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Abstract

We study the computational complexity of zigzag sampling algorithm for strongly log-
concave distributions. The zigzag process has the advantage of not requiring time discretization
for implementation, and that each proposed bouncing event requires only one evaluation of
partial derivative of the potential, while its convergence rate is dimension independent. Using
these properties, we prove that the zigzag sampling algorithm achieves ¢ error in chi-square
divergence with a computational cost equivalent to O(rfd% (log %)%) gradient evaluations in

the regime xk < % under a warm start assumption, where x is the condition number and d

is the dimension.
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ity

1 Introduction and Main Results

Monte Carlo sampling from a high-dimensional probability distribution is a fundamental problem with
applications in various areas including Bayesian statistics, machine learning, and statistical physics. Many
sampling algorithms, especially those for continuous state space like R?, are based on continuous time
Markov processes. Examples of these processes include the overdamped Langevin dynamics, whose invari-
ant measure is the target measure, the underdamped Langevin dynamics and Hamiltonian Monte Carlo
(HMC) [26], both augment the state space with a velocity variable v, and have the z-marginal distribution
of the invariant measure as the target measure. For strongly log-concave distributions, all these processes
converge to the equilibrium exponentially fast with rates independent of the dimension, making them
suitable for sampling purposes. On the other hand, all of these processes require time discretizations for
implementation, which not only induces further numerical errors but requires the time step to be small
as well, requiring higher computational complexity if a small bias is desired. To remove such bias due
to discretization, the conventional procedure is to introduce the Metropolis-Hastings acceptance-rejection
step, but rejections indicate waste of computational resources.

A very different line of sampling algorithms have been recently developed in statistical physics and
statistics literature [45], which are based on piecewise deterministic Markov processes (PDMPs) [21].
These processes are non-reversible, which may mix faster than reversible MCMC methods [22/[47]. Exam-
ples of such samplers include the randomized Hamiltonian Monte Carlo [11], the zigzag process [3], the
bouncy particle sampler [I121[45], and some others [4[421[48]. The zigzag and bouncy particle samplers are
appealing for big data applications, as they can be unbiased even if stochastic gradient is used [3}[12].
These algorithms, as they are still relatively new, have not yet been thoroughly analyzed. In particular, no
non-asymptotic computational complexity bounds on these algorithms have been established yet, to the
best of our knowledge. Our previous work [38] gives explicit exponential convergence rates for the PDMPs
with log-concave potentials, which opens the possibility of deriving such complexity bounds for PDMPs,
and provides the foundation of this work.
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1.1 Algorithm and Assumptions

Let 2 denote the state variable in R? where d is the dimension. The target distribution we want to sample
from is denoted by

du(z) = 27" exp(=U(x)) da,
where U(x) is the potential and Z = [, exp(—U(x)) dz is the normalizing constant. Although the zigzag
process can also be applied to sample non log-concave distributions, we will restrict our analysis to strongly
log-concave distributions, namely, we make the following assumption throughout:

Assumption 1. The potential function U(z) satisfies
mld < V?U(z) < LId, (1)
for some 0 <m <1< L. Moreover, U(z) has a unique minimizer at x =0, and U(0) = 0.

For any random variable X, we use p(X) to denote its law. In this paper, we use chi-square divergence
to measure the difference between two probability measures: for probability measures p1, p2 that p1 < po2,

it is defined as d
2 o P1 )
= — — 1) dpo.
X" (p1 | p2) /Rd( dn p2

The zigzag sampling algorithm is based on a piecewise deterministic Markov process, called zigzag
process. Besides the variable z, we augment the state space by an auxiliary velocity variable taking value
in R%. A trajectory of the zigzag process, denoted by (X¢,V4), can be described as follows. Given some
initial (Xo, V), the position X; always evolves according to %Xt = V4, while the velocity V; is piecewise
constant which only changes when bouncing or refreshing events occur at some random time following
Poisson clocks. Bouncing events on the j-th direction occur with rate (Vt(J)axj U(Xt))+, and at such an
event the velocity V; changes by flipping its j-th component to th(j ). Refreshing events occur with rate
A for some fixed A > 0, when the velocity V; is completely redrawn from the standard normal A/(0,1d).

It has been established [11[8[38] that under Assumption[dl p(X¢,V;) converges to the invariant measure
of the zigzag process, which is a product measure of the target measure in « and the standard Gaussian
in v:

dii(z,v) = du(x) dv(v) where dv(v) = (2#)7% exp(fﬁ) dv

Our analysis relies on the following more quantitative convergence result for zigzag process proved in [3§],
which also specifies the optimal choice of refreshing rate A We would like to comment here that the choice
of A = VL is completely technical since it optimizes the theoretical convergence rate (up to a universal
constant) of the zigzag process established in [38]. The zigzag process is ergodic even if A = 0 and in
practice the choice A = 0 is common.

