Under review as a conference paper at ICLR 2021

A PROOF OF THEOREM 1

Proof: Denote the set of all n-dimensional probability vectors by 2", the set of sparse probability
vectors by S, and the set of non-sparse (dense) probability vectors by D = X" \ S. Denote B =
[b1,- -, by], then the optimization problem can be written as

n
min » _ pi|b;?
=1

Bp=0
st.ip’l,=1
pi >0,e=1,2---,n
Note that the feasible region is always non-empty (take p to be a uniform distribution) and is also

closed and bounded, hence this linear programming is always solvable. Denote the set of all mini-
mizers by M. Note that M depends on by, - -- , b, and is in this sense random.

The Lagrange function is
L(p, A, p,w) =p"s = X' Bp — u(p"1,) —w"p

where s = [||b1]|?, [|b2]|?,- -, |bn]|?]T and A, p1, w are dual variables. The optimality condition
reads as
%:S—BT)\—Mln—wzo
Dual feasibilty and complementary slackness require
w; <0,t=1,2,---,n
wip=0

Consider the probability of the event {a dense probability vector can solve the above minimization
problem}, i.e., P(M N D # (). It is upper bounded by

P(MND +#0) <P(p € D and p solves KKT condition)

Since p € D, complementary slackness implies that at least d + 2 entries in w are zero. Denote the
indices of these entries by J. Forevery j € J, by optimality condition, we have s; — AT bj—p=0,
ie.,
165> = ATy —p =0

Take the first d + 1 indices in 7, and note a geometric fact that d + 1 points in a d-dimensional
space must be on the surface of a hypersphere of at most d — 1 dimension, which we denote by
S = S97! + x for some vector & and integer ¢ < d. Because b;’s distribution is absolutely
continuous, we have

P(p € D and p solves KKT condition)

(
<P(p e Dandb; € S,Vj € J)
<P(b; € S,Vj e J)
=P(b,, € S, k=d+2,---,|J|)
|7
H P(b;, € 5) (independence)
k=d+2
=0 (absolute continuous)

Hence P(M ND # () = 0 and

P(M #0)
P((MmS)u(MmD);A(D)
<PMNS #0)+PMND #0)
P(MNS #0)

Therefore we have

PMNS#0)=1
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B PROOF OF THEOREM 2

Proof: The transition kernel of EM discretization with full gradient can be explicitly written as

PEM(@) 1, 1|0k, 78
=6(0k+1 — (Or + rrh))
(m+1 — 7+ hyr, + hVV(Bk)) 1
x P
ovh ovh

where J(-) is the Dirac delta function and ®(-) is the probability density of d-dimensional standard
normal distribution.

Denote the unnormalized probability measure of index [ by

~ e+ 370 a;ll>  |le + na;?
pi—exp{— 9 + 9

and the normalization constant by
n
Z= Z /ﬁidiJrl-
i=1
Then the transition kernel of EWSG can be written as
5EM
P (9k+1ark+1|0k‘7rk)

=0(0p41 — (0 + 7T1h)) Zpi

o <rk+1 — v + hyrg + thVi(Gk)) 1

— ovh ovh
n ~
Pig, Tk+1—7"k+h71°k+thV¢(9k)> 1
=6(0 0y + rih)) —= (
(Bierr = (B 7 z:: Z ovh ovh
1 lz+327 a;? |z +nay|? 1 |z +na;|2] 1
=—=4(0 (6 h)) — J : : — :
Z (@11 — (O + 14, zz: { 9 + B Gn) exp 5 o
n lz+37 el 1
=——06(0rsr1 — (O + T1h)) exp — J
Z(Qﬂ)d(k-&-l (O kh)) P{ 9 o/h
Recall the transition kernel of EM integrator with full gradient is
— 7 + hyri + hVV(0y) 1
PEM (@41 r1i1106.71) =6(0411 — Bk + Th @(r’““ Tk
(0141, Tr4110k, 1) =0(Or 1 — (O kh)) o o
1 Iz + 375 al® 1
=0(0 — (0 +7rih ex
(0111 — (0 k))\/W p{ 5 v
As both transition kernels are proportional to
x+>"_ al?
5(0k+1 — (Gk + rkh))exp {—”Zjéljn}
We therefore conclude that
PEM (041, 7510k, 71) = PP (Opy1, 7is1 |0k, 1)
|
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C PROOF OF THEOREM 3

Proof: Let b; = nVV; and assume ||b;||2 < R for some constant R. Denote B = [by,ba, -+ , b,].
For any probability distribution p over {1, -- ,n}, we have
COV[Np[bI‘b17 e 7bn]

n n n T
=> pibib] — <Zpibi> <Zpibi>
i=1 i=1 i=1

n n n n T
=> pibib] Y pi— (Z pibi> <Zpibi>
i=1 i=1 i=1 i=1
= (b — b;)(b; — b)) pip;

i<j

Therefore we let

F(B) :==Tr | > (b — b;)(bi — bj) pip; — > _(bi — b;)(bi — bj)T%

i<j 1<j
1
= llbs = b5 1°pip; = > b - bil* 5 (Tr[AB] = Ta[BA))
i< i<j
and use it to compare the trace of covariance matrix of uniform- and nonuniform- subsamplings.

