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SUMMARY

In this dissertation, we reformulate various learning problems by leveraging the optimiza-
tion with integral operators in the infinite-dimensional space view. Based on such a new
understanding, we propose a unified framework for machine learning, which covers plenty
of learning problems. It can potentially lead to better algorithms that bypass the difficul-
ties and drawbacks in existing algorithms for these problems. Particularly, this dissertation
will demonstrate the benefits of the framework for three learning problems, each of which

contributes to one of the representative topics in machine learning community:

e Learning over Functions Being motivated from scaling up the kernel machines, we
reformulate the learning problems for most of the kernel machine as a special case of
the proposed framework, i.e., optimization over function inputs. The new formulation
avoids the operations on kernel matrices and leads to a scalable algorithm for many
kernel methods. We provide the sample complexity and convergence analysis for the

algorithm and justify its empirical performance on extensive experiments.

e Learning over Distributions Targeting on the provable algorithm for the Bayesian
inference, we recast the Bayesian inference as a special case of the proposed frame-
work, i.e., optimization over distributions in the density space. It leads to a flexible
and efficient inference algorithm for graphical models. We provide the convergence
guarantee for the proposed algorithm and evaluate its performance for several proba-

bilistic models on large-scale datasets.

e Learning over Dynamics We abstract a generic class of learning problems from
many machine learning tasks, e.g., invariance learning and reinforcement learning, as
an important instance of the proposed framework. It learns a function with condi-

tional distributions or dynamics as inputs. We derive a new min-max reformulation

xXvi



for such problems, leading to the novel algorithm which can be tailored to many par-
ticular tasks. We provide both theoretical and empirical justification of the proposed

algorithms.

Besides these concrete examples, the proposed framework can also shed light on many
other learning problems, e.g., undirected graphical model learning, meta learning, and so
on. The optimization with the integral operator in function space view offers us a principled
way to develop flexible models, design efficient algorithms, and provide rigorous guarantees.

We believe it will benefit wider spectrum of machine learning applications.

Keywords: Nonparametric method, Stochastic optimization, Reproducing kernel Hilbert
space (RKHS), Functional gradient, Bayesian inference, Monte-Carlo approximation, Fenchel’s
duality, Saddle-point problem, Reinforcement learning, Markov decision process, Bellman

equation
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CHAPTER 1
INTRODUCTION

The learning objectives, model representations and learning algorithms are important com-
ponents of machine learning methods. Most machine learning methods are constructed by
composing these three components appropriately. The learning objective is usually designed
for particular tasks, e.g., evidence lower bound in Bayesian inference [1] and the temporal-
difference error in reinforcement learning [2]. The representation of the model is decided by
the assumptions on the hypothesis space with the mechanisms to handle the structures in
inputs, e.g., the latent Dirichlet allocations model for text data [3], the RKHS functions
for distributional data [4, 5], the convolution neural networks (CNN) [6] and residual net-
works [7] for 2D images, and the recurrent neural networks for sequential data [8]. Finally,
the development for efficient and scalable learning algorithms usually depends on the choice
of both the learning objectives and the function representations, e.g., the sequential min-
imal optimization for SVM [9] and the back-propagation for CNN [10]. As we can see, to
construct successful machine learning methods that are naturally fit to different problems
with different targets and inputs, one should consider these three components together in
a principled way.

This dissertation aims for developing a unified learning framework for such purpose. The
heart of this framework is the optimization with integral operators in infinite-dimensional
spaces. Such an integral operator representation view in the proposed framework provides
us an abstract tool for considering these three components together for plenty of machine
learning tasks and will lead to efficient algorithms equipped with flexible representations
achieving better approximation ability, scalability and statistical properties.

We mainly investigate several motivated machine learning problems, i.e., kernel method-
s [11], Bayesian inference [12], invariance learning, policy evaluation and policy optimization
in reinforcement learning [13, 14|, as the special cases of the proposed framework with d-

ifferent instantiations of the integral operator. These instantiations result in the learning



problems with inputs as functions, distributions, and dynamics. The corresponding algo-
rithms are derived to handle the particular integral operators via efficient and provable
stochastic approximation by exploiting the particular structure properties in the operators.
The proposed framework and the derived algorithms are deeply rooted in functional analy-
sis, stochastic optimization, nonparametric method, and Monte Carlo approximation, and
contributed to several sub-fields in machine learning community, including kernel methods,
Bayesian inference, and reinforcement learning.

We believe the proposed framework is a valuable tool for developing machine learning
methods in a principled way and can be potentially applied to many other scenarios, e.g.,

kernel exponential families estimation and meta-learning.

1.1 Thesis Structure

The rest of this dissertation is organized into six chapters.

Chapter 2: A Unified Learning Framework We first provide the background knowl-
edge, including the Hilbert space and its properties, that is needed for establishing the whole
framework. Next, we introduce the learning framework based on the optimization with in-
tegral operators in infinite-dimension function spaces perspective. The framework unifies
many representative machine learning problems, e.g., kernel methods, Bayesian inference,
and reinforcement learning, into one complete picture, while it also preserves the useful
properties for us to design better algorithms in terms of approximation ability, statistical,

computational and memory complexity for particular problems.

Chapter 3: Doubly Stochastic Gradient Descent in RKHS In this chapter, we
specialize the kernel methods from the framework with a novel representation, so that we
can scale up the kernel machines to millions of samples. The bottleneck of kernel machines
for large-scale datasets is the computation and memory cost of the kernel matrix. By
reformulating the learning of kernel machines as an optimization in the dual function space
of the corresponding RKHS through the framework, we can avoid the explicit operations on

kernel matrices, and thus, bypass the well-known bottleneck. The resulted doubly stochastic



functional gradient algorithm approximates the functional gradient stochastically from two
randomness sources, i.e., the training data and the dual random features associated with
the kernel. We prove that the proposed algorithm converges in the optimal rate and conduct
extensive empirical experiments, demonstrating the scalability of the proposed algorithm

for kernel machines on millions of samples.

Chapter 4: Particle Mirror Descent in Density Space In this chapter, we dis-
cuss the Bayesian inference problem, which can be recast as another special case of the
proposed framework, i.e., optimization in the density space over distribution inputs. By
such a reformulation, we propose a simple yet provable algorithm, particle mirror descent,
to iteratively approximate the posterior density. The proposed algorithm incorporates the
particles to represent the density nonparametrically in the stochastic functional mirror de-
scent updates, and thus, bypasses the restrictions in the approximation ability in vanilla
variational inference algorithms due to the prefixed parametrization. We provide the con-
vergence guarantee of the proposed algorithm and demonstrate its empirical performances

in several probabilistic models on large-scale datasets.

Chapter 5: Dual Embedding for Conditional Integral Operator In this chapter,
we investigate the learning over dynamics inputs problem, which can be derived from the
proposed framework by plugging the conditional integral operator. This problem is mo-
tivated from invariance learning, policy evaluation in Markov decision processes (MDPs),
and events prediction problems. We propose the dual embedding to bypass the difficulty in
estimating the conditional expectation when we only have limited samples or in the extreme
case only one sample for each conditional distribution in the dynamics. We design an effi-
cient learning algorithm, Embedding-SGD, with convergence guarantees for such problems.
Finally, our numerical experiments on both synthetic and real-world datasets show that
the proposed approach can significantly improve over the existing algorithms on invariance

learning and policy evaluation in MDPs.

Chapter 6: Dual Embedding for Smoothed Bellman Error In this chapter, moti-

vated by policy optimization in MDPs, we mainly discuss a difficult generalization of the



optimization problem in Chapter 5. By the property of the smoothed Bellman optimality
equation, we derive a specific surrogate loss for policy optimization, which can be reduced
to the learning problem in the framework with the conditional integral operator. We apply
the dual embedding technique for a new reinforcement learning algorithm. The proposed
algorithm is proved convergent, even with nonlinear function approximation on off-policy
samples. We compare the proposed algorithm with the current existing reinforcement learn-

ing algorithms on the benchmarks, and demonstrate its convergence and sample efficiency.

Conclusion We summarize the achievements in this thesis. We also discuss some poten-
tial future directions to further complete the proposed unified learning framework, including

undirected graphical model learning and meta-learning.

1.2 Thesis Contribution

This dissertation includes the conceptual, algorithmic and theoretical contributions:

1. A unified framework for machine learning from the integral operator view, which

unifies several representative learning problems as special cases.
2. A scalable algorithm, doubly stochastic gradient descent, for general kernel methods.

3. A provable algorithm, particle mirror descent, for approximate Bayesian inference on

probabilistic models.

4. An efficient algorithm, embedding-SGD, for learning over dynamics problems, e.g.,

invariant learning, policy evaluation and so on.

5. A convergent algorithm, smoothed Bellman error embedding, for off-policy reinforce-

ment learning with nonlinear function approximation.

6. Theoretical analysis for characterizing the behaviors of the proposed algorithms.

These contributions demonstrate the importance of the proposed framework as a prin-
cipled way for machine learning method design. Besides deriving useful algorithms for con-
crete problems, the theoretical analysis is also of independent interest which is potentially

applicable for justifying the other existing related algorithms.



CHAPTER 2
A UNIFIED LEARNING FRAMEWORK

In this chapter, we will first introduce the necessary background of the framework. Then,
we present our unified learning framework, which is based on optimization with integral
operators in infinite-dimension spaces, and discuss the important special cases of the frame-
work, including kernel methods, Bayesian inference, invariance learning and reinforcement

learning with the inputs as functions, distributions, and dynamics, respectively.

2.1 Preliminary

The proposed framework is built up based on the integral operator view of learning prob-
lems. In this section, we mainly discuss the Hilbert space and its properties, which will be

important for developing the framework.

2.1.1 Hilbert Space

We introduce the Hilbert space starting from the definition of the inner product space,

Definition 1 (Inner product) Let E denotes a vector space, an inner product on Z is a

function (-,-) : 2 x E — R that satisfies following three axioms for x,y,z € E and a, 5 € R:
e linearity (ax + By, z) = a(z,2) + B (y, 2).
e symmetry (z,y) = (y,x).
e positive-definiteness (x,z) > 0 and (z,x) =0 if and only if x = 0.

The inner product space is a vector space with inner product. In fact, the inner product

space is also a normed space, i.e.,

Theorem 2 Let (Z,(-,-)) be an inner product space and ||z| := +/(z,x), then, ||| is a

norm on = and (Z, [|-||) is a normed space.



Based on the understanding of the inner product space and the induced norm, the

Hilbert space is defined below

Definition 3 (Hilbert space) Let (=, (-,-)) be an inner product space, (Z, (-, -)) is a Hilbert
space if the space is complete w.r.t. the metric generated by the norm induced by the inner

product.

One of the important examples of Hilbert spaces is Lo (X, 1), which is the space of square
Lebesgue integrable functions E = {f : X — R} with the inner product defined as (f, g) :=
J= f(x)g(z)dp (x). Another important class of Hilbert spaces is the reproducing kernel

Hilbert space as introduced in next section.

2.1.2  Reproducing Kernel Hilbert Space

The reproducing kernel Hilbert space (RKHS) is a special Hilbert space. The theory was
developed by [15] and introduced to machine learning community by [16, 17]. It is formally
defined below,

Definition 4 (Reproducing kernel Hilbert space [16, 17]) Let H be a Hilbert space
of functions f : X — R, then H is a reproducing kernel Hilbert space endowed with the

inner product (-,-),, if there exists a function k : X x X — R such that
e membership for every z € X, the function k(x,-) € H.
e reproducing property for Vf € H and Vx € X, we have f(x) = (f, k(z,-))y-

In L, space, we have f(z) = [ f(2')0 (z — 2’) du (2'). However, the Ly is not a RKHS since
d-function does not belong to Lo space. The kernel function is analogues of d-function, but
itself belongs to H.

By the definition, the RKHS is simply a Hilbert space of functions spanned by k(-,-),

i.e., H = span{k(x,-)|x € X'}. We can derive some basic properties straightforwardly,

Theorem 5 1 If k is a reproducing kernel for H, then for Vx € X and Vf € H,

[F@)] < VR, ) [ £y

2 If H is a RKHS, then the convergence in H w.r.t. ||-||,, implies pointwise convergence.



There is an one-to-one correspondence between k and its RKHS H, i.e.,

Theorem 6 (Moore-Aronszajn [18]) Given a positive definite function k : X x X — R

we can construct a unique RKHS with k as its reproducing kernel, and vice versa.

Due to the positive definiteness of the kernel function k, we can decompose the kernel

function via eigenfunctions justified by the following theorem,

Theorem 7 (Mercer decomposition [19]) Let k is positive definite, we can expand k(-,-)

as

sz )i ('),

where {1;};°, are orthonormal and X;

Instead of the Mercer’s decomposition, we can also decompose the kernel in alternative

ways,

Theorem 8 (e.g.,[20]; [21]) Ifk(z,2) is a positive definite (PD) kernel, then there exists

a set Q, a measure p(w) on §, and random feature ¢, (x) : X — R from Lo(S2, p), such that
x’) = fQ Pw() ¢W(x/) dp(w).

It should be mentioned that the (¢, p) may not be unique.
Both the Mercer decomposition and the expectation decomposition of the kernel func-
tion, in Theorem 7 and Theorem 8, respectively, can be used for representing the functions

in H as we will introduce in next section.

2.1.3 Integral Operator

In this section, we will use the integral operator to derive the representation of the functions
f € H. The integral operator is a useful tool for studying the properties of RKHS [22, 23].
Let K : Ly (1) = L2 (p) defined as

/f k(! 2)dpu(2).

Since K f is a linear combination of kernel functions k(z/,-), Kf € H.



Self-adjoint square root of ' When the # is dense in Lo (1), the unique positive self-
adjoint square root of K, denoted as IC%, is a bijection from Lo (1) to H [24, 23]. Therefore,
for Vh € H, 3f € Lo (1), we can represent h = IC%f and |||y, = || f|l- Moreover, Vf,g € H,

we have

(frgh = (K3 £.K2g) .

By Theorem 7 and the fact #H is dense in Lo (1), the A\; ¢ = 1,..., 00 are strict positive.

Then, we can use the eigendecomposition to represent the [-||,, i.e.,
2 12 . -1 2
1B = |2 r] = Do rw3.
i=1
Square root of  Define the bounded linear operator Q : La(p) — La(n) as

(Qu) (z) = /Q 9()bu(x)dp(w), (2.1)

we have a unique adjoint operator Q* : Lo(p) — La(p) as (g, Q*f)y = (Qg, f), and ex-

pressed as

(Q°F) (w) = /X F(2)d () dpu(z).

Since Q is a linear operator, it defines a bijection between the orthogonal of its null s-
pace, Ker (Q)L, to its image, I'm (Q), which implies the inverse operator Q=1 : Im (Q) —
Ker (Q)*. As shown in [25, 23], Im (Q) is exact the RKHS H with kernel k (z,2') =
[, ¢w () ¢, (2') dp(w). Then, Vf € H, it can be represented as f = Qh for some h €
Ker (Q)L, and Vf,g € Im(Q),

(f.9)=(Q7'1.Q7"g)y IIflls = Il

We can also check the decomposition K = QQ* by simply applying the Fubini’s theorem.
Since the (¢, p) is not unique, we may have many possible Q corresponding to different

Im(Q).



2.1.4 Functional Gradient

The first-order algorithms in the function space is one key component for deriving the
algorithm from the framework. We briefly introduce the functional gradient on which the
first-order algorithms is built.

The functional gradient relates a change in terms of the functional to a change in function
on which the functional depends. Denote the functional as L (f), the functional gradient
VL(f) is defined as the linear term in the change of the objective after we perturb f by e

in the direction of g, i.e.,
L(f + eg) = L(f) + € (VL(f), 9) + O(¢?). (2.2)

where (-,-) can be adapted with different definitions in different function spaces. For in-
stance, in RKHS where we have inner product (-,-),,, applying the above definition, we
have Vf(z) = V (f,k(z, )3 = k(xz,) and V|| f|3, = V ([, f)3 = 2

Given the definition of the functional gradient, we can generalize the first-order op-
timization method and its stochastic version to function spaces, e.g., stochastic gradient
descent and stochastic mirror descent, while still keep the convergence guarantees. We will
see in the following chapters how to apply these generalized algorithms in function spaces

for particular learning problems instantiated from the proposed framework.

2.2 Learning as Optimization with Integral Operator

With the introduced background knowledge, we present our unified framework built on the
integral operator view. By instantiating different integral operators in the framework, we
recast various machine learning problems into the unified view, which will help us to design
novel algorithms bypassing the drawbacks in existing algorithms.

In general, we consider the learning tasks as searching for an element in a Hilbert space

F, e.g., RKHS, density space, La space and so on, by minimizing a functional L (-) : F — R.



Specifically, we have the optimization as

min L (f) :=Es [J (T f, 8)] +vG(f), (2.3)

where T : F — G denotes some integral operator that maps functions in F to another
space G, E, [] denotes the expectation over some measure p(s), J (-, ) : F x § — Y denotes
the loss function which is convex w.r.t. the first argument and G (-) denotes an optional
convex regularization, v > 0 is the regularization parameter. The framework covers various
machine learning models by adapting different integral operators 7T, ranging from kernel
methods, Bayesian inference, invariance learning, to reinforcement learning with inputs as

functions, distributions, and dynamics, respectively.

2.2.1 Learning Over Functions

If we instantiate the integral operator 7 in Eq (2.3) as Q : La (p) — H defined in Section 2.1

and G (-) as [|-||,;, we obtain

i By [7(Q9, (@0)] 913 = Bay [£ (Bumpio) 60 ()9 @) 0)] + v 9ll3 . (2.4

where £ (Eynpw) (0w () g (W)],y) := J (Qg, (#,y)) : R x R — ¥ denotes a convex loss and
E;y [-] denotes the expectation over distribution p(x,y). By such a representation, we can
understand the learning problems corresponding to Eq (2.4) as learning a function g (w) with
the inputs as functions ¢,, (x) over §2. Therefore, we refer to the learning problem (2.4) as
learning over functions.

Recall that the integral operator Q induces a mapping from Ls (p) to RKHS H, i.e.,
Qg € H for g € Ly (p) as we introduced in Section 2.1.3, the optimization (2.4) represents a
wide range of kernel methods, including kernel ridge regression, kernel SVM, kernel logistic
regression, kernel density ratio estimation and so on, as a special case of the proposed
framework with different J(-, ).

This integral operator view of kernel methods in Eq (2.4) derived from the proposed

framework avoids the explicit operations on the kernel and leads to a novel algorithm,
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which is able to scale up a general class of kernel machines to millions of data. The pro-
posed algorithm achieves a delicate balance between computational, memory and statistical

complexity. We will discuss the details in Chapter 3.

2.2.2  Learning Over Distributions

If we instantiate the integral operator in Eq (2.3) as (7q) (z) := (logp (z]0),q(0)) : P - R
where (-,-) denotes the inner product in Lo space, logp (x|0) denotes the log-likelihood,
G (q) as KL (q||p) :== <q,log%> with p(0) as prior, v = +-, and J (T¢q,z) := — (Tq) (z) as

the linear loss, we obtain

. o4 (0)
_&, KL ( 0)1 6) o 29 4.
iy —B, [(7a) (2)] + KL (dllp) = Z/ oxp(al0)ar+ ;[ a(@)1ox L2
(2.5)
where E, [-] denotes the empirical expectation over the training dataset D = {z;}Y . Tt has
been shown that the solution to Eq (2.5), denoted as ¢* (), is exactly the posterior from

Bayes’ rule [26, 1], i.e

p(0) [TL, plail6)
- :

q(0) = (2.6)

where Z = [p(6) H,fil p(x;|0)dh. Therefore, we can reformulate the Bayesian inference
as a special case of the proposed framework. With such instantiation, the learning prob-
lem corresponding to Bayesian inference can be understood as learning a density with the
inputs as distributions p(z|@). Therefore, we refer the optimization (2.5) as learning over
distributions.

By the optimization view of Bayesian inference in Eq (2.5) specialized from the general
framework, we can bypass the notorious difficulty in Bayesian inference, i.e., the intractabil-
ity of the partition function Z in Eq (2.6). We propose a novel algorithm for Bayesian
inference, which is flexible to approximate arbitrary smooth posteriors and still guaranteed

convergence with finite-step rate. We will discuss the details in Chapter 4.

11



2.2.3 Learning Over Dynamics

We can induce even richer structure into the integral operator to achieve a sub-class of
learning problems which includes invariance learning, reinforcement learning and events

prediction as special cases. Specifically, we instantiate the integral operator in Eq (2.3) as

(T1) (@) = (p(zlx), f(z,2)) = By [f (2, 2)] : F (X X 2) = F,

where |, [] denotes the conditional expectation, and G (-) as some norms, which will be

selected for particular problems. Then, the optimization (2.3) will be specialized as

?g}_} Ea:,y [J (Ez|x [f(: z)] ) (3?, y))] +vG (f) . (2'7)

By such representation, we can understand the learning problems corresponding to Eq (2.7)
as learning a function with the inputs as conditional distribution p(z|z). Since the condi-
tional distribution fully characterizes the transition of a dynamics, we refer to the learning
problem in (2.7) as learning over dynamics.

The problem of learning over dynamics appears in many different tasks. For example,
the goal of invariance learning is to estimate a function which minimizes the expected risk
while at the same time preserving consistency over a group of operations g = {g; }‘;‘;1 [27]

shows that this can be accomplished by solving the following optimization problem,

where H is the RKHS and £(E, ;g [f(2)],y) == J (T f), (2,y)) : RxR — ) denotes a
convex loss. The optimization is clearly a special case of Eq (2.7). The policy evaluation is
another example. Given a policy 7 (a|s) which is a distribution over action space condition
on current state s, the goal is to estimate the value function V7 (-) over the state space by
minimizing the mean-square Bellman error [28, 29]:

min E, | (s [R(s.a) + V() = V7()])*| + VI, (2.9)

12



where E; [] denote the expectation over po(s), Ey 4s denote the conditional expectation
over p(s'|a, s) 7 (al]s) and R(s,a) : S x A — R is a reward function with S and A denoting
the state and action space, respectively, and v € (0, 1) is the discount factor. It is a special
case of the Eq (2.7) by setting (z,y) = s,z = (', a), f(s,a,s") = R(s,a) +~V7™ (s') = V™ (s),
J (+,+) as square loss, and G (+) as HV||§_[

These learning problems become very challenging when we only have limited samples
or in the extreme case only one sample from each conditional distribution. Based on the
saddle-point formulation from the optimization view, we design a novel algorithm, which is
efficient to address this sampling challenge. The proposed algorithm can be tailored to the
invariance learning, policy evaluation, and other special cases. The details are explained
in Chapter 5.

Motivated by policy optimization in reinforcement learning, we are also interested in a
difficult generalization of the learning over dynamics problem, 4.e., estimating optimal value

function V' (s) by minimizing mean-square Bellman optimality error:

2
‘r}lel?r_ll Es [(ﬂ(;ﬁ?é(PA Egos [R(s,a) +7V(s) =V (s)]) ] . (2.10)

The operator in Eq (2.10) now involves a max-operator over policies which are distribution-
s, which induces extra complicatedness. We derive a surrogate of Eq (2.10), which can be
reduced to the optimization (2.7), by exploiting the property of smoothed Bellman error.
Based on the technique developed in Chapter 5, we propose a new reinforcement learning
algorithm which is proved convergent on off-policy samples with nonlinear function approx-

imation. We will discuss the details in Chapter 6.

2.3 Summary

To conclude this chapter, we remark that many machine learning methods have been pro-
posed for different learning tasks. The major differences of different methods lie in three
aspects: i), the learning target; ii), the representation of the functions and the input forms;
iii), the algorithms for optimizing the objectives. In fact, to design a successful machine

learning method for a particular problem, we should consider these three components to-
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gether to achieve the best theoretical property and empirical performance.

By exploiting the optimization with the integral operator view, we propose a framework
integrating these three components as a whole. It is relatively abstract to contain many
representative learning methods, e.g., kernel methods, Bayesian inference, invariance learn-
ing and reinforcement learning, as special cases, while still preserves necessary structures in
integral operators which will be important for designing practical algorithms. The remain-
der of the dissertation will be separated into three parts, each of which corresponds to one

of the representative problems in following chapters.
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PART I: LEARNING OVER FUNCTIONS

As we show in Section 2, due to the expectation decomposition of kernel function in The-
orem 8 and the equivalence of the RKHS and image of the square root of integral operator
with kernel & (-, -), most of the kernel methods can be instantiated from the framework (2.3)

as below,

min ]Ex,y [f (Ewwp(w) [¢w (SL‘) g (w)] 7y)} +v ”gHg : (211)
9€L2(p)

The optimization can be understood as treating the inputs as ¢, (x) € Lo (£2, p) and search-
ing for a linear function g (w) € Lo (€2, p). In other words, most of the kernel methods, e.g.,
kernel support vector machines, kernel logistic regression, kernel ridge regression, kernel
quantile regression, kernel novelty detection [30], kernel density ratio estimation [31], and
so on, can be recast as learning over functions from the proposed framework with the special
integral operator.

The most significant advantage of such a representation of kernel methods is that we can
bypass the explicit computation and memory cost of kernel, which is the major bottleneck
to apply the kernel methods to millions of training data. Therefore, we design an efficient
algorithm, doubly stochastic gradient descent, to scale up the kernel methods through the

integral operator view in Chapter 3.
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CHAPTER 3
DOUBLY STOCHASTIC GRADIENT DESCENT IN RKHS

Kernel methods are nonparametric methods which provide a flexible modeling tool that cap-
tures complex dependencies and structures automatically without task-dependent design.
They have demonstrated empirical success in many medium scale applications, including
regression, classification, dimension reduction, visualization and dynamic systems [32, 33,
34, 35, 36, 37, 38, 39, 40, 41, 42, 16, 43, 44, 45, 46, 47, 48, 49]. Moreover, the most attractive
benefit of kernel methods are their nice theoretical properties: since the learning procedures
of most kernel methods can be formulated as convex optimizations, we can achieve the glob-
al optima, and thus, statistical convergence guarantees can be provided [50, 51, 52, 53, 54].
However, scaling up kernel methods to large-scale datasets with millions of data is very
challenging: kernel methods typically work with the kernel matrices which are quadratic in
the number of samples and imposing huge burden in both computation and storage.

Rewriting the kernel methods through the integral operator from proposed framework,
1.e.,

min By y [¢ (Eunpw) 0w () g ()], 9)] + v llgl3 (3.1)
g€La(p)

we eliminate the existence of the kernel, providing the opportunity to scale up the kernel
methods. The reformulation inspires the doubly stochastic gradient descent algorithm. The
algorithm makes two folds stochastic approximations to the functional gradient, one using
random training points and another using random features, i.e., ¢, (-), associated with the
operator, and then descending using this noisy functional gradient. The resulted algorithm
is simple and flexible, and can be applied in the streaming setting. We show that a function
learned by this procedure after ¢ iterations converges to the optimal function in the original
RKHS in rate O(1/t) with O(1/+/t) generalization error. In both synthetic and real-world
datasets, the proposed algorithm compares favorably to the other existing algorithms for

kernel methods in terms of accuracy and computational and memory cost.
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3.1 Introduction

The general perception is that kernel methods are not scalable. When it comes to large-scale
nonlinear learning problems, the methods of choice so far are neural nets where theoretical
understanding remains incomplete. The bottleneck in scaling up kernel methods is the
storage and computation of the kernel matrix, K, which is usually dense. Storing the
matrix requires O(n?) space, and computing it takes O(n?d) operations, where n is the
number of data points and d is the dimension. There have been many great attempts to
scale up kernel methods, including efforts from numerical linear algebra, functional analysis,
and numerical optimization perspectives.

A common numerical linear algebra approach is to approximate the kernel matrix using
low-rank factors, K ~ A" A, with A € R"™*" and rank r < n. This low-rank approximation
usually requires O(nr? + nrd) operations, and then subsequent kernel algorithms can di-
rectly operate on A. Many works, such as greedy basis selection techniques [55], Nystrom
approximation [56] and incomplete Cholesky decomposition [57], all followed this strategy.
In practice, one observes that kernel methods with approximated kernel matrices often re-
sult in a few percentage of losses in performance. In fact, without further assumption on
the regularity of the kernel matrix, the generalization ability after low-rank approximation
is typically of the order O(1/+/r 4+ 1/+/n) [58, 59], which implies that the rank needs to be
nearly linear in the number of data points! Recently, the leverage score sampling has been
introduced to reduce the error in the low-rank approximation of the kernel matrix [60, 61].
However, extra computation will be needed for obtaining the leverage score. The computa-
tional cost for the exact leverage score is in the same order as solving the original problem,
therefore, we need one more approximation stage for large-scale problems! Moreover, the
theoretical analysis in [60, 61] is only valid for kernel ridge regression. The theoretical prop-
erty of this approximation for the kernel machines with other losses is not clear. In sum,
for general kernel machines with arbitrary loss functions as we discussed in Section 3.3, in
order for kernel methods to achieve the best generalization ability, the low-rank approxima-
tion based approaches quickly become impractical for big datasets due to their O(n3 + n%d)

preprocessing time and O(n2) memory requirement.
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Random feature approximation is another popular approach for scaling up kernel meth-
ods [62, 63]. Instead of approximating the kernel matrix, the method directly approximates
the kernel function using explicit feature maps. The advantage of this approach is that the
random feature matrix for n data points can be computed in time O(nrd) using O(nr) mem-
ory, where r is the number of random features. Subsequent algorithms then only operate
on an O(nr) matrix. Similar to low-rank kernel matrix approximation approach, the gener-
alization ability of random feature approach is of the order O(1//r +1/+/n) [64, 65], which
implies that the number of random features also needs to be O(n). The approximation
error can be reduced by adapting the sampling distribution over the random features theo-
retically [23]. However, the specific non-uniform distribution proposed in [23] is intractable
in general, therefore, difficult to be applied in practice. Another common drawback of these
two approaches is that it is not easy to adapt the solution from a small r to a large r’.
Often one is interested in increasing the kernel matrix approximation rank or the number
of random features to obtain a better generalization ability. Then special procedures need
to be designed to reuse the solution obtained from a small r, which is not straightforward.

Another approach that addresses the scalability issue rises from optimization perspec-
tive. One general strategy is to solve the dual forms of kernel methods using coordinate
or block-coordinate descent (e.g., [9, 66, 67]). By doing so, each iteration of the algorithm
only incurs O(nrd) computation and O(nr) memory, where r is the size of the parameter
block. A second strategy is to perform functional gradient descent by looking at a batch
of data points at a time (e.g., [68, 69]). Thus, the computation and memory requirements
are also O(nrd) and O(nr) respectively in each iteration, where r is the batch size. These
approaches can easily change to a different r without restarting the optimization and has no
loss in generalization ability since they do not approximate the kernel matrix or function.
However, a serious drawback of these approaches is that, without further approximation,
all support vectors need to be kept for testing, which can be as big as the entire training
set! (e.g., kernel ridge regression and non-separable nonlinear classification problems.)

In summary, there exists a delicate trade-off between computation, memory and statis-
tics if one wants to scale up kernel methods. Inspired by the integral operator view of kernel

methods, we propose a simple yet general strategy to scale up many kernel methods using

18



a novel concept called “doubly stochastic functional gradients”. Our method relies on the
fact that most kernel methods can be expressed as convex optimization problems over func-
tions in reproducing kernel Hilbert spaces in the form of integral operator representation
and can be solved via functional gradient descent. Our algorithm proceeds by making two
stochastic approximations to the functional gradient, one using random training points and
the other one using random features associated with the kernel. The key intuitions behind

our algorithm originate from

(i) the property of stochastic gradient descent algorithm that as long as the bias of
stochastic gradient estimator is comparable with the variance, the convergence of the

algorithm is guaranteed; and

(ii) the property of pseudo-random number generators that the random samples can in

fact be completely determined by an initial value (a seed).

We exploit these properties and enable kernel methods to achieve better balances between

computation, memory and statistics.

3.1.1 Contributions

Our method interestingly combines kernel methods, functional analysis, stochastic opti-

mization and algorithmic trick, and it possesses a number of desiderata:

Generality and simplicity Our approach applies to many kernel methods, such as k-
ernel ridge regression, support vector machines, logistic regression, two-sample test, and
many different types of kernels, such as shift-invariant kernels, polynomial kernels, general
inner product kernels, and so on. The algorithm can be summarized in just a few lines of
codes (Algorithm 1). For a different problem and kernel, we just need to adapt the loss

function and the random feature generator.

Flexibility Different from previous uses of random features which typically prefix the
number of features and then optimize over the feature weightings, our approach allows the

number of random features, and hence the flexibility of the function class, to grow with the
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number of data points. This allows our method to be applicable to data streaming setting,
which is not possible for previous random feature approach, and achieve the full potential

of nonparametric methods.

Efficient computation The key computation of our method is evaluating the doubly
stochastic functional gradient, which involves the generation of the random features with
specific random seeds and the evaluation of these random features on the small batch of

data points. For iteration ¢, the computational complexity is O(td).

Small memory The doubly stochasticity also allows us to avoid keeping the support
vectors which becomes prohibitive in large-scale streaming setting. Instead, we just need
to keep a small program for regenerating the random features, and sample previously used
random feature according to pre-specified random seeds. For iteration ¢, the memory needed

is O(t) independent of the dimension of the data.

Theoretical guarantees We provide a novel and nontrivial analysis involving Hilbert
space martingale and a newly proved recurrence relation, and show that the estimator
produced by our algorithm, which might be outside of the RKHS, converges to the optimal
RKHS function. More specifically, both in expectation and with high probability, our
algorithm can estimate the optimal function in the RKHS in the rate of O(1/t), which are
indeed optimal [70], and achieve a generalization bound of O(1/y/t). The variance of the
random features, introduced during our second approximation to the functional gradient,
only contributes additively to the constant in the final convergence rate. These results are

the first of the kind in kernel method literature, which can be of independent interest.

Strong empirical performance Our algorithm can readily scale kernel methods up to
the regimes which are previously dominated by neural networks. We show that our method
compares favorably to other scalable kernel methods in medium scale datasets, and to neural
networks in big datasets such as 8 million handwritten digits from MNIST, 2.3 million
materials from MolecularSpace, and 1 million photos from ImageNet using convolution

features. Our results suggest that kernel methods, theoretically well-grounded methods, can

20



potentially replace neural nets in many large scale real-world problems where nonparametric
estimation are needed.

In the remainder, we will first discuss the details of the expectation decomposition of
kernels for implementing the integral operator representation of RKHS function f = Qg
concretely. We will then describe our algorithm and provide both theoretical and empirical

supports.

3.2 Duality between Kernels and Random Processes

In this section, we mainly provide detailed explanation to the expectation decomposition
of the symmetric positive definite kernel function for constructing Q concretely. As we will
see, such a decomposition is not only the abstract tool to reformulate the kernel meth-
ods as a special case to our framework, but also the key component to form the scalable
algorithm Algorithm 1.

There is an intriguing duality between kernels and stochastic processes as we introduced
in Theorem 8. We restated as below,
Theorem 8 If k(x,2') is a positive definite (PD) kernel, then there exists a set Q, a
measure p(w) on Q, and random feature ¢, (z) : X — R from La(S2, p), such that k(z,z") =
Joy $ul2) 6(a’) dp(w).

Essentially, the integral representation relates the kernel function to a random process
w with measure dp(w). Note that the integral representation may not be unique, i.e., there
may multiple operator Q for one kernel. For some kernels, we can construct the expecta-
tion explicitly, therefore, obtain a concrete Q. Specifically, if the kernel is also continuous
and shift invariant, i.e., k(z,2') = k(z — 2') for x € RY, then the integral representation
specializes into a form characterized by inverse Fourier transformation (e.g., [76, Theorem

Theorem 9 (Bochner) A continuous, real-valued, symmetric and shift-invariant function

k(z —2') on R is a PD kernel if and only if there is a finite non-negative measure p(w) on
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R?, such that

k(z — ') = / e (@=2) dp(w) = 2 / cos(w' @+ b) cos(w '’ + b)d (p(w) x p(b)),
R4 R4 x[0,27]

where p(b) is a uniform distribution on [0,27] and ¢, (z) = v2cos(w' = +b).

For Gaussian RBF kernel, k(z — ') = exp(—||z — 2'||?/20?), this yields a Gaussian distribu-
tion p(w) with density proportional to exp(—o?||w]||?/2); for the Laplace kernel, this yields
a Cauchy distribution; and for the Martern kernel, this yields the convolutions of the unit
ball [16].

Similar representation where the explicit form of ¢, (x) and p(w) are known can also
be derived for rotation invariant kernel, k(x,2’) = k((z,2’)), using Fourier transformation
on sphere [16]. For polynomial kernels, k(z,z') = ({(z,2') 4+ ¢)P, a random tensor sketching
approach can also be used [72]. Explicit random features have been designed for many
other kernels, such as dot product kernel [71], additive/multiplicative class of homogeneous
kernels [73], e.g., Hellinger’s, x2, Jensen-Shannon’s and Intersection kernel, as well as kernels
on Abelian semigroups [74]. We summarized these kernels with their explicit features and
associated densities in Table 3.1.

Instead of finding the expectation decomposition for a given kernel to construct Q,
one can go the reverse direction, and construct kernels from the operator Q, i.e., random

processes dp (w) and basis functions ¢, (+) (e.g., [76]).

Theorem 10 If k(z,2') = [, ¢u(x) ¢u(2') dp(w) for a nonnegative measure p(w) on €

and ¢, (x) : X — R", each component from La(Q, p), then k(x,2') is a PD kernel.

For instance, we can define Q via Eq (2.1) by ¢ (x) = cos(w ' 1g(x)+b), where 1 () can be a
random convolution of the input x parametrized by 0, or ¢, (z) = [Pw, (Z), wy (), - - ., Pw,. (T)],
where ¢, () denote the random feature for kernel k;(z,z’). The former Q with random
features define a hierarchical kernel [75], and the latter one induce a linear combination of
multiple kernels. It is worth to note that the Hellinger’s, x2, Jensen-Shannon’s and Inter-
section kernels in [73] are special cases of multiple kernels combination. For simplicity, we

assume ¢,,(x) € R following, and our algorithm is still applicable to ¢, (x) € R".
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In fact, Theorem 8 and Theorem 10 are just the concrete explanations to the equiv-
alence between RKHS induced by k(-,-) and the image of integral operator Q defined by
random features ¢, () and p (w). For simplicity and convenience, in the following sections,
we will derive the practical Algorithm 1 and 2 for optimization (2.4) from approximating
the gradients w.r.t. the RKHS functions, i.e., f = Qg, with particular random feature rep-
resentation, instead of the derivation based on functional gradient w.r.t. g. We emphasize
that we can derive the same algorithm following the latter view too, while the theoretical

analysis from the former view is relatively more clear.

3.3 Doubly Stochastic Functional Gradients

As we discussed in Chapter 2, by setting 7 as Q associated with a RKHS H and a PD
kernel k(z,z’), denote f = Qg € H, we can reformulate many kernel methods as finding a

function f* € H via solving the optimization problem (2.4), i.e.,

avgmin R(f) = Eqy[((f@),9)] + 5 IfI}, < argmin  Eq)[((f@),y)] (3:2)
feH £l <B(v)

where v > 0 is a regularization parameter, B(r) is a non-increasing function of v, and the
data (z,y) follow a distribution p(z,y).

Stochastic functional gradient Given a data point (x,y) ~ p(z,y) and f € H, following
the definition of functional gradient in Section 2.1, the stochastic functional gradient of

E(zy)[l(f(x),y)] with respect to f € H is

() =L (f(z), y)k(=,), (3-3)

which is essentially a single data point approximation to the true functional gradient. Fur-
thermore, we can represent the function k (z,-) = Qg := E,, [¢, (+) g (w)] with g (w) = ¢, (z).
Therefore, we can make an additional approximation to the stochastic functional gradient
using a random feature ¢, (z) sampled according to p(w). More specifically,

Doubly stochastic functional gradient Let w ~ p(w), then the doubly stochastic gra-
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dient of E, ) [¢(f(z),y)] with respect to f € H is

C() =L (2),y)u(@)bus(")- (3-4)

Figure 3.1: ¥ is the angle betwen £(-) and ((+), {(-) may be outside of H.

Note that the stochastic functional gradient £(-) is in RKHS #H but {(-) may be outside
H, since ¢, (-) may be outside the RKHS. For instance, for the Gaussian RBF kernel, the
random feature ¢, (x) = v/2cos(w'z + b) can be outside of the RKHS associated with the
kernel function.

