IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 64, NO. 5, MAY 2018

3331

Bayesian Model Averaging With Exponentiated
Least Squares Loss

Dong Dai, Lei Han, Ting Yang, and Tong Zhang

Abstract— The model averaging problem is to average multiple
models to achieve a prediction accuracy not much worse than
that of the best single model in terms of mean-squared error.
It is known that if the models are misspecified, model averaging
is superior to model selection. Specifically, let » be the sample
size, then the worst case regret of the former decays at a rate
of O(1/n), whereas the worst case regret of the latter decays
at a rate of O(1/./n). The recently proposed Q-aggregation
algorithm solves the model averaging problem with the optimal
regret of O(1/n) both in expectation and in deviation; however,
it suffers from two limitations: 1) for continuous dictionary,
the proposed greedy algorithm for solving Q-aggregation is not
applicable and 2) the formulation of (Q-aggregation appears
ad hoc without clear intuition. This paper examines a different
approach to model averaging by considering a Bayes estimator
for deviation optimal model averaging by using exponentiated
least squares loss. We establish a primal-dual relationship of this
estimator and that of Q-aggregation and propose new algorithms
that satisfactorily resolve the above-mentioned limitations of
Q-aggregation.

Index Terms— Model averaging, exponentiated least squares
loss, continuous dictionary, deviation optimal.

I. INTRODUCTION

HIS paper considers the model averaging problem, where
the goal is to average multiple models in order to achieve
improved prediction accuracy.

Let x1,...,x, be n given design points from a space X,
let H = {f1,..., fu} be a given dictionary of real valued
functions on X and denote f; = (fj(x1),..., f; )" eR”
for each j. The goal is to estimate an unknown regression
function 77 : X — R at the design points based on observations

vi = n(x;) + &,

where &1, ..., &, are i.i.d. variables from A/(0, 02).
The performance of an estimator 7 is measured by its mean
squared error (MSE) defined by

1 n
MSE() = — > (i(x:) — n(xi))*.

i=1
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We want to find an estimator # that mimics the function
in the dictionary with the smallest MSE. Formally, a good
estimator 7 should satisfy the following exact oracle inequality
in a certain probabilistic sense:

MSE(j) < min MSE(f;)+ A(n, M, a?), (1

j=1,...,

where the remainder term A > O should be as small as
possible.

The problem of model averaging has been well-studied,
and it is known (see, e.g., [2], [3]) that the smallest possible
order for A(n, M,c?) is 6%log M/n for oracle inequalities
in expectation, where “the smallest possible” is understood
in the following minimax sense. There exists a dictionary
H ={fi1,..., fu} such that the following lower bound holds.
For any estimator 7, there exists a regression function # such
that
log M

EMSE() > min MSE(f;) + Co?
J=1,...,

for some positive constant C. It also implies that the lower
bound holds not only in expectation but also with positive
probability.

Although our goal is to achieve an MSE as close as that
of the best model in H, it is known (see [4, Th. 2.1]) that
there exists a dictionary H such that any estimator 7 taking
values restricted to the elements of H (such an estimator is
referred to as a model selection estimator) cannot achieve an
oracle inequality of form (1) with a remainder term of order
smaller than o ,/(log M)/n; in other words, model selection is
suboptimal for the purpose of competing with the best single
model from a given family.

Instead of model selection, we can employ model averaging
to derive oracle inequalities of form (1) that achieves the
optimal regret in expectation (see the references in [4]). More
recently, several work has produced optimal oracle inequalities
for model averaging that not only hold in expectation but also
in deviation [1], [3], [5]-[8]. In particular, the current work
is closely related to the Q-aggregation estimator investigated
in [1] which solves the optimal model averaging problem
both in expectation and in deviation with a remainder term
A(n, M, c?) of order O(1/n); the authors also proposed a
greedy algorithm GMA-0 for Q-aggregation which improves
the Greedy Model Averaging (GMA) algorithm firstly
proposed by [8]. Yet there are still two limitations of
Q-aggregation: (1) (Q-aggregation can be generalized for
continuous candidates dictionary H, but the greedy model
averaging method GMA-0 can not be applied in such
setting; (2) Q-aggregation can be regarded intuitively as
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regression with variance penalty, but it lacks a good theoretical
interpretation.