First of all,

E[f(5)
1
s~ 1Y (s - n)
1<j
Ellb; — b2 [ Y ps -
i<J
11—, p? -1
:Embi—bjn?]( L1 B —”2n )
1-1 n1
Bllo: - b7 (5= - "5 )

=0

where the inequality is due to Cauchy-Schwarz and it is a strict inequality unless all p;’s are equal,
which means uniform subsampling on average has larger variablity than a non-uniform scheme
measured by the trace of covariance matrix.

Moreover, concentration inequality can help show f(B) is negative with high probability if h is
small. To this end, plug & = O(v/h) in and rewrite

1 LS b2 b: |12
Pi = eXp{Fh |:|y+nzl_1 H _ Hy+ 1,” :|}

Z 2 2
where y = %w =0(1),F = —% and Z is the normalization constant. Denote the unnormalized
probability by

~ +l TL_ b; 2 b; 2
plzeXp{Fh[y n%zfl H _ Hy—; H :|}
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and we have

I (v )

=1 j=1
DiD.
SEP D BIUBE UVEEES 9y SR

=1 j=1 =1 j=1
To prove concentration results, it is useful to estimate

C; = sup |f(by, - ,bs,-- ,by)

bl,"'7bn€B(0yR)
b;cB(0,R)

7f(b13 T 7/I;i7 T 7bn)|
where B(0, R) is a ball centered at origin with radius R in R?.

Due to the mean value theorem, we have C; < 2Rsup \% |. By symmetry, it suffices to compute

sup |- 2L 55| to upper bound C. Note that

op; -
a—bf—z Fh| ~(y+ Zb (y + bj)dr,] = O(h)p;

where 01 is the Kronecker delta function. Thus

af e ﬂ - n 2 O(h )png
ob; ;(bl b]) [ZZ:I ﬁkP ]z:;( + ”z:l Hbl b || Z ]
-2 - bl _ bj 2% n = Ol
;1 ” H [Z;;lﬁk]g ;pk (h)
. L1, 0@*)on) | om?)
- Z Zk 1pk] - ;(bl - b])n2 + O(n?) + O(n3)0(”)0(h)
= 0(%) + O(h) + O(h)
= O(h)

where O(%) in the 2nd last equation comes from the difference of the first two terms in the 3rd last
equation. This estimation shows that C; < 2RO(h) = O(h).

Therefore, by McDiarmid’s inequality, we conclude for any € > 0,

B(If —BIfl > ) < 2exp | comy ) = 20xp (o

— € exp| =r——5 | =2exp| ———~ | -
=SR2 P\ nom?)

Any choice of h(n) = o(n_l/ 2) will render this probability asymptotically vanishing as n grows,

which means that f will be negative with high probability, which is equivalent to reduced variance
per step. |

D PROOF OF THEOREM 4
Proof: We rewrite the generator of underdamped Langevin with full gradient as

LAX) = F(X)T {gﬁg;] + %A L VVF(X)

_ r _ AT _ |Odxa  Odxa
F(X)= [—’yr—VV(O)} , A=GG'and G = [ded \/ﬂfdxd]
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Rewrite the discretized underdamped Langevin with stochastic gradient in variable X
Xy — X = WFi(XE) + VG
where

r Odxa  Odxd
H(X) T = TLVVI,@(G)} ’ g |:Od><d \/2'7[d><d:|
and 7, ,  is a 2d dimensional standard Gaussian random vector. Note that this representation include
both SGHMC and EWSG, for SGHMC I, follows uniform distribution and for EWSG, I}, follows

the MCMC-approximated exponentially weighted distribution.

Denote the generator associated with stochastic gradient underdamped Langevin at the k-th iteration
by

Vo f(X)
Ve f(X)

and the difference of the generators of full gradient and stochastic gradient underdamped Langevin
at k-th interation is denoted by

LoF(X) = Fiu(X)" [ } F 1A vYsx)

Vo f(X)

ALLf(X) = (Lx—L)[(X) = (Fr(X)—F(X))" [Vrf(X)

} = (VV(8)-nVVy, (8), Y f(X))

For brevity, we write ¢}, = (X1 ), F¥ = Fp(XE), ¢ = (XE) and D¢y, = (D')(X¥)
where (D'1))(z) is the [-th order derivative. We write (D'))[s1, 82, - - - , 8] for derivative evaluated
in the direction s;,j = 1,2, --- ,[. Define

Op =X — XP =hFE +VhGimy s

Under the assumptions of Theorem 4, we show that the vector field FkE also has bounded momentum
up to p-th order.

