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A Preliminaries

Definition A.1 (Coupling). Let p,q € M (X). A distribution y on X x X is a coupling (Villani,
2009) of p and ¢ if for every measurable set B C X, y(B x X) = p(B) and v(X x B) = ¢(B).
In other words, a coupling of p and ¢ is a distribution on X x X whose marginals are p and ¢
respectively.

For example, the product measure p ® g is a coupling of p and q.

Definition A.2 (Wasserstein distances). Let (X, d) be a Polish metric space and p, ¢ € ML (X)
Given a real number k > 1, the Wasserstein-k distance W, is defined as

, 1/k
W) = ([ dytaney))

where T'(p, ¢) denotes the set of couplings of p and ¢ (see Definition A.1 above). As stated in the
main paper, W is referred to as the Wasserstein distance.

Given two Gaussian distributions p = N (p1,%1) and ¢ = N (2, 32) on Rd*, the Wasserstein-2
distance has the following closed form (Givens and Shortt, 1984):

1/2
Wa(p, @)% = |1 — po|* + Tr <21 2 (21/22221/2> ) ' (A1)

This expression can be greatly simplified when the distributions have diagonal covariance matrices.

Indeed, if ©2; = diag(0?) and ¥y = diag(c3) where o1, 05 € R?, then the product of the covariance
matrices commutes >1Y9 = Y93 and we get

1/2
(2}/2222}/2) = xnl/2yl/2,

which, combined with the symmetry of covariance matrices and the definition of the Frobenius norm
|||/ (Petersen and Pedersen, 2008), implies

1/2 2
Tr (21 F ¥, -2 (2}/2222}/2) ) = Hz}” - 2;/2H = o — oo
Fr

Hence, if p = NV (u11, diag(0?)) and ¢ = N (o, diag(o3)), then the Wasserstein-2 distance between
pand q is

Wa(p,q) = [l — pall* + lor — oz (A2)
We will use this equality to prove some of the results of Section 5.
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The following change of measure theorem dates back to Donsker and Varadhan (1976) and has been
used in the proof of many PAC-Bayesian theorems. A proof can be found in Boucheron et al. (2013,
Corollary 4.15).

Proposition A.1 (Donsker-Varadhan change of measure). Let p,q be probability measures on a
space H such that ¢ < p, and let g : H — R be a function such that Ey, ., eI < 0o, Then,

E 9 > (Enmalg(m)]-KL(al|p)
h~p -

There are many different formulations of this proposition, we chose a formulation that facilitates
readability of the proof of the following lemma.

B Proofs of the results in Section 3

We state and prove our first result. Note that the following lemma does not use Assumption 1.
Moreover, the main difference between the inequality of this lemma and the one of Theorem 3.1 is the
left-hand side. In Lemma B.1, the expected loss for samples x ~ p is computed w.r.t. distributions
q(h|x;) associated to the training samples. In contrast, in Theorem 3.1, the expected loss for each
x ~ p is computed w.r.t. the distribution ¢(h|x) associated to x itself.

Lemma B.1. Let X be the instance space, 1 € M }l-(X ) the data-generating distribution, H the
hypothesis class, { : H x X — R the loss function, p(h) € M? (H) the prior distribution and
d € (0,1),\ > 0 real numbers. Then with probability at least 1 — § over the random draw
of the training set S = {x1,...,Xn} ~ p®", the following holds for any conditional posterior

a(hlx) € ML (H):

1 & 1 & 1
— < = . _
- Z{ E E e(h,x)} <= ; {thz(ngx”e(mxl)} +3

° hrq(h|xi) X~ p
i=1

S KL(a(hlx) || p(h)+
i=1

1 A ,
log 5 + nlog X]EH hN]EJ(h) exp {n (XEM [¢(h,x")] — £(h, x))” .
(B.1)

Proof. First, we consider a set H = {hy,...,h,} ~ p(h)®" iid sampled from p(h). By applying
Markov’s inequality to the positive random variable Y, defined as

)\ n
vy g 2 E [¢(h;,x)] — £(hy, %
Heontiyor &P [nZ{M[( )] = € ,x>}],

i=1

we obtain that with probability at least 1 — § over the draw of S ~ p®", Y < % E [Y], meaning

A n
Z ) _ - <
v B 23 { 2 - | <

=t (B.2)

i=1

1 A
35 SNIE®n H~pIE:h)®n €xp [n Z {XIE‘M [¢(hi,x)] — f(hivxi)}] ‘
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Let us focus on the left-hand side of (B.2). We have

A n
pr]l;:h)®" eXp [TL Z { h’La X g(hl7xz)}]

S

S>>

= E ex
H~p(h)‘3’”il;[1 P [

(0, )] e(hi,m)}

a
(2010

SICIANE (;E )]—ah,xi))}—KL<q<hxi>||p<h>>,

ﬁ ex {)\
pale} NP(h) P n

3>

H IE exp [
i—1 p
where the inequality uses the Donsker-Varadhan change of measure theorem (Proposition A.1).

