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ABSTRACT

We introduce Particle-SDCA, a gradient-based optimization algorithm for two-layer
neural networks in the mean field regime that achieves exponential convergence
rate in regularized empirical risk minimization. The proposed algorithm can be
regarded as an infinite dimensional extension of Stochastic Dual Coordinate Ascent
(SDCA) in the probability space: we exploit the convexity of the dual problem, for
which the coordinate-wise proximal gradient method can be applied. Our proposed
method inherits advantages of the original SDCA, including (i) exponential con-
vergence (with respect to the outer iteration steps), and (ii) better dependency on
the sample size and condition number than the full-batch gradient method. One
technical challenge in implementing the SDCA update is the intractable integral
over the entire parameter space at every step. To overcome this limitation, we
propose a tractable particle method that approximately solves the dual problem,
and an importance re-weighting technique to reduce the computational cost. The
convergence rate of our method is verified by numerical experiments.

1 INTRODUCTION

A major challenge in developing an optimization theory for neural network is to handle the non-
convexity of loss landscape. Recent works showed that overparameterization is one key property that
makes global optimization possible. In particular, the effectiveness of overparameterization has been
extensively investigated in the theory of Neural Tangent Kernel (NTK) and the mean field analysis.

The NTK analysis considers a linear approximation of neural networks and casts the gradient descent
dynamics to that in a corresponding reproducing kernel Hilbert space (Jacot et al., 2018). Since the
whole argument can be carried out essentially in a linear space, we can derive both global convergence
and generalization guarantees (Du et al., 2019; Allen-Zhu et al., 2019; Zou et al., 2018; Nitanda &
Suzuki, 2020). However, one of the biggest drawbacks of the NTK approach is that the fixed kernel
fails to capture the feature training aspect of deep learning. Indeed, this feature learning ability of
neural network is an important ingredient that separates deep learning from shallow models such as
kernel methods (Suzuki, 2019; Yehudai & Shamir, 2019; Ghorbani et al., 2019).

In contrast, the mean field analysis considers a smaller scale of parameters than the NTK analysis,
which allows the parameters to travel away from the initialization. However, the optimization problem
is no longer convex and the analysis requires more involved mathematical tools. A typical approach
is to formulate the optimization of neural networks as a partial differential equation (PDE) of the
distribution of parameters (Nitanda & Suzuki, 2017; Mei et al., 2018; Chizat & Bach, 2018; Rotskoff
& Vanden-Eijnden, 2018; Sirignano & Spiliopoulos, 2020). A benefit of the PDE formulation is
that the objective function becomes convex in the space of measures. This being said, since the
dynamics is essentially infinite dimensional, most convergence results are shown in the continuous
limit (infinite-width limit). Also, many existing guarantees only handle the continuous time dynamics,
due to difficulty in analyzing the time discretization of the PDE. Indeed, Nitanda & Suzuki (2017);
Chizat & Bach (2018); Rotskoff & Vanden-Eijnden (2018) proved convergence to a global optimal
solution for essentially infinite width networks under continuous time settings. On the other hand,
global optimality may be shown under less restrictive settings if we consider the noisy gradient
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descent algorithm; the corresponding stochastic dynamics can be formulated as McKean—Vlasov
dynamics, and its convergence has been studied in Mei et al. (2018); Hu et al. (2019). However, most
of these works establish convergence result for the discrete-time finite-width method by bounding
the difference from its continuous-time and infinite-width limit counterpart, which usually incurs a
large discretization error. Hence, it is important to develop a practical algorithm with optimization
guarantees for finite width network and discrete time setting.

Recently, Nitanda et al. (2021) proposed a completely time-space discretized algorithm termed Particle
Dual Averaging (PDA) that attains polynomial time convergence guarantee to the (regularized) global
optimal solution. This method combines the dual averaging technique (Nesterov, 2005; 2009; Xiao,
2009) and the gradient Langevin dynamics (Vempala & Wibisono, 2019). More specifically, the
algorithm realized time discretization by extending the dual averaging technique for finite dimensional
convex optimization to the infinite dimensional setting, and realized the space discretization by
sampling finite number of particles via the gradient Langevin dynamics. Eventually, the method
achieves O(1/t) convergence with respect to the outer-loop iteration ¢. Although O(1/t) is optimal
in an online optimization setting, there is still room for improvement for a finite sample size setting.
Motivated by this observation, we propose a method that improves the convergence rate from the
polynomial order (O(1/t)) to an exponential order (O(exp(—Ct))).

Our contribution. We propose Particle-SDCA, a novel optimization algorithm for two-layer neural
networks in the mean field regime that achieves linear convergence (w.r.t. the outer loop steps) for
regularized empirical risk minimization'. We adopt the stochastic dual coordinate ascent (SDCA)
technique (Shalev-Shwartz & Zhang, 2013a; Takac et al., 2013; Shalev-Shwartz & Zhang, 2013b)
to achieve linear convergence rate and much better dependency on the sample size n. Importantly,
the integration with respect to the probability measure on the parameters is approximated by a finite
number of particles. In contrast to existing methods, in which particles are sampled at each iteration,
we employ a novel update rule of the weights on the particles so that the sampling procedure is only
performed once in n-iterations, which provides significant computational speedup.

Furthermore, unlike many existing analyses concerning the time-space discretized version of McK-
ean—Vlasov dynamics (Mei et al., 2018; Bou-Rabee & Schuh, 2020; Bou-Rabee & Eberle, 2021),
we do not couple the discrete time update with the continuous time counterpart by taking the small
step size limit. Instead, we directly analyze the convergence of the discrete time update; hence, our
method converges to the optimal solution with a fixed (non-vanishing) step size. Our contribution can
be summarized as follows (for comparison with existing works see Table 1):

* We propose a new optimization method for mean field representation of neural networks that is
efficient in the finite sample setting. By utilizing the SDCA technique, the algorithm achieves
exponential convergence with respect to the outer iteration. Moreover, the global convergence is
guaranteed without letting the step size converge to 0.

* The integral required in each update is approximated by an average over finite number of particles.
The number of particles can be of linear order with respect to a required precision, and the
computational cost for re-sampling can be of poly-log order.

* Thanks to a novel re-weighting scheme for particles, we only resample particles once in 7 updates,
where 7 can be as large as the total sample size n; this significantly reduces the computation cost.

Method (authors) Outer-iteration Inner-iteration Total complexity
(Bou-Rabeel;lc)Echuh, 2020) 61;1 log(1/ep) M Mf261;1 log(1/ep)
(Nitandf g{:l., 2021) ep' MG M3Gep!
oy e+ 55 log() | M3 (A+G*) | My (1+5) (nt53;) log(25)

Table 1: Required computational complexity to achieve ep-accuracy (P(p) — P(p*) < ep). 7 is the re-
sampling interval. M, (i = 1,2, 3) is the number of particles required to approximate the true distribution
for each method: They are given as M7 = O(ep), M3 = O(eplog(n)), M3 = O(ep' log(n)). G* is
the number of gradient evaluation to obtain the sampling distribution which has TV-distance ep from the true
distribution; when MALA is used, this is given as G* = O(nlog(1/ep)>/?).

"'We remark that our goal is to propose a more efficient algorithm for optimizing mean field neural network
with faster convergence guarantee, rather than to gain a better understanding on standard neural network training.
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2 PRELIMINARIES

We first introduce the problem setting and some notations used in the following sections. We
consider the empirical risk minimization problem in the supervised learning setting with a two-
layer neural networks, where the input and output spaces are denoted by X € R? and J C R,

respectively. Let hy : X — ) be one neuron with the parameters § € R?. For example, we may set
hg(z) = tanh(r)o(w " z) for § = (r,w) € R x R% and an activation function o (the tanh operation
is merely to ensure boundedness of the output). In the mean field regime, we consider neural networks
represented as an average of neurons: fo(z) = 25 Zﬁle hg,, (z) where © = (0,,)M_, C R s
a set of parameters. The continuous limit in the mean field regime is obtained by taking M — oo,
and by an analogy to the law of large numbers, the function fg converges to the following integral
representation of a two-layer neural network:

folz) = / o (2)p(6)d6,

where p : R? 5 Risa probability density function on R4 representing the weight of parameters.

Here, we denote by P the set of probability density functions on R?. As in the typical mean field
analysis (Nitanda & Suzuki, 2017; Mei et al., 2018; Chizat & Bach, 2018), we aim to optimize the
density function p € P so that the neural network f,, accurately predicts the output y € ) from
the input € X. To define the empirical risk and predictive risk, we let £(z,y) : Y x ) — R be a
convex loss function, such as the squared loss ¢(z,y) = (z — y)?/2 for regression, and the logistic
loss £(z,y) = log(1 4 exp(—yz)) for classification. For each (x;, y;), we use the notation h;(6) and
L;(f(x;)) to indicate hy(x;) and £(f(x;), y;) respectively. To estimate the density function p € P,
we minimize the regularized empirical risk defined by

1
min ;&(fp(xi)) + AKL(p|| N (0,5°T)) )

where A > 0 is a regularization parameter and KL(p, N (0, 02I)) represents the KL divergence from
the normal distribution N (0, 01 with mean 0 and covariance o1 to the distribution with the density
function p. This type of regularization naturally arises in training neural networks by the gradient
Langevin dynamics (Hu et al., 2019; Chen et al., 2020b). In our framework, we consider directly
optimizing the empirical risk with KL regularization, instead of running gradient Langevin dynamics
(i.e., noisy gradient descent) on the unregularized objective. By decomposing the KL divergence in
Eq. (1), we obtain the following equivalent representation of the objective:

min P(p) i= 1 3~ 65 (w)) + 01 [ 0)161°36-+ 22 [ p@)ogpio)as, @

peP

where A1, Ao > 0 are the regularization parameters. Importantly, the objective is convex with respect
to the density p € P although it is non-convex with respect to each parameter §. We make full use of
this convexity in the following analysis.

The main difficulty to optimize (2) stems from the following two factors: (i) there is an integral with
respect to p that should be approximated by a computationally tractable scheme, and (ii) there is a
summation over n data points, which could lead to costly gradient evaluations. To overcome the
former difficulty, we sample a finite number of particles from the density p. As for the later, we adopt
the stochastic dual coordinate ascent (SDCA) technique, which we explain in the next section.

3 PROPOSED METHOD: PARTICLE-SDCA
We now explain our proposed Particle-Stochastic Dual Coordinate Ascent (P-SDCA) method.

3.1 DUAL PROBLEM AND ALGORITHM DESCRIPTION

The SDCA method relies on the dual problem. The dual of the optimization problem (2) can be
derived from the following Fenchel’s duality theorem. Note that the convexity of P(p) with respect
to the density function p is important in the derivation.
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Proposition 1 (Fenchel’s duality theorem). Suppose that ¢; : R — R is a proper convex function,
hi : R4 = R is bounded, and the primal problem satisfies inf,ep P(p) > —o0, then the following
duality holds:

inf P(p) = sup D(g) := sup { - iéﬁi‘(gi) — Az log (/q[g](9)d9>}

peP geER™ geR?
where q[g](0) := exp {—)\% (>0 hi(0)g; + )\1||9H2)} and €} is the convex conjugate* of {;.
Moreover, p* € P and g* € R™ are both optimal solutions of primal and dual problems if and
only if fp«(x;) € 0 (g}) and plg*] = p* , where p|g](0) := % and OC} denotes the
sub-differential of L} .

This proposition can be derived from Theorems 3 and 8 of Rockafellar (1967) (its finite dimensional
version can be found in Corollary 31.2.1 of Rockafellar (1970)). See Appendix A for the complete
proof. By the optimality condition, we can recover the optimal primal solution p* from the optimal
dual solution g*. Hence, we aim to optimize the dual problem as p* = p[g*]. In the dual problem,
updating one coordinate g; can be carried out by picking up one data points (x;, ;). The main
strategy of SDCA is to randomly pick the sample index i € [n] ® and update the corresponding
coordinate g; by maximizing the dual (i.e., dual coordinate ascent). Before we state the algorithm,
we assume the following condition.

Assumption 1.
(A1) ¢; : R — Ris (1/~)-smooth® for all i € [n).
(A2) supycpa |hi(0)] < 1foralli € [n).

The first assumption (A1) is satisfied, for example, by the squared loss ¢;(u) = (y; — u)?/2 with
~ = 1 and the logistic loss ¢;(u) = log(1 + exp(—yu)) with v = 1. As for the second assumption
(A2), our analysis is valid for bounded neurons, and the upper-bound 1 is chosen just for simplicity
and can be replaced by another value. In fact, if we assume sup, pa |h:(6)| < R instead, the analysis
can be reduced to the setting of R = 1 by rescaling h; and the loss function, i.e., R can be absorbed
into the smoothness parameter, which then becomes R/~.

As stated above, the strategy to optimize the dual problem is to (i) randomly pick ¢ € [n] and (ii)
update g; by approximately maximizing D(g) with respect to g; with other coordinates fixed. For
the update of each coordinate, we employ the proximal gradient-type update where we optimize the
lower bound of D(g) given by the following lemma (the proof can be found in Appendix C).

Lemma 1. Under (A2) of Assumption 1, for g € R™ and §g € R"™, the second term of D(g) can be
bounded as

Az log ([ qlg +34)(0)d0) < —+ 30, [ hi(0)plg](0)d03g; + 5ax; 109117 + A2 log ([ alg](6)d0) .

Using this inequality, we can derive the update rule as a maximizer of an lower bound of the objective
as follows. When we update only the i-th component (i.e., g; = 0 (Vj # ¢)) for randomly chosen
index ¢, the dual objective can be bounded as follows:

D(g+69) > D(g) + 5 (6(gi) — 05 (gi + 09:)) + 5 [ ha(0)p[g)(0)d06g; — 5255095 -

Hence, by substituting § < §*) and maximizing the right hand side with respect to dg; = g; — §
we obtain the following ideal version of the update rule of §(*):

x . _ 1 y
#  angmax { =)+ [ mOpVNO00 — d%) - St AP O
9i

()

7

while the other components are not updated: gj(-tﬂ) = gj(.t) (j # ). Note that this update requires
only one data point while the full gradient descent requires the whole n data points. Along with the
updated dual variable §(), we update the primal variable as 5*) = p[§(*)]. The whole optimization

procedure based on this update rule is summarized in Algorithm 1.