Lemma 5 Under the assumption of Theorem 4, there exists a constant M such that up to g-th order
moments of random vector field FkE are bounded

p

E”FkE”%SMaV]:OaLQ77§7Vk:031 27

Proof: It suffices to bound the highest moment, as all other lower order moments are bounded by
the highest one by Holder’s inequality.

First notice that
E
FZ|, = "k } <V1I+2rf e+ | VVIL (08
512 H[vavlk(gg) = Vvl + 1VVE (6|2
Hence

ya
EIFF)3 <E (VI 2IrE ]z + 9Vi (0F)]2)

(SIS

(SIS

b . P_;
B33 (2)InEIsIvvi 6815
=0

(S|

(M}

o
2

(5)e [ivvaopnd gy

~

=0

wrs |

IN
VS

( ) \/E {HVVIR (05)”’27_21} E[||rF||3"] (Cauchy-Schwarz inequality)

~

=0
By assumption, we know each E [||[VV, (6F) 5] . E|[r£]l4,1 = 0,1, , p is bounded, so we con-

clude there exists a constant M/ > 0 that bounds the £-th order moment of FkE ,Vk =0,1,---,
|
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Using Taylor’s expansion for ¢, we have

Vi1 = Pr + Dibg[d] + %Dziﬁk [0k, 0k] + éDgi/Jk [0k, Ok O] + Ryt
where )
Rir = (é/o SDY(sXE 1 (1 - s)XkEH)ds) (60,61, 61 81
is the remainder term. Therefore, we have
Virr =Un + WLty + 12 DU[Grmyy] + h2 D*Gu[FE, Gy 1] Y
+%h2D2wk [F7, FP]+ éD%k [6k, 0k, Ok + Thy1 + Riy1
where

h
Tht1 = §(D2¢k[Gmk+1vank+ﬂ — A VVy)

Summing Equation (7) ove the first K terms, dividing by K h and use Poisson equation, we have

K- K-1
WK Yo) = kz:: P — Z ALy + 47 Z ik + 85 K), (®)
where
K—1 K-1
Mg = rhp1, Mog = = h* > DUn[Grmyy), Ms i = =h? Z D> [Fy, Gemyi1],
k=0 k=0
h,2 K-1 IK 1
S1 k= Z Dy [FY, FF), Sox = ;O Ryi1, S3.x = G ;O D34y [85, O, O]

Furthermore, it will be convenient to decompose
Ss.x = Mok + So,ix
where

So.rx =h? Z (h D¥y[Fy, Fy, Fy]+3D%)[Fy, GiMiy1> Giniga])
k=0

K—1
My —h? Z D3 (G y1s Gieliy1s Ginlpya] + 3D Yy [FY  FY, GeMyyn])
k=0

Rearrange terms in Equation (7), square on both sides, use Cauchy-Schwarz inequality and take
expectation, we have

N I IS 2 !
E(dx — )" <Ci EW*}@E<Z<A£W’€> Kh?z KhQZE o

k=0

2
1
e Ew_;_]]i(z::Aﬂkwk) Z K+TQZ 2,

] 9)

where T' = kh, the corresponding time of the underlying continuous dynamics.

‘We now show how each term is bounded. By boundedness of 1, we have

Y —ho)® _ 4vlE% 1
]E( KT2 O) < HTLl :O(ﬁ)
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The second term %E( ?;01 (Aﬁkwk))z is critical in showing the advantage of EWSG, and we
will show how to derive its bound in detail later.

The technique we use to bound %ES? x>t = 0,1,2 are all similar, we will first show an upper

bound for |S; | in terms of powers of || F'y ||, then take square and expectation, and finally expand
squares and use Lemma 5 extensively to derive bounds. As a concrete example, we will show how
to bound 75 ESZ . Other bounds follow in a similar fashion and details are omitted.

To bound the term containing Sy, we first note that

K-1

[So.xc| <h* Y (MID*Uk[FE, Fi, FE]| + 3D Uil FE, Grmpyy Grngga]])
k=0
K-1
<h?[D*¢lloe Y (RIFEI3 + 31 FL N2l iy I3)
k=0

Square both sides of the above inequality and take expectation, we obtain

1
ﬁ]E|SoyK|2 (10)
ht = 2
gﬁHD?’ngo]E( WIFE N3+ 3IFE |2l G i 113)
k=0
h4 K-1
SEHD‘W)H;K Z E(h||FE|3 + 3| FF||2]|Grmyi|2)*  (Cauchy-Schwarz inequality)
k=0
h4 K-1
:ﬁHD?’lDHgoK E[R?(|FZ1IS + 6l F% 131Ghmpra |3 + N F I3 Grmps |13]
k=0
4 K1
:ﬁHD%H;K > WE|FES + 6B FE|SE|Grmg i |3 + 9B FE 3B Gy |15
k=0
1 2,4
=0(h?)