These functional gradients are related by £(-) = E,, [((-)], which lead to unbiased esti-

mators of the original functional gradient, i.e.,

VER(f) = Egy) [£C)] +0f (), (3.5)

and  VR(f) = E(y ) E0 [C()] +0f (). (3.6)

The unbiasedness of the gradient estimator Eq (3.5) relies on the fact we use the same
f € H to evaluate the ¢ (f (z),y). Once we update the f with the doubly stochastic gradi-
ent, since we use Monte-Carlo approximation on random features through Qg to evaluate f,
it will introduce extra error in f, the gradient estimator Eq (3.5) will be no longer unbiased
due to the error introduced by calculating ¢ (f (z),y). However, as we will prove later
in Section 3.4, as long as the bias is comparable with the variance, the stochastic gradient
descent still converges.

We emphasize that the source of randomness associated with the random feature is not
present in the data, but artificially introduced by us. This is crucial for the development of

our scalable algorithm in the next section. Meanwhile, it also creates additional challenges
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in the analysis of the algorithm which we will deal with carefully.

3.3.1 Doubly Stochastic Kernel Machines

Algorithm 1 {o;}!_, = Train(p(z,y))
1: IHPUt: P(W), (bw(x)’ f(f(x),y), v.
2: fori=1,...,tdo
3:  Sample (x;,y;) ~ p(x,y).

4: Sample w; ~ p(w) with seed .

5. f(;) = Predict(z;, {a;},)).

6: i = =%l (f(2i), yi) bw, ().

7

8

aj =1 —-~yv)a; forj=1,...,i—1.
: end for

Algorithm 2 f(x) = Predict(x, {a;}/_,)
: Input: p(w), ¢, (z).

: Set f(x) =0.

:fori=1,...,tdo

Sample w; ~ p(w) with seed 7.

f(@) = f(2) + @i, ().

end for

The first key intuition behind our algorithm originates from the property of stochastic
gradient descent algorithm that as long as the bias of the stochastic gradient is controllable,
i.e., the bias and variance of the stochastic gradient are balanced, the convergence of the
algorithm will still be guaranteed. In our algorithm, we will exploit this property and
introduce two sources of randomness, one from data and another artificial, to scale up
kernel methods.

The second key intuition behind our algorithm is that the random features used in the
doubly stochastic functional gradients will be sampled according to pseudo-random number
generators, where the sequences of apparently random samples can in fact be completely
determined by an initial value (a seed). Although these random samples are not the “true”
random sample in the purest sense of the word, however they suffice for our task in practice.

More specifically, our algorithm proceeds by making two stochastic approximation to
the functional gradient in each iteration, and then descending using this noisy functional

gradient. The overall algorithms for training and prediction is summarized in Algorith-
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m 1. The training algorithm essentially just performs random feature sampling and doubly
stochastic gradient evaluation, and maintains a collection of real number {a;}, which is
computationally efficient and memory friendly. A crucial step in the algorithm is to sample
the random features with “seed i”. The seeds have to be aligned between training and
prediction, and with the corresponding «; obtained from each iteration. The learning rate
v¢ in the algorithm needs to be chosen as O(1/t), as shown by our later analysis to achieve
the best rate of convergence. For now, we assume that we have access to the data gen-
erating distribution p(x,y). This can be modified to sample uniformly randomly from a
fixed dataset, without affecting the algorithm and the later convergence analysis. Let the
sampled data and random feature parameters be D! := {(x;,y;)}i_; and w' := {w;}'_; re-
spectively after t iteration, the function obtained by Algorithm 1 is a simple additive form

of the doubly stochastic functional gradients

Jrt() = SO =GO +vf() =3 aiGl), ¥e>1, and [()=0, ()

where a} = —; H;:z +1(1—;v) are deterministic values depending on the step sizes v;(i <
j < t) and regularization parameter v. This simple form makes it easy for us to analyze its

convergence.

Remark: We emphasize that the updates Eq (3.7) can also be derived directly from

applying gradient descent to optimization (2.4), i.e.,

L(g9) = Euy [£ (Buwmp(w) 0w (2) 9 ()], 9)] + v llgll5-

Particularly, we have VyL = By [0/ (Eypopw) [9w () g ()], y) ¢. (x)] + vg (), Then, by
taking two stochastic approximation to E, , [-] and the random feature w in ¢. (), we can
achieve the same updates as Eq (3.7). Indeed, from such perspective, the doubly stochastic
gradient descent algorithm can be viewed as the infinite-dimension generalization of the
stochastic coordinate descent algorithm.

We note that our algorithm can also take a mini-batch of points and random features at

each step, and estimate an empirical covariance for preconditioning to achieve potentially
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better performance.

Our algorithm is general and can be applied to most of the kernel machines which are
formulated in the convex optimization (3.2) in a RKHS H associated with given kernel
k(x,z"). We will instantiate the doubly stochastic gradients algorithms for a few commonly
used kernel machines for different tasks and loss functions, e.g., regression, classification,
quantile regression, novelty detection and estimating divergence functionals/likelihood ra-
tio. Interestingly, the Gaussian process regression, which is a Bayesian model, can also be
reformulated as the solution to particular convex optimizations in RKHS, and therefore, be

approximated by the proposed algorithm.

Kernel Support Vector Machine (SVM) Hinge loss is used in kernel SVM where
0 ifyu>1

l(u,y) = max{0,1 — uy} with y € {—1,1}. We have ¢'(u,y) = and the
—y ifyu<1

step 5 in Algorithm 1 becomes

0 if yif(ws) > 1

o =

ViYitw, (i) if yif (i) <1

Remark: [77] used squared hinge loss, {(u,y) = %max{O, 1 —uy}?, in £5-SVM. With this

0 if yu > 1
loss function, we have ¢'(u,y) = and the step 5 in Algorithm 1 becomes

u—y ifyu<l1

0 if yif(z:) > 1
oy = .

Yi(yi — f()Pu,; (i) i yif(zi) <1

Kernel Logistic Regression Log-loss is used in kernel logistic regression for binary

classification where £(u,y) = log(1 + exp(—yu)) with y € {-1,1}. We have ¢'(u,y) =

—% and the step 5 in Algorithm 1 becomes

U JCH{C)

U ey ) )
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For the multi-class kernel logistic regression, the

C C
lu,y) = — Z 0c(y)uc + log (Z exp(uc)>
c=1 c=1

where C' is the number of categories, u € RE*!, y € {1,...,C} and 6.(y) = 1 only if y = ¢,

= [fYxs),..., f(x;)], and therefore,
. aC]. The update rule for « in Algorithm 1 is

otherwise d.(y) = 0. In such scenario, we denote f(x;)

the corresponding o = [} ..

c (5w — —exp(f(@1)) ) |
a;p = Y <5c(yz) 26021 eXp(fC(.lei)) d’wi («%), Ve
¥ (1 =)o ,Vj<iVe=1,...,C.

1,....0,

Kernel Ridge Regression Square loss is used in kernel ridge regression where ¢(u,y) =

3(u—y)?. We have ¢'(u,y) = (u — y) and the step 5 in Algorithm 1 becomes

i = =i(f(z:i) = yi) Pu, (i)

Kernel Robust Regression Huber’s loss is used for robust regression [32] where

(u—y) if Ju —y[ <1
We have ¢/ (u,y) =

sign(u —y) if ju—y|>1

—Yi(f (%) = Yi) Pu; (w4) if | f(zi) —wil <1

—visign(f(zi) — yi)bw; (wi) if [f(2i) —yi| > 1

o =
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Kernel Support Vector Regression (SVR) e-insensitive loss function is used in kernel

SVR where ¢(u,y) = max{0, |u — y| — ¢}. We have

) 0 if lu—y|<e
U’?y = Y
sign(u —y) if lu—y| >e€

and the step 5 in Algorithm 1 becomes

0 if |f(zi) —yil <e
o = .

—visign(f(z:) — yi)pw, (xi) i |f(25) =y > €

Remark: Note that if we set ¢ = 0, the e-insensitive loss function will become absolute
deviation, i.e., £(u,y) = |u—y|. Therefore, we have the updates for kernel least absolute

deviation regression.

Kernel Quantile Regression The loss function for quantile regression is ¢(u,y) =

1—7 ifuzy
max{7(y —u), (1 —7)(u—y)}. We have ¢'(u,y) = and the step 5 in Al-

-7 ifu<y

gorithm 1 becomes

Yi(T = D w, (z:) if f(zi) = yi
oy = .

YiT Py (Ti) if f(z:) < i

Kernel Novelty Detection The loss function ¢(u, 7) = max{0,7—u} [30] is proposed for
novelty detection. Since 7 is also a variable which needs to be optimized, the optimization

problem is formulated as

: Yz, —
Te%l’}IéH]Ex[[(f(m)a T)] + 2 HfHH vT,
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and the gradient of ¢(u, T) is

d0(u, 7) 0 fu>r ol(u, T) 0 fu>r

ou , ’ or )
-1 fu<r 1 ifu<rTt

The step 5 in Algorithm 1 becomes

0 if f(ac,) 2 Ti—1 Ti—1 + YiV if f(xz) 2 Ti—1
o = , Ty =

Yibuw; (zi) if f(xi) < Ti1 Tic1 —v(l—v) if f(z) <7

Kernel Density Ratio Estimation Based on the variational form of Ali-Silvey diver-
gence, i.e., E, [T(%)], where r : RT — R is a convex function with 7(1) = 0, [31] proposed a
nonparametric estimator for the logarithm of the density ratio, log %, which is the solution

of following convex optimization,

min  Eqlexp(£)] + Byl (= exp(f))] + %Hf”gm (3-8)

where 7 denotes the Legendre-Fenchel dual of r, 7(7) := sup, x7 — 7*(x). In Kullback-

Leibler (KL) divergence, the rg(7) = —log(7). Its Legendre-Fenchel dual is

i} 00 ifr>0
rri(t) =
—1—log(—7) ifr<0

Specifically, the optimization becomes

min R(f) = ]Ey~q[exp(f(y))]*Exw[f(ﬂf)H%HfH%

= 2E..y|01(2) exp(£(y)) — do(2)f (2) | + SIFIB:

where z ~ Bernoulli(0.5). Denote £(uy, uy, 2) = d1(2) exp(uy) — do(2)uz, we have

O (ug, uy, 2) = 61(2) exp(uy) — do(2)
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and the the step 5 in Algorithm 1 becomes

o = —2i(61(2i) exp(f () Pw; (Wi) — B0(2i) Py (7:)),  zi ~ Bernoulli(0.5).

In particular, the z; and y; are not sampled in pair, they are sampled independently from
p(z) and ¢(x) respectively.

[31] proposed another convex optimization based on rx,(7) whose solution is a nonpara-
metric estimator for the density ratio. [78] designed 7,,(7) = max(0, p — log7) for novelty
detection. Similarly, the doubly stochastic gradients algorithm is also applicable to these

loss functions.

Gaussian Process Regression The doubly stochastic gradients can be used for approxi-
mating the posterior of Gaussian process regression by reformulating the mean and variance
of the predictive distribution as the solutions to the convex optimizations with particular
loss functions. Let y = f(x) + € where ¢ ~ N(0,0?%) and f(z) ~ GP(0, k(z,2')), given the
dataset {x;,y;}1~, the posterior distribution of the function at the test point x, can be

derived as
FIX oy a" ~ N (k;*T (K +021) 'y, k(z*,2*) — k" (K +021) " k;) (3.9)

where K € R™" K;; = K(z;,x;), k* = [k(z*,21),...,k(z*,2,)]" and I € R™" is the
identity matrix.

Obviously, the posterior mean of the Gaussian process for regression can be thought as
the solution to optimization problem (3.2) with square loss and setting v = 202. Therefore,
the update rule for approximating the posterior mean will be the same as kernel ridge
regression.

To compute the predictive variance, we need to evaluate the k* (K + 021 )_1 k*. Fol-
lowing, we will introduce two different optimizations whose solutions can be used for eval-

uating the quantity.
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1. Denote ¢ = [k(x1,-),...,k(zp,")], then

k”(K+ﬁn”k*: Mﬁ,f¢@ﬂ¢ﬂﬂ®4é%@ﬂ)

= k) TooT (667 +0%1) k")

where the second equation based on identity (gbqu + 021) o= (nggb + 021). There-

fore, we just need to estimate the operator:
o2 \ 1 1 1 —
Y=C(C+—I here C=—¢¢' == k(z;,) ®k(z;,). 3.10
< + - ) where nngqS n; (@i, ) ® k(x;, ) (3.10)
We can express ¥ as the solution to the following convex optimization problem
in R(T) = Zn: 1k (i, -) = Sk, )3, + - 1117
min = — Tiy) — Ty —
5 2n v v T o HS

where ||-|| 75 is the Hilbert-Schmidt norm of the operator. We can achieve the optimum
by VR = 0, which is equivalent to Eq (3.10).
Based on this optimization, we approximate the ¥; using ngj,i:l 0ij P () @ b, ()

by doubly stochastic functional gradients. The update rule for 8 is

o2
0;; = <1 - n’7t>0ija Vi<j<t
t—1
O = —m Zeij(bw; (21) by (20), Vi < 1
i>i

Ot = VtPuy (xt)%g (@1).

Please refer to Appendix A.4 for the details of the derivation.

2. Assume that the testing points, {z]}",, are given beforehand, instead of approx-

imating the operator ¥, we target on functions F* = [f{,..., f]" where fi() =
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k()T (K +021) " k7,

k() = [k(xlv ')7 R k(.%‘g, )]7

ki = [k(z], x1),. .., k(x], J:n)]T

7

Estimating f(-) can be accomplished by solving the optimization problem (3.2) with
square loss and setting y; = k(z},z;),Vj = 1,...,n, v = 202, leading to the same

update rule as kernel ridge regression.

After we obtain these estimators, we can calculate the predictive variance on z] by
either k(x},z}) — o(x},z}) or k(z}f,x}) — f(x}). We conduct experiments to justify the
novel formulations for approximating both the mean and variance of posterior of Gaussian
processes for regression, and the doubly stochastic update rule in Section.(3.6).

Note that, to approximate the operator ¥, doubly stochastic gradient requires O(t?)
memory. Although we do not need to save the whole training dataset, which saves O(dt)
memory cost, this is still computationally expensive. When the m testing data are given,
we estimate m functions and each of them requires O(t) memory cost, the total cost will

be O(tm) by the second algorithm.

3.4 Theoretical Analysis

In this section, we will show that, both in expectation and with high probability, our al-
gorithm can estimate the optimal function in the RKHS with rate O(1/t), and achieve
a generalization bound of O(1/+/t). The analysis for our algorithm relies on the explicit
expectation representation of the Qg with random features and has a new twist compared
to previous analysis of stochastic gradient descent algorithms, since the random feature
approximation results in an estimator which is outside the RKHS. Besides the analysis
for stochastic functional gradient descent, we need to use martingales and the correspond-
ing concentration inequalities to prove that the sequence of estimators, fi1, outside the
RKHS converge to the optimal function, f*, in the RKHS. We make the following standard

assumptions ahead for later references:
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Assumption 1 There exists an optimal solution, denoted as f*, to the problem of our

interest (3.2).

Assumption 2 Loss function (u,y) : R x R — R and its first-order derivative is L-

Lipschitz continous in terms of the first argument.

Assumption 3 For any data {(z;,v;)}._, and any trajectory {f;(:)}._,, there exists M >

0, such that [0'(fi(x:),y:)| < M.

Note in our situation M exists and M < oo since we assume bounded domain and the

functions f; we generate are always bounded as well.

Assumption 4 There exists £ > 0 and ¢ > 0, such that k(z,2") < K, |¢w(z)d,(2")] <

o,VNr, ' € X,w e Q.

For example, when k(-,-) is the Gaussian RBF kernel, we have k = 1, ¢ = 2.
We now present our main theorems as below. We will only provide a short sketch of

proofs here. The full proofs for the these theorems are given in the Appendix A.1-A.3.

Theorem 11 (Convergence in expectation) When v = g with 6 > 0 such that Qv €
(17 2) U Z+:
< 2C% + 2rQ7

Ept ot Uft+1($) - f*(x)ﬂ ST for any x € X

where Q1 = max {Hf*”H ,(Qo + Q2% + (20v — 1)(1 + 0v)202M2) /(200 — 1)}, with Qo =
2V261 2 (k 4+ ¢)LMO?, and C? = 4(r + $)>M?62.

Theorem 12 (Convergence with high probability) When v = % with § > 0 such

that v € Z4 and t > Ov, for any x € X, we have with probability at least 1 — 35 over
(D!, wh),

. C%In(2/6)  2kQ31n(2t/8)1In?(t)

fera@) = @) < 2 t ,

where C' is as above and Q2 = max{||f*||H , Qo + Q2 + kM2(1 + 0v)2(62 + 169/v)}, with
Qo = 4V2kY2MO(8 + (k + ¢)6L).
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Figure 3.2: e; stands the error due to random features, and e stands for the error due to
random data.

Proof sketch: We focus on the convergence in expectation; the high probability bound
can be established in a similar fashion. The main technical difficulty is that f;+; may not
be in the RKHS H. The key of the proof is then to construct an intermediate function hsy 1,
such that the difference between f;11 and h;41 and the difference between hyy; and f* can

be bounded. More specifically,

hipa(+) = he(-) = 7 (& () +vha()) = Zzzl a,&i(-), Vt>1, and hi()=0, (3.11)

where & (-) = E,,[¢(-)]. Then for any z, the error can be decomposed as two terms

2
fre1(x) = @) <2 |frpa(@) = b (2))? + 26 |l — Ul
~ —_——
error due to random features error due to random data

For the error term due to random features, hyy1 is constructed such that fi1q — hyyq is

g, which allows us to bound

a martingale, and the stepsizes are chosen such that |a}| <
the martingale. In other words, the choices of the stepsizes keep fi11 close to the RKHS.
For the error term due to random data, since h,y; € H, we can now apply the stan-
dard arguments for stochastic approximation in the RKHS. Due to the additional random-
ness, the recursion is slightly more complicated, e;41 < (1 — Qtﬁ) er + %\/%T + %, where
err1 = Epe ge[||hes1 — f*]|3,], and B and B2 depends on the related parameters. Solving

this recursion then leads to a bound for the second error term. [ |

Theorem 13 (Generalization bound) Let the true risk be Ripue(f) = Ey ) [€(f (), y)].
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Then with probability at least 1 — 35 over (D!, wt), and C and Q2 defined as previously

(Cy/In(8v/et/8) + v/2rQ2 ln(2t/(5)ln(t))L‘

Rtrue(ft+1) - Rtrue(f*) < \/Z

Proof By the Lipschitz continuity of ¢(-,y) and Jensen’s Inequality, we have

Rtrue(ft+1) _Rtrue<f*) < LE:c‘ft—&-l(x) _f*(x)‘ g L\/Ew‘ft-kl(x) - f*(x)P = LHft—H _f*HZ-

Again, || fi41—f*||2 can be decomposed as two terms O (|| fe11 — he41]13) and O(||he1 — f*H?_[),

which can be bounded similarly as in Theorem 12 (see Corollary 36 in the appendix). B

Remarks: The overall rate of convergence in expectation, which is O(1/t), is indeed opti-
mal. Classical complexity theory (see, e.g. reference in [70]) shows that to obtain e-accuracy
solution, the number of iterations needed for the stochastic approximation is ©(1/¢) for
strongly convex case and Q(1/€?) for general convex case. Different from the classical
setting of stochastic approximation, our case imposes not one but two sources of random-
ness/stochasticity in the gradient, which intuitively speaking, might require higher order
number of iterations for general convex case. However, the variance of the random features
only contributes additively to the constant in the final convergence rate. Therefore, our
method is still able to achieve the same rate as in the classical setting. Notice that these
bounds are achieved by adopting the classical stochastic gradient algorithm, and they may
be further refined with more sophisticated techniques and analysis. For example, techniques
for reducing variance of SGD proposed in [79], mini-batch and preconditioning [80, 81] can
be used to reduce the constant factors in the bound significantly. Theorem 11 also reveals
bounds in L., and Lo sense as in Appendix A.2. The choices of stepsizes v and the tuning
parameters given in these bounds are only for sufficient conditions and simple analysis;

other choices can also lead to bounds in the same order.

3.5 Computation, Memory and Statistics Trade-off

To investigate the computation, memory and statistics trade-off, we will fix the desired Lo

error in the function estimation to e, i.e., ||f — f*||3 < ¢, and work out the dependency of
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other quantities on €. These other quantities include the preprocessing time, the number of
samples and random features (or rank), the number of iterations of each algorithm, and the
computational cost and memory requirement for learning and prediction. We assume that
the number of samples, n, needed to achieve the prescribed error € is of the order O(1/¢), the
same for all methods. Furthermore, we make no other regularity assumption about margin
properties or the kernel matrix such as fast spectrum decay. Thus the required number of
random feature (or ranks), r, will be of the order O(n) = O(1/¢) [58, 59, 64, 65].

We will pick a few representative algorithms for comparison, namely, (i) NORMA [68]:
kernel methods trained with stochastic functional gradients; (ii) k-SDCA [67]: kernelized
version of stochastic dual coordinate ascend; (iii) r-SDCA: first approximate the kernel
function with random features, and then run stochastic dual coordinate ascend; (iv) n-
SDCA: first approximate the kernel matrix using Nystrom’s method, and then run stochas-
tic dual coordinate ascend; similarly we will combine Pegasos algorithm [82], stochastic
block mirror descent (SBMD) [83], and random block coordinate descent (RBCD) [84] with
random features and Nystrom’s method, and obtain (v) r-Pegasos, (vi) n-Pegasos, (vii)
r-SBMD, (viii) n-SBMD, (ix) r-RBCD, and (x) n-RBCD, respectively. The comparisons
are summarized below in Table. 3.2!

From Table 3.2, one can see that our method, r-SDCA, r-Pegasos, r-SBMD and r-RBCD
achieve the best dependency on the dimension, d, of the data up to a log factor. However,
often one is interested in increasing the number of random features as more data points are
observed to obtain a better generalization ability, e.g., in streaming setting. Then special
procedures need to be designed for updating the r-SDCA, r-Pegasos, r-SBMD and r-RBCD
solutions, which is not clear how to do easily and efficiently with theoretical guarantees.
As a more refined comparison, our algorithm is also the cheapest in terms of per training
iteration computation and memory requirement. We list the computational and memory
requirements at a particular iteration ¢t < n for these five algorithms to achieve € error in

Table 3.3.

"We only considered general kernel algorithms in this section. For some specific loss functions, e.g.,
hinge-loss, there are algorithms proposed to achieve better memory saving with extra training cost, such as
support vector reduction technique [85].
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Table 3.2: Comparison of computation and memory requirements of existing algorithms for
kernel machines

Algorithms | Preprocessing | Total Computation Cost Total Memory Cost

Computation Training Prediction | Training Prediction
Doubly SGD 0(1) O(d/e?) O(d/e) O(1/e) O(1/e)
NORMA (1) O(d/e?) O(d/e) O(d/e) O(d/e)
k-SDCA 0(1) O(d/e? log(%)) O(d/e) O(d/e) O(d/e)
r-SDCA (1) O(d/e? log(g)) O(d/e) O(1/e) O(1/e)
n-SDCA O(1/e3) O(d/e*1og(+)) O(d/e) O(1/e) O(1/¢)
r-Pegasos 0(1) O(d/e?) O(d/e) O(1/e) O(1/e)
n-Pegasos O(1/e3) O(d/e?) O(d/e) O(1/e) O(1/¢)
r-SBMD 0(1) O(d/e?) O(d/e) O(1/e) O(1/e)
n-SBMD O(1/€3) O(d/e?) O(d/e) O(1/e) O(1/e)
r-RBCD 0(1) O(d/e? log(%)) O(d/e) O(1/e) O(1/e)
n-RBCD O(1/€%) O(d/e*log(+)) O(d/e) O(1/e) O(1/e)

Table 3.3: Comparison of computation and memory requirements per iteration of existing
algorithms for kernel machines, where b denotes the block size in algorithms SBMD and
RBCD.

Algorithms | Computation per Iteration | Memory per Iteration | Iteration #
Doubly SGD O(dt+t+1) O(t) O(1/e)
r-SDCA O(dn+n+n) O(n) O(1/elog(1))
r-Pegasos O(dn+n+n) O(n) O(1/e)
r-SBMD ©(dn+n+n/b) O(n) O(b/e)
r-RBCD O(dn? 4+ n® + n/b) O(n) O(log(1/€))

3.6 Experiments

We show that our method compares favorably to other scalable kernel methods in medium
scale datasets, and neural nets in large scale datasets. Below is a summary of the datasets
used. A “yes” for the last column means that virtual examples (random cropping and mirror
imaging of the original pictures) are generated for training. K-ridge stands for kernel ridge
regression; GPR stands for Gaussian processes regression; K-SVM stands for kernel SVM;

K-logistic stands for kernel logistic regression.

Experiment settings We first justify the doubly stochastic algorithm for Gaussian pro-

cesses regression on dataset (1), comparing with NORMA. The dataset is medium size, so
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Table 3.4: Details of the tasks for evaluating doubly SGD

Name Model # of samples Input dim  Output range Virtual
(1) Synthetic GPR 21 2 [-1,1.3] no
(2) Synthetic K-ridge 220 2 [-1,1.3] no
(3) Adult K-SVM 32K 123 (-1,1} 1o
(4) MNIST 8M 8 vs. 6 | K-SVM 1.6M 784 {-1,1} yes
(5) Forest K-SVM 0.5M 54 {-1,1} no
(6) MNIST 8M K-logistic 8M 1568 {0,...,9} yes
(7) CIFAR 10 K-logistic 60K 2304 {0,...,9} yes
(8) TmageNet K-logistic 1.3M 9216 {0,...,999}  yes
(9)  QuantumMachine K-ridge 6K 276 [—800, —2000] yes
(10) MolecularSpace K-ridge 2.3M 2850 [0, 13] no
that the closed-form for posterior is tractable. For the large-scale datasets (2) — (5), we

compare with the first seven algorithms for solving kernel methods discussed in Table 3.2.
For the algorithms based on low rank kernel matrix approximation and random features,
i.e., pegasos and SDCA, we set the rank 7 or number of random features r to be 28. We
use the same batch size for both our algorithms and the competitors. We adopted two
stopping criteria for different purposes. We first stopped the algorithms when they pass
through the entire dataset once (SC1). This stopping criterion is designed for justifying our
motivation. By investigating the performances of these algorithms with different levels of
random feature approximations but the same number of training samples, we could identify
that the bottleneck of the performances of the vanilla methods with explicit feature will
be their approximation ability. To further demonstrate the advantages of the proposed
algorithm in computational cost, we also conduct experiments on datasets (3) — (5) running
the competitors within the same time budget as the proposed algorithm (SC2). We do not
count the preprocessing time of Nystréom’s method for n-Pegasos and n-SDCA, though it
takes substantial amount of time. The algorithms are executed on the machine with AMD
16 2.4GHz Opteron CPUs and 200G memory. It should be noticed that this gives advantage
to NORMA and k-SDCA which could save all the data in the memory. For fairness, we
also record as many random features as the memory allowed. For datasets (6) — (8), we
compare with neural nets for images (“jointly-trained”). In order to directly compare the
performance of nonlinear classifiers rather than feature learning abilities, we also use the

convolution layers of a trained neural net to extract features, then apply our algorithm and
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Figure 3.3: Illustration of the neural nets structure in our experiments. The first several
red layers are convolutions with max pooling layers. The following blue layers are fully
connected layes. The green layer is the output layer which is multiclass logistic regression
model.

a nonlinear neural net on top to learn classifiers (“fixed”). The structures of these neural
nets in Figure 3.3. For datasets (9) and (10), we compare with the neural net described

in [86] and use exactly the same input. In all the experiments, we select the batch size so

that for each update, the computation resources can be utilized efficiently.
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Figure 3.4: Experimental results for kernel ridge regression on synthetic dataset.

3.6.1 Kernel Ridge Regression

In this section, we compare our approach with alternative algorithms for kernel ridge re-

gression on 2D synthetic dataset. The data are generated by
y = cos(0.57||z]|2) exp(—0.17||x||2) + 0.1e

where z € [-5,5]% and e ~ N(0,1). We use Gaussian RBF kernel with kernel bandwidth o
chosen to be 0.1 times the median of pairwise distances between data points (median trick).
The regularization parameter v is set to be 107%. The batch size and feature block are set
to be 210,

The results are shown in Figure 3.4. In Figure 3.4(1), we plot the optimal functions
generating the data. We justify our proof of the convergence rate in Figure 3.4(2). The
blue dotted line is a convergence rate of 1/t as a guide. ft denotes the average solution after
t-iteration, i.e., fi(z) = %22:1 fi(x). It could be seen that our algorithm indeed converges
in the rate of O(1/t). In Figure 3.4 (3), we compare the first seven algorithms listed in the
Table 3.2 for solving the kernel ridge regression.

The comparison on synthetic dataset demonstrates the advantages of our algorithm
clearly. Our algorithm achieves comparable performance with NORMA, which uses full

kernel, in similar time but less memory cost. The pegasos and SDCA using 2® random or

Nystrom features perform worse.
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Figure 3.5: Experimental results for Gaussian processes regression.

3.6.2 Gaussian Processes Regression

As we introduced in Section. (3.3.1), the mean and variance of posterior of Gaussian pro-
cesses for regression problem can be formulated as solutions to some convex optimization
problems. We conduct experiments on synthetic dataset for justification. Since the task is
computing the posterior, we evaluate the performances by comparing the solutions to the
posterior mean and variance, denoted as fg, and sz, obtained by closed-form (3.9). We
select 2! data from the same model in previous section for training and 2'° data for testing,
so that the closed-form of posterior is tractable. We use Gaussian RBF kernel with kernel
bandwidth o chosen by median trick. The noise level o2 is set to be 0.1. The batch size is
set to be 64 and feature block is set to be 512.

We compared the doubly stochastic algorithm with NORMA. The results are shown in
Figure 3.5. Both the doubly stochastic algorithm and NORMA converge to the posterior,

and our algorithm achieves comparable performance with NORMA in approximating both

the mean and variance.

3.6.3 Kernel Support Vector Machine

We evaluate our algorithm solving kernel SVM on three datasets (3)—(5) comparing with

other several algorithms listed in Table 3.2 using stopping criteria SC1 and SC2.

Adult We use Gaussian RBF kernel with kernel bandwidth obtained by median trick. The

regularization parameter v is set to be 1/(100n) where n is the number of training samples.
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Figure 3.6: Comparison with other kernel SVM solvers on datasets (3) — (5) with two
different stopping criteria.

We set the batch size to be 26 and feature block to be 2°. After going through the whole
dataset one pass, the best error rate is achieved by NORMA and k-SDCA which is 15%
while our algorithm achieves comparable result 15.3%. The performances are illustrated
in Figure 3.6(1). Under the same time budget, all the algorithms perform similarly in
Figure 3.6(4). The reason of flat region of r-pegasos, NORMA and the proposed method

on this dataset is that Adult dataset is unbalanced. There are about 24% positive samples

while 76% negative samples.

MNIST 8M 8 vs. 6 We first reduce the dimension to 50 by PCA and use Gaussian
RBF kernel with kernel bandwidth ¢ = 9.03 obtained by median trick. The regularization
parameter v is set to be 1/n where n is the number of training samples. We set the batch
size to be 210 and feature block to be 28. The results are shown in Figure 3.6(2) and (5)
under SC1 and SC2 respectively. Under both these two stopping criteria, our algorithm

achieves the best test error 0.26% using similar training time.
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Forest We use Gaussian RBF kernel with kernel bandwidth obtained by median trick.
The regularization parameter v is set to be 1/n where n is the number of training samples.
We set the batch size to be 219 and feature block to be 28. In Figure 3.6(3), we shows the
performances of all algorithms using SC1. NORMA and k-SDCA achieve the best error
rate, which is 10%, while our algorithm achieves around 15%, but still much better than
the pegasos and SDCA with 2% features. In the same time budget, the proposed algorithm
performs better than all the alternatives except NORMA in Figure 3.6(6).

As seen from the performance of pegasos and SDCA on Adult and MNIST, using fewer
features does not deteriorate the classification error. This might be because there are cluster
structures in these two binary classification datasets. Thus, they prefer low rank approx-
imation rather than full kernel. Different from these two datasets, in the forest dataset,
algorithms with full kernel, i.e., NORMA and k-SDCA, achieve best performance, which
indicates that there might not be low-rank structure in the kernel matrix. Therefore, the
low-rank approximation obtained by the Nystrom’s method will lead to large approxima-
tion error. Indeed, [87] investigated the spectral structure of Gaussian kernel matrix on
the forest dataset and justified our conclusion empirically. With more random features,
our algorithm performs much better than pegasos and SDCA under both SC1 and SC2.
Our algorithm is preferable for this scenario, i.e., huge dataset with sophisticated decision
boundary in the RKHS induced by high-rank kernels. Although utilizing full kernel could
achieve better performance, the computation and memory requirement for the kernel on
huge dataset are costly. To learn the sophisticated boundary in RKHS without low-rank
kernel structure while still considering the computational and memory cost, we need to effi-
ciently approximate the kernel in O(1) with O(n) random features at least. Our algorithm
could handle so many random features efficiently in both computation and memory cost,

while for pegasos and SDCA such operation is prohibitive.

3.6.4 Classification Comparisons to Convolution Neural Networks

We also compare our algorithm with the state-of-the-art neural network. In these experi-
ments, the block size is set to be O(10%). Compared to the number of samples, O(108), this

block size is reasonable.
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Figure 3.7: Comparison with neural networks on datasets (6) — (10).

MNIST 8M In this experiment, we compare to a variant of LeNet-5 [88], where all tanh
units are replaced with rectified linear units. We also use more convolution filters and
a larger fully connected layer. Specifically, the first two convolutions layers have 16 and
32 filters, respectively, and the fully connected layer contains 128 neurons. We use kernel
logistic regression for the task. We extract features from the last max-pooling layer with
dimension 1568, and use Gaussian RBF kernel with kernel bandwidth o equaling to four
times the median pairwise distance. The regularization parameter v is set to be 0.0005.
The result is shown in Figure 3.7(1). As expected, the neural net with pre-learned
features is faster to train than the jointly-trained one. However, our method is much faster
compared to both methods. In addition, it achieves a lower error rate (0.5%) compared to

the 0.6% error provided by the neural nets.

CIFAR 10 In this experiment, we compare to a neural net with two convolution layers
(after contrast normalization and max-pooling layers) and two local layers that achieves
11% test error on CIFAR 10 [89]. The features are extracted from the top max-pooling

layer from a trained neural net with 2304 dimension. We use kernel logistic regression for
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this problem. The kernel bandwidth o for Gaussian RBF kernel is again four times the
median pairwise distance. The regularization parameter v is set to be 0.0005. We also
perform a PCA (without centering) to reduce the dimension to 256 before feeding to our
method.

The result is shown in Figure 3.7(2). The test error for our method drops significantly
faster in the earlier phase, then gradually converges to that achieved by the neural nets.

Our method is able to produce the same performance within a much restricted time budget.

ImageNet In this experiment, we compare our algorithm with the neural nets on the
ImageNet 2012 dataset, which contains 1.3 million color images from 1000 classes. Each
image is of size 256 x 256, and we randomly crop a 240 x 240 region with random horizontal
flipping. The jointly-trained neural net is Alex-net [90]. The 9216 dimension features for our
classifier and fixed neural net are from the last pooling layer of the jointly-trained neural
net. The kernel bandwidth o for Gaussian RBF kernel is again four times the median
pairwise distance. The regularization parameter v is set to be 0.0005.

Test error comparisons are shown in Figure 3.7(3). Our method achieves a test error of
44.5% by further max-voting of 10 transformations of the test set while the jointly-trained
neural net arrives at 42% (without variations in color and illumination). At the same time,
fixed neural net can only produce an error rate of 46% with max-voting. There may be
some advantages to train the network jointly such that the layers work together to achieve a
better objective. Although there is still a gap to the best performance by the jointly-trained
neural net, our method comes very close with much faster convergence rate. Moreover, it
achieves superior performance than the neural net trained with pre-learned features, both

in accuracy and speed.

3.6.5 Regression Comparisons to Neural Networks

We test our algorithm for kernel ridge regression with neural network proposed in [86]
on two large-scale real-world regression datasets, (9) and (10) in Table 3.4. To our best
knowledge, this is the first comparison between kernel ridge regression and neural network

on the dataset MolecularSpace.
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Figure 3.8: The computational procedure for predicting molecular property from molecular
structure.
QuantumMachine In this experiment, we use the same binary representations converted
based on random Coulomb matrices as in [86]. We first generate a set of randomly sorted
coulomb matrices for each molecule. And then, we break each dimension of the Coulomb
matrix apart into steps and convert them to the binary predicates. Predictions are made by
taking average of all prediction made on various Coulomb matrices of the same molecule.
The procedure is illustrated in Figure. 3.8. For this experiment, 40 sets of randomly per-
muted matrices are generated for each training example and 20 for each test example. We
use Gaussian kernel with kernel bandwidth ¢ = 60 obtained by median trick. The batch
size is set to be 50000 and the feature block is 2'!. The total dimension of random features
is 220,

The results are shown in Figure 3.7(4). In QuantumMachine dataset, our method
achieves Mean Absolute Error (MAE) of 2.97 kcal/mole, outperforming neural nets re-
sults, 3.51 kcal/mole. Note that this result is already close to the 1 kcal/mole required for

chemical accuracy.

MolecularSpace In this experiment, the task is to predict the power conversion efficien-
cy (PCE) of the molecule. This dataset of 2.3 million molecular motifs is obtained from

the Clean Energy Project Database. We use the same feature representation as for “Quan-
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tumMachine” dataset [86]. We set the kernel bandwidth of Gaussian RBF kernel to be 290
by median trick. The batch size is set to be 25000 and the feature block is 2'*. The total
dimension of random features is 22°.

The results are shown in Figure 3.7(5). It can be seen that our method is comparable

with neural network on this 2.3 million dataset.

3.7 Summary

The integral operator view of RKHS functions provides us a new representation by which
we can recast most of the kernel methods as the special case of the unified framework, i.e.,
learning over functions problems.

From such a new perspective, we derive algorithm which avoids the explicit compu-
tation and storage of the kernel matrices, so that we make kernel methods scalable for
large-scale datasets. Specifically, by introducing artificial randomness associated with k-
ernels besides the random data samples, we propose doubly stochastic functional gradient
for kernel machines which makes the kernel machines efficient in both computation and
memory requirement. Our algorithm successfully reduces the memory requirement of ker-
nel machines from O(dn) to O(n). Meanwhile, we also show that our algorithm achieves
the optimal rate of convergence, O(1/t), for strongly convex stochastic optimization. We
compare our algorithm on both classification and regression problems with the state-of-
the-art neural networks as well as some other competing algorithms for kernel methods on
several large-scale datasets. With our efficient algorithm, kernel methods could perform
comparable to sophisticated-designed neural network empirically.

The theoretical analysis, which provides the rate of convergence independent to the
dimension, is also highly non-trivial. It twists martingale techniques and the vanilla analysis
for stochastic gradient descent and provides a new tool for analyzing optimization in infinite-

dimensional spaces, which could be of independent interest.
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PART II: LEARNING OVER DISTRIBUTIONS

As we show in Section 2, when we instantiate the operator 7 := (logp (z|0),-), G (q) as
K L-divergence regularization, and restrict the feasible domain as the density space, with

the linear loss, the Bayesian inference can be obtained from Eq (2.3) as a special case, i.e.,

Iqlélg —Z/ )log p (x|0) dO + N/ logzggd& (3.12)

The above optimization can be understood as treating the inputs as p (x|0) and searching
for a density ¢ (f). Therefore, Bayesian inference can be recast as learning over distributions
from the proposed integral operator framework.

Such a novel view replaces the intractable integral in Bayes’ rule by an optimization,
and thus, will lead to the particle mirror descent algorithm in Chapter 4, which is rooted in
functional analysis, stochastic optimization and Monte-Carlo approximation. The proposed
algorithm can tackle the notorious difficulty in Bayesian inference for the integral calculation
when Bayes’ rule does not result in a tractable closed-form, while most existing approximate

inference algorithms lack either scalability or rigorous guarantees.
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CHAPTER 4
PARTICLE MIRROR DESCENT IN DENSITY SPACE

Bayesian methods are attractive because of their ability in modeling complex data and
capturing uncertainty in parameters. The crux of Bayesian inference is to compute the
posterior distribution, p(6|X) o~ p(@) Hfzvz1 p(zn]0), of a parameter § € R? given a set
of N data points X = {z,}"_ | from RP, with a prior distribution p(f) and a model of
data likelihood p(x|6). For many non-trivial models from real-world applications, the prior
might not be conjugate to the likelihood or might contain hierarchical structure. Therefore,
computing the posterior often results in intractable integration and poses computational
challenges.