Applying the logarithm, we obtain

log E  exp [2 ‘n {E [E(hi,x)]—ﬁ(hi,xi)}l

Hep(h)®n xop

©
I
-

zoTTewn |, 2[5 (J2, 0]~ 050 )| = Kidatoie )

=3 (B [2 (B o - ) )| - Kegatni ) )

i=1

~p

)\ n
:E;M%\xi) LE [¢(h,x)] — £(h xl] ZKL (q(h|x;) || p(h)).

This, combined with (B.2) yields

A n

— E E f h7X h XZ KL h Xq/

7 2 et [m[ (h.x)] = } Z x)|p(h)) <
: n (B.3)
log 5, E A S5 B[00 x)] — hiyxa)

g (5 SN'LL@" HNp(h)®n — xN/"' (2 79 g .

i=1

It remains to show that the exponential moment on the right-hand side of Equation (B.3) can be
modified by replacing the expectation w.r.t. p(h)®™ with an expectation w.r.t. p(h). Similar to what
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we did in the first part of the first derivation, we can use Fubini’s theorem to obtain

E [ { hl,X ] g(hl,Xl)}]
S~op®n H~p(h)®” — X~

- E 'n E exp 2(1@ [E(h,X)}—é(MXi)ﬂ

-

X~ i hep(h) x/~u
Hence,
A n
1 E ]E . ]E g h’ia - E h/i, 7 =
% Seop®n Heop(h)®n P ln ; {XN/‘[ (hs, )] (irx )}]
nlog E E ex é E [g(h X/)] —f(h X)
g"”l‘ he~p(h) P n \x'~u ’ J .
Combining this equation with Equation (B.3) yields the theorem. O

The reader familiar with PAC-Bayes bounds may notice that the proof of Lemma B.1 is similar to
the usual derivation of PAC-Bayesian bounds, with a key difference. We start with an iid set of n
hypotheses sampled from the prior, which allows us to apply the change of measure theorem to
n posteriors g(h|x1),...,q(h|x,). Then, we show that the exponential moment obtained with n
hypotheses instead of one is equal to the exponential moment obtained with one hypothesis.

B.1 Proof of Theorem 3.1

The first summand on the left-hand side of Lemma B.1 is the risk on samples x ~ p, when the
hypotheses are uniformly sampled from g(h|x;),1 < i < n. In order to replace ¢q(h|x;) by ¢(h|x) in
that term and derive Theorem 3.1, we utilize Assumption 1.

First, recall that Theorem 3.1 states that under the assumptions of Lemma B.1, if Assumption 1 holds
with a constant K > 0, then the following inequality holds with probability at least 1 — §:

1 n
E E — h,x;) < KL(q(h|x;) E X, X; )]+
ENE TSR oY BRCSIER ) oI OIRELS o

A
1 loo B E exExmufthx)]-thx)|
og — 5 +n ngNH th(h)e .
(B.4)

Proof of Theorem 3.1. Using the definition of an IPM and Assumption I, for any x; € S,x € X, we
have
E ‘¢(h,x)— E {4(h,x)<d hlx),q(hlx;)) < Kd(x,X%;).
LE ) - E () < de(a(hbo).q(hlx)) < Kd(x,x,)
Combined with Fubini’s theorem, we obtain

E E /(h,x) = E E {4(h,x)| > E E {(h,x)— Kd(x,x;)|-
;hw(hlm)’“# (.) ;xwl‘ |:h~q(hxi) ( )} ;XN# |:h~q(hx) (h-) (i)
Combining this with Lemma B.1, yields Theorem 3.1. O
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C Proofs of the results in Section 4

C.1 Proof of Proposition 4.1

First, we recall the statement of Proposition 4.1.

Proposition C.1 (Restatement of Proposition 4.1). If there exists positive real numbers K 4 and Kg
such that the encoder and decoder are respectively K 4-Lipschitz and Kg-Lipschitz continuous, then

de (q6(2[x1), g (2]x2)) < Ky Ko [|x1 — X2]|, (C.
and
L(,x) €&, foranyxe X. (C.2)

where £ = Lipy, (Z,R) is the set of real-valued Ky-Lipschitz continuous functions defined on Z.
Proof.