*The convex conjugate f* of a convex function f : R — R is defined by f*(u) := sup, cp{uz — f(z)}.
3We write [N] := {1,..., N} for an integer N.
*f :RP — Ris L-smooth if f is differentiable and |V f(z) — Vf(y)| < L|jx — y| forall z,y € R”.
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Algorithm 1 Dual Coordinate Descent in the continuous limit

Require: training data {(x;, y;)}7, and number of iterations tenq

Choose 3\ s.t. [6/(g{”)| <1 (i =1,...,n) and £:(5*) < £2(0)
fort =0,1,...,teng do
Randomly choose i; from {1,2,...,n}

gl(f+ ) argmax,, e {—fft (9i,) + [ i, (0)p(0)db(g;, — gff)) - ﬁmn - Qi(f)\Q}.
Update the primal solution as p(**1) = p[g(t+1)],

end for

return g(fend)

AR A o

3.2 OUR PROPOSAL: PARTICLE UPDATE METHOD

The update (3) requires an integration with respect to p[g(t)]. We approximate the integral by a
weighted sum over M particles:
h 9 d9 ZM 1™m 1( m) 4
f ) Z%,l T ’ ( )
where (6,,)M_, are particles that approximately cover the support of p[g‘*)], and (r,,)M_, are the
weights of each particle. Therefore, the key point of designing an efficient algorithm is to construct a
“good” set of particles (,,)M_, and their weights (r,,)M_

m=1-

The construction of particle approximation consists of two stages: (1) the sampling stage, and (2) the
re-weighting stage. We perform the sampling stage once every 7 € [n] iterations, and perform the
re-weighting stage in the other iterations. The detailed description of each stage is given below.

(1) Sampling stage. In the sampling stage, we sample M i.i.d. particles (6,,)M_, from the density

function p[g®] by using a Monte Carlo sampler and place an even weight ri) = =1/M (m =
1,..., M) on the sampled particles (6,,,)2_,. As for the sampler, we may employ the unadjusted
gmdient Langevin algorithm (ULA), or the Metropolis-adjusted Langevin algorithm (MALA), both
described in the following subsection. Note that the distribution of particles obtained from the Monte
Carlo samplers as listed above may be biased away from the target distribution. We tolerate this

inaccuracy by only requiring the particles to obey an approximated density function p(*) that is in eg)

distance from the target density p[g(*)] measured by the total variation distance’. Our convergence
rate analysis will take this error into account.

(2) Re-weighting stage. Since the sampling procedure requires relatively heavy computation, it
is desirable to perform this operation once in a while. We consider performing the sampling step
once in 1 iterations. In between the sampling stages, we instead perform the re-weighting stage,
in which we iteratively update the weight of each particle, rather than resampling them. Recall

that plg®] (9) o qlg?)(6) = exp { =35 (& 327, hu(B)g” + Mi[|0]1*) | which yields qlg(+)] =

n

qlg™] exp[—h;, (6) (gl(ttﬂ) gff))/(n)\g)] for the index 4; chosen at the ¢-th iteration. We adapt this
relation to update the weight r,(n) of particles as
t+1 t t+1 t
rin ) = i) explhi, (0m) (9] = 1)/ (n22)),

during the re-weighting stage because r$,) represents “importance” of 6,, which is proportional

to p[g)(0m)/p[g" ] (0, so that the particle approximation (4) is (nearly) unbiased. We allow
the number of particles to depend on the outer-loop iteration 7', and write M (*T) as the number of
particles in the 7-th outer-loop. The entire procedure is summarized in Algorithm 2.

Finally, we output the solution of the last iterate. We call this output as Option (A) and write its solution
as ggﬁg. Alternatively, there is another choice Option (B), which randomly selects the stopping time
t!q from the final n-iterations, i.e., that is randomly chosen from {nTonq — n + 1,...,7Tena},

and returns the solution g(()]‘fg = g(tena), This technique improves the accuracy up to O(n) factor.

Therefore, we can reduce the number of particles by O(n) times.

SThe total varzatzon (TV) distance between two probability measures with densities p, g is defined as
TV(pllg) := 3 [ Ip — qlde.
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Algorithm 2 Dual Coordinate Descent with the particle method

Require: training data {(x;, y;)}?_; and numbers of inner-loop iterations 72 and outer-loop iterations
end>
1: Choose ggo) s.t. |€f/(g§0))‘ <1(t=1,...,n)and E;f(ggo)) < 05(0)
2: forT =0,1,...,Teng — 1 do ) )
3:  Randomly (approximately) draw i.i.d. parameters 6,, (m = 1,..., M) from p(*T)(9)d6
that satisfies TV (p(7)||p[g7)]) < 7).
4: T%LT) e (m=1,..., M®T)

MG
5 fort=nlT'nT+1,....nT+n—1do
6: Randomly choose i; from {1,2,...,n}
(t+1) S b, (B.n) ® 1 ()
t+ * m=1 m b, \UYm t t)\2
7: g9;, < argmaxq —(; (g;,) + 7 9. = 9;,) — (9i —9:,))" ¢
gi, €R { foilﬂ r® ( ) 2nAo
s i el e (<o b )6 = gl) (m =1, MOED),

9: end for
10: end for
11: return Option (A): géﬁt) = ¢(@Tena); Option (B): g(()]i’g = g(ténd) for t/ , that is randomly chosen
from 72(Tena — [2]) +1,. .., 2T ena }-

Sampling algorithms. Here, we present two examples that can be applied to sampling the particles
(0,)M_, from pg](0) oc exp(—U(#)) where U(6) is the potential function defined as U (f) :=

% G X0y ha(0)gi + Aall0]12).
(1) ULA (unadjusted gradient Langevin algorithm): The algorithm generates samples from the
following noisy gradient descent update:

OF L = gF — VU (6%) + /21ty

where 7 > 0 is the step-size and & ~ N(0, I) is a random noise generated from the d-dimensional
standard normal distribution. The sampling efficiency of ULA has been extensively studied in the
literature (Dalalyan, 2017; Durmus & Moulines, 2017; Vempala & Wibisono, 2019).

(2) MALA (Metropolis-adjusted Langevin algorithm): The algorithm combines ULA with an
accept-reject step according to the Metropolis—Hastings algorithm. That is, we generate a proposal
6%+ by ULA, i.e., 08T = 0% — nVU(0F) + \/2n&}, which is accepted with probability a given by
— i U(Br11)q(0%165) }
o = min {1, U005 107y [
where ¢(0']0) o exp(—[|0 — 0 — VU (0)||2/4n). If 61 is not accepted, we set §¥+1 = 6% The
convergence rate of MALA has been studied by Bou-Rabee & Hairer (2013); Ma et al. (2019); Chen
et al. (2020a), to name a few. Due to the Metropolis-Hastings step, MALA allows for larger step size
than ULA, which leads to an improved iteration complexity with respect to the desired accuracy €c.

4 CONVERGENCE ANALYSIS

We present the convergence analysis of our method under the following assumptions.
Assumption 2.

(A3) inf, £;(x) > —oo holds for all i € [n]. There exists a constant v' such that Vi € [n),
05 is y'-smooth in the interval {y € dom(¢;) | 9€(y) N [-2,2] # 0} B; =
sup {|¢;(x) — inf, 4;(2")| | |x| <1, i € [n]} and By = sup {|¢;(z)| | |z| <1, i € [n]
are both finite.

(A4) h; is L-smooth foralli=1,...,n.

It is straightforward to verify the finiteness of B;, Bs and inf, ¢;(z) in (A3) for several practical
loss functions such as the squared loss and logistic loss. The smoothness assumption (') on £ is
required to fill in the gap between ¢g(*) and §(*), and is also satisfied by the loss functions listed above:
the squared loss satisfies it with 7/ = 1 and the logistic loss satisfies it with v/ = (e? + 1)?/e?. The
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second assumption (A4) is required to prove convergence of the sampling procedure, and can be
omitted if we employ a particle sampler that does not require smoothness of the density function. This
assumption is satisfied, for example, by a (truncated) two-layer neuron hgy(z) = tanh(r)o(w ' z) for
0= (r,w) € Rx R? (which also satisfies the boundedness assumption (A2)). We are now ready to
present the convergence rate of our proposed method Algorithm 2. Here, we define s def 2(1177%2)\2)

Theorem 1. Suppose that Assumptions 1 and 2 hold. Let teng = n1unq. There exist constants C’l,
C5 and C3 which can depend on § and )y such that, if

eI < &y exp(—5T/2), M) > ? <m)2 10g(4nTwna/8) (VT € [Tond]), (5)

for0 < § < 1and \y > 2B/n, then there exists an event E° satisfying P(€) > 1 — 5 in which the

conditional expectation of the duality gap can be bounded by E [P( [g(()ﬁt) ) — D( gOut ’ 5} <ep

as long as the number of iterations tonq satisfies the following conditions:

1 1\C
(Option A) tend > 2(n+— |log| | n+ — % , (6)
)\2 /\2 €Ep
1 1\ C
(Option B) tona > 2 [0+ —— ) log A [q %
Y A2 ny\s ) €p n
Moreover, the constants have the following dependency on n,n, \s, §: Cy = eXp(4/\B;nﬁ ), éfl =

0 (332 Crexp (2D ) and G5 = O(max{5~, 5"%(1 + 57/2)}).
The proof and detailed descriptions of each constant are given in Appendix C. The theorem indicates
that our proposed method achieves exponential convergence with respect to the number of outer
iterations. This coincides with the convergence rate of the finite dimensional version of SDCA
(Shalev-Shwartz & Zhang, 2013a). In contrast, a (non-stochastic) full-batch gradient descent requires
O((n/A27y)log(1/ep)) total gradient evaluations to optimize a convex objective with a condition
number 1/(A\o7y). Importantly, SDCA (and our method) “decouples” the sample size n and the
condition number 1/(A27) yielding only O((n + 1/A\27) log(1/€ep)) iterations, which is beneficial
in a setting of big data and a small regularization parameter.

The difference between options (A) and (B) is only an O(log(n)) factor in terms of the number of
iterations. However, this improvement affects the number of particles given by Eq. (5). Indeed,
the log(n) factor improvement of te,q allows us to take M ("Tent) > Q(C2C5/(C2ep)) in the last

inner loop, whereas option (A) requires M ("Tend) > Q(nC2C5/(C2ep)). Either way, the number of
particles can be of linear order in terms of the inverse of the target precision ep.

Remark 1. Depending on the regularization strength Ao, the re-sampling interval n. should be chosen
differently. For constant order (non-vanishing) Ao, we may take the re-sampling interval as n = n so
that all constants are bounded. On the other hand, in the small Ay regime, say )\2 = 0(1/n), we

have Cy = exp(O( )), and there also appears an exponential dependency on Cy wert. fi. In this
case, i = O(1) is a better choice to avoid the large particle complexity. But for such choice of i,
we should re-sample at almost every iteration, which is computationally demanding; this presents a
trade-off. In practice, re-sampling can be executed in parallel and thus efficient training (using GPU)
is possible. Importantly, to obtain the usual O(1/+/n)-generalization error, Ay = 1/+/n is sufficient
(Nitanda et al., 2021) and thus we may take i = Q(+/n) in that situation. We however conjecture
that this trade-off is unavoidable without additional assumptions.

Sampling complexity. In Theorem 1, it is assumed that the density p(™*) from which the particles

are generated is within eng) from the target density p[g("T)] measured by the total variation distance.

The next proposition provides an upper bound of the number of iterations required to obtain the e(g 7
accurate distribution by the Monte-Carlo samplers such as ULA and MALA. The key property of the
target density that determines the convergence rate of these methods is the log-Sobolev inequality

with a constant cpg (see Definition 2 for its precise definition).

SIntuitively, the event £ represents an event in which “good” particles are sampled from the sampler to
approximate the integral.
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Proposition 2. Under Assumptions 1 and 2, the target density p[g(ﬁT)] at each outer iteration satisfies
the log-Sobolev inequality with constant cr,s = 2”\1 exp(—4Ba/A2). Accordingly, the number of

iterations K iT) to obtain the egLT)—accurate distrlbutlon can be evaluated as follows:

(LD KO < 38 ma {1, ot ios [42/ 0™
3/2
(MALA) KD <0 g (2052 4 iogelt ™) d].
LS

The proof and a more detailed statement can be found in Appendix B. Roughly speaking,
this proposition states that the number of iterations for ULA can be simplified as K. iT) >
Q((cLs ey =-2 log(n)). On the other hand, MALA requires only poly-log order complexity with
respect to e(CﬁT) as K\ = Q(CLS /2 log(1/ e(g T))s/ 2), which is therefore more preferable to obtain
higher accuracy. Combining the required number of particles M (*”) and the number of iterations
K ,ET) for the sampler, we see that the total computational complexity is still of polynomial order.

Remark 2. Note that the log-Sobolev constant crg also depends exponentially on 1/\o. While the
exponential factor can be avoided in the outer loop (Theorem 1) by appropriately setting n, such
dependence is known to be unavoidable for crg in the most general setting (Menz & Schlichting,
2014). An interesting direction is to explore additional assumptions that remove this dependence.

Total complexity. By summarizing the results we obtained above, the total computational com-
plexity of our algorithm (Algorithm 2) with the MALA sampler can be roughly bounded as

on 7 T) j~\~ n log(n log(ep! 5/2
Z end (R T) (1—|—nK£ )/n)n:O<1ﬁ€gIS )(n—&—ﬁ) {((14-)\12) Ogc(Lg )) )

where we assumed C’f 16, = O(1) (see Remark 1 on how this is achieved). Detailed evaluation of
the computational complexity with the ULA sampler can be found in Appendix B.2.