Recall that as introduced in Chapter 2, the posterior from the Bayes’ rule can be rewrit-
ten as the solution to a special case of the unified framework (2.3), i.e.,

q(9)
21%171)1 —Z/ )log p (]6) dO + N/ p(e)de, (4.1)

we can avoid the general intractable integral in Bayes’ rule and target on solving the op-
timization. We propose particle mirror descent algorithm which exploits the stochastic
functional mirror descent where one descends in the density space using a small batch of
data points at each iteration, and particle filtering where one uses samples to approximate
a function. We prove result that, with m particles, the proposed algorithm provides a pos-
terior density estimator that converges in terms of K L-divergence to the true posterior in
rate O(1/y/m). We demonstrate competitive empirical performances of the proposed al-
gorithm compared to several approximate inference algorithms in mixture models, logistic

regression, sparse Gaussian processes and latent Dirichlet allocation on large-scale datasets.
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4.1 Introduction

Two longstanding challenges in approximate Bayesian inference are i) provable convergence
and ii) data-intensive computation at each iteration. MCMC is a general algorithm known
to generate samples from distribution that converges to the true posterior. However, in or-
der to generate a single sample at every iteration, it requires a complete scan of the dataset
and evaluation of the likelihood at each data point, which is computationally expensive. To
address this issue, approximate sampling algorithms have been proposed which use only a
small batch of data points at each iteration [e.g. 91, 92, 93, 94]. [91, 92] extend the sequen-
tial Monte Carlo (SMC) to Bayesian inference on static models. However, these algorithms
rely on Gaussian distribution or kernel density estimator as transition kernel for efficiency,
which breaks down the convergence guarantee of SMC. On the other hand, the stochastic
Langevin dynamics algorithm (SGLD) [93] and its derivatives [95, 96, 97] combine ideas
from stochastic optimization and Hamiltonian Monte Carlo, and are proven to converge in
terms of integral approximation, as recently shown in [98, 99]. Still, it is unclear whether
the dependent samples generated reflects convergence to the true posterior. FireflyMC [94],
which is a special case in pseudo-marginal Metropolis-Hastings (MH) family [100], intro-
duces auxiliary variables to switch on and off data points to save computation for likelihood
evaluations, but this algorithm requires the knowledge of lower bounds of likelihood that
is model-specific and may be hard to calculate. The Austerity MCMC [101, 100] exploits
the stochastic estimation of the acceptance ratio in the MH step with carefully designed
statistical testing to balance the bias induced by sub-sampling. The algorithm performs
well in practical for large-scale Bayesian inference, however, their theoretical analysis re-
lies on strong assumptions on the distribution of the average log-likelihoods difference for
designing the statistics, which might not generally hold.

In another line of research, the variational inference algorithms [102, 103, 104] attempt
to approximate the entire posterior density by optimizing information divergence [105].
The recent derivatives [106] avoid examination of all the data in each update. However, the
major issue for these algorithms is the absence of theoretical guarantees. This is due largely

to the fact that variational inference algorithms typically choose a parametric family to
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approximate the posterior density, which can be far from the true posterior, and require to
solve a highly non-convex optimization problem. In most cases, these algorithms optimize
over simple exponential family for tractability. More flexible variational families have been
explored but largely restricted to mixture models [107, 108]. In these cases, it is often difficult
to quantify the approximation and optimization error at each iteration, and analyze how
the error accumulates across the iterations. Therefore, a provably convergent variational

inference algorithm is still needed.

4.1.1 Contributions

In this chapter, we present such a simple and provable nonparametric inference algorithm,
particle mirror descent (PMD), to iteratively approximate the posterior density. PMD relies
on the connection that Bayes’ rule can be expressed as the solution to a convex optimization
problem over the density space [26, 1, 109]. However, directly solving the optimization will
lead to both computational and representational issues: one scan over the entire dataset
at each iteration is needed, and the exact function update has no closed-form. To address
these issues, we draw inspiration from two sources: (i) stochastic mirror descent, where one
can instead descend in the density space using a small batch of data points at each iteration;
and (ii) particle filtering and kernel density estimation, where one can maintain a tractable
approximate representation of the density using samples. In summary, PMD possesses a
number of desiderata:

Simplicity PMD applies to many probabilistic models, even with non-conjugate priors.
The algorithm is summarized in just a few lines of codes, and only requires the value of
likelihood and prior, unlike other approximate inference techniques [93, 108, 110, 106, e.g.],
which typically require their first and/or second-order derivatives.

Flexibility Different from other variational inference algorithms, which sacrifice the model
flexibility for tractability, our method approximates the posterior by particles or kernel
density estimator. The flexibility of nonparametric model enables PMD to capture multi-
modal in posterior.

Stochasticity At iteration ¢, PMD only visits a mini-batch of data to compute the s-

tochastic functional gradient, and samples O(t) points from the solution. Hence, it avoids
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scanning over the whole dataset in each update.
Theoretical guarantees We show the density estimator provided by PMD converges in
terms of both integral approximation and K L-divergence to the true posterior density in
rate O(1//m) with m particles. To our best knowledge, these results are the first of the
kind in Bayesian inference for estimating posterior.
In the remainder, we will introduce the optimization view of Bayes’ rule before presenting
our algorithm, and then we provide both theoretical and empirical supports of PMD.
Throughout this section, we denote K L as the Kullback-Leibler divergence, function ¢(f)
as ¢, a random sequence as 0 := [01, ..., 0], integral f(-) w.r.t. some measure p(f) over
support Q as [ f(8)u(df), or [ f(0)dd without ambiguity, (-,-)r, as the Lo inner product,

and || - ||, as the L, norm for 1 < p < oo.

4.2 Optimization View of Bayesian Inference

Our algorithm stems from the connection between Bayes’ rule and the optimization frame-

work (2.3). [26, 1, 109] showed that Bayes’ rule

_ p(O) [, plwnl6)

where p(X) = [ p(6) HnNzlp(aan)dO, can be obtained by solving the speical case of the

unified integral operator framework (2.3),

N
i, 2@ = =32 | [a@omriean) ] K@) lp0). 42

where P is the valid density space. The objective, L(q), is continuously differentiable with
respect to ¢ € P and one can further show that

Lemma 14 Objective function L(q) defined on q(0) € P is 1-strongly convex w.r.t. KL-
divergence.

Despite of the closed-form representation of the optimal solution, it can be challenging

to compactly represent, tractably compute, or efficiently sample from the solution. The
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normalization, p(X) = [ p(f) ngl p(x,|0)d, involves high dimensional integral and typ-
ically does not admit tractable closed-form computation. Meanwhile, the product in the
numerator could be arbitrarily complicated, making it difficult to represent and sample
from. However, such an optimization with integral operator perspective provides us a way

to tackle these challenges by leveraging recent advances from optimization algorithms.

4.2.1 Stochastic Mirror Descent in Density Space

We will resort to stochastic optimization to avoid scanning the entire dataset for each
gradient evaluation. The stochastic mirror descent [70] expands the usual stochastic gradient
descent scheme to problems with non-Euclidean geometries, by applying unbiased stochastic
subgradients and Bregman distances as prox-map functions. We now explain in details, the
stochastic mirror descent algorithm in the context of Bayesian inference.

At t-th iteration, given a data point x; drawn randomly from the dataset, the stochastic
functional gradient of L(q) with respect to q(6) € Lo is g:(0) = log(q(6)) — log(p(#)) —
Nlogp(x¢]|0). The stochastic mirror descent iterates over the prox-mapping step g1 =

P, (vig9:), where v, > 0 is the stepsize and

Py(g) == argming gy ep {(¢. 9) 1, + KL(qll9)}

Since the domain is density space, K L-divergence is a natural choice for the prox-function.

The prox-mapping therefore admits the closed-form

q+1(0) = qi(0) exp(=:9:(0))/Z (4.3)

= a(0) " p(0)"p(:]0)" /2,

where Z := [ q;(6) exp(—v:g:(#)) df is the normalization. This update is similar the Bayes’
rule. However, an important difference here is that the posterior is updated using the
fractional power of the previous solution, the prior and the likelihood. Still computing

gi+1(0) can be intractable due to the normalization Z.

95



4.2.2 Error Tolerant Stochastic Mirror Descent

To handle the intractable integral normalization at each prox-mapping step, we will consider
a modified version of the stochastic mirror descent algorithm which can tolerate additional
error in the prox-mapping step. Given € > 0 and g € Lo, we define the e-prox-mapping of

q as the set
Pi(g):={q€P : (g+logqg—logq,i—q')r, <€,Y¢ € P} (4.4)

and consider the update ¢11(6) € Pf}-’; (7tgt). When €¢; = 0,Vt, this reduces to the usual
stochastic mirror descent algorithm. The classical results regarding the convergence rate

can also be extended as below

Theorem 15 Let ¢* = argmin,cp L(q), stochastic mirror descent with inevact proz-mapping

after T steps gives the recurrence:

2
x|~ (| ~ Y
E[KL(q"||Gi+1)] < e + (1 — v)E[K L(q"[|g:)] + gtEHgtHgo, Vi< T.

Remark: As shown in the classical analysis of stochastic mirror descent, we could also
provide a non-asymptotic convergence results in terms of objective error at average solutions,
e.g., simple average gr = Zthl Yeqt/ Z?:l ~; in Appendix B.2.
Remark: For simplicity, we present the algorithm with stochastic gradient estimated by a
single data point. The mini-batch trick is also applicable to reduce the variance of stochastic
gradient, and convergence remains the same order but with an improved constant.
Allowing error in each step gives us room to design more flexible algorithms. Essentially,
this implies that we can approzimate the intermediate density by some tractable representa-
tion. As long as the approximation error is not too large, the algorithm will still converge;
and if the approximation does not involve costly computation, the overall algorithm will still
be efficient. Indeed, we propose two approximations as the solution to the e-prox-mapping

P¢(g) in following section.
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4.3 Particle Mirror Descent Algorithm

We introduce two efficient approximations to Eq (4.3), which performs as the solution
to the e-prox-mappings Pg(g), one based on weighted particles and the other based on
weighted kernel density estimator. The first strategy is designed for the situation when the
prior is a “good” guess of the true posterior, while the second strategy works for general
situations. Interestingly, these two methods resemble particle reweighting and rejuvenation
respectively in sequential Monte Carlo yet with notable differences. We will characterize

the errors induced by these approximations in Section 4.4.

4.3.1 Posterior Approximation Using Weighted Particle

We first consider the situation when we are given a “good” prior, such that p(#) has the
same support as the true posterior ¢*(0), i.e., 0 < ¢*(0)/p(0) < C. We will simply maintain
a set of samples (or particles) from p(6), and utlize them to estimate the intermediate prox-
mappings. Let {6;}.", ~ p(f) be a set of fixed i.i.d. samples. We approximate g;41(0) as a

set of weighted particles

G (0) =31 ol 6(65), (4.5)
t+1 . olexp(—ege(6:))
R > e ) DAL

The update is derived from the closed-form solution to the ezact prox-mapping step (4.3).
Since the normalization is a constant common to all components, one can simply update

the set of working variable «; as

a; < a; Vp(x0;) N, Vi (4.6)
Q;

Z?il o

o <

We show that the one step approximation (4.5) incurs the error when estimating the inte-

gration of a function.
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Theorem 16 For any bounded and integrable function f,

| [ @000~ [ aosom|] < 0=,

Remark: Please refer to the Appendix B.3 for details. When the model has several
latent variables 6 = (£, ¢) and some parts of the variables have closed-form update in (4.3).
e.g., sparse GPs and LDA (refer to Appendix B.6), we could incorporate such structure
information into algorithm by decomposing the posterior ¢(6) = ¢(£)q(¢|£). When p(§)
satisfies the condition, we could sample {&;}I"; ~ p(£) and approximate the posterior with

summation of several functions, i.e., in the form of ¢(0) ~ > a;q({|&).

4.3.2 Posterior Approximation Using Weighted Kernel Density Estimator

In general, sampling from prior p(6) that are not so “good” will lead to particle depletion
and inaccurate estimation of the posterior. To alleviate particle degeneracy, we propose to
estimate the prox-mappings via weighted kernel density estimator (KDE). The weighted
KDE prevents particles from dying out, in a similar fashion as kernel smoothing variant
SMC [111] and one-pass SMC [92], but with guarantees.

More specifically, we approximate ¢;11(f) via a weighted kernel density estimator

Gr+1(0) = Z g G Kn(0 —0:), (4.7)

exp(—eg:(60:)) i
Yoy exp(—veg:(0:)) {0} q:(9),

i

where A > 0 is the bandwidth parameter and K (f) := hidK(Q/h) is a smoothing ker-
nel. The update serves as an e-prox-mapping (4.4) based on the closed-form solution
to the eract prox-mapping step (4.3). Unlike the first strategy, the particle location in
this case is sampled from the previous solution G(f#). The idea here is that g () =
Gt(0) exp(—vg+(0))/Z can be viewed as an importance weighted version of G;(0) with weights
equal to exp(—v:g:(0))/Z. If we want to approximate ¢, (), we can sample m locations
from ¢;(0) and associate each location the normalized weight «;. To obtain a density for re-

sampling in the next iteration, we place a kernel function K}(#) on each sampled location.
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Since «; is a ratio, we can avoid evaluating the normalization factor Z when computing «;.

In summary, we can simply update the set of working variable «; as

Q< q~t(91')_%]?(91')%p(.%'t‘(%)N%,V’i (4.8)
Q5

>y ;.

Q<

Intuitively, the sampling procedure gradually adjusts the support of the intermediate dis-
tribution towards that of the true posterior, which is similar to “rejuvenation” step. The
reweighting procedure gradually adjusts the shape of the intermediate distribution on the
support. Same as the mechanism in [111, 92], the weighted KDE could avoid particle
depletion.

We demonstrate that the estimator in (4.7) in one step possesses similar estimation

properties as standard KDE for densities (for details, refer to the Appendix B.4).

Theorem 17 Let g4 be a (5; L)-Hélder density function, and K be a [3-valid density kernel,
and the kernel bandwidth chosen as h = O(m_ﬁ). Then, under some mild conditions,

E||g(0) — a(6)], = O(m™ #1).

We specify the definition of (8; £)-Holder family in the Appendix B.4. A kernel function
K(-) is called B-valid, if [ 2°K(z)dz = 0 holds true for any s = (s1,...,s4) € N with |s| <
|B]. Notice that all spherically symmetric and product kernels satisfy the condition. For
instance, the Gaussian kernel K () = (27)~%2exp(— ||0]|* /2) satisfies the condition with
B =1, and it is used throughout our experiments. Theorem 17 implies that the weighted
KDE achieves the minmaz rate for density estimation in (3; £)-Hoélder function class [112],
where 3 stands for the smoothness parameter and L is the corresponding Lipschitz constant.
With further assumption on the smoothness of the density, the weighted KDE can achieve
even better rate. For instance, if § scales linearly with dimension, the error of weighted
KDE can achieve a rate independent of the dimension.

Essentially, the weighted KDE step provides an e-prox-mapping Pfji (7eg¢) (4.4) in density
space as we will discuss in Section 4.4.2. The inexactness is therefore determined by the

number of samples m; and kernel bandwidth h; used in the weighted KDE.
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4.3.3 Overall Algorithm

We present the overall algorithm, particle mirror descent (PMD), in Algorithm 3. The
algorithm is based on stochastic mirror descent incorporated with two strategies from sec-
tion 4.3.1 and 4.3.2 to compute prox-mapping. PMD takes as input N samples X =
{xn}fy:l, a prior p(f) over the model parameter and the likelihood p(z|f), and output-
s the posterior density estimator ¢r(6) after T iterations. At each iteration, PMD takes
the stochastic functional gradient information and computes an inexact prox-mapping G(6)
through either weighted particles or weighted kernel density estimator. Note that as dis-
cussed in Section 4.4, we can also take a batch of points at each iteration to compute the

stochastic gradient in order to reduce variance.

Algorithm 3 Particle Mirror Descent Algorithm

1: Input: Data set X = {mn}ivzl, prior p(60)
2: Output: posterior density estimator gr(6)
3: Initialize ¢1(0) = p(6)

4: fort=1,2,...,T—1do

5: Tt u%f X

6: if Good p(6) is provided then
7 {0:32 “E p(f) when t =1
S ai g p(al) N Vi

10: Gi+1(0) =220 0 6(05)

11:  else "y

2 o G (e)

13 i @ul0) 7 p(0:) ] 0) N, Vi
14: (34,- — Zﬂzﬁjw

15: G+1(0) = 31 @i Ky, (0 — 6;)
16:  end if

17: end for

In Section 4.4, we will show that, with proper setting of stepsize -y, Algorithm 3 con-
verges in rate O(1/4/m) using m particles, in terms of either integral approximation or
K L-divergence, to the true posterior.

In practice, we could combine the proposed two algorithms to reduce the computation
cost. In the beginning stage, we adopt the second strategy. The computation cost is

affordable for small number of particles. After we achieve a reasonably good estimator of
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the posterior, we could switch to the first strategy using large size particles to get better

rate.

4.4 Theoretical Analysis

In this section, we show that PMD algorithm (i) given good prior p(#), achieves a sublinear
rate of convergence in terms of integral approximation; and (ii) in general cases, achieves a
dimension dependent, sublinear rate of convergence in terms of K L-divergence with proper

choices of stepsizes.

4.4.1 Weak Convergence of PMD

The weighted particles approximation, ¢ (6) = " o; 6(6;), returned by Algorithm 3 can
be used directly for Bayesian inference. That is, given a function f, [¢*(0)f(0)df can
be approximated as > ", a; f(6;). We will analyze its ability in approximating integral,
which is commonly used in sequential Monte Carlo for dynamic models [113] and stochastic
Langevin dynamics [99]. For simplicity, we may write Y ;" o, f(6;) as [ ¢:(0) f(0)d0, despite
of the fact that ¢.(6) is not exactly a density here. We show a sublinear rate of convergence

in terms of integral approximation.

Theorem 18 (Integral approximation) Assume p(0) has the same support as the true
posterior ¢*(), i.e., 0 < ¢*(0)/p(0) < C. Assume further model ||p(x|0) ||oo < p, V. Then
Vf(0) bounded and integrable, the T-step PMD algorithm with stepsize ¢ = 1 returns m

t

weighted particles such that

2| [ wonom - [ orom|| < 2O

e { VREG . gty |

where M := max;—1 .1 9t loo-

Remark: The condition for the models, ||p(x|0)" ]| < p,Vz, is mild, and there are plenty

of models satisfying the requirement. For examples, in binary/multi-class logistic regression,
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probit regression, as well as latent Dirichlet analysis, p < 1. Please refer to details in
Appendix B.3. It should be pointed out that the constant C' can indirectly depends on the
dimension of 6. The concrete dependence between C' and d is related to the property of
particular models and out of the scope of this thesis. The proof combines the results of the
weighted particles for integration, and convergence analysis of mirror descent. One can see
that the error consists of two terms, one from integration approximation and the other from
optimization error. To achieve the best rate of convergence, we need to balance the two
terms. That is, when the number particles, m, scales linearly with the number of iterations,
we obtain an overall convergence rate of O(%) In other words, if the number of particles

is fixed to m, we could achieve the convergence rate O(Lm) with 7' = O(m) iterations.

4.4.2 Strong Convergence of PMD

In general, when the weighted kernel density approximation scheme is used, we show that
PMD enjoys a much stronger convergence, i.e., the K L-divergence between the generated
density and the true posterior converges sublinearly. Throughout this section, we merely

assume that

Assumption 5 The prior and likelihood are bounded and belong to (8; L)-Holder class.

Assumption 6 Kernel K(-) is a S-valid density kernel with a compact support and there

exists Ck, v > 0 such that | K ()|l < Ck, [ K(2)%dz < p2, [||z||°|K(2)|dz < v.

Assumption 7 There exists a bounded support Q0 such that the log function is A-Lipschitz

continuous.

Note that the above assumptions are more of a brief characteristics of the commonly
used kernels and inferences problems in practice rather than an exception. The first con-
dition clearly holds true when the logarithmic of the prior and likelihood belongs to Co
with bounded derivatives of all orders, as assumed in several literature [98, 99]. The third
condition is for characterizing the estimator over its support. These assumptions auto-

matically validate all the conditions required to apply Theorem 17 and the corresponding
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high probability bounds (stated in Corollary 50 in appendix). Let the kernel bandwidth

ht =m, 1/(d+26 ), we immediately have that with high probability,

1Gi+1 — Pa, (3g0) ||, < O(my /(@H20)y,

Directly applying Theorem 15, and solving the recursion following [70], we establish the

convergence results in terms of KL-divergence.

Theorem 19 (KL-divergence) Based on the above assumptions, when setting v, = O (%),

__B_
2max { Dy, M?*} Lo ST t2m, T

E[KL(q*||q <
K L(q" |dr)] = e

__B_
d+2p8
+ Comyp,

where M := maxi—1,. 7 ||gt]loc, D1 = KL(¢*||q1), C1 := O(1)AC, (vL+ p), and Cy =

O1)(p + vL) with O(1) being a constant.

Remark: Unlike Theorem 18, the convergence results are established in terms of the
K L-divergence, which is a stronger criterion and can be used to derive the convergence
under other divergences [114]. To our best knowledge, these results are the first of its kind
for estimating posterior densities in literature. One can immediately see that the final
accuracy is essentially determined by two sources of errors, one from noise in applying
stochastic gradient, the other from applying weighted kernel density estimator. For the last
iterate, an overall O(%) convergence rate can be achieved when m; = O(t*+%/#). There is
an explicit trade-off between the overall rate and the total number of particles: the more
particles we use at each iteration, the faster algorithm converges. One should also note that
in our analysis, we explicitly characterize the effect of the smoothness of model controlled
by B, which is assumed to be infinite in existing analysis of SGLD. When the smoothness
parameter S >> d, the number of particles no longer depends on the dimension. That
means, with memory budget O(dm), i.e., the number of particles is set to be O(m), we

could achieve a O(1//m) rate.
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Table 4.1: Summary of the related approximate inference methods

Methods Provable | Convergence | Convergence Cost Black

Criterion Rate Computation Memory | Box
per Iteration

SVI No — — Q(d) O(d) No

NPV No — — Q(dm2N 4+ d*>N) | O(dm) No

Static SMC No - - Q(dm) O(dm) Yes

SGLD Yes Ha—q* )] | O(m %) Q(d) O(dm) | Yes

PMD Yes Ha—q", f)] | O(m2) Q(dm) O(dm) | Yes
KL('|lg) | O(m"2) Q(dm?) O(dm)

4.5 Connections to Other Approaches

PMD connects stochastic optimization, Monte Carlo approximation and functional analysis
to Bayesian inference. Therefore, it is closely related to two different paradigms of inference

algorithms derived based on either optimization or Monte Carlo approximation.

Relation to SVI From the optimization point of view, the proposed algorithm shares
some similarities to stochastic variational inference (SVI) [106]-both algorithms utilize s-
tochastic gradients to update the solution. However, SVI optimizes a surrogate of the objec-
tive, the evidence lower bound (ELBO), with respect to a restricted parametric distribution?;
while the PMD directly optimizes the objective over all valid densities in a nonparametric
form. Our flexibility in density space eliminates the bias and leads to favorable convergence

results.

Relation to SMC From the sampling point of view, PMD and the particle filtering/sequential
Monte Carlo (SMC) [111] both rely on importance sampling. In the framework of SMC
sampler [115], the static SMC variants proposed in [91, 92] bares some resemblances to the
proposed PMD. However, their updates come from completely different origins: the static
SMC update is based on Monte Carlo approximation of Bayes’ rule, while the PMD update
based on inexact prox-mappings. On the algorithmic side, (i) the static SMC re-weights the
particles with likelihood while the PMD re-weights based on functional gradient, which can

be fractional power of the likelihood; and (ii) the static SMC only utilizes each datum once

'Even in [108], “nonparametric variational inference” (NPV) uses the mixture of Gaussians as variational
family which is still parametric.
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while the PMD allows multiple pass of the datasets. Most importantly, on the theoretical
side, PMD is guaranteed with convergence in terms of both K L-divergence and integral
approximation for static model, while SMC is only rigoriously justified for dynamic models.

It is unclear whether the convergence still holds for these extensions.

Summary of the comparison We summarize the comparison between PMD and static
SMC, SGLD, SVI and NPV in Table 4.1. For the connections to other inference algorithm-
s, including Annealed IS [116], general SMC sampler [115], stochastic gradient dynamics
family [93, 95, 97, 96], nonparametric variational inference [117, 118, 119, 108, 120], as well
as one following work of our PMD algorithm [121], please refer to Appendix B.7. Given
dataset {z;}Y ,, the model p(z|6), & € R? and prior p(#), whose value and gradient could
be computed, we set PMD, static SMC, SGLD and NPV to keep m samples/components,
so that they have the same memory cost and comparable convergence rate in terms of m.
Therefore, SGLD runs O(m) iterations. Meanwhile, by balancing the optimization error
and approximation in PMD, we have PMD running O(m) for integal approximation and
O(y/m) for K L-divergence. For static SMC, the number of iteration is O(N). From Ta-
ble 4.1, we can see that there exists a delicate trade-off between computation, memory cost

and convergence rate for the approximate inference methods.

1. The static SMC uses simple normal distribution [91] or kernel density estimation [92]
for rejuvenation. However, such a moving kernel is purely heuristic and it is unclear
whether the convergence rate of SMC for dynamic system [113, 122] still holds for
static models. To ensure the convergence of static SMC, MCMC is needed in the
rejuvenation step. The MCMC step requires to browse all the previously visited data,
leading to extra computation cost (dmt) and memory cost O(dt), and hence violating
the memory budget requirement. We emphasize that even using MCMC in static SMC
for rejuvenation, the conditions required for static SMC is more restricted. We discuss
the conditions for convergence of SMC and PMD using particles approximation in

Appendix B.3.

2. Comparing with SGLD, the cost of PMD at each iteration is higher. However, PMD
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converges in rate of O(mfé), faster than SGLD, O(m*%)7 in terms of integral approx-
imation and K L-divergence which is more stringent if all the orders of derivatives of
stochastic gradient is bounded. Moreover, even for the integral approximation, SGLD
converges only when f having weak Taylor series expansion, while for PMD, f is only
required to be bounded. The SGLD also requires the stochastic gradient satisfying
several extra conditions to form a Lyapunov system, while such conditions are not

needed in PMD.

4.6 Experiments

We conduct experiments on mixture models, logistic regression, sparse Gaussian processes
and latent Dirichlet allocation to demonstrate the advantages of PMD in capturing multiple

modes, dealing with non-conjugate and hierarchical models, respectively.

Competing algorithms For the mixture model and logistic regression, we compare our
algorithm with five general approximate Bayesian inference methods, including three sam-
pling algorithms, i.e., one-pass sequential Monte Carlo (one-pass SMC) [92] which is an
improved version of the SMC for Bayesian inference [91], stochastic gradient Langevin dy-
namics (SGD Langevin) [93] and Gibbs sampling, and two variational inference methods,
i.e., stochastic variational inference (SVI) [106] and stochastic variant of nonparametric
variational inference (SGD NPV) [108]. For sparse GP and LDA, we compare with the

existing large-scale inference algorithms designed specifically for the models.

Evaluation criterion For the synthetic data generated by mixture model, we could cal-
culate the true posterior, Therefore, we evaluate the performance directly through total
variation and K L-divergence (cross entropy). For the experiments on logistic regression, s-
parse GP and LDA on real-world datasets, we use indirect criteria which are widely used [96,
97, 123, 124, 106] because of the intractability of the posterior. We keep the same memo-
ry budget for Monte Carlo based algorithms if their computational cost is acceptable. To
demonstrate the efficiency of each algorithm in utilizing data, we use the number of data

visited cumulatively as x-axis.
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For additional results and algorithm derivations for sparse GP and LDA, please refer to

the Appendix B.8.

4.6.1 Mixture Models

We conduct comparison on a simple yet interesting mixture model [93], the observations
x; ~ pN(01,02) + (1 — p)N (01 + 02, 02) and 01 ~ N(0,0%), 5 ~ N(0,02), where (a1,02) =
(1,1), 0, = 2.5 and p = 0.5. The means of two Gaussians are tied together making 6, and 60y
correlated in the posterior. We generate 1000 data from the model with (01, 62) = (1, —2).
This is one mode of the posterior, there is another equivalent mode at (61,602) = (—1,2).

We initialize all algorithms with prior on (61, 62). We use the normalized Gaussian kernel
in this experiment. For one-pass SMC, we use the suggested kernel bandwidth in [92]. For
our method, since we increase the samples, the kernel bandwidth is shrunk in rate of O(m_%)
as the theorem suggested. The batch size for stochastic algorithms and one-pass SMC is
set to be 10. The total number of particles for the Monte Carlo based competitors, i.e.,
SMC, SGD Langevin, Gibbs sampling, and our method is 1500 in total. We also keep 1500
Gaussian components in SGD NPV. The burn-in period for Gibbs sampling and stochastic
Langevin dynamics are 50 and 1000 respectively. We repeat the experiments 10 times and
report the average results. We keep the same memory for all except SVI.

To compare these different kinds of algorithms in a fair way, we evaluate their perfor-
mances using total variation and cross entropy of the solution against the true potential
functions versus the number of observations visited. In order to evaluate the total variation
and the cross entropy between the true posterior and the estimated one, we use both ker-
nel density estimation and Gaussian estimation to approximate the posterior density and
report the better one for Gibbs sampling and stochastic Langevin dynamics. The kernel
bandwidth is set to be 0.1 times the median of pairwise distances between data points
(median trick). PMD achieves the best performance in terms of total variation and cross
entropy as shown in Figure 4.1 (1)(2). The one-pass SMC performs similar to our algo-
rithm at beginning. However, it cannot utilize the dataset effectively, therefore, it stopped
with high error. It should be noticed that the one-pass SMC starts with more particles

while our algorithm only requires the same number of particles at final stage. The reason
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Figure 4.1: Experimental results for mixture model on synthetic dataset. Figure (1) (2)
shows the comparison between PMD and the competitors using total variation and cross
entropy, respectively. Figures (3)—(9) are the visualization of posteriors of mixture model
on synthetic dataset obtained by several inference methods.

that Gibbs sampling and the stochastic gradient Langevin dynamics perform worse is that
they stuck in one mode. It is reasonable that Gibbs sampling fits the single mode better
than stochastic gradient Langevin dynamics since it generates one new sample by scanning
the whole dataset. For the stochastic nonparametric variational inference, it could locate
both modes, however, it optimizes a non-convex objective which makes its variance much
larger than our algorithm. The stochastic variational inference fails because of the highly
dependent variables and multimodality in posterior.

The true posterior is illustrated in Figure 4.1 (3) and the results generated by PMD
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Figure 4.2: Experimental results on several different models for real-world datasets.

and the competitors are illustrated in Figure 4.1 (4)—(9). From these figures, we could have
a direct understand about the behaviors for each competitors. PMD fits both modes well
and recovers nicely the posterior while other algorithms either miss a mode or fail to fit
the multimodal density. The Gibbs sampling and stochastic gradient Langevin dynamics
sampling stuck in one local mode in each run. Gibbs sampler could fit one of the contour
quite well, better than the stochastic Langevin dynamics. It should be noticed that this is
the average solution, the two contours in the result of stochastic gradient Langevin dynamics
did not mean it finds both modes simultaneously. The one-pass sequential Monte Carlo
and stochastic nonparametric variational inference are able to location multiple modes.
However, their shapes are not as good as ours. Because of the multiple modes and the
highly dependent variables in posterior, the stochastic variational inference fails to converge
to the correct modes.

This experiment clearly indicates our algorithm is able to take advantages of nonpara-

metric model to capture multiple modes.

4.6.2 Bayesian Logistic Regression

We test our algorithm on logistic regression with non-conjugate prior for handwritten digits
classification on the MNIST8M 8 vs. 6 dataset. The likelihood function in logistic regression
is p(y|z,w) = Wl_yw%) with w as the latent variables. We use Gaussian prior for w
with identity covariance matrix.

The dataset contains about 1.6M training samples and 1932 testing samples. We first

reduce the dimension to 50 by PCA. The batch size is set to be 100 and the step size is
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set to be 1001 N We initialize all algorithms with same prior and terminate the stochastic
algorithms after 5 passes through the dataset. The burn-in period for stochastic Langevin
dynamic is set to be 1000. We rerun the experiments 10 times. We keep 1000 samples for
Monte Carlo based algorithms, except Gibbs sampling whose computation cost is unafford-
able. We repeat the experiments 10 times and the results are reported in Figure 4.2(1).
Obviously, Gibbs sampling [125], which needs to scan the whole dataset, is not suitable
for large-scale problem. In this experiment, SVI performs best at first, which is expectable
because learning in the Gaussian family is simpler comparing to nonparametric density
family. Our algorithm achieves comparable performance in nonparametric form after fed
with enough data, 98.8%, to SVI which relies on carefully designed lower bound of the log-
likelihood [126]. SGD NPV is flexible with mixture models family. Although the stochastic
variant of nonparametric variational inference performs comparable to our algorithm with
fewer components, its speed is bottleneck when applied to large-scale problems. The gain

from using stochastic gradient is dragged down by using L-BFGS to optimize the second-

order approximation of the evidence lower bound.

4.6.3 Sparse Gaussian Processes

We first tested the PMD on sparse GP on 1D synthetic data which is illustrated in Ap-
pendix B.8. We use sparse GPs models to predict the year of songs [127]. In this task, we
compare to the SVI for sparse GPs [106, 123]and one-pass SMC. We also included subset of
data approximation (SoD) [128] as baseline. We randomly selected 463, 715 songs to train
the model and test on 5,163 songs, each represented by 90-dimension features. As in [127],
the year values are linearly mapped into [0, 1]. The data is standardized before regression.
Gaussian RBF kernel is used in the model. Since we are comparing the inference algorithms,
for fairness, we fixed the model hyperparameters for all the inference algorithms, i.e., the
kernel bandwidth is set to be the median of pairwise distances between data points and

the observations precision f~! = 0.01. We set the number of inducing inputs to be 2'°

and batch size to be 512. The stepsize for both PMD and SVI are in the form of noz\/{.
To demonstrate the advantages of PMD comparing to SMC, we initialize PMD with prior

while SMC with the SoD solution. We terminate the stochastic algorithms after 2 passes
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of dataset. We use 16 particles in both SMC and PMD. We run experiments 10 times
and results are reported in Figure. 4.2(2). Our algorithm achieves the best RMSE 0.027,

significantly better than one-pass SMC and SVI.

4.6.4 Latent Dirichlet Allocation

We compare to SVI [106], stochastic gradient Riemannian Langevin dynamic (SGRLD) [124],
and SMC specially designed for LDA [129] on Wikipedia dataset [124]. The dataset con-
tains 0.15M documents, about 2M words and 8000 vocabulary. Since we evaluate their
performances in terms of perplexity, which is integral over posterior, we do not need to
recover the posterior, and therefore, we follow the same setting in [130, 131], where one
particle is used in SMC and PMD to save the cost. We set topic number to 100 and fix
other hyperparameters a = 0.1 and 8 = 0.01 to be fair to all algorithms. The batchsize is
set to be 100. We use stepsize nonW for PMD, stochastic variational inference and stochas-
tic Riemannian Langevin dynamic. For each algorithm a grid-search was run on step-size
parameters and the best performance is reported. We stop the stochastic algorithms after
they pass through the whole dataset 5 times. The results are reported in Figure 4.2(3). The
top words from several topics found by our algorithm are illustrated in Appendix B.8. Our
algorithm achieves the best perplexity, significantly better than SGRLD and SVI. In this
experiment, SMC performs well at the beginning since it treats each documents equally and
updates with full likelihood. However, SMC only uses each datum once, while the stochastic

algorithms, e.g., SGRLD, SVI and our PMD, could further refine the solution by running

the dataset multiple times.

4.7 Summary

The integral operator view of Bayes’ rule recasts Bayesian inference as the special case of the
unified framework, i.e., learning over distributions problems. From such a new perspective,
we can avoid the general intractable integral by an optimization, so that we leverage the
advances from optimization algorithms and sampling technique towards achieving better

trade-off between efficiency, flexibility and provability in approximate Bayesian inference.
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The proposed particle mirror descent algorithm successfully combines stochastic mirror
descent and nonparametric density approximation. Theoretically, the algorithm enjoys a
rate O(1/y/m) in terms of both integral approximation and K L-divergence, with O(m)
particles. Practically, the algorithm achieves competitive performance to existing state-of-
the-art inference algorithms in mixture models, logistic regression, sparse Gaussian processes

and latent Dirichlet analysis on several large-scale datasets.
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PART III: PART III: LEARNING OVER DYNAMICS

In this part, we will discuss the problem that each sample x itself is associated with
a conditional distribution p(z|z) represented by samples {2}, and the goal is to learn
a function f that links these conditional distributions to target values y. In fact, this
problem is also a special case of the proposed framework (2.3). Specifically, we instantiate

the Eq (2.3) with conditional integral operator, define as
(Tf) (z) == (p(z]z), f(2,2)) : F(X x Z) = F
and G (-) as some optional norms of f, then, we obtain the optimization

l}rg}__l E:my [J (Ez|x [f(v Z)] ’ (1’, y))] +vG (f) : (49)

In dynamics learning settings, e.g., reinforcement learning and time series, the inputs, i.e.,
p(z|x), fully characterize the transition of the dynamics, therefore, such a problem can be
understood as learning over dynamics.

This learning problem appears in many tasks, e.g., invaraince learning, policy evalua-
tion in reinforcement learning, events prediction in stochastic processes, and so on. The
integral operator view provides us a unified view connecting the tasks which are investi-
gated separately before, and thus, enables us to develop a general and efficient algorithm,
embedding-SGD, which can be applied to these tasks in Chapter 5.

We further discuss the policy optimization problem in Chapter 6, which is a difficult
generalization of the optimization with the conditional integral operator (4.9), by applying
the dual embedding technique to the mean squared consistency Bellman error. We obtain
a novel off-policy reinforcement learning which demonstrates state-of-the-art performance

empirically and can be proved convergent with nonlinear function approximation.
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CHAPTER 5
DUAL EMBEDDING FOR CONDITIONAL INTEGRAL OPERATOR

The invarance learning [27], policy evaluation in reinforcement learning [28, 29], as well
as several other tasks [132, 133] are imporant machine learning problems, which have been
investigated separately for decades. With the proposed framework, we can unify these prob-

lems as a special case by plugging the coniditional integral operator into the framework (2.3),

min L(f) = Euy [¢ (B [f(2,2)],y)] + VG () (5.1)

where ¢ : Y x Y — R is a convex loss function. Such an abstract view unifies these tasks,
and thus, inspires the general dual embedding technique which can be applied to multiple
applications. The learning problem become very challenging when we only have limited
samples or in the extreme case only one sample from each conditional distribution, e.g.,
reinforcement learning. The proposed dual embedding technique successfully address the
sampling challenge by employing a new min-max reformulation of Eq (5.1). It leads to the
embedding-SGD algorithm which only needs to deal with the joint distribution p(z,x). We
provide the theoretical analysis for the proposed general algorithm, and test the algorithm
on several applications, including invariance learning and policy evaluation, demonstrating

the advantages of the proposed algorithm.

5.1 Introduction

We address the problem of learning with dynamics (5.1), in which the goal is to learn a
function that links conditional distributions, which fully characterize the transition of a
dynamics, to target variables. Specifically, we are provided input samples {z; fil e xnN
and their corresponding responses {y; i]\;l € YN. For each x € X, there is an associat-
ed conditional distribution p(z|z) : Z x X — R. However, we cannot access the entire
conditional distributions {p(z|z;)}X, directly; rather, we only observe a limited number of

samples or in the extreme case only one sample from each conditional distribution p(z|z).
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The function space F can be very general, but we focus on the case when F is constructed
by a RKHS (partially) in main text, namely, F = {f : Z x X — R| f(z,2) = (f,¥(z,2))}
or Fg={g+f: Z2xX = R|f(z,x2) = (f,¥(z,2))} where 9)(z,x) is a suitably chosen

(nonlinear) feature map. It can be extended to arbitrary function approximators, e.g., ran-

dom features and neural networks, in Appendix C.5. The problem of optimization with

conditional integral operator in (5.1) appears in many different tasks. For example:

e Learning with invariance Incorporating priors on invariance into the learning proce-
dure is crucial for computer vision [134], speech recognition [135] and many other ap-
plications. The goal of invariance learning is to estimate a function which minimizes
the expected risk while at the same time preserving consistency over a group of oper-
ations g = {g;}32;. [27] shows that this can be accomplished by solving the following

optimization problem

?éigEx,y[g(Ez\xNM(g(:v))[(fv¢(z)>ﬁ]7 )l + w/2)|1£13 (5:2)

where H is the RKHS corresponding to kernel & with implicit feature map (=), v > 0
is the regularization parameter. Obviously, the above optimization (5.2) is a special case
of (5.1). In this case, z stands for possible variations of data x through conditional
probability given by some normalized Haar measure p(g(z)). Due to computation and
memory constraints, one can only afford to generate a few virtual samples from each data
point x.

e Policy evaluation in reinforcement learning Policy evaluation is a fundamental task
in reinforcement learning. Given a policy 7(a|s) which is a distribution over action space
condition on current state s, the goal is to estimate the value function V7(-) over the

state space. V™ (s) is the fixed point of the Bellman equation
VT(s) = Esl7a‘s[R(S, a) +yV7™(s)],

where R(s,a) : SxA — R is areward function with S and A denoting the state and action

space, respectively, v € (0,1) is the discount factor, and Ey 4 denotes the expectation
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w.r.t. p(s'|s,a) 7 (al]s). Therefore, the value function can be estimated from data by
minimizing the mean-square Bellman error [28, 29]:

min B, [(Ey s [Rls,0) +9V76) -V +0 VTG (53)

Restrict the policy to lie in some RKHS H, this optimization is clearly a special case
of (5.1) by viewing (s,0,(s',a)) as (z,y,z) and f(s,a,s’) = R(s,a) +YV7(s') — V7(s)
in (5.1). Here, given state s and the the action a ~ 7(als), the successor state s’ comes
from the transition probability p(s'|a, s). Due to the online nature of MDPs, we usually
observe only one successor state s’ for each action a given s, i.e., only one sample from
the conditional distribution given s.

