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Abstract

We consider sampling problems with possibly non-smooth potentials (negative log-densities).
In particular, we study two specific settings of sampling where the convex potential is either
semi-smooth or in composite form as the sum of a smooth component and a semi-smooth com-
ponent. To overcome the challenges caused by the non-smoothness, we propose a Markov chain
Monte Carlo algorithm that resembles proximal methods in optimization for these sampling
tasks. The key component of our method is a sampling scheme for a quadratically regularized
target potential. This scheme relies on rejection sampling with a carefully designed Gaussian
proposal whose center is an approximate minimizer of the regularized potential. We develop a
novel technique (a modified Gaussian integral) to bound the complexity of this rejection sam-
pling scheme in spite of the non-smoothness in the potentials. We then combine this scheme
with the alternating sampling framework (ASF), which uses Gibbs sampling on an augmented
distribution, to accomplish the two settings of sampling tasks we consider. Furthermore, by
combining the complexity bound of the rejection sampling we develop and the remarkable con-
vergence properties of ASF discovered recently, we are able to establish several non-asymptotic
complexity bounds for our algorithm, in terms of the total number of queries of subgradient of
the target potential. Our algorithm achieves state-of-the-art complexity bounds compared with
all existing methods in the same settings.

Key words. High-dimensional sampling, non-smooth potential, semi-smooth potential,
composite potential, complexity analysis, alternating sampling framework, rejection sampling,
proximal bundle method, restricted Gaussian oracle

1 Introduction

Read Lin Xiao’s “Dual Averaging Methods for Regularized Stochastic Learning and Online Opti-
mization” and John Duchi’s “Adaptive Subgradient Methods for Online Learning and Stochastic
Optimization” when revising this paper and discussing the application in online learning

Drawing samples from a given (often unnormalized) probability density plays a crucial role in
many scientific and engineering problems that face uncertainty (either physically or algorithmi-
cally). Sampling algorithms are widely used in many areas such as statistical inference/estimation,
operations research, physics, biology, and machine learning, etc [3], 14, [16], 19, 22| 23, 24] 48]. For
instance, in Bayesian inference, one draws samples from the posterior distribution to infer its mean,
covariance, or other important statistics. Sampling is also heavily used in molecular dynamics to
discover new molecular structures.
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Over the past decades, many algorithms have been developed for sampling [II, 8 (16, 25l 26] 34,
46]. A widely used framework for sampling from complex distributions is the Markov chain Monte
Carlo (MCMC) algorithm [7, O 10, 13, 14]. In MCMC, a Markov chain is constructed so that
its invariant distribution is the given target distribution we want to sample from. Several widely
used MCMC methods include Langevin Monte Carlo (LMC) [12], 211 [40] [43], Metropolis-adjusted
Langevin algorithm (MALA) [4, [42] 43], and Hamiltonian Monte Carlo (HMC) [37]. All these
three algorithms use gradient information of the potential (negative log-density) to construct the
Markov chain. Recently, many theoretical results (see [8, 12} [13], (15, 25 27, 41, 43] and references
therein) have been established to understand the complexities of these MCMC algorithms. A typical
assumption in most of these theoretical results is that the target potential is smooth [12 25 [51],
i.e., its gradient is Lipschitz continuous.

In this work we consider sampling problems where the target potential is not smooth. Many
applications of sampling involve potentials that lack smoothness. For instance, in Bayesian infer-
ence, the prior is naturally non-smooth when its support is constrained. Many problems in deep
learning are also non-smooth, not only due to non-smooth activation functions like ReLU used in
the neural networks, but also due to intrinsic scaling symmetries. Nevertheless, the study of such
sampling problems without smoothness is nascent, compared with that for smooth potentials.

This work is along the recent line of researches that lie in the interface of sampling and optimiza-
tion [I3] [45]. Indeed, sampling is closely related to optimization. On the one hand, optimization
can be viewed as the limit of sampling when the temperature parameter, or equivalently the ran-
domness in the problem, goes to 0. On the other hand, sampling can be viewed as an optimization
over the manifold of probability distributions [51} 53]. The popular gradient-based MCMC methods
such as LMC, MALA, and HMC resemble the gradient-based algorithms in optimization and can
be viewed as the sampling counterparts of them. However, in sharp contrast to optimization where
a plethora of algorithms, e.g., subgradient method, proximal algorithm, bundle method have been
developed for non-smooth optimization [29, 30] [32], [33], 35l 44l 52], the sampling problem without
smoothness remains largely unexplored, compared with its smooth counterpart.

The goal of this paper is to develop an efficient algorithm to draw samples from potentials
that lack smoothness. We consider two specific settings where the convex potential is either semi-
smooth (i.e., the (sub)gradient of the potential is Holder-continuous with exponent « € [0, 1]) or
composite with a semi-smooth component. This is a non-trivial extension of our previous work
[31] where the target potential is assumed to be convex and Lipschitz continuous. The core of our
algorithm is a scheme to sample from a quadratically regularized version of the target potential.
Our scheme is based on rejection sampling with a carefully designed Gaussian proposal whose center
is an approximate minimizer of the regularized potential. We develop a novel technique to bound
the complexity of our sampling scheme by estimating a modified Gaussian integral. Moreover, we
establish an iteration-complexity bound for the proximal bundle optimization algorithm we use to
compute an approximate minimizer of the regularized potential so that total complexity of our
sampling scheme is properly bounded.

To sample from the original target distribution, we utilize the alternative sampling framework
(ASF) [25]. The latter is an application of Gibbs sampling over a specially designed distribution
that augments the target one. The ASF has shown to exhibit remarkable convergence properties
under mild assumptions [6]. In particular, smoothness of the target potential is not required to
ensure global convergence. To use ASF in practice, one needs to realize, in each iteration, a step
known as the restricted Gaussian oracle (RGO) [25]. However, except for some very special cases
e.g., the target potential is decomposable along each dimension, it was not clear how to implement
RGO efficiently. It turns out that the sampling scheme we developed to sample from a quadratically
regularized potential of the target potential is exactly an RGO for the target distribution. Thus,



by combining ASF and the sampling scheme we developed, we establish an efficient algorithm to
sample from any convex semi-smooth potential and any composite potential with a semi-smooth
component. Moreover, the complexity of the resulting algorithm can be bounded by combining
that of our sampling scheme and that of the ASF. We summarize our contributions as follows.

i) We develop an efficient scheme to sample from a quadratically regularized potential that lacks
smoothness and establish novel techniques to bound its complexity.

ii) We combine our sampling scheme and the ASF to form a general sampling algorithm for
convex semi-smooth potentials as well as composite potentials with semi-smooth components.
The complexity of our algorithm is better than all existing results under the same assumptions.

iii) Though these are not the focus of this work, we establish complexity bounds of the proxi-
mal bundle subroutine for convex semi-smooth functions and composite functions with semi-
smooth components. These results can be readily used to bound the iteration-complexity of
the proximal bundle algorithm in optimization for these functions.

