ —Dp_,y,-Vp — VeUy(6) - Vp, + 2DI : Vi V1.

We show in the following Lemma that the Euler integrator is a 1st-order local integrator.
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Lemma 12. The Euler integrator is a 1st-order local integrator, i.e.,
Pl =Ml 4+ O(R?) . 43)

Proof. For the SGLD, according to the Kolmogorov’s backward equation (I4), for the SGLD, we
have

E[f(Oq—1)ntt)] = etglf(e(l—l)h)y 0<t<h, (44)

where £1 2 —VU(0) - Vo + 21 : Vo V5. Note U;(6) can be expanded by Taylor’s expansion to
the 1st-order such that (based on 8y, = 0(;_1y;, + O(h)):

£~1 = —Vgﬁl(a(l,l)h) -Vo+21: ngg +O(h)
=L+ O0(h).
Substituting the above into (4] and use the definition (@I}, we have
Pl = e 4 0(h?) .
For the SGHMC, following similar derivations, we have:
Ly =Ly — e =2 4 O(h?),
ehbs = ehls L O(h?)

where £, 2 p-Vgand L3 2 —Dph -V, — VeU(0) - Vp + 2DI - Vp V1 are the splitting for
the true generator L.

Now using the Baker—Campbell-Hausdorff (BCH) formula, we have
ohLa o ghLs — Jhiz (eh£3 n O(hQ))
_ eh(ég+£3)+o(h2) + O(hz) _ ehi, + O(hz)
As aresult, P} = ehli 4 O(h?) for SGHMC. O
.2 Symmetric splitting integrator

In symmetric splitting scheme, the generator Ly is split into a couple of sub-generators which can
be solved analytically. For example, in SGHMC, it is splitinto: £; = L4 + Lp + Lo,, where

AL Ly=p Vg, BELp=-DpVy,, O2Lo =-VeUi(6) Vy+2D:V,VE.

These sub-generators correspond to the following analytically solvable SDEs:

L. de =pdt , fdo =0 0. [0 =0
1 dp =0 " dp =-Dpdt 7| dp = —-VeU;(0)dt + vV2DAW

Based on the splitting, the Kolmogorov operator Pflb can be seen to be:

~ i h h i
Pl 2 e2L4 0258 o ehE0r 0358 0254,

We show that the corresponding integrator is a 2nd-order local integrator below.

Lemma 13. The symmetric splitting integrator is a 2nd-order local integrator, i.e.,
Pl = ehfi 1 O(R3) . (45)
Proof. This follows from direct calculation using the BCH formula. Specifically,

CBALBB _ BA+EBLIL[A B+ 5 (A LABI+(B,[B A+ (46)

— e%A-‘r%B-ﬁ-%[A,B] + O<h3) ; (47)
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where [X,Y] 2 XY — Y X is the commutator of X and Y, (g} follows from the BCH formula,
and follows from Assumption |I|{such that the remainder high order terms are bounded [24], so
the error term O(h?3) can be taken out from the exponential map using Taylor expansion. Similarly,
for the other composition, we have

O BAEB _ kO, (egAJrgm%[A,B] +O(h3))
— O+ B A+ LB+ I (A B+ 1 [hO, 5 A+ BB+ (A,B)] + O
_ eho,+%A+’5B+%[A,B]+%[OL,A]+%[OhB] +O(h®)
G A0 BABE _ B (ehol+g,4+gzs+h§[A,B]+%[OZ,A]+§[OZ,B] n O(h3))

h h2 h2 E
— POI+hA+ 3B+ [ABl+ 54 [01,5] +O(hd)

|2 BBEARZ BALE _ 4B (ehol+hA+%B+%[A,B}+%2[OL,B] i O(h3))
— OIHhA+RB+ B [AB]+ 52 [0y, B+ 52 B, Al+ 5 [B,0:]+ 4 [B,5] +O(h?)
_ eh(B+A+Oz) +O(h3)
— h(L+av) +O(h3) _ ehL_l + O(h3) '
This completes the proof. O