Optimal control in linearly-solvable MDP The optimal control in a certain class of
MDP, i.e., linearly-solvable MDP, can be achieved by solving the linear Bellman equa-
tion [132, 133]

z(s) = exp (—R(s)) IEs’\s~p(s’|s) [Z(S/)] ) (5.4)

where R(s) denotes the immediate cost and p(s'|s) denotes the passive dynamics with-

out control. With z(s), the trajectory of the optimal control 7* can be calculated by

P (s'|s) = p(s']s)z(s)

RTSTIN L) & Therefore, z(-) can be estimated from data by optimizing

min Eq [(ES/|S [2(s) — exp (—R(s)) z(s')])Q} +v HzH?_L (5.5)

ZEH

Restricting function z(-) to lie in some RKHS H, this optimization is a special case of (5.1)
by viewing (s,0,s’) as (z,y, z) in (5.1). Here given a state s, the successor state s’ comes
from the passive dynamics. Similar as policy evaluation, we usually observe only one
successor state s’ given s, i.e., only one sample from the conditional distribution given s.
Hitting time and stationary distribution in stochastic process Estimating the
hitting time and stationary distribution of stochastic process are both important problems
in social network application and MCMC sampling technique. Denote the transition

probability as p(s’|s). The hitting time of s; starting from s; is defined as H(s;,s;) =
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inf {n > 0; 5, = s;, 50 = s;}. Hence, the expected hitting time h(-,-) satisfies

1+ Eskwp(s\si),skyésj [h(8k7 Sj)] if 4 7& .7

h(si,sj) = (56)

1 + ESk"‘p(s‘Si) [h(3k7 Sz)] if = j

Based on the property of stochastic process, we can obtain the stationary distribution

with 7(s;) = h(sisi). The hitting time A(-,-) can be learned by minimizing:

ﬁiﬁEs,t [(1 - Es’~ﬁ(s’|s,t) [h(87t> - h(8/7t)])2} +v HhHi ) (57)

p(s']s) if s' £t
where p(s'[s,t) = p(s'|s) if s = t, otherwise p(s'|s,t) o . Similarly,

0 if ' =t

when restricting the expected hitting time to lie in some RKHS H, this optimization is a
special case of (5.1) by viewing ((s,t),1,s') as (x,y,z) in (5.1). Due to the stochasticity
of the process, we only obtain one successor state s’ from current state (s,t), i.e., only

one sample from the conditional distribution given (s, ).

Challenges Despite the prevalence of learning problems in the form of (5.1), solving such
problems remain very challenging for two reasons: (i) we often have limited samples or
in the extreme case only one sample from each conditional distribution p(z|z), making it
difficult to accurately estimate the conditional expectation. (iz) the conditional expectation
is nested inside the loss function, making the problem quite different from the traditional
stochastic optimization setting. This type of problem is called compositional stochastic

programming, and very few results have been established in this domain.

5.1.1 Related Work

A simple option to address (5.1) is using sample average approximation (SAA), and thus,

instead solve
1

N M
) 1
5‘%15-‘1]\7; 14 Mj§:1 f(zlj7xl)7yl +vG(f),
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where {(zi,y:)}Y, ~ p(z,y), and {zij}jj\il ~ p(z|z;) for each x;. To ensure an excess risk of
¢, both N and M need be at least as large as O(1/€?), making the overall sample required
to be O(1/e*); see [70, 136] and references therein. Hence, when M is small, SAA would
provide poor results.

A second option is to resort to stochastic gradient methods (SGD). One can construct
a biased stochastic estimate of the gradient using V ;L = VL((f,¥(z)),y)d(z) + vV G (f),
where t(z) is an estimate of E.z[¥(2,2)] for any x. To ensure convergence, the bias of
the stochastic gradient must be small, i.e., a large amount of samples from the conditional
distribution is needed.

Another commonly used approach is to first represent the conditional distributions as
the so-called kernel conditional embedding, and then perform a supervised learning step on
the embedded conditional distributions [137, 138]. This two-step procedure suffers from poor
statistical sample complexity and computational cost. The kernel conditional embedding
estimation costs O(N?3), where N is number of pair of samples (z, z). To achieve ¢ error in
the conditional kernel embedding estimation, N needs to be O(1/e)!.

We in Chapter 3 and [136] independently solved a related but easier problem of the

form,

min L(f) =By [((E-[f(2)] )] +vG (). (5-8)

Despite the different objectives, the algorithm proposed in [136] cannot directly handle
random variable z with infinite support. Hence, such an algorithm does not apply to the

more general and difficult situation that we consider in this chapter.

5.1.2 Contributions

To address the above challenges, we propose a novel approach called dual embedding. The
key idea is to reformulate (5.1) into a min-max or saddle point problem by utilizing the
Fenchel duality of the loss function. We observe that with smooth loss function and con-
tinuous conditional distributions, the dual variables form a continuous function of x and y.

Therefore, we can parameterize it as a function in some RKHS induced by any universal

"'With appropriate assumptions on joint distribution p(z, z), a better rate can be obtained [138]. However,
for fair comparison, we did not introduce such extra assumptions.

78



kernel, where the information about the marginal distribution p(z) and conditional distri-
bution p(z|z) can be aggregated via a kernel embedding of the joint distribution p(z, z).
Furthermore, we propose an efficient algorithm based on stochastic approximation to solve
the resulting saddle point problem over RKHS spaces, and establish finite-sample analysis
of the generic learning over dynamics problems.

Compared to previous applicable approaches, an advantage of the proposed method is
that it requires only one sample from each conditional distribution. Under mild conditions,
the overall sample complexity reduces to O(1/€?) in contrast to the O(1/e*) complexity
required by SAA or kernel conditional embedding. As a by-product, even in the degenerate
case (5.8), this implies an O(1/e?) sample complexity when inner function is linear, which
already surpasses the result obtained in [136] and is known to be unimprovable. Further-
more, our algorithm is generic for the family of problems of learning with dynamics, and
can be adapted to problems with different loss functions and hypothesis function spaces.

Our proposed method also offers some new insights into several related applications. In
reinforcement learning settings, our method provides the first algorithm that truly mini-
mizes the mean-square Bellman error (MSBE) with both theoretical guarantees and sample
efficiency. We show that the existing gradient-TD2 algorithm by [139, 140], is a special case
of our algorithm, and the residual gradient algorithm [28] is derived by optimizing an upper
bound of MSBE. In the invariance learning setting, our method also provides a unified view
of several existing methods for encoding invariance. Finally, numerical experiments on both
synthetic and real-world datasets show that our method can significantly improve over the

previous state-of-the-art performances.

5.2 Preliminaries

We first introduce our notations on Fenchel duality, kernel and kernel embedding. Let
X C R? be some input space and k : X x X — R be a positive definite kernel function. For

notation simplicity, we denote the feature map of kernel k or k as
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and use k(z,-) and ¢(x), or k(z,-) and ¢(z) interchangeably. We denote all continuous
functions on X as C(X) and || - ||oo @s the maximum norm. We call k a universal kernel if
H is dense in C(£') for any compact set ' C X, i.e., for any € > 0 and u € C('), there
exists h € H, such that |[u — hlj < €. Examples of universal kernel include the Gaussian
kernel, k(x,z') = exp (—”nga’;”%» Laplacian kernel, k(z, z") = exp (—%), and so on.
Convex conjugate and Fenchel duality Let £ : R? — R, its convex conjugate function

is defined as

0*(u) = sup {u"v —£(v)}.
vER

When ¢ is proper, convex and lower semicontinuous for any w, its conjugate function is
also proper, convex and lower semicontinuous. More improtantly, the (¢, ¢*) are dual to
each other, i.e., (¢*)* = ¢, which is known as Fenchel duality [141, 142]. Therefore, we can

represent the ¢ by its convex conjugate as ,

((v) = sup {v'u — £*(u)}.
ueRd

It can be shown that the supremum achieves if v € 9¢*(u), or equivalently u € 9¢(v).

Function approximation using RKHS Let H° := {h € H : ||h]|3, < §} be a bounded
ball in the RKHS, and we define the approximation error of the RKHS H? as the error from

approximating continuous functions in C(X) by a function h € H°, i.e., [25, 53]

£(0) := supyec(x) infpeps [ — hlloo. (5.9)

One can immediately see that £(0) decreases as ¢ increases and vanishes to zero as 0 goes to
infinity. If C(X) is restricted to the set of uniformly bounded continuous functions, then £(9)
is also bounded. The approximation property, ¢.e., dependence on ¢ remains an open ques-
tion for general RKHS, but has been carefully established for special kernels. For example,
with the kernel k(z,2") = 1/(1 + exp((z, 2’))) induced by the sigmoidal activation function,

we have £(8) = O(6=2/(@+1) Jog(4)) for Lipschitz continuous function space C(X) [25].2

2The rate is also known to be unimprovable by [143].
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Hilbert space embedding of distributions Hilbert space embeddings of distribution-

s [47] are mappings of distributions into potentially infinite dimensional feature spaces,

e = By [p(z)] = /X s(@)p(z)dz : P> H (5.10)

where the distribution is mapped to its expected feature map, i.e., to a point in a feature
space. Kernel embedding of distributions has rich representational power. Some feature
map can make the mapping injective [144], meaning that if two distributions are different,
they are mapped to two distinct points in the feature space. For instance, when X C R,
the feature spaces of many commonly used kernels, such as the Gaussian RBF kernel, will
generate injective embedding. We can also embed the joint distribution p(x,y) over a pair

of variables using two kernels k(z,z) = (¢(z), ¢(2')),, and k(z,2') = (W(2),9(2))g as

= (2) @ ¢(z)p(z,x)dzdx : P—H®G,
ZxX

where the joint distribution is mapped to a point in a tensor product feature space. Based
on embedding of joint distributions, kernel embedding of conditional distributions can be
defined as C,, := C..C;;' as an operator # — G [137]. With C,,, we can obtain the

expectations easily, i.e.,

Ez|;t [g(Z)] = <gv <Cz\:v7 ¢($)>H>Q (511)

Both the joint distribution embedding, C.., and the conditional distribution embedding,
C.|z, can be estimated from i.4.d. samples {(;, z))}¥, from p(z, z) or p(z|z), respectively [47,
137], as

1

é\z:r:N

UY", and C,, = U(K +AI)7'TT,

where ¥ = (¢(21),...,9(2n)), T = (é(z1),...,¢(zn)), and K = TTY. Due to the inverse

of K + A, the kernel conditional embedding estimation requires O(N?3) cost.
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5.3 Dual Embedding Framework

In this section, we propose a novel and sample-efficient framework to solve problem (5.1).
Our framework leverages Fenchel duality and feature space embedding technique to bypass
the difficulties of nested expectation and the need for overwhelmingly large sample from
conditional distributions. We start by introducing the interchangeability principle, which

plays a fundamental role in our method.

Lemma 20 (interchangeability principle) Let ¢ be a random variable on E and assume
for any & € 2, function g(-,&) : R — (—00,+00) is a proper® and upper semicontinuous*

concave function. Then

Eelmax g(u, ] = max_ Eelg(u($), &)

where G(Z) = {u(-) : £ — R} is the entire space of functions defined on support =.

The result implies that one can replace the expected value of point-wise optima by the opti-
mum value over a function space. For the proof of lemma 20, please refer to Appendix C.1.
More general results of interchange between maximization and integration can be found in

[145, Chapter 14] and [146, Chapter 7].

5.3.1 Saddle Point Reformulation

Let the loss function £, (-) := 4(-,y) in (5.1) be a proper, convex and lower semicontinuous
for any y. For the clarity, we set ¥ = 0 in the following discussion. However, it can easily
generalized to the case v > 0 without any effect. We denote E;() as the convex conjugate;
hence £,(v) = max,{uv — £;(u)}, which is also a proper, convex and lower semicontinuous
function. Using the Fenchel duality, we can reformulate problem (5.1) as

i sy | mox (Bl ()]0 - (0] | (512

3We say g(-,¢) is proper when {u € R : g(u,£) < oo} is non-empty and g(u, &) > —oco for Vu.
“We say g(-,€) is upper semicontinuous when {u € R : g(u, &) < a} is an open set for Va € R. Similarly,
we say ¢(-, ) is lower semicontinuous when {u € R: g(u, &) > a} is an open set for Va € R.
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Note that by the concavity and upper-semicontinuity of —¢;(-), for any given pair (z,y),
the corresponding maximizer of the inner function always exists. Based on the interchange-

ability principle stated in Lemma 20, we can further rewrite (5.12) as

?161;1 o O(f,u) == Byl f (2, 2) - ulz, y)] — Eay [ (ulz, 9))], (5.13)

where 2 = X x Y and G(E) = {u(-) : E — R} is the entire function space on E. We
emphasize that the max-operator in (5.12) and (5.13) have different meanings: the one
in (5.12) is taking over a single variable, while the other one in (5.13) is over all possible
function u(-) € G(Z).

Now that we have eliminated the nested expectation in the problem of interest, and
converted it into a stochastic saddle point problem with an additional dual function space
to optimize over. By definition, ®(f,u) is always concave in u for any fixed f. Since
f(z,2) = (f,(z,2)), ®(f,u) is also convex in f for any fixed u. Our reformulation (5.13)

is indeed a convex-concave saddle point problem.

5.3.2 Dual Continuation

Although the reformulation in (5.13) gives us more structure of the problem, it is not yet
tractable in general. This is because the dual function wu(-) can be an arbitrary function
which we do not know how to represent. In the following, we will introduce a tractable
representation for (5.13).

First, we will define the function u*(-) : 2 = X x Y — R as the optimal dual function if

for any pair (z,y) € Z,

u*(z,y) € argmax,cp {u . Ez‘z[f(z, x)] — E;(u)} .

Note the optimal dual function is well-defined since the optimal set is nonempty. Fur-
thermore, u*(z,y) is related to the conditional distribution via u*(x,y) € 94, (K, [f (2, z)]).
This can be simply derived from convexity of loss function and Fenchel’s inequality; see [141]

for a more formal argument. Depending on the property of the loss function ¢, (v), we can
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further derive that (see proofs in Appendix C.1):
Proposition 21 Suppose both f(z,x) and p(z|z) are continuous in x for any z,

(1) (Discrete case) If the loss function €y(v) is continuously differentiable in v for any

y € ), then u*(x,y) is unique and continuous in x for any y € YV;

(2) (Continuous case) If the loss function €y(v) is continuously differentiable in (v,y),

then u*(x,y) is unique and continuous in (x,y) on X X ).

This assumption is satisfied widely in real-world applications. For instance, when it comes to
the policy evaluation problem in 5.3, the corresponding optimal dual function is continuous
as long as the reward function is continuous, which is true for many reinforcement learning
tasks.

The fact that the optimal dual function is a continuous function has interesting conse-
quences. As we mentioned earlier, the space of dual functions can be arbitrary and difficult
to represent. Now we can simply restrict the parametrization to the space of continuous
functions, which is tractable and still contains the global optimum of the optimization prob-
lem in (5.13). This also provides us the basis for using an RKHS to approximate these dual

functions, and simply optimizing over the RKHS.

5.3.3 Feature Space Embedding

In the rest of this chapter, we assume conditions described in Proposition 21 always hold.
For the sake of simplicity, we focus only on the case when ) is a continuous set. Hence,
from Proposition 21, the optimal dual function is indeed continuous in (z,y) € = = X X
Y. As an immediate consequence, we lose nothing by restricting the dual function space
G(Z) to be continuous function space on =. Recall that with the universal kernel, we can
approximate any continuous function with arbitrarily small error. Thus we approximate the
dual space G(Z) by the bounded RKHS H° induced by a universal kernel k((z, ), (z’,)) =
(d(x,y), (', y'))n where ¢(-) is the implicit feature map, i.e., u(z,y) = (u, d(x,y))s. The
universal kernel on Z = X x ) can be easily obtained by k((z,v), (¢/,y')) := kx (z,2') ®

ky (y,vy') as long as kx (x,2') and ky (y,y) are universal and X and ) are local compact
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5 as proved in Theorem 5 in [147]. Note that H? is a subspace of the continuous

Polish spaces
function space, and hence is a subspace of the dual space G(Z).

To distinguish inner product between the primal function space F and the dual RKHS
H?, we denote the inner product in F as (-,-)7. We can rewrite the saddle point problem

in (5.13) as

min max &(f,u) = Euye [(f9(2,2))7 - (s $(@, )~y (s 6@, 9)0)]

= fTszy“ — Eay [@((% o(x,y))n)l, (5.14)

where f(z,2) = (f,¥(z,x)) 7 by the definition of F, and C.,y = E..y[¢(2, 2) @ ¢(x, y)] is the
joint embedding of p(z, z,y) over F x H. The new saddle point approximation (5.14) based
on dual kernel embedding allows us to efficient represent the dual function and get away
from the fundamental difficulty with insufficient sampling from the conditional distribution.
There is no need to access either the conditional distribution p(z|z), the conditional expec-
tation K, [-], or the conditional embedding operator C.|» anymore, therefore, reducing both
the statistical and computational complexity.

Specifically, given a pair of sample (z,y, z), where (z,y) ~ p(z,y) and z ~ p(z|x), we

can now easily construct an unbiased stochastic estimate for the gradient, namely,

Viduy:(fiu) = 9(z)ulz,y),

Vuloy:(fiu) = [f(z2) =V (u(z,y))]o(z,y),

with E [V@%yjz(f, u)] = V&(f,u), respectively. For simplicity of notation, we use V to
denote the subgradient as well as the gradient. With the unbiased stochastic gradient, we
are now able to solve the approximation problem (5.14) by resorting to the powerful mirror
descent stochastic approximation framework [70].

Put every component together, the algorithm is summarized in Algorithm 4. At each
iteration, the algorithm performs a projected gradient step both for the primal variable f

and dual variable u based on the unbiased stochastic gradient. The proposed algorithm

®A topological space is called Polish if it is complete, separable and metrizable, e.g., R%.
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Algorithm 4 Embedding-SGD for Optimization (5.14)
Input: p(z,y), p(z|z), ¥(z,2), ¢(z,y), {7 > 0},

1: fori=1,...,tdo
2:  Sample (z;,v;) ~ p(z,y) and z ~ p(z|x).
3 firr =ILe(fi — v (2, zi)ui(wi, vi).-
4w = yge (ug +vilfilzi, w0) — V& (ui(2i, yi))]o(xis yi)
5: end for , \
Output: fy = S2E, 1, = Seeu
:2.5 -2 -15 -1 -05 )U( 05 1 15 2 2. :2 5 -2 -15 -1 -05 )0( 05 1 15 2 2 :2 5 -2 -15 -1 -05 )0( 05 1 15 2
(a) 0-th Iteration (b) 50-th Iteration (c) 150-th Iteration
> 0 ————— > 0 R g > 0 ——
:25 -2 -15 -1 -05 )0( 05 1 15 2 2 :25 -2 -15 -1 -05 ; 05 1 15 2 2 :25 -2 -15 -1 -05 ; 05 1 15 2 2
(a) 400-th Iteration (b) 1000-th Iteration (c) 2000-th Iteration

Figure 5.1: Toy example with f* sampled from a Gaussian processes. The y at position
x is obtained by smoothing f* with a Gaussian distribution condition on location z, i.e.,
y =K., [f*(2)] where z ~ p(z|z) = N (2,0.3). Given samples {x,y}, the task is to recover
f*(). The blue dash curve is the ground-truth f*(-). The cyan curve is the observed
noisy y. The red curve is the recovered signal f(-) and the green curve denotes the dual
function u(-,y) with the observed y plugged for each corresponding position x. Indeed,
the dual function u(-,y) emphasizes the difference between y and E.|, [f(z)] on every x.
The interaction between primal f(-) and dual u(-,y) results in the recovery of the denoised
signal.

avoids the need for overwhelmingly large sample sizes from the conditional distributions
when estimating the gradient. At each iteration, only one sample from the conditional

distribution is required in our algorithm!
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An example Let us illustrate this through a concrete example. Let f*(-) € F be the
true function, and output y = E, |, [f*(2)] given x. We can recover the true function f*(:)

by solving the optimization problem

miny, |5 (v - B ()’

1,2

In this example, ¢,(v) = 3(y — v)? and l;(u) = uy + zu®. Invoking the saddle point

reformulation, this leads to

1
mip max B ((f() —v)ul@.y)] = 5w [u(z.9)"]

where the dual function u(x,y) fits the discrepancy between y and E,|, [f(2)], and thus,
promotes the performance of primal function by emphasizing the different positions. See
Figure 5.1 for the illustration of the interaction between the primal and dual functions in

the proposed Embedding-SGD algorithm.

5.4 Theoretical Analysis

In this section, we provide the convergence rate and sample complexity of the embedding-

SGD algorithm. Throughout our discussion, we make the following standard assumptions:

Assumption 8 There exists constant scalars Cr, Mx, and ¢y, such that for any f € F,u €

7_[6
E..(lf(z2)3) < Mz, E..[lv(z0)|F < Cr B[V W3] < e

Assumption 9 There exists constant k > 0 such that k(w,w') < k for any w,w' € X.

Assumption 8 and 9 basically suggest that the variance of our stochastic gradient estimate
is always bounded. Note that we do not assume any strongly convexity or concavity of the
saddle point problem, or Lipschitz smoothness. Hence, we set the output as the average of

intermediate solutions weighted by the learning rates {7;}, as often used in the literature,
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to ensure the convergence of the algorithm.

Define the accuracy of any candidate solution (f, %) to the saddle point problem as

€gap(f, @) := max D(f,u) — min &(f,%). (5.15)

We have the following convergence result,
Theorem 22 Under Assumptions 8 and 9, the solution (f:,u;) aftert steps of the algorithm

with step-sizes being v = %(’y > 0) satisfies:

Ekmdﬁﬂuﬂ<[@D%+4®/7+VC®JM;% (5.16)

where D% = SUpjer $fo = fl13 and C(6, k) = k(BMF + c¢) + £(6 + K)*Cr.

The above theorem implies that our algorithm achieves an overall O(1/v/t) convergence
rate, which is known to be unimprovable already for traditional stochastic optimization

with general convex loss function [70]. We further observe that

Proposition 23 If f(z,z) is uniformly bounded by C' and €;(v) is uniformly K-Lipschitz
continuous in v for any y, then ®(f,u) is (C+ K)-Lipschitz continuous on G(Z) with respect

to || - lloo, i-e.
[@(f, 1) — @(f,u2)| < (C+ K)lur = uzlloo, Vur, ug € G(Z).

Let f. be the optimal solution to (5.1). Invoking the Lipschitz continuity of ® and using

standard arguments of decomposing the objective, we have
L(f) = L(f+) < egap(fi, ) + 2(C + K)E(9).

Combining Proposition 23 and Theorem 22, we finally conclude that under the conditions

therein,

- 3/2
EMUD—MﬁN<O<i€+5@>. (5.17)
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There is clearly a delicate trade-off between the optimization error and approximation
error. Using large ¢ will increase the optimization error but decrease the approximation
error. When § is moderately large (which is expected in the situation when the optimal
dual function has small magnitude), our dual embedding algorithm can achieve an overall
O(1/€?) sample complexity when solving learning problems in the form of (5.1). For the

analysis details, please refer to Appendix C.3.

5.5 Practical Applications

In this section, we discuss in details how the dual kernel embedding can be applied to solve
several important learning problems in machine learning, e.g., learning with invariance and
reinforcement learning, which are the special cases of the optimization (5.1). By simple
verification, these examples satisify our assumptions for the convergence of algorithm. We
tailor the proposed algorithm for the respective learning scenarios and unify several existing
algorithms for each learning problem into our framework. We only focus on algorithms with
kernel embedding. Extended algorithms with random feature, doubly SGD, neural networks

as well as their hybrids can be found in Appendix C.5.1, C.5.2 and C.5.3.

5.5.1 Learning with Invariant Representations

Invariance learning The goal is to solve the optimization (5.2), which learns a function
in RKHS H with kernel k. Applying the dual kernel embedding, we end up solving the

saddle point problem

min s Bepy [(,0(2)) - o) = Eayll ulap)] + 51615

where H is the dual RKHS with the universal kernel introduced in our method.

Remark: The proposed algorithm bears some similarities to virtual sample techniques [134,
148] in the sense that they both create examples with prior knowledge to incorporate in-
variance. In fact, the virtual sample technique can be viewed as optimizing an upper
bound of the objective (5.2) by simply moving the conditional expectation outside, i.e.,

Euy[l(y, Espp[f(2)])] < Eay,z[€(y, f(2))], where the inequality comes from convexity of
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Remark: The learning problem (5.2) can be understood as learning with RKHS #H with

Haar-Integral kernel k which is generated by k as
]%(xa JI/) = <Ep(z\m) W(Z)]a Ep(z’|:p’)[¢(zl)]>ﬂ7

with implicit feature map By, [¥(2)]. If f € H, then, f(z) = E,;.[(f,v(2))5] = (f, E.[v(2)]) €
7. The Haar-Integral kernel can be viewed as a special case of Hilbertian metric on proba-
bility measures on which the output of function should be invariant [149]. Therefore, other
kernels defined for distributions, e.g., the probability product kernel [150], can be also used

in incorporating invariance.

Remark: Robust learning with contamined samples can also be viewed as incorporat-

ing invariance prior with respect to the perturbation distribution into learning procedure.
Therefore, rather than resorting to robust optimization techniques [151, 152], the proposed

algorithm for learning with invariance serves as a viable alternative for robust learning.

5.5.2 Policy Evaluation in Reinforcement Learning

Policy evaluation The goal is to estimate the value function V7(-) of a given policy
7(als) by minimizing the mean-square Bellman error (MSBE) (5.3). With V™ € H with
feature map 1 (-), we apply the dual kernel embedding, which will lead to the saddle point

problem

- x / 1
‘}fruer?l:[ max Eg a5 [(R(s,a) = (VT 0(s) = y(s")) 17) u(s)] — iEs[u2(s)]. (5.18)

Remark: The algorithm can be extended to off-policy setting. Let 7, be the behavior

policy and w(a|s) = % be the importance weight, then the objctive will be adjusted by
w(als), i.e.
. - 2
min Es [(Es’,a\s [w(a|8) (R(87 CL) - <V 7¢(S) - 71/)(8/»’,':[)]) ]
VTeH

where the successor state s’ ~ P(s'|s,a) and actions a ~ mp(als) from behavior policy. With
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the dual kernel embedding, we can derive similar algorithm for off-policy setting, with extra
importance weight w(a|s) to adjust the sample distribution.

Remark: We used different RKHSs for primal and dual functions. If we use the same finite
basis functions to parametrize both the value function and the dual function, i.e., V™ (s) =
07 (s) and u(s) = nTe(s), where 1(s) = [¥i(s)]e, € R, 6,7 € R our saddle point
problem (5.18) reduces to ming HEs,a,s/ [Ag(s,a,s )] HIQE[wa]*l’ where Ay(s,a,s’) = R(s,a)+
yV7™(s") — V™(s). This is exactly the same as the objective proposed in [139] of gradient-
TD2. Moreover, the update rules in gradient-TD2 can also be derived by conducting the
proposed Embedding-SGD with such parametrizations. For details of the derivation, please
refer to Appendix C.4.

From this perspective, gradient-TD2 is simply a special case of the proposed Embedding-
SGD applied to policy evaluation with particular parametrization. However, in the view of
our framework, there is really no need to, and should not, restrict to the same finite para-
metric model for the value and dual functions. As further demonstrated in our experiments,
with different nonparametric models, the performances can be improved significantly. See
details in Section 5.6.2.

The residual gradient (RG) [28] is trying to apply stochastic gradient descent directly
to the MSBE with finite parametric form of value function, i.e., V™(s) = 814)(s), resulting

the gradient as

Es,a,s’ [AQ(Sa a, S,W(S)] - V]ES [Es’,a|s [AG(Sv a, S,)} IE:s’|s [?/’(5/)“ .

Due to the inside conditional expectation in gradient expression, to obtain an unbiased
estimator of the gradient, it requires two independent samples of s’ given s, which is not
practical. To avoid the double-sampling issue, [28] suggests to use an estimator of the
gradient as E; , ¢ [Ag(s,a,s’) (¢(s) —v¢(s'))]. Then, the algorithm is actually optimizing
Eg a0, [Ae(s,a, s’)Q], which is an upper bound of MSBE (5.3) because of the convexity of
square loss.

Our algorithm is also fundamentally different from the TD algorithm even in the finite

state case. The TD algorithm updates the state-value function directly by an estimate of
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the temporal difference based on one pair of samples, while our algorithm updates the state-
value function based on accumulated estimate of the temporal difference, which intuitively

is more robust.

Optimal control The goal is to estiamte the z(-) function by minimizing the error in
linear Bellamn equation (5.5). With z € H with feature map 1(-), we apply the dual kernel
embedding, which will lead to the saddle point problem

. , 1
félg max ®(z,u) :=Eg, [(z,9(s) — exp(—R(s))(s")) 57 - u(s)] — §Es[u2(s)]. (5.19)

With the learned z*, we can recover the optimal control via its conditional distribution

T o s'|s)z*(s)
P (s19) = e

5.5.3 Events Prediction in Stochastic Processes

Expected Hitting Time The goal is to estimate the expected hitting time h(-,-) which
minimizes the recursive error (5.7). With h € H with feature map (-, ), we apply the dual
kernel embedding similarly to the policy evaluation, which will lead to the saddle point

problem

: / 1
gg?r:[l max ®(h,u) :=EgByss [(1— (h,0(s,t) — (s’ 1)) 57) uls,t)] — iES [u(s,t)?] . (5.20)

Remark: With the proposed algorithm, we can estimate h(s,t), the expected hitting time
starting from state s and hitting state ¢, even without observing the hitting events actually
happen. We only need to collect the trajectory of the stochastic processes, or just the

one-step transition, to feed to the algorithm, therefore, utilize the data more efficietly.

5.6 Experiments

We test the proposed algorithm for two applications, ¢.e., learning with invariant represen-
tation and policy evaluation. In all experiemnts, we conduct comparison on algorithms to

optimize the objective with regularization on both primal and dual functions. Since the
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target is evaluating the performance of algorithms on the same problem, we fix the weights
of the regularization term for the proposed algorithm and the competitors for fairness. The
other paramters of models and algorithms, e.g., step size, mini-batch size, kernel parameters

and so on, are set according to different tasks.

5.6.1 Invariance Learning

To justify the algorithm for learning with invariance, we test the algorithm on two tasks. We
first apply the algorithm to robust learning problem where the inputs are contaminated, and
then, we conduct comparison on molecular eneretics prediction problem [86]. We compare
the proposed algorithm with SGD with virtual samples technique [134, 148] and SGD with
finite sample average for inner expectation (SGD-SAA). We use Gaussian kernel in all tasks.
To demonstrate the sample-efficiency of our algorithm, 10 virtual samples are generated for
each datum in training phase. The algorithms are terminated after going through 10 rounds
of training data. We emphasize that the SGD with virtual samples is optimizing an upper
bound of the objective, and thus, it is predictable that our algorithm can achieve better

performance. We plot its result with dot line instead.

Noisy measurement We generate a synthetic dataset by

T ~ Unif([-0.5,0.5]), x=z+ 0.05,

y = (sin(3.5372) + cos(7.7nx)) exp(—1.67|z|) + 3z% + 0.01e,

where the contamination e ~ N(0,1). Ounly (z,y) are provided to learning methods,
while Z is unknown. We select the best n € {0.1,1,10} and ng € {1,10,100}. We use
Gaussian kernel for both primal and dual function, whose bandwidth o are selected from
{0.05,0.1,0.15,0.2}. We set the batch size to be 50. The virtual samples are sampled from
2 ~ N (,0.05%) for each observation. In testing phase, the observation is noisyless. The 10
runs average results are illustrated in Figure 5.2(a). The proposed algorithm achieves aver-

age MSE as low as 0.0029 after visit 0.1M data, significantly better than the alternatives.
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Figure 5.2: Empirical comparison of the Embedding-SGD on learning with invariance task.

QuantumMachine We test the proposed algorithm for learning with invariance task
on QuantumMachine 5-fold dataset for atomization energy prediction. We selected the
stepsize parameters n € {0.1,0.5,1} and ng € {100,1000}. We adopted Gaussian kernel
whose bandwidth is selected by median trick with coeffcient in {0.1,0.25,0.5,1}. The batch
size is set to be 1000. We follow [86] that the data points are represented by Coulomb
matrices, and the virtual samples are generated by random permutation. To illustrate the
benefits of sample efficiency, we generated 10 virtual samples in training phase and 20 in
testing phase. Notice that the number of virtual samples in this experiment is fewer than
the one used in [11], therefore, the results are not directly comparable.

The average results are shown in Figure 5.2(b). The proposed algorithm achieves a
significant better solution, while SGD-SAA and SGD with virtual samples stuck in infe-
rior solutions due to the inaccurate inner expectation estimation and optimizing indirect

objective, respectively.

5.6.2 Policy Evaluation

We compare the proposed algorithm to several prevailing algorithms for policy evaluation,
including gradient-TD2 (GTD2) [139, 140], residual gradient (RG) [28] and kernel MD-
P [153] in terms of mean square Bellman error [154]. It should point out that kernel MDP
is not an online algorithm, since it requires to visit the entire dataset when estimating the

embedding and inner expectation in each iteration. We conduct experiments for policy
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Figure 5.3: Empirical comparison of the Embedding-SGD on policy evaluation on several
benchmarks.

evaluation on several benchmark datasets, including navigation, cart-pole swing up and
PUMA-560 manipulation. We use Gaussian kernel in the nonparametric algorithms, i.e.,
kernel MDP and Embedding SGD, while we test random Fourier features [62] for the para-
metric competitors, i.e., GTD2 and RG. In order to demonstrate the sample efficiency
of our method, we only use one sample from the conditional distribution in the training
phase, therefore, cross-validation based on Bellman error is not appropriate. We perform a
parameter sweep to select the hyper-parameters as [155]. We evaluated all the algorithms
in terms of mean square Bellman error on the testing states. On each state s, the mean
square Bellman error is estimated with 100 next states s’ samples. We set the number of
the basis functions in GTD2 and RG to be 28. To achieve the convergence property based

n

the theorem [70], we set stepsize to be be T in the proposed algorithm and GTD2, #

in Kernel MDP and RG. Results are averaged over 10 independent trials.

Navigation The navigation in an unbounded room task extending the discretized MDP
in [153] to continuous-state continuous-action MDP. Specifically, the reward is R(s) =
exp(—100]|s||?) centered in the middle of the room and s ~ N(0,0.2I). We evaluate the
deterministic policy policy 7(s) = —0.2sR(s), following the gradient of the reward function.
The transition distribution follows Gaussian distribution, p(s'|a,s) = N (s + a,0.11). The
batch size is set to be 20. {n,no} € {0.1,1,10}. We adopted Gaussian kernel and select the
best primal and dual kernel bandwidth in range {0.01,0.05,0.1,0.15,0.2}. The v in MDP

is set to be 0.9. Results are reported in Figure 5.3(a).
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Cart-pole swing up The cart-pole system consists of a cart and a pendulum. It is
an under-actuated system with only one control act on the cart. The goal is to swing-up
the pendulum from the initial position (point down). The reward is R(s) = (s} + s3 +
53 4+ 5(sq4 — m)?) where the states s1, s, 83, 54 are the cart position, cart velocity, pendulum
velocity and pendulum angular position, and it will be maximum if the pendulum is swing
up to 7 angle with zero velocity. We evaluate the linear policy 7(s) = As-+b where A € R4
and b € R'1. The batch size is set to be 20. The stepsize parameters are chosen in range
{n,no} € {0.05,0.2,1,10,50,100}. We adopted Gaussian kernel and the primal and dual
kernel bandwidth are se lected by median trick with coeffcient in {0.5,1,5,10}. The ~ is

set to be 0.96. Results are reported in Figure 5.3(b).

PUMA-560 manipulation PUMA-560 is a robotic arm that has 6 degrees of freedom
with 6 actuators on each joint. The task is to steer the end-effector to the desired position
and orientation with zero velocity. The reward is R(s) = %(Zj‘:l(si - 2%+ 2?25(& +
)2+ 21137 s?) where s1,...,s¢ and s7,...,s12 are joint angles and velocities, respectively,
and it will be maximum if the arm is located to the desired position. We evaluate the linear
policy m(s) = As + b where A € R®*!2 and b € R®*!. The batch size is set to be 20. The
stepsize parameters are chosen in range {n,n¢} € {0.05,0.1,5,10,100,500}. We adopted
Gaussian kernel and the primal and dual kernel bandwidth are selected by median trick with
coeffcient in {0.5,1,5,10}. The v is set to be 0.9. Results are reported in Figure 5.3(c).

In all experiments, the proposed algorithm performs consistently better than the com-
petitors. The advantages of proposed algorithm mainly come from three aspects: i), it
utilizes more flexible dual function space, rather than the constrained space in GTD2; ii),
it directly optimizes the MSBE, rather than its surrogate as in GTD2 and RG; iii), it di-
rectly targets on value function estimation and forms an one-shot algorithm, rather than a
two-stage procedure in kernel MDP including estimating conditional kernel embedding as

an intermediate step.
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5.7 Summary

The optimization view with the conditional integral operator provides us a unified frame-
work for learning over dynamics problem, which includes learning with invaraince, policy
evaluation, events prediction in stochastic processes, and so on.

We propose a novel sample-efficient algorithm, Embedding-SGD, which benefits from a
fresh employ of saddle point by dual embedding technique, to mitigate the difficulty with
limited samples from conditional distribution as well as the presence of nested expectations.
To our best knowledge, among all existing algorithms able to solve such problems, this is
the first algorithm that allows to take only one sample at a time from the conditional dis-
tribution and comes with provable theoretical guarantee. The proposed algorithm achieves
the state-of-the-art performances on the tasks of learning with invariance and policy eval-
uation in reinforcement learning comparing to the existing algorithms. As we discussed in
Appendix C.6, the algorithm is also applicable to actor-critic framework for policy opti-
mization.

In addition to its wide applicability, our algorithm is also very versatile and amenable
for all kinds of enhancement. The algorithm can be easily extended with random feature
approximation or doubly stochastic gradient trick. Moreover, we can extend the framework
by learning neural network embedding in Appendix C.5.3. It should be emphasized that
since the primal and dual function spaces are designed for different purposes, although we
use both RKHS in main text for simplicity, we can also use different function approximators

separately for primal and dual functions.
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CHAPTER 6
DUAL EMBEDDING FOR SMOOTHED BELLMAN ERROR

In reinforcement learning (RL), the goal of an agent is to learn a policy that maximizes
long-term returns by sequentially interacting with an unknown environment [2]. Within the
Markov decision processes assumption, the optimal policy can be obtained by matching the
Bellman optimality equation. When function approximation is used, solving the Bellman
optimality equation with stability guarantees has remained a major open problem in rein-
forcement learning for decades. The fundamental difficulty is that the Bellman operator
may become an expansion in general, resulting in oscillating and even divergent behavior
of popular algorithms like Q-learning.

Different from the policy evaluation problem, due to the max-operator in the Bellman
optimality equation, the mean-square error for Bellman optimality equation is not a special
case of the optimization with the conditional integral operator. Directly applying the dual
embedding technique will lead to unstable performance due to the max-operator in practice.

We revisit the Bellman optimality equation by Nesterov’s smoothing technique. By
exploiting the property in the smoothed Bellman equation, we obtain a surrogate loss which
can be reduced to the optimization with the conditional integral operator we discussed
in Chapter 5. We then develop a new algorithm, called Smoothed Bellman Error Embedding,
to solve this optimization problem where any differentiable function class may be used. We
provide what we believe to be the first convergence guarantee for general nonlinear function
approximation, and rigoriously analyze the sample complexity and extra induced error of
the algorithm. Empirically, our algorithm compares favorably to state-of-the-art baselines

in several benchmark control problems.