Proposition 1.1. [38, Theorem 1] Under Assumption [, there exists a universal constant K independent
of all parameters, such that for any initial density fio, the zigzag process with friction parameter X = /L
satisfies

K (p(Xr, Vi) 1) < K exp(= 2= T)x" (o | ) 2)

The left-hand side of (2] controls desired divergence of p(X) with respect to the target measure p, as
we have

e v lm = [ (R a0 -1

:/Rd(dPXT ) (/ (deTI)XT)) ) due) — 1
:/Rd(deT)(HX (p(Vr | X1) || v)) dpu() — 1

zéd(%ﬁ) du(z) — 1 = 2(p(Xr) || 1)

Moreover, we would take initial condition in the form of

(X0, Vo) ~ fio(z,v) = po(z)v(v), 3)

L[38] shows exponential convergence for the backward equation. By duality the exponential convergence of the
backward equation in L?(fi) is equivalent to the exponential convergence of the forward equation in x? with the
same rate.




which implies that x*(fio | &) = x*(po || ). Therefore, we get

K (p(X0) 1) < K exp(= 52 = T)x (o | ) (4)

which suggests the total time 7" needed to achieve control of chi-square divergence.

Of course, in practice, we cannot simulate the zigzag process directly, as simulating the Poisson process
associated with the bouncing event would require integrating (Vt(J)szU(X,g))Jr along the trajectory. To
turn the zigzag process into an efficient and practical sampling algorithm, the Poisson process for the
bouncing events are usually simulated using the Poisson thinning trick (see e.g., discussions in [3] Section
3]). Under Assumption [T we will use the following upper bound estimate for the rate:

(03, U+ v8)) 4 < [0:02,U e + 08| < |oil]0a, U+ v)| < Llvi| (2] + tol). (5)

This upper bound has the advantage of not involving evaluations of U and its partial derivatives, which
greatly reduces the computational cost, compared with using numerical quadrature for d Poisson clocks.
The price to pay is the increased frequency of potential bouncing events, which scales like O(\/E) since
the pessimistic bound for the partial derivative |0,,U(x)| < |VU(z)| < L|z| typically sacrifices a factor of
O(v/d) in the first inequality.

Following the above discussions, the zigzag sampling algorithm is described in Algorithm [ where
Step [I2] uses the upper bound estimate in (&), while Steps [[9H23] correspond to the Poisson thinning step.
Note that for each potential bouncing event, the algorithm requires one evaluation of 9., U in Step [[9 In
practice, typically accessing the partial derivatives of U is the most time consuming step, therefore, in our
complexity analysis, we focus on the number of access to partial derivatives.

Algorithm 1 The zigzag sampling algorithm

Input: Terminal time 7', initial distribution pug.

1: Draw z ~ pg.

2: Set t < 0.

3: Set refr < true.

4: while t < T do

5: if refr then

6: Draw v ~ N(0,1d).

7: Draw tyer, ~ Exp (\/Z)

8: trefr < min{trefr, T— t}.

9: refr < false.

10: end if

11: fori=1,---,d do

12: Draw 7; such that P(r; > s) = exp(—sL|v;||z| — §|vl||v|)

13: end for

14: Pick j = arg min 7;.
i=1,.d

15 Ay Llvgl(e] + o).

16: t <t + min{7;, tren }-

17: x 4+ x +vmin{7;, trefr }-

18: if 7; < trerr then

19: )\j — (’Ujaij(l‘))+.

20: Draw a ~ Unif(0, 1);

21: if a < 1’:—; then

22: Vj < —U;.

23: end if

24: trefr — trefr — Tj-

25: else

26: refr < true.

27: end if

28: end while
29: return x.

We also need the following assumption for technical purposes, as will be discussed after stating the
main results:



Assumption 2. The initial distribution po(x) satisfies a warm-start condition:

2
cop(ct ), ;
X (o || 1) < exp\ gr=m o (6)
where K := L/m is the condition number, and K is the same universal constant as in Q). Furthermore,
the initial distribution is concentrated in the sense of

SACE \/%) < i (7)

Remark 1.2. The concentration condition ({l) can be easily satisfied. By Gaussian Annulus Theorem,
if we pick po = N(0, £1d), then P, (|z| > /22) < 3e™°* for some universal constant c. The failure

probability gets smaller if we take puo = N (0, %Id) or po = w. The warm start condition (Gl is more
stringent but can be achieved by first running Langevin Monte Carlo (LMC). We will discuss that after
presenting our main result.