Related Works: Several new algorithms and theoretical results in sampling with semi-smooth
and composite potentials have been established over the last few years. We begin with the literature
on sampling from semi-smooth potentials or non-smooth potentials. In [28], the author developed
the projected LMC algorithm and analyzed its complexity for non-smooth potentials. In [13], the
authors presented an optimization approach to analyze the complexity of sampling and established
a complexity result for sampling with non-smooth potentials. In [5], the authors proposed an
LMC type algorithm for sampling from semi-smooth potentials based on Gaussian smoothing. In
[11, 17], the authors analyzed LMC under functional inequalities and semi-smoothness (except the
non-smooth case) and established corresponding complexity results.

Next we consider sampling algorithms for composite potentials of the form exp(—f1 — f2), where
f1 is convex and smooth, and fs is convex and non-smooth/semi-smooth. In [36], the authors
developed an algorithm that needs an oracle to sample from the target potential regularized by a
large isotropic quadratic term and to compute the corresponding partition function, akin to the
RGO used in ASF [47]. In [14], the authors introduced an algorithm by running LMC on the Moreau
envelope of the potential. In [I3], the authors proposed an algorithm embedding the proximal map
of fy into LMC and analyzed the convergence of the average of distributions over iterates. In [I§],
the authors improved the results in [13] for the cases where f5 is an isotropic quadratic term. The
paper [45] provided a primal-dual interpretation of the algorithm proposed in [I3], and established
a slightly improved complexity result when the smooth part f; is also strongly convex. In [2], the
authors also examined the problem from an optimization perspective and established a complexity
bound in the cases where fi is strongly convex. Another approach for sampling from the composite
density exp(—f1 — f2) is to apply LMC on the Gaussian smoothing of the potentials. In [5], the
authors proposed this algorithm for sampling from composite densities. Following this paper, [3§]
further developed algorithms based on generalized Gaussian smoothing and obtained improved
results when f; is strongly convex.

We compare these existing complexity bounds with our results in Tables [l and [2| We highlight
only the dependence of the complexity on the dimension d, the accuracy ¢, the level of smoothness
a and the semi-smoothness coefficient L, the smoothness coefficient L; of fi, and the strong
convexity coefficient \ of f; if it is positive. To this end, we make the following simplifications.
The initial distance (either in KL/Rényi or in W2) to the target distribution is set to be O(d). The
forth order moment My = O(d?). We also omit the dependence of the Poincaré coefficient if there
is any. We make the following remarks regarding these complexity bounds. Complexity results



established in [13] is for the average of distributions over iterates, while other results presented in
Tables (1| and [2] are for the distributions over the last iterates. The non-smooth case (i.e., « = 0) is
not covered in complexity results of [I1] and [I7] in Table |1} and the result of [38] in Table [2| as
these bounds blow up as o — 0. Papers [2, 5] 13, [14], 45] rely on the composite form f; + f2 of the
composite potentials and the proximal map of fs. In contrast, our algorithm does not depend the
decomposition of the potential and does not necessarily require the proximal map of fo.

Source

Complexity Assumption Metric
——76/(17) j5-3a X
[5] (%) semi-smooth TV
[13] (@) (Lg—(id non-smooth KL
~ L2d2 2
[28] O < % > non-smooth W;
[11] o (Li adzﬂ/a) semi-smooth Rényi
el/a 3
~ 2/a o
7] %) (La s ) semi-smooth KL
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is paper o ) Semi-smoo
(Thm. ?77)
. ~ 2/(14+a) ;2 . ;.
this paper @) (La d ) semi-smooth Rényi
(Thm.

Table 1: Complexity bounds for sampling from semi-smooth /non-smooth potentials.




Source Complexity Assumption Metric
~ 6/(1+a) ;5_3a
[5] O <f:)‘,’8(”a7ﬁ+i)> smooth+-semi- TV
smooth
~ L2d5
[14] O < 5 > smooth-+non- TV
smooth
[13] O (%) smooth+non- KL
smooth
[45] O (Lg;ild) smooth-+non- W2
smooth
[38] o (%) smooth+semi- KL
smooth
~ (LZd
2] O (ﬁ) smooth-+non- Wy
smooth
~ 2/(a+1)
this paper @ <(L°‘€\/L1)dz> smooth+semi- TV
(Thm. smooth
5.10))
this paper | O ((Lf/(““) v Ll)d2> smooth+semi- Rényi
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5.10))
~ 2/(a+1)
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Table 2: Complexity bounds for sampling from composite potentials.

2 Background, Proximal operator and motivating examples

motivation, significance, challenges

We are interested in sampling problems associated with convex potentials that are not nec-
essarily smooth. In particular, we consider two specific scenarios of sampling tasks with target
distribution

v exp(—f(x)) (1)

in R?. In the first setting, the potential f is assumed to be convex and semi-smooth, i.e.,
1" (w) = f' ()] < Lallu = v|*,  Vu,v € R? (2)

for some o € [0,1] and coefficient L, > 0, where f’ denotes a subgradient of f. Clearly, when
a =0, reduces to a Lipschitz continuous condition, and when « = 1, it reduces to a smoothness
condition. In the second setting, the potential is assumed to be composite as f(z) = f1(z) + fo(x)
with f1 being convex and smooth and fo being convex and semi-smooth.

Most existing gradient-based sampling algorithms are not applicable to these problems due to
the lack of smoothness. In this work, we develop a proximal algorithm for sampling from
semi-smooth potentials and composite potentials. Our method is based on the alternating
sampling framework (ASF) introduced in [25], which is a generic framework for sampling from
a distribution 7% (z) o exp(—g(z)). Starting from a point 79 € R?, the alternating sampling
framework with stepsize n > 0 repeats the two steps as in Algorithm



Algorithm 1 Alternating Sampling Framework [25]
Y|X (

1. Sample y ~ 7" 1% (y | ) exp[—%”l‘k —yl?]

2. Sample zp 11 ~ 757 (@ | yp) o exp[—g(x) — 5l — y|1?]

Apparently, the ASF is a special case of Gibbs sampling [20] of the joint distribution

zlnnw —yl?). (3)

m(x,y) o< exp(—f(z) —
In Algorithm |1, sampling y;, given x, in step 1 can be easily done since 7YX (y | 1) = N (2, 1)
is a simple Gaussian distribution. Sampling x4 given yi in step 2 is however a nontrivial task; it
corresponds to the so-called restricted Gaussian oracle for g introduced in [25], which is defined as
follows.

Definition 2.1. Given a point y € R? and stepsize n > 0, the restricted Gaussian oracle (RGO)
for f: R = R is a sampling oracle that returns a random sample from a distribution proportional

to exp(—f(-) = | - —yll*/(2n))-
The RGO is an analogy of the proximal map

) 1
Proseo(y) 1= sagmin,fg(@) + - v — 3|’}

in optimization, which is widely used in proximal algorithms for optimization [39]. To use the
ASF in practice, one needs to efficiently implement the RGO. Some examples of g that admits a
computationally efficient RGO have been presented in [36] [47]. These instances of g have simple
structures such as coordinate-separable regularizers, ¢1-norm, and group Lasso. For general g,
especially non-smooth ones considered in this work, it was not clear how to realize the RGO
efficiently.