5 ADDITIONAL RELATED WORKS

Hu et al. (2019); Sirignano & Spiliopoulos (2020) showed a linear convergence rate of the McKean-
Vlasov dynamics. However, the theory only handles the infinite width limit and continuous time
dynamics, and it is from trivial to covert their results to a discrete time and finite width setting. Mei
et al. (2018) also analyzed space-time discretization of a similar dynamics. However, a quantitative
convergence rate is not provided, and the time discretization error grows exponentially with the time
horizon. Compared to these results, we deal with general (1/+)-smooth loss functions and made the
dependency on the parameters Ao and - explicit in our convergence rate. Bou-Rabee & Schuh (2020);
Bou-Rabee & Eberle (2021) showed an exponential convergence of gradient Langevin dynamics
with an interaction potential, which includes certain mean field models. When specialized to mean
field neural networks, our formulation covers a much wider range of objectives and loss functions.
Furthermore, they considered only the Hamiltonian Monte Carlo sampler, and the analysis relied on
the coupling between the discrete time dynamics and the continuous time counterpart. Consequently,
their outer-loop iteration complexity is larger than O(log(1/ep)/ep), whereas our bound requires
only poly-log order cost due to the flexible choice of sampling algorithm. Jabir et al. (2021) also
considered spatial-time discretization of mean field dynamics of deep neural network. However, it
contains the time discretization lag A in their convergence rate, while our method is purely discrete
time and is not affected by such a time discretization error. Moreover, their analysis requires a strong
regularization (which corresponds to \; in our setting) so that the objective becomes convex-like
with respect to each particle to show the geometric ergodicity; this is not required in our analysis.

6 NUMERICAL EXPERIMENTS

We verify our convergence rate analysis on regression problems with the squared loss. We consider
teacher-student setup in which teacher and student are both two-layer neural networks of different
width. The training dataset is generated by the teacher model: y; = o(w* " x; + b*) + ¢;, where x;
and ¢; are independently drawn from Gaussian distributions. We optimize a tanh neural network
(hg(x) = tanh(w "z + b) with § = (w, b)) of width M, as a student using Algorithm 2.
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Figure 1: (Left) Linear convergence of PSDCA to the optimal value of the regularized objective, with test loss
as for the supplementary. (Right) Comparison of predictive accuray of P-SDCA, PDA, and SGD. The error-bar
indicates the standard error over 10 independent repetitions.

Convergence rate of P-SDCA. We verify the linear convergence rate of P-SDCA as suggested
by our theoretical analysis in a simple setting. To verify the convergence rate, we run the method
with 1000-steps of ULA. As for the teacher model, we use the ReLU activation for o and (note that
even though this is a simple setting, the teacher model is “not” included in the student model). The
number of examples and dimensionality of the input space are n = 500 and d = 50, respectively.
The other hyperparameters are set to \; = 1074, X\ = 107%, and M, = 200. The left side of
Figure 1 depicts the convergence of the primal objective to the optimal value. The z-axis is the
number of outer-iteration and the y-axis is the excess primal objective P(-) — inf,, P(p) including
the regularization terms on a training set and a test set in log-scale. The integral with respect to the
primal solution was computed by the particle average and the entropy is estimated by using the k-NN
entropy estimator (Kozachenko & Leonenko, 1987; Brodersen, 2020). Since the y-axis is log-scaled,
we can clearly observe the linear convergence of P-SDCA.

Comparison of predictive accuracy with SGD and PDA. We employ a sign activation for the
teacher model (o(-) = sign(+)), and the student is an overparameterized tanh network of width
M, = 200. The number of examples and input dimensionality are n = 1000 and d = 50, and
we set \; = 1073, Ay = 107%. As for SGD, we cannot apply the entropic regularization and
thus the term is omitted in the optimization. We also used the neural tangent kernel (NTK) scaling

(fo(x) = ﬁ Zle hg,, (x)) for SGD optimization in addition to the mean field scaling. The test

error with respect to the number of gradient evaluations is displayed in the right side of Figure 1. We
make the following observations: (i) P-SDCA achieves a better test error than other methods; (ii)
SGD achieves minimal test error at the early stage but does not perform well afterwards; (iii) the
mean field parameterization outperforms the NTK parameterization in terms of test loss; one possible
explanation of this observed advantage is the presence of feature learning, which we empirically
demonstrate in Appendix D.

7 CONCLUSION

In this paper, we proposed a new stochastic optimization technique for two-layer neural networks
with the mean field representation. Our algorithm can be seen as an infinite dimensional extension
of SDCA that maintains its advantage, namely, that it converges linearly with respect to the outer-
iteration, and is much more efficient in terms of the sample size than non-stochastic methods. In the
algorithm, we approximate the integral required in each update by an average over finite number of
particles. Remarkably, the number of particles can be of linear order with respect to the required
precision, and its sampling cost can be of poly-log order. This is significantly different from existing
numerical approximation approaches of McKean-Vlasov equations, which typically require either
vanishing step size or exponentially large particle size. We validated the linear convergence of
P-SDCA in numerical experiments, and demonstrated that it outperforms other existing methods.

In the convex optimization literature, it is known that the SDCA algorithm considered in this work is
not rate optimal — the optimal algorithm can be obtained by combining Nesterov’s acceleration with
stochastic methods (Allen-Zhu, 2017; Murata & Suzuki, 2017). Extending our algorithm to such
an optimal accelerated method is an interesting future direction. In addition, while the exponential
dependence on 1/)\; in the log-Sobolev constant may be unavoidable in the general setting, it is
worth investigating whether such dependency can be improved under structural assumptions.
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——Appendix——

A FENCHEL’S DUALITY THEOREM (PROOF OF PROPOSITION 1)

To prove Proposition 1, we utilize the infinite dimensional Fenchel’s duality theorem by Rockafellar
(1967). Two real vector spaces F and E* with locally convex Hausdorff topology are called
topologically paired vector spaces if all the elements of each space can be identified with all the
continuous linear functionals on the other. Therefore, for a continuous linear functional y : X — R,
there exists y € E* such that we can write y(x) = (y, ) g+ g as a bilinear form (-, -) g+ _g.

Definition 1 (Fenchel-Legendre convex conjugate). Let X, X* be topologically paired vector spaces.
For f : X — RU {00}, its Fenchel-Legendre convex conjugate f* : X* — R U {oo} is defined by

[ (y) =sup{(y, x) x~ x — f(z) |z € X}.

Remark 3. When X = X* = R? equipped with the usual inner product, the definition of the
Fenchel-Legendre convex conjugate coincides with the definition introduced in the main text.

Lemma 2 (Theorems 3 and 8 of Rockafellar (1967)). Let (X, X™*) and (Y,Y*) be two pairs of
topologically paired vector spaces. Let f : X — RU {oc}and g : Y — R U {0} are proper lower
semi-continuous convex functions, and let A : X — Y be a bounded linear operator. Assume that
Jx € X such that f(x) is finite and g is finite and continuous at Ax. Then,

inf{g(Az) + f(z) | z € X} =sup{—g*(y) — f*(-A"y) |y € Y},

where A* is the adjoint operator of A such that (y, Ax)y~y = (A*y, x)x~ x. Moreover, & and
are the optimal solutions of the primal and dual problems respectively if and only if Az € dg*(§)
and A*j € Of(%).

Now, we are ready to prove Proposition 1.

Proof of Proposition 1. We utilize Lemma 2 to show the assertion. We let Y = R"™. Then, we
know that Y is self-dual, that is, its topological dual Y* is Y itself where the linear functional
is given by the standard inner product (u,v)y~y = >, u;v; foru = (u;)f~; € Y and v =
(vi)?_, € Y*. We let X be the set of L'-integral functions with respect to the Lebesgue measure,
ie, X = LY(RY) = L' (R ), where y is the Lebesgue measure on (R?, B(R)). It is known
that its topological dual is the set of essentially bounded functions equipped with L°°-norm, i.e.,
X* = L®(R¥) (= L*(R% p)) = {f : R? — R | fis B(R?)-measurable, ||f|o < oo}, where
[flloc = inf{M > 0| p({z | |f(z)] = M}) = 0} for the Lebesgue measure x. The bilinear
functional (-, -)x« x is given by (g, f) x+.x = [ fgdu. Then, X, X* become topologically paired
vector spaces by equipping X * with its weak* topology with respect to the inner product (-, -) x x.

Welet A : L(RY) — R be Af = ([ hi(6)f(0)d0)™, € R" for f € L'(R%). Then, we can see
that A is a bounded linear functional by the boundedness of /;(-).

It is also known that the KL divergence is jointly lower semi-continuous with respect to the weak
convergence topology (Posner, 1975, Theorem 1). Since the L'-norm between probability density
functions is equivalent to the total variation norm between the corresponding probability distributions,
and the total variation norm gives a stronger topology than the weak topology, KL divergence is lower
semi-continuous with respect to the L'-norm of the corresponding density functions. It is also well
known that KL divergence is jointly convex and it is easy to check that p € P + KL(p, N(0,021))
is proper, i.e., 3p € P such that KL(p, N(0,0%I)) < oco.

Under these settings, if we set g(u) = 2 37" | £;(u;) foru = (u;)?; € Y = R? and

f(p) — {)‘2KL(p|N(Oa )‘1/)‘21)) (p € P>7
00 (otherwise),

for p € Ll(Rd), then we can see that P(p) = g(Ap) + f(p) for p € P and inf,cp P(p) =

infrex{g(Ah) + f(h)}. We can also verify the condition in Lemma 2. Indeed, if we let pg € P be
the density function of N (0, A1/A21), then f(pg) = 0 < oo and ¢ is continuous at Apy because a
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convex function is continuous when its effective domain is the whole space R™ (Rockafellar, 1976,
Theorem 10.1), and the domain of g is the whole space R™ (remember that the range of ¢; is R).

Therefore, by applying Lemma 2 and going through a simple calculation to obtain f*, we obtain the
desired assertion. O

B COMPUTATIONAL COMPLEXITY OF SAMPLING ALGORITHMS (PROOF OF
PROPOSITION 2)

B.1 LOG-SOBOLEV INEQUALITY OF THE TARGET FUNCTION

In each outer iteration, we sample M particles from the density p[g(ﬁT)] so that the particles are

sampled from an approximated density p*) with TV (p(*T)||p[g(*")]) < e(ST). To estimate the
convergence of Monte-Carlo methods such as ULA and MALA, the log-Sobolev inequality associated
with the target density plays the central role.

Definition 2 (Log-Sobolev inequality). Let p(0) be a smooth probability density function on R,

Then, we say p(0) (or its corresponding probability measure on (R, B(R?))) satisfies the log-Sobolev
inequality (LSI) with a constant cr,s > 0 if and only if, for any smooth function ¢ : RP — R with
E,[¢?] < oo, it holds that

B, [7 og(6°)] — B, [6%] oB(E,[6%]) < - B, V63,

The following lemma shows that the target density p[g(ﬁT)] satisfies the LSI.

Lemma 3. Suppose max; |g§ﬁT)| < B (this is true by Lemma 6 below with B = Bs) and assume
(A2) of Assumption 1, then p[g‘™")] satisfies the LSI with the constant

2\
cLs = T; exp(—4B/Az).

Proof. Remember that p[g("")] is given as

Therefore, p[g("")](6) can be written as

exp(f(0))q(0)
Eqlexp(f(-)]’

where f(0) = —=1 5" h;(0)g!™™ and ¢(6) is the probability density function of a Gaussian

A2 n i=1""

measure N (0, 2’\7211) Note that || f]lcc < B/\2 by the assumption (A2) and max; \gfﬁT)| < B.

Then, it is well known that ¢ satisfies the LSI with a LSI constant c1,5(q) = % and Holley & Stroock
(1987) showed that the bounded perturbation as in Eq. (8) preserves the LSI condition where the
LSI constant of p[g(™™)] is bounded by cs = cLs(q)/ exp(4]|flloo) > H: exp(—4B/A;). This

concludes the proof. O

plg™](0) = (8)

By Lemma 3, we show that existing convergence rate analyses of ULA and MALA such as Vempala
& Wibisono (2019); Ma et al. (2019) can be applied to our target density p[g(ﬁT)]. From now on,
we denote our target density p[g("7)] by p*, and the negative log density of p[g(*)] by U, that is,
p*(0) = exp(=U(6)). In addition, let p; be the marginal distribution of 8; (sample in the k-th
iteration of ULA or MALA).
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B.2 SAMPLING COMPLEXITY OF ULA

First, we apply the convergence rate analysis of ULA developed by Vempala & Wibisono (2019) to
our setting. We utilize the following proposition given by Vempala & Wibisono (2019).
Proposition 3 (Theorem 1 of Vempala & Wibisono (2019)). Assume that p*(0)d6 satisfies the

log-Sobolev inequality with a constant cr,s and U is L-smooth. Under these assumptions, for the step
size n) satisfying n < %%, we have that

87’]CZL2
cLs

KL (px || p*) < exp(—crsnk)KL (p1 || p*) +

Proposition 3 implies that if the step size satisfies 7 < 4% min {1 1 d} and the number of iterations
satisfies
1 2KL *
Eo L op KL 9"
CLS7 €

then we obtain an e-accurate distribution py, in terms of the KL-divergence.

If we employ po(6) x exp(—— |0[1?) (a Gaussian measure), then 2KL (po || p*) is bounded by % 432 ,

from Lemma 6:

KL (po || p*) :/po(9) log po(f0)

p*(0)
= - /PO(G) [log p*(0) — log po(6)] O

de

— 3 |
/ (9) 1 exp ( i=1 (fz)gq >\1H9”2) | (9) 0
=— [ Po 0g Ty hi(8)gi =197 113 ’
f . (_ > h,l(0>\2)gz A1]|0 H2) de’

R R R R

_log exp (Supl lgil ) f ox ( >‘1”9H2> " —log po(0)

<= [ (o) toe{exp (<222 i)} ~ o m(0)]

232
/\2

Moreover, using Pinsker’s inequality bounds total variation norm by KL-divergence:

lpr — p*||7v < V2KL (pi || p*).