1. Let us prove (C.1). First, since g4(zlx;) = N(pg (x:),diag(c3 (x:))), by (A.2), the
Wasserstein-2 distance Wa (g4 (z|x1), ¢4 (2z|x2)) has the following closed form:

Wa(qo(2lx1), g6 (20%2))? = |11 (x1) — 1 (x2)[|* + l|og (x1) — 0 (3x2) 1,

which, combined with the definition Q,, (x) = [’;Z 83] , yields

1Qs (x1) = Qo (x2)II* = Wal(ay (zlx1), a4 (2lx2))*.

Since Q) is K-Lipschitz continuous, we have ||Qy (x1) — Qp (x2)|| < Ky |[|x1 — x2|,
and

Wa(ge(z[x1), g4 (2[x2)) < Ky [[x1 — %2 (C3)
On the other hand, the definition & = Lip, (Z,R) and the Kantorovich duality imply
de (g9 (2%1), 44 (2lx2)) = KoWi(go(2[x1), 4o (2[x2))-

Since W < W, this equation, combined with (C.3) yields

de (9o (2]x1), 4o (2]x2)) < KoKy [Ix1 = Xaf| -

2. Now, we shall prove (C.2), meaning, we show that £(-,x) € Lipy, (Z,R) . Letx € X’ and
71,72 € Z. We have

U(z1,%x) — (22, %) =[x — go(21)]| — [|x — go(z2)||
=[x — go(21) + go(22) — go(z2)|| — I|Ix — go(22)||
< [Ix = go(z2)|| + [l9o(22) — go(z1)]| — lIx — go(22)]
= |lgo(22) — go(z1)|
< Ko ||z1 — 22,

where the first inequality uses the triangle inequality and the second uses the Lipschitz
assumption on gg.
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C.2 Proof of Theorem 4.3
Proof of Theorem 4.3. In order to prove Theorem 4.3, we need to upper bound the average distance

and the exponential moment of Theorem 4.2, under the finite diameter assumption:

sup d(x,x') = A < oco. (C.4)

x,x'€eX

More precisely, we need to prove the two following inequalities.

E E d(x,x;) <nA (C.5)
im1
and \ \2A2
nlog E E exp {( E (0 (z,x) éfec(z,x)ﬂ < : (C.6)
z~p(z) X~ n \x'~p 8n

First, (C.5) is a direct consequence of the definition of the diameter A.

Now, let us prove (C.6). Let z € Z. Since %,.(z,x) = ||x — go(z)|| = d(x, go(z)) is the distance
between x and gy (z), the definition of A implies %, (z,x) € [0, A], for any x € X. Hence, applying

Hoeffding’s lemma on the random variables ¢; = ¢%..(z,x;) € [0, A], we obtain

) )\ZAQ
xINEp, exp |:n <x%u [Eraec(z7 X/)] B ér@ec(Z7 X)>:| = P |: 8n? :|
Which leads to
\ NAZT A2A?
nlog ZNIE(Z) x]E;L exp [n <x£u erGec(LX/) - ZiC(Z’X))] < nlog ZNIE(Z) P { 8n? ] - 8n

O

C.3 Proof of Theorem 4.4

We need to bound the average distance and the exponential moment of Theorem 4.2, under the
assumption = g*fip*, with p* = N(0,1) is the standard Gaussian distribution on R?", and
g* € Lipx (RT", X).

Lemma C.2. Under the hypotheses of Theorem 4.4, the following inequality holds:

B 1  AK?
nlog E E exp|— ( E (6 (z,%) €fec(z,x)) < *, (C.7)
z~p(z) X~V LTV \X'~p ] 2n
Proof. Let us show that
(A 1  NK?
log E E Z( E 6 (2,%x)— 10z, < *.
n log o) Xt exXp In <x’~u rec(z X ) rec(z X))_ = "on

Since p = g*fip*, where p* is the standard Gaussian distribution on R and g* is K «-Lipschitz

continuous, the definition of the loss function ¢%, implies

E exp [)\ ( E (0 .(z,%) —Kfec(z,x)>}
x/~op

X~ p n

- 5o |2 (B IX - @)l - Ix-a@l)]