3 Proximal operator algorithms and complexities

3.1 A proximal bundle method subroutine for semi-smooth optimization

We consider the optimization problem

. 1
f;](ac*) —mln{f;(x) :f(x)—i—%Ha;—sz :xERd}, (4)
and we aim at obtaining a J-solution, i.e., a point Z such that

f(@) = f(a") <6. (5)

To achieve this goal, we borrow ideas from the proximal bundle method [32, B3], which is an
efficient algorithm for solving convex non-smooth optimization problems. The proximal bundle
method solves a non-smooth optimization via sequentially solving a sequence of sub-problems of
the form approximately. We adopt this subroutine in the proximal bundle method to obtain a
d-solution to . This is summarized in Algorithm

We remark that though Algorithm [2]is widely used in the proximal bundle method and is not
new, the complexity analysis (Theorem of it associated with a semi-smooth function f is novel.



To our best knowledge, Theorem [3.5]is the first iteration-complexity result for the optimization of
the form for semi-smooth functions. This result can be readily used for complexity analysis of
the proximal bundle method for semi-smooth functions (This is not the focus of this paper and will
not be explored here).

Algorithm 2 Proximal Bundle Method Subroutine
1. Let y € RY > 0, and § > 0 be given, and set zg = #p =y, and j = 1
2. Update f;(z) = max {f(xi) + (f'(zs),x —x;) : 0<i < j—1}

3. Compute
e i) Ll — 2
v, = argun {f;?(x) = 5a)+ - le =l } (6)
Z; € Argmin {f;(x) cx € {zj, Zj—1}} (7)

4. If f)(z5) — f;’(ajj) < 6, then stop and return J = j,x, % ; else, go to step 5
5. Set j + j+ 1 and go to step 2.

The basic idea of Algorithm is to approximate the non-smooth part of the objective function f,/
with piece-wise affine functions constructed by a collection of cutting-planes and solve the resulting
simplified problem. As the approximation becomes more and more accurate, the solutions to the
approximated problems converge to that of . We make several remarks regarding Algorithm
First, f; is the standard cutting-plane model and {f;} is a sequence of increasing functions
underneath f. Second, can be reformulated into convex quadratic programming with j affine
constraints.

We next show Algorithm [2| can compute a d-solution to (4)) within a reasonable number of
iterations. To this end, we present a technical lemma for Algorithm [2l This lemma is also useful
in the complexity analysis in Section ?7? for sampling.

Lemma 3.1. Assume f is convex and L.-semi-smooth. Let J, xj,Z; be the outputs of Algorithm
[3 then the following statements hold:

a) fi(x) < fiz1(x) and fi(z) < f(z) for Vo € RY and Vj;

b) fi(x;) +llw — ;]*/(2n) < f] () for Vo € R? and Vj;

¢) f(z) = fi(z) < 4;

&) FEs)~ fu) <6+ u— gl = Loy — ul?;

¢) —L(a* —y) € f(a*) where Of denotes the subdifferential of f.

Proof: a) The first inequality follows from the definition of f; in step 2 of ALgorithm The
second inequality directly follows from the definition of f; and the convexity of f.

b) This statement follows from and the fact that f;] is (1/n)-strongly convex.

c¢) This statement immediately follows from step 4 of Algorithm

)

f(E) — () + ;nm —all? < F(@) — fa(@) + ;nuxj —a))?

® 1 25 1 )
< f@0) = fi@s) + g lle=yl” < o4 ool =yl



e) This statement directly follows from the optimality condition of . =
Clearly, when Algorithm [2| terminates, the output Z; is a Jd-solution to . To see this, note
that, following Lemma (c)7 (50), and the fact f7 < f,

fJ(@5) <6+ f(ws) <o+ f](@") <6+ fil(29).

In the remaining part of this subsection, we establish the iteration-complexity of Algorithm
for solving the proximal semi-smooth optimization problem . The following lemma provides
basic recursive formulas and is the starting point of the analysis of Algorithm

Lemma 3.2. Define
tj = £ (&) — f (). (8)
Then, for every j > 1, the following statements hold:

a) tis1 + gpllzi — il <ty

L
b) t; < eplley — i

2
C) tj-i—l -+ % (aTHtj-l—l) a+1 < tj'

[e3

Proof: a) Using the first inequality in Lemma [3.1(a) and Lemma [3.1[(b) with # = 211, we obtain
fla(@is) = £ (@) = (@) + 2177”331‘+1 - 4%
It follows from the above inequality, the definition of Z; in , and the definition of ¢; in , that
3 . 1 2 1 2
tivr = [y (@jr1) — [l (@i40) < £)(&5) — f](z5) — %H%‘H —zj|*=t; - %”%’—H - xj|”.
b) It follows from the definition of ¢; in (8)) and the definition of Z; in that

ty < fxs) — fi(x5) = f(x5) = fiay)
< flag) = floj1) = (f'(zj-1), 25 — xj-1)

T a+1

lrj — a7,

where the second inequality is due to the definition of f; in the step 2 of Algorithm [2| and the third
inequality is due to with (u,v) = (zj,z;-1).
c¢) This statement directly follows from a) and b). ]
It is easy to observe from Lemma that {¢;} is non-increasing. The next proposition gives a
bound on j so that t; <9, i.e., the termination criterion in step 4 of Algorithm [2|is satisfied.

Proposition 3.3. Define

1 1\ 1-a 1 ¢
T T o) R

Then, the following statements hold:

a) iftj > 9, then (1 +ﬁ)tj < tj—1;



b) t; <6 for every j > jo. J < Jjo

Proof: a) Using the definition of 3 in @D, the assumption that t; > 0, and Lemma (c), we

obtain , )
1 fa+1\otl 1-a 1 fa+1 a+l
(1 + ﬂ)tj =tj+ — ( > (5ﬂ+1tj <tj+ — (tj> <tj_1.

2n L 2n Lo

b) Since {t;} is non-increasing, it suffices to prove that t;, < § We prove this statement by
contradiction. Suppose that t;, >, then we have t; > ¢ for j < jo. Hence, statement (a) holds for
j < jo. Using this conclusion repeatedly and the fact that 7 < exp(r — 1) with 7 = 1/(1 + /), we
have

<4< ! t <o
Jjo = 1l > ] 1>0,
(1+5) exp (%(]0 - 1))

where the last inequality is due to the definition of jj in @ This contradicts with the assumption
that ¢;, > ¢, and hence we prove this statement. [

The following result shows that ¢; is bounded from above, and hence the bound in Proposition
[3:3] is meaningful.

Lemma 3.4. We have
Lana+1 / a+1
7 (o) |,

Proof: Following the optimality condition of with j = 1, we have zg — x1 = nf’(xg). This
identity and Lemma [3.2b) with j = 1 then imply the lemma. L]
We conclude this subsection by presenting the iteration-complexity bound for Algorithm [2]

th <

~ 2 1—a
Theorem 3.5. Algom'thmﬁ takes O (nL&‘“ (1)1 + 1) iterations to terminate.
Proof: It follows directly from Proposition and Lemma |3.4 n

3.2 A proximal bundle method subroutine for composite optimization

The main goal of this subsection is to study Algorithm [2] for solving the proximal optimization
problem under the assumption that f is convex and (L1, L, )-smooth-semi-smooth.