6.1 Introduction

In the Markov decision process, the optimal value function are characterized as a fixed point

of the Bellman operator. A fundamental result for MDP is that the Bellman operator is a
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contraction in the value-function space, so the optimal value function is the unique fixed
point. Furthermore, starting from any initial value function, iterative applications of the
Bellman operator ensure convergence to the fixed point. Interested readers are referred to
the textbook of [156] for details.

Many of the most effective RL algorithms have their root in such a fixed-point view.
The most prominent family of algorithms is perhaps the temporal-difference algorithms,
including TD(\) [157], Q-learning [158], SARSA [159, 160], and numerous variants such as
the empirically very successful DQN [161] and A3C [162] implementations. Compared to
direct policy search/gradient algorithms like REINFORCE [163], these fixed-point methods
make learning more efficient by bootstrapping (a sample-based version of Bellman operator).

When the Bellman operator can be computed exactly (even on average), such as when
the MDP has finite state/actions, convergence is guaranteed thanks to the contraction
property [164]. Unfortunately, when function approximatiors are used, such fixed-point
methods easily become unstable or even divergent [165, 28, 166], except in a few special

cases. For example,

e for some rather restrictive function classes, such as those with a non-expansion prop-
erty, some of the finite-state MDP theory continues to apply with modifications [167,
168, 169];

e when linear value function approximation in certain cases, convergence is guaranteed:
for evaluating a fized policy from on-policy samples [166], for evaluating the policy
using a closed-form solution from off-policy samples [170, 171], or for optimizing a

policy using samples collected by a stationary policy [172].

In recent years, a few authors have made important progress toward finding scalable, conver-
gent TD algorithms, by designing proper objective functions and using stochastic gradient
descent (SGD) to optimize them [139, 173]. Later on, it was realized that several of these
gradient-based algorithms can be interpreted as solving a primal-dual problem [174, 140,
175, 13]. This insight has led to novel, faster, and more robust algorithms by adopting so-
phisticated optimization techniques [176]. Unfortunately, to the best of our knowledge, all

existing works either assume linear function approximation or are designed for policy evalu-
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ation. It remains a major open problem how to find the optimal policy reliably with general
nonlinear function approximators such as neural networks, especially in the presence of

off-policy data.

6.1.1 Contributions

In this work, we take a substantial step towards solving this decades-long open problem,
leveraging the proposed framework with conditional integral operator, to derive a new al-
gorithm called Smoothed Bellman Error Embedding (SBEED) algorithm. Our development
hinges upon a novel view of a smoothed Bellman optimality equation, which is a special
case of the optimization (5.1), then transformed to the final primal-dual optimization prob-
lem. SBEED learns the optimal value function and a stochstic policy in the primal, and
the Bellman error (also known as Bellman residual) in the dual. By doing so, it avoids the
non-smooth max-operator in the Bellman operator, as well as the double-sample challenge

that has plagued RL algorithm designs [28]. More specifically,

e SBEED is stable for a broad class of nonlinear function approximators including neural
networks, and provably converges to a solution with vanishing gradient. This holds

even in the more challenging off-policy case;

e it uses bootstrapping to yield high sample efficiency, as in TD-style methods, and is

also generalized to cases of multi-step bootstrapping and eligibility traces;

e it avoids the double-sample issue and directly optimizes the squared Bellman error

based on sample trajectories;

e it uses stochastic gradient descent to optimize the objective, thus very efficient and

scalable.

Furthermore, the algorithm handles both the optimal value function estimation and policy
optimization in a unified way, and readily applies to both continuous and discrete action
spaces. We compare the algorithm with state-of-the-art baselines on several continuous

control benchmarks, and obtain excellent results.
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6.2 Preliminary

In this section, we introduce notation and technical background that is needed. Since we
will apply the dual embedding technique to the particular policy optimization problem in
Markov decision process (MDP), we will provide a brief introduction to the MDP. To make
the thesis consistent with the common notations in MDP community, we denote a MDP
as M = (S, A, P,R,~), where S is a (possible infinite) state space, A is an action space,
P(:|s,a) the transition probability defining the distribution over next states upon taking
action a on state s, R(s, a) the average immediate reward by taking action a in state s, and
v € (0,1) a discount factor. Given an MDP, we wish to find a possibly stochastic policy
7 : S — P4 to maximize the expected discounted cumulative reward starting from any
state s € S: E |77, Y R(s¢, ar) ‘30 =3, 7T] , where P 4 denotes all probability measures over
A. The set of all policies is denoted by P := (P4)°.

Define V*(s) := max, (.5 E [Y 72 7 R(st, ar)|so = s, 7] to be the optimal value function.
It is known that V* is the unique fixed point of the Bellman operator 73, or equivalently,

the unique solution to the Bellman optimality equation (Bellman equation, for short) [156]:
V(s) = (TaV)(s) = max R(s.a) + 1Ey e [V()]. (6.1)
The optimal policy 7* is related to V* by the following:
7w (als) = argznax {R(s,a) + YEg|s,a [V*(sH]}-

It should be noted that in practice, for convenience we often work on the Q-function instead

of the state-value function V*. In this section, it suffices to use the simpler V* function.

6.3 A Primal-Dual View of Bellman Equation

In this section, we introduce a novel view of Bellman equation that enables the development
of the new algorithm in Section 6.4. After reviewing the Bellman equation and the challenges

to solve it, we describe the two key technical ingredients that lead to our primal-dual
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reformulation.
We start with another version of Bellman equation that is equivalent to Eq (6.1) (see,
e.g., [156]):

V(s)= max E,or|s) [R(s,a) +1Eysq [V(s)]] - (6.2)
m(:|s)EPa

Eq (6.2) makes the role of a policy explicit. Naturally, one may try to jointly optimize over
V and 7 to minimize the discrepancy between the two sides of (6.2). For concreteness, we
focus on the square distance in this dissertation, but our results can be extended to other
convex loss functions. Let u be some given state distribution so that p(s) > 0 for all s € S.

Minimizing the squared Bellman error gives the following:

2
m‘}n Esep [(ﬂ(ﬁrsl)ag%A Eqor(s) [R(s,a) +YEgs,q V(s)h]] - V(s)> ] . (6.3)

While natural, this approach has several major difficulties when it comes to optimization,
which are to be dealt with in the following subsections:

e The max operator over P4 introduces non-smoothness to the objective function. A

slight change in V' may cause large differences in the RHS of Eq (6.2).

e The conditional expectation, Ey|, 4 [-], composed within the square loss, requires dou-
ble samples [28] to obtain unbiased gradients, which is often impractical in most but

simulated environments.

6.3.1 Smoothed Bellman Equation

To avoid the instability and discontinuity caused by the max operator, we use the smooth-
ing technique of [177] to smooth the Bellman operator 7p. Since policies are conditional

distributions over A, we choose entropy regularization, and Eq (6.2) becomes:

Va(s) = max (Bgunlo) (R(5,0) +1Byjoq [VA(S)] ) + AH(m,5)) (6.4)
m(-[s)€Pa
where H(rm,s) := =3 1m(als)logm(als), and A > 0 controls the degree of smoothing.

Note that with A = 0, we obtain the standard Bellman equation. Moreover, the regulariza-
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tion may be viewed a shaping reward added to the reward function of an induced, equivalent
MDP; see Appendix D.3.2 for more details.
Since negative entropy is the conjugate of the log-sum-exp function [178, Example 3.25],

Eq (6.4) can be written equivalently as

Vals) = (TiV) (&) i= Alog <Z exp <R(8, a) + VHis/ls,a [V)\(s’)]>> (6.5)

acA

where the log-sum-exp is an effective smoothing approximation of the max-operator.

Remark: While Eqns (6.4) and (6.5) are inspired by Nestorov smoothing technique, they
can also be derived from other principles [179, 180, 181, 182, 183]. For example, [182] uses
entropy regularization in the policy space to encourage exploration, but arrives at the same
smoothed form; the smoothed operator 7 is called “Mellowmax” by [183], which is obtained
as a particular instantiation of the quasi-arithmetic mean. In the rest of the subsection, we
review the properties of Ty, although some of the results have appeared in the literature in
slightly different forms. Proofs are deferred to Appendix D.1.

First, we show T, is also a contraction, as with the standard Bellman operator [180,

183]:

Proposition 24 (Contraction) 7, is a y-contraction. Consequently, the corresponding

smoothed Bellman equation (6.4), or equivalently (6.5), has a unique solution VY.

Second, we show that while in general V* # Vy, their difference is controlled by A. To
do so, define H* := maXycs r(.[s)eP4 H(r,s). For finite action spaces, we immediately have

H* =log(|A]).

Proposition 25 (Smoothing bias) Let V* and V) be fized points of (6.2) and (6.4),

respectively. Then,
AH*
1—7~"

V*(s) = VX ()l

oo X
Consequently, as X\ — 0, V' converges to V* pointwisely.

Finally, the smoothed Bellman operator has the very nice property of temporal consis-

tency [179, 182]:
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Proposition 26 (Temporal consistency) Assume A > 0. Let VY be the fized point
of (6.4) and 75 the corresponding policy that attains the maximum on the RHS of (6.4).
Then, (Vy, ) is the unique (V, ) pair that satisfies the following equality for all (s,a) €
S x A:

V(s) = R(s,a) + VEy|sq [V(s")] = Alog(als). (6.6)

In other words, Eq (6.6) provides an easy-to-check condition to characterize the optimal
value function and optimal policy on arbitrary pair of (s,a), therefore, which is easy to
incorporate off-policy data. It can also be extended to the multi-step or eligibility-traces
cases (Appendix D.3; see also [2, Chapter 7]). Later, this condition will be one of the critical

foundations to develop our new algorithm.

6.3.2 Bellman Error Embedding

A natural objective function inspired by (6.6) is the mean squared consistency Bellman
error, given by:

min ((V.7) = Ew[(R(s,a)ﬂEsqs,a [V(s’)]—/\logTr(a|s)—V(s))2}, (6.7)

where E; 4[] is shorthand for E,_ () g, (|s)[-]- With finite S and A, the optimization (6.7)
provides exact solution to the temporal condition (6.6), while with infinite S or A, such
an objective converts the point-wise equivalence in the temporal consistency (6.6) to the
equivalence in Lo-space implicitly. Due to the inner conditional expectation, it would require
two independent sample of s’ (starting from the same (s,a)) to obtain an unbiased estimate
of gradient of f, a problem known as the double-sample issue [28], the same as we discussed
in Chapter 5. In practice, however, one can rarely obtain two independent samples except
in simulated environments.

Recall the optimization (6.7) is a speical case of the conditional integral operator as we
discussed in Chapter 5, we can use the dual embedding techinque, i.e., using of the conju-

gate of the square function [178]: 22 = max, (2ux — 1/2), as well as the interchangeability
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principle in Lemma 20 to rewrite the optimization problem (6.7) into an equivalent form:

VI’I;IEI%) ue%g}iA) L(V,mv) = 2Eg,¢ [1/(5, a)(R(s,a) + vV (s') — Alogm(als) — V(s))]

_Es,a,s’ [1/2(8,(1)] s (68)

where F (S x A) is the set of real-valued functions on § x A and E, , [-] is shorthand for
Es () ammy(-|s),s'~P(-|s,a)[']- However, different from the optimizations in Chapter 5, (6.8) is
not a standard convex-concave saddle-point problem: the objective is convex in V for any
fixed (m,v), and concave in v for any fixed (V, ), but not necessarily convex in = € P for
any fixed (V,v). Therefore, although the Embedding-SGD is applicable, the convergence
property may not hold. We design new algorithm, which still preserve the convergence,

in Section 6.4.

Remark: In contrast to our min-max formulation (6.8), [182] get around the double-

sample obstacle by minimizing an upper bound of ¢(V, 7):

UV, ) =By g [(R(s, a) + 4V (s') — Mog(als) — V(s))ﬂ .

As is known [28], the gradient of ¢ is different from that of f, as it has a conditional
variance term coming from the stochastic outcome s’. In problems where this variance is
highly heterogeneous across different (s,a) pairs, impact of such a bias can be substantial.

Finally, reparametrizing the dual function v(s,a) = ¢(s,a) — V(s) and substituting into

the objective in the min-max problem, we obtain

. 2 2
min _max L(V,m6) = Boa (55 0,8) = V()] = Eaas [ (35, 0.8) = s(5,0))*] (6.9)
where (s, a,s') := R(s,a) + vV (s') — Aogr(a|s). Note that the first term is ¢(V, ), and
the second term will cancel the extra variance term (see Proposition 55 in Appendix D.2).
The use of an auxiliary function to cancel the variance is also observed by [169]. On the other
hand, when function approximation is used, extra bias will also be introduced. We note

that such a min-max view of debiasing the extra variance term leads to a useful mechanism
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for better bias-variance trade-offs, leading to the final primal-dual formulation we aim to

solve in the next section:

. N , n_ 2 , n_ 2
guin, s Ly (V, 56 =B [(0(5,a,8) V()| 1B (005 0,8)=<(5,0)°], (6.10)

where 7 € [0, 1] is a hyper-parameter controlling the trade-off. When n = 1, this reduces to
the original min-max formulation (6.8). When 1 = 0, this reduces to the surrogate objective

considered by [182].

6.4 Smoothed Bellman Error Embedding

In this section, we derive the Smoothed Bellman Error EmbeDding (SBEED) algorithm,
based on stochastic mirror descent [70], to solve the smoothed Bellman equation. For
simplicity of exposition, we mainly discuss the one-step optimization (6.10), although it
is possible to generalize the algorithm to the multi-step and eligibility-traces settings; see
Appendices D.3.2 and D.3.3 for details.

Due to the curse of dimensionality, the quantities (V,7,¢) are often represented by
compact, parametric functions in practice. Denote these parameters by w = (wy, wy, we).
Abusing notation a little bit, we now write the objective function L, (V, 7;<) as Ly, (wy, wx; wq).

First, we note that the inner (dual) problem is standard least-squares regression with
parameter w, so can be solved using a variety of algorithms [184]; in the presence of special
structures like convexity, global optima can be found efficiently [178]. The more involved

part is to optimize the primal (wy, w;), whose gradients are given by the following theorem.

Theorem 27 (Primal gradient) Denote {y(wy,wy) := Ly(wy,wy;w?) as well as w =
arg maxy,. Ly (wy, wr;we), let 854 be a shorthand for 6(s,a,s’), and S be dual parameter-

ized by w?. Then,

Vo ly =2Es .5 [(0s,a,9 — V(5)) (YW, V(') = Vau, V(s)) ]
— 27 Es 0,5 [ (05,05 — <(5,a)) Vi, V(s')]

Vurly == 2XEg o0 [ (1 = 1)8s0,5 + 1é(s,a) — V(5)) -V, logm(als)] .
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With gradients given above, we may apply stochastic mirror descent to update wy and wg;
that is, given a stochastic gradient direction (for either wy or wy), we solve the following

prox-mapping in each iteration,

sz(g) = a‘rgmin <wV7g> +DV(U)V,ZV),
wy

P..(9) = argmin(wr,g) + Dx(wr, zx).
W

where zy and z; can be viewed the current weight, and Dy (w, z) and D, (w, z) are Bregman
divergences. We can use Euclidean metric for both wy and w;, and possibly KL-divergence
for w;. The per-iteration computation complexity is therefore very low, and the algorithm
can be scaled up to complex nonlinear approximations.

Algorithm 5 illustrates SBEED, combined with experience replay [185] for greater data
efficiency, in an online RL setting. New samples are added to the experience replay buffer D
at the beginning of each episode (Lines 3-5) with a behavior policy. Lines 6-11 correspond
to the stochastic mirror descent updates on the primal parameters. Line 12 sets the behavior
policy to be the current policy estimate, although other choices may be used. For example,

7, can be a fixed policy [169], which is the case we will analyze in the next section.
Remark (Role of dual variables): The dual variable is obtained by solving
minE, ..o |(R(s,0) +7V(s') = Mog(als) = <(s,a)”
The solution to this optimization problem is
¢*(s,a) = R(s,a) + YE 15,0 [V(s’)] — Alogm(als).

Therefore, the dual variables try to approximate the one-step smoothed Bellman backup
values, given a (V,7) pair. Similarly, in the equivalent (6.8), the optimal dual variable
v(s,a) is to fit the one-step smoothed Bellman error. Therefore, each iteration of SBEED
could be understood as first fitting a parametric model to the one-step Bellman backups

(or equivalently, the one-step Bellman error), and then applying stochastic mirror descent
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Algorithm 5 Online SBEED learning with experience replay

1: Initialize w = (wy, wx, we) and m, randomly, set .
2: for episode i =1,...,7T do
3: forsizek=1,...,K do

4: Add new transition (s,a,r,s") into D by executing behavior policy my.
5. end for
6:  for iteration j =1,..., N do
7 Update w! by solving
=S 2
min By vyep | (80s,0,8) = s(s,a))%]

Decay the stepsize (; in rate O(1/7).

Compute the stochastic gradients w.r.t. wy and wy as Vy,, €(V, ) and V,, 0(V, 7).
10: Update the parameters of primal function by solving the prox-mappings, i.e.,

update V: w{/ = ij_1(Cj§wvl7(V, m))
. \% ~ —
update m:  w} = P, ;-1((Vy, L(V, 7))
11:  end for
N

12:  Update behavior policy m, = 7.
13: end for

to adjust V and 7.

Remark (Connection to TRPO and NPG): The update of w, is related to trust
region policy optimization (TRPO) [186] and natural policy gradient (NPG) [187, 188]
when D, is the KL-divergence. Specifically, in [187] and [188], w, is updated by setting
as argmin,, E [(wr, V., log7t(als)A(a, s))] + %KL(T['wwHﬂ'wgld), which is similar to P, ;-1
with the difference in replacing the log 7’ (a|s)A(a, s) with our gradient. In [186], a related
optimization with hard constraints is used for policy updates: min,,, E [r(a|s)A(a,s)], such
that KL(my,. | \ngm) < 1. Although these operations are similar to Pwi}_l’ we emphasize that
the estimation of the advantage function, A(s,a), and the update of policy are separated in
NPG and TRPO. Arbitrary policy evaluation algorithm can be adopted for estimating the
value function for current policy. While in our algorithm, (1 — n)d(s,a) + ns*(s,a) — V(s)
is different from the vanilla advantage function, which is designed appropriate for off-policy

particularly, and the estimation of ¢(s,a) and V(s) is also integrated as the whole part.
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6.5 Theoretical Analysis

In this section, we give a theoretical analysis for our algorithm in the same setting of [169]
where samples are prefixed and from one single B-mizxing off-policy sample path. For sim-
plicity, we consider the case that applying the algorithm for 7 = 1 with the equivalent
optimization (6.8). The analysis is applicable to (6.9) directly. There are three groups
of results. First, in Section 6.5.1, we show that under appropriate choices of stepsize and
prox-mapping, SBEED converges to a stationary point of the finite-sample approximation
(i.e., empirical risk) of the optimization (6.8). Second, in Section 6.5.2, we analyze general-
ization error of SBEED. Finally, in Section 6.5.3, we give an overall performance bound for
the algorithm, by combining four sources of errors: (i) optimization error, (ii) generalization
error, (iii) bias induced by Nesterov smoothing, and (iv) approximation error induced by

using function approximation.

Table 6.1: The notations for different objectives in the analysis of SBEED algorithm

minimax obj. | primal obj. | optimum

original L(V,m;v) oV,m) (V)
parametric | Ly,(Vip, Tw; V) | bw(Vi, mw) | (Vi )

empirical ET(VM, Tw} Vi) ZT(VH,, Tw) (‘71;‘, )

Notations Denote by V,,, P, and H,, the parametric function classes of value function V,
policy 7, and dual variable v, respectively. Denote the total number of steps in the given off-
policy trajectory as T. We summarize the notations for the objectives after parametrization
and finite-sample approximation and their corresponding optimal solutions in Table 6.1 for
reference.

Denote the Ly norm of a function f w.r.t. u(s)m(als) by || f|? :== [ f(s,a)?u(s)m(als)dsda.
We introduce a scaled norm : HV”,QMZ, = [ (VEgs0 [V ()] — V(s))2 w(s)mp(als)dsda; for val-

ue function; this is indeed a well-defined norm since HVHfmb = (P = I)V|3 and I — 4P is

injective.
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6.5.1 Convergence Analysis

It is well-known that for convex-concave saddle point problems, applying stochastic mir-
ror descent ensures global convergence in a sublinear rate [70]. However, this no longer
holds for problems without convex-concavity. Our SBEED algorithm, on the other hand,
can be regarded as a special case of the stochastic mirror descent algorithm for solving
the non-convex primal minimization problem miny, r, ZT(Vw, Tw). The latter was proven

to converge sublinearly to a stationary point when stepsize is diminishing and Euclidean

distance is used for the prox-mapping [189]. For completeness, we list the result below.

Theorem 28 (Convergence, [189]) Consider the case when Euclidean distance is used

in the algorithm. Assume that the parametrized objective ZT(Vw,Trw) is K-Lipschitz and

variance of its stochastic gradient is bounded by 2. Let the algorithm run for N itera-

tions with stepsize (i = min{%, %IN} for some D' > 0 and output w',...,w". Setting

the candidate solution to be (VN 7N with w randomly chosen from w,... , w" such that
2(—K¢?

Pw=wl) =

‘ ~ v o~ 2 2 -
= S (o iy then it holds that E [HWT(Vf,wg)H } <KDL (D4 Dy

VN

where D := \/Q(ZT(Vul}, 7h) — min ZT(VU,, Tw))/K represents the distance of the initial solu-

tion to the optimal solution.

The above result implies that the algorithm converges sublinearly to a stationary point,
whose rate will depend on the smoothing parameter.

In practice, once we parametrize the dual function, v or ¢, with neural networks, we
cannot achieve the optimal parameters. However, we can still achieve convergence by apply-
ing the stochastic gradient descent to a (statistical) local Nash equilibrium asymptotically
under mild conditions. We provided the detailed Algorithm 12 and the convergence analysis

in Appendix D.4.3.

6.5.2 Statistical Error

In this section, we characterize the statistical error, namely, €sat(7) = Ew(‘A/* T
Ly(V, mk ), induced by learning with finite samples. We first make the following standard

w

assumptions about the MDPs:
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Assumption 10 (MDP regularity) Assume ||R(s,a)| ., < Cr and that there exists an

optimal policy, 73 (als), such that |[log 7y (als)||, < Cr.

Assumption 11 (Sample path property, [169]) Denote u(s) as the stationary distri-
bution of behavior policy m, over the MDP. We assume m,(als) > 0, V(s,a) € S x A, and
the corresponding Markov process P™(s'|s) is ergodic. We further assume that {si}?zl is

strictly stationary and exponentially 3-miving with a rate defined by the parameters (b, k)!.

Assumption 10 ensures the solvability of the MDP and boundedness of the optimal value
functions, V* and Vy. Assumption 11 ensures 3-mixing property of the samples {(s;, a, Ri)}iT:1
(see e.g., Proposition 4 in [190]) and is often necessary to prove large deviation bounds.

Invoking a generalized version of Pollard’s tail inequality to S-mixing sequences and

prior results in [169] and [191], we show that

Theorem 29 (Statistical error) Under Assumption 2, it holds with at least probability
1-6,

M M/b,1))Y/*
fstat(T) < 2\/ (maXéQJ{ )) 3

where M, Co are some constants.

Detailed proof can be found in Appendix D.4.2.

6.5.3 Error Decomposition

As one shall see, the error between (171{]\[ , W) (optimal solution to the finite sample problem)
and the true optimal (V*,7*) to the Bellman equation consists three parts: i) the error in-
troduced by smoothing, which has been characterized in Section 6.3.1, ii) the approximation
error, which is tied to the flexibility of the parametrized function classes Vy,, Py, Hw, and
iii) the statistical error. More specifically, we arrive at the following explicit decomposition:

Denote €, := sup,cp infrep, |7 — 7’|l as the function approximation error between
P, and P. Denote e;/pp and €, as approximation errors for V' and v, accordingly. More

specifically, we arrive at

'A B-mixing process is said to mix at an exponential rate with parameter b,x > 0 if 3, =
O(exp(—bm™")).
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2
< 12(K+C )€y, +

pp

2 ~ ~
A)+6CeT (N)+16A2C2+ (292 +2) (%H) +2€5tat(T)+2 HKUN -V

Theorem 30 Under Assumptions 1 and 2, it holds that H‘Zﬁv - V*

2

20, (147) el :

a
pp Ly

where Co = max{%,@'w} and C, = maxyen,, ||V||5-

Detailed proof can be found in Appendix D.4.1. Ignoring the constant factors, the above

results can be simplified as

2
< 6app(>\) + Esm()\) + €Estat (T) + €opt

s

HW—V*

(A) + €F

app(A)) corresponds to the approximation error,

where €app(A) 1= Oeppp + e;/pp
€sm()\) := O(A\?) corresponds to the bias induced by smoothing, and egat(T) := O(1/V/T)
corresponds to the statistical error.

There exists a delicate trade-off between the smoothing bias and approximation error.
Using large A increases the smoothing bias but decreases the approximation error since
the solution function space is better behaved. The concrete correspondence between \ and
€app(A) depends on the specific form of the function approximators, which is beyond the
scope of this thesis. Finally, when the approximation is good enough (i.e., zero approxima-

tion error and full column rank of feature matrices), then our algorithm will converge to

the optimal value function V* as A = 0, N, T — oo.

6.6 Connections to Other Approaches

One of our main contributions is a provably convergent algorithm when nonlinear approxi-
mation is used in the off-policy control case. Convergence guarantees exist in the literature
for a few rather special cases, as reviewed in the introduction [165, 167, 166, 168, 169, 192].
Of particular interest is the Greedy-GQ algorithm [172], who uses two time-scale analysis
to shown asymptotic convergence only for linear function approximation in the controlled
case. However, it does not take the true gradient estimator in the algorithm, and the update
of policy may become intractable when the action space is continuous.

Algorithmically, our method is most related to RL algorithms with entropy-regularized

policies. Different from the motivation in our method where the entropy regularization is in-
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troduced in dual form for smoothing [177], the entropy-regularized MDP has been proposed
for exploration [193, 194], taming noise in observations [195, 180], and ensuring tractabili-
ty [132]. Specifically, [180] proposed soft Q-learning for the tabular case, but its extension
to the function approximation case is hard, as the summation operation in log-sum-exp of
the update rule becomes a computationally expensive integration. To avoid such a difficul-
ty, [194] approximate the integral via Monte-Carlo method with Stein variational gradient
descent sampler, but limited theory is provided. Another related algorithm is developed
by [183] for the tabular case, which resembles SARSA with a particular policy; also see
[196] for a Bayesian variant. Observing the duality connection between soft Q-learning and
maximum entropy policy optimization, [181] and [197] investigate the equivalence between
these two types of algorithms.

Besides the difficulty to generalize these algorithms to multi-step trajectories in off-
policy setting, the major drawback of these algorithms is the lack of theoretical guarantees
when accompanying with function approximators. It is not clear whether the algorithms
converge or not, do not even mention the quality of the stationary points. That said, [182,
198] also exploit the consistency condition in Theorem 26 and propose the PCL algorithm
which optimizes the upper bound of the mean squared consistency Bellman error (6.7).
The same consistency condition is also discovered in [179], and the proposed ®-learning
algorithm can be viewed as fix-point iteration version of the the unified PCL with tabular
Q-function. However, as we discussed in Section 6.3, the PCL algorithms becomes biased
in stochastic environment, which may lead to inferior solutions [28].

Several recent works [199, 200, 201] have also considered saddle-point formulations of
Bellman equations, but these formulations are fundamentally different from ours. These
saddle point problems are derived from the Lagrangian dual of the linear programming
formulation of Bellman equations [202, 203]. In contrast, our formulation is derived from
the Bellman equation directly using Fenchel duality /transformation. It would be interesting

to investigate the connection between these two saddle-point formulations in future work.
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6.7 Experiments

The goal of our experimental evalation is two folds: i), to better understand of the effect
of each algorithmic component in the proposed algorithm, and ii), to demonstrate the
stability and efficiency of SBEED in both off-policy and on-policy settings. Therefore, we
conducted an ablation study on SBEED, and a comprehensive comparison to state-of-the-
art reinforcement learning algorithms. While we derive and present SBEED for single-
step Bellman error case, it can be extended to multi-step cases (Appendix D.3.2). In our

experiment, we used this multi-step version.

6.7.1 Experimental Details

Policy and value function parametrization The choices of the parametrization of pol-
icy are largely based on the recent paper by [188], which shows the natural policy gradient
with RBF neural network achieves the state-of-the-art performances of TRPO on MuJoCo.
For the policy distribution, we parametrize it as mg_(a|s) = N (ug, (), Xo, ), where ug_(s) is
a two-layer neural nets with the random features of RBF kernel as the hidden layer and the
Yy, is a diagonal matrix. The RBF kernel bandwidth is chosen via median trick [11, 188].
Same as [188], we use 100 hidden nodes in InvertedDoublePendulum, Swimmer, Hopper,
and use 500 hidden nodes in HalfCheetah. This parametrization was used in all on-policy
and off-policy algorithms for their policy functions. We adapted the linear parametrization
for control variable in TRPO and Dual-AC following [201]. In DDPG and our algorithm S-
BEED, we need the parametrization for V' and < (or @) as fully connected neural networks
with two tanh hidden layers with 64 units each.

In the implementation of SBEED, we use the Euclidean distance for wy and the K L-
divergence for w;, in the experiments. We emphasize that other Bregman divergences are

also applicable.

Training hyperparameters For all algorithms, we set v = 0.995. All V' and ¢ (or
Q) functions of SBEED and DDPG were optimized with ADAM. The learning rates were
chosen with a grid search over {0.1,0.01,0.001,0.001}. For the SBEED, a stepsize of 0.005
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Figure 6.1: The ablation study of the SBEED on Swimmer-vl. We varied A, n, and & to
justify the effect of each component in the algorithm.

was used. For DDPG, an ADAM optimizer was also used to optimize the policy function.
The learning rate is set to be le — 4 was used. For SBEED, n was set from a grid search of
{0.004,0,01,0.04,0.1,0.04} and A from a grid search in {0.001,0.01,0.1}. The number of
the rollout steps, k was chosen by grid search from {1, 10,20,100}. For off-policy SBEED,
a training frequency was chosen from {1,2,3} x 103 steps. A batch size was tuned from
{10000, 20000, 40000}. DDPG updated it’s values every iteration and trained with a batch
size tuned from (32,64,128). For DDPG, 7 was set to le — 3, reward scaling was set to 1,

and the O-U noise o was set to 0.3.

6.7.2 Ablation Study

To get a better understanding of the trade-off between the variance and bias, including both
the bias from the smoothing technique and the introduction of the function approximator,
we performed ablation study in the Swimmer-v1 environment with stochastic transition by
varying the coefficient for entropic regularization A and the coefficient of the dual function

7 in the optimization (6.10), as well as the number of the rollout steps, k.

The effect of smoothing We introduced the entropy regularization to avoid non-smoothness
in Bellman error objective. However, as we discussed, it also introduces bias. We varied
A and evaluated the performance of SBEED. The results in Figure 6.1(a) are as expected:

there is indeed an intermediate value for A that gives the best bias/smoothness balance.
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Figure 6.2: The results of SBEED against TRPO, Dual AC and DDPG. Each plot shows
average reward during training across 5 random runs, with 50% confidence interval. The
x-axis is the number of training iterations. SBEED achieves significant better performance
than the competitors on all tasks.

The effect of dual function One of the important components in our algorithm is the
dual function, which cancels the variance. The effect of such a cancellation is controlled
by n € [0, 1], and we expected an intermediate value gives the best performance. This is

verified by the experiment of varying 7, as shown in Figure 6.1(b).

The effect of multi-step SBEED can be easily extended to the multi-step version.
However, increasing the length of steps will also increase the variance. We tested the
performance of the algorithm with different k& values. The results shown in Figure 6.1(c)

confirms that an intermediate value for k yields the best result.

6.7.3 Comparison in Continuous Control Tasks

We tested SBEED across multiple continuous control tasks from the OpenAl Gym [204]
using the MuJoCo simulator [205], including Pendulum-v0, InvertedDoublePendulum-v1,
HalfCheetah-v1, Swimmer-v1, and Hopper-v1. For fairness, we follows the default setting of
the MuJoCo simulator in each task in this section. These tasks have dynamics of different

natures, so are helpful for evaluating the behavior of the proposed SBEED in different
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scenarios. We compared SBEED with several state-of-the-art algorithms, including two
on-policy algorithms, trust region policy optimization (TRPO) [186] dual actor-critic (Dual
AC) [201], and one off-policy algorithm, deep deterministic policy gradient (DDPG) [206].
We did not include PCL [182] as it is a special case of our algorithm by setting n = 0, i.e.,
ignoring the updates for dual function. Since TRPO and Dual-AC are only applicable for
on-policy setting, for fairness, we also conducted the comparison with these two algorithm
in on-policy setting. The results can be found in Appendix D.5.

We ran the algorithm with 5 random seeds and reported the average rewards with 50%
confidence intervals. The results are shown in Figure 6.2. We can see that our SBEED
algorithm achieves significantly better performance than all other algorithms across the
board. These results suggest that the SBEED can exploit the off-policy samples efficiently
and stably, and achieve a good trade-off between bias and variance.

It should be emphasized that the stability of algorithm is an important issue in reinforce-
ment learning. As we can see from the results, although DDPG can also exploit the off-policy
sample, which promotes its efficiency in stable environments, e.g., HalfCheetah-vl and
Swimmer-v1, it may fail to learn in unstable environments, e.g., InvertedDoublePendulum-
v1 and Hopper-v1, which was observed by [207] and [208]. In contrast, SBEED is consistently

reliable and effective in different tasks.

6.8 Summary

We reduce the policy optimizaton in MDPs to optimization with the conditional integral
operator by exploiting the Nesterov’s smoothing technique to Bellman optimality equation.
Based on the new perspective, we develop the SBEED algorithm for policy optimization in
reinforcement learning utlizing the dual embedding technique proposed in Chapter 5. The
algorithm is provably convergent even when monlinear function approximation is used on
off-policy samples. We also provide PAC bound to characterize the sample complexity based
on one single off-policy sample path collected by a fixed behavior policy. Empirical study
shows the proposed algorithm achieves superior performance across the board, compared

to state-of-the-art baselines on several MuJoCo control tasks.
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CONCLUSION

In this dissertation, we propose a unified framework from the optimization with integral
operators view. By considering different integral operators in the proposed framework,
we obtain new perspectives for the motivated learning problems, i.e., kernel methods [11],
Bayesian inference [12], policy evaluation [13], and policy optimization [14], which can be
categorized as learning over functions, distributions, and dynamics, respectively. Such repre-
sentations of the learning problems lead to a series of novel algorithms for the corresponding
problems via stochastic optimization that bypass the difficulties and drawbacks in existing

algorithms:

e Learning over functions We reformulate most of the kernel methods as an opti-
mization with functions as inputs through the integral operator view. Such a novel
view of kernel methods avoids the explicit usage of the kernel matrices and paves the
path for us to design the algorithm, which scales up the kernel machines to millions

of data empirically, while still enjoys the nice theoretical properties.

e Learning over distributions We reformulate the Bayesian inference as an optimiza-
tion with distributions as inputs on the density space through the integral operator
view. Such a new view of Bayesian inference inspires us to exploit the recent advanced
optimization algorithm to bypass the intractable integral in the posterior calculation.
We justify the algorithm both empirically and theoretically, demonstrating the ad-

vantages of the proposed algorithm.

e Learning over dynamics The learning over dynamics problems is a generic class of
learning problems, including invariance learning and reinforcement learning. We re-
formulate the problems as optimization with the conditional integral operator. With
the min-max saddle-point formulation of the optimization, we design the stochastic
algorithm which only needs the sample from joint distribution and avoids the diffi-

culty in estimating the conditional integral due to lack of samples. We provide the
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theoretical analysis of the algorithm and apply the algorithm for invariance learning,
policy evaluation. We then investigate the policy optimization with the developed
technique, resulted a provably convergent algorithm even when nonlinear function

approximation is used on off-policy samples, what we believe to be the first.

As we demonstrated in the thesis, the proposed framework provides us the relatively
abstract perspective to unify the learning problems, while still preserves the useful properties
through the structure of the integral operator for the algorithm design. For the future work,
our research will continue to explore other important learning problems via the integral

operator view for better algorithms. For instance:

Undirected graphical model and exponential families The infinite dimensional
exponential families [209] is defined as, p(z) = po(z)exp (f (x) — A(f)), within F :=
{f et exp(A(f)) < oo}, A(f) :=log [, exp (f (x))po (x) dz and H denotes some RKHS.
Since the integral in A (f) is intractable in maximum-likelihood (MLE), [209] introduce the
score matching to fit f, which is not scalable due to the computation and storage of the
kernel matrices and its derivatives.

Based on the integral operator view of MLE, we can easily obtain a scalable algorithm
for general exponential families estimation by combining doubly stochastic gradients and

dual embedding. Specifically, by dual embedding, we can reformulate the objective of MLE,

maxsey E, [f (2)] — A(f), as

jmax min E; [(Qg) (¢)] = Evny(e) [(Q9) (@)] + KL (gllpo) (6.11)

where the f € H is represented by Qg for scalability. The optimization (6.11) is convex-
concave w.r.t. f and ¢. Then, we can apply the doubly stochastic gradient descent to the
above optimization (6.11).

What follows naturally and logically is to extend this view to design algorithms for
exponential families estimation with structures in potential functions, e.g., f (z) can be
decomposed into cliques or f (z) = [ h(z, z) dz. Due to the importance and generality of the

exponential families, such a problem is significant in machine learning. In this scenario, the
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first question is how to represent the structure information in the dual parametrization, i.e.,
q € P. The second question is once the convexity-concavity structure in the optimization
does no longer hold due to the structure constraints introduced, how to perform learning
while still keep the desired properties. It is also interesting to address the connections

between the algorithm and GANs [210] and contrastive divergence [211].

Meta-learning The meta-learning problems focus on learning the components to design
algorithms, e.g., the update rules [212, 213, 214] and the initialization [215], which can
be applied to downstream learning tasks. The integral operator view unifies the meta-
learning problems as learning over algorithms. Specifically, denote the initialization as f
and the algorithm update as U, then, after t-iteration, the algorithm outputs U’ f where

Ut :=Uolo...oU, and the learning problem is reformulated as
—_—
t

Igi? Ep [J (U'f,D)] +vG U, f), (6.12)

)

where D denotes the tasks and J can be the evaluation criteria for the algorithm. Actually,
the optimization (6.12) can be applied for learning to sample [216] with I/ as the transition
kernel and f as the proposal distribution. J(-,-) can be designed to match the target
distribution and U*f and to accelerate the convergence of the sampling algorithm.

The difficulty of the optimization (6.12) lies on both theoretical and practical aspects.
Theoretically, the objective (6.12) is not convex w.r.t. (U, f) jointly. The parametriza-
tion of U and f will introduce extra non-convexity. What guarantee we can obtain about
(U, f), and how its performance compared with the hand-designed algorithm theoretically
are interesting. Practically, how to implement the stochastic optimization in operator and
function space should be carefully designed to achieve scalability and efficiency. In our
future study, we would like to address these issues and make the algorithm practical.

Given the successes of the framework, we believe the proposed unified framework pro-
vides new directions for machine learning research and can be potentially useful to design
new algorithms for many other scenarios beyond the representative learning problems dis-

cussed in this dissertation.
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APPENDIX A
PROOF DETAILS IN CHAPTER 3

A.1 Convergence Rate

We first provide specific bounds and detailed proofs for the two error terms appeared in

Theorem 11 and Theorem 12.