X~ n

=B e |2 (B o) - anta)] - o) - w@)])|

() {)\QKE}

< exp 2n2
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This derivation implies
A2K?2
2n

wo, BB exp |2 (B tlnx) - hlan))| <

z~p(z) X~

We still need to justify (;). Define for any arbitrary o € X the function f : RY — R as:
fw) =llg"(w) —all.
Since g* € Lipy_ (R%", X), the function f is K,-Lipschitz. Indeed, for any w;, wy € R?",
fwi) = f(wa) = [lg"(w1) — af = [lg"(W2) — |
= [lg*(w1) —a+g"(w2) — g"(w2)[| = [lg" (w2) —
<llg"(

= [|g" (w1

5

)
)
1) — g (w2)| + [lg"(w2) — o = [lg"(w2) — |
) =g (w2

< Ko [[wy — wo|

Moreover, it is known (see Theorem 5.5 of Boucheron et al. (2013)) that if f is a K,-Lipschitz
function of a standard normal random variable z, then
A2K2

EAEU@-f(2) < o> 5=

Hence,

VB [ (2 (LB 1l ) - ae@l] - I v — o) ]| < enp |57

()
which proves < and concludes this proof. O
Lemma C.3. Under the hypotheses of Theorem 4.4, with probability at least 1 — —e 2 over the

random draw of S,

> E d(x,%;) < nK.\/(1+a?)d (C.8)
=M

Proof. First, since the training set S = {x1,...,X,} S w, for each 1 < ¢ < n, there exists w; ~ p*
such that x; = g*(w;). Let a > 0 be a positive real number. By definition of p*, we have

P [Vi,wi e [fa,a}d*} - (erf <\%>)nd :

where erf (-) denotes the error function. Since the error function verifies (see Chu (1955))

erf(\;%) > /11— e,

we can use Bernoulli’s inequality (see Section 2.4 of Mitrinovic and Vasic (1970)) to obtain

d* 7(12
”2 e (C.9)

N a2 nd /2
]P’[Vi,wie[—ma]d} > (1—67) >1-

Now we assume w; € [—a, a]® forall 1 < i < n and we shall prove the desired inequality:

> E d(x,%;) < nK.\/(1+a?)d (C.10)
i—1
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Let us prove (C.10). We have

E dx,x;)= E ||x—x;/|= E
X~ X~ w

~p*

gw) —g'(wi)l < K. E flw—w, (C1D)

where the inequality follows from the assumption g* € Lipy (Rd* , X). Using Holder’s inequality,
the fact that |w — w;||? is a non-central x2 random variable with d* degrees of freedom and non-
centrality coefficient ||w;||, and the assumption w; € [—a, ], we obtain

w /\/p*

2\ « 2\ /2 v oo 1/2
E w-will<(E Iw-wilf) =(a+wl) " <(@+ad)"”.

Hence,
E |x — x| < K/ (1 + a?)d*
X~

which proves (C.10). O

Proof of Theorem 4.4. Lemmas C.2 and C.3 applied to the result from Theorem 4.2 provide us with

nd*

_a?

the inequality of Theorem 4.4. Finally, the confidence of 1 — § — *3~e™2" is obtained by using

the union bound: the inequality in Theorem 4.2 holds with probability at least 1 — §, whereas the
2

inequality appearing in Lemma C.3 holds with probability at least 1 — "7‘1*6 =, O

In the following proposition, we provide an alternate version of Theorem 4.4, where the distribution
p* is the uniform distribution® on [0, 1], instead of the standard Gaussian distribution on R?",
Proposition C.4. Let X be the instance space, Z the latent space, p(z) € M2 (Z) the prior
distribution, 0 the parameters of the decoder, § € (0,1), A > 0,a > 0 be real numbers. Assume
the data-generating distribution i = g*#p*, where p* = U([0,1]%") is the uniform distribution on
[0,1]%" and g* € Lipg, (R, X) is K.-Lipschitz continuous. With probability at least 1 — & over
the random draw of S, the following holds for any posterior q4(z|x):

1< 1 (<
E?ec(ZVX) - ﬁ Z {q¢(15xi)€feC(Z7Xi)} < X <Z KL(Q¢(Z|XZ) ||p(Z))+

X~
H s (2lx) i=1 i=1

1 NK?
AK¢K9K*\/d7+1og5+ 2n*>.

Proof. Let{w1,...,w,} C [0,1]%" be such that forall 1 < i < n, x; = g*(w;). Since the diameter
of [0,1]? is v/d*, using the assumptions on y and g*, we obtain

Y E dxx)=Y E dg'(w),g"(w:) <EK. > B [w—w|<nK.Vd
=1 Pl i1
Applying the inequality above to Theorem 4.2 yields the desired result. O

Note that unlike Theorem 4.4, the confidence 1 — § of Theorem 4.2 is not lowered in Proposition C.4.