Lemma 3.6. Let t; be as in . For § > 0, define

2
LEIT
A{::L1+‘4444344T:;.
[(a+ 1)d]a+T
Then, for every j > 1, the following statements hold:
a) tis1 + gpllzi — il <ty

1—a)d
b) t; < My — a2+ 1520,

c) (1 + %M) (tjﬂ N (1?)5) < O,




Proof: a) This statement follows from the same argument as in the proof of Lemma B-2(a).
b) Following a similar argument as in the proof of Lemma [3.2] E ) with replaced by .,
we have

Ly
tj < _i_le] — Ly IHQH“‘*H% —Tj- 1l (11)
Using the Young’s inequality ab < a?/p + b?/q with
= _ s b e 6 2 s = s = R
0=l ol b=t 4=
we obtain )
Lq L (1—a)s
L = gl S g -+ S
2[(a+ 1)) a1

Combining the above inequality and , and using the definition of M in , we prove the
statement.
c¢) It immediately follows from (a) and (b) that

1 (1—a)d
tiy1+ s tir — 5

and hence the statement follows. L
The following lemma gives an upper bound on ¢; similar to Lemma

Lemma 3.7. We have

1
tiv1 + n”xﬁ-l - 95]” < tj,

Lan Lyn?
t a+1 / 2'
1< a+1 Hf( o)I*™ + ==l (o)l
Proof: This lemma follows from a similar argument as in the proof of Lemma m

The following proposition is the key result in establishing the iteration-complexity of Algo-
rithm 2

Proposition 3.8. We have t; < 0, for every j such that

j>|1+n L1+LS—HH log(%l). (12)
[(o+ 1))+t 0
Proof: Let M
BEETIYA (13)
then Lemma [3.6](c) becomes

Using the above inequality and the fact that 7 < exp(7 — 1), we have for every j > 1,

1—a)d , 1—a)d .
t; — (20‘) <77t <t1 — (20‘)> <77y <exp{(r — 1)(j — 1)}t1.
Hence, it is easy to see that t; < 4§ if j > — log (Tl) Using the definition of 7 in , we have if
jlsasm , then t; < 4. n

~ 2 1—a
Theorem 3.9. Algom'thm% takes O (nLl +nLs™ (%) atl 4 1) iterations to terminate.

Proof: It follows directly from Proposition and Lemma ]

10



4 Adaptive proximal bundle method

The proximal bundle method we studied in Section [3| is parameter-free since it does not require
problem-dependent parameters such as a and L. However, in order to implement the method, we
still need to choose a stepsize 7, which dictates the practical performance of many proximal-type
algorithms. In general, it is not easy to select a constant stepsize n to be a good one in practice.
In this section, we develop an adaptive proximal bundle method that automatically searches
for suitable stepsizes. From practical observations, the proximal bundle method works well when
the number of inner iterations stays as a constant much larger than 1 (i.e., that of the subgradient

~ 2 l-a
method), say 10. Recall from Theorem that inner complexity is O <17L(;’+1 (%) atl 1>. Since

we do not know a and L,, we cannot choose a constant stepsize n so that the number of inner
iterations is close to a desired number such as 10. Hence, an adaptive stepsize rule is indeed needed.

By carefully examining Proposition and Theorem we find that the inner complexity is
@(ﬁ_l + 1) where 3 is as in @ Suppose we want to prescribe the number of inner iterations to
be close to 551 for some 3y € (0,1], if By < B, then by Proposition (a), we have

(14 Bo)t; < tj1. (14)

Hence, it suffices to begin with a relatively large 7, check to determine whether the 7 is small
enough (i.e., (8 is large enough), and adjust 7 (if necessary) by progressively halving it.

The following adaptive proximal bundle method is a formal statement based on the above
intuition.

Algorithm 3 Adaptive Proximal Bundle Method
1. Let yo € RY mg > 0, By € (0,1], and € > 0 be given, and set k = 1
2. Call Algorithmwith (y,1,0) = (Yk—1,Mk—1,¢/2) and output (yg, ) = (zs,27)
3. In the execution of Algorithm [2 if is always true, then set np = n_1; otherwise, set

M = M—1/2
4. Set k + k+ 1 and go to step 2.

Lemma 4.1. The following statements hold for APBM:

a) for every k > 1 and u € R?, we have
201 [f () — F(w)] < lye—1 — ull® = lyr — ull® + ne—1e; (15)

b) for every k> 1, if

2
1 [a+1\att e\ 159
< — — 16
<55 ()7 () (16)
then (15| holds with ng = nx—1;

c) {nx} is a non-increasing sequence;

2
. 1 [a+1\att e\ 59
Uan::mm{%( i ) (5) +1,770}. (17)

d) for every k >0,

11



Proof: a) This statement directly follows from Lemma[3.1|(d) and the fact (9, y, 2., Zs) = (Mk—1, Yk—1, Y&, Jk)
(see step 2 of Algorithm [3).
b) Since (16| implies that with

g 1 (a+1>ai1(s>i‘ﬁ
277k—1 La 2
always holds in the execution of Algorithm [2] it follows from step 3 of Algorithm [3| that 1y = nr_1.

c¢) This statement clearly follows from step 3 of Algorithm
d) This statement immediately follows from b) and step 3 of Algorithm ]

Theorem 4.2. For some 11 > 0 such that

5 — Ty 2 N Ei_Tc;
77:0<||y0 H )) U:Q 2 ) (18)
9 LF

if nk =1 for k > kg, then the iteration complexity to obtain an e-solution to (77?) is given by

_2 1—a
5 La+1 _ 2 2 1\ at1
o= ”yog 2l +noLq™ (6> log <7Z7°> +1 (19)

5a+1

where 1 18 as in .
Proof: Summing from k =1 to n, we have
n n n
2> e (min, 70 - 1)) < > ket ) = @) < ol +23 s

The above inequality and the assumption that n, = 7 for &k > ko imply that

. _ lyo —2ll” e _ llyo—a® €
_f, < O T Tl 2 N0 2
g S = < 2T i 2 2(n— ko) | 2
In order to have minj<i<, f(Yr) — f+« < €, we need
2
n—k0:0<w+1). (20)
e

Moreover, it follows from the way 7, is updated in step 3 and Lemma (d) that

ko= O <log <7Z7°> + 1) . (21)

Using Theorem we have the iteration complexity of every call to Algorithm [2|is bounded by

11—«

s 2 /1\ atl
0<170L3+1 <€> ' +1> (23)

12

for every cycle k > kg and by



for every cycle k < kg — 1. Hence, combining (20)) and and using , we obtain the iteration
complexity

2
- La+1 — T, 2
o (L o~

€a+1

for cycles k > kg, and combining and , we obtain the iteration complexity

l—«
. 2 /1\ at1
O (noL(‘j“ () log (770) + 1)
€ n

for cycles k < ko — 1. Finally, the total iteration complexity clearly follows from the above two
bounds. =

universal method is essentially the same as A-CS
the complexity is

_2
o L& v = .2

€a+1

universal method (A-CS) is different from APBM

universal method is adaptive subgradient method and the nature of subgradient method is that
its convergence relies on small enough stepsize, so it enforces 7 to be small

if f(x) —Lp(zy25) — ||z — xj||2/(2X) > £/2, it sets A = \/2

bundle method converges with any constant stepsize 7, it guarantees t; < £/2 by the cutting-
plane approach but not by small 7, so it halves n when necessary. The goal in the adaptive method
is to regulate the inner complexity to a desired number, say 10. It is beyond convergence but a
desired convergence.