To bound the term containing S1, i and S g, we have

2 K—1

h
[S1rl == D ID* oI FE I3
k=0
1 K-1 1 K-1
192,1] <57 1D ]l D N6z < 57" 1D oo > IVRFE + Gy 13
k=0 k=0

Then we can obtain the following bound in a similar fashion as in Equation (10)
[ 2
ﬁES 1K =0(h”)

1
ﬁ]ESE’K =0(h?)

Now we will use martingale argument to bound %IEME x>t = 0,1,2,3. There are two injected
randomness at k-th iteration, the Gaussian noise 7, ; and the stochastic gradient term determined
by the stochastic index Ij,. Denote the sigma algebra at k-th iteration by F}. For both SGHMC and

EWSG we have
My1 L Frand Iy Lomy

18
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hence
[nk+1\fk] =0
[D ¢k[Gk77k+17Gkﬂk+17Gk77k+1H]:k] =0
[D2¢k [F Gknkﬂ”}—k] =0
E[D*yy[Fy, Fy ., Grny )| Fi] =0

Therefore, it is clear that M; i,¢ = 0,1, 2, 3 are all martingales. Due to martingale properties, we
have

1 p3 R s 1 e
ﬁEMg,K =72 E(D*r[Grmpgrs GiMisr G| H3RD* Y [FE FP, Grmyiq])” = ﬁO(h?’K) = O(T)
k=0
1, = o o h
ﬁ]EMLK = Tf 192:: 7"k:+1 *O(h K)= O(f)
1 [ 1 1
2 _ _
ﬁEMz,K T2 kzz: (DYr[Grmpyq))? = ﬁ(’)(hK) = O(f)
1 e 1 h2
A EM ¢ = b Y E(D*IFL, Guma)* = 7 O0°K) = O(p)
k=

We now collect all bounds derived so far and obtain

r 2
E(dx — 3)2 <1 |0 + SB[ S (aLwwn)| + 00 + o) + 00k Lol

K <Cy ) R LUk T
: 1 1 K—1 2
2
<C4y O(T) + ﬁE ( (A£k¢k)> + O(h%)
k=0
[ 1 1 K-1 2
2
<Cy |7+ 7=E (;;) (Acku}k)) +h (11)

where C > 0 is a constant. In the above inequality, we use - < & and 2+ < X, %2 < £ as

typically we assume 7" > 1 and h < 1 in non-asymptotic analysis.

Now we focus on the remaining term %E(Z,ﬁ;}f Aﬁkwk)z. For SGHMC, we have that
E[ALx|Fi] = 0, hence 252—01 ALy is a martingale. By martingale property, we have

K-1

K-1 2
1 (Z Aﬁkl/)k> K2 Z E(ALyr)”
k=

For EWSG, Z =0 Aﬁkwk is no longer a martingale, but we still have the following

1 K-1 2 | K=l
7o B <Z A£k¢k> e Z E(ALkw)* + 25 ZE ALi)(AL;;)
k=0

1<j
1 K—-1
=72 ZE (ALRYR)? + —= ZE (AL E[ALjy; F]] (12)
k=0 1<j

For the term E[AL;v;|.F;], we have
E[AL;¥;|F;] = E(VV(0F)—nVV, (0F), Vb)) | F;] = (E[VV(0F) —nVVy, (07)|F;], Vi)

19
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as ¢¥; € Fj;. Then by Cauchy-Schwarz inequality, boundedness of v and the fact HVV(@;-E ) —
E[nVVy, (OJE)|]-"]]||2 = O(h) as shown in the proof of Theorem 3, we conclude E[AL;;|F;] =
O(h).

Now plug the above result in Equation (12), we have

K-1 K—-1
1 1
E (Z Aﬁkwk> =23 > E(ALin)* + 55 S EIAL)EIAL, Y, F]
k=0 k=0 1<j
1 K—-1
=42 E(ALyr)? ZE [AL;]O(h)
k=0 1<J
1= 2
-7 E(ALypthr)? + 3 > om?)
k=0 i<j
1 K—-1
= O E(ALwy)? Z O(h?)
k=0 i<j
1 K—-1
=z E(ALkx)? + O(h?)