D Proofs of the results in Section 5

To simplify the proofs of the theorems of Section 5, we start by proving Lemmas D.1 and D.2 below.

First, recall the definition of fig g:

X 1 ¢
fiso = — > gotas(zlxi).
=1

The triangle inequality implies
Wi (1, gotp(2)) < Wilp, fig,0) + Wiliie,0. 9otp(2))- (D.1)

Let us state and prove the first lemma of this section.

*Note that the result holds for any distribution on [0, 1]d*, not just the uniform distribution.
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Lemma D.1. The following inequality holds with probability at least 1 — & over the random draw of
S ~ M®n..

. A
Awlw,w,e)snz( B tlax)) + ZKL 2l || p(z) +
=1

z~q(z|x;

lilg E E A(Exw[&u(zx)]—f oy (2xi))

1
85 S~p®m zp(z)

Proof. Recall the expression for the Wasserstein distance based on couplings:

Wi figg) = inf / I — vl dn(x,y)
mel(p,ig,0) Jxxx

In particular, W1 (1, fig ) is less than the right-hand side obtained by the product coupling which
can be rewritten, using Fubini’s theorem, as:

Wi (s frog) < / I — v du(x)dfigo(y)
XXX

= E E fx-yl.

y~iigo Xovp

Using the derivation above and the definition of fi4 ¢, we obtain

Wi, [ < E E ||x— — E ||x-—
(wise) < E B x-y] Z(ZN%(“)WJ (@)

We can upper bound this expression using Lemma B.1 with H = Z and ¢ = ¢/
probability at least 1 — & over the random draw of S ~ p®":

Z( E 0 (a, ))gzi(mqglx)mzxz)szKL (2l | p(2)) +

z~q(z|x;) X~ i—

E (2 (2, x)).

2~q¢»(2\x ) Xp

We get that with

rec*

log % + log E E eA(]ExNI‘ [Zrea(z x)]_f i=1 trec (z x?))

S~ p®n z~p(z)

O

Therefore, using the upper bounds on the exponential moment from Section 4, we can prove Theorems
5.1 and 5.3 in the following sections.

Next, we prove the following lemma.
Lemma D.2. The following inequality holds.

WG, 0020(2) < 525\l () + s ) — 1]
i=1

)

where 1 € R32 denotes the vector whose entries are all 1.

Proof. Defining the mixture of measures

1 n
== aslalx),
i

the definition of [i4 ¢ and the definition of a pushforward measures yield

oo = gutas(alxi) = gutio ().

=1
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Using the dual formulation of the Wasserstein distance, we have
Wi(fig,0, 90fi0(2)) = W1 (96840 (2), gofip(z))

feLi??x R) [/ foge(z)diy(z / f o go(z)dp( )}
T e UZ 9(2) d%(z)—/zg(z)dp(z)}

< [ ot de) - [ ota) o)

= KoW1(4y(2),p(2)),
where Gy = {9 : Z — R sit. g = foggpand f € Lip, (X,R)} and the inequality holds because
Go C Lipg,(Z,R), since gy : Z — X is Kp-Lipschitz. Now, since (p,q) — Wi(p, q) is convex,
the definition of §4(z) implies

:\?—‘

W1 (4y(2) ZWI q0(z[xi), p Z (z|x;),p(z)).  (D.2)

Since, by Equation (A.2),

Wa(go(2lx:), p(2))* = ll1s (x0) > + |} (x:)

we obtain

Walji.0r aotp(2)) < ?ZJ lits Gea) I+ s o) — 1]

D.1 Proof of Theorem 5.1

Proof of Theorem 5.1. Recall from Lemma D.1 that with probability at least 1 — § over the random
draw of S ~ pu®m,

. A o
AR S mzxz)+ZKL o) || p(z) +

i1 \za(zix) (D.3)
1 0 1 0
10 _|_ 10 E IE eA(]E"NH [grec (z,x)] T n i=1 Zrec(z7xi)) .
&3 o & S~ p®n zp(z)

In order to prove Theorem 4.3 in section C.2, we proved that

E exp|A| E [ﬁg (Z x)} — li:g9 (Z X') < ex A2A2
S~u®mn p xrop b TEERTY n rec\ 45 &4 = exp 8 .

i=1

Now, we can reuse this inequality to upper-bound the last term on the right-hand side of Equation (D.3).
We obtain the desired theorem: under the assumptions of Theorem 4.3, with probability at least 1 — ¢
over the random draw of S ~ ®™, the following holds for any posterior g, (z|x):