Even the total complexity has been covered by bundle smooth (see (40)), this paper has two
advantages: 1) the complexity for solving the proximal oracle which is the crux for sampling and
online learning as well; 2) the adaptive approach for the proximal point framework

5 Proximal Sampling algorithm

Assuming the RGO in the ASF can be realized, the ASF exhibits remarkable convergence properties.
In [25] it was shown that Algorithrnconverges linearly when f is strongly convex. This convergence
result is recently improved in [6] under various weaker assumptions on the target distribution
71X o exp(—f). Below we present several convergence results established in [6] that will be used
in this paper, under the assumptions that 7% is log-concave, or satisfies the log-Sobolev inequality
(LSI) or Poincaré inequality (PI). Recall that a probability distribution v satisfies PT with constant

A > 0 (A\-PI) if for any smooth bounded function v : R — R,

E,[(¢ — Ev(¢))%] < SE[IVY[]. (24)

> =

To this end, for two probability distributions p < v, we denote by

2 q
._ P2y [P L p
H,(p) = /plogy, Xo(p) -—/ ;b Balp) = log/yql

13



the KL divergence, the Chi-squared divergence, and the Rényi divergence, respectively. Note that
Ry, =log(1+x2), R1, = Hy, and R,, < Ry, for any 1 < ¢ < ¢ < co. We denote by W5 the
Wasserstein-2 distance defined by [49]

W3(v, p) enﬁifp /Hx—yl dy,

where II(v, p) represents the set of all couplings between v and p.

Theorem 5.1 ([6, Theorem 2]). Assume that 7% o< exp(—f) is log-concave (i.e., f is convex). For
any initial distribution péf, the k-th iterate pi( of Algorithm (1| satisfies

HﬂX(pﬁv) < k‘77

Theorem 5.2 ([6, Theorem 4]). Assume 7% o exp(—f) satisfies \-PI. For any initial distribution
péf, the k-th iterate p,)f of Algorithm |1 with step size n > 0 satisfies

2 (X
2 (X XX (5 )
X < ———5 25
Furthermore, for all ¢ > 2,
2k log (14X ,
R x(o) < Ry o (o) — 2E108U20) g < stoat (Bomx (00) = 1), -
q,m - ]_/(1 + An)Q(kfko)/q’ ka? > ko = [m (qu-X (pé() _ 1)‘| ]

As discussed earlier, to use ASF in sampling problems, we need to realize the RGO with efficient
implementations. In the rest of this section, we develop efficient algorithms for RGO associated
with the two scenarios of sampling we are interested in, and then combine them with the ASF
to establish a proximal algorithm for sampling. The complexity of the proximal algorithm can
be obtained by combining the above convergence results for ASF and the complexity results we
develop for RGO. The rest of the section is organized as follows. In Section we develop an
efficient algorithm for RGO associated with semi-smooth potentials via rejection sampling. This
is combined with ASF to obtain an efficient sampling algorithm from semi-smooth potentials in
Section In Section we further extend the algorithm and results to the second setting we
are interested in which involves composite potentials (smooth + semi-smooth).

5.1 The restricted Gaussian oracle for semi-smooth potentials

The bottleneck of using the ASF (Algorithm (1)) in sampling tasks with general distributions is the
availability of RGO implementations. In this section, we address this issue for convex semi-smooth
potentials by developing an efficient algorithm for the corresponding RGO.

Our algorithm of RGO for f is based on rejection sampling. We use a special proposal which
is a Gaussian distribution centered at the approximate minimizer of

1
fi (@) = f(OC)Jr%HﬂC—yH2 (27)
for a given y. With this proposal and a sufficiently small > 0, the expected number of rejection

sampling steps to obtain one effective sample turns out to be bounded from above by a dimension-
free constant. To bound the complexity of the rejection sampling, we develop a novel technique

14



to estimate a modified Gaussian integral (see Proposition . In Section we use the proximal
bundle subroutine Algorithm [2| to optimize f](z) to certain precision and establish the iteration-
complexity for it. This is achieved by choosing a proper precision for the approximate minimizer
of f, that balances the complexity of optimization and the efficiency of rejection sampling.

In this section we consider the RGO for f, namely, the sampling task from exp(—f/ (z)) when
the minimizer of f;/(z) is not available. We use the optimization algorithm (Algorithm developed
in Section to compute a d-solution to (4)). Based on this §-solution, we modify Algorithm 7?7 so
that the expected number of runs for the rejection sampling is still properly bounded.

To this end, let J, T,z be the outputs of Algorithm [2| and define

1 ~
hy = %H =g+ (&) =6, (28a)
ho = ool =P =t (), (281)
2n a+1 v

Note that ho is only used for analysis and thus the fact it depends on z* is not an issue.
Algorithm [] describes the implementation of RGO for f based on Algorithm [2] and rejection
sampling.

Algorithm 4 Rejection Sampling without Proximal Map
1. Run Algorithm [2] to compute z; and Z;
2. Generate X ~ exp(—hi(z))
3. Generate U ~ U0, 1]
4. If

exp(—fy (X))
exp(—h1 (X))’

then accept/return X; otherwise, reject X and go to step 2.

U<

Lemma 5.3. Assume f is convex and Lo-semi-smooth and let f,) be as in . Then, for every
x € RY,

hi(z) < fy)(z) < ho(z) (29)

where h1 and ho are as in .
Proof: Using Lemma (a)-(b) and the definition of f: , we have

N 1 9 - 1 2
_ ey — < _ ey —
f(@y) = flx) + 2n||$ zy|* < f(@) — fr(x) + 277Hl“ x|
1 1 1
< ~ _ Ui 7 _ 2 < R [ P~ _ 2 o _ 2'
< f(@y) = fy(zs) + 2n||~"l? yl|© <6 277“9&1 yll© + 2n||33 Y|

The first inequality in holds in view of the definition of hy in (28a]). By the definition of f; in
we get

[1(x) - [1() =f(x) — ™) + ;nnx )2 - ;nnx* Ly
=f@) = ")+ gl =[P 4 o o ) (30)

15



It follows from Lemma [3.1[d) and with (u,v) = (x,z*) that
1

_ * ot A [ed ¥ (latl
F@) = @) + " =y =) £ =",
which together with (30 implies that
n n * a+1 - k)12
£(@) = £ < 2 le =+ 5 -