J Mean Flow Error Analysis

In addition to the finite time ergodic error studied previously, we study the mean flow error in
this section. To this end, we first define the exact mean flow to be the solution operator of the
Kolmogorov’s backward equation E[f(X7)] = eT* f(X,) overtime T = Lh, i.e., pr = eT*. With
our splitting method with stochastic gradients for each minibatch, the mean flow operator consists
of a composition of L local mean flows, i.e., g £ e'“L o -.0ehf1 £ o ehLi] each coming from
a minibatch. Our goal in this section is to compare @7 with $%. When the underlying equations
of motion are PDEs, i.e., no Brownian motion like the Hamiltonian PDE, ¢ (X) corresponds to
the exact solution trajectory of the PDE, whereas @ is the trajectory of splitting methods with
stochastic gradients. [[7] shows that in this case ¢7(Xg) is not close to ¢ in general. In the section
we extend this result by showing that the conclusion also holds in the SDE case. We comment that
this result is not as surprising as pointed out in [7]] because as pointed out in the introduction, such
sample wise convergence is not interesting in most real applications.

Theorem 14. In SGHMC with the symmetric splitting integrator, the difference between the stochas-
tic mean flow operator @% and the exact flow operator @7 depends on the running time T and
stochastic gradients in each minibatch, and is given by the following formula,

1 L
167 = erl| = C||7 D_AVi+h (L, AV] + [£, AV | T + O(h?) ,

=1

for some positive constant C.

We can see from Theorem |14 that cﬁ% is not close to ¢ because of the uncontrollable terms AV
with stochastic gradients, thus SG-MCMCs are not sample-wise convergence.

Proof. First, applying Kolmogorov’s backward equation on the original SDE (I)) with generator £,
the true mean flow @1 (Xy) can be expressed as:

or(Xo) = e (Xo) . (48)

Now we want to compute the mean flow of the splitting scheme: o, ¢y, (Xo). We will split the SDE
into several parts, with the Brownian motion term going with the stochastic gradient term. To shown
the proof on a different SG-MCMC algorithm, we use the SGHMC with Riemannian information
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geometry (SGRHMC) defined below. Other stochastic gradient MCMC follows similarly. For the
SGRHMC, we have

d[ g } - [ — (VeU(8) + 1V loggetG(G))dt—k\/@dW ]

i { —DG(OG)‘lp ]d”B[ Gy(((?f;)p ]dt (49)

A (@]

The splitting scheme we consider is the BAOAB scheme. Denote
1
B=Lp=— <V9U(0) + §Vg log det G(0)> -Vp +2DA,

A=Ls=-DG 'p-V,
OZEO:Gilp'Ve*FV'Vp‘

Note that £ = A+ B+ O. In the stochastic gradient case, we are using the stochastic gradient from
the [-th minibatch in the splitting scheme, thus we need to modify the operator B as:

- 1
B = Lp =— (VgUl(O) + 5 Vo logdet G(G)) “Vp+2D Ay

where VU, is evaluated on a subset of data. We emphasis the notation that AV; £ B, — B =
(VgUl — VgU) - Vp, it can be shown that AV; commutes with each other, e.g., AV;AV; =
AV;AV;.

We know from Section [[.2| that using the symmetric splitting integrator, the mean flow 4,551 is close
to LAV with a O(h?) error, i.e.,

902 _ eh(L-i—AVl) +O(h3) )

Similar to the proof of the symmetric splitting error, we can calculate the composition of the mean
flows for two mini-batches 7 and j using the BCH formula as:

Bl o0 Gl = hBHATOIEhAV: o h(BHATZ)HhAV; 4 O(13)

_ 2hLHh(AVi+AV))+ B2 [L+AV; L+AV] + O

— PREHRAVIHAV)HIE (L AVIHIAVLLD | O(p3Y |
where we have used the fact that {AV;} commutes with each other to cancel out the [AV;, AV}]
term in the BCH formula. Similarly, for the first three mini-batches ¢, j, k, we have

o (BHA+O)+hAY,

i o 6h(B+A+O)+hAVj + O(h?))

P10 @0 Ph =
— PhLARAVI+AV;+AVE)+h% ([LAVI]+[C,AVR]) | O(h?) .
Similarly, we can do the composition for the entire trajectory, resulting in after simplification:
ol @l = e(EMLHLA) L iy AViH(LA(LAVIIHILAVLD) | (Lh)O(h2)
— TLAT L [, AVi+Th((L,AVAH[L,AVL]) + O(hQ) (50)

This completes the first part of the theorem. From Assumption [T} we can expand and bound (50)
with the step size h for finite time 7 as:

L
G7(Xo) = (TE + T% ST AV + Th(IL, AVI] + (L, AVL])> (Xo) + O(h?) .
=1
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Figure 5: Bias and MSE for SGHMC with different step size rates.