In this paper we introduce a novel method -called
Bayesian Model Averaging with Exponentiated Least Squares
Loss (BMAX). We note that the previously studied exponential
weighted model aggregation estimator EWMA (e.g., [4]) is
the Bayes estimator under the least squares loss (posterior
mean), which leads to optimal regret in expectation but is
suboptimal in deviation. In contrast, the new BMAX model
averaging estimator is essentially a Bayes estimator under an
appropriately defined exponentiated least squares loss, and we
will show that the Q-aggregation formulation (with Kullback-
Leibler entropy) in [1] is essentially a dual representation
of the newly introduced BMAX formulation, and it directly
implies the optimality of the aggregate by BMAX. Compu-
tationally, the new model aggregation method BMAX can be
approximately solved by a greedy model averaging algorithm
and a gradient descend algorithm which is applicable to
continuous dictionary. In summary, this paper establishes a
natural Bayesian interpretation of Q-aggregation, and provides
additional computational procedures that are applicable for
the continuous dictionary setting. This relationship provides
deeper understanding for model averaging procedures, and
resolves the above mentioned limitations of the Q-aggregation
scheme.

II. NOTATIONS

This section introduces some notations used in this paper.
In the following, we denote by ¥ = (y1,...,y,)" the obser-
vation vector, § = (7(x1), ..., 7(x,)) " the model output, and
&= (5,...,&)" the noise vector. The underlying statistical
model can be expressed as

Y =n+§, (2)
with &€ ~ N(0,021,). We also denote £, norm as ||Y|> =

(03 yl.z)l/z, and the inner product as (£,f) = & 'f.
Let AM be the flat simplex in RY defined by

M
AM=Ix=0, ) eRY ;20,25 =1¢,
j=I
and & = (z1,...,7y)" € AM be a given prior.

Each A e AM yields a model averaging estimator
as fi = ij[:ll jfj; that is, using the vector notation
i = (A@)...., ()" we have i = 301, 4;f;. The
Kullback-Leibler divergence for A, € AM is defined as

M
K@, m)=>"ijlog(j/x)),
j=1
and in the definition we use the convention O - log(0) = 0.
For matrices A, B € R"*", A > B indicates that A — B is
positive semi-definite.

III. BAYESIAN MODEL AVERAGING WITH
EXPONENTIATED LEAST SQUARES LOSS

The traditional Bayesian model averaging estimator is the
exponential weighted model averaging estimator EWMA [4]
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which optimizes the least squares loss. Although the estimator
is optimal in expectation, it is suboptimal in deviation [1].
In this section we introduce a different Bayesian model aver-
aging estimator called BMAX that optimizes an exponentiated
least squares loss.

In order to introduce the BMAX estimator, we consider
the following Bayesian framework, where we should be noted
that the assumptions below are only used to derive BMAX,
and these assumptions are not used in our theoretical analysis.
Y is a normally distributed observation vector with mean

n=(ug,..., ,uM)T and covariance matrix w?1,,:
Yip~ N, o’I), 3)
and for j =1,..., M, the prior for each model fj is
Tk =1))=m=;. @

In this setting, the posterior distribution of p given Y is
p(Y|p=1)pn=1))
S piw=1)pn="1)

f—Y|3
exp (_ ;- |2) -
oM i-YigY_
2 =1 exp (_—2w2 Tj

In the Bayesian decision theoretical framework considered in
this paper, the quantity of interest is n = EY, and we consider
a loss function L (¥, x) which we would like to minimize with
respect to the posterior distribution. The corresponding Bayes
estimator fh minimizes the posterior expected loss from p as
follows:

pp="11Y) =

l/AI = argmin E [L(l/l, [L)|Y]. 5)
YyeR?

It is worth pointing out that the above Bayesian framework
is only used to obtain decision theoretically motivated model
averaging estimators (Bayesian estimators have good theoret-
ical properties such as admissibility, etc). In particular we do
not assume that the model itself is correctly specified. That
is, in this paper we allow misspecified models, where the
parameters u and @ are not necessarily equal to the true mean
n and the true variance o in (2), and 5 does not necessarily
belong to the dictionary {fi, ..., fy}.