Using the above inequality and the definition of hy in , we conclude that the second inequality
in holds. [

From the expression of hy in , it is clear the proposal distribution is a Gaussian centered
at 7. To achieve a tight bound on the expected runs of the rejection sampling, we use a function
ho which is not quadratic; the standard choice of quadratic function does not give as tight results
due to the lack of smoothness. To use this hy in the complexity analysis, we need to estimate the
integral [ exp(—hsg), which turns out to be a highly nontrivial task. Below we establish a technical
result on a modified Gaussian integral, which will be used later to bound the integral [ exp(—h2)
and hence the complexity of the RGO rejection sampling in Algorithm

Proposition 5.4. Let a € [0,1],n>0,a>0andd > 1. If

2a(nd) @t/ <1, (31)

1 2 a+1 (2 )d/2
— - > M 2
/d exp < 2nH:):H allz| ) dx 5 (32)

Proof: Denote r = ||z||, then

then

dz = r*1drds?1,

where dS9! is the surface area of the (d — 1)-dimensional unit sphere. It follows that

/ exp < HxH2 aHxHa+1> dz _/ /exp < _ a+1> T,dfldrdsdfl

27?/2 1
= F7T(d) / exp <—2nr2 — aro‘“) rd=1dr, (33)
5) Jo

2

In the above equation, we have used the fact that the total surface area of a (d — 1)-dimensional
unit sphere is 2742 /T (g) where I'(+) is the gamma function, i.e.,

T() = / Lo tds, (34)
0
Defining
> 1 2 a+1 d
Fyy(a) = exp | —=—7r° —ar redr, (35)
0 2n

to establish (32), it suffices to bound Fy_1 ,(a) from below.
It follows directly from the definition of F, in that

dF,_ o 1
ddla’"(a) = /0 exp (_2777“2 - ar“”) (—r*Trd=ldr = —Fyia(a).
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This implies Fy, is monotonically decreasing and thus Fyyqn(a) < Fyiay,(0). As a result,

dFd,l,n(a)

> —Fyion(0
da = d+ ,n()

and therefore,
Fy1py(a) > Fi—1,(0) — aFyta,,(0).

Setting t = r2/(2n), we can write

* 1 o )
Fanl0) = /0 P <_2¢,7’2> ridr = /0 e~(2nt) " pat

oo
= 2%77% e_tt%dt.
0
In view of the definition of the gamma function , we obtain

_ d+1
Fu,(0) =2 7% T <;’> .

Applying the Wendel’s double inequality yields
T d+a+1
r(5)

2
Using , , the above inequality and the assumption , we have

a+1
2

2

44 d ot1 o T (d+a+1)

r
d d d atl 1 d d
>20 1t (S) (1—a(nd)™ ) > —(2p)2T (= ).
> 22 ?721“(2) (1 a(nd) 2 )_ 4(277)2F<2>

The result then follows from the above inequality and .

:25_177 F<d> —aQ%n%F d+a+1>

(37)

We finally show that the number of rejections in Algorithm [ is bounded from above by a small
constant when 4 is properly chosen. In particular, as shown in Proposition [5.5] it only gets worse by
a factor of exp(d) and the factor does not depend on the dimension d. Hence, the implementation

of RGO for f is computationally efficient in practice.

Proposition 5.5. Assume f is convex and Lo-semi-smooth and let f,] be as in . If in addition

(o +1)art

n < R
(2L,)a+1d

(39)

then the expected number of iterations in the rejection sampling of Algorithm 4| is at most 2 exp(9).
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X|Y(

Proof: It is a well-known result for rejection sampling that X ~ x | y) and the probability

that X is accepted is

exp(—h1(X))/)  [gaexp(—hi(z))dx
If follows directly from the definition of hy in (28b)) that
Lo

= exp(—f(z* X —ix—x*z—i
[ ev(-tatelds = exp(-53a) [ e (<glle—at)? - Ey

Applying Proposition [5.4] to the above yields

|z — :c*Ha+1> dz

) d/2
/ exp(—ha(z))dz > exp(—fg(a?*))(Qg).
R4

Note that the condition in Proposition holds thanks to (39). By Lemma the above
inequality leads to

/2
[ ep=gpenar> [ exp(-ha(o)is > exp(- ) ZL—. (41)
R Rd

Using the definition of Ay in (28al) and Lemma we have
/ exp(—hy(z))dz = exp (—fg(jj) + 5) (27r7])d/2. (42)
R4

Using , and the above identity, we conclude that

g
p (v < SCA0)
exp(—h1(X))
and the expected number of the iterations is

1

o FI (X))
P (U < exp(fhghxn)

) = o1y + £~ 0) >

< 2exp(0).

5.2 Sampling from semi-smooth potentials

We now proceed to bound the total complexity to sample from a log-concave distribution v in
with a semi-smooth potential f. We combine our efficient algorithm (Algorithm [4)) of RGO for
semi-smooth potentials in Section [5.1] and the convergent results for ASF, namely Theorems [5.1
and to achieve this goal.

First, using Theorem we establish the following result.

Theorem 5.6. Assume [ is conver and L-semi-smooth, then Algorithm |1|, initialized with pé(

2
and stepsize n < 1/(L§*" d), using Algom'thm as an RGO has the iteration-complezity bound

_2
L& dW3(pg v)
9

O

(43)

to achieve e error to the target v < exp(—f) in terms of KL divergence.
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Proof: The result follows directly from Theorem [5.1] Theorem [3.5] and Proposition [5.5] with the
2

choice of stepsize n < 1/(L5™ d). ]
Next, using Theorem [5.2] we establish the following result.

Theorem 5.7. Assume f is convex and Lqy-semi-smooth and ™~ o exp(—f) satisfies Cp1-PI, then

2
Algom'thm initialized with pf and stepsize n < 1/(L&"" d), using Algom'thm as an RGO has the
iteration-complexity bound

- 2
@ (CPILSH d) (44)
to achieve € error to the target v < exp(—f) in terms of Chi-squared divergence, and

- _2
O (CPILg“qdRq,y(péf )) (45)

to achieve € error in terms of Rényi divergence Ry, (q > 2).

Proof: The result is a direct consequence of Theorem Theorem and Proposition with
2

the choice of stepsize n < 1/(La*" d). "

5.3 Sampling from composite potentials

In this section, we consider sampling from a log-concave distribution v o exp(—f(x)) associated
with a composite potential f. In particular, we consider the setting where f = f1 + fo, and f1, fo
are convex, Li-smooth and convex, L,-semi-smooth, respectively. Clearly, such a f satisfies that,
for every u,v € RY,

1 (w) = f' ()l < Lallu —v]|* + Lafu — v]. (46)

We shall call such a potential (L1, L, )-smooth-semi-smooth. Note that all the results in this section
apply to any convex and (L1, L )-smooth-semi-smooth potentials. These potentials do not have to
be a composite one as above and our algorithms do not rely on the decomposition of the potential.