=
(e}

Combine both cases of SGHMC and EWSG, we obtain

1 K-1 2 | K2
oL (Z Ackwk> = 3 D E(ALwwx)* + O(h?)
= k=0

Note that O(h?) term will later be combined with other error terms with the same order.

The final piece is to bound 7 k 0 E(ALy1r)?, and we have

K—-1 K—-1
1 1
w7 2 BALwn)? = 25 > E(VV(05) — nV Vi, (85), Vathi)”
k=0 k=0
1 K-—1
<1 E[|VV(8F) —nVV5, (0F)|2 - |Vrtr]|3]  (Cauchy-Schwarz inequality)
k=0
A4§K71 E EN(2
< 22 2 ElIVV(8y) = nVV, (6;)]2]
k=0
ME = B By 2
= 7oz 2 BEIVV(6r) = nVVi(6y)ll2 [ Fil]
k=0
2M2 . E 2
< 7o E[E[IVV(6)) — E[nVVL, (0;) | Fulll” | Fil]
k=0 Q:
E[|E[nV V7, (6)) | Fi] = nV Vi, (85113 | Fil]

Q2

The term (); captures the bias of stochastic gradient. For SGHMC, uniform gradient subsamping
leads to an unbiased gradient estimator, so )1 = 0 for SGHMC. For EWSG, same as in the proof
of Theorem 2, we have that

IVV(67) — BV Vi, (6F) | Fll | F| = 0(h?)
Combining two cases, we have

Q1= 0(h?)
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For a random vector v with mean E[v] = 0, we have
E[||v]]*] = E [Tr[vv"]] = Tr [E[vv”]] = Tr [cov(v)]
where cov(v) is the covariance matrix of random vector v. Therefore, we have that
Q2 = Tr[cov(nVVr, | Fi)],

i.e., (2 is the trace of the covariance matrix of stochastic gradient estimate conditioned on current
filtration Fy,.

Combining ()7 and @), we have that

1 K-1 2 a2 K1
T B (Z A,cm> < K;’ [E[Trcov(nV Vi, |Fi)l] + O(h?)]
k=0 k=0
:2M§h ZkK;ol E[Tr[cov(nV V7, | Fi)]] n O(hj)
T K T

Now plug this bound into Equation (11) and we obtain

N 1 kYK VR [Tr[cov(nVVy, |5

E(¢x — @) < C | = + —=k=0 k h?
(o —9)” < iy I +

for some constant C' > 0. [ ]
E MINI BATCH VERSION OF EWSG
When mini batch size b > 1, for each mini batch {i1,i2, - ,i}, We use %23:1 VV;, to ap-
proximate full gradient VV/, and assign the mini batch {41,142, - , 4} probability p;;, ... ;,- We

can easily extend the transition probability of b = 1 to general b, simply by replacing nVV; with
257" | VV;, and end up with

P(0k+1,rk+1|0k,rk) =6§(0ks+1 = Oy + rih)X

1
Z _bpi1i2~~~ib(1’ (T +nai,i,..q,) o h

1,02, 0

where

b
Tk+1 — Tk + hyrg Vi1
= L iy, =y DOV, (6
X O—\/E a’12 b Ubj:1 _7( k)

Therefore, to match the transition probability of underdamped Langevin dynamics with stochastic
gradient and full gradient, we let p;, i,...;, =

1 1
- &P {2 [Hm +naiyipa|” — llz+ _ Z ai1iz-~-ib|2] }
indgeein
where Z is a normalization constant.

To sample multidimensional random data indices Iy, - - - , I, from p;,,...;,, We again use a Metropo-
lis chain, whose acceptance probability only depends on a;, ,...;, and a;, j,...;, but not the full gra-
dient.

F EWSG VERSION FOR OVERDAMPED LANGEVIN

Overdamped Langevin equation is the following SDE

d0, = —VV(0,)dt + V2dB,
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where V(0) = Y | V;(0) and B is a d-dimensional Brownian motion. The Euler-Maruyama
discretization is
0141 =0, — hVV(0y) + V2h&, 4

where &, | is a d-dimensional random Gaussian vector. When stochastic gradient is used, the above
numerical schedme turns to

041 =0, — hVVy (0k) + V2h&;, 4
where [}, is the datum index used in k-th iteration to estimate the full gradient.

~_ VhVVi(8k)
and a; = s If we set

Ori1—6
Denote © = 22k

e+ aill* |l + na|?
2 * 2 }

and follow the same steps in the proof of Theorem 2, we will see the transition kernel of full gradient
and the transition kernel of stochastic gradient are matched up.

pi:]P’(Ik:i)ocexp{—

G VARIANCE REDUCTION (VR)

We have seen that when step size h is large, EWSG still introduces extra variance. To further
mitigate this inaccuracy, we provide in this section a complementary variance reduction technique.