The Bayesian estimator of (5) depends on the underlying
loss function L(-,-). For example, under the standard least
squares loss L(Y¥, n) = || — [L||%, the Bayes estimator is
the posterior mean, which leads to the Exponential Weighted
Model Aggregation (EWMA) estimator [4]:

M If;—Y 3
Zj:l exp (_ '/sz 2 ) 7t
M If;—¥ 12 '
Zj:l exp (_ —'/sz 2 )7

This estimator is optimal in expectation [9], [10], but subop-
timal in deviation [1].

In this paper, we introduce the following exponentiated least
squares loss motivated from the exponential moment technique

Vo, (@) =

(6)
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for proving large deviation tail bounds for sums of random
variables:

1—
LY. p) = exp( - un%),

202

@)

where the parameter v € (0, 1). It is easy to verify that the
Bayes estimator defined by (5) with the loss function defined
in (7) can be written as

¥ x (@, v) = argmin J (),
ASING

()

where

M
1 I—v
1= wyexp (=g I ~YIE+ 5319 =613). ©)

J=1

The estimator ¥ X(a)z, v) will be referred to as the Bayesian
model aggregation estimator with exponentiated least squares
loss (BMAX).

To minimize J(¥), it is equivalent to minimize log J ().
Lemma 1 below shows the strong convexity and smoothness
(under some conditions) of log J (¥).

Given v € (0, 1) and w > 0, we define
1—v

5

A= (10)

0]

moreover, if the £>-norm of every f; is bounded by a constant
LeR:

Ifilo <L, Vji=1,....,M, (1)
we define A> and A3 as
1—v 1—v)? 5
Ay = ) + ) L~ (12)
1—v 2 1—v\?2 4

Lemma 1: For any ¥ € R", define the Hessian matrix of

log J(¥) as V*log J () = 2127

—==2 then we have
oyoy "

VZiog J(¥) > A1,. (14)
If {f1, ..., Ty} satisfies condition (11), then
VZlogJ () < Asly, (15)

where Ay and Ay are defined in (10) and (12).

IV. DUAL REPRESENTATION AND Q-AGGREGATION

In this section, we will show that the Q-aggregation scheme
of [1] with the standard Kullback-Leibler entropy solves a dual
representation of the BMAX formulation defined by (8).

Given Y and {fy, ..., fy}, Q-aggregation f, o is defined as
follows:

M
fo= > A%, (16)
j=1

3333

where A2 = (19, ..., /II%)T e AM such that

22 e argmin Q (1),
reAM

a7

M
O = [ =YI3+v D Ajlf—fl3+20°K, (A, 7). (18)
j=1

for some v € (0, 1), where the p-entropy K, (A, ) is defined
as

Kp(k,n)ziij log (p(ij)), (19)
j=1 i
where p is a real valued function on [0, 1] satisfying
p(t) =1, tlogp(t) is convex. (20)

When p(t) = t, K,(A, m) becomes K(A, ), ie., the
Kullback-Leibler entropy. When p(1) = 1, K,(A,m) =
Z?”Zl 4jlog(1/x;), a linear entropy in AM, and in particular
the penalty /C, (A, ) in (18) becomes a constant when m is a
flat prior.

Now, to illustrate duality, we shall first introduce a function

T:R" - R as

V
Tth)= ——||lh — Y|}
(h) 1_UII [

M
Vv
207 log [ X mjexp (— 55 I~ HIE) | @D
j=1

and denote the maximizer of T (h) as

h= argmax 7 (h).
heR”

(22)
Define function S : A x R" — R as

M
v
SO hy=——— k=Y [3+v > A;lf; kI3 +20°K4, ).
j=1
(23)

It is not difficult to verify that for v € (0, 1), S(X, k) is convex
in A and concave in k. The following duality lemma states the
relationship between h and f, 0.