1.2 Main Results

Theorem 1. Under Assumption [, for any prescribed accuracy € > 0, Algorithm [ outputs a random
variable X such that

X (p(X) |1 p) < e, (8)

for terminal time T chosen as

T:K(%(logé+1ogx2(uo||u)+10gK))v )

where K is the universal constant in ({2).

), then, under Assumption B with probability 1 — —— — C' log_% d—n,

. d
Moreover, if € > exp(fm T

Algorithm [ returns an output with a computational cost of
3 31 3
O(d? (log? = +1og x*(uo || ) )

evaluations of partial derivatives of U, where n is defined in ([{) and C' is a universal constant.

Remark 1.3. By repeated trials, the theorem implies that for any § € (0, i), with probability 1 — 0,
Algorithm [ returns the desired output with a computational cost of

3 9 31 3 9 1 1, 1 _3
o(déx (102—+102 )10 —‘10 —  4log 3d+ D
( g2 — +log2 X" (uo || 1) ) log 5 g(ﬁT g )
that is 5(d%n2) evaluations of partial derivatives of U, where O(-) hides logarithmic factors.
With the common computational model that d evaluations of partial derivatives of U is equivalent to
one evaluation of VU in complexity, the complezity of zigzag is equivalent to O(d%AQ) evaluations of VU.

Let us explain the choice of 7" in ([@)): For the zigzag sampling algorithm to reach the target ¢ accuracy
according to (), the terminal time 7' needs to be large enough. Meanwhile, the Assumption 2] guarantees
that T is not too large, as otherwise we cannot effectively control the number of bouncing events either
due to a very large V' drawn from a velocity refreshing event or the trajectory reaching regions with large
gradient. These motivate our previous Assumption2on the initial distribution puo, as well as the restriction
on ¢ that it cannot be too small compared to d. We remark that the assumption on ¢ is not prohibitive as
we are interested in high dimensional cases and the error threshold is exponentially small in d.

The warm start condition (B) can be achieved if we start with a Gaussian distribution in z and run
Langevin Monte Carlo
Xnt1 = Xn — hVU(Xy) + V2h &, (10)

where h is the step size, and &, are i.i.d. A(0,1d) random variables. This leads to the following corollary:

Corollary 1.4. Let d > 1. Suppose the potential U satisfies Assumption [l for some x > 1 such that
4
K5 < #‘;Sd for some computable (from [32]) universal constant C. Then, for any prescribed accuracy

e > 0, if we initialize Xo ~ N(0, 2-1d), the hybrid algorithm by first running LMC ([0 for N = d*/5R16/5



steps with step size h = §d74/5n716/5m71 log% and then Algorithm 0 up to time T = K(%(log% +

ds K5 log? % + log K)) outputs a random variable X such that

X (p(X) || ) < e (11)
. . o _3 14
Moreqver, if e > exp(fm), with probaézlzty 1 - % — Clog™2d — Cexp(Cd5 x5 log? % — cd),
Algorithm [ returns an output with a computational cost of
1 31 4 16
O(dé K’ logg -+ A5k log® é)
€ K
evaluations of partial derivatives of U.

Proof. 1t is easy to verify that our choice of N, h satisfies h < 775 and Nh% < m (where ¢ satisfies

[32) Lemma 14]). Therefore, we may appeal Lemmas 2, 14, 25, 26 of [32], so that the random variable Xy
produced in ([I0) satisfies

X (p(Xn)||lp) < eXp(CdeXp(—th) + CNKW’K*L*(d + log N)) = exp(C’d%n% log® g) (12)

for some universal constant C. This, combined with our assumption on &, guarantees that (6)) holds with
p(Xn~) playing the role of uo. We can also check the validity of (@) by

2d 3 2d\\ 3 14 d
Poixn) (2] >4/ ) < (1 + x2(p(XN)Hu)) ’ (Pu(lxl >/ E)) ‘< Cexp(Cdéﬁg log” — — cd) <L

Therefore we may apply Theorem [Il with o = p(Xn), and derive that the total computational cost (in
terms of number of evaluations of VU) equals to

il

O(N +d2 K3 (log% é + log% XQ(p(XN)HM))) = O(d
|

Theorem [ guarantees that the zigzag sampling algorithm (Algorithm [I) outputs a sample from a
distribution with y?-divergence at most € away from the target density for a computational complexity
equivalent to 5(d%/<2) partial derivative evaluations (i.e., amounts to 5(d%,‘€2) gradient evaluations), in
the regime max{s,log 1} < @ with a warm-start condition. Corollary [[4] establishes that the hybrid

LMC-zigzag algorithm outputs a sample for a computational complexity 5(d§n%) gradient evaluations.
The initialization using LMC is added only for technical reasons as we currently do not have complexity
guarantees otherwise with an explicit initial distribution, nor is it necessary for actual implementations.
We would also like to comment that our goal is to obtain the best possible scaling in d, and the scaling in
x might be possibly improved by a more careful analysis.