A.1.1 Error due to random features

Lemma 31 We have
(i) For any « € X, Epr ol frsr(@) — ho (@) < B,y 1= 4M2(k + 6)2 Y, |ai2

(ii) For any x € X, with probability at least 1 — & over (D!, w?),

fror(@) — e (@) < By 1= 202 (x + 6 1n< )Z| il

Proof Let Vi(z) = V;(z; D!, w') := a! ((i(x) — &(x)). Since Vi(x) is a function of (D¢, w?)

and
Epi o [Vi(@)lw'™!] = aiEpi o [Gi(2) = &i(2)|w'™] = aiEpi i1 [Eys [Gi(2) — &i(a)lw™1]] =0,
we have that {V;(x)} is a martingal difference sequence. Further note that

Vi(2)] < i = 2M (¢ + )y,

Then by Azuma’s Inequality, for any € > 0,

2¢?
Vi(x <2 —_
Dt wt {’ Z } exp { Z§=1 sz }
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which is equivalent as

Moreover,

Since fi1(z) —hey1(x) = Sot_, Vi(x), we immediately obtain the two parts of the lemma. B

Lemma 32 Suppose 7v; = g(l <i<t) and Qv € (1,2) UZ4. Then we have
(1) |ai| < g Consequently, Z’;:l(a%y < %

PUO4) o, e
(2) Siziilal] < , t ’ [1,2), '
97? Zfel/ c [2’4_00) QZ+

Proof (1) follows by induction on 4. |al| < ¢ is trivially true. We have

S e :i—i—ll_ v T +1—0v0 i1
il =16 2 (1 = wgn)] = L= ol = [ i
When v € (1,2),i—1 <i+1—v8 <iforanyi>1,so |ai| < |ait!] < .WhenV0€Z+,

if i > v — 1, then |a}| < |ai™| < g; if i < v — 1, then |a}| = 0. For (2), when v € [1,2),

t

02 i+1—0v t—06v > i t-1 : )+1)
Z%ﬂat‘ 212 i+1 t ;Z‘Q i+1 Z

When v € Z; and 2 < v < ¢,

02 i t g2 2 2
1+1—6v t— Ov 0 i—1 t—2 0°(i—1 ¢9

_E:i, < . < )

E %’at| ;2 i+1 t ZZ'Z i1+ 1 Zztt— t
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A.1.2 Error due to random data

Lemma 33 Assume ¢'(u,y) is L-Lipschitz continous in terms of u € R. Let f* be the

optimal solution to our target problem. Then

(i) If we set v = ¢ with 0 such that Ov € (1,2) UZ, then

*112 Q%
Eptr [[he1 = £15,] <2,

where

i Ov — 01)202 kM2
lemax{uf*HH’Qo""\/Qo+(2211//9_1)1(1+ Y2025 }

Qo = 2V2kY?(k + ¢)LM6>.

Particularly, if 0v = 1, we have @1 < max {Hf*HH AV2((k+ @)L +v) - “1222M}.

(ii) If we set v = % with 6 such that Ov € Zy and t > Ov, then with probability at least
1 — 26 over (D, w?),

In(2t/9) In(t
[hie1 — 513 < %n(/t)n()

where

Q2 = max {17110 Qo-+ /@ + DL+ 001267 + 160/0) .

Qo = 4V262 MO8 + (k + ¢)0L).

Particularly, if v = 1, we have Q2 < max{Hf*HH ,8V2((k + @)L+ 9v) - ’“‘11//22M}.

Proof For the sake of simple notations, let us first denote the following three different

gradient terms, which are

gt = & + vhy = U(fe(xe), yo) ke, ) + vhy,
g = ét + vhy = 0 (he(zt), ye) k(2 -) + vhe,

gt = Ep, [G:] = Ep, [€'(he(xe), ye)k(xs, )] + vhy.
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Note that by our previous definition, we have hiy1 = hy — Yeg¢, VE > 1.

Denote A; = ||hy — f*||3,- Then we have

Ay = | —f"— ’Ytgt”g.[
= A ++7 H%H?{ —2v¢(he — f*, 96)m

= A +7 lgell3, — 2vlhe — £, Ge0m + 29 lhe — 5,50 — Gedr + 27elhe — £ 90 — 9e)n
Because of the strongly convexity of (3.2) and optimality condition, we have
(he = £, 300 > v b = 13,
Hence, we have
Apr < (L=2m) A +97 g5+ 2 (e — £ G — G+ 2% (e — £ G — g, VE > 1 (ALD)

Proof for (i): Let us denote M; = HgtH?Lu Ne = (he—f*G1—90) 1, Re = (he—f*, Gt —gt)n-

We first show that My, Ny, R; are bounded. Specifically, we have for ¢t > 1,

(1) My < RM(1+ ver)?, where e = /0L lai_y| - faf_| for t > 2 and e = 0;
(2) Eprwt[Ni] = 0;

(3) Ept wt[Re] < 6Y2LB1y\/Epi-i yi-1[Ay], where B}, 1= 4M?(k + ¢)? 31—} |ai_y|? for
t>2and By = 0;

We prove these results separately in Lemma 34 below. Let us denote e; = Epi-1 ,t-1[A¢],

given the above bounds, we arrive at the following recursion,

err1 < (1= 2ww)er + KMy (1 + ver)? + 2612 Ly By /e (A.2)

When 7; = 0/t with 0 such that v € (1,2)UZ,, from Lemma 32, we have |a}| < g,VI <

1 < t. Consequently, ¢; < 6 and B%t <AM?(k + (ﬁ)% Applying these bounds leads to the
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refined recursion as follows

2

2
etr1 < <1 - 2;/9) et + 5M2f—2(1 + v0)? + 2,.;1/2[/?\/4]\42(,{ + ¢)2t 0

1 Ve
that can be further written as

2v60
et+1 <1_t) t—i—ﬁl +%,

where 81 = 4v2kY2LM (k + $)0% and By = kM?*(1 + v6)%6%. Invoking Lemma 38 with

n = 260v > 1, we obtain

2
er < %
2
where Q; = max { Hf*HH ’ Q0+\/Q +(2921/V01 11+0V )202KkM?2 } and Qp — 2\[1%1/2(% n ¢)LM02
Proof for (ii): Cumulating equations (A.1) with ¢ = 1,...¢, we end up with the following
inequality

A1 <TT=y (1= 29) Ay 42570 3i [Tmin (U= 209)(hi — 7,80 — Gi)n

+2 Z'L 171 H] l+1(1 - 2”7])<h’b - f 791 gZ>H + Zz 1 ’71, Hj z+1( 2]/7]) ||gl||§-[
(A.3)

Let us denote b} = ~; [T iy (L —2v75),1 < i <, the above inequality is equivalent as
t t ' L L
Appr < H(l —2viv)A; + Z%bi/\/li +2 Z biN; + 2 Z biR
i=1 i=1 i=1

i=1

We first show that

(4) for any 0 < & < 1/e and t > 4, with probability 1 — § over (D!, w?),

ST BN < 2max {4/4;1/2M\/Z L(BD)2A;, max; |bi] - Co\/ln(ln(t)/5)} VIn(In(t)/9)

4maxigige M;

where Cy = >
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(5) for any & > 0, with probability 1 — & over (D!, w?),

Y1 iR < Yoi_y bik!/2L By /A,

where B2, = 2M2(k + ¢)2In (%) Y0 al_ 2.

Again, the proofs of these results are given separately in Lemma 34. Applying the above

bounds leads to the refined recursion as follows,

t t t
A1 < H(l — 2y;v) Ay + Z%’biMi +2 Z bk 2LBy i/ A;

i=1 =1 =1

+4max { 4xY2M Z 2A;, max |bi| - Cor/In(In(t)/8) » /In(In(t)/6)
(2
i=1
with probability 1 — 26. When 7, = 0/t with 6 such that v € Z,, with similar reasons
in Lemma 32, we have [bf| < 2,1 < i <t and also we have [[}_;(1 — 2v,v) = M ta -
297”) Hfzeyﬂ(l - 297")(1 - 23—5) =0, and YF_, yibi < ?. Therefore, we can rewrite the

above recursion as

N
n(in() /o) == g, ln(ln(t/é))% (A.4)

t
A < 5 + B24/In(2t/6) - Z
=1

where 81 = kM?(1 4 v8)262, By = 2¢/2kY2LM (k + ¢)62, B3 = 16xY/2M0, By = 16k M>(1 +

0v)20 /v. Invoking Lemma 39, we obtain

- Q% 1n(2t/6) In%(t)

At+1 S ¢ )

with the specified Qs. |

Lemma 34 In this lemma, we prove the inequalities (1)—(5) in Lemma 33.

Proof Given the definitions of M, N;, R; in Lemma 33, we have

(1) My < mM?(1+ vy /S5 fad |- Jaf )
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This is because

Me = llgell = 1€ + vhel 3 < (€l + vliheln)®.

We have

16117 = 1€/ (fe(e), y) (e, ) | < &2 M,

and

-1 -1
1hell3, = Z Z ar_yai_ O (filzi), yi)l (fi(x5), y;)k(zi, ;)
i=1 j=1
11 ‘
<EM?Y Y Caiy] - la]_y.
=1 j=1

(2) EDt’wt[ t] = O;
This is because Ny = (hy — f*, Gt — Gt) s

EptwtNe] = Epi-14t [Ep, [(he — £*, Gt — Ge)u|D' ™, w']]
= Ept g [(he — 5 Ep, [gt — 9])2]

= 0.

(3) Ept ot [Re] < kY20 By 4 /Epi-1 ,e-1[A], where Bit = 4M?(k + ¢)? Eﬁ;} lai %
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This is because Ry = (hy — f*, Gt — 9t) 1,

Eptwt[Rie] = Eprwt [(he = f7, Gt = 90)u]
= Eprr [(he = 5 [0 (fe(@e) ye) — € (hel@e), yo) k(e )]
< Eprr [[0(fe(@e),ye) — € (helwe), ye)| - 1e(@e, gy - llhe — £ ]
< RYPL-Epr g [fi(@r) = ha(we)| e = £[l3q]

< KLy Bl fullwr) — () Py Eor ur e — 415,

< K,I/QLBL“ / EDt—lywt—l [At]

where the first and third inequalities are due to Cauchy—Schwarz Inequality and the

second inequality is due to L-Lipschitz continuity of ¢'(-,-) in the first parameter, and

the last step is due to Lemma 31 and the definition of A;.

for any 0 < § < 1/e and t > 4, with probability at least 1 — § over (D!, w?),

S NG < 2max {4;{1/2M\/Z§=1(b§)214i, max; |bi| - Co+/In(In(t) /5)} V/In(In(t)/3),

4maX1gigt Mz

where Cy = =

This result follows directly from Lemma 3 in [217]. Let us define d; = d;(D*, w?) :=
biN; = bi(hi — f*,Gi — §i)n, 1 <i < t, we have
e {d;}!_, is martingale difference sequence since Ep; i [AG|D",w'™!] = 0.
; . 4max1<i<t Mz .
o |d;| < max; [bj| - Cp, with Cy = ———=—, V1 <i < L.

o Var(d| D" w1 <4sM?|bi|2A;, V1 <i < t.

Plugging in these specific bounds in Lemma 3 in [Alexander et.al., 2012], which is,

Pr (zgzl dy > 2max{20y, dmag/I(1 /5)}\/1n(1/5)) < In(t)s.

where o7 = 25:1 Var;—1(d;) and dper = maxi<i<|d;|, we immediately obtain the

above inequality as desired.
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(5) for any § > 0, with probability at least 1 — & over (D!, w?),

Sl bR < iy bR P LB VA,

where B222 =2M?%*(k + ¢)*In (%) Z;;ll |a3_1|2.
This is because, for any 1 < ¢ < ¢, recall that from analysis in (3), we have R; <

KY2L| fi(xe) — he()| - |he — f*|l%, therefore from Lemma 33,
Pr(b%’RZ § H1/2L’bi’32’i\/z4i) Z Pr(]f,(xz) — hz(xz)\Q < B%Z) Z 1-— 5/t
Taking the sum over ¢, we therefore get

Pr(Yt_ biR; < 30, |bi|kY2LBs i/ A;) > 1 - 6.

Applying these lemmas immediately gives us Theorem 11 and Theorem 12, which implies
pointwise distance between the solution fi11(-) and f*(-). Now we prove similar bounds in

the sense of Lo, and Ly distance.

A.2 L distance, L, distance, and generalization bound
Corollary 35 (Lo distance) Theorem 11 also implies a bound in Lo, sense, namely,

2C? + 26Q?

*(12

Bt i = 112, < 252200
Consequently, for the average solution fyi1(-) := %Zle fi(+), we also have

(202 4 26Q?)(In(t) + 1)
p .

Ept ot |l fra1 — f¥]12 <

130



This is because [|fi+1 — f*[| = maxgex |fir1(z) — f*(@)] = |fer1(zi) — f*(24)], where
T, € X always exists since X is closed and bounded. Note that the result for average
solution can be improved without log factor using more sophisticated analysis (see also

reference in [217]).

Corollary 36 (Lo distance) With the choices of vy in Lemma 33, we have

2 2
(i) Bt || forn — ]2 < 24298

2 n € K 2 n n2
(z'i) Hft+1 _ f*H% < C?1 (8\ft/6)+2tQ21 (2t/8) In?(t)

N

, with probability at least 1 — 30 over

(D!, wh).

Proof (i) follows directly from Theorem 11. (7i) can be proved as follows. First, we have

1 fer = £¥13 = ol fera(z) = f*(2)|* < 2Bl frr1(2) — hesr (@) + 26 hesr — f* |l

From Lemma 33, with probability at least 1 — 2§, we have

Q3 1n(2t/6) In(t) | (A5)

Iess = 1718 < t

From Lemma 31, for any x € X', we have

2k + ¢)2M?In(2)6? } _

; < e

ey {ft+1(i€) — hepa(2)* >

Since C2? = 4(k + ¢)2M?6?, the above inequality can be writen as

C?%1n(2
Pr {’ftﬂ(ﬂﬁ) — h(2)* > (6)} <e.
Dt wt 2

which leads to

z~p(z) Dt wt 2t

C%In(2
P i {rft+1<x>—ht+l<x>|2>“<€)} <

By Fubini’s theorem and Markov’s inequality, we have

2 2
Pr { Pr {|ft+1($)—ht+1($)|2>W}>§}<5'

Dt wt | z~p(z) 2t
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From the analysis in Lemma 31, we also have that |fi+1(z) — hey1(z)| < C?. Therefore,

with probability at least 1 — & over (D!, w?), we have

Eqep(a) (| fer1(2) = higa (2)]?] < 021;(2)(1 _ g) 02§
Let € = %, we have
Eop(a | frr1(#) = hegr(2) ] < gj(ln(&f/é) + %) = CQIH(;/M. (A.6)
Summing up equation (A.6) and (A.5), we have
vt — 71 <« Ve + 2nQR n(21/8) (e
as desired. n

From the bound on Ly distance, we can immediately get the generalization bound.
Theorem 13 (Generalization bound) Let the true risk be Rypue(f) = E, ) [0(f (), y)].

Then with probability at least 1 — 35 over (D!, w'), and C and Q2 defined as previously

(C/In(8y/et/8) + V2kQ2+/In(2t/5) ()L
t

Rtrue(ft+1) - Rtrue(f*) < \[

Proof By the Lipschitz continuity of £(-,y) and Jensen’s Inequality, we have

Rtrue(ft+l)_Rtrue<f*) < LE$‘ft+l(x)_f*(x)‘ g L\/E.t‘ft-l—l(x) - f*(.’IJ)P = LHft—l—l_f*H2-

Then the theorem follows from Corollary 36. |

A.3 Suboptimality

For comprehensive purposes, we also provide the O(1/t) bound for suboptimality.
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Corollary 37 If we set v = g with 0v = 1, then the average solution ft+1 = %25:1 fi
satisfies
Q(n(t) +1)

R(Ept ot [fer1]) = R(f*) < B

where Q = (4M? + 2262 LM (k + $)Q1) /v, with Q1 defined as in Lemma 33.

Proof From the anallysis in Lemma 33,we have

. 1 1
(he = f* G0m = 5 At — 5—

Api1 + yeMi + N + Ry
2t 2y

Invoking strongly convexity of R(f), we have (hy — f*,g1) = R(h¢) — R(f*) + 5|kt — £*|13,.

Taking expectaion on both size and use the bounds in last lemma, we have

1 v 1
Ept wt[R(ht) — R(f*)] < (T% - 5)615 - TwetJrl + kM2 (1 + vey)® + &2 LBy e

Assume y; = g with 0 = %, then cumulating the above inequalities leads to

t t t
> Eprwt[R(hi) = R(F) <Y M (L +ve)® + Y kLB /e
i=1 i=1 i=1
which can be further bounded by

¢ ¢ t
ZEtht [R(h;) — R(f*)] < Z *ymMz(l + uci)2 + Z /ﬁl/QLBLZ-\/a
i=1 ;

i=1 =1
AkM? <~ 1 2V26Y2LM (k + ¢) L e
2 1/2
- 4/134 (ln(t)—i—l)—l—QﬂH LVM(nJrqb)Ql(ln(t)H)
_ Q(n(t)+1)
t

By convexity, we have Epe [R(his1)—R(f*)] < w The corollary then follows from

the fact that Epi e [fi1] = Epr gt [he1] and R(Epe gt [hrs1]) < Epe ot [R(Bis1)). |
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A.3.1 Technical lemma for recursion bounds

Lemma 38 Suppose the sequence {I';}72, satisfies I'y >0, and Vt > 1

Ft+1<( )Ft+ Bl\/ +t2,

where n > 1,061,P2 > 0. Then Vt > 1

_ BB 4 —1)Bs
2(n —1) '

R
Ft\?

, where R = max {I‘l, Ro} Ry
Proof The proof follows by induction. When t = 1, it always holds true by the definition

of R. Assume the conclusion holds true for ¢t with ¢ > 1, i.e., I'; < % then we have

Ft+1<( t)T +7\/ +

_ R nR- 51\F oo R . _R _nR—-BiVR -
ot 12 t+1 t(t +

< - [FR+aR-AVE- ] <

where the last step can be verified as follows.

2(n—1) n—1)
B B3
>(n—1)|Ry— — —B2>20
=1 o~ 55| - iy
where the last step follows from the defintion of Ry. [ ]

Lemma 39 Suppose the sequence {I';}72, satisfies

VYT
In(In(t)/0)—— Z +ﬂ4ln(ln(t/5))

t .
iy < % + Ba/In(2t/5) - ;/E
i=1
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where (1, B2, B3, 84 >0 and § € (0,1/e). Then V1 < j <t(t >4),

_ Rln(2t/5) In?(t)

J X . 9
J

where

R = max{I', Rg}, Ro =282 + 2285 + \/(252 + 2\/553)2 + 51+ Ba.

Proof The proof follows by induction. When j = 1 it is trivial. Let us assume it holds

true for 1 < j <t — 1, therefore,

b *ﬁ Vainli | o man(y/a))

iy < *+52 VIn(2;/5) - Z

n(In(j)/9)

\/Rln (2t /8) In2(t)

i

P +52\/W/J

1= 1

RlIn(2t/0 In?
o/ Ll R InC218) (0 4 Bun(n(3/0);

J

N

b +52W/j\/31n (2t/6) In?()(1 + In(j))
+53\/m/]\/Rln (2t/0) ln \/7—1-54110 In(j/6))-
5; + 26V RIn(2t/8) () /5 + V265V R In(2t/8) () /5 + Ba In(2t/6

N

— S

1
j

N

(28 + Vo) VRN

N

W + (81 + Ba 1n<2t/6)>;

2
< W[(wg +v28;)VR + % + B;)

Since \/R > 2087+ 2\&53 + \/ 2,82 + 2\[53)2 + 51 + B4, we have (2,82 + 2\/553)@—1— % +

RIn(2t/5) ln2(t) -

% < R/2. Hence, I'j 11 < S|
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A.4 Doubly Stochastic Gradient Algorithm for Posterior Variance Operator

in GGaussian Process Regression

As we show in Section 3.3.1, the estimation of the variance of the predictive distribution
of Gaussian process for regression problem could be recast as estimating the operator X
defined in (3.10). We first demonstrate that the operator ¥ is the solution to the following

optimization problem
, 0 2
mlnR E [k(zi, ) — Bk(@i, )5 + %”EHHS

where || - ||gs is the Hilbert-Schmidt norm of the operator. The gradient of R(X) with

respect to X is

1 — o2 o2
VR(Y) = — Yk(zx,:) — k(x, - k(x,- —¥x=3C+—I)-C
=) Z(( (@) = ke ) @ bo) ) + S8 =3 (c+ 1)
Set VR(X) = 0, we could obtain the optimal solution, C(C + %QI)_I, exactly the same as
(3.10).
To derive the doubly stochastic gradient update for 3, we start with stochastic functional

gradient of R(X). Given z; ~ p(x), the stochastic functional gradient of R(X) is
~ 0'2 ~
$(r0) :z(c+z> ¢
n
where C = k(z;,-) ® k(x;, ) which leads to update
o? P
Y1 =N — ) = (1 - n’Yt) Ye— (Etct - Ct)- (A.7)

With such update rule, we could show that Xy = 25:1,1'21‘ ﬂfflk(a:i, ) @ k(xj,-) by
induction. Let ¥; = 0, then, 39 = y1k(x1,) ® k(x1,-). Assume at t-th iteration, ¥; =

Zz;ipi t k(i) @ k(xj,-), and notice that

t—1 t—1
VIS Et ( xt) ®k fEt, = Z <Zﬂzg Ljs Tt > (xu) ®k(xt7')v
i=1 j=i
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we have ¥y 1 = 3¢ 1> Bf;rlk(xi, ) ® k(z;,-) where

1=

g = (1 _ ‘f%> B, Vi<j<t
t
o= —’YtZBEjk(xj,xt), Vi < t
j=1
ZH = N

Recall

Cr = B[ (@) 0w ()] © Bu [ (20) b ()] = Buv o [ (@) buo () buo () @ ()],

where w,w’ are independently sampled from p(w), we could approximate the @ with ran-
dom features, (/?;w’“’/ = Gy (1) Puyy (24) by () @ @y (). Plug random feature approximation

into (A.7) leads to
~ 0'2 ~ aT S !
Yipr=(1- gl Ee = By (hwe) ® by (w)Pur (1) — €4 .
Therefore, inductively, we could approximate 41 by

t
Sir1= ) 0h6u,()® P (+)

(5]
o2
9@']’ = <1 — n’7t>9¢j, Vi<j<t
t—1
b = —n Zeiﬂ%; (4) Py (1), Vi < 1
jzi

O = 7t¢Wt (xt)gi)w{ (xt)
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APPENDIX B
PROOF DETAILS AND EXTENSION OF PARTICLE MIRROR DESCENT
IN CHAPTER 4

B.1 Strong convexity

As we discussed, the posterior from Bayes’s rule could be viewed as the optimal of an opti-
mization problem in Eq (4.2). We will show that the objective function is strongly convex

w.r.t K L-divergence.

Proof for Lemma B.1 The lemma directly results from the generalized Pythagaras the-

orem for Bregman divergence. Particularly, for K L-divergence, we have

KL(qillg) = KL(q1llg2) + KL(q2llq) — (@1 — a2, Vo(q) — Vo(q2))2

where ¢(q) is the entropy of q.

Notice that L(q) = KL(q||¢*) — log Z, where ¢* = w, Z = [ p(O)IIV p(x;]0),

we have

KL(q1]lq*) — KL(q2||q") — (a1 — 2, Vé(q2) — Vo(q*))2 = KL(q1|g2)
KL(q1||q") — KL(q2||¢") — (q1 — q2,l0g g2 — log q*)2 = K L(q1||q2)

= KL(q1l|¢") — KL(g2||¢") — (@1 — g2, 10g g2 — log (p(O)II p(%4]6)) )2 + (@1 — g2,10g Z)2
0

= KL(QlHQZ)

= L(q1) — L(a2) — (@1 — a2, VL(a2))2 = K L(q1llg2)
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B.2 Finite Convergence of Stochastic Mirror Descent with Inexact Prox-Mapping

in Density Space

Since the prox-mapping of stochastic mirror descent is intractable when directly being
applied to the optimization problem (4.2), we propose the e-inexact proz-mapping within
the stochastic mirror descent framework in Section 4.3. Instead of solving the prox-mapping
exactly, we approximate the solution with e error. In this section, we will show as long as
the approximation error is tolerate, the stochastic mirror descent algorithm still converges.
Theorem 15 Denote ¢* = argmin cp L(q), the stochastic mirror descent with inexact
prox-mapping after T steps gives

2 2
(a) the recurrence: ¥t < T, EIKL(q*||Ge1)] < & + (1 — ) E[K L(q*||G)] + 2219t

M2'% S Y e+ Dy
Zthl 7t

where gy = Zthl Ve e/ Zthl v and D1 = KL(q¢*||G1) and M2 = max)<i<T II:‘“J||glt||gO

(b) the sub-optimality: E[KL(gr||¢*)] < E[L(gr) — L(¢*)] <

Remark: Based on [70], one can immediately see that, to guarantee the usual rate of
convergence, the error ¢ can be of order O(y2). The first recurrence implies an overall
O(1/T) rate of convergence for the K L-divergence when the stepsize ; is as small as
O(1/t) and error ¢ is as small as O(1/t2). The second result implies an overall O(1/v/T)
rate of convergence for objective function when larger stepsize 7 = O(1/v/T) and larger
error ¢, = O(1/t) are adopted.

Proof (a) Due to the fact that G.41(6) € Py (vege), i.e.,
(vegt +1log(Gsy1) —1og(Gr), Ger1 — @), < €,Yq € P,
we have

(vegt, Gev1 — @2 < (log(q) —log(Gev1), Gir1 — @)2 + &

= KL(qllg:) — KL(ql|Ge+1) — KL(Gt+1]1Gt) + e

Hence,

(vegt, Gt — @)2 < KL(q||@) — KL(ql|Ge+1) — K L(Gea1llGe) + (vege, @ — Ger1)2 + €. (B.1)

139



By Young’s inequality, we have
. Lo o e e
(rege, G — Gev1)2 < 5l — Gl + 5 llgelle. (B.2)
Also, from Pinsker’s inequality, we have
- - L. . 9
KL(Ges1@) > 5“% — G117 (B.3)
Therefore, combining (B.1), (B.2), and (B.3), we have Vg € P
%2 2
(ngt, @ — @)2 < & + KL(q||q:) — KL(ql[Ge+1) + ?HgtHoo

Plugging ¢* and taking expectation on both sides, the LHS becomes

E, [(dt - q*,%gﬁ] = E, [(C]t —q", 1E[ge])

x[t_l]} =E; [(Cft — ",V L(G)) |
Therefore, we have
2
B (@ = WL < e+ B[ KL ~ B (KL )] + F Eellale (B.0)
Because the objective function is 1-strongly convex w.r.t. K L-divergence,
(¢ = ¢, VL(¢') = VL(q)) = KL(q'lq) + K L(qllq"),
and the optimality condition, we have
(@ —q", VL(@)) > KL(¢"||q)
we obtain the recursion with inexact prox-mapping,

2
E.[KL(q"||Gi+1)] < € + (1 — v)EL[KL(g"||Ge)] + %/\/ﬂ
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(b) Summing over ¢t = 1,...,T of equation (B.4), we get
T T . y
Y B [(G —¢", 7V L(G)) ;et+KLq Ild1) +;5M2

t=1

By convexity and optimality condition, this leads to

T T
(Z%) E[L(ar) - Lg")] < Ee |S w(L(@) - L)
t=1 t=1
T T
<Y e+ KL(¢"||q) +Z 0 g2
t=1 t=1
Furthermore, combined with the 1-strongly-convexity, it immediately follows that

QZt 1’Yt2M2+Zt 16t+D1
Zt 1M

E.[KL(gr|lg")] < E.[L(qr)— L(¢")] <

B.3 Convergence Analysis for Integral Approximation

In this section, we provide the details of the convergence analysis of the proposed algorithm
in terms of integral approximation w.r.t. the true posterior using a good initialization.
Assume that the prior p(f) has support Q cover true posterior distribution ¢*(), then,

we could represent

q(0) e F = {Q(9) = 04(9)1)(9),/04(9)p(9)d9 =1,0< af) < C}.
Therefore, one can show

Lemma 40 Vq € F, let {6;}", is i.id. sampled from p(#), we could construct (6) =

> iy az(?i)jggg, such that Vf(0) : R? — R bounded and integrable,
S 2V O flloo
- < ——.
EH /q(ﬁ)f(Q)dQ /q(@)f(ﬁ)d@H —
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Proof

Given ¢(0), we sample i...d.{6;}]"; from p(f), and construct a function
- 3
m :

It is obviously that

g

/ §(0) £(0)d6 — / 9(0)£(0)d0

2] —&[| [ 0000 -5] [ a0 0100 2}
)

— - (Balla0) 1613 - Ealat) 50113

< S Eylla(0:) 16 >||%—% JRORURIOT

o1
=— | «
m

< CIsO)k / a(0)a(0)d8 < 17(6)|lal0) |

By Jensen’s inequality, we have

|| [ a@)s0)0 - [ ao)1(6)a9 |

e

Apply the above conclusion to f(#) = 1, we have

] VO £(0)ll
—Jm

/ §(0)£(6)d0 — / 4(0) £(6)d0

SR B
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Let ¢(0) = w, then 377" <<%~ =1, and

B
|| [ 010100 - eH

- g e iawi)f(e»}

- 51 B zﬁwi) >t

< Bfji- EL) )| < YO

Then, we have achieve our conclusion that

Eg[ 0)do — / 4(6) f(H)dGH

< &|| [aorsom- [ q(9)f(9)d9H +Ei|

2T (6)
S T vm

Jaw s | czw)f(e)deH

With the knowledge of p(#) and ¢(6), we set ¢:(0) = a:(6)p(6), the PMD algorithm will
reduce to adjust a(6;) for samples {6;}7", ~ m(#) according to the stochastic gradient. Plug

the gradient formula into the exact update rule, we have

qt+1(9) _ Qt(e) eXp(Z_fYtgt(e)) _ Oét(e) exp(_;tgt(e))p(g) _ at+1(9)p(0)

a:(9) eXp(Z*%gt(e)). Since Z is constant, ignoring it will not effect the multi-

where ay41(0) =
plicative update.

Given the fact that the objective function, L(q), is 1-strongly conver w.r.t. the KL-
divergence, we can immediately arrive at the following convergence results as appeared

in [70], if we are able to compute the prox-mapping in Eq.(4.3) exactly.
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Lemma 41 One proz-mapping step Eq.(4.3) reduces the error by

EKL(q" lge+1)] < (1= w)EKL(¢" lge)] + —5—
With stepsize vy = 1, it implies
2 2
. ey TE(gl5 ) 1
E[KL < KL (TRl | 2
K o)) < wox { K o). "5 2= L

Proof We could obtain the recursion directly from Theorem 15 by setting e = 0, which
means solving the prox-mapping exactly, and the rate of convergence rate could be obtained

by solving the recursion as stated in [70]. [ |

Lemma 42 Let q; is the exact solution of the proz-mapping at t-step, then Vf(0) : R — R,

which is bounded and integrable, we have

|| [a@seas~ [ ao)r0as)| < mox { VTG, Tl
Proof
EH [a@r@w- | q*(f))f(e)deu — E(@(6) — ¢°(6) . SOz

< Ellad®) ~ O] < 171Ella®) - O] < 1712 |y 3K L")

s 7Ellglse | [l
gmax{ KL(Q|Q1)’\/2777_1} Vit

The second last inequality comes from Pinsker’s inequality. |

Theorem 18 Assume the particle proposal prior p(0) has the same support as the true poste-
rior ¢*(0), i.e., 0 < ¢*(0)/p(0) < C. With further condition about the model ||p(z]0)™ ||co <

p,Vx, then Vf(6) : R? — R bounded and integrable, with stepsize v; = ?, the PMD algorithm
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return m weighted particles after T iteration such that

5 || [awreas - [ ¢ o))

2y/max{C, pexp(lg(9)lloo) /[l iy TENglloo 1 N1 fllo
< Jm +maX{ K L(g*||m), T]—l} T

Proof We first decompose the error into optimization error and finite approximation error.

B || [a@seas— [0
< E H [aseas - [asow|| +e H [a@s@a- [ q*(9>f(9)d9H

finite approximation error € optimization error ez

For the optimization error, by lemma 42, we have

E|lg|lco )
ngax{ KL(CI*HQI%%}HJ\C/”{ ’

Recall that

0 (0) = qi-1(0) exp(—yi-19:-1(0))

Z
a1 (0)m(0) (1 (O)p(z]O)N ) p(a|0) 7
- =L = ol 0"
1=v¢—1 Ny
which results the update oy (0) = 2=t (0)5(36'0) " Notice Z = J 1(0) exp(—v2g:(6))db,

we have exp(—v¢]|g:(0)||0) < Z < exp(1t||g:(0)]|oo). By induction, it can be show that

latlloo < max{C, pexp([lg:(0)[lc)} < max{C,pexp(||g(0)lloc)}. Therefore, by lemma 40,

we have
o < 2/max{C, pexp([lg(8)[loc) } £l
~ \/m .
Combine €; and ey, we achieve the conclusion. |

Remark: Simply induction without the assumption from the update of a;(6) will result the
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upper bound of sequence |||l growing. The growth of sequence ||ay||oo is also observed
in the proof [113] for sequential Monte Carlo on dynamic models. To achieve the uniform
convergence rate for SMC of inference on dynamic system, [113, 122] require the models
should satisfy i), ev(6;) < p(x:]0;)p(0i|0;—1) < e v (0;), Vx where v(0) is a positive measure,

and ii), infue:&p("@%ﬂg))p(x'.» < p. Such a rate is only for SMC on dynamic system. For static

model, the trandistiion distribution is unknown, and therefore, no guarantee is provided yet.

Moo

With much simpler and more generalized condition on the model, i.e., ||p(z|0) < p, we

also achieve the uniform convergence rate for static model. There are plenties of models

satisfying this condition. We list several such models below.

1

1. logistic regression, p(y|z,w) = TronlgoTa)"

and [|p(y|z, w) | < 1.

2. probit regression, p(y = 1|z,w) = ®(w'x) where ®(-) is the cumulative distribution

function of normal distribution. ||p(y|z,w)||s < 1.

exp(w,;r x)

iy exp(w) @)

3. multi-category logistic regression, p(y = k|z, W) = ,and ||p(ylz, W)l <

1.

4. latent Dirichlet allocation,

p(xal0a, @) = K., piyl00)P(Tal2d, P)]
Ng W K
p(xd’zd’(I)) = H H H(I);?;kadnw
n=1w=1 k=1
Ng

K
p(zalfs) = [Tz

n=1k=1
and [|p(zq|0a, P)loc < max:, [p(zd|zd, P)lleo < 1.

1

5. linear regression, p(y|lw,x) = o exp(—(y —w ' 2)?/20?), and ||p(y|w, 2)|lco < —

oV2r’

)

6. Gaussian model and PCA, p(z|u, X) = (27 det(E))_% exp < — 3 —p) S - u))
and [|p(z|, 3)[|oe < (27 det (X)) 77,
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B.4 Error Bound of Weighted Kernel Density Estimator

Before we start to prove the finite convergence in general case, we need to characterize the
error induced by weighted kernel density estimator. In this section, we analyze the error
in terms of both L; and Lo norm, which are used for convergence analysis measured by

K L-divergence in Appendix B.5 .

B.4.1 Li-Error Bound of Weighted Kernel Density Estimator

We approximate the density function ¢(#) using the weighted kernel density estimator ¢(6)
and would like to bound the L; error, ie. ||g(#) — ¢(0)|l1 both in expectation and with
high probability. We consider an unnormalized kernel density estimator as the intermediate

quantity

om(0) = — > w(6:) Ki(6,06;)

m
i=1

1
m
Note that E[o,,(0)] = Eo, [w(0:)Kn(0,60;)] = g * Kp. Then the error can be decomposed into
three terms as

e:=E[q(0) —q(0)], <E[(0) = om(O)ll, +Ellom(8) = Eom @)l + [Eom(d) —q(0)l,

Vv
normalization error sampling error (variance) approximation error (bias)

We now present the proof for each of these error bounds.
To formally show that, we begin by giving the definition of a special class of kernels and

Holder classes of densities that we consider.

Definition 43 ((5; u, v, 0)-valid density kernel) We say a kernel function K(-) is a (B; pu,v)-
valid density kernel, if K(0,0) = K(0 — 0) is a bounded, compactly supported kernel such
that

(i) [ K(z)dz=1

(ii) [|K(2)|["dz < oo for any r > 1, particularly, [ K(2)?dz < u? for some p > 0.
(iii) [2°K(2)dz =0, for any s = (s1,...,84) € N such that 1 < |s| < |B]. In addition,

[ 1211°|K (2)|dz < v for some v > 0.
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For simplicity, we sometimes call K(-) as a -valid density kernel if the constants p and v
are not specifically given. Notice that all spherically symmetric compactly supported prob-
ability density and product kernels based on compactly supported symmetric univariate
densities satisfy the conditions. For instance, the kernel K () = (2r)~%2exp(—||0]* /2)
satisfies the conditions with § = oo, and it is used through out our experiments. Further-

more, we will focus on a class of smooth densities

Definition 44 ((5; £)-Holder density function) We say a density function q(-) is a
(B; £)-Hélder density function if function q(-) is |[]|-times continuously differentiable on
its support  and satisfies

(i) for any zo, there exists L(zp) > 0 such that
la(z) = 4 (2)] < L(z0) ]|z = 20|, V= € ©

where qéf) is the | 8]-order Taylor approximation, i.e.

z—20)° 4
¢ (z2) = > (S!O)D q(20);
5=(51,..,84):|5|< 8]

(i) in addition, the integral [ L(z)dz < L.

fe CE(Q) means f is (B; L)-Holder density function.

Then given the above setting for the kernel function and the smooth densities, we can

characterize the error of the weighted kernel density estimator as follows.

KDE error due to bias

Lemma 45 (Bias) If q(-) € Cg(Q) and K is a (B; u,v)-valid density kernel, then

() — E[om(0)]|l; < vLRP.

148



Proof The proof of this lemma follows directly from Chapter 4.3 in [218].

Elon(0)]— a0) = |q* Kn(6) - q(6)]
= [ KT Da)dz — a(0)
= [ K C)lal0 +2) — a(O))dz

h
:/K (0 + hz) — q(6)]dz

< '/K )g(0 + hz) — gi (0 + hz))dz
/}K 70+ hz) — a(®))d
< /|K )|hz|Pdz + ‘/K 1047 (6 + hz) — q(6)]d=

Note that qéﬁ)(ﬁ + hz) — q(0) is a polynomial of degree at most |3] with no constant, by
the definition of (f3; u,v)-valid density kernel, the second term is zero. Hence, we have

|E[0m(0)] — q(0)] < vL(6)hP, and therefore

[Elen(®)] ~ @)l <vh® [ L)db < veh®.

KDE error due to variance

The variance term can be bounded using similar techniques as in [219].

Lemma 46 (Variance) Assume w,/p € L1 with bounded support, then

M\H

E lon(®) ~ Elen(®)ll <~ [ wyBdo-+o((mi) ).

Vmhz
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Proof For any 6, we have

o%(0) : = E [(m(9) — E[om(6)])*]

(w?q) * K7
m

721[5 0:)K72(0,60,)] — (g% Kp)? <

), then p(K) < p, JK*d§ =1 and

Denote pu(K) := 1/ [ K(8)2d6 and kernel KT (§) = K(Ig)Q,

1 K(0/h)K(0/h) e

K57 6) = K (0/d) = g g O — KR )
Hence,
2(6) < MQ(K)(;;Z)*K;T < MQ[(w%);ff;;f —whp] ui(lu;;p)_
Note that o(6) = \/E [(om(0) — E[lom @D = Elom(8) — E[om(6)]], hence

E llom(0) — Elom (0)]ll;

:/Egm(e)—E[gm<e)ud9</a(9)d9

(w?p) *K+—wp] 12 (w?p)
N W)

< i [/F‘”*/VW *K“wd@}
<W[/w\/ﬁdejt\/@.\//}(WQP)*K;_wzp’ d@}

From Theorem 2.1 in [219], we have [ }(w2p) * K; — w?p| df = o(1). Therefore, we conclude

that

Ellom(60) — Elom(0)] Jov/Blls + o((mh?)~2).

m
< P —
< Vmhd/2

KDE error due to normalization

The normalization error term can be easily derived based on the variance.
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Lemma 47 (Normalization error) Assume w./p € La

5 B L ) 1/2
E[|(6) - om(®)]]; < ﬁ(/ w(9)p(9)d0> |

Proof Denote w; := w(6;), then Elw;] = [w(0)p(f) do = 1 and E[w?] = [w?(0)p(0) db, for

any ¢ = 1,...,m. Hence,
|~ iw _ap=t /w2<9)p(9) do
m ' m '
Recall that ¢(6) = Z%lwl S wiKp(0,6;) and 0, (0) = = 3 wiKp(6,6;).

E1g(0) — em(0)ll,

g]E‘ szKhee ZwZKhHH
Zz 1

Dimy Wi 1
<E||l - 1= i KK 9,(97,
‘ m 1%‘;w w(8:6:)
7-71 Wy
<E[1- == g0,
m

Since || Kp|1 = [ 2 72K (0/h)df = [ K(0)df = 1, we have

Ellq(®) — em(9)l, < \/1% /w2(9)p(9) df = \}mllw\/ﬁllz

KDE error in expectation and with high probability

Based on the above there lemmas, namely, Lemma 45 - 47, we can immediately arrive at
the bound of the L; error in expectation as stated in Theorem 17. We now provide the

proof for the high probability bound as stated below.