Similarly, for the true mean flow ¢ (Xy), it is easy to get

@T(XO) = eh’c o eh[' o---0 ehL = T,C(Xo) + O(hQ) .

As aresult:

L
o7 (Xo) — &7(Xo) || <Ti ZAVI +Th([L,AV1] + [L, AVL])) (Xo) + O(h?)

=1

L
= H (Z AV + T (£, AN] +[£, AVL])> (Xo)|| - + O(h?)
=1
L
=C % l; AV + h([L, AV + [£, AV T + O(h?)

This completes the proof.

K Additional Experiments

K.1 Synthetic data

We plot the traces of bias and MSE with step size h oc L* for different rates « in Figure[5] We can
see that when the rates are smaller than the theoretically optimal bias rates « = —1/3 and MSE rate
a = —1/5, the bias and MSE tend to decrease faster than the optimal rates at the beginning, but
eventually they slow down and are surpassed by the optimal rates. This on the other hand suggests
if only a small number of iterations were available in the SG-MCMC:s, setting a larger step size than
the theoretically optimal one might be beneficial in practice.

In addition, Figure [6] shows a comparison of the bias and MSE for SGHMC and SGLD. The step
sizes are set to h = C'L™°, with o choosing according to the theory for SGLD and SGHMC
respectively. To be fair, the constants C' are selected via a grid search from le-3 to 0.5 with an
interval of 2e-3 for L = 200, it is then fixed during other L values. The parameter D in SGHMC is
selected within (10, 20, 30) as well. As indicated by both our theorems and experiments, SGHMC
endows a much faster convergence speed than SGHMC on both the bias and MSE.

Figure[7] plots the traces of bias and MSE with decreasing step sizes h o {* for different rates « in
the same Gaussian model. Again we can see that the optimal decreasing rates agree with the theory.
Figure 8] shows a comparison of bias and MSE for SGHMC and SGLD with decreasing step sizes
h o< 17 on the same Gaussian model. We follow the same procedure as in Section [3.1) to select
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Figure 6: Comparisons of bias and MSE for SGHMC and SGLD on a simple Gaussian model.
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Figure 7: Bias and MSE for decreasing step size SGHMC with different step size rates.

parameters for SGLD and SGHMC. Specifically, the decreasing rate parameter « is set to 1/2 and

1/3 in SGLD and SGHMC for the bias, 1/3 and 1/5 for the MSE. We can see that SGHMC still
obtain a faster convergence speed, though the benefit is not as large as using fix step size.

K.2 LDA & SBN

We first the list quantitative results of the LDA and SBN models in Table [I] It is clear that in
both models the SGHMC is much better than the SGLD due to the introduction of momentum
variables in the dynamics (similar to the SGD with momemtum [1]] in the optimization literature);
and the splitting integrator also works better than the Euler integrator due to the higher order errors
in splitting integrators. For a fair comparison, we did not consider a better version of the SGLD with
Riemannian information geometry of posterior distributions on probabilistic simplexes [19].

Table 1: Comparisons for different algorithms. K in LDA means #topics, J in SBN means #hidden

units; suffix ‘S’ means the symmetric splitting integrator, ‘E’ means the Euler integrator.
LDA (Test perplexity) | SBN (Test neg-log-likelihood)
K || SGHMC-S | SGHMC-E | SGLD-E J SGHMC-S | SGHMC-E | SGLD-E
200 1168 1180 2496 100 103 105 126
500 1157 1187 2511 200 98 100 110
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Figure 8: Comparisons of Bias and MSE for SGHMC and SGLD with decreasing step sizes on a

Next a plot of the test perplexities decreasing with the number of documents processed for the
whole dataset is given in Figure 9] (top), for a comparison of the Euler integrator and the proposed
symmetric splitting integrator. We can see that the symmetric splitting integrator decreases faster
than the Euler integrator. Furthermore, the dictionary learned by the SGHMC with the symmetric
splitting integrator is also given in Figure 9] (bottom).
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Figure 9: Top: comparisons of Splitting and Euler methods in LDA. Bottom: Dictionary learned by
SGHMC in SBN.
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