Lemma 2: When p(t) =t, we have the following result

Q@A) = max S(A, k), T(h) = min S(A,h).
heRn AEAM

min A) = min max S(A, h

reAM o) AeAM heR" ( )

= max min S(A, k)
heR" x e AM

= max T'(h),
heR" ()

where the equality is achieved at (A2, lAl). Moreover, we have

{(XQ,ft)} = AN B,
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where A and B are two hyper-surfaces in AM x R" defined

as
11—
Yy — ”ﬁy

v v

A:h&MeAMxRUh:

B = [(k,h)eAMxR”:

Jj =

> exp (=5l = ki) 7

Lemma 2 states that, (kQ,iz) is the only joint of hyper-
surfaces A and B, and the only saddle point of function S(A, k)
over space AM x R

With T (h) defined as in (21), we can employ the transfor-
mation h = %Y - lv;"tﬁ, and it is easy to verify that

T(h) = —20*log (J(¥)),

where J(¥) is defined in (9). Since J(¥) is strictly convex,
T (h) is strictly concave and h is unique. It follows that
maximizing 7T (h) is equivalent to minimizing J(¢), and thus

1 1—v

h=-Y -
v v

(25)

¥y (@?,v).

We can combine this representation with

from Lemma 2 to obtain o X(a)z, V) =
we directly have the following relationship.
Theorem 1: When p(t) =t,

'ﬁx(a’z, U) = fo’

where wx(a)z, v) is defined by (8) and (9), and f, ¢ is defined
by (16),(17) and (18).

Theorem 1 states that, when p(¢) =1, K,(X, ) becomes
the Kullback-Leibler entropy, and Q-aggregation with the
Kullback-Leibler entropy leads to an estimator f,o that is
essentially a dual representation of the BMAX estimator
¥y (w?, v). It follows that, ¥ y (w?, v) should share the same
optimality (both in expectation and deviation) as f, ¢ in solving
the model averaging problem (optimality of f, o is shown in
[1, Th. 3.1] with more general K,(A, ), where p(¢) only
needs to satisfy the condition (20)).

However, unlike the primal objective function J(¥) which
is defined on R", the dual objective function Q(A) is defined
on RY. When M is large or infinity, the optimization of Q())
is non-trivial. Although greedy algorithms are proposed in [1],
they cannot handle the standard KL-divergence; instead, they
can only work with the linear entropy where p(t) = 1; it gives
a larger penalty than the standard KL-divergence (and thus
worse resulting oracle inequality), and it cannot be generalized
to handle continuous dictionaries (because in such case the
linear entropy with p(¢) = 1 will always be 400). Therefore,
the numerical greedy procedures of [1] converge to a solution
with a worse oracle bound than that of the solution for the
primal formulation considered in this paper.

f,o. Therefore,

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 64, NO. 5, MAY 2018

The following two corollaries (Corollary 1 and Corollary 2)
are listed for illustration convenience. They are directly derived
from Theorem 1 and the optimality of f, ¢ in [1, Th. 3.1], so we
omit their proofs.

Corollary 1: Assume that v € (0,1) and w* > ﬁliv)
For any A € AM, the following oracle inequality holds

M
19 x (@ v) = 7l3 < v D Al —nl3 + 1 =v) I —nl3
j=1
+ 20’ K, 7)),
with probability at least 1 — d. Moreover,

Elly x(@*,v) — i3

(26)

IA

M
v Al = i3+ A=) lIfx = 3 + 207 KR, )
j=1

IA

M
It = nl3+v D450l —fall5 + 20°KQ, ). (27)
j=1
Corollary 1 implies that when the term "Z;V:l Ajlf; —
fx||% and the divergence term K (A, ) are small, ¥y (o, v)
can compete with an arbitrary f) in the convex hull with any
L € AM. Actually, we can obtain an oracle inequality that
competes with the best single model, which is the situation
that A is at a vertex of the simplex AM:
Corollary 2: Under the assumptions of Corollary 1,
¥y (0?,v) satisfies

1
1V x (@, v) ﬂHz_jggEM{H, nll3+20" log 7))’
(28)

with probability at least 1 — 0. Moreover,

.....

(29)

It is also worth pointing out that the condition w?> >
m implies that w? is at least greater than 2> (when
v = 1/2), and intuitively this inflation of noise allows the
Bayes estimator to handle misspecification of the true mean 1y,
which is not necessarily included in the dictionary 7. Similar
observations were found by [11].