Locally (i.e., conditioned on the state of the system at the current step), we have increased variance
cov[rii1|rr] = E[cov[riy1|I]] + cov[E[rg41]I]]

= h(5%41 + hcov[nVVi(0)]) (13)

where ¥7 | = +E[cov[r;1]]]. The extra randomness due to the randomness of the index I enters
the parameter space through the coupling of 8 and r and eventually deviates the stationary distribu-
tion from that of the original dynamics. Adopting the perspective of modified equation (Borkar &
Mitter, 1999; Mandt et al., 2017; Li et al., 2017), we model this as an enlarged diffusion coefficient.
To correct for this enlargement and still sample from the correct distribution, we can either, in each
step, shrink the size of intrinsic noise to %), € R4*? such that 021 = £2 + hcov[nV V7 (0x—1)],
or alternatively increase the dissipation. More precisely, due to the matrix version fluctuation dis-
sipation theorem ¥.2 = 2I'T’, one could instead increase the friction coefficient I' € R¥¢ rather
than shrinking the intrinsic noise. The second approach is computationally more efficient because
it no longer requires square-rooting / Cholesky decomposition of (possibly large-scale) matrices.
Therefore, in each step, we set

1
Ty = ﬁ(UQI + heov[nVVi(05-1)]).

Accurately computing cov[nVV7(05_1)] is expensive as it requires running I through 1,--- ,n,
which defeats the purpose of introducing a stochastic gradient. To downscale the computation cost
from O(n) to O(1), we use an SVRG type estimation of the this variance instead. More specifically,
we periodically compute cov[nVV;(60y_1)] only every L data passes, in an outer loop. In every
iteration of an inner loop, which integrates the Langevin, an estimate of cov[nVV;(0}._1)] is updated
in an SVRG fashion.

See Algorithm 2 for detailed description. We refer variance reduced variant of EWSG as EWSG-VR.

To demonstrate the performance of EWSG-VR, we reuse the setup of simple Gaussian example in
subsection 5.1. As shown in Algorithm 2, the only hyper-parameter of EWSG-VR additional to
EWSG is the period of variance calibration, for which we set L = 1. All other hyper-parameters
(e.g. step size h, friction coefficient ) are set the same as EWSG. We also run underdamped
Langevin dynamics with full gradient (FG) using the same hyper-parameters of EWSG. We plot the
KL divergence in Figure 4. We see that EWSG-VR further reduces variance and achieves better
statistical accuracy measured in KL divergence. Although EWSG-VR periodically use full data set
to calibrate variance estimation, it is still significantly faster than the full gradient version. Note that
KL divergence of SGLD, pSGLD and SGHMC are too large so that we can not even see them in
Figure 4
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Algorithm 2 EWSG-VR

1: Input: {number of data terms n, gradient functions VV;(+), step size h, number of data passes
K, period of variance calibration L, index chain length M, friction and noise coefficients v and

o}

2: initialize 8¢, g, 70 = ¥

3: initialize inner loop index k = 0

4: forl=1,2,--- , K do

5: if(l—1) mod L =0 then

6: compute my < E;[nVV7(0r)], ma < E;[n?2VVi(0,)VVi(0;)T)

7: w <+ 0

8. else

9: fort =1,2,--- [5/57] do

10: i < uniformly sampled from 1, --- ,n, compute and store nVV;(6y)
11: form=1,2,--- , M do

12: Jj < uniformly sampled from 1, - -- ,n, compute and store nVV;(6y)
13: 1 <— j with probability in Equation 5

14: end for

15: update (01, 7k+1) < (O, 7%) according to Equation 3, using nVV;(0},) as gradient

and I';, as friction

16: my < my + VV;(0;) — VV;(w)

17: my < my +nVV;(0,)VV;(0r)T —nVV;(w)VV;(w)T

18: covar <— Mg — MMy

19: Tii1 < 55 (0?1 + hcovar)
20: k< k+1
21: end for
22:  endif
23: end for
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Figure 4: KL divergence

We also consider applying EWSG-VR to Bayesian logistic regression problems. We run experiments
on two standard classification data sets parkinsons ’, pima® from UCI repository (Lichman
et al., 2013).

From Figure 5, we see stochastic gradient methods (SGHMC, EWSG and EWSG-VR) only take
tens of data passes to converge while full gradient version (FG) requires hundreds of data passes
to converge. Compared with SGHMC, EWSG produces closer results to FG for which we treat
as ground truth, in terms of statistical accuracy. With variance reduction, EWSG-VR is able to
achieve even better performance, significantly improving the accuracy of the prediction of mean and
standard deviation of log likelihood. It, however, converges slower than EWSG without VR.