151



Corollary 48 (Overall error in high probability) Besides the above assumption, let
us also assume that w(0) is bounded, i.e. there exists 0 < By < By < 00 such that By <

w(f) < Bo,V0. Then, with probability at least 1 — ¢,

oy _ 8 % L
13(0) —q@)|1 < vLh +\/mhd/2!\wx/l7||1+\/m!!w\/ﬁ||2

+\/1% /8B1 B3 10g(1/8) + o((mh?)~3).

Proof We use McDiarmid’s inequality to show that the function f(©) = ||g(0) — ¢(0)||,,

defined on the random data © = (61,...,0,,), is concentrated on the mean. Let 0 =

(01,...,05,...,0mn). We denote
w= (W), ., wln), ©@=w01),. .., wb;),...,w(0n))-

Denote k = (Kn(0,01), ..., Ku(0,0,)) and k = (K(0,01),..., Kn(0,0)),..., Kn(0,00)).
We first show that |f(©) — f(©')] is bounded.

1f(©) - f(©)
= [lde(®) - a®)ll; - [|d5(®) - (0], |
< jge(8) —ds ()|l

21‘11 Wik;i Z;il (ZJWE’Z

1

< (@5 —wy) - (D0 wiki) — (D0 wi)(Wiki — wik;)
(S w) - (o, &) 1
< ONJJ' — OJj ‘ (Ijiki — w]'k:]
(D0t @i) 00 doiny @ 1
< 2B1 B> n 2B1 B> < 4B1Bs
m m m

Invoking the McDiamid’s inequality, we have

m€2

Pr (£(0) — Eo[f(0)] > ¢) < p{_SBB} Ve >0
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which implies the corollary.

B.4.2 Lo-Error Bound of Weighted Kernel Density Estimator

Following same argument yields also similar Ls-error bound of the weighted kernel density
estimator, i.e. [|g(0) — q(0)|l2. For completeness and also for future reference, we provide

the exact statement of the bound below in line with Theorem 17 and Corollary 48.

Theorem 49 (Lo-error in expectation) Let ¢ = wp € C’g(Q) and K be a (5; p,v)-valid

density kernel. Assume that w?p € Ly and has bounded support. Then
E[3(6) — q(6)[2 < 20wmPr)? + 2 hd)~1

19) = a(O)llz < 2(wh"L)" + 5 lwv/pll3 + o((mh®) ™).
Proof The square Ls-error can also be decomposed into three terms.

E [13(0) — q(@)]1 < 4E () — em(0)lly +4E [[om(6) — E 0m(9)ll3+2  ||E 0 (6) — q(0)ll3

vV
normalization error sampling error (variance) approximation error (bias)

This uses the inequality (a + b+ 0)2 < 2a? + 4b? + 4¢? for any a, b, c. From Lemma 45, we
already have |E[op,(6)] — (@ 0) [ |K(2)||hz|Pdz, V6. Hence,

IELom(6)] — a(8)]3 < 0212 / L2(0)d6 < (v L)%, (B.5)
From proof for Lemma 46, we have

E [l0m(6) — Elon(9)]l5 = J Elom(0) — Elon(0)]1*d0 < [ o*(6) 6 (B.6)

[(w *K —w w 2 -
< 2 p) *pl Iy ( p) df < o |lw\/Bll3 + o((mh®)~1) (B.7)
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In addition, we have for the normalization error term,

~ 2 Z;ﬂ; ws z;’i wiKh(G,Gi) 2

E [13(6) — om(6) 3 < E|(1 - B ) TRl |/ (B.3)
m wi 2 2
<E 1 - Z2e K13 < 4wyl
Combining equation (B.5) , (B.6) and (B.8), it follows that
~ 2 B 2 8p° 2 dy—1

E13(0) = a(O)ll; < 20/h°L)" + —= 5w /pll2 + o((mh®) ™).

|

Corollary 50 (Ls-error in high probability) Besides the above assumption, let us also
assume that w(€) is bounded, i.e. there exists 0 < By < By < 0o such that By < w(f) <

By, V0. Then, with probability at least 1 — 9,
8 8u? _1y . 16B1Byu?
13(6) — (O3 < 20h°L) + /Bl + o((mh®) ™) + === /log(1/6).

Proof Use McDiarmid’s inequality similar as proof for Corollary 48. |

B.5 Convergence Analysis for Density Approximation

In this section, we consider the rate of convergence for the entire density measured by
K L-divergence. We start with the following lemma that show the renormalization does
not effect the optimization in the sense of optimal, and we show the importance weight
w(0) = MZM(G)) at each step are bounded under proper assumptions. Moreover, the
error of the prox-mapping at each step incurred by the weighted density kernel density

estimation is bounded.

Lemma 51 Let( = f\Q q:df, q; = l‘j_tc 1s a valid density on €2, then, (}f = 6?, where cj;“ =

argmingep(o) Fi(q; Ge), @ = argmingepoy Fi(g; @), and Fi(q; ¢') == (¢, v9) 1, + KL(qll¢).
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Proof The minima of prox-mapping is not effected by the renormalization. Indeed, such
~ ~ _

a fact can be verified by comparing to ¢ = argmin Fi(q; ) and g = argmin Fy(q; ;)

respectively.
- (72" p(0)] p(e] )N i 'Ytp(H)?p(ﬂftW)N% _
TLea) = pO a8~ a7 (o) planlo) s
|

Due to the fact, we use ¢, following for consistency. Although the algorithm updates

) M
based on ¢y, it is implicitly doing renoramlization after each update. We will show that g; 41

is an e-inexact prox-mapping
Lemma 52 Assume for all mini-batch of examples ||g,(0)||%, < M?, then we have
& < exp(2y M),

(a) exp(—27M) <
(0) (IVF( @)oo < 30M.
Proof Let Z := [ q.(0) exp(—v:9:(0))df. We have exp(—vM) < Z < exp(yveM).
(a) Since |lg:(0)||2, < M?, we have
7, (0 - 0
G (0) _ exp( ;tgt( ) « exp(23M).

exp(—2v:M)
Yegr + log(wy), it immediately follows

—
_ @ _
=Ygt +log L =
M + 2y M) = 3y M.

(b) Also, because VFy(q;")
tllgtlloo + [ 1og(wi)[oo

179t + log(we) || so

i) lle =

||VFt(Qt gt

Lemma 53 Let ¢ := (gt +10g(qi+1) —10g(@t), @41 — q), which implies g1 € Py (vigt)

hy = O(l)m;l/(d+26)

’

Let the bandwidth at step t satisfies

155



one can guarantee that

B

Eoletzy 1) 0p—n] < O(ACY (vL+ p)my 7.

In addition, with probability at least 1 — 0 in 9t|x[t_1], O1i—1), we have

)

N

__B _
e < O(1)ACK (VL + p) (mt 204 /log (1/8)m,

where O(1) is some constant.

Proof Note that since ¢, () = G:(0) exp(—vg:(0))/Z, where G:(0) = > a; Kp, (0 — 6;),
and g4(0) = log(q:) — log(p) — N log(p(x¢|#)). By our assumption, we have ¢ € Cg(Q) and

exp(—gt) € CE(Q); hence, cjj € CE(Q)

e = (gt +log(qrs1) — log(q), 1 — q)

= (g + log(@) —log(@t), qi+1 — q) + (log (Gi+1) — 10g(§;r),(7t+1 —q)

< AG — ¢ || 11 — all
< A G =@ |y (G llo + llall)
< A (Gl + Coo) [|Ge1 — 7] -

Based on the definition of ¢;41, we have

1 1
~+ o~ ~ ~+ ~ ~+ ~J’_
q; — Qe+1lj1 = Qt+1 — ¢, = ——||@+1 — G +CG |
H t H H 1 _C t L 1 . C t t
1 ¢
< - ~ . ~+ >
1_C||f1t+1 a4 H1+1—C

= |la+1 — @'l + ¢+ o(C + G+ — @' ll)-
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Similarly,

1" — G+ l2

1
Hl_c(fitﬂ —q)+ 1Equr

2
1
< m”@tﬂ — G2+ (1_<O||§QLH2

< A+ OlGer — & M2 + <l 1z + o(Clg Iz + Cllg — @ ll2).

Recall ( =1— [, Gi1 = (1, G — Gis1) < ||Ge1 — G |1, we can simplify the Ly and Ly error

as

@41 =@ e = 20G+1 = G [+ o(llGerr — @' 1),

N

G — Gegrl2 IGer1 — @' ll2 + 16 l2llGerr — G712

to(llGi+1 — @ llz + 13 21l Ge+1 — @ [11)-

The last inequality for Ly error comes from Jensen’s inequality. We argue that ||gi4+1]co is
finite. Indeed,

N 1 - - -

[Gt+1lle = a-o Gt+1lloe < (14 Q) |G+l + 0 (Cll G411l 50)

Gt exp(—19t)

’ +o(lall)

‘ oo

= sl + 0 (lesll) = \

N

exp (2v: M) + o ([|Gt+1l o)

oo

Z CME—HK}L(Q - 91)

exp (27 M) Cilla"H|oo + 0 (Ges1ll o) < exp (296M) Cj, + 0 (exp (27 M) Cy,) -

N

Therefore, we have

€r < 2A (exp (27 M) Cx 4+ Coo + 0 (exp (27 M) Ck)) chtH — E]’f”l +o0 (H(]tﬂ - (j;rHl) .
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Applying the result of Theorem 17 and Lemma 48 for ¢;+1 and qj we have

Eglet|w—_1j, Op—1)]

< 2A (exp (2’th) Cr+ Coo +0(exp (27 M) Cy)) ®

vLh? + —E /@ + —quiug + o((meh)~2)
,/mth?/Q VAL !

+o0 (l/ﬁhtﬁ d/2 |wt\/q>t||1 + ||Wt\/q>t||2>

\/mt t

Under the Assumptions, we already proved that |w;|so < exp(2y;M), hence, |lwiv/Gl|3 <
exp(4v:M). Without loss of generality, we can assume [ /§:(0)df < O(1) and M < O(1)
for all ¢, then we can simply write ||wiv/@ 1 < O(1) and |lwiv/Gl|3 < O(1).

When h; = O(l)m{l/(d+26), the above result can be simplified as

_B
Egleday—1), 0p-1] < O(D)AC, (vL+ p)m, 77

Similarly, combining the results of Corollary 50, we have with probability at least 1 — 4,

e¢ < 2A(exp (294 M) Cy + Coo + 0 (exp (29: M) C)) @

1
VN i‘mdﬂ o/l + /Al + e VBB ToB(1/8) + ol (mehf) )
me D
+o | venl + ||wt\/q7||1+wt¢q?|z>,
( m yihi?

which leads to the lemma.

Our main Theorem 19 follows immediately by applying the results in the above lemma
to Theorem 15.

Proof of Theorem 19 We first notice that

E[KL(¢*||gr)] = E [/q log — dﬁ] [/q* log gd@—i—/q* log ({Tdﬁ]
ar ar

— E[KL(¢|ar)] + E [ [0 gijde] |
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For the second term,

—~ 1
1= 4
B U q" log C{T‘w} =B [<q*’10g L@y | Z B [(g*, — log(1 — ¢r)]
qr qr

= E[-log(1—¢r)] < (7 + o(¢r)

N

Ellgr — (jjtlel + o(Ellgr — fﬁul\h)
By Theorem 17 and setting hy = O(1)m, 1/(d+2p ), we achieve the error bound
o __B_
E [ / ¢ log ‘{Tde} < Com, T77,
qr

where Co := O(1)(u + vL).

Meanwhile, from Lemma 53, we have

Eoq [et\x[t,l] , G[t,”] < Clm;ﬁ/(d+2ﬁ) ’

where C; := O(1)ACy), (vL + p). Expanding the result from Theorem 15, it follows that
2
EpolK L(q"||de41)] < (1 = 1) KL(q"[[d0)] + Comy 7/ 4 2202,

by setting v The above recursion leads to the convergence result for the second

_ 2
Tot+1

term,

__B
2max { D1, M?} Lo Zle t2m,

E[KL(q*||g <
K L(q" | |ar)] - 2

Combine these two results, we achieve the desired result

B
2max { D1, M?} L ST t2m,
T ! T2

__B_
E[KL(q"|lgr)] < +Camy .

|
Remark: The convergence in terms of K L-divergence is measuring the entire density and

much more stringent compared to integral approximation. For the last iterate, an overall
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O(#%) convergence rate can be achieved when m; = O(t>*%/5). Similar to Lemma 42, with
Pinsker’s inequality, we could easily obtain the the rate of convergence in terms of integral
approximation from Theorem 19. After T steps, in general cases, the PMD algorithm
converges in terms of integral approximation in rate O(1/+v/T) by choosing O(1/t)-decaying

d
stepsizes and O(t2+ﬁ )-growing samples.

B.6 Derivation Details for Sparse Gaussian Processes and Latent Dirichlet

Allocation

We apply the Particle Mirror Descent algorithm to sparse Gaussian processes and latent
Dirichlet allocation. For these two models, we decompose the latent variables and incor-
porate the structure of posterior into the algorithm. The derivation details are presented

below.

B.6.1 Sparse Gaussian Processes

Given data X = {x;}",, z; € R! and y = {y;}"_;. The sparse GP introduce a set of

inducing variables, Z = {2}, 2 € R?! and the model is specified as

p(ynlu, Z) = N(yn\Kan%,lnu,f()

p(u|lZ) = N(u|0, Kpm).

where Ky = [k(2i, 2))ij=1,...m» Knm = [k(zi, 2j)]i=1,...n;j=1,...m. For different K, there are
different sparse approximations for GPs. Please refer [128] for details. We test algorithms
on the sparse GP model with K = 871I. We modify the stochastic variational inference for
Gaussian processes [123] for this model. We also apply our algorithm on the same model.
However, it should be noticed that our algorithm could be easily extended to other sparse
approximations [128].

We treat the inducing variables as the latent variables with uniform prior in sparse

Gaussian processes. Then, the posterior of Z,u could be thought as the solution to the
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optimization problem

Z
min /q(Z,u)log a(Z,u)
p

————ud”Z — /q Z,u)log p(y;|xi, u, Z)dudZ
R Dt " ~ 2 | 12 Wlogplules, v, 2)

The stochastic gradient of Eq.(B.9) w.r.t. ¢(Z,u) will be
1 1
9(a(Z,w)) = ~logg(Z,u) — —logp(Z)p(u) —log p(yilxi, u, Z)

and therefore, the prox-mapping in t-step is

q(Z,u)
g (Z, )\ =/mp(Z, a)ve/n

min /q(Z, u) log

udZ — %/q(Z u) log p(yi|zi, u, Z)dudZ
q(Z,u)

which could be re-written as

. q(Z)
min Z)< lo
q<Z>q<uZ>/Q( ){ gqt(Z)l‘%/%(Z)%/"

q(u|Z) } }
+ ulZ)|lo Y lo i | Tiy W, Z)|da ydZ
/q( | )[ th(U|Z)1 %/”p(u\Z)%/” +log (i )

L(q(u]2))

We update ¢;+1(u|Z) to be the optimal of L(g(u|Z)) as

G1(uZ) o q(u|2)1 M p(u] Z2) M p(y;| i, v, Z)
= N(ulmg, 67 YN (0]0, Kipn) "N (43| Ko K iy, T)

= N(u|mt+176t_+11)
where T' = diag(Ki; — Qi) + 87, Qii = Kim Kby K,

Stp1 = (1 —/n)0 + v /nK b+ v K K, L TVK L K

M1 = 5;_11 ((1 — 'yt/n)<5t_1mt + v /nEK, L mg + ’yth,lﬂKmif‘ly)
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Plug this into the L(g(u]Z)), we have

a(ul2)
(a2

La(wlz) = [ atl2)|log ~sulogpule v, )| do

= —logp(yi|zi, Z)

where
Bles2) = [ a(al2)' " p(al 27 s 0, 2) da
= /N(u|mt,5t1)1_%/"N(u|0,Kmm)%/"/\/(yﬂKimK;}nu, )" du
= N@ilKimK e, %)
where
Sie1 = (L—7/n)d + /K,
c = Stjrll <(1 — Y /n)dpmy + 'yt/nKT;%@m())
- 1
Y = KK 60 KoK + —T
Yt
Solve

. (%) / _
min Z) 1o dz — Z) 1o iz, Z2)dZ
min [[(2) 10— 000z — [ a(2)togitue 2

will result the update rule for ¢(2),
a1(2) o< () " p(2) By, Z)

We approximate the ¢(Z) with particles, i.e., ¢(Z) = Zé‘:1 w?§(Z7). The update rule for
w’ is
Wi, = zfi' exp(—y/nlog(wy) + u/nlog p(Z) + log p(yili, 27))
> w] exp(—y¢/nlog(w]) + v /nlog p(Z7) + log p(yi|zi, Z7))
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B.6.2 Latent Dirichlet Allocations

In LDA, the topics ® € RE*XW are K distributions on the words W in the text corpora.
The text corpora contains DD documents, the length of the d-th document is Ny. The
document is modeled by a mixture of topics, with the mixing proportion §; € R™X,
The words generating process for X, is following: first drawing a topic assignment zg,,
which is 1-by-K indicator vector, i.i.d.from 64 for word zy, which is 1-by-W indicator
vector, and then drawing the word x4, from the corresponding topic ®,, . We denote
za = {zan}nty € RVNK gy = {ag, )0 € RVW and X = {ag}2 .2 = {Zs}1, .

Specifically, the joint probability is

(x4, 24,04, ) = p(xq|za, P)p(2alfq)p(0q)p(P) (B.10)
Ngy W K
p(walza, @) = 1T Hq’zd"wd"w
n=1w=1 k=1
N, K
p(zalba) = T ] 05

S
Il
—
i
A

The p(®) and p(#) are the priors for parameters, p(fy]a) = I‘(a)K Hk 05 Land p(®|6y) =

[ IE(;Z’)B)SV Iy CIDI’BUU,C ! both are Dirichlet distributions.
We incorporate the special structure into the proposed algorithm. Instead of modeling

the p(®) solely, we model the Z = {Z}dD:1 and @ together as ¢(Z, ®). Based on the model,

given Z, the ¢q(®|Z) will be Dirichlet distribution and could be obtained in closed-form.

The posterior of Z, ® is the solution to

D
. / 9(Z, ®) 1
min — [ ¢(Z,®)log ——~—~5dZdP — — /q Z,®)log p(xq|zq, ®)dZdP
q(Z,®) D (2,2) p(Z]a)p(®|6) D; ( ) (zd|za, )

We approximate the finite summation by expectation, then the objective function be-

comes

1 9(Z, ®)
min D/q(Z,CI))log Z|

——__47d® —E, / Z,®)logp(xg|lzq, ®)dZd®| (B.11
q(Z,®) p(Z|a)p(®|3) [ q( ) log p(xalzd, P) ( )

We approximate the ¢(Z) ~ Y"1 | w'§(Z") by particles, and therefore, ¢(Z, ®) ~ > 1", w'
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where P(®|Z?) is the Dirichlet distribution as we discussed. It should be noticed that from
the objective function, we do not need to instantiate the z4 until we visit the x4. By this
property, we could first construct the particles {Z?}™, ‘conceptually’ and assign the value

to {2/}, when we need it. The gradient of Eq.(B.11) w.r.t. ¢(®,Z) is
1 1
9(4(Z,®)) = 4 logq(Z, @) — 1 logp(®)p(Z) — Exlog p(z4|, za)]

Then, the SGD prox-mapping is

. q(Z, ®)
min Z,®)lo
4(2,9) /q( ) ®a(Z.®)

+%/q(Z,¢>){loth(Z@)/D—logp@)p(Z)/D—logp(wdl‘I’,Zd) dzd®

We rearrange the prox-mapping,

. 4(2)q(®|2)
Z)q(®|Z)]
o Z2)0(12) /Q( N2 08 Py (@l 2P

- %/Q(Z)q(q?lZ)[logp(q’)p(Z)/D+10gp(xd|<1>,zd) dZd®

. q(2)
min Z)1 lo
4(Z)a(®|2) /Q( ){ & @(Z) = /Dp(Z) D
q(®|2)
+ /Q(¢|Z)|:log Qt(q)|Z)17%/Dp((I))%/D _’Ytlogp(l‘d|(bazd) d® »dz
L(q(®]2))

The stochastic functional gradient update for ¢(®|Z?) is
Gr+1(2127) o< qu(@127)' P (@) P (4| @, 24)
Let q;(®|Z%) = Dir(B}), then, the ¢ 1(®|Z?) is also Dirichlet distribution

i . aiNI=T 1y 5 S 8 (zank=1,Tdnw=1) b .o
qe1(P|Z") D”"(ﬁt) " Dir(fo)" | | | | q)kwn e = DZT(BH—I)
k w
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where 4y = /D and
Ny
[/Btl—i-l]kw = (1 - ’?t)[/gtz]kw + %ﬁo + Dﬁ/t Zé(zdnk = ]-a Lanw = 1)
n
In mini-batch setting, the updating will be
B Ny

) ) D
[BZ—&-l]kw = (1 - ,S/t)[ﬁﬂkw + '?tﬁi) + E’?t Z Z 5(Zdnk = 17 Ldnw = 1)
d=1 n

Plug the ¢;11(®|Z%) into prox-mapping, we have

(®|2)
)1*’7tp(<1))’~7t

La@|2) = [ a0l2)] 05 ot ~ Dilog plal®, z0) |

= —logp(zalzd, 2)

where p(z4|za, Z°) = [ q:(®|Z7) 7 p(®) ¥ p(24|®, 24)P7*dP which have closed-form

a2, Z1) = / 01 (®| Z) T p(®) e p(a| @, )P dD

Dy
— /D’LT 61 1-— %DM, BZ <HH(I) 5 zdnkl,xdnwl)> AP

DY 1Bk) N7 (TW o)\ Ty DB 1 ]kw)
11 <Hw F([ﬁé]m)) <F(60)W> T3, 181 1 )kw)

and

w
log p(wdlza, Z') o< Y ((1 —50)10g T(Y _[81kw) + Y log T([841]ku)

k

— 10T B alen) — (130 S lorT ()

w

Then, we could update ¢;(Z) = > w'd(Z?) by
gt41(2") o< q(Z") exp ( - % log g+(Z°) + % log p(Z*|cr) + log p(xd| 24, Zi))

If we set a = 1, p(Z%) will be uniformly distributed which has no effect to the update. For

general setting, to compute log p(Zi|), we need prefix all the {z7}2 . However, when D
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is huge, the second term will be small and we could ignore it approximately.

Till now, we almost complete the algorithm except the how to assign z; when we visit z4.
We could assign the zg randomly. However, considering the requirement for the zfi assign-
ment that the q(zfl|Z< 2) > 0, which means the assignment should be consistent, an better
way is using the average or sampling proportional to [ p(z4|®, zd)qt((I>|Zi)p(zd|Z{m’dil)d@

where p(24|Z; 4 1) = [ P(zale)p(alZ] 4 1)der, or [ p(za|®, 2a)q (P 2% )p(2alc)de.

B.7 More Related Work

Besides the most related two inference algorithms we discussed in Section (4.5), i.e., stochas-
tic variational inference [106] and static sequential Monte Carlo [91, 92], there are several
other inference algorithms connect to the PMD from algorithm, stochastic approximation,
or representation aspects, respectively.

From algorithmic aspect, our algorithm scheme shares some similarities to annealed
importance sampling (AIS) [116] in the sense that both algorithms are sampling from a
series of densities and reweighting the samples to approximate the target distribution. The
most important difference is the way to construct the intermediate densities. In AIS, the
density at each iteration is a weighted product of the joint distribution of all the data and a
fized proposal distribution, while the densities in PMD are a weighted product of previous
step solution and the stochastic functional gradient on partial data. Moreover, the choice
of the temperature parameter (fractional power) in AIS is heuristic, while in our algorithm,
we have a principle way to select the stepsize with quantitative analysis. The difference
in intermediate densities results the sampling step in these two algorithms is also different:
the AIS might need MCMC to generate samples from the intermediate densities, while we
only samples from a KDE which is more efficient. These differences make our method could
handle large-scale dataset while AIS cannot.

Sequential Monte-Carlo sampler [115] provides a unified view of SMC in Bayesian in-
ference by adopting different forward/backward kernels, including the variants proposed
in [91, 92] as special cases. There are subtle and important differences between the PMD

and the SMC samplers. In the SMC samplers, the introduced finite forward/backward
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Markov kernels are used to construct a distribution over the auxiliary variables. To make
the SMC samplers valid, it is required that the marginal distribution of the constructed
density by integrating out the auxiliary variables must be the exact posterior. However,
there is no such requirement in PMD. In fact, the PMD algorithm only approaches the
posterior with controllable error by iterating the dataset many times. Therefore, although
the proposed PMD and the SMC sampler bare some similarities operationally, they are
essentially different algorithms.

Stochastic approximation becomes a popular trick in extending the classic Bayesian in-
ference methods to large-scale datasets recently. Besides stochastic variational inference,
which incorporates stochastic gradient descent into variational inference, the stochastic gra-
dient Langevin dynamics (SGLD) [93] and its derivatives [95, 96, 97] combine ideas from
stochastic optimization and Hamiltonian Monte Carlo sampling. Although both PMD and
the SGLD use the stochastic gradient information to guide next step sampling, the opti-
mization variable in these two algorithms are different which results the completely different
updates and properties. In PMD, we directly update the density utilizing functional gradi-
ent in density space, while the SGLD perturbs the stochastic gradient in parameter space.
Because of the difference in optimization variables, the mechanism of these algorithms are
totally different. The SGLD generates a trajectory of dependent samples whose stationary
distribution approximates the posterior, the PMD keeps an approximation of the posterior
represented by independent particles or their weighted kernel density estimator. In fact,
their different properties we discussed in Table 4.1 solely due to this essential difference.
After the PMD has been developed, the Stein variational gradient descent (SVGD) [121,
220] extends the functional gradient technique to the optimization problem (4.2) for the
posterior family which is constructed by flows transformed through RKHS functions, re-
sulting an interactive sampling algorithm. [220] justifies the SVGD as gradient flows and
characterizes its asymptotic property, however, the convergence rate of SVGD is not clear
yet. Algorithmically, comparing to PMD which can increase the sample size arbitrarily, the
SVGD needs to fix the sample size at first step and cannot be changed during the whole
algorithm.

A number of generalized variational inference approaches are proposed trying to relax
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the constraints on the density space with flexible densities. Nonparametric density family
is a natural choice!. [119] and [118, 120] extend the belief propagation algorithm with
nonparametric models by kernel embedding and particle approximation, respectively. The
most important difference between these algorithms and PMD is that they originate from
different sources and are designed for different settings. Both the kernel BP [119] and
particle BP [118, 120] are based on belief propagation optimizing local objective and designed
for the problem with one sample X in which observations are highly dependent, while the
PMD is optimizing the global objective, therefore, more similar to mean-field inference, for
the inference problems with many i.i.d. samples.

After the comprehensive review about the similarities and differences between PMD and
the existing related approximate Bayesian inference methods from algorithm, stochastic
approximation and representation perspectives, we can see the position of the proposed
PMD clearly. The PMD connects variation inference and Monte Carlo approximation,

which seem two orthogonal paradigms in approximate Bayesian inference, and achieves a

balance in trade-off between efficiency, flexibility and provability.

B.8 Additional Experiments

B.8.1 Sparse Gaussian Processes

1D Synthetic Dataset

We test the proposed algorithm on 1D synthetic data. The data are generated by

y = 322 + (sin(3.537x) + cos(7.7rx)) exp(—1.67|z|) + 0.1e

where x € [—0.5,0.5] and e ~ N (0,1). The dataset contains 2048 observations which is small
enough to run the exact GP regression. We use Gaussian RBF kernel in Gaussian processes
and sparse Gaussian processes. Since we are comparing different inference algorithms on the
same model, we use the same hyperparameters for all the inference algorithms. We set the

kernel bandwidth o to be 0.1 times the median of pairwise distances between data points

! Although [117, 108] named their methods as “nonparametric” belief propagation and “nonparametric”
variational inference, they indeed use mixture of Gaussians, which is still a parametric model.

168



05 0s 0s
o’\’\/\/\/‘ . )
s 05 05
=1 -1 -1

(1) Tteration 0~ (2) Tteration 1~ (3) Tteration 5 (4) Iteration 10
‘ ‘ o
% _:
’ (5) Tteration 20 (6) Tteration 50 (7) Iteration 80 = numberofdapoms
(8)Posterior
Convergence

Figure B.1: Visualization of posterior prediction distribution. The red curve is the mean
function and the pale red region is the variance of the posterior. The cyan curve is the
ground truth. The last figure shows convergence of the posterior mean to the ground truth.

(median trick), and 371 = 0.001. We set the stepsize in the form of noz\/i for both PMD

and SVI and the batch size to be 128. Figure. B.1 illustrates the evolving of the posterior

provided by PMD with 16 particles and 128 inducing variables when the algorithms visit
more and more data. To illustrate the convergence of the posterior provided by PMD, we
initialize the u = 0 in PMD. Later, we will see we could make the samples in PMD more

efficient.

B.8.2 Latent Dirichlet Allocation

The log-perplexity was estimated using the methods discussed in [124] on a separate holdout

set with 1000 documents. For a document x4 in holdout set, the perplexity is computed by

Zivil Ing(SUdn|X, a, 6))

perp(zq|X, o, B) = exp ( = N,

where

p('xd’n|X7 «, ﬂ) = Eed,i’ [9;—¢,xdn] . (B12)
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Figure B.2: Several topics learnd by LDA with PMD.

We separate the documents in testing set into two non-overlapped parts, xesmmatlon and

xzvaluation. We first evaluate the 6; based on the xfftimation. For different inference methods,

we use the corresponding strategies in learning algorithm to obtain the distribution of 84

based on z&timation We evaluate p(z4,|X, o, 3) on z&Valuation with the obtained distribution

of 04. Specifically,

evaluation

T
p(.Tdn |X, «, /8) = Eq>|X“B]E9§valuation‘¢7a7m§stimation |:9d (I)‘Jdn:|

For PMD, SMC and stochastic Langevin dynamics,

ZNsstimation 5(Zestimation _ 1) + o
Hevaluation _ n=1 dnk —
dk - Ncel:stimation + Ka

For stochastic variational inference, ¢(4) is updated as in the learning procedure.

We illustrate several topics learned by LDA with our algorithm in Figure.B.2.
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APPENDIX C
PROOF DETAILS AND EXTENSION OF DUAL EMBEDDING
IN CHAPTER 5

C.1 Interchangeability Principle and Dual Continuity

Lemma 20 Let £ be a random variable on = and assume for any & € E, function g(-,§) :

R — (—00,400) is a proper and upper semicontinuous concave function. Then

Belmax g(u, ] = max_ Eelg(u($), &)

where G(Z) = {u(-) : 2 — R} is the entire space of functions defined on support =.
Proof First of all, by assumption of concavity and upper-semicontinuity, we know that for

any & € E, there exists a maximizer for max,, g(u, £); let us denote as uz We can therefore

define a function u*(-) : X — R such that u*(§) = v, and thus, u*(-) € G(E). Hence,

Eelmaxeg(u, )] = Eelo(u*(€).9)] < | max Eelg(u(¢). O]

On the other hand, clearly, for any u(-) € G(2) and £ € Z, g¢(u(§),§) < maxyer 9(u, ).

Hence, E¢[g(u(), )] < E¢[maxycr g(u, §)], for any u(-) € G(Z). This further implies that

u(‘r)neag%) Eelg(u(§), )] < Ee [%1&%9(“’ €)].

Combining these two facts leads to the statement in the lemma. |

Proposition 21 Suppose both f(z,x) and p(z|x) are continuous in x for any z,

(1) (Discrete case) If the loss function €y(v) is continuously differentiable in v for any

y € Y, then u*(x,y) is unique and continuous in x for anyy € Y;
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(2) (Continuous case) If the loss function £,(v) is continuously differentiable in (v,y),

then u*(z,y) is unique and continuous in (x,y) on X X ).

Proof The continuity properties of optimal dual function follows directly from the fact
that u*(z,y) € 94y (E,|;[f(2,2)]). In both cases, for any y € Y, £,(-) is differentiable. Hence
u*(x,y) = L, ([ f(z,2)p(z|x)dz) is unique. Since f(z,z) and p(z|x) is continuous in z for
any z, then E,|,[f(z,)] is continuous in z. Since for any y € Y, £, (-) is continuous, the
composition u*(x,y) is therefore continuous in x as well. Moreover, if £, () is also continu-

ous in y € Y, then the composition u*(x,y) is continuous in (z,y). |

Indeed, suppose ¢,(-) is uniformly L-Lipschitz differentiable for any y € Y, f(z,z) is u-
niformly M -Lipschitz continuous in x for any z, p(z|x) is M,-Lipschitz continuous in x.

Then

IU*(xla y) - U*(x%y)’ =

¢ </f(z,x1)p(z\x1)dz> v (/f(z,@)p(z]m)dz)‘

< L/!f(z,x1)p(ZIfU1) — f(z,2)p(2|x2)|dz
<L / (1) — F(z20) p(z)r)dz
v I / £ (2 22)| - [p(=]21) — p(z|)|dz

< EMyles = 2|+ Lhplar — aalsup [ 17z, )ldz
xT

If for any f(z,x) is Lebesgue integrable and [ |f(z,z)|dz is uniformly bounded, then u*(x,y)
is also Lipschitz-continuous for any y € Y. Moreover, if in addition, ¢,(v) is also Lipschitz

differentiable in (v,y), then u*(x,y) is also Lipschitz continuous on X' x ).

C.2 Stochastic Approximation for Saddle Point Problems

Consider the stochastic saddle point (min-max) problem

i ) =E[F
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where the expected value function f(z,y) is convex in x and concave in y, and domains

X,Y are convex closed. Let z = [z,y] and G(2,§) = [VFy(x,y,§); =V E,(z,y,£)] be the

stochastic gradient for any input point z and sample £. Let || - || be a norm defined on the

embedding Hilbert space of Z = X x Y, and D(z,2') := w(z) — w(2') — Vw(z')(z — 2)

be a Bregman distance on Z defined by a 1-strongly convex (w.r.t. the norm || -||) and
1

continuously differentiable function w(z). For instance, when w(z) = 3||z|?, the Bregman

distance becomes D(z,2') = ||z — 2/||%.

Mirror descent SA The mirror descent stochastic approximation [70] works as follows:

zi = argmin{D(z, z;) + v:G(z, &) },i=1,...,t.
zZ€EZ

The quality of an approximate solution z = (Z, ) is defined by the error

€gap(7,9) = max (7, y) — & + &7 — min &(z, §) = max &(z,y) — min &(z, ),

by

t
s i 24 . .
i%%, the convergence properties of this

i=1 i

where ®* denotes the optimal value. Let z; :=

weighted averaging solution is as follows.

Lemma 54 [70] Suppose E|[||G (2, &)||?] < M2, Vi, we have

2max,cz D(z,21) + IM2 S 2
Zf:l Vi

E[fgap(«%tv gt)] <

In particular, when ; = %, Vi = 1,...,t, we have

\/%7
_ 5 ) 1
E[Egap(xtayt)] S (2 IZHeaZXD(Z’Zl)/,-y + §M ,}/)%

2D

Moreover, suppose D? = max,cz D(z,21) and M? are known, by setting v = NGV

further have

Elegap(T¢, 7t)] < Mf/?]w

To summarize, the mirror descent stochastic approximation achieves an O(1/+y/t) conver-
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gence rate (also known to be unimprovable [70]). Our Embedding-SGD algorithm 4 builds

upon on this framework to solve the saddle point approximation problem (5.14).

C.3 Convergence Analysis for Embedding-SGD

C.3.1 Decomposition of generalization error

Let f4 be the optimal solution to our objective. Denote I:(f) = max, s ¢(f,u). Invoking
the Lipschitz continuity of ® , L(f) — L(f) < (K + C)&(6),Vf. Therefore,

< €gap (f1, ) + 2(K + C)E(5).

C.3.2 Optimization error

Proof of Theorem 22 Our proof builds on results of stochastic approximation discussed

in the previous section. Let M; and Mj be such that for any f € {f;}l_; and u € {u;}}_,,
oz [V £ ®ay, (f, w)lIF] < ME

Eac,y,Z[||Vu<i>x,y,Z(fa U)H%{] < M22
Then from Lemma 54, we have

2(D% + D2)) + S(ME + MZ) >t +?

25:1 Vi

E[Egap(ft:gt)] < (C'l)

where D% = sup;cr 5[ f1 — fII3 and D}, = sup,cys 3llur — ull3, < 26. It remains to find

upper bounds for M; and Ms. Note that since ||k(w,w')|oo < k for any w and W/,

E[|Vubay,:(f,u)l3] < &E[f(z2) = Ve (u(@)]?] < 26(MF + c).
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Since u(z) = (u(-), k(z, )y, from Young’s inequality, we have [u(z)| < 1||ul3,+5[k(z,)|%, <

3(6 4+ k), for any w € X.

vy IV s ay,- (0l = Elll(z,2)|IFu(@)’] < 16+ £)*Cr.

Plugging in M? = 2k(Mr + ¢;) and M3 = (5 + £)?Cr to (C.1) and setting v, = v/V/%, we
arrive at (5.16). m

C.4 Gradient-TD2 As Special Case of Embedding-SGD

Follow the notation in section 5.5, with the parameterization that V7 (s) = 67(s) and

u(s) = nTy(s), where 1(s) = [i(2)]%, € R 0,7 € RY, the optimization becomes

i max $(0,7) = BB s [Aa(s, 0, 8)0(5) 0] =SB 00w (), (C2)

where Ag(s,a,s') = R(s,a) +~v0 1 (s') — 0" 4(s). For arbitrary 6, we have the closed form
of n(#)* which achieves the maximum of @(0,17). Specifically, we first take derivative of
o(0,n) wr.t. 1,

Vi ®(0,1) = Esa [Do(s,a,5)0(5)] — Es [1()0(s) Tn)] | (C.3)

and make the derivative equal to zero,

n(0)" = Eq [0(s)(9)T| Epas [Dals,a,8)0(5)] (C.4)

Plug the 7(6)* into ®(6,7), we achieve the optimization

minE, o0 [Ao(s,a,8)6() | B [0(0)0(5) ]| Baaw [Bals,a,)(s)],  (C5)

which is exactly the objective of gradient-TD2 [139, 140]. Plug the parametrization into the

proposed embedding-SGD, we will achieve the update rules in i-th iteration proposed in
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gradient-TD2 for 6 and n as

i1 = N+ 'Yi[A@(Sﬂ a, S,) - UZ(S)WJ(S)’
Oiv1 = 0 —viui(s)(yh(s") —(s)).

Therefore, from this perspective, gradient-TD2 is simply a special case of the proposed

FEmbedding-SGD applied to policy evalution with particular parametrization.

C.5 Dual Embedding with Arbitrary Funtion Approximator

In the main text, we only focus on using different RKHSs as the primal and dual function
spaces. As we introduce in section 5.1, the proposed algorithm is versatile and can be
conducted with arbitrary function space for the primal or dual functions. In this section,
we demonstrate applying the algorithm to random feature represented functions [62] and
neural networks. For simplicity, we specify the algorithms with either kernel, random fea-
ture representation or neural networks for both primal and dual functions. It should be
emphasized that in fact the parametrization choice of the dual function is independent to
the form of the primal function. Therefore, the algorithm can also be conducted in hybrid
setting where the primal function uses one form of function approximator, while the dual
function use another form of function approximator.

Instead of solving (5.14), in this section, we consider the alternative reformulation by
penalizing the norm of the dual function, which has been widely used as an alternative to
the constrained problem in machine learning literatures, and is proven to be more robust
often times in practice,

. )\1 2 )\2 2
® = -= :
min max (f,u) + 117 = 5 Nl (C.6)

It is well-known that there is a one-to-one relation between dx, § and A1, As, respectively,
such that the optimal solutions to (5.14) and (C.6) are the same. The objective can also
be regarded as a smoothed approximation to the original problem of our interest, see [177].
Problem (C.6) can be solved efficiently via our Algorithm 4 by simply revoking the projection

operators.
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C.5.1 Dual Random Feature Embeddings

In this section, we specify the proposed algorithm leveraging random feature to approximate
kernel function discussed in Chapter 3. For arbitrary positive definite kernel, k(z, x), there
exists a measure p (w) on €2, such that k(z,2") = [ bu () dw (2" )dp(w) [20, 21], where random
feature (;Aﬁw () : X = R from Ly(&X, p). Therefore, we can approximate the function f € H
with Monte-Carlo approximation f € H™ = o @ngl()mﬁ”Z < C} where {w;},
sampled from p(w) [64]. With such an approximation, we obtain the corresponding dual
random feature embeddings variants.