Finally we note that in the Bayesian framework stated in this
section, when we change the underlying loss function L(y, p)
from the standard least squares loss to the exponentiated least
squares loss (7), Bayes estimator changes from EWMA which
is optimal only in expectation to BMAX which is optimal both
in expectation and in deviation. The difference is that the least
squares loss only controls the bias, while the exponentiated
least squares loss controls both bias and variance (as well as
higher order moments) simultaneously. This can be seen by
using Taylor expansion

1—v 1—v
exp (Ww - un%) =1+

¥ — rli3

1—v

_ 2
+(1/2) (—W - un%) +oe

2w?
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Since deviation bounds require us to control high order
moments, the exponentiated least squares loss is naturally
suited for obtaining deviation bounds.

It is also natural to extend Corollary 1 from discrete
candidates dictionary H = {fi, ..., fa} to infinite dictionary
(M = 00) as well as continuous dictionary. For example, given
a matrix X € R"™*4_ we may consider a continuous dictionary
parameterized by vector w as Hg = {f, : f, = Xw € R"}
where Q = {w : w € R?}. Then, we have the following result.

Corollary 3: Assume v € (0, 1) and for any distribution
p(w) over the parameter space Q, the divergence term
lC(p,zn) is finite for given prior mw(w). Then, if ©*> >

o . .
Ty e have the oracle inequality

1 —nl3 < v/g I — 012 p(w)duw

2
+(1 =) +20°K(p, ) (30)
2

/ fup(w)dw — 1
Q

with probability at least 1 — J. Moreover,

El¥ — nl3
2
< v/ Ifw — 013 p(w)dw + (1 —v) ‘/ fu p(w)dw — 1
Q Q 2
+20°K(p, )

2
=

2
+v/
2 Q

/ fup(w)dw — 1
Q

fw—/pr(w)dw
Q

2

x p(w)dw + 20*K(p, ), (1)
where
v i / ( Lt — Y2
=argmin [ exp|{ — — -
WER” Q 2602 v 2

5 = ¥1E) ).

When the distribution p on w € R? is concentrated around
a single model, for example, p is an uniform distribution on a
small ball {w : [w—wo|l2 < r} for some small » > 0, we have
Jo fwp(w)dw = fy, and the term L [o) [If, —fu, I3 p(w)dw <
énxn% is small if 1| X% is bounded (|| - ||F is the matrix
Frobenius norm). Although a small » would lead to a larger
divergence term K(p,w) and there is a tradeoff between
Jo Ifw —fug ||% p(w)dw and K(p, ), by dividing the number
of observations n on both sides of Eq. (31), the term %IC(p, )
could also be small as long as n is sufficiently large. Therefore,
Corollary 3 implies that ¥ can compete with a single model
fuy. similar to the case of discrete dictionary.

V. ALGORITHMS TO SOLVE BMAX

In this section, we propose two algorithms, the Greedy
Model Averaging (GMA-BMAX) algorithm and the Gradi-
ent Descent (GD-BMAX) algorithm, to solve BMAX. The
convergence rates of both algorithms will be shown. Specifi-
cally, denote k as the number of iterations in the algorithms,
GMA-BMAX algorithm has a converge rate of O(1/k) and
GD-BMAX algorithm converges with a geometric rate of

3335

Algorithm 1 Model
(GMA-BMAX)
Input: Noisy observation Y, dictionary H = {f1,..., fm},
prior 1 € AM parameters v, w.
Output: Aggregate estimator 1ﬁ(k).
Let @ =0,
for k=1,2,... do
Set a; = k%;
JO = argmin; log JW*ED pad; — gDy,
v O =y g (0 — &),
end for

Greedy Averaging  Algorithm

0(g") for some ¢ € (0, 1). Oracle inequalities will be derived
for the estimators in the iterations for both the algorithms.

Strong convexity of log J () directly implies that the mini-
mizer ¥ y (w?, v) is unique. Moreover, it implies the following
proposition which shows that an estimator that approximately
minimizes log J(¢¥) satisfies an oracle inequality slightly
worse than that of ¥ y(w”,v) in Corollary 1. This result
suggests that we can employ appropriate numerical procedures
to approximately solve (8), and Corollary 1 implies an oracle
inequality for such approximate solutions.