Our analysis is based on the quantitative convergence rate of the zigzag process established in [38],
which is O(%) for m-convex and L-smooth potentials. The rest of our proof is based on estimating
sup | X¢| along a single trajectory of the zigzag process and subsequently turn this into an estimate on the
number of potential bouncing events, and hence number of partial derivative evaluations. Our analysis
utilizes the two important and desirable features of the zigzag sampling process:

e The implementation of the zigzag process does not need time discretization, as the velocity in
deterministic portion of the trajectory remains constant, which makes it possible to simulate the exact
trajectories of the zigzag process while eliminating an important source of error. This is the reason
that the complexity of the zigzag process only has logarithmic dependence on é, without Metropolis
acceptance/rejection.

e Moreover, for each potential bouncing event of zigzag, only one evaluation of a partial derivative of
the potential is required, which is O(d) cheaper than a full gradient evaluation in computational cost for
usual model of computation.

We would also remark that we quantify the error of distribution in terms of y2-divergence, which
provides stronger guarantee than total variation, KL divergence or 2-Wasserstein distance. While y?-
divergence is relatively convenient for obtaining convergence rates of continuous processes based on Poincare
inequality [I5L[38], it does not seem easy to use for analyzing discretization error of SDEs. The work [49]
made assumptions of Poincare inequality for the discrete invariant measure, which is difficult to verify. We
are fortunate to avoid such problem for zigzag sampler, thanks to the fact that zigzag does not need time
discretization. After the first version of this work appears online, [32] established convergence of LMC
in x?- and Rényi divergence, using the exponential convergence of continuous time overdamped Langevin
dynamics in Rényi divergence [141[49].



1.3 Previous Works

Here we focus on results on non-asymptotic analysis of sampling algorithms, which has been a focused
research area in recent years. Many sampling algorithms have been analyzed including algorithms based
on overdamped Langevin dynamics [191[231[27]28][371[49], underdamped Langevin dynamics [I8}201241[39]
[43/[46], Hamiltonian Monte Carlo [T0L[17L36L[40L4T], or high order Langevin dynamics [44], among others.
These methods involve discretization of ODEs or SDEs, which yields an error that scales polynomially
with step size. Thus the complexity of these algorithms has polynomial dependence on ¢!, where ¢ is the
desired accuracy threshold.

Metropolized variants of sampling algorithms, including Metropolized HMC and Metropolis Adjusted
Langevin Algorithm (MALA), have also been studied in [I6L[31L35], the complexities of which have only
logarithmic dependence on €', similar to the zigzag sampling process analyzed here. In [31] the complexity
upper bound for MALA is established as O(kd + n%d%) under warm start condition, and O(kd? + /{%d%)
with a feasible start. In [I6] the complexity upper bound for MALA is improved to 6(nd + n%d%) with
feasible start (where o = N(0,+1d)). The work [16] also established bounds for Metropolized HMC,
which is 5(/{(1%) with warm start (which is in fact more stringent than our Assumption [2) in the regime
K= O(d% ), and 5(/%% d+ kT d%) with feasible start if the target potential function has a bounded Hessian.
The complexity upper bound has been improved in [35] to 5(nd) for both Metropolized HMC and MALA
with a feasible start, based on a refined analysis using concentration of gradient norm. In comparison, our
result for zigzag relies on a warm start (which is achievable by LMC), while the complexity upper bound
has better dependence in d. The issue of feasible start will be further discussed in Section

Regarding asymptotic analysis for the convergence of zigzag process, the ergodicity was first established
in [8]. Exponential convergence of the zigzag process is established in [71[33] using a Lyapunov function
argument. A central limit theorem of the zigzag process is established in [2], and a large deviation principle
is established for the empirical measure in [6]. The spectrum of the zigzag process has been studied in
[Gl34]. A dimension independent exponential convergence rate for the zigzag process is established in [1],
using the hypocoercivity framework developed in [25]. Finally, a more quantitative convergence estimate
was established in [38], for which our analysis of the sampling algorithm is based on.