This setting is a generalization of the semi-smooth setting studied in the previous sections since
it reduces to the latter when L; = 0. It turns out that both Algorithm [I] and the implementation
for RGO, Algorithm [4] developed for semi-smooth sampling can be applied directly to this new
setting with properly chosen step sizes. Below we extend the analysis in Sections and to
this more general setting and establish corresponding iteration-complexity results.

Before presenting the results, we make some observations of the (L1, L )-smooth-semi-smooth
assumption (46]). If L, = 0, then becomes to ||V f(u) — Vf(v)|| < Li|ju — v||, and hence f is
Lqi-smooth. If Ly = 0, then reduces to (2]), and hence f is L,-semi-smooth.

To bound the expected number of runs in Algorithm [4] we need to construct a different hg to
bound f/; the one in no longer works in the setting with composite potentials. Based on
the property of (L1, Ly)-smooth-semi-smooth potentials, we construct hg as follows. The proof is

postponed to Appendix
Lemma 5.8. Assume f is convex and (L1, Ly)-smooth-semi-smooth and let f;] be as in . Define
1

O @ * —+1 %112
hala) i= gl = o7 4 o -+ ) (47)
where .
=t 48
77L1 1+77Ll ( )

Then, ha(x) > f)(z) for Yz € R%.
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With Lemma [5.8] in hand, we can bound the complexity of Algorithm [4] as follows. The proof
is postponed to Appendix

Proposition 5.9. If

2

1)+t 1

1 < min (a+ )QH, ) (49)
(2L,)=r1d Lad

then the expected number of iterations of Algorithm in rejection sampling is at most 2exp(1/249).

Through the above arguments, we show that our algorithm of the RGO designed for semi-smooth
potentials is equally effective for (L;, L, )-smooth-semi-smooth potentials. Combining Lemma
and Theorem with the convergence results for ASF we obtain the following iteration-complexity
bounds for sampling from (L1, L, )-smooth-semi-smooth potentials. The proof is similar to that in
Section (.2l and is thus omitted.

Theorem 5.10. Assume f is a convex and (Li, Ly)-smooth-semi-smooth potential. Consider Al-

2
gom’thm initialized with p’ and stepsize n < min{1/(L5""d),1/(L1d)}, using Algom'thm as a
RGO.
1. Applying Theorem [5.1, the total complexity is

_2
(L&t v Ly)dWE (py, v)
9

O

to achieve € error in terms of KL divergence.
2. If in addition, v satisfies (1/Cp1)-PI, applying Theorem the total complexity is

- 2
@) <(L5§+1 \% Ll)de1>
to achieve € error in terms of Chi-squared divergence, and

- _2
O ((Lg+1 V L1)qdCe1 Ry, (pif ))

to achieve € error in terms of Rényi divergence Ry, (q > 2).
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6 Proximal methods for online learning

Algorithm 5 Online Bundle Method(zg, A1, 01, A2, 02, . . .)
0. Compute 77 = 4\ M?/(4\{M? + 1), and set x§ = xo, To = xo, L'o = 0, uo = fo(zo) and
J=1
1. Set functions I'; = 7I';_; 4+ (1 — 7)~;, solve the subproblem

1
xj 1= argmin {F;(u) =Tju)+ <V(u, 305_1)} ) (50)
ucX 2X

and compute the optimal value m; := F;‘(x]) Compute

i‘j = T&NU]‘_1 + (1 — T).Tj (51)
uj = T1uj—1 + (1= 7)f5(x5); (52)

2. If
tj = u; —my < (5]', (53)

2.a) then perform a serious iteration, i.e., set :Bj —xj, I'j <7, and F; < f;, choose \j11 >0
and d;41 > 0, and compute

Tj+1 = 4)\j+1M2 ;

4)\j+1M2 + (5j+1

(54)

2.b) else perform a null iteration, i.e., set TG 4= TGy, Aj1 < A, 0j+1 < 05 and Tjq1 7y

3. Set j « j+ 1 and go to step 1.

Lemma 6.1. Let {1 be as in Proposition [3.8 For j = fo,lo +1,...,61 — 1, we have tj1 <
Tt; + (1—7)0/2.

Proof: Using and Lemma ?? with ¢ = 2Al'j, a = x;, b = .%‘571 and v = z;41, we have

1 1 1
Lj(aj) + 53 Ve a50) + 53 Vg, ) STj(wje) + 53 Vi@, 25)-
It follows from the definition of m; in step 1 of OBM, the fact that I'; = ;I';_1 + (1 — 7;)v;—1 and

the inequality above that

mj1 =T} (2501) = 707 (2501) + (1= 7)9) (2541)
T
> 1mj+ (1 —7)yj(2j1) + ﬁv(xj—l-l,xj)

i
>71mj+ (1 —7)v(wj41) + 5”%‘4& — %,

where the last inequality is due to the fact that V(z,y) > ||z — y||>. The above inequality, (?7)
with = x4 and (?7) imply that

_2
L§tt 9 Lo
mjr1 > 7my + (1 =7) | fi(vj41) + ————— i1 — 25" —

_opafjetl
2[(a + 1)6]a+1 a+1 il

|2j+1

)
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which together with the definition of ¢; in yields that

Lt Lg

mjp1 > Tt (=) (i) =t + (1=7) | ol = 3l = = e — ]
2[(a + 1)) a1 o+
Using the Young’s inequality ab < aP/p + b?/q with
L 1—a 2 2
a:7a1a|| zip — x|t b=672, p= , q= :
(a+1)6=2 a+1 I-a
we obtain ,
Lq L™t (1—a)s
g = g € g - P+ S
o+ 2[(a + 1)) oF1
Plugging the above inequality into (?7), we have
1—a)d
Mj+1 = Ujt1 —th—(l—T)i( 5 ) :
which, in view of , implies that
1—a)d
b <7t + (1— T)(2).
Therefore, the lemma directly follows. n

6.1 Regret Bound Analysis

In this section we present the proof of Theorem 77 which we present formally in the following result.
Throughout the section, we assume the existence of an oracle for finding z; in OBM. Examples of
such an oracle are provided in Section ?? (see Lemma 77).

Theorem 6.2. For any distance generating function w : X — R and sequence of convex functions
fi,--., fr, OBM guarantees:

o For A\, = ML\/T and 6 = cf\//LD, we have Regret < (c+ %) <MDﬁ)
o For A\, = 57 cmd ok = CMD, we have Regrety < MD (3 4+ ¢(InT +1)).

Here c is an absolute constant that allow us to tune oracle . The proof of Theorem relies
on a general result that bounds the regret of OBM (Lemma [6.3). Consider the sequences {I';},
{vi}, {F;}, {f;}, {z;} and {Z;} constructed by OBM, and let {ji : £ > 0} denotes the sequence
of serious iteration indices generated by OBM. Note that jo = 0, and A\x and §; correspond to the
input of OBM. Define zy := xg, Zo := xg and, for every k > 1,

Z = :njk, Zk = i’jk, f~k = fjk’ Fk = F‘jk? ﬁk = "yjk, fk = ij. (55)
Lemma 6.3. For every T > 1 and z € X, we have

T

T T
o - 1
Regrety = E Fk(zk)—Fk(z)g E (5k+§ E
k=1

k=1

1 1 1
<)\k — )\k—l) Viz,zi—1) + KV(Z 20).