Denote the random feature for k(-,-) and k(-,-) as @w() and éﬁ\w() with respect to
distribution j(w) and p(w), respectively, we approximate the f(-) and u(-) by f(-) = 87 ()
and i) = ' ¢(-), where 8 € R™1 5 € RPXL 4(-) = [tha, (1), Yy (), - - - 11w, ()] T with
(@} ~ p(w) and ¢(-) = [bun (-)s Pus()s- -+ um ()] T with {w;}?_; ~ p(w). Then, we
have the saddle point reformulation of (5.1),

, ~ ~ ~ . T A A
minmax $(0,1) = ExyBupy |07 0(,2)0(x,9) 0 = 0" 9e,9)] + 1017 = Fml*(C.7)

Apply the proposed algorithm to (C.7), we obtain the update rule in i-th iteration,

Oiv1 = (1—% )0 — %’ﬂ(ﬂﬁz’,yz‘)?Z(Zm ),

Niv1 = (1= )ni + 7] fi(2i, 1) — Vi (g, i) (i, yi)-

We emphasize that with the random feature representation will introduce an extra
approximation error term in the order of O(1/y/m). To balance the approximate error and

the statistical generalization error, we must use m sufficiently large.

C.5.2 Extension to Embedding Doubly-SGD

To alleviate the approximation error introduced by random feature representation, we can
further generalize the algorithmic technique about doubly stochastic gradient in Chapter 3
to the saddle point problem (C.6), which can be viewed as setting m to be infinite concep-

tually, therefore, eliminate the approximation error due to random feature representation.
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The embedding doubly-SGD is illustrated in Algorithm 6,

Algorithm 6 Embedding-Doubly SGD for (C.6)

1: Input: p(z,y), p(z|z), p(w), p(w), {7 > 0}
2: fori=1,...,tdo
3:  Sample x;,y; ~ p(x,y).
4:  Sample z; ~ p(z|z;).
5. Sample w; ~ p(w) with seed i
6:  Sample &; ~ p(w) with seed i
7. Compute f; = Predict(z;, z;, {aj}z-:l)
8:  Compute u; = Predict(z;, y;, {@};Zl)
9 i = viwi(zi, yi) s, (20, ).
10: Biv1 = vilfi(zi, 2:) — V&, (ui(i, Yi)) b (i, vi)-
11:  forj=1,...,4
aj = (1 —yid)ay, Bj = (1 —7iA2)B;

12: end for

Algorithm 7 u = Predict(z,y, {8;}._,)

1: IHPUt: p(w)v (Zw(way)
2: Set u = 0.
3: fori=1,...,tdo

4:  Sample w; ~ p(w) with seed i.

@

U = u+/8i$wi(may)‘

6: end for
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Algorithm 8 f = Predict(z, =, {a;}}_,)
1: Input: jp(w), Yu(z, 2).
2: Set f=0.

3: fori=1,...,tdo
4:  Sample &; ~ p(w) with seed 1.
f = f + O[ﬂj[)\@i(z,,.'ﬁ)-

6: end for

ot

C.5.3 Dual Neural Networks Embeddings

To achieve better performance with fewer basis functions, we can also learn the basis func-
tions 1;() and $() jointly with 6 and n by back-propagation. Specifically, denote the
parameters in 9(-) = [Das (), D) B (T a0d 3C) = [Bun () Bug s -2 Guom O]
explicitly as W = [, and W = [w;],, we also include W and W into optimiza-

tion (C.7), which results

; 0. W — T > T (T2
?ﬁﬁ%@(e,w,n,m = EpyE.p. |0 Y (2, 2)ow(z,y) n—1 (n ¢w(w,y)>}

+2H62 - 22 (C3)

Apply the proposed algorithm to (C.8), we obtain the update rule for all the parameters,
{6,n, W, W}, in i-th iteration,

Oi1 = (1—v )0 —vin] ow, (as, yz‘)JWi(Zz‘, ),
Nivr = (L= )m+ 7 [9;12%(2@‘7%) - Vi, (mT$W (i, yi))] dw; (i, i),
Wi = W — v ow, ($iayi)9;—vﬁ7{[;’vﬁ(zhxi)a

Wit1 = Wi+ {6’;1;%(21‘,96@') - Vi, (Ujgw (H?z‘,yz')ﬂ 0 Vw bw (i, vi)-

Here we only demonstrate the back-propagation algorithm applies to one-layer basis func-
tions, in fact, it can be extended to the deep basis functions, i.e., hierarchical composition
functions, straight-forwardly if necessary. With such deep neural networks as function ap-

proximator in our algorithm, we achieve the dual neural networks embeddings.
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C.6 Actor-Critic Algorithm with Dual Embedding

We can extend the same technique to control problem. Different from the policy evaluation
in which the policy is provided, the control problem is trying to learn the optimal policy in
terms of reward, i.e., the policy which can achieve the maximum reward.

We define the action-value function Q7 (s,a) : S x A — R, which evaluates the value of

taking action a in state s with policy 7 for future actions,

so =84 =a,mr|.

Q7 (s, a) = E[Z’YtR(StH)

t=0

Based on the definition of the Q™ function, we have the Bellman equation as

Qﬂ(sv a) = R(S) + ’YES’NP(S/|s,a),a’~7r(a\s’) [Qﬂ(sl7 a’)\s, a]v (CQ)

therefore, we obtain the optimization as

000 £(Q) 1= Bonyoyarta)| (B F6) +9Q(, )]~ Q(ss) ] (C.10)

whose objective is the same as SARSA. Apply the dual kernel embedding, we obtain

1

i | (B0 [R) Q0] - Qs.a)uls,) )| = JEalu(sial, (€1)

which can be solved efficiently. Recall the definition of @) function, our framework can
be also extended to A-return for the estimation, i.e., G(A) = (1 —X) > 72, M=1G(™M) where
G =31 (AP R(sy).

With the proposed Q—function learning procedure, we can achieve the control target by
policy iteration in Algorithm 9. The convergence of this procedure can be proved by taking
the approximate error from @ function into account in the policy iteration convergence rate.

[221, 222] already provides a framework for the analysis and we omit the details here.
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Algorithm 9 Policy Iteration with @Q-Dual Kernel Embedding
1: Initialize Q(s,a) randomly
2: fori=1,...,tdo

3:  update 7;(a|s) as e-greedy policy from Q;(s,a)

4: forj=1,...,ndo

5: sample s ~ u(s), a ~ m;(als), s" ~ p(s'|s,a) and a’ ~ m;(als’)
6: update Q! by applying Algorithm 4 to (C.11)

7. end for

8  Qit1=Q}

9: end for

C.7 Policy Evaluation with Dynamics Kernel and Random Feature Condition-

al Embeddings

In the policy evaluation experiment section, we compared the proposed algorithm with
the MDPs embedding using kernels. [153] introduces the RKHS embedding of transition
dynamics in MDPs utilizing kernel conditional embedding [137]. With the nonparametric
representation of the transition, the expectation can be computed easily and accurately by
linear operatior, and thus, promoting the performance of policy evaluation and control task.
For self-containing, we specify the details of MDPs embeddings with kernel and the random
feature extension in this section. Moreover, to utilize data sequantially, we propose the
algorithm for policy evaluation utilizing (functional) stochastic gradient with both kernel
and random feature conditional embeddings, which is different from the value iteration

algorithm with kernel embedded MDP in [153].

C.7.1 Dynamics RKHS Embeddings

In MDPs, the transition dynamics, p(s|a,s), plays a vital. Many methods for solving
MDPs requires the computation with respect to the dynamics, i.e., Eyp(sja,5)[f(5)]. By
the kernel conditional embedding estimation [137], the expectation can be estimated from
data. Specifically, given data {(s;,a;,s;)}", kernel k : (X x A) x (¥ x A) - R and
k: X x X = R, the expectation for Vf € H can be approximated by (7((s,a),-), f) with

7((s,a),-) € H as

T(s.a) = (s,0) K(S',), (C.12)
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where K(9,-) = [k(s},-), k(sh,-), ... k(s )T, a(s,a) = (K + MnI)" K ((S, A), (s,a)),

K((S,A),(s,a)) = [k((s1,a1),(s,a)),k((s2,a2), (s,a)),...,k((8m,am), (5,a))]" and K =
(k((si,a:), (s, aj))]ZLj:l, A is a regularization parameter.

With the RKHS embedded transition dynamics, we can compute the expectation

]ESINP(S/W,S) [f(sl)] ~ <T(s,a)a f>
The theoretical property of the estimator is analyzed in [137, 138].

C.7.2 Dynamics Random Feature Embeddings

We can also leverage the random feature to approximate the kernel function in kernel con-
ditional embedding, which will result the random feature embedding for memory efficiency.
With the same notations, we denote the random features for k and k are @w() and g/zﬁ\w()
with respect to p(w) and p(w) respectively, we can approximate the kernel conditional em-

bedding (C.12) by

Toa) = 9(5,0) (@B + AmI) 'O, (C.13)
where
$(5,0) = [Duy (5,0), bus(5,0), -, bu, (5,0)] " € R,
V(s) = [y (), Vi (), - -, Y (5)] € RPX,
B = [B(s1,a1), B(52,a2), - - -, B(Sm, am)] € RPX™
and

U = [1(s)), d(sh), ..., ()] € RP¥™.

Then, with random feature represented f(s') = QT@Z(S’), the expectation Ey p(sja,s)[f(5")]

can be approximated by 7, 4)0.
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C.7.3 Policy Evaluation with Dynamics Embeddings

As we introduced, with the kernel and random feature embedded transition dynamics, the
expectation can be estimated with linear operator. Instead of plugging the embedded MDP
into value iteration for policy evaluation in [153], which is not suitable for dynamics random
feature embeddings, we propose new algorithms by applying the (functional) stochastic
gradient algorithm to optimize mean-square Bellman error with respect to V() in kernel

representation or # in random feature representation, we have

Vvl = w(als)(V(s) = (R(s,a) +7{r(s,a), V)))(k(s,) = 1Egas[k(s',)]) (C-14)

VoL = w(als)(0"9(s) — (R(s,a) +77(s,)0)) (¥(s) = 77(s,a) ") (C.15)

where Egy|, 5[k(s',-)] can be approximated by 7(a,s) [137]. Therefore, plugging the gra-
dient estimator into SGD results the following two algorithms for kernel/random feature

embedded dynamics.

Algorithm 10 SGD with MDP kernel embedding
Input: =(-), .

1: compute 7 = (K + AmlI)~!

2: fort=1,...,tdo

3. Sample s ~ u(s),a ~ m(als), s’ ~ p(s']s, a).
1 v=K((8,A), (s,a) TTVi(S).

5. k() = K((S,A), (s,a))TTK(S',")

6 Vipr = (1= 72)Vi — viw(als)(V(s') — (B(s) +70)(k(s,) —vk())-

7. end for
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Algorithm 11 SGD with MDP random feature embedding

~

Input: 7(), p, 6(-), ().

—_

~ -1 <~
: compute 7 = ((I)<I>T + /\mI> vl

2: fori=1,...,tdo

w

Sample s ~ u(s),a ~ m(als), s’ ~ p(s'|s,a).

Ois1 = (1 — 7i\1)0; — viw(als) (070 (s") — (R(s) +v0(s,a) T 70))(d(s") — v(s,a) 7).

5. end for

w
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APPENDIX D
PROOF DETAILS AND EXTENSION OF SBEED IN CHAPTER 6

D.1 Properties of Smoothed Bellman Operator

After applying the smoothing technique [177], we obtain a new Bellman operator, ’7', which
is contractive. By such a property, we can guarantee the uniqueness of the solution; a
similar result is also presented in [180, 183].

Proposition 24 (Contraction) 7, is a y-contraction. Consequently, the corresponding

smoothed Bellman equation (6.4), or equivalently (6.5), has a unique solution VY.

Proof For any Vi,V5: S — R, we have

7~'V1—7~'V2HOO
= ||max {(m, R(s5,0) + 1B a0 V(")) + AH ()} = max { o, sa+7E/|sa[V2( >]>+AH(7T)}HOO
< [manc { . Bis,0) + 1B [A(N) + AH(T) — (. R(s,0) + 1By V() — A} |
< [ (m 1o A0 = V(D)
< Vi - Vel

Ty is therefore a y-contraction and, by the Banach fixed point theorem, admits a unique

fixed point. |

Moreover, we may characterize the bias introduced by the entropic smoothing, similar
to the simulation lemma (see, e.g., [223] and [224]):
Proposition 25 (Smoothing bias) Let V* and V" be the fixed points of (6.2) and (6.4),

respectively. It holds that
AH*
~X 1 _ "Y .

V"=Vl

As X — 0, V¥ converges to V* pointwisely.
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Proof Using the triangle inequality and the contraction property of Ty, we have

V=Wl = T8V =T\l

[VE=T\V"+ TV = T\l

N

IVF =TV o + 1TV = TaVX oo

< A+ [[VF = Vil

which immediately implies the desired bound. |

The smoothed Bellman equation involves a log-sum-exp operator to approximate the
max-operator, which increases the nonlinearity of the equation. We further characterize the
solution of the smoothed Bellman equation, by the temporal consistency conditions.
Theorem 26 (Temporal consistency) Assume A > 0. Let V¥ be the fized point of (6.4)
and w3 the corresponding policy that attains the mazimum on the RHS of (6.4). Then,
(Vo) = (Vi my) if and only if (V,7) satisfies the following equality for all (s,a) € S x A:

V(s) = R(s,a) + YEg 5.0 [V(s’)] — Aogm(als) . (7)

Proof The proof has two parts.

Necessity) We need to show (V¥, 7}) is a solution to (6.6). Simple calculations give the
AT

closed form of 3:

R(s,a Eysq [Vi(s
w§<a|s>:z<s>—1exp( (00 + 1ot V5 )1)7

R(5,0)+7E /|4 o[ Vi (s’ . L
where Z(s) := Y o4 exp( (s ty e LG H) is a state-dependent normalization con-
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stant. Therefore, for any a € A,

R(s,a) + 1Eysq [V (s))] — Mogm3(als)

R(s,a Egsq V(s
— R(s,a)+’yES/|s’a [V/\*(s’)}—)\< ( )4_7)\'7 Vx( >]—logZ(s)>

= AogZ(s) = Vi(s),

where the last step is from (6.5). Therefore, (Vy, 7}) satisfies (6.6).

(Sufficiency) Assume V and 7 satisfies (6.6), then we have for all (s,a) € S x A that

V(s) = R(s,a) + VB [s,0 [‘7( )] — Aog 7(a
exp (R(S7 a) + 7E3’|s,a [‘7(5,)] - V(S)> .

m(als) = 3

Recall 7(-|s) € P, we have

Zexp< S, a +7E ’|sa[v( )} V(8)> -1

A
acA
sa+wE%aW<ﬂ> V(s)
= ex = €ex
2 p( A ()
= = Alog (Z exp ( >4 +’ﬂi/|8a V)] )) =TV (s).
acA

The last equation holds for all s € S, so V is a fixed point of 7. It then follows from Propo-

sition 24 that V = V. Finally, # = 7} due to strong concavity of the entropy function M

The same conditions have been re-discovered several times, e.g., [179, 182], from a

completely different point of views.

D.2 Variance Cancellation via the Min-Max Formulation

The second term in the min-max formulation (6.9) will cancel the variance Vg, o [YV (s')].

Formally,
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Proposition 55 Given any fized (V, ), we have

ge;}%g};A)*Es,ms’ [(R(Sa a) + ’VV(S/) - )‘logﬂ-(a|5) - §(S, a))Q] = *’72Es,a [Vs’\s,a [V(Sl)]]('D'l)

Proof Recall from (6.9) that §(s,a,s’) = R(s,a) + vV (s') — Aogm(als). Then,

max —E;, ¢ {(R(s, a) +V(s') — Mogm(als) — (s, a,))Q]

<

= —min Bgo [Eypeq |(0(5.0,8) = <(s,0)°]]

Clearly, the minimizing function ¢* may be determined for each (s,a) entry separately.
Fix any (s,a) € S x A, and define a function on R as q(z) := Eg|s, [(5(s,a, ) —xz)?].
Obviously, this convex function is minimized at the stationary point z* = Ey/, 4 [0(s, a, s)].

We therefore have ¢*(s,a) = By, [0(s, a, s")] for all (s,a), so

m{jn Es.q [Es/|s,a [((5(8,a, s') — §(s,a))2”
= Esq [ES’Is,a [(5(37 a,s') - Eslsa [5(8’ % S/)])2H
= Esq [Vs’|s,a [5(37 a, S/)H

= Es,a [Vs’|s,a [’YV(SI)H = 'YQES,CL [Vs’\s,a [V(S,)H )

where the second last step is due to the fact that, conditioned on s and «a, the only random

variable in (s, a, s’) is V(). [ |

D.3 Details of SBEED

In this section, we provide further details of the SBEED algorithms, including its gradient

derivation and multi-step/eligibility-trace extension.

D.3.1 Unbiasedness of Gradient Estimator

In this subsection, we compute the gradient with respect to the primal variables. Let

(wy, wy) be the parameters of the primal (V) ), and w, the parameters of the dual ¢. Abus-
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ing notation a little bit, we now write the objective function L,(V,7;<) as Ly,(wy, wx;wy).
Recall the quantity (s, a, s’) from (6.9).

Theorem 27 (Gradient derivation) Define {,(wy,wy) := Ly(wy, wx;w?), where w? =
arg maxy, Ly(wy, wr;w). Let 05 q ¢ be a shorthand for §(s,a, s'), and ¢ be dual parameter-

ized by w?. Then,

vagn =2E; 4 ¢ [((537%5/ — V(s)) ('waVV(s') — VwVV(s))]
—2E; o5 [(55@78/ — (s, a)) VwVV(s')] ,

vwﬁzn = 2)\Es7a,s’ [ ((1 - n)és,a,s’ + 776(57 a) - V(S)) : vw,r 10g77(a|5)] :

Proof First, note that w? is an implicit function of (wy,wy). Therefore, we must use the

chain rule to compute the gradient:

Vuyly = 2Eg.¢ [(58@75/ — V(S;wv)) (’}/VwVV(S/;’wv) — VwVV(S;wV))]
_ZH’YE&G,S/ [(55,11,5’ - g(S, a; w:)) VwVV(S/; wv)]

+2n7Es,a,s’ [(ds,a,s’ - §(57 a; w:)) vag(s, a; w:)] .

We next show that the last term is zero:

Esa,s [(537&5/ — (s, a;w;‘)) Vuwys(s, a;w;‘)]
= Eso¢ [(557(175/ - g(sja;w:)) -vawj . Vwcg(sja;w:)]
= vaw: : Es,a,s’ [(&9,(1,5’ - C(S, a; w:)) ' vU)gg(S? a; w:)]

= Vy,w! -0 =0,

where the first step is the chain rule; the second is due to the fact that V,, w} is not
a function of (s,a,s’), so can be moved outside of the expectation; the third step is due

to the optimality of w?. The gradient w.r.t. wy is thus derived. The case for wy is similar. B
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D.3.2 Multi-step Extension

One way to interpret the smoothed Bellman equation (6.4) is to treat each 7(-|s) as a
(mixture) action; in other words, the action space is now the simplex P4. With this
interpretation, the introduced entropy regularization may be viewed as a shaping reward:

given a mixture action 7(-|s), its immediate reward is given by

R(s,7(:[s)) := Equr(|s) [R(s,a)] + AH (7, 5).
The transition probabilities can also be adapted accordingly as follows
P(s'|s,7(-]5)) == Euen(s) [P(5']5,0)] -

It can be verified that the above constructions induce a well-defined MDP M = (S,Pa, P,R, ),
whose standard Bellman equation is exactly (6.4).

With this interpretation, the proposed framework and algorithm can be easily applied
to multi-step and eligibility-traces extensions. Specifically, one can show that (Vy,7}) is

the unique solution that satisfies the multi-step expansion of (6.6): for any k > 1 and any

(s0,a0,a1,...,a,-1) € S x AF,
k—1
V(SO) = nytEst\So,ao;t71 [R(St7 at) - )‘logﬂ-(atbt)] + ykEsk|80,ao;k_1 [V(Sk’ﬂ . (D2)
t=0

Clearly, when k& = 1 (the single-step bootstrapping case), the above equation reduces to
(6.6).

The k-step extension of objective function (6.7) now becomes

k—1 2
r‘l}l‘? Eso,ao:k—1 [(Z 'VtESt\so,ao:t—1 [R(Stvat) - )‘IOgW(at‘St)] + ’ykESk‘S(),aO:kfl [V(Sk)] - V(SO)> ] .
’ t=0

Applying the Legendre-Fenchel transformation and the interchangeability principle, we
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arrive at the following multi-step primal-dual optimization problem:

min max ]ESO:CLO:t—1|: 50, A0:¢—1 <27 Eq, 150,001 (88, at) — Alog m(az|st)]

1
+’ykEsk|so,a0:k_1 [V(Sk)] - V(50)>:| - iESOﬂO:k—l [V(307 aO:k—1)2]

= I‘r}gl m,?‘x Eso:k,ao:kﬂ |: S0, A0:k—1 < Z ’Yt 3t7 at - A log W(at\st))
1 2
§E50,a0:k71 [V(S(JaaO:k—l) ] .

#4V(s0) = Vo)) | -

Similar to the single-step case, defining

k—1

3(S0:k, G0:k—1) = Z’yt (R(s¢,a:) — Mogm(ag|st)) + 15V (sk) .
=0

and using the substitution <(sg,ag.x—1) = v(s0,a0.k—1) + V(s0), we reach the following

min-max formulation:

1317{1 mgaxL(V 756) i = Eggpaom_1 [(5(80:k, aos—1) — V(50))> = 1 (8(50:0s av:k—1) — s (50, a0:6-1))°
(D.3)

where the dual function now is ¢(sg, ag:x—1), a function on S x A*, and 1 > 0 is again a
parameter used to balance between bias and variance. It is straightforward to generalize

Theorem 27 to the multi-step setting, and to adapt SBEED accordingly,

D.3.3 Eligibility-trace Extension

Eligibility traces can be viewed as an approach to aggregating multi-step bootstraps for
k € {1,2,---}; see [2] for more discussions. The same can be applied to the multi-step
consistency condition (D.2), using an exponential weighting parameterized by ¢ € [0,1).

Specifically, for all (sg,ap.x—1) € S x A, we have

k—1
V(SO) = ( C) ch ! <Z 'Yt]ESt\so ao:k—1 [R(Staat) - Alogﬂ-(atbt)] +7kESk|SO7aO;k—1 [V(Sk)]> (D4)

k=1
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Then, following similar steps as in the previous subsection, we reach the following min-max
optimization:

Vim ¢
k=1

o 2
minmax  Eg  ao.0 <(1 =0 ¢ o (s0u, aok—1) — V(50)>

2

o0

1 Esg.00,0000 ((1 —¢) > ¢F o (0 aos—1) — s(s0, ao;m>> . (D.5)
k=1

In practice, ¢(sp, ap:00) can be parametrized by neural networks with finite length of actions

as input as an approximation.

D.4 Proof Details of the Theoretical Analysis

In this section, we provide the details of the analysis in Theorems 29 and 30. We start
with the boundedness of V* and V) under Assumption 10. Given any measure on the state

space S,
Cr
1—v°

VL, IVl S A+74+7"+-+)Cr=Cy =
A similar argument may be used on V" to get

Cr+ H*

Vi, < =2

It should be emphasized that although Assumption 10 ensures boundedness of V* and
log 7*(als), it does not imply the continuity and smoothness. In fact, as we will see later, A
controls the trade-off between approximation error (due to parameterization) and bias (due

to smoothing) in the solution of the smoothed Bellman equation.

D.4.1 Error Decomposition

Recall that

o (V* m*) corresponds to the optimal value function and optimal policy to the original

Bellman equation, namely, they are solutions to the optimization problem (6.3);

o (Vy,m}) corresponds to the optimal value function and optimal policy to the smoothed
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Bellman equation, namely, they are solutions to the optimization problem (6.7) with

objective ¢(V,);
o (V} my) correponds to the optimal solution to the optimization problem (6.7) under

wr tw

nonlinear function approximation, with objective £y, (Vy, Ty );

o (V*,7%) stands for the optimal solution to the finite sample approximation of (6.7)

under nonlinear function approximation, with objective ZT(VU,, Tw)-

Hence, we can decompose the error between (V*,7%) and (Vx,m}) under the ||,

norm.

2 2

+20VE =V (D.6)

Uy
W HTh

Hf/; _p

< 2|t-w

KTy

We first look at the second term from smoothing error, which can be similarly bounded,

as shown in Proposition 25.
2
Lemma 56 (Smoothing bias) ||V} — V*Hfmb < (292 +2) (% max,ep H(ﬂ’)) .

Proof For ||V} — V*||>_, we have

oy’

IV =V*ii, = /(vEsqs,a [V (") = VR ()] = (V*(5) = Vi'(5)))” u(s)mp(als)dsda

292 [Egpoa [VF() = V(] [12 + 21V () = V3 (5)

N

where the final inequality is because Lemma 25. |

‘We now look at the first term and show that
Lemma 57

—~ 2
|V - vz

< 2 (0V7L) = V3 73)) + 402 llog 7 (als) — log 75 als) 3

w w
Wy

+4A? |[log 7, (als) — log 3 (als) |3 -
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Proof Specifically, due to the strongly convexity of square function, we have

UV 7o) = (V3 m) = 2B |Avg i (s,a) (A

where A(s,a,s’) = R(s,a) +~vV(s') — Aogm(als) — V(s) and the second inequality is be-

cause the optimality of V' and 7. Therefore, we have

Jamrz>euam9 Hﬁ%ﬂ; @) ~ Byg x50
PEorea [Tits) = Vi ()] = (Vi) = Vi (@) |, = A nog 7 (als) — g mi(als)l
)~

’HV N

— A[log 7y (als

log 73 (als) 2

HTh

which implies

HV* el

< 2 (UV37) — V3o m)) + 222 [log ) (als) — log i (als)

< 2 (0T 7y) — V3 73)) + 432 [log 7 (als) — log iy (als)|

Bh

+4)? ||log , (als) — log 3 (als)|[3 -

In regular MDP with Assumption 10, with appropriate C, this constraint does not
introduce any loss. We denote the family of value functions and policies by parametrization
as Vy, Puw, respectively. Then, for V' and log 7 uniformly bounded by C, = max { 1C RV ,Cr }

and the square loss is uniformly K-Lipschitz continuous, by Proposition 23, we have

Corollary 58 ¢(V,7m)—{,(V,7) < (K+Cx)e’,

opp Where €app = sup,cc infrey [V — bl with

C denoting the Lipschitz continuous function space and H denoting the hypothesis space.
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Proof Denote the ¢(V,m,v) = Eg, ¢ [V(s,a) (R(s,a) + 7V (s') — Aogm(als) — V(s))] —

3E; o5 [V2(s,a)], we have ¢(V, m,v) is (K + Cs)-Lipschitz continuous w.r.t. ||-||.,. Denote

vy, = argmax, ¢(V, m,v), 1/17}77r = argmax, cy ¢(V, 7, v), and Dy, = min,ey Hl/ — Uy
E(V7 7T) - E’w(V7 7T) = ¢(‘/v , V‘*/ﬂr) - ¢(V, T, V‘,}/-%ﬂ')
< ¢<Vv T, I/ik/,ﬂ') - ¢(V, T, ﬁV,Tr) < (K + COO)6pr'
|
For the third term in Lemma 57, we have
A[log;,(als) —log 7} (als)|; < €(V,m;,) —€(V,7) (D.7)
= Ly (Vimy,) = Lo (Vimx) + (E(V,m,) — Lo (V. 7))
— (L (V,7) = bw (V,73))
< CyinflAlogmy, — Alog i || oo + 2(K + Coo)€npp
< Cuegpp(AN) +2(K + Co)enpp

where C, = max,cy, ||V||,. The first inequality comes from the strongly convexity of
¢(V,m) w.r.t. Alogm, the second inequality comes from Section 5 in [25] and Corollary 58

with €],,(A) 1= sup,ep, infr,ep, M ogmy, — Alog ||, with

Py = {77 € P,m(als) = exp <Q<SQ)_L@)>

D) el < e}

Based on the derivation of Py, with continuous A, it can be seen that as A — 0,
Po = {7 € P,7(als) = Gap(s)(@) }

which results egpp()\) — 00, and as A increasing as finite, the policy becomes smoother,

resulting smaller approximate error in general. With discrete A, although the €], (0) is

bounded, the approximate error still decreases as \ increases. The similar correspondence
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also applies to €, (A). The concrete correspondence between A and €, (A) depends on the

app(
specific form of the function approximators, which is an open problem and out of the scope
of this dissertation.

For the second term in 57,
Mllog 5 (als) — log 7 (als)ll, < A [log 7 (als)lly + A llog mh (als)l, < 2ACr. (D28
For the first term, we have

VERE) — 0V, k) (D.9)

w? w

= V5 7y) = Co(Va 7o) + Lu(Vi, 70) = Lo (VR m3) + (V3 w3) — £V, )

w) w

< 2K + Coo)eipp + Lu(Viy o) = L (V3 73)
= 2K + Co)elpy + Lu(Vis o) = Lu(Vis o) + LoV ) = (V3 5)

< 2K + Coo)elpp + Co (14 7)erpp (V) + €pp (V) + L (Vi Fi) — L (Vi 73
The last inequality is because

(Vi mo) —Lw(V,my) = inf £y,(Vi, mw) — Lw(Vy, TY)

ws T
Vi, w

< Gy inf ((149) [V = VYl + Alflog mw —log Ty )

wTw

< Gy (T4 7)erp (M) + empp(V)

where the second inequality comes from Section 5 in [25].
Combine (D.7), (D.8) and (D.9) into Lemma 57 and Lemma 56 together with (D.6), we

achieve

Lemma 59 (Error decomposition)

< 2(4(K + Coo)elpy + Cu(L+7)ebyy(A) + 3Cuen,, (A))

approximation error due to parametrization

Ky

A 2 A
+1602C2 + (292 +2) <17_71;Ir1€a7>><H(7r)> +2(z (V2 75) — (V2 ;;)).

7 tatistical
bias due to smoothing statstical error
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We can see that the bound includes the errors from three aspects: i), the approximation
error induced by parametrization of V| 7, and v; ii), the bias induced by smoothing tech-
nique; iii), the statistical error. As we can see from Lemma 59, A plays an important role

in balance the approximation error and smoothing bias.

D.4.2 Statistical Error

In this section, we analyze the generalization error. For simplicity, we denote the T finite-

sample approximation of

L(VYa 7T,I/) = E[¢V,W,U(Saa, R’ 8/)]

= E[2v(s,a) (R(s,a) + 7V (s') = V(s) — Alog(als)) — v*(s,a)],

ET(Va 7er) = Z(Z)V,my(S,G,R, 3/)

i=1

M| =

I
M=

(2v(si, ai) (R(si ai) + 4V (s;) = V(si) — Aogm(ailsi)) — v*(si, ai)) ,

1
where the samples {(s;, a;, s}, Ri)}iT:o are sampled i.i.d. or from S-mixing stochastic process.
By definition, we have,

(Vi ) — Lo (Vi )

w

= max Ly, (17* o, I/) — max Ly, (V,,, 7, v)

veH . wr T vEHuw e
— L, (ffw%w yw) = Loy (Vi s v) + L (Vg iy vi) = miax Lus (V3 5, )
<0
< Ly (ﬁ;,%;;,yw) — Ly (V5,75 )
< 2 sup ‘ET (V,m,v) — Ly (V, 7, v)

Vi wE€Fuw X Puw X Huw

where v, = max, ey, Lu (V$7 s V).

The latter can be bounded by covering number or Rademacher complexity on hypothesis
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space Fyy X Py X Hy with rate O < 1°%T> with high probability if the samples are i.4.d.
or from [-mixing stochastic processes [169].

We will use a generalized version of Pollard’s tail inequality to S-mixing sequences, i.e.,

Lemma 60 [Lemma 5, [169]] Suppose that z1,...,Zn € Z is a stationary B-mixing process
with mizing coefficient {8y} and that G is a permissible class of Z — [—C,C] functions,
then,

2

> e> < 16E [ ] (gg (Zli e H))} exp (_mNe ) + 2N B 1

128C?

where the “ghost” samples Z] € Z and H = U N H; which are defined as the blocks in the

sampling path.
The covering number is highly related to pseudo-dimension, i.e.,
Lemma 61 [Corollary 3, [191]] For any set X, any points VN € XN, any class F of

functions on X taking values in [0, C| with pseudo-dimension Dy < oo, and any € > 0,

Dr
J\/’(e,]—',mlw) <e(Dr+1) <2€C>

€

Once we have the covering number of ®(V, 7, v), plug it into lemma 60, we will achieve the

statistical error,

Theorem 29 (Stochastic error) Under Assumption 11, with at least probability 1 — 0,

N M (max (M/b,1))'/%
Co(VETE) = Ly
( w?r ’LU) ’LU7 ’LU \/ CQT ?

where M = 5 logt + log (e/§) + log™ (max <ClCQD/2,B)).
Proof We use lemma 60 with Z2 = SXAXRxS and G = ¢x, xp, xH,,- For VO(V,m,v) € G,
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it is bounded by C = %CR + ACy. Thus,

T
% Z ¢V,7r,1/ ((57 a, S,’ R)Z) -k [qbv’w’y]
=1

Z2 6/2) (D.10)

P sup
Vi v€Fuw X Puw X Huw

€ /. mye 62 2

With some calculation, the distance in G can be bounded,

1
T Z ‘¢V1,771,1/1 (Z@/) - ¢V2,7r2,1/2 (Zz/)‘

icH
ac 2(1+7)C
S Z v1(si; ai) — valsi,ai)| + (Tw Z Vi(si) — Va (s5)]
icH icH
2)\C
+= > Nogm(ailsi) — logma(ailsi)]

i€H

which leads to
N (12Ce’,g, (Zli e H)) SN(, Fu,(Zl5i € H)N(€,Pu, (Z};i € H)N(€, Huw, (Z;i € H))

with A € (0,2]. To bound these factors, we apply lemma 61. We denote the psuedo-

dimension of F,, Py, and H,, as Dy, D, and D,,, respectively. Thus,

4€C> DV+D7T+DV

!/

N (12C€,G,(Z};i € H)) < €* (Dy + 1) (Dr + 1) (D, + 1) <

)
€

which implies

768¢C2\ PvHDPx+Dv IND
N (5.9, (Zhsi € H)) <63(Dv+1)(Dﬂ+1)(Dy+1)< - > e <€) |

where C; = €3 (Dy + 1) (Dy +1) (D, + 1) (768602)D and D = Dy + D + D,, i.e., the

“effective” psuedo-dimension.
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Plug this into Eq. (D.10), we obtain

1 T
f Z ¢V,7T,I/ ((57 a, 5/7 R)Z) —-E |:¢V17T)l/:|
=1

26/2)

2, and Cy,Cy, B,b,k > 0, for § € (0,1], by setting k; =

P su
Vit WEFuw X Puw X Huw

NP
< Gy <€> exp (_4C2mt€2) + 2m7 B,

with Cy = 1 (&) 1f D
1

Z
[(CoTe?/b) =] and mp = %, by lemma 14 in [169], we have

1 D
Cy <€> exp (—4Cng62) + 2mTﬂkT <90,

with € = \/M(max(é\y;[{b’l))l/m where M = £ log T +1log (e/§) +log™ 2 <max (010217/2,3». [ |

With the statistical error bound provided in Theorem 29 for solving the derived min-
max problem with arbitrary learnable nonlinear approximators using off-policy samples, we

can achieve the analysis of the total error, i.e.,
Theorem 30 Let Vg be a candidate solution output from the proposed algorithm based
on off-policy samples, with at least probability 1 — §, we have

—~ 2
HVJV e

< 2(6(K + Coo)elyy + Co(1+ 7)€, (A) 4+ 3Cue, (M)
HTh

approximation error due to parametrization

A 2
160202 + (272 +2) [ 2 max H
+16X°C; + (27 + )<1_7I71rr1€a7§ (m)

bias due to smoothing

M (max (M/b, 1) oy a2
+4 : + H Vo —Va
\/ CoT v “llpm,
Statisti:::zl error optimization error

where M is defined as above.

This theorem can be proved by combining Theorem 29 into Lemma 59.
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D.4.3 Convergence Analysis

As we discussed in Section 6.5.1, the SBEED algorithm converges to a stationary point if we
can achieve the optimal solution to the dual functions. However, in general, such conditions
restrict the parametrization of the dual functions. In this section, we first provide the
proof for Theorem 28. Then, we provide a variant of the SBEED in Algorithm 12, which
still achieve the asymptotic convergence with arbitrary function approximation for the dual

function, including neural networks with smooth activation functions.

Theorem 28[Convergence, [189]]  Consider the case when Euclidean distance is used
in the algorithm. Assume that the parametrized objective ZT(Vw,Trw) is K-Lipschitz and

variance of its stochastic gradient is bounded by 2. Let the algorithm run for N itera-

tions with stepsize (i = min{%, %IN} for some D' > 0 and output w',...,w". Setting
the candidate solution to be (f/j}fﬁg) with w randomly chosen from w', ... wN such that

, o2 PN 2
Plw = ) = < ZIKE i holds thatE[HwT(Vg,%ﬁ)H } <KD (p/y Dy o

S (2¢—K¢?) VN
where D := \/Q(ZT(VU%, Th) — min ZT(Vw, Tw))/K represents the distance of the initial solu-

tion to the optimal solution.
The Theorem 28 straightforwardly generalizes the convergence result in [189] to min-max
optimization.
Proof As we discussed, given the empirical off-policy samples, the proposed algorithm
can be understood as solving miny, r, ZT(Vw,ﬂ'w) = ET(Vw,ﬂ'w;VZ)) where v}, denotes
arg maxy,, ET(Vw, Tw; Va)-

Following the Theorem 2.1 in [189], as long as the gradients [va ZT(VU,, Tw)y Vi ZT(VU,, Tw)

are unbiased, under the provided conditions, the finite-step convergence rate can be ob-

tained. The unbiasedness of the gradient estimator is already proved in Theorem 27.

Next, we will show that in the setting that off-policy samples are given, under some
mild conditions on the neural networks parametrization, the Algorithm 12 will achieve a

local Nash equilibrium of the empirical objective asymptotically, i.e., (w{ﬁ,w}r ,wl ), such

201



Algorithm 12 A variant of SBEED learning
1: Initialize w = (wy, wx, we) and m, randomly, set .
2: for episode i =1,...,7T do
3: forsizek=1,...,K do

4: Add new transition (s,a,r,s") into D by executing behavior policy my.
5. end for
6: for iteration j =1,..., N do
7 Sample mini-batch {s,a,s'}" ~ D.
8: Compute  the stochastic  gradient  w.r.t. we as  Gc =
-+ Z{sas’}N'D (5(5 a S,) - C(S CL)) Vu C(S a)
9: Compute the stochastic gradients w.r.t. wy and w, as (27) with w!, denoted as
Gy and G, respectively.
10: Decay the stepsize §; and ¢j.
11: Update the parameters of primal function by solving the prox-mappings, i.e.,
update 1 w! = P -1(=§Ge)
update V: w{, P ! 1(¢Gv)
update w1 wl = P i-1(¢Gr)

12:  end for
13:  Update behavior policy m, = 7
14: end for

N

that

va’wﬂzn (w;,w;{,w;r) =0, ngL (wv,wi,w:r) =0.

In fact, by applying different decay rate of the stepsizes appropriately for the primal and dual
variables in the two time scales updates, the asymptotic convergence of the Algorithm 12
to local Nash equilibrium can be easily obtained by applying the Theorem 1 in [225], which
is original provided by [226]. We omit the proof which is not the major contribution of this

thesis. Please refer to [225, 226] for further details.

D.5 Additional Experiments

D.5.1 On-policy Comparison in Continuous Control Tasks

We compared the SBEED to TRPO and Dual-AC in on-policy setting. We followed the same
experimental set up as it is in off-policy setting. We ran the algorithm with 5 random seeds
and reported the average rewards with 50% confidence intervals. The empirical comparison

results are illustrated in Figure D.1. We can see that in all these tasks, the proposed
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Figure D.1: The results of SBEED against TRPO and Dual-AC in the on-policy setting.
Each plot shows average reward during training across 5 random runs, with 50% confi-
dence interval. The x-axis is the number of training iterations. SBEED achieves better or
comparable performance than TRPO and Dual-AC on all tasks.

SBEED achieves significantly better performance than the other algorithms. This can be

thought as another ablation study that we switch off the “off-policy” in our algorithm. The

empirical results demonstrate that the proposed algorithm is more flexible to way of the

data sampled.

We set the step size to be 0.01 and the batch size to be 52 trajectories in each iteration

in all algorithms in the on-policy setting. For TRPO, the CG damping parameter is set to
be 1074,
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