Therefore, in order to have an e-accurate distribution in total variation, it suffices to let the step size

2
satisfy n < 745 min {1, %} and the number of iterations satisfy

2 4By
log

k> .
cLsn - A2€c

Hence, the total computational complexity can be bounded by O ( log )\266)

Total computational complexity of sampling by ULA  According to Theorem 1, sampling ac-

curacy in total variation 6(0 ™) should be smaller than O(exp( 7)) in each sampling step 7'

Therefore, the total computational complexity for sampling can be calculated as follows:

Algorithm 2 with Option A: Suppose = we run outer-loop up to Ting >

Bi+Bat 1ol . .. .
Llog ( (n+ BitBot =e0t9) ) (imes. Indeed it is sufficient to have an €p-
s ’Y/\Q ep

approximated solution, according to Theorem 3, which gives a tighter and more detailed
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bound than in Theorem 1. Then, the total required computational complexity for sampling is

L log B
cis( “-c )2 A2 e(ﬁT)

end
<0 ( 12 (nde)> Z exp (8T)

Tend

M

0 By exp (8Tena)

o CV gLTcnd) 1—e 8

-0 ( + "/TQ) @ o By(B; + Bz + Co)

n nep ciq & Aoy + — ’
n’Yz

where O hides log log terms.
Algorithm 2 with Option B: According to Theorem 1, it is sufficient to run outer-loop up to Teng >

nys
detailed definition of Ci3 = O(max {51, \; 3/25-1/ 21) in Egs. (52a)-(52¢) of Theorem
3 and in Proof of Theorem 1. Therefore, the total required computational complexity for
sampling is

1 1 C . . . .
3 log ((1 + ) ﬁ) times to acquire an € p-approximated solution. You can see the

alL2 B §Ten,
-0 log 2T exp (8 Td)
CQCLS )\zegL end) I—es

3/2 5/2 ~
n (1 + n’y)\g) dL2 BQ(Bl + B2 + C())

~ 1/2
_ =3/2 [ nyda+1
=0 Inax{)\Q y (Ti@) } ﬁg/er glog )\ n 5
n’Yz

where O hides log log terms as well.

B.3 SAMPLING COMPLEXITY OF MALA

Here, we adopt the convergence rate analysis of MALA obtained by Ma et al. (2019). They showed
the convergence under the setting where U is pu-strongly convex outside of a compact domain and is
L-smooth. Although our situation does not necessarily satisfy this condition, the proof of Ma et al.
(2019) essentially utilizes it to show the LSI of the target density. Fortunately, we have already seen
that the target density p* satisfies the LSI in Lemma 3. Thus, the analysis of Ma et al. (2019) can be
applied to our setting.

From now on, we denote p[g(")] by p*. Let R(s) be a positive real such that P*(||0]| > R(s)) < s
for 0 < s < 1 where P* is the probability measure corresponding to p* and L > 0 be the smoothness
parameter of log(p*): ||V log(p*(8)) — V log(p*(8"))|| < L||6 — 6’||. Then, Ma et al. (2019) showed
the following proposition.

Proposition 4 (Lemma 9 of Ma et al. (2019) with modification). Let the initial density py satisfy

sup po(0)
gcRrr P* (0)

<p
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for B > 0. Then, for the step size n > 0 satisfying

© (st i T i )
" L3/2R(e/2B)" Ld" L4/3R(e/26)?/3d/3

and the number k of iterations satisfying

k=g (7))

>0 ((:21 log (265) max{L%*%R(¢/28), L 4/3R(e/2ﬂ)2/3d1/3}> )

LS
it holds that
lp* — prllrv <e

We apply this proposition to our setting. From now on, we assume Assumptions 1 and 2 hold. Then,
it can be easily seen that

[ LBy +2) .
A2
If we employ po(6) exp(f—||t9|| ) (a Gaussian measure), then we may set 5 < exp(2B2/\2)

because

pol6) (2)\1/)\2>”/2fexp( 3o S (09" = 32 ]0)1?) 4o
p*(e) 2 exp (7}\2% ?:1 hl(e)gl(ﬁT)>

2\1/22 )"/
< (57{2> eXp(ZBg/)\g)/eXp (=2061%) aer

241 /A0 \ P/
= exp (2B2/\2) ( o ) /exp (7%”9/”2> de’
= exp (2B2/)\2) . (10)
Moreover, the proof of Lemma 16 of Ma et al. (2019) showed that we may set

The second term in the right hand side can be evaluated as

TIo1?) = [ 10125 @10 = [ 61pn() Plas

< exp(2Ba/ ) / 16]12po(6)d6

Ao~
= exp(2B2/X) 53 d,

where the inequality in the second line can be shown in the same manner as Eq. (10). Then, we obtain

Therefore, substituting these evaluations into Eq. (9) yields that

M( (22 108 (1)) x
CLS )\2 €
2d\ 2B\ d 0d\  2m,\ " @/
max{ L¥2, | [log | = | + =2 | —, Ld, LY? [log | = | + =2 73
€ Ao CLS € Ao CL/S
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Algorithm 3 Definition of §(*)
1 pT) « plg™T)]
2: gz(:ngl) A argmax _l;ﬁT (gZﬁT)+/ hiﬁT (e)ﬁ(ﬁT) (H)de(gwﬁ _gz(:g)

Gizr

L - (AT) 2
) 271)\2 ‘glm" gi,—LT ‘
3 fort=al+1,...,a(T+1)—1do
4 0 p[g?]

1
s g+ e agmax 15,5 + [ b (0500036, ~ 50— =l — 3P
) Jiy n)\g
6: end for

is sufficient to ensure ||p* — pr||Tv < €, where cpg = % exp(—4By/A;) and L = L&/\it”l. We
can see that the right hand side can be bounded by

1 (By(1+L)+\ 32
CLs

which gives the assertion of Proposition 2.

C PROOF OF THEOREM 1

In this section, we give the convergence rate analysis of our algorithm. We first show the convergence
rate Algorithm 1 (the continuous limit version), then we prove Theorem 1 by bounding the discretiza-
tion error. Before we begin the proofs, we need some auxiliary variables that interpolate between the
continuous limit solution and the discretized one.

The key ingredient of our proof is to show the discrepancy between the solution with particle
discretization and the one with the continuous limit is sufficiently small throughout each inner loop
from ¢t = 2T to t = n(T + 1). To rigorously prove this intuition, we introduce ™ which follows
the continuous limit update but is initialized from the discretized one ¢("T) at the every starting
point of the inner loop (see its definition in Algorithm 3). To fill in the gap between the continuous
limit g and the discretized version ¢(*), we also define g(*) (t = AT,..., T (2 + 1)) which lies in
between (see Algorithm 4). Basically, §(*) and §(*) are updated by the same rule, but are initialized in
different ways. Indeed, the primal variables corresponding to these two sequences are updated as

Pla)0) o pla)(0) xexp (~ 7 hi, (0)059) and ) ox pO(B) xexp (— i, (6)59)),

respectively. However, different initial primal variables p("7) = p[g("T)] and p(*T) = p(*T) are

employed for the two schemes (remember that p("T) is an approximation of p[g("")] by the sampling
scheme). We denote difference of the updated coordinates before and after updates as

gg(t) L gl _ g gl € g0+D) 50550 = gD g0 (4 = AT, .. T(7 + 1) — 1),

(23
respectively.

()

At the same time, we define some variants of rjt , in order to fill the gap more finely between §(*)

and g, We define 7 as a direct discretization of p(*) using the sampling point 6, (see Algorithm
70

—+— blays a role of
j=1 Tj/

5). Let f;” be a numerator of FJ@ (see Algorithm 6). We expect that

®)
interpolation between 5(*) and %

J=1";"
In the convergence rate analysis, the smoothness of the dual objective plays an important role. The
following lemma shows the smoothness of the dual of the regularization term.
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Algorithm 4 Definition of g(*)

1+ piiT) ( p(aT)
_(nT+1 * _ (R nT
zg&T+)efwgmw«JMTmmTwﬁ/thwn#Tkmdw — gy

9inT

T
vl

fort=nT+1,...,n(T+1)—1do

P (0) exp (— ks X4 hr hi. (0,007
S (@) exp (= Sy b, ()05 ) o
s gl o angmax 1 (@) + [ hi (09 0)d6(5; 9L -

Giy

4 p(0) «

_ ()2
o A ——|gi, — 3|

6: end for

Algorithm 5 Definition of r( )

_(nT .
I: r](ﬁ )eﬁ (G=1,...,.M)
2: if n > 1 then
3 fort=nT,nT+1,...,2(T+1)—2do
t
4 _(t+1) - ﬁ exp (_%M ZT nT ( )59 )
N T
! P (0 exp (— = S ha (67657 ) Ao
nig T=nT

5:  end for
6: end if

Algorithm 6 Definition of f§-t>

A(RT)

1: 7 <—— (j=1,...,M)
2: ifn > 1then
32 fort=nT,nT+1,....,n(T+1)—2do

t
) L (t+1) 1 1 ) NS5 T)
4. 'f'j < Mexp <_n)\2 Z th (0])5917 >

5:  end for
6: end if

Lemma 4. The first and second order derivatives of the second term of the dual objective D(g) can
be evaluated as

Vlog | [dly ]Lz—i/mwmw@w, (an
[v%b [ alg H -
n% / i 6)do — / [9)(6)d6 / hj(Q)p[g](Q)dQ}. (12)

20



Published as a conference paper at ICLR 2022

In particular, the dual of the regularization term can be bounded by a quadratic function as follows:
(a) L1-norm bound,

1
o | [ ala-+ a6)0)as] < rato | [ gl de}—z [ hit@lal91a059:+ 5 gl

(13)
and (b) La-norm bound,

As log Uq[g + 59](9)d9} < M log U dﬁ} _1 Z / hs(0)plg] (6)A05g: + —||5g||2
(14)

The L;-norm bound is useful to derive the dual coordinate ascent method (Algorithms 1 and 2). On
the other hand, the Ly-norm bound is also useful in the following convergence rate analysis.

Proof. First of all, it is easy to see that A2 log [ [ ¢[g](0)d#] is two times differentiable by g;. Since a
direct calculation yields

1N ) N 2
nEz 1h1(9)(g1) A19”2>d9, (15)

0 1 - —

0)d0 = ——— [ h;(0 =

oo [ 100 =~ [ m@yexn 2
we immediately obtain Eq. (13):

_1 )
8%)2 log [ / q[g](e)de] == ﬁzié]egg)[zglo)de - —% / hs (8)plg] (6)d6.

By differentiating the right hand side by g; again and using Eq. (15), we get the desired equality (12)
for the Hessian.

Note that the right hand side of the equation (12) for the Hessian evaluation is given by the covariance
between h; and h; with respect to the probability distribution p[g](¢). Hence, each element is
bounded by n%)\z due to the boundedness assumption of h; (Assumption (A2)), which yields Eq.

(13). As for the Ly-norm bound (14), it is easily obtained by the relation ||d6g||; < v/n|[dg|l2. O

C.1 CONVERGENCE OF THE IDEAL UPDATE g(t) (ALGORITHM 1)

First, we prove the convergence of the ideal update §(*). Convergence analysis in the continuous
limit is the basis for that of discretized updates; more concretely, we can use results and proofs for
continuous limit in this section as a reference to derive Lemma 8, which is one of the key lemmas for
Theorem 1 (convergent proof for discretized updates).

Lemma 5. Suppose that {; is 1/v-smooth for all i € {1... ,n} (Assumption (Al)). Consider the

update of §¥) given in Algorithm I (continuous limit update), then, for any iteration t and any
s € [0,1), it holds that

2 G(t

E, |D@“) = Da")] = Z(PG) - DY) - (3) 53 (16)

il
n
where pY) = p[g®),

G def (1 i —SS)AW) E, [ - 2] a7

lf 1t

and u? % O ([ pM(0)h;(0)d0). Here, the expectation was taken with respect to the choice of the

coordmate is. Accordingly, we also have the same bound for the ideal update in Algorithm 2 (¢*T)
and §® (t = AT +1,...,7(T + 1))), considering the definition of )

Proof. Since we will focus on the update of one step, ¢; is omitted as ¢ in the following. At each
update, the improvement in the dual objective can be written as

n[D(g") — D(gM)]
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=— @Y + () = Mg log [/ [g(++D ](e)de] + Az log [/q[g(”](e)de}

— @)+ / ha(O)5 (0)a0 (3" — 6) = 5 —lgi - ““)\ +63")
2’17)\2
> 03" + s = gi") + s / n(O)p " (0)0 (uf? = g{) — 5 Sl O + 660
(18)

where we used Eq. (13) in Lemma 4 for the first inequality, and the second inequality follows from
the definition of §(**+1).

Since £} is y-strongly convex (v = 0 is also allowed), it holds that

@7+ s(u? = g") < st; () + (1~ s)ez‘@“) - 2st=9)® =g a9

From the property of the Legendre transform, u =4 (f p® (0)h;(0)d) implies that

0 (/p(t)(g)hi(g)de) + o (W) = /hi(9)?(t)(0)d0uf.t). 20)

Similarly, we also have the following relation from the duality of the regularization term:

M / 50(9)[16]1246 + Ao / 59(6) log p® (6)d9 + s log [ / q[g<t>1<9>do}

n - i

Combining Egs. (18), (19) and (20), we have that
n[D(3"*) = D(g")]

N YN O N O) 45 (1 sy - 5\l — 50p
> s (66 = [rop0 @)+ 5 (205 - )l - o)
S GEUE AN ORI
- [a ( / p(”(e)hi(e)de) v - [ m(e)p(”(e)deg?)}
s o 5\ -wp
+2<7(1 s) n>\2>|ui g; % (22)

By taking expectation of both sides of (22) with respect to ¢, it follows that

E [n[D(3) = D3]]

S WA OIOL B SRR RS S R ORI (e>d9v§“]
- ; ( / p ) S 6@ -S> / P g

i=1 i=1

AL njz)iu§t)g§t’|2

L2 ([ romom) + 13 6

+>\1/p(”( )||0||2d9+)\2/ )(0) log 5V ()d8 +\s log (/ G <t>](e)de>}
A CCEDE )Zu“) el
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2 @)
—s(P(5) — D(a®y) — -2~ 23
s(PO™) = D)) = o5 (23)
where we used Eq. (21) for the first equality. Dividing the both sides of Eq. (23) by n, we obtain the
desired inequality (16). O

(t)

Lemma 6. g, in Algorithm 1 is uniformly bounded by B, that is,

67 < By (Vt=0,1,...,nTena, Vi € {1,...,n}).