One downside of EWSG-VR is that it periodically use whole data set to calibrate variance estima-
tion, so it may not be suitable for very large data sets (e.g. Covertype data set used in subsection
5.2) for which stochastic gradient methods could converge within one data pass.

"https://archive.ics.uci.edu/ml/datasets/parkinsons
8https://archive.ics.uci.edu/ml/datasets/diabetes
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Figure 5: Posterior prediction of mean (leff) and standard deviation (right) of log likelihood on
test data set generated by SGHMC, EWSG and EWSG-VR on two Bayesian logistic regression
tasks. Statistics are computed based on 1000 independent simulations. Minibatch size b = 1 for all
methods except FG. M = 1 for EWSG and EWSG-VR.

H ADDITIONAL EXPERIMENTS

H.1 A MISSPECIFIED GAUSSIAN CASE

In this subsection, we follow the same setup as in (Bardenet et al., 2017) and study a misspecified
Gaussian model where one fits a one-dimensional normal distribution p(6) = N (|uo, o3) to 10°
i.i.d points drawn according to X; ~ log N'(0,1), and flat prior is assigned p(uq,logog) o 1.
It was shown in (Bardenet et al., 2017) that FlyMC algorithm behaves erratically in this case, as
“bright” data points with large values are rarely updated and they drive samples away from the
target distribution. Consequently the chain mixes very slowly. One important commonality FlyMC
shares with EWSG is that in each iteration, both algorithms select a subset of data in a non-uniform
fashion. Therefore, it is interesting to investigate the performance of EWSG in this misspecified
model.

For FlyMC’, a tight lower bound based on Taylor’s expansion is used to minimize “bright” data
points used per iteration. At each iteration, 10% data points are resampled and turned “on/off” ac-
cordingly and the step size is adaptively adjusted. FlyMC algorithm is run for 10000 iterations.
Figure 6a shows the histogram of number of data points used in each iteration for FlyMC algorithm.
On average, FlyMC consumes 10.9% of all data points per iteration. For fair comparison, the mini-
batch size of EWSG is hence set 10° x 10.9% = 10900 and we run EWSG for 1090 data passes.
We set step size h = 1 x 10~* and friction coefficient v = 300 for EWSG. An isotropic random
walk Metropolis Hasting (MH) is also run for sufficiently long and serves as the ground truth.

Figure 6b shows the autocorrelation of three algorithms. The autocorrelation of FlyMC decays very
slowly, samples that are even 500 iterations away still show strong correlation. The autocorrelation
of EWSG, on the other hand, decays much faster, suggesting EWSG explores parameter space effi-
ciently than FlyMC does. Figure 6¢ and 6d show the samples (the first 1000 samples are discarded
as burn-in) generated by EWSG and FlyMC respectively. The samples of EWSG center around the
mode of the target distribution while the samples of FlyMC are still far away from the true poste-
rior. The experiment shows EWGS works quite well even in misspecified models, and hence is an
effective candidate in combining importance sampling with scalable Bayesian inference.

H.2 ADDITIONAL RESULTS OF BNN EXPERIMENT

We report the test error of various SG-MCMC methods after 200 epochs in Table 2. For both
MLP and CNN architecture, EWSG outperforms its uniform counterpart SGHMC as well as other
benchmarks SGLD, pSGLD and CP-SGHMC. The results clearly demonstrate the effectiveness of
the proposed EWSG on deep models.

H.3 ADDITIONAL EXPERIMENT ON BNN: TUNING M

In each iteration of EWSG, we run an index Markov chain of length M and select a “good” mini-
batch to estimate gradient, therefore EWSG essentially uses b x (M + 1) data points per iteration

*https://github.com/rbardenet/2017JMLR-MCMCForTallData
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Figure 6: (a) Histogram of data used in each iteration for FlyMC algorithm. (b) Autocorrelation plot
of FlyMC, EWSG and MH. (c) Samples of EWSG. (d) Samples of FlyMC.

Table 2: Test error (mean + standard deviation) after 200 epoches.

Method Test Error(%), MLP  Test Error(%), CNN

SGLD 1.976 £ 0.055 0.848 £ 0.060
pSGLD 1.821 £ 0.061 0.860 £ 0.052
SGHMC 1.833 £0.073 0.778 £ 0.040

CP-SGHMC 1.835 £ 0.047 0.772 £ 0.055

EWSG 1.793 £ 0.100 0.753 + 0.035

where b is minibatch size. How does EWSG compare with its uniform gradient subsampling coun-
terpart with a larger minibatch size (b x (M + 1))?