Before proving the lemma, let us show how to conclude Theorem[6.2] We present all the choices
of (Mg, 0r) and derive their corresponding regret bounds.
A1l. For a general function w (and hence a general Bregman divergence V') and a fixed T, let

D? := max,cx V(z,20) and M\ = ML\/T’ Ok = CA\//[T? : that

T

1

Regrety < Zék + iz 20) < (c—|— ) MDVT = O(T).
Pt 2M\1 2

A2. For a general Bregman divergence, let A\ = %, O = # for some ¢ > 0, then it follows from

Lemma [6.3] that
T T

Regrety < Zék + V(QZ)’\ZO) <
1

+MD
2

< [(lnT+1)c+ }MD O(log T).

In addition to the previous choices of (Ag,dx) we also have the standard subgradient method

regret guarantee:
A3. Suppose w(x) = ||z||?, and let Dx be the diameter of X and \, = o = MLx for

Mf ’ Vi
some ¢ > 0. It follows from Lemmal@ that

Dy [& /1 1 1
RegretT<Z(5k+ 5 [Z(/\k—)\k 1>+

k=2

T
D%
=2 0t on
k=1

< ZCMDX MDgﬁ < (c—i—;) MDxVT = O(VT).

Proof: [of Lemma Recall that t; = u; — m; = uj — Fj‘J (x;), so the termination criterion of
null iterations is equivalent to ug — f‘z’“(zk) < 0, l.e.,

1
ug — Dr(zk) — KV(%Z/C 1) < 0. (56)

It is easy to see from and that z; = argmin {fk(u) + ﬁV(u, Zk—1) iU € X}. Using the

above inequality and Lemma 7?7 with ¢ = 22k, @ = 2, and b = 2z;,_;, we have for every k > 1
and z € X,

1
Fk(Zk) + ﬁV(zk, Zk—l) < Fk(z) + 7‘/(2, Zk),

1
—V(z,2k-1) — o,

2\
and hence that

1
—V(z, zk).

1
—V(z, 2k-1) — o,

- 1
up — Fk( ) <up — Fk(zk) — 7V(Zk,2’k 1) + N

21,
It follows from that

Ful3) = Tu(e) < wn = Fu(o) < i+ 5 (Vi) = V). (57)

Summing the above inequality from £ =1 to T', we have

T
> (Fk(fk) - fk(2)> <> o+ 21\1@ (V(z,26-1) = V (2, 2k))

k=1 k=1 =1

T
1 1 1 1
<S4 (- — .
< L+ > 2 <)\k )\k—1> Vi(z, zk—1) + o Vi(z, 20)

We conclude from the fact that Fj > 'y and the above inequality that the lemma holds. [
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7 Conclusion

In this paper we presented a novel sampling algorithm from convex semi-smooth potentials or
convex composite potentials with semi-smooth components. Our algorithm is based on the recent
ASF which utilizes Gibbs sampling over an augmented distribution. In each iteration of the ASF,
one needs to sample from a quadratically regularized version of the target potential, which is itself
a challenging task due to the non-smoothness of the problem. In this work we presented a rejection
sampling based scheme with a tailored proposal to sample from the regularized version of the target
potential. Moreover, we developed a novel technique to bound the complexity of this scheme. By
combining our scheme with the ASF we established a sampling algorithm for convex semi-smooth
potentials or convex composite potentials with semi-smooth components, with better complexity
than all the existing methods. In the future, we plan to investigate the sampling settings where the
potential is semi-smooth or composite with a semi-smooth component, but not necessarily convex.
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A Technical results

Lemma A.1 (Gaussian integral). For any n > 0,

[ eww (=5, el ) do = 2mn).

The following lemma provides both lower and upper bounds on the ratio of gamma functions.
Its proof can be found in [50].

Lemma A.2 (Wendel’s double inequality). For 0 < s <1 and t > 0, the gamma function defined
as in satisfies
1-s
< t > Tt+s) <1

t+s tsT(t)

or equivalently,
“I'(t+s)
The following lemma states a basic property for convex and (L1, Ly )-smooth-semi-smooth func-

tions satisfying .

Lemma A.3. Assume f is convex and (L1, Ly)-smooth-semi-smooth. Then, for every u,v € R?,
we have

< (t+s)s. (58)

F(w) = (o) = (F (), w =) < =2 ffu =+ 2= o] (59)

As a consequence, if f is convex and Lq-semi-smooth, then for every u,v € R%, we have

!/ LOé «
F) = F(0) = (' (0)u =) < == u— o] ", (60)

Proof: We first consider the case when f is convex and (L1, L, )-smooth-semi-smooth. It is easy
to see that

1
F(u) = fw) + /0 0+ (0 — w), u— v)dr
1
= £+ =)+ [+ 0= 0) = ()= v
Using the above identity, the Cauchy-Schwarz inequality, and , we have
1
F(u) = F(0) = (' (), u— v) = /0 o+ (0 —w) = '), - v)dr
1
< / 17w+ 7(0 — w)) — /@) llu— vlldr
0
1
< [ (Wil ol + Lar®u = o) u - vljdr
0

1
_ / (Ll — o] + Lar®||u — v]|°*+1) dr
0

«

a+1

L
= lu—ol? + = flu = oot

Moreover, if f is convex and L,-semi-smooth, we easily obtain by setting L1 = 0 in . [
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B Missing proofs

B.1 Missing proofs in Section

Proof of Lemma It follows from the same argument as in the proof of Lemma that
holds. Using (30), Lemma [3.1)d), and with (u,v) = (x,z*), we conclude that

fi@) = fl(a*) £ == llw = 2|+ e — 2 + ol — 2%

T a+1 2 2n
The lemma immediately follows from the above inequality, and the definitions of hg and 7z, in
and , respectively. =

Proof of Proposition It follows from that holds and hence that 7y, satisfies (39))
in view of the definition of 7, in (48). If follows directly from the definition of hy in that

1 L,
[ esv(-hate)ds = exp(-£3a) [ e (=g llo =[P - - o )

Using a similar argument as in the proof of Proposition we have holds and
/2

/ exp(—f;(z))dz > / exp(—he(x))dz > exp(—f;](x*))(%r?.
R4 R4

Moreover, it follows from the same argument as in the proof of Proposition that holds.
Using , , the above inequality, and the definition of 1z, in , we have

exp(—f(X) _ 1 : gy (1) 5 Loy (—2 )
P(V < oy 2 300 (6~ 51 =0 () 2 pewo) (1)

The above inequality and imply that

1

(77 (X))
P (U S exp(—}fi(xn)

/2
< 2exp(6)(1 +nLy)Y? < 2exp(6) (1 + d) < 2exp(l/2+9),

where the last inequality is due to the fact that (1 +1/d)? < e. (]
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