~(t)

In the same way, gft), g, and g(t)

%

191, 1871, 1971 < By (vt =0,1,...,nTena, Vi € {1,...,n}).

in Algorithm 2 satisfy

Proof. Let p be an arbitrary probability distribution. Let us consider the update

s = argmox {61 + (=) [ nio(6)a6). 24)

z'€R
for an arbitrary ¢ € {1,...,n}. Since h; is bounded by 1 (Assumption (A2)), the sub-differential of
0} at z satisfies that
olf(z) N[—1,1] # 0.
By the assumption (A3), i.e.,
By = sup {6/ | ol < 1} = sup (Il | 96:(5) N [-1,1) % 0} < oo,

we have that z in Eq. (24) is bounded by Bs.

Next, we consider its proximal-version update:

1

2 = argmax {—E;* (") + / hi()p(0)dO(2' —y) — ——|2' — y|2} . (25)
z'eR 27’1,/\2

In this proximal-version update, we added the term — ﬁ (z — y)? whose maximizer with respect

to z is given by z = y. Since the maximum point of the sum of two concave functions is located

between the maximizers of them, z in Eq. (25) satisfies that

2| < max {By, [y} .

From this and the initialization | g§0)| < Bsy, we have that | g}“\ in Algorithm 1 is uniformly bounded
by Bs by induction.

In the same way, gz(t), ggt) and ggt) in Algorithm 2 minimize the sum of the average of h;(f;) and

quadratic term as well. Note that the absolute value of the the average of h;(6;) is bounded with 1,
()

regardless of methods of averaging, that is, weighted particle for g,

and probability distribution for
gl@ and g(t). Thus, g(t), ggt) and g(t) are uniformly bounded with Bs, as well as g(% in Algorithm

1.

O

Remark 4. In the Section C.2, we sometimes face the situation where we should upper-bound
increment of the coordinates 59V, 6§ and 6g*).

Lemma 6 directly implies that 6g©, 6§ and 6§ are all bounded by 2Bs for all t =
0,1,...,nTeng. Thus, for future convenience, we define

Cl déf exp (2I§\BQ>

2

® o) a®
with which exp (%ﬁt‘) , €xXp (%ﬂtl) , exp (%Ztl) < C1 hold, where k is defined as

Ii:ﬁ.
n

Note that, however, we could have much tighter evaluations of 6¢), 5§ and 5§, which are
dependent of residual D(g*) — D(g®) or duality gap Plp(g™)] — D(g®)), since the dual problem
is strongly convex due to the smoothness of primal problem.
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Lemma 7. Under Assumptions (A2) and (A3), it holds that
P(plg™)) = D(3") < B1 + Ba,
for Algorithm I and
P(plg'™)) = D(¢'") < B1 + B,
in Algorithm 2.

Proof. By Assumptions (A2) and (A3), we can see that |(; ([ p(¥)(0)h;(0)d6) — inf, ¢;(x)| is
bounded by Bj. Since inf, ¢;(z) > — inf (Assumption (A3)), we also have £;(0) = sup, {0 -z —
l;(z)} = —inf, £;(x) < oo. In Algorithm 1, every initial coordinate g§°> is bounded by Bs. Also,

gi(o) in Algorithm 2 is similarly bounded by Bs. Therefore, in the following, g will be used without
distinguishing between g and §. Moreover, in a similar manner to Eq. (21) in Lemma 5, we have that

A / plg®)(0)116]2d0 + Ao / plg®)(6) log plg ] (6)d6 + Az log [ / q[g<t>]<9>de]
=—= Z / (0)dag",

from the duality.

Combining these observations, we have that

P ™) - Do)
:Ze POORO)) + 136 01 [HO@)61500

/ 5{(9) log <9>d3 Y 1_g / q[g<0>1(e>d{]
LRS-
ATERD <9>d9)—igfmm>}+n§j|g§°>|
B

+

3=

i=1

1+ By = By + Bay,

3\'—‘

NgE u?ﬂ: ||M: >

where we used Lemma 6 in the last inequality. O

Theorem 2. Let ep(> 0) be a desired accuracy. To obtain an expected duality gap
E [p(p(tend)) — D(g(tend))] < ep in Algorithm 1, it suffices to have the total number Ty,q of

iterations as
1 1 B B
tond > (n+ ) log ((n+ ) 1+2) .
)\2 ’)//\2 €Ep

Furthermore, if we randomly choose (p(t), g@)) fromt =teng —n+1,... tend in Algorithm 1, then

1 1 B; + B
tend><n+>log(<l+ )1—’_2)+7L
YAz nyAg €p

is sufficient to achieve €p duality gap in expectation.

Proof. In Lemma 4, choosing s = 11%32 € [0,1], then we have that
1— A
1— w <1-1=0.

S
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Hence, we have G(*) < 0 for all ¢. Thus, Lemma 5 implies that
E D) = DY) = 2B [P(") - DY) (26)
Therefore, we have that
“E |[D(g") - D3] < ZE [P() - D(3")| < 2B [D(g")) — D)

= E[D(s") - D(3")| ~E |D(g") = D3]

This implies that

E[D(g") - D) < (1= 2)E[D(") - D) )

By applying this inequality repeatedly, we obtain that

E[D(") - D)) < (1 2) E[Dg") - D)) < (B + By e (f) .o

where the last inequality is obtained by E [D(g*) — D(§»)] < E [P(p¥) — D(§'”)] and Lemma
7.
Moreover, making use of Eq. (26), the duality gap can be bounded as follows:
E[P®) - DY) < 2B D) - Dg")] < 2B [D(g") - DE™)|. @9
S S
Hence, combining Egs. (28) and (29) yields
By + B3) YAgt
L(t)y TONIPS n( 1 2 _ 2
E[P(p )—D(g )] S eXp( 1+nw\z>'

Therefore, in order to have an € p-approximated solution in expectation, it suffices to let

1 1 B B
tend > <n+ ) log ((n—i— > 1+2) .
VA2 Y2 ep

Finally, we show the second part. By summing up Eq. (26) over ¢t = teng —n + 1, ..., tend, we have
that

1 tend

= > (P6") - D)

n
t=tena—n+1

E < 1B [D(glt ) — D(glena—)
S

< E[D(g") - (gt )]

Bt B (_7)\2(tend - n)) .

> I
1+ rEpe 14+ nyAs

Note that although we do not actually calculate §(*»a 1) we can virtually define §(*era+1) as if the
algorithm continued.

Therefore, in order to have an € p-approximated solution, it suffices to let

1 1 \ B,+B
tond > <n+>10g<(1+ >M)+n
VA2 nyAg €p

when we randomly choose (5), §®)) from t = tenq —n +1,. .., tena. O

C.2 CONVERGENCE OF THE PARTICLE-VERSION UPDATE ¢(*) (ALGORITHM 2)

Next, we consider the convergence in Algorithm 2.

In order to prove Theorem 1 and give a convergence proof for Algorithm 2, we adopt the following
strategy. First we prove Lemma 8, by rewriting Theorem 2 to allow the discretization error in each
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series of inner loops. Then, the assumptions of Theorem 2 is verified, by Theorem 3. There are two
major streams leading up to Theorem 3. The first is about the error originated from the sampling
accuracy (Langevin algorithms), and the second is to evaluate the error accumulated during the
re-weighting stage. The former is considered in Section C.2.1 and the latter is in Section C.2.2, both
of which are combined in Section C.2.3 and finally Theorem 3 is proved.

Apart from the sources of the error, we bound the discrepancy of the duality gap between continuous
limit and discretized updates (P(¢) — D(¢®)) — (P(§®) — D(g™®)) with the following two
parts,

0 “E[DE"Y) - D).

e EE[Polg™) - POIV))] .

each of which corresponds to the discrepancy in the primal problem and dual problem, respectively.
As mentioned above, these two terms are attributed to the two sources, that is, sampling and re-
weighting. These variables eff), eg) represent how much the two sequences ¢ and §(*) diverge

during the updates of the inner-loop. Intuitively, in each inner-loop, the absolute values of e(j) and eg)

are increasing sequences between ¢t = 71" 4+ 1 and 72(T" + 1). Then, they are “reset” att = in(T + 1)
according to the initialization rule of §(*(T7+1)+1) and again will increase from ¢t = n(T+1)+1to
(T + 2).

The following lemma states that under the assumption about efﬂ eg) , Algorithm 2 achieves linear

convergence with regard to the number of coordinate update. From now on, we fix s = 1Z7z$\2
S — .8 — Yo )
Also, we define s = Kk 5= Trnaia’ where K = o

Lemma 8. Suppose that Assumptions 1 and 2 hold. If GS:T) is smaller than Coe 5T for ev-
ery T = 1,...,Tonqg with a constant Cy you can arbitrarily take, an expected duality gap
E [P(p[g("T“‘d)]) — D(g(”Tcnd))] < ep can be achieved by a total number Tenaq of outer itera-
tions given by

1 1\ (Bi+Bo+ —50—)
Tona > 22 (14 log  (n+— el (30)
n Ny Y A2 €p

Furthermore, zfeg) and eg) are uniformly bounded by <£ for all t = A(Tena — [£]) +1,...,nTena
in addition to the assumptions above, then it also suffices to set

1 2 (B1 + By + 50— 1
Tona > 22 (14 log [ 2+ Cet) ) =] e
n Ny Ny Ag €p K

to achieve e p-duality gap when we randomly choose output (p'), g®)) from t = fi(Tena — [1]) +
1,... iiTon.

Remark 5. Comparing the speed of convergence with regard to coordinate update t, it is exp(—st/n)
for Theorem 2 and exp(—5T) o exp(—35t/n) for Lemma 8, which can be interpreted as follows. In
the descretized version, Lemma 8 allows discretization error to appear, at the cost of a slight decrease
in convergence speed. Indeed, you can choose arbitrary § from the open interval (0, ks). Our choice
of s = 5 is just for simplicity. If you choose another § much closer to ks, Teng can be smaller.

Remark 6. If you change the length of inner loop in the middle, the convergence rate after the
change is obtained by simply replacing B1 + Bs with the duality gap at the time of the change.

Proof. Since the update of §(*) is the same as that of §(*) in Algorithm 1 during the inner loop, it
holds that

E [D(g*) _ D(g(ﬁT-&-l))} < (1 — %) E {D(g*) _ D(g(ﬁT))} ’

forT' =0,1,...,Teng — 1. We also have

E[D(g") - DE)] < (1- 2)E[D(g") - DE™)] .
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fort =nT +1,...,7(T + 1) — 1, in the same way as the derivation of Eq. (27).

By applying these inequalities above iteratively, we have that

o _ pa@@+on] « (1 2 n *y (AT)
E[D(g") - D" ") < (1= 2) E [D(g") - D(g"T)]
< ¢ *E [D(g") - D(g")] . (32)
Bounding D(§(MT+1)) by D(g(T+1)) — (T e have that
E [D(g*) _ D(g(ﬁ(T—Q—l)))} < ¢ %E {D(g*) _ D(g(ﬁT))} n EE:L(TH))'

Therefore, by the Gronwall’s lemma (“vanilla version” of Lemma 18), we obtain that

T
E {D(g*) _ D(g(ﬁT))} < TR [D(g*) _ D(g(o))} 42T Z ngTle(;T/).

T'=1
Applying the assumption €{'") < Cpe=57, this implies that
1) o i} o e—3T _ =237
E [D(g*) —D(g" )} <e K [D(g ) —D(g )} +Coﬁ
<" (E [P(e®) = D(g )] + < C)
— e
5 C
<7 (31 Byt 0_~> , (33)
1—e%
where we used Lemma 7 for the last inequality.
Moreover, the same reasoning as Eq. (29) yields that
E |P(plg™™]) - D(g"T)| < 2E|D(g") — D(g" )] . (34)
S

Therefore, combining Egs. (33) and (34), we can bound the duality gap as

_ _ _— C
E[Pplg™]) - D(g")] < e TE (Bl +Bat ) -

This inequality provides the sufficient number of iterations to attain the desired duality gap. In order
to have an e p-approximated solution, it is sufficient to let

1 1\ Bi+ B+ oy
Tona > 22 (14 log [ (n+ — en(d |
n n’}/)\g ’Y)\Q €p

Next, we show the convergence of the averaging version. Similarly to Theorem 2, we have that for
k=1,...,[1],

K

ﬁ(Tend_k"Fl) 1

Z (P(p[‘g](t)p — D(g(t))) <-E {D(g*) _ D(g(ﬁ(Tcnd*k)Jrl))}
t=n(Tena—k)+1

E

S| =
»

<16*§(Tend*f1/'ﬂ) <Bl + By + Co ~> .
=3 1 -

— e—é

Note that, if Eq. (31) holds, we have that %efg(Tend*[l/“]) (Bl + By + &) < %P Hence, if

1—e—°
ef:) and e(é) are uniformly bounded by < for all t = 72 (Ttng — [1/K]) 4+ 1, ..., 2T ena, it holds that
1 NnTena

= > (P(ls™]) - D(g))

[1/'%] " t=n(Tena—[1/K])+1
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[1/x] 1 1 A(Tena—k+1)
<Y =Bl > (PEY) - DEY))
[1/s] |7, _
k=1 t=r1(Tona—k)+1
N T end T end
1 ® 1 ®
+ - > €at = ‘B
[I/K]n t=n(Tena—[1/K])+1 [1/5171 t=n(Tena—[1/K])+1
€Ep €Ep eEp o
=~ ? + Z + Z €Ep
This concludes the proof. O

In the following, we derive the sufficient conditions for the assumptions in Lemma 8 by considering
the error induced by the sampling stage (Section C.2.1) and the error induced at the re-weighting
stage (Section C.2.2), respectively. For that purpose, we first prepare lemmas that will be used in the
both proofs.