2 Strategy of the Proof

Since Algorithm [I] always simulates exact trajectories of the zigzag process, we see that (§) is guaranteed
with the correct choice of T'. Therefore we only need to estimate the computational complexity. The
strategy of the proof is to first give an estimate on sup,¢(q 7 U(X:) (Lemma 7)), which directly controls
SUPeo,7) | X¢|. The upper bound on |X¢| in turn provides us an estimate of upper bound on the number
of partial derivative evaluations of U. The complexity upper bound we derive holds with high probability,
while it does not always hold (for example, the number of proposed bouncing events from the Poisson clock
might be atypically high), such events only occur with very small probability, which will be controlled in
the proof.

Let N + 1 be the total number of velocity refreshments (including the initial refreshment), therefore
N is a Poisson random variable such that
L™ _
P(N =n) = (\/_7')6 VLT, (13)
n!
Let 0=To <T1 <Tp < --- <Tn <T < Tny41 be the refresh times, and Vz, be the velocity variable after
refreshment at time 7. For k = 1,--- | N, we use ty = Ty — Tx—1 to denote the time duration between
refreshments. For convenience, we will also denote tny1 =T — T.

The first step of the proof is the following lemma which controls sup,¢ (o ) U(X¢) condition on some
high probability events. The proof will be deferred to the appendix.

Lemma 2.1. Under Assumptions [l and B, suppose the following conditions hold:

%\/ET <N< %\/ET; (14a)
d \1/2

Vi, - VU(X7,)| < (W) VU(Xz,)|, Yk=1,---,N; (14b)

|VTk| S 2\/87 Vk = 17 e 7N (14C)

U(Xo) < kd; (14d)



N+1

Z th < Nin (14e)

Then there exists a universal constant C' such that

sup U(X;) < CVLTd. (15)

te[0,T]
The next element in the proof is to control the failure event that (I4]) does not hold. The control
of the first four events are relatively straightforward and will thus be directly carried out in the proof of

theorem below; we state the probability for the event ([I4€]) to hold as the following lemma, which will also
be proved in the appendix.

Lemma 2.2. There exists a universal constant C' such that, if VLT > C, then with probability 1 —
condition ([4€) holds.

2
VLT’

The final component of the proof is to turn the estimate for sup,¢(o 71 U(X¢) to an upper bound for
the number of proposed bouncing events.

Proof of Theorem [1l Let p; be the probability that condition i in (4] of Lemma 2.1] fails. We start with
condition ([I4al) of Lemma 2l For Poisson process with ¢; as the arrival times, we may estimate the first
failure probability (here and for the rest of the proofs C' denotes a universal constant that may change
from line to line)

C

VLT
We now check the conditions ([4h) and ([I4d) of Lemma 211 By Gaussian Annulus Theorem, for each
refreshment, we have

Pa < exp(*é\/fT) < (16)

P(|Vi| > 2Vd) < 3¢, (17)

where ¢ > 0 is some universal constant. We also require Vr, to satisfy |Vr, - n(X1,)| < (f)l/{ where

n(Xr,) = %7 which has failure probability

P([V - n(X )|7(\/iT)1/2 \/—/ e p(_r_;)dr

,\/—/ 1/2 p(—g(%)lm)dr

VLTN1/2
= \/;<TT) / eXp(*Q\;%T)'

Since we have to draw V for N times, cumulatively this yields a failure probability

- VLT \1/2 d
o< 0ot s (VIO o (__))EN. 18
Py +pe < ( 7 P{-5viT (18)
Recall the assumption e > exp(fm) as well as (@) (and that kK log K < 5 Troga), Which implies that

VLT < 72— for our choice of T as in ([@). Together with condition ([Zal), we derlve (neglecting the

obviously smaller term e~°?)

VITN1/2
dT) / ox p(ig\;lfT

The failure probability for condition (I4d) is straightforward to estimate. Using Assumption [ we have

pb+pc<C\/_T( )gmog*%d.

L
UXo) < FIXol?,

[2d
pa <n=P(|Xo| >4/ —).
m

which indicates

2

Finally, p. is already estimated in Lemma [Z2] which yields p. < T In summary, the total failure
probability of (1) can be bounded as
P+ e+ patpe < —=— + Clog™ ¥ d + (19)
a c e > 0] .
p Po — P Pa TP \/ET g n



We now assume that condition ([[4]) holds. Thus, Lemma 2] together with Assumption [l implies that

1/2 1/2
sup |X¢| < (3 sup U(Xt)) < C(QTCZ)
te€[0,T m telo,1) m

(20)

After each refreshment or bouncing event, Algorithm [I] runs d independent Poisson clocks {7;}i=1,... a4
defined in Step [[2 where, noticing >°,|V;| < Vd|V| < 2d,

2
P(mint; > t) > exp(—tL|X| S il - %|V| Z|w|) > exp(—Cd? (Lim 3T3¢4+14%).  (21)

This motivates us to consider the following counting process Ny suppose 51, -+ are i.i.d. random variables
with P(; > s) = exp(—As — Bs?) where A = Cd*Lim 2T? and B = Cd?, and let N, = inf,, or >
t}. By construction, the probability of N > 8AT under condition (4] is controlled by P(Np > 8AT).
Therefore, it suffices to estimate P(Np > 8AT).