Z{ E zx‘)}—&-1 iKL( (z|x;) || p(z)) + lo 1+)\2A2
¢ (2]x) rec ' A = ke VP & ) 8n |~

Wi, fig.0)

3\'—‘

O

D.2 Proof of Theorem 5.2

Proof of Theorem 5.2. Theorem 5.2 is a direct consequence of Theorem 5.1 and Lemma D.2 applied
to Equation (D.1).
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Figure 1: Samples from the real datasets

D.3 Proof of Theorem 5.3

Proof of Theorem 5.3. Recall from Lemma D.1 that with probability at least 1 — ¢ over the random
draw of S ~ u®m,

n

R A
UATRIREES S (W ACES) +ZKL (zh) | () +

i=1

lilg E E ek(Ex~u[€ic(z7x)]—; o (zx))

1
85 S~p®n zp(z)

‘We can then use Lemma C.2 which stated that

log E - E exp|A| E [tz x)]—life (z,%;) <>\2Kf (D.4)
g p Xropt rec \“» ’fl,: rec\ < 1 — m : .

zrvp(z) S~p®n

The expectations over z and S can be swapped using Fubini’s Theorem. Hence, combining
Lemma C.2 and Lemma D.1, we obtain Theorem 5.3: with probability at least 1 — § over the
random draw of S ~ p®", the following holds for any posterior ¢, (z|x).

n

Wi lz 0 (z,%:) b+ = iKL( (2lx:) || p(2) + log & + 22
N’aud)@ n & q¢(z\x1) rec 1 2\ q¢ % p g6 m .

i=1

O

D.4 Proof of Theorem 5.4

Proof of Theorem 5.4. Theorem 5.4 is a direct consequence of Theorem 5.3 and Lemma D.2 applied
to Equation (D.1).

E Numerical Experiments

We computed the numerical value of the bound of Theorem 4.3. We performed the experiments on
two 2-dimensional synthetic datasets. The first one is a mixture of two isotropic Gaussian distributions
on R? centered at (—1,0) and (1,0) respectively, and with standard deviation o = 0.1 and null
covariances. The second dataset consists of noisy samples arranged in a circle centered at the origin,
with radius 1.5 and standard deviation o = 0.1. Both datasets are truncated so that no sample is over
4 standard deviations away from its corresponding mean. This is to formally ensure that the diameter
of the instance spaces is finite, as required by Theorem 4.3. The sizes of the training, validation and
test sets are respectively 50,000, 20,000 and 20,000. Samples from the two datasets are shown in
Figure 1.

We used the same architecture and hyperparameters for both datasets. The encoder and decoder
are fully connected networks with 3 hidden layers and 100 hidden units per layer. We also set the
Lipschitz constants of the encoder and decoder networks to K, = Ky = 2. In order to enforce
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Figure 2: Samples from the models trained on the 2-Gaussian dataset (top) and the Circle dataset
(bottom).
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A Test Rec. loss | Emp. Rec. loss | Emp. KL loss | Exp. moment | Bound
n/0.01 0.1107 0.1110 0.0192 89.00 99.80
n/0.025 0.1228 0.1237 0.0505 35.60 46.45
n/0.05 0.1299 0.1299 0.1010 17.80 28.70
n/0.075 0.1388 0.1403 0.1511 11.867 22.83
n/0.1 0.1425 0.1436 0.2003 8.900 19.92
n/0.25 0.1707 0.1732 0.4883 3.560 14.89
n/0.5 0.2120 0.2162 0.9602 1.780 13.63
n/0.75 0.2718 0.2725 1.4122 1.1868 13.54

n/1 0.3586 0.3596 1.8593 0.8901 13.78

Table 1: Table showing the values of the different quantities of Equation E.1 for the “2-Gaussian”
dataset. The upper bound on the average distance term is 10.67.

Lipschitz continuity, we used Bjork orthonormalization (Bjorck and Bowie, 1971) with GroupSort
activations (Anil et al., 2019), and we utilized the implementation of Lipschitz layers by Anil et al.
(2019). Note that Barrett et al. (2022) performed experiments with VAEs with fixed Lipschitz
constants, but we did not directly use their implementation because of a difference in the definition of
the Lipschitz norm of the encoder, which affects the implementation. Note also that unlike the usual
computations of PAC-Bayesian bounds (Pérez-Ortiz et al., 2021), our implementation does not use
probabilistic neural networks. It uses deterministic networks, as it is usual for VAEs, because our
analysis did not include additional stochasticity. We used the MSE as the reconstruction loss during
training, and computed the bounds on validation datasets. The samples from the different models are
displayed in Figure 2.