The following Lemma 9 evaluates how much the difference of two solutions in the previous step incurs
difference of them in the next update in Algorithm 2. This will be used to bound the accumulated
error through each inner loop.

Lemma 9. For arbitrary i € [n], consider the following two updates:

. 1
21 zargmaX{—& (21) + Hi(21 —y1) — 5121 —y12},
z1€R A2

1

22 argmax{éf(zé)Jer(zéyz) . |25 922}-
zhER nA2

Then, we have that

1 1
_al< Hy— Hi|+ —yo— 1] ) -
|22 — 21| < | <| 2 1|+ n>\2|y2 y1>

nAz
Proof. From the definition of z1, it holds that
1
. H — —(z — =0 35
i (z1) + Hy n)\Q(Zl y1) =0, (35)
and similarly,
" 1
—éi/(Zg) + H2 - T)\Z(Zg - yQ) = 0,
where £}’ (z) is an element in the sub-differential 9¢;(z). From (35), we have that
1 1
e Hy— ——(21 —y2) = Hy — Hy + ——(yo — y1).
P (21) + Ha 71)\2(21 Y2) 2 1+n)\2(y2 Y1)

1
’I’L}\g

Since £ is ~y-strongly convex, —€; (2) + Ha (2 — ya) — 5y |2 — 2| is (fy +
Thus, we obtain that

)—strongly concave.

|22 — 21
<1 v(e*(z)+H(z ) — —— |2 y|2>
< —¢; 2(2 —Y2) — — Y2
’y—|—n—}\2 2nAs r=2n
* 1 2
-V *&(Z)ﬁ*HQ(Z*yQ)*mZ*yﬂ
Z=ZzZ1
<1 Hy — Hy + 1( )
= i 2 — 1T Y2~y
’Y+n)\2 ’ﬂ)\g
< (1 0+ e = )
_’}/4’%)\2 2 1 n>\2 Y2 Y1 )

where V f(2)],—. is an element of the sub-differential of f at z = z’. This concludes the proof. [
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Now we are ready to get into the main proofs which evaluate the discretization error.

C.2.1 CONVERGENCE OF AUXILIARY VARIABLES §*) AND g(*)

We now fix some 7T, and consider the sequances {g(t)}t 2;1 , {3 t)}t Z;il, {g t)}t i;i)l

Lemma 10. Suppose that [ ‘p("T 0) — plg™)](6 | )| dé < egLT) holds in Algorithm 2. Under these
assumptions, it holds that

97— 37 < Caell™, (36)
Jort=nT +1,...,0(T + 1), where Cs is defined as follows:

def  20% n(2C% +1)
Cy = 7 €x <n’y/\2+1 .

’I’L}\z

Proof. By Lemma 9, we have that

|gzt+1 ~(t+1)|
1 (t) (t) ~t

< 0)do plg1(0)ds| + —[al? ~ 5|

v n>\2

Sw </\p<t> )0 — plg <t>]<e))d9+ o |<”—gff)|), (37)
7L>\2

so we evaluate each terms of Eq. (37).

First, we bound the first term of the right hand side of Eq. (37). Using Lemma 6, we have the
following bounds:

1 () 1
< Ml <oy, =< <
o= exp( n)\2 Tzn:ThzT (5ng )_Ch o _exp( n)\z ; hi_(0 ) Cy. (38)
Using (38), we have that
1 (r) 1L )
T (g - hi (0)65.7 | —plg™D)(0 -— hi (0)8g;" | | do
[l )exp< e 2 e 057 ) pla O exp 2 3 (0
<ar [ i) p[g<”T>J<o>]de
+/p[g(”T)](9) exp< Z hi (0 69( )> — exp ( Z h;_(6)dg (T> dé
=nT T=nT
O < "T)+ )\ Z | (7'+1) ~(T+1)|> (39)
T=nT

Thus, combining Egs. (38) and (39) yields we have the following bound for the first term of Eq. (37):
[ [p@) - pig16)| a6

_ / P (0) exp(— k5 Thzhr hir (0) 5g<*>) Pl ™ 1(0) exp (— ky Tiohr hir (0)53,7)
I P (O exp (= ks Dk p hiy (00897 )der [ plg D)) exp(— ks Tk hip (00)557 ) de’

</ <,LT>(9)exp( . sl (9)5g(’) <,LT>(9)exp( =+ St h”(e)agm)
=) e @) exo(— s SLhg b, (00550 )d00 [ plgTI(0") exp (- ks U kg i, (0)65(7 ) dor
+ / P (0) exp(~ g b hir (016317) ~plg™)(6) exp(— g by hir (015317 )
T plg (0 exp (= mky Sihp b (99657 ) dor

<|fp[g(ﬁT>](9/)exp(fﬁ STl e, (9')6”<T))d0'7fp(ﬁT)(0')eXp( g Zilhe hir (9’)6§§I))d9’
>~ jp[g(“T)](e’)CXp( nAQ ; lnT (9/)5 (T))dg/

dé
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I @ o0 (g T 1 00552) g "10) exp (g iz b 55|40
S plg™™](0 )exp( g Lrearh 7(9’)595,:))119’

1 t—1 } .
P (9) exp (—MQ > hi (0)05. ) - p[g"™](0) eXp( Z hi. (0)03; >|
nT =nT
<202 ( (AT) )\ Z F (r+1) ~(r+1)|>_ (40)

where we used the boundedness of each term following Eq. (38) for the second from last inequality
and (39) for the last.

<2Ch

Finally, we bound | g(t+1) (fﬂ)\ by applying (40) to (37):

(t+1) ~(t+1)‘

9, — i,
1 (1 (1 T (r
ST (2012 (6(0 Z 15! +1) +1)|> | ( 1) +1)|>
v nig T=nT
1 202 41
< (201 e e - T*”l) o
Y+ (e —
Moreover, we have that
n n 1 n n
g0 =0 < | [ O T0000 — [ b 00100
R v
(nT)
[ 6) - sl 0)a6 < “2)
’I’L)\g fy + ’I’L)\z

Combining Egs. (41) and (42), we can apply Gronwall’s lemma (“summation version” of Lemma
18): we have that, fort = a7, nT +1,..., (T + 1) — 1,

_ 1 ~ 1
gith — gty

2012 L 2%+ < 202 +1 )"‘2 (T)
2 C
vy + n)\2 (/Y + n)\2> n)\Z n’Y)\Q + 1

2012 (1 n 201 +1 )ﬁl (AT)

€
'Y + n>\2 n7A2 +1 ‘
202 o (ﬁ(z(}f + 1)> (5T
T+ n/\z nyds +1 o

where we used C; > 1 for the second inequality. Remember that we defined Cy as Cy =

Wiil exp (ﬁﬁigﬂ)) By the definition of §®*) and g*, gl(t) = gl(t) holds for t = AT +

1,...,2(T + 1) unless the coordinate i is chosen during the inner loop. Otherwise, we have

’ g(t) (t) ‘ < CQE ) for all £ > 7 + 1 where 7 is the first time at which the coordinate ¢ is chosen
as we have seen above. Thus, Eq. (36) holds forallt =T +1,...,a(T +1)andi=1,...,n

O

C.2.2 PARTICLE APPROXIMATION, AND ERROR ANALYSIS OF g(t)

From now on, we bound the error induced by particle sampling in the re-weighting stage. The
following three Lemmas relate, in three steps, the update of the continuous limit to the approximation
by particle weighting.
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Lemma 11. With probability 1 — 9, it holds that

)il 0150 2 |1 (27
Zhu - [ o] < et o ().

uniformly over allt = 0T, ... 7(T 4+ 1) — 1 and the choice of the coordinates (iT)ﬁ(TH)A. .

T=nT

Proof. Fort =nT +1,...,0(T+1)—1,let

t—1
# Z{fz,a(') = hu () exp (—ni > hi,<->a7> czl
‘ it € [n], 7= (iﬁT7. . ,Z'tfl) S [n]t_ﬁT, |a7—| < 2B, (T S {’fLT‘7 N 1})} R

T=nT

where Cz, == [ p") () exp (_%)\2 L (9’)aT) d¢’ for T = (izr,...,it—1) and a =
(amT, ... ,a;—1). We also define

H; = {lea(-) = h;(-) exp ( Z hi () > Cf(ll

T=nT
| Z = (iar, ... it—1) € [n]t " lar| < 2By (1 € {AT,...,t — 1})}.

M
7j=1

1
zhn 6" = 57 Zfz,aw )
j=1 j=1

In a similar way, we also have that

/ i, (0)5 (0)d0 = B[ fz.4(6)].

Then, we can see that 7 = Ujc[,,)H;. Then, Y 7_; h; (9]»)77§-t) can be rewritten as

To check this, first note that (M h;, (6,) J( ))5” , are i.i.d. random variables for each ¢t = 2T +

1,...,n(T + 1) — 1. Indeed, T.§ ) is determined by §*) which is updated by using a continuous limit
and thus is independent of the choice of particles (6;) ;Vi 1. Their expectations can be evaluated as

(t)} _ /h» 0 P (6) exp (—%/\2 S (9/,)591(7))
[ pT)(6) exp (_Ti\g Ztr ;;T R ) ”
= /h“ (0)p (“(G)de
Moreover, they are uniformly bounded as
=P (_%Az St R (6;)5 )

P @) exp (— 5 iy ha (9357 ) aor

The same results are also true for t = n71".

Eq do

|Mh, (0;)77| < |hi, (6;)] <C? 43)

Note that it suffices to bound Z = sup;, <y |37 Z;‘il f1,a(0;) — Eo[fz,4(0)]| to obtain the asser-
tion. For that purpose, we define the Rademacher complexity of a function class H' as

R(H) = su € ,
(H) fGE/MZJ

where (g;)}L, is an i.i.d. sequence of the Rademacher random variables (P(e; = 1) = P(e; =

—1) = 1/2) and the expectation is taken with respect to both (6j)M , and (6; );VI 1- Then, the
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Rademacher concentration inequality (Mohri et al., 2012, Theorem 3.1) tells that the uniform bound
on a function class H’ can be obtained as

M

1 2
P s, |5 2U10) =Bl fOD)| 2 2R00) + s 11 s (3) ) <o @

for 0 < 6 < 1. Here, let Z; = sup ey, |57 Z;Vil f(0;) — Eg[f(0)]| and then we also see that
Z = maxX;e[n] Zi- Hence, we have that
P(Z>s) <> P(Z,>s),

ig=1

for s > 0. If we substitute s < max;e[n 2R(Hs) + sup ey, |1 flloor/ 757 108 (32 ). then by Eq.

(44) we can see that the right hand side can be bounded by 4. Note that we have already seen
that || f||oc < C% for any f € H (see Eq. (43)). Therefore, we just need to bound R(#;,). By
the contraction property of the Rademacher complexity ((Boucheron et al., 2013, Theorem 11.6)
or (Ledoux & Talagrand, 1991, Theorem 4.12) and its proof) and remembering the fact that the
Rademacher complexity of a function class is same as that of its convex hull (Mohri et al., 2012,

Theorem 6.2), we obtain
R(Hi,)

IA
=
w
o
e}
\
INgE
Qm
D
4
o]
/\
3
5’
‘M

h“ - long,a> (R, ()] < 1)

C1 1
< /\—2E SIUEMZ (— Z h; (0 — A2 logCI,a>

j=1

20132 1 l )\2
< 2g A shio,) + 2=
PVt i€[n], ee{il} § |§|<10g(Cl) M Zlg s ( j) + 2B2£

4C1By | 2
< — log(2
< S5 3 owtzn),

where we used the contraction properties in the first and second inequalities, we used the convex hull
argument in the third inequality, and the last inequality is by Massart’s Lemma (Mohri et al., 2012,
Theorem 3.3). Summarizing these evaluations, we obtain that

P<Z>8clBQ\/l (2n) + C? —1g >§5

The same bound also holds fort = nT".

Then, by taking the uniform bound over t = 7T, ...,7(T 4+ 1) — 1 and simpifying the bound using
n < n, we yield that

(¢ 1 2n
;h“(ﬁj)r;)—/h (0)p™ (0)do| < 7C2 7 log (5>
uniformly over ¢t = AT,...,n(T + 1) — 1 and the choice of the sequence (iT)f(:TﬁJ;l)fl with
probability 1 — §, which yields the assertion. [
Lemma 12. With probability 1 — 0, it holds that
M ’f’(t) M t) 2n
ZhZ(ej) 7 OB Zhi(aj)f( <70} [ <5 log <>7
— S, T — )
Jj=1 =17 J=1
uniformly over all t = aT,....n(T + 1) — 1, ¢ = 1,...,n and the choice of coordinates
(i) 7!
T)T=n
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Proof. Let C, = [pT)(6) exp (,L L hiT(6)5g<T>) df. Then, noticing that f§t) =

nAa T=nT

f§t)/0p and ||h;|leo < 1, we have that

M A(t)
>0 Zh
j:l Z]/_
= hl(ej) ]\/[J - hl(ej)]i
j=1 Zj'Zl 7“(/) j=1 Cp
M A(t) ML)
= Z hi(05) Jv:j NO) 1- chl .
Jj=1 Z:j’zl J’ P
M
<ji->os0).
j=1
We apply the same argument as Lemma 11 to evaluate the far right hand side ’1 — Zﬂfl *§t) by

replacing h;, (6) with 1 in the definition of 7. Then, we obtain the assertion.