We compute the expectation of £; (here notice A > B > 1):

oo A
Et; = / s(A+ 2Bs) exp(—As — Bs®)ds > /B s(A+ 2Bs) exp(—2As)ds
0 0
1

1 B 3A B\ _z2a2
= — 4+ — — —_— 4+ — B > — 22
4A  2A3 ( + 4A + 2A3) — 4 (22)
On the other hand,
oo 12B 33
2 < / 2 B _ 125
Et; < ; s“(A+ 2Bs)exp(—As)ds = A2 + T 16A2

Therefore we may appeal to Kolmogorov’s inequality [30, Theorem 2.5.2] (here S, denotes > .7, #;):

- @2
P(Ny > 8AT) = (SgAT <T)=P(Ssar — ESsar <T —ESsar) < P(Ssar — ESsar < —=T)
16 _ ¢
= AT ~ JVIT'
To sum up, we have established that with high probability the number of partial derivative evaluations is
bounded by

< —VarSgAT = %Vartl

O(AT) = O(d%L%mféT%) = O(dgn2 (log% é + log% X2 (o || ,u))) O

3 Discussion

We establish non-asymptotic complexity bounds for the zigzag sampling algorithm. While we focus on
zigzag sampler in this work, we expect that similar analysis for other PDMPs [4}[121[42][48] can be carried
out. We leave these for future research.

We admit that our warm-start requirement (6) may be stringent. We observe that (@) implicitly requires
the condition number % to be much smaller than d, as otherwise, if & ~ d, (@) requires x2(uo || ) = O(1)
which is unrealistic. Corollary [[4] essentially requires x < d% for the analysis to hold. This restriction on
condition number is not completely unexpected since the zigzag sampler does perform poorly for highly
anisotropic densities (see for example numerical results in [42]).

A major issue of the warm-start assumption comes from our choice of x? divergence, rather than total
variation, 2-Wasserstein distance, or KL divergence as in previous works for non-asymptotic analysis of
sampling algorithms. In particular, if we choose the initial condition

L. a L|z|?
apo(w) = ()% exp(~ 220 a, (23)
as in previous works, then for U(z) = %1‘2, we have

o || 1) = Z(2)? / exp(~Ljz|? + U(z))dz - 1

Rd

vl
S

1

=rZ( )%/Rdexp(f(Lf%)|x|2)dx71:,€i(m)



which violates ([@). On the other hand, for the same choice of po, as long as U satisfies Assumption [I] one
can estimate

L[ ¢d L L L d
KL(o || 1) = (5) 2 /Rd (5 log o= +log Z — Z[a|* + U(l’)) exp(—3[z[*) dz < 7 log .

This means log KL(uo || 1), and consequently the logarithm of total variation or 2-Wasserstein distances
are much smaller than any algebraic power of d, making it suitable for initialization. We hope the following
conjecture is true:

Conjecture 1. Under Assumption [I, there exists a universal constant K independent of all parameters,
such that for any initial density fio, the zigzag process with friction parameter A = /L satisfies
m

KVL

If this is indeed true, we can establish the convergence in KL divergence of the pure zigzag sampler using
a feasible start, without using LMC for initialization.

KL(p(Xr, Vr) || ) < K exp( T) KL(fio || 7).

Another interesting open question is whether one can find a tighter upper bound than Step of
Algorithm [Il in order to reduce the computational complexity, since it magnifies the proposed bouncing
rates by 0(\/8) The following lemma, which might be of independent interest, provides a concentration
bound for |0, U] so that we might be able to give up a small probability to obtain a much sharper bouncing
rate control.

Lemma 3.1. Let U(x) satisfy Assumption [, then for any ¢ > 0,
P, (|ain| > 2V + 2¢v/Llog d) < 3d°. (24)

The proof of this lemma, deferred to the appendix, is inspired by [35], which uses the following Brascamp-
Lieb inequality [13]:

Lemma 3.2. Let U(z) satisfy Assumption [, then for any g € H' (1),

Var, g S/ Vg(VU) 'Vgdp. (25)
Rd

With Lemma Bl it might be possible to improve Algorithm [I while surrendering a small probability
by replacing Step M2 with P(r; > s) = exp(—csv/L|vi|log d) since (v;0.,U(z 4 vs))+ < ev/L|v;|log d with
high probability. This motivates the following conjecture:

Conjecture 2. Under the Assumption [Il for any x and logé that are both smaller than some algebraic
power of d, there exists an algorithm that gives a random variable X such that

X (p(X) | p) < e (26)

Moreover, with high probability, the algorithm requires O(dn log d(log% + log x* (o | u))) evaluations of
partial derivatives of U.