Recall the inequality of Theorem 4.3:

< 23 { B hlax) b Y Kilastal o) +

X~ gy (2]x) a4 (z[xi)

=1
Test Rec. Loss Emp. Rec. Loss Emp. KL loss (E 1)
AA? 11
KyKpA —_— —log —.
o Ko A + &n + N o8
~——

Avg dist
Ve distance Exp. moment

Tables 1 and 2 show the numerical values of the bound of Theorem 4.3 for different values of A.
The first column is approximated using the test set, and the last one refers to all the right-hand side
of (E.1). The empirical reconstruction and KL losses are computed using the validation set, since,
as mentioned in the main paper, the bounds need to be computed using a set independent from the
training set.
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A Test Rec. loss | Emp. Rec. loss | Emp. KL loss | Exp. moment | Bound
n/0.01 0.095 0.0959 0.0197 180.50 195.81
n/0.025 0.1354 0.1362 0.0525 72.20 87.59
n/0.05 0.1785 0.1783 0.1058 36.10 51.58
n/0.075 0.2005 0.2020 0.1587 24.07 39.63

n/0.1 0.2245 0.2247 0.2117 18.05 33.69
n/0.25 0.3498 0.3486 0.5160 7.220 23.28
n/0.5 0.5026 0.4940 0.9997 3.610 20.30
n/0.75 0.6171 0.6154 1.4691 2.406 19.691

n/1 0.7513 0.7499 1.9314 1.805 19.686

Table 2: Table showing the values of the different quantities of Equation E.1 for the “Circle” dataset.
The upper bound on the average distance term is 15.2.

From Tables 1 and 2, once can see that the bounds are dominated by two terms: the average distance
and the exponential moment. Although as A approaches n, the exponential moment gets smaller and
the main influence comes from the upper bound on the average distance. Hence, in order to tighten
the bound, one may need to derive tighter upper bounds on the average distance, or derive versions of
Theorem 4.3 where this term is replaced by a numerically smaller one.

F Additional Results and Remarks

This section contains additional remarks and discussions. We start with possible extensions of our
results.

F.1 The variance of the likelihood

Our definition of the decoder network’s output (the function g : Z — X) only considers the
deterministic part of the decoder. In other words, our results only apply to VAEs whose likelihood
has constant variance. However, they can be extended to cases when the variance of the likelihood
is optimized, but at a cost. We discuss separately the two cases where the variance depends on
individual datapoints or not.

Instance-independent variance. If the standard deviation o of the decoder is fixed, then we have
o o ¥, (recall the hyperparameter A from Theorem 3.1 and subsequent theorems). Hence, optimizing
o corresponds to optimizing A, which is non-trivial in PAC-Bayes. Indeed, most PAC-Bayes bounds
(including ours) do not directly allow one to optimize A (see Section 2.1.4 of Alquier (2021)).
Although there are some ways around this restriction, we are not aware of any results that allow
one to optimize in the general case (meaning continuous values of A and unbounded loss). For
[0, 1]-bounded loss functions, Thiemann et al. (2017) developed a PAC-Bayes bound uniformly valid
for a trade-off parameter \’, and show that one can optimize w.r.t. both the posterior and \’, under
certain assumptions. For unbounded losses, if one assumes A € A, where |A] is finite, a union bound
argument allows one to make the bound uniform with respect to A, at the cost of log |A| (see Alquier
(2021)). One can still optimize with respect to a continuous set A, by considering a grid. For instance,
if one considers A N {1,...,n}, then the penalty is log 7 and if one considers A N {e* : 1 < k < n},
the penalty is log log n.

Instance-dependent variance. Now, assume the standard deviation is dependent on individual
instances. Say we define the reconstruction loss as £y (z,x) = #(z) lx — go(z)]|, where o : Z —

R+ . Because of the division by oy (z), let us assume that there is a fixed upper bound o1 > 0 such
that oy(z) > o1, for any z € Z. There are two main tasks: making sure Assumption 1 is satisfied,
and bounding the exponential moment of Theorem 4.2, with this new loss function.
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Verifying Assumption 1 is equivalent to showing that Proposition 4.1 is verified for this new loss
function ¢y. The second part of the proof of Proposition 4.1 tells us that we need to show that ¢y
is Lipschitz-continuous. Note that in general, the product of real-valued Lipschitz functions is not
Lipschitz. Hence, we assume, in addition, that ||x — gg(z)|| < M < oco. The following proposition

shows that Assumption 1 is satisfied with the constant K = K, (K M {f—f
Proposition F.1. Consider a VAE with parameters ¢ and 0 and let K4, Kg € R be the Lipschitz
norms of the encoder and decoder respectively. Also, consider the loss function l,ec ZxX =R

defined as

0 = L X — z
lrec(z7x) - O'g(Z) H gg( )”

where og : Z — Rw is K,-Lipschitz. Assume andforallz € Z, 09(z) > o1 and ||x — go(2z)|| < M
for some fixed 0 < o1 < 1and M > 0. Then the variational distribution q,(z|x) satisfies Assumption