From now on, we define €p as

def 4dn
=7 —1
v M8 ( 5 )
Then, we have the following bound.

Lemma 13. We have that, with probability 1 — 6 with respect to realization of particles (6;) ;Vil

13" — g < CyC2ep (45)

forallt =nT+1,...,n(T+1),7=1,...,nand the choice of coordinates (ir)f(:Tﬁ;l)_l uniformly.

Proof. From Lemma 11 and 12, with probability 1 — §, we have that

M
ACHE /h M (0)d6| < C2ep,
j=1

and that

M

} : =(t) 2
h“ ’l”j S Clep,

Jj=1 Za/ 17 J Jj=1

forallt = nT,...,n(T + 1) — 1. Therefore, by Lemma 8, we have that
(t+1) (t+1)|

|9;,
<! f[:hi(@j)i - / hi(0)p™ (0)d6| + L|g(t> — g
Y+ 71/\2 j=1 ;\{[:1 T;f) nAy
M (t) A1)

! i) Lw_
ST | 2CFen + Z ( - ’ ) +——lgi” -3l | . @6
Ty L ! " M i i

gy = POy 1r;t) S TJ(f) nha

The second term of the right hand side of Eq. (46) can be further bounded as

O] A1)
Zh ( “ ® : ())
t M ~(t
Za' Ty Xy Ty
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M

A(t)’

>ty
Jj=1 jr=1Tj Jj=1

fJ(t) f](,t)

M (t) M A(t)
Z]’ 1 ]’ Zj/ 1 ]

M M At M (1) M ()
® A0 M Sy - S
SOlZ Tt Tt 0 M)
j=1 j= 12/ 17y Zj’ 17
M
sclzr§t>—§t>+clzr, Z W
j=1 j'=1
M M
<G Y| =i w0y | =)
j=1 =1
M
<201y [r? = 7!
j=1
M 1 1 L )
<20 — hz - hi (8;)6g;"
202 | (74+1) _(T+1)
<—= 47
S ZT 195, | 47)

fort =nT,...,a(T + 1) — 1. This and Eq. (46) yields

(t+1)  —(t+1)

|gz giz, ‘
1 202 +1 =2
< <2012 ep 4 LT 1 Z 16" (T+1) ng+1)|>
v+ ﬂAz r=nT

fort =nT+1,...,7(T + 1) — 1. Also, it holds that

2
AT+1)  _(RT+1 C
‘gz(n +)_9¢(n +)|<71

from Lemmall.

Therefore, applying Gronwall’s lemma (“summation version” of Lemma 18) yields that for t =
nl,...,n(T+1)—1,

fi—2
(t+1)  —(t+1 20?2 20% +1 202 +1
o =3 < v+ T T ! mAlz+1 Ciep
n)\g (7 + nA2) nA

202 L4 20+ nt Cen

T+ TL)\Q nyig + 1 1
2 n(20% +1

Cl exp (n( CT + )> CZep
Ty 4 n)\2 nyls + 1
<CyCiep,
which concludes the proof of Eq. (45). O

C.2.3 INTEGRATION OF TWO SOURCES OF DISCRETIZATION ERROR

From now on, we integrate the convergence analysis from Section C.2.1 and Section C.2.2. Then,
we extend our analysis from that of each inner loop to that of the outer loop over 7' =0, . .., Tepg-
So far, we have been arguing only within one inner loop, while we may choose a different number
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M of particles in each outer-loop 7T'. Accordingly, we denote the number of particles at the T'-th
outer-iteration by M (*T) and add a subscript to ep as

nT) def 1 4n(Tend)
653 ) def 7\/M(ﬁT) log< 3 .

Moreover, we assume that the bound of Lemma 13 holds forevery T' = 0, . . . , Teng — 1. We denote by
£ this even. We know that P(£) > 1—4. In the following, we analyze the convergence under the event
& where the bounds in Lemma 13 hold, so that [g\") — "] < (Coel™) 4+ CoC2e07)) (T = [£1-1)
holds owing to Lemma 10 and Lemma 13. Therefore, the expectation with respect to the choice
of coordinates is taken under the condition of this event. We note that the bound in Lemma 13
holds uniformly over the choice of the coordinates and thus the distribution of the coordinates is not
affected by being conditioned by the event.

In order to evaluate the effect of the discrepancy of coordinate updates on the difference of €4, we
present the following Lemma 14 on the local smoothness of dual space.

Lemma 14. Suppose that n > 25;2 and Assumption 1 holds. Then, D(g) is T}\Q (A2 + 1)-smooth
with respect to g € R™ on the set A defined by

AZ{QGR"

min {mting( ) mlng( )} < g; < max {m?ngt),mtangt)} (i = 1,...,n)} ,
where t takest = 0,1, ..., N1epng-

Proof. Suppose that the coordinate 7 is chosen at the ¢-th iteration. By the definition of g(*), we have
that

( ) % (t)
*/ t
Jj=1 j'=1"j"

where £} is an element of the sub-differential. The first term of the right hand side can be bounded
by 1 as follows:

\g(” g, (48)

M (t) t)

Ny J
Z|hl(ej)|EM NG <max|h |Z <1
j=1 1=1Ty Jj'=1 J
Also, Lemma 6 implies that the second term can be bounded by fB 2. Therefore, under the assumption
n > 2)’\5;2, we have that

10" (6f")] < 2.
Applying the same argument, we also have that

' @) < 2.
Therefore, for i € [n] that has already chosen in the algorithm until the ¢-th step, we see that £}
is 7/-smooth on the interval between gl( ) and g(t) For the coordinates ¢ that have not yet chosen,
we have that g = gﬁ = gfo) and |£;-”( 9; )\ < 1. Therefore £} is '-smooth on the box A. By

K2

summarizing this argument and applying Lemma 4, we see that D(g) is 3 (\27’ + 1)-smooth. [J

Combining the above results, we obtain the evalution of € 4 and sufficient conditions for the first
statement of Lemma 8.

Lemma 15. Suppose that n > % and fix an arbitrary T. if E[D(g"T)) — D(¢"T"))] <

Co exp (—8T") is satisfied for all T" < T, then we have that

E[D(G") — D(g")] < 02 exp (=3 (T+1))+ﬁ (w’+ A2> (Cocl™ + o3 ”T>) ,
(49)
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Ut=nT+1,....,a(T +1), wh = - 2 )
fora nT + 1, (T + 1), where 1+%(31+BQ+1_CEO_§)

In particular, if

7 sT 7 C! sT
( 7 <C’3€Xp< 3 ) , e(DT) < ﬁexp <_8)

c? P
are satisfied for all T =0, . .., Tsnq, where
Co(2 —
Can/2e5 (v +1/X2)

then it holds that for allt = 0,1, ... ,nTunq,
E[D(3") - D(g")] < Cyexp (=3T),
where T = {%]
Proof. Under the assumptions that n > %, Lemma 14 holds. Fix some 7" and we will show the
first assertion for t = nT + 1,...,7(T + 1).
Let Ay = {sg® + (1 —s)g® | s €[0,1]}, then Lemma 15 implies that D(g) is g ey 4+ 1)-
2

smooth on the set. Hence, for u = T (B - ) , the Cauchy-Schwarz inequality yields
To \ P12z

D(3") = Dig)

< sup [VD(g)ll; 13 — ¢"l2
geA;
1 nAs 2 141

<z |p—"2 vD Z227 T ) 02

_2[A7+1ﬁgy @) +3 22150 - g
1 1 1 n n 2
nswp D)~ Dl + % (7 + 52 ) (o™ + cactels™) ]
=3 gEA, Iz A2

If D(3") — D(g) > 0, then we have that
D(G") — D(g")

1 1 1 7 A1) 2
- ®) (t) - ’ L (nT) 2 (nT)
52 [u (D(g )—D(g )) + m (’y + /\2> (Cgec + C2Ciep ) } .

Rearranging the terms we have that
D(3"") — D(g"")

p . (1) 1 / (AT) 2 (AT))?
< —
<5 (Dg") = D@E")) + T (’y - A2) (Coeli™ + CaC35™Y

This holds as well when D(3®) — D(¢®) < 0.

Here, Lemma 5 implies that E[D(§®")] is monotonically non-decreasing within the same inner

loop, and thus we have that E [D(g*) — D(3®)] < E [D(g*) — D(g""T))]. Moreover, the right
hand side E [D(g*) — D(g"1))] ) exp (—8T) =
Co

2 2_7” exp(—8§(T + 1)) by using the assumption and applying Eq. (33) of Lemma 8. Therefore,
E[D(G") - D(g")]
Co - 1 ( p 1 ) (RT) 2,(7)
<—exp(—-5(T+1)+ —— + (C’e + CyCTe )

This concludes the first assertion.
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We will show the second assertion by induction. It is obvious that this is true at initialization. Suppose
that Eq. (50) holds for t = 0, 1,...7nT. Then the assumption of the first statement of Lemma 8 holds

for 7" =0,...,T, which leads to Eq. (49) fort = nT + 1,...,7(T + 1). Then we have that Eq.

(50) also holds for t = AT + 1,...,n(T + 1), since we chose C5 as
_ Co(2 — p)p
Co\/265(v +1/Xg)

so that the right hand side of (49) is bounded by Cj exp (—$(T" + 1)). Thus, the proof is completed
by induction.

Cs

O

Although The proof for the first statement of Lemma 8§ is almost done, we have some proof left for
the second claim. The next two Lemmas measure the effect of discrepancy of coordinates in the dual
space on the value of the main problem.

Lemma 16. P(pg]) is ﬁ (v 4+ 3A2 + 9Bs)-smooth with respect to g on the set A.
2

Proof. We show the assertion by a direct calculation. Let E,,[4) [ def J hi(0)plg](0)d6. First, the
second derivative of the loss function can be calculated as
2
—V; (E h;
99: 9k ( plg] [ D
1 0 ,
:@Tgk& (Ep[g] [hiD (Ep[g} [ha] Epg) [hJ] —Eyjg) [hihj])
1
T o2 2)\2 [ ( ( plg] th ( Epg) [h |- Epg) [hihj]) (Ep[g] [ha] Ep(g) [he] = Eplg) [hihk])
+ 4 ( ) (( p[g] Epig] [hk] Epg] [h'hk}) Eoplg) [h;]
+Ep[g) [hl] ( plg] [hj] plg] [hk] —Eplg) [hjth ( plg] [hih; ] plg] [h] = Epig) [hihjth)]
1
gnT)\% (v +3B,),

where we used smoothness of ¢; for the last inequality.

The regularization term can be split into the following two terms:

M / p[g)(0)[16]12d6 + As / plg(6) log plg)(6)do
:——Z/h 0)dfg; + \olog [/ [](e)de}

have that
0?2 (1
B 99; gk (n ZEP[Q] [hi] 91)
i=1
1 (‘92 1 n
- CnAy Ak A2Byiq) [hg] + n Z (EP[Q] [hi] Bplg) ] — Eppg) [hih; D gi
i=1
1 &
T nT/\% 222 (Ep[g] (1] Eppg) [Pr] — Eplg) [hjhl]) T n Z ((Ep[g] [hi] Epfg) [hk] — Epg) [hs hk])
i=1

+Eypg) [hi] (Epig) (] Bplg) [Pk] — Eplg) [hi7k]) = (Bypig) [hihs] Bpjg) (k] = Bpig) [hihjhi])) g:]
<—= 2)\2 (2/\2 + 632)
where we used Lemma 6 for the last inequality to bound g;.

Combining the two inequalities and the result from Lemma 4, we obtain the assertion. O
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Lemma 17. Suppose Eq. (50) of Lemma 15 and its assumption hold fort = 0,1, ... ,1nTenq. Then,
we have that

E | P(plg®)) ~ P(plg")]
2’7 + 6>\2 +18B,
M VA

Co Coe’(2— .
1—e™® /2(v X2+ 1)

\/Bl +B2+C0+ Xp(—gT),

where T’ = {ﬂ

Proof. By using the smoothness of P(p[g]) by Lemma 16, we have that

P(p[g®]) — P(p[gV])
< sup INVP(pla)lly 15" — g2

nA3 2 v 43X + 985
P LT o2 T IP2 50 (0
\/W+3A2+932 {sgpllv (p[g])llg} Vg 197 =9
ﬂ

IN

A B
sup Plrls]) = Ploly’])y [T (0ol + Cacel™).

A3

where T = L. if P(p[g™®]) — P(p[g?]) > 0, then we have that

(plg"]) = P(plg™))

+3X\2 + 9B 7 i
gp(p[g@])_mmgﬂ) ¢—<>
2

v+ 3>\2 + 9B2 (t) ( 2 (nT)
<——F —-g° C! CyCTe )
< )\%\/ﬁ lg 9" |l2 26(; + 2

Since D is L-strongly convex, we have that||g() — g*||2 < \/% (D(g*) — D(g™®)). Therefore, it
holds that

P(plg"])) — P(p[g™])

v+ 3\2 + 9B N 7 7
g#\/(mg )= D(g)) (Coel™ + Cr02el™).

which holds as well when P(p[g®]) — P(p[g!]) < 0.

By taking expectations, it yields that

E | P(pls)) - P(olg )]

v+ 3\s + 9B, . () (AT) 2 (nT
e E V() - D) | (€D + 01elT)
’}/ + 32 +9B> N aT) aT)
s VE[D(g) = D(g0)] (Coell™ + 0025
v 43X + 985 ~ - (RT) o (AT)
<IE2 T2 B [D(gh) - D(EW) + D(3®) - D(g®)] (C CoC3el™)
S VB = DY)+ D) = D] (Caed ™ + o0l
2’)’ + 6)\2 + 18B2 Co -
B, +B - —8T
N 1+ 2+1_e_3+000203exp( sT),
where we used Lemma 8 and Lemma 15 for the last inequality.
Sy _ Co(2—p)p .
Furthermore, substituting CoC35 = NETEEwE we have the assertion. O
es ,Y/ 2
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Finally, we will prove the Theorem 3, which gives sufficient conditions about sampling accuracy and
number of particles for Theorem 1.