Unfortunately there are several difficulties for proving the conjecture. One is that although 0.,U does
not exceed O(log d) with high probability, we are unable to control the partial derivatives for a trajectory of
the zigzag process. Another issue is that since some trajectories of the zigzag process may go to regions with
partial derivatives exceeding O(log d), we do not always simulate the exact trajectories, which introduces
bias in the sampling.

Acknowledgment. This work is supported in part by National Science Foundation via grants CCF-
1910571 and DMS-2012286. We would like to thank Murat Erdogdu for pointing us to their complexity
analysis of Langevin Monte Carlo in chi-square divergence [32] to remove the warm start assumptions.

A Proof of Lemma 2.1

Proof. Let A(t) = V; - VU (X:). If no bouncing happens, then

SN =V VAUV < DV



In addition, A(t) decreases when bouncing happens, since there is some positive Vt(i)ain(Xt) being
changed to —Vt(z)ain(Xt) while X; and other Vt(J)’s remain unchanged. Therefore, since |Vi| does not
change between refreshments, we have for any ¢ € (0, Tp+1 — Tk), B

MTy +t) < X(Ty) + tL|Vr, > (27)
Notice for a convex function U(x) that satisfy Assumption [l we have by co-coercivity
VU (2)|* < 2LU(x),

therefore for any t € [0, Ty4+1 — 1), and any a > 0,
¢
U(Xr ) = UXn) + [ AT+ ) dr
0

Lt? 9
< U(XTk) + tA(Tk) + 7|VT1¢|

(4D, ([T d \1/2
< U(X,) +t(—) VU (X7,)| + 2Lt%d (28)

VLT

2dv/I\1/2
SU(XTk)+t( }/_) VU (X1, +2Lt%d

<(1+a)U(X1,)+ d\/Zt2(\/§1Ta +2VL).

In particular,

U(Xry,,) < (1+a)U(Xr,) + d\/ftiﬂ(ﬁ +2VI).

Choosing o = ﬁ7 we have

U(X1y,,,) < (1+a)U(Xr,) + CdLti,.

Now we apply the above formula iteratively and derive

N+1
U(Xr) < (14 a)¥U(Xo) + CLd Y (14 o)V "5
k=1
N+1
(1+a)" ! (U(Xo) +CLA Y 1)
k=1

IN

(iee e
< CVLTd.

Here we used o = \/%T = 0(+) so (1+a)V* = O(1), which is true due to (IZa), and that & < VLT,

which is true with our choice of T" in ({@). O

B Proof of Lemma

Proof. Let = = ZkNLI 2. By properties of the Poisson process [29], if we condition on N, the distribution
of Ty, Ts,- -+, Tn has the same joint distribution as that of N i.i.d. random variables uniformly distributed
in (0,7"). This means

N N

_ N! 2
IE(:|N):T—N/ (ZtiJr(T—Ztk) )dtN~~~dt1. (29)
ittt <T oy Pt
To calculate E(Z | N), let us define
N N
11(N7T)=/ (Zti+(T—Ztk)2) dty--- dt
t1+ N <T ooy pa

2We remark here that \(¢) is not well-defined at the bouncing times. Nevertheless, (ZT)) still makes sense since
A(t) decreases at the bouncing events, and since we only use ([Z7)) in the time integral sense, this will not cause any
problem.
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and compute I1 (N, T) by induction in N. For N = 0, as the sum contains only one term, I1(0,T) = T>.
An easy calculation shows that /;(1,7) = 27°. We will show in general

L(N,T) = %TN“. (30)

Indeed, suppose ([B0) holds for N — 1, we want to prove [B0) for N, the starting point of which is the
following observation:

T
[1(N7T):/ tfdtN---dtl—&—/ L(N —1,T — t1) dty.
t1++tn<T 0

The first integral can be treated by integrating the variables one by one, from ¢ty to ty—1 and then tn_2,

etc.
/ tfdtN---dh:/ t%(T_tl_"'—tN—l)dtN—l"'dtl
t1 4ty <T Jir+ttny 1 <T
:1/ t%(Tftl7---7t1\772)2dt1\772---dtl
2 ity o<T (31)
1 Ty N-1 2 N42
= t1(T —t dt1 = ———T .
(Nfl)!/o (T =t) TN +2)!
By the induction assumption B0) for N — 1 we have
T T
2N N1 2N N42
L(N—=1,T—t;)dt; = — (T —t dt; = ———=T .
/0 i ’ v d /0 (N+1)!( ) TNt 2)!