We empirically answer this question in the context of BNN with MLP architecture. We use the same
step size for SGHMC and EWSG and experiment a large range of values of minibatch size b and
index chain length M. Each algorithm is run for 200 data passes and 10 independent samples are
drawn to estimate test error. The results are shown in Table 3. We find that EWSG beats SGHMC
with larger minibatch in 8 out of 9 comparison groups, which suggests in general EWSG could be
a better way to consuming data compared to increasing minibatch size and may shed light on other
areas where stochastic gradient methods are used (e.g. optimization).

b M+1=2 M+4+1=5 M+1=10
1.86 % 1.83% 1.80%
100 1.94% 1.92% 1.97%
1.90% 1.87% 1.80%
200 1.87% 1.97% 2.07%
1.79% 2.01% 2.36%
500 1.97% 2.17% 2.37%

Table 3: Test errors of EWSG (top of each cell) and SGHMC (bottom of each cell) after 200 epoches.
b is minibatch size for EWSG, and minibatch size of SGHMC is set as b x (M + 1) to ensure the
same number of data used per parameter update for both algorithms. Step size is set h = % as
suggested in (Chen et al., 2014), different from that used to produce Table 2. Results with smaller
test error is highlighted in boldface.

I EWSG DOES NOT NECESSARILY CHANGE THE SPEED OF CONVERGENCE
SIGNIFICANTLY

Changing the weights of stochastic gradient from uniform to non-uniform, as we saw, can increase
the statistical accuracy of the sampling; however, it does not necessarily increase or decrease the
speed of convergence to the (altered) limiting distribution. Numerical examples already demon-
strated this fact, but on the theoretical side, we note the non-asymptotic bound provided by Theorem
4 may not provide a tight enough quantification of speed of convergence due to its generality. There-
fore, here we quantify the convergence speed on a simple quadratic example:
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Consider V;(#) = 1 (6 — 11;)/2 where 1;’s are constant scalars. Assume without loss of generality
that >, ; = 0, and thus V/(0) = >°1" | V;(6) = 62/2 + some constant. We will show the con-
vergence speed of £§ is comparable for uniform and a class of non-uniform SG-MCMC (including
EWSG) applied to second-order Langevin equation (overdamped Langevin will be easier and thus
omitted):

Theorem 6 Consider, for 0 < v < 2, respectively SGHMC and EWSG,

H;CJrl :9;6+h7“;€ and {9k+1 :Qk—i—hrk
Tha1 =Tp — hyry —h(0), —pur) + \/ﬁof,’CH The1 =7k — hyre — h(O — pr,) + Vhoépir’

where I, are i.i.d. uniform random variable on [n|, I}, are [0, 7] dependent random variable on [n]
satisfying P(I), = i) = 1/n+O(h?), and {41, &}, | are standard i.i.d. Gaussian random variables.
Denote by e_lk = E@;C, 7:,k = ET;C, e_k =Eb, 7. = Erg, I;C = [a_/k; Tj/k]T, and T} = [ék, fk]T, then

zh = (I + Ah)*xz,, where A = [_01 _lw} ; (14)

for small enough h, ||z} || converges to 0 exponentially with k — oo, and xy, converges at a compa-
rable speed in the sense that ||zi, — || = O(hP) if xo = .

Proof: Taking the expectation of the [#’,7'] iteration and using the fact that ), ; = 0 and hence
Epr; = 0, one easily obtains (14). The geometric convergence of ), thus follows from the fact that
eigenvalues of I + Ah have less than 1 modulus for small enough h.

Let e, = [0, Eur,]T and then

n

er = [0, )P = D))" = [0,0(07)]"

i=1

Now we take the expectation of both sides of the [0, r] iteration and obtain xy1 = (I+Ah)xz+hey.
Therefore

x, = (I+Ah) 2o+ (I+AR) T heo+: - +(I+Ah)hey_o+her_1 = zj+h((I+AR) eg+- - +(I+Ah)ep_o+er_1)

To bound the difference, note I + Ah is diagonalizable with complex eigenvalues A o satisfying

M| = |[A2] = V1 —hy+h2=1—vh/2+ O(h?).

Projecting e; to the corresponding eigenspaces via e; = vy,; + v2 j, W€ can get

hI(I+ Ah)*eg + - + e || < h ([T + AR)* ol + - + [lex—])
= h (A" Hloroll + A2 F ozl + <+ + [or k-]l + [[v2,0—1])

_ k
& < hCh? 1

< hChP(IM|* 1 4+---4+1) = hCh?
= (Pl ) 1— [\ 1— [\

< Ch?
for some constant C' and C. |

Important to note is, although this is already a nonlinear example for EWSG (as nonlinearity enters
through the p7, term), it is a linear example for SGHMC. We do not have a tight quantification for
the fully nonlinear cases, for which whether EWSG converges faster or comparably like suggested
by the experiments remains to be an open theoretical challenge.
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