Theorem 3. Suppose that Assumptions 1 and 2 hold. When we choose an Option (A), suppose that
we set Tenq so that

1 1\ (Bi+ B2 + r—i—5)
Tend Z 22 (1 + ) log ((n + ) ! p( ) bl (5])
n nya YAz €p
as in Eq. (30) in Lemma 8. Furthermore, when we choose an Option (B), where we choose a solution
randomly from t = (Tena — [ﬂ), ..., NTeng, suppose that we set Toq so that

1 1
Tona > 2 (1 + ) log <Cq> + [*W,
n Ny Ay €p K

where

2 Co
4Cy, (52b)

(87+2402+72B3)\/ Bi+Ba+Cot+ 2\ /Coe® (2— ) (520)
: c
)‘2% V2v(7 A2+1)

Then, the condition imposed on ef:) and 655? in Lemma 8 can be satisfied for both options under the

event & if the following inequalities are satisfied:

L 2B
Z
n sT

) 2 Cyexp <_‘°'2) | (53)
nT Cg sT n 4904 4nTend ~

653 ) < C—%exp <2) e MeT) > Cgl log 3 exp (8T),

forT =0,1,...,Tena — 1. That is, under the conditions above, E[P(p[g]) — D(3))|E] < €p is
satisfied for the solution § of either Option A or B.

Proof. As for the Option (A), according to Lemma 15, Egs. (51) and (53) are the sufficient conditions
for the first statement of Lemma 8 in the event £.

Next, we will show the convergence of Option (B). In the same way, Eqgs. (52a) and (53) assure
that GXLT) is smaller than Coe =7 forevery T' = 1, ..., Tyonq, according to Lemma 15. Furthermore,

Egs. (52b) and (52c) states that both e(j) and eg;) are uniformly bounded by <% for all ¢ = (Tona —
[%]) +1,...,nTq. Note that the evaluation of efi) follows from Lemma 15, and that of eg) is
derived in Lemma 17.

Therefore, all assertions are proved. O
Theorem 3 essentially shows Theorem 1. More detailed explanations can be found in the following.

Proof of Theorem 1. Theorem 3 gives the sufficient conditions for Lemma 8. Thus, we have that, for

Option (A), with Egs. (51) and (53), an expected duality gap E [P(p[g("Tend)]) — D(g("Tena))|E] <

€p can be achieved, conditioned by the event £ whose probability is no less than 1 — §. In the

same way, for Option (B), with Egs. (52a)-(52c) and (53), an conditional expectation of duality gap

E P(p[g(t;nd)]) - D(g(ténd))|8} < ep can be achieved. The sufficient condition of tenq is then
20,

-
1+ nyg

obtained by noticing t.,q = 7 Tepnq and setting C1=C4 /7, Cy = C? and Cs =
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Next, we evaluate the constants as follows. First, we note that C'Q = 012 by their definitions. Moreover,

where we used Cy =

202 7 (20241)

T+ axg X nyAz+1

c();ta;ned by bounding C; using 1/(1 —exp(—3)) = O(3 ") and 1 < 1+ 2 < 1+ g5~ =
1).

) and 012 = C’g. Finally, the evaluation of C’g can be

C.2.4 DISCRETE GRONWALL’S LEMMA

In the proofs of Lemmas 8, 10 and 13, we used a discrete version of the Gronwall’s lemma. We give
its formal statement in the following lemma.

Lemma 18 (Discrete Gronwall’s lemma).

(1) (Vanilla version) Suppose that a sequence of real numbers (uy,) satisfies
Un+1 S aly + bn+l (\V/’I’L 2 0)7

Sor a positive real a > 0 and a sequence of real numbers (b,). Then, it holds that

n

u, < a’ug + a” Z a*uy.
k=1
(2) (Summation version) Suppose that a sequence of real numbers (uy,) satisfies

n—1

Uy < Zauk+B (Vn > 1),
k=0

for a positive real a > 0 and a real number B. Then, it holds that

u, < (1+a)" Y(B+ aup).

Proof. The assertion is just an application of the standard discrete version of the Gronwall’s lemma.
However, we give a proof for completeness.

The first assertion is a direct consequence of Lemma 5.1 of Mischler (2019). The second assertion is
also proven by Lemma 5.2 of Mischler (2019). Indeed, Lemma 5.2 of Mischler (2019) yields that

n—1

up, < B+ Z a(l14a)" "B +a(l +a)" tug.
k=1

The right hand side is equivalent to

n—2
Bll+a Z(l +a)*| +a(l 4+ a)" tug
k=0
1+a) -1 o
=B |:1+a(1_*_)a_1:| +0,(1+(J,) 1U0

=(1+a)" 1B+ aup),
which yields the second assertion. O
D ADDITIONAL EXPERIMENTS AND DETAILS OF EXPERIMENTAL SETTINGS

Here, we give additional experiments and more detailed explanations of our experimental settings.
All experiments were conducted under Google Colaboratory. All codes of the experiments in the
main text and the following additional experiments are provided in the supplementary material.
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Additional experiments for a single neuron teacher network We consider a setting where the
teacher network consists of a single neuron:

yi = o(wi'a;) + €,

where the input dimensionality is d = 10, w} € R? is generated from the uniform distribution on
the unit sphere S~ ! in the d-dimensional Euclidean space, z; € R? is distributed from a standard
normal distribution on R%, ¢; € R obeys the Gaussian distribution with mean 0 and standard deviation
0.5 and the activation function o is ReLU. We generated n = 100 trainig data points from this
model and trained a student network by using P-SDCA, PDA, and a naive SGD. Here, as the
number of particles, we employed M = 200 and the student network is the tanh neural network
(ho(x) = tanh(w 'z + b) with § = (w, b)). We employed the squared loss £(f,y) = (y — u)?/2
for the loss function. We conducted experiments with three patterns of regularization parameters:
A1 = A2 = A € {0.01,0.001,0.0001}. The naive SGD was trained to minimize the primal objective
for the student network with M = 200 without the entropy regularization, i.e.,

ENIER MR
ng <M Z hem(%‘),yi> t Z [10:m 117
=1 m=1 m=1

We employed the ULA for sampling the particles for PDA and P-SDCA where we ran the algorithm
with 200 steps in each re-sampling stage. The step-sizes 1 used for sampling (ULA) and SGD were
setas 1073,

We plotted the excess primal objective value against the number of gradient evaluations for each
method in Figure 2. The excess primal objective value is computed by subtracting the minimum
objective value throughout the optimization and all optimization methods from the current primal
objective. Since we are approximating the primal variable by a finite particles, we cannot determine
the entropy term exactly. To handle this issue, we employed the k-NN entropy estimator (Kozachenko
& Leonenko, 1987; Brodersen, 2020) to estimate the entropy term from the finite particles. This is
also applied to SGD to compute the primal objective with the regularization term for the solution
obtained by SGD. From Figure 2, we can see that P-SDCA and PDA behave almost identically for
large regularization parameter A. In that regime, SGD once decreases the primal objective rapidly
but increases it afterward. This is because SGD is minimizing an objective without the entropy
regularization. For A\ = 1072, P-SDCA and PDA does not decrease the excess primal objective
below 10~2. This would be due to the instability of the entropy estimator. For small ), we see that
P-SDCA outperforms other methods after some iterations because it yields linear convergence. This
observation supports our theoretical analyses.

Additional experiments for a teacher network with multiple neurons We consider a setting
where the teacher network consists of multiple neurons:
1M
-
yz:ﬁt J(w:n xi)—i—ei,

m=1

where the width of the teacher network is M, = 10, the input dimensionality is d = 5, the activation
function of the teacher network is o(-) = tanh(-), the noise is drawn from Normal distribution and

10°

—— P-SDCA —— P-SDCA —— P-SDCA
P’ o Py
2 —— PDA 2 . —— PDA £ —— PDA
@10t —— SGD =10° — SGD = —— SGD
c < c
£ £ £
g g £
2 g 10" g 10
[ o [}
o < o ~~
4 % 4
@102 i i
10-3
1073
00 05 1.0 15 20 25 00 05 10 15 20 25 00 05 1.0 15 20 25
Gradient evalueations 1e6 Gradient evalueations le6 Gradient evalueations 1le6
(@) A =0.01 (b) A = 0.001 (©) A = 0.0001

Figure 2: The number of gradient evaluations versus the excess primal objective for P-SDCA, PDA
and SGD for a teacher network with a single ReLU neuron.
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its Signal to Noise Ratio (SNR) is 7.0. For each method, we selected the optimal step size: 10~*
for ULA in P-SDCA and PDA, and 10~ for SGD. In the following, “step size of P-SDCA or PDA”
refers to the step size for ULA in the sampling scheme. In addition to that, we plotted SGD with its
step size 10~ to see how the step size affects the convergence of SGD. The purpose to include SGD
as well as P-SDCA and PDA is to see how the entropy term will behave when we do not explicitly
include the entropic regularization term into the objective function.

SGD (n=10"%)
SGD (n=10"%)
PDA

—— P-SDCA

SGD (n=10"%)
6x10-1 SGD (n=10"%)
PDA

SGD (n=10"%)
6x 10! SGD (n=10"%)
PDA

loss

6x107"| |

—— P-SDCA

training

Sax10| ||
° H
§3x1071f ||\

x 1071

w s

x 1071

2x107 |\ e T

~
X

—
e

Regularized training loss

Regularized training loss

Regulari:

0.0 0.5 1.0 15 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Gradient evalueations le6 Gradient evalueations le6 Gradient evalueations le6

(a) A2 =0.01 (b) A2 = 0.001 (c) A2 =0.0001

Figure 3: The number of gradient evaluations versus the excess primal objective for P-SDCA, PDA
and SGD for a teacher network with multiple tanh neurons.

We compared our method with SGD and PDA with the regularization parameters A; = 0.01 (fixed)
and Ay = 0.01,0.001,0.0001. We repeated the experiments 10 times and took the average of primal
objective values, which includes regularization terms. The primal objective value is plotted against
the number of gradient evaluations in Figure 3 where the error-bar represents the standard error over
the 10 repetitions.

For A5 = 0.01, we can see that particle methods (P-SDCA and PDA) showed faster convergence than
that of SGD. Next, as for A, = 0.001, we can see that P-SDCA converged faster than SGD and PDA.
Although PDA and SGD with step size 7 = 10~° also converged eventually, the behavior of PDA in
the intermediate stage was quite unstable and SGD with = 10~° showed quite slow convergence.
These observations support the superiority of our method. Finally, as for Ay = 0.0001, SGD with step
size n = 10~° was the fastest due to the small regularization parameter A, for the particle methods
which makes the convergence of them slower. However, we still see that P-SDCA outperformed
PDA in terms of both convergence speed and stability. The convergence of SGD is strongly affected
by its step size. In fact, SGD with larger step size (n = 10~*) could decrease the objective rapidly
at the early stage, but it eventually diverged. This would be partly for the same reason as in the
single neuron setting, that is, due to the lack of the entropic regularization in the objective of SGD. In
summary, we can see that P-SDCA properly minimizes the corresponding objective function in wide
range of A\ and shows faster and more stable convergence than PDA as indicated by our theory.

Experiments on MNIST dataset We conduct numerical experiments to illustrate the “feature
learning” aspect of mean field neural network. For this purpose, we run the algorithm in a binary
classification task that separates “2” and “4” in the MNIST dataset. We subsampled n = 1000 training
examples and trained the two layer tanh network with width M = 2500. The step size for ULA in
P-SDCA was set as 7 = 10~° and the regularization parameters were set as A\; = 1072, Ay = 1074,

To visualize the adaptivity of the feature map, we first plot the evolution of singular values of the
first layer’s weight matrix, W = [wy, wa, ..., wp] € REX*M yntil convergence, when the solution
achieves 99.8% training accuracy. We can see that the singular values of the network trained by
P-SDCA drastically changed during optimization. This indicates that the mean-field neural network
does not “freeze” and can adaptively learn features during optimization by P-SDCA. We also plotted
the same quantity for SGD updates in the NTK regime. In contrast, we observe only small change
of the singular values. This is because the first layer’s parameters do not change much during
optimization in the NTK regime; in other words, SGD in the NTK regime does not perform adaptive
feature extraction. In that sense, we expect that training in the mean field regime is effective in a
setting where adaptive feature extraction is required.

In addition to the singular value evolution, we evaluate how well the extracted features are “aligned”

to the label. For that purpose, we define a kernel function ky (z,z") = Zn]\le o(w,,x)o(w,,x") for
a weight matrix W = [wy, w2, . .., wy] € R¥*M_ Then, we define the kernel alignment (Cristianini
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Figure 4: Evolution of singular values of the first layer’s weight matrix during optimization. The
figure shows top 5 largest singular values in addition to the & x 10-th largest singular values for
k=2,3,4,...,9and k x 100-th largest singular values for k = 1,2,3,....

et al., 2002) on the training data (z;, y;)7; as

(Kw,yy")r
V{Ew, Kw)e(yy T, yy e

where (A, B)p := Y1) Y%y Ay Bij, Kw = (kw (i, 25);2) ;1) and y = (y1,...,yn) . We
also define the kernel alignment on the test data in the same manner. We can see that the kernel
alignment represents how strongly the kernel function defined by the features after the first layer is
aligned to the target signal.

The kernel alignment of the solutions obtained by each method (P-SDCA, SGD in NTK regime, SGD
in mean field regime) is depicted in Figure 5. We can see that P-SDCA (and SGD in the mean field
regime) properly improves the kernel alignment, which means that P-SDCA can extract informative
features adaptively depending on the data. On the other hand, SGD in the NTK regime does not
increase the kernel alignment due to the parameters almost “frozen” at initialization. This experiment
highlights how well the mean field neural networks can execute feature learning.
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Figure 5: Evolution of kernel alignment of the extracted features during optimization.
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