Combining above with ([BI]) we finish the proof for N. Therefore

N!2(N + )TN+ 27?
TN  (N+2)! ~ N+2

The full expectation E= follows as N is a Poisson random variable

E(E|N) =

:i T (VIT)" _vir

n+2 n!

oo S (WET)  (VET)"
- s Z( n—i—Tl ((ni—TQ))')

or 2 2 VET  or
S Y-
VL L L VL

To get the desired estimate, we apply Chebyshev’s inequality using the second moment. By the same
arguments leading towards (29)), we have

N a

N
2
T_N/ >Ca+a@-3 ).
t1+-+tn<T k=1 k=1

E(Z*|N) =

Denote

IQ(N7T):/t (Ztk+ Ztk ) 4

1+t <T Ny

Using the same induction argument as the proof of (B0, we can prove

N LESIGEL P

This can be easily verified for N = 0,1 and the induction follows form the calculation:

T T
Ig(N,T):/ t;‘+/ Ig(Nfl,Tftl)dt1+2/ BL(N —1,T —t1)dt
t14Ftn<T 0 0

11



1 r - AN(N +5) (T
:m/o T — )N ldtl_s-ﬁ/o (T — )V dty

4N T
+ m / t?(T — t1)N+1 dty
~Jo
_ AN+ (N +6) TN+
(N +4)! ’

This shows E(Z? | N) = 1& I (N, T) = %T{ and therefore

EZ? = (22 | N = n)P(N = n)

Mg HM8

4T*(n + 6) (VLT)" VT
< (n+2)(n+3)(n+4) nl

_ —VIT rrT)" (\/ZT)"
- Z( (n+2)! (n+4)!)
4T? 24 4+ 8e fT( T 3T 3

T+L—2+ﬁ).

L L?

This means

—V LT
— — 8T 28 _‘/—T T2 2T 4 de 8T
E(Z — EZ)? - = - =

where the inequality above holds for \/ZT larger than some unlversal constant (which we would assume

as it is the interesting parameter regime).

Finally, to conclude the proof, we apply Chebyshev inequality to estimate the failure probability as

4T _ 2T LE(Z - EE)? 2
PE> —=)<PE-E=Z>2)< < .
G2p)=rEE =T = U
C Proof of Lemma [3.1]
Proof. The first step is to show that
E,.|0:,U] < VL.

This is straightforward, since using integration by parts,
B 0n U = [ @0 di= [ 0nnUdn<L,
Rd Rd

and ([B2)) then follows from Cauchy-Schwarz inequality.
The next step is to establish a concentration bound. Let G(z) = ¥(9.,U), where ¢ (a)
smooth nonnegative increasing function satisfying

$(0) = 9'(0) = 0, ¢(a) = |a| for |a] > 1, and |[¢'(a)| < 2,
and g(z) = exp(3AG(z)). By the construction of G, we have
E,G = E,)(,,U) < 2E,|8,,U| < 2VL.
Then Vg(z) = 3¢'(02,U)V(9,U)g(z). By Lemma B2 for g(x), we have

E,. exp(AG) — (E, exp(%))2 = Var, g(x)
< [0 @) V@00 Y)Y 0, 0)6 @) dn
<N V(0:,U)(VU) T V(8:,U)g” () dps

=\? /d 02.2,Ug*(x) dp < N°LE,, exp(A\G).
Jr

Thus for \ < we have

ﬂ\

1 AG |\ 2
E,’L exp(/\G) S m (E,’L exp(T)) .

12

a

= ¢(lal) is a

(34)



Now we use (B3] recursively, and we obtain for H()) := E, exp(A\G),

Notice

s 1 2k Ao
HO) < 1 (=) Jm HEG)" (36)
k=0 4k
. Ao o AGNE AGNE
Jim H(3)' = Jim (B, exp(7)) = Jim (14 B, ) = esp(AB,G). (37)

Moreover, by [0, Proposition 4.1],

<

T 1-MIL

A2L
1--F

flo( 1 )2k 1+ MWL

Substituting (37) and (B8] into (B6), we obtain

1+ MWL

HN = 577

exp(AE,G).

Finally, combining the above exponential moment bound of G with Chebyshev inequality, we get

1+ MWL

P, (G(x) >E.G+ r) < exp(—)\r)WA

Now take A = 1/2v/L, and r = 2¢v/Llogd, and using &) (noticing G(x) = |9, U| when G(z) > r since
r > 1), we arrive at

IF’H<|8in| > 2VI + 2¢vV/Llog d) < 3d°. O
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