Iwith€ = {f: 2 >R |fll, < Kadl 4 Koy i = 1, (el 4 £o) and ¢ = 1f

rec*

Proof. The first part of Assumption 1 is satisfied, since £= 4 % > Ky. Now, for the second part
1

of Assumption 1, we need to show that 1%, is KUQM + %"-Lmschitz continuous. First,
1

1 1

O’g(zl) O’g(ZQ)
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< Ko llz1 — 2o
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Now, let us focus on bounding the exponential moment. In this case, when the instance space is
bounded, the upper bound on the exponential moment (in the proof of Theorem 4.3) is:

A2A2 A2A2
~—, instead of
8n

8na
And under the manifold assumption, we get the following upper bound (in the proof of Theorem 4.4):
A2K?2 N K?

2 ,  instead of
2no 2n

Note that although the upper bounds on the average distance remain unchanged, the coefficient K4 Ky

is replaced by K (K M 59) which is larger, specially if oy is very small.

F.2 Uniformity with respect to ¢

As mentioned in the main paper, although our bounds hold uniformly for any encoder ¢, they only
hold for a given decoder 6. the consequence of this limitation is that the numerical computations of
the bounds need to be done on a sample set disjoint from the training set (e.g. a validation or test set).
Let © denote a set of decoder parameters over which the optimization is performed.

From a theoretical perspective, the union bound can be used to circumvent this issue, when we
consider a finite set of parameters ©. In that case, the log 1 5 in Theorem 3.1 becomes log <71 , which

27



loosens the bound. Moreover, since © denotes a set of neural network parameters, this assumption
may not be appropriate unless one chooses a very large set ©, which can significantly loosen the
bound.

Another option would be to make assumptions on the complexity of the set of loss functions
{¢%.. : 0 € ©} parameterized by decoder parameters § € O (e.g. the Rademacher complexity), in

rec
order to obtain uniform bounds in a more general case. We leave such explorations to future works.

F.3 Additional Remarks

Remark F.1 (Alternate formulation of Assumption 1). We can provide an equivalent formulation of
Assumption 1. A posterior ¢(h|x) and a loss function ¢ satisfy Assumption 1 with a constant X' > 0
if and only if for any x € X,

E Y4h,x)— E {(hx)| < Kd(x1,%2).
oy o0 = B ER) (x1,%2)
The formulation given in the paper is more intuitive, but this expression shows that the specific choice

of £ does not matter. The equivalence of the two formulations is a consequence of the definition of
an [PM.

Remark F.2 (Prior Learning in PAC-Bayes). The majority of PAC-Bayesian bounds (McAllester,
1999; Seeger, 2002; Germain et al., 2009; Mbacke et al., 2023) require the prior distribution p on
the hypothesis class to be independent of the training set*. In practice, this means one has to use
data-free priors when minimizing PAC-Bayes bounds. Since, in that case, the learned posterior is
likely very far from the prior, the KL-divergence tends to be orders of magnitude larger than the
empirical risk. In practice, this means the optimization is monopolized by the KL-divergence, leading
to a poor performance of the learning algorithm. In order to avoid this issue and still obtain a valid
certificate, the following “prior learning trick” is used. Split the training set S = {x1,...,X,} in
two disjoint subsets S7, .52, where |S1| = ng, |Se| = n — ng with ng < n. Then, learn the prior p on
S1, learn the posterior ¢ on .S (the whole training set), and compute the certificate on S5.

The reason why this trick cannot be directly applied to circumvent the fact that our bounds are valid
for a given decoder, is that the encoder and the decoder are jointly optimized in VAEs. Hence, one
has to make sure the samples used to learn the encoder (hence, train the model) are not used in
the computation of the risk certificate. We emphasize that in our case, the issue does not lie in the
learning of the prior (the standard VAE considers a standard Gaussian prior), but of the loss function

¢9 ., which is dependent on the decoder’s parameters 6.

“PAC-Bayesian bounds with data-dependent priors were developed by Dziugaite and Roy (2018); Rivasplata
et al. (2020).
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