Proposition 1: Let Y be an €-approximate minimizer of
log J(¥) for some € > 0 that log J(¥) < miny log J(¥) + €.
Then, we have

19 =013 < 1 x (@, v) = 1113 +2¢/2¢/ ALY x (@, v)
2¢
—1nll2+ A_l
Next, we present the numerical algorithms to solve the
BMAX problem.

A. Greedy Model Averaging Algorithm (GMA-BMAX)

The GMA-BMAX algorithm given in Algorithm 1 is a
greedy algorithm that adds at most one function from the
dictionary H at each iteration. This feature is attractive as it
outputs a k-sparse solution that depends on at most k functions
from the dictionary after k iterations. Similar algorithms for
model averaging have appeared in [1] and [8].

The following proposition follows from the standard
analysis in [12]-[14]. It shows that the estimator l/f(k) from
Algorithm 1 converges to ¥ y (w?, v).

Proposition 2: For w(k)as defined in Algorithm 1

(GMA-BMAX), if {fi,...,Tm} satisfies condition (11),
then
log J(¥*) <log J (¥ x (@ ,V))+m~ (32)

Proposition 2 states that, after running the GMA-BMAX
algorithm for k steps to obtain 1ﬁ(k), the corresponding objec-
tive value log J (1ﬁ(k)) converges to the optimal objective value
log J (¥ y (w?, v)) at a rate O(1/k). Combining this result with
Proposition 1, we obtain the following oracle inequality, which
shows that the regret of the estimator ¥ ® after running k steps
of GMA-BMAX converges to that of ¥ (w?, v) in Corollary 1
at a rate O(1/vk).
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a2

Proposition 3: Assume v € (0, 1) and if o* > TTOREEDE

Consider w(k) as in Algorithm 1 (GMA-BMAX). For any
L e AM the following oracle inequality holds

M
1 ® =3 < 0> 450 — 013 + (0 =) It - nl)3

j=1
2 2
+20* KK (A, wd) + 2 /A (Hs)llllfx( V)
gl 4+ 1043 (33)
2Tk +3)

with probability at least 1 — 0. Moreover,

M
Ely® — 13 < v > 2501 — a3 + (1 —v) Iy — 9113
j=1

5 [ 16A
+20° K, ) +2 A(k+3)Elltﬁx(w , V)

16A3

Ak +3) (34

=7l +

From Proposition 3, if w* >

1,..., M we have

W,l—v)’ for any ] =

19 ® —nl3 < 1If; — 113 + 20 log( 5)+0(1/f)

with probability at least 1 — J, and
Ely® —gl3 < If; - nll3 + 20 log( ) +0(1/vk).

When k& — oo, l/f(k) achieves the optimal deviation bound.
However, it does not imply optimal deviation bound for
v ® with small k, while the greedy algorithms described
in [8] (GMA) and [1] (GMA-0) achieve optimal devia-
tion bounds for small k¥ when & > 2. The advantage of
GMA-BMAX is that the resulting estimator y®) competes
with any fy with A € AY under the KL entropy, and such
a result can be applied even for infinity dictionaries con-
taining functions indexed by continuous parameters, as long
as the KL divergence C(A, ) is well-defined (see relevant
discussions in Section IV). On the other hand, the greedy
estimators of [1] for the (Q-aggregation scheme can only
deal with an upper bound of KL divergence referred to as
linear entropy (see Section IV) that is not well-defined for
continuous dictionaries. This means that GMA-BMAX is more
generally applicable than the corresponding greedy algorithm
GMA-0 in [1].

B. Gradient Descent Algorithm (GD-BMAX)

An alternative way solving the BMAX is to use the gradient
descend method. The GD-BMAX algorithm is shown in
Algorithm 2. The gradient is

vty 11—

%
Viog J(y* V) = - @D —fa),
J*) ’ *
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Algorithm 2 Gradient Descent Algorithm (GD-BMAX)
Input: Noisy observation Y, dictionary H = {f1,..., fu},
prior # € AM parameters v, .
Output: Aggregate estimator 1ﬁ(k).
Let y© =0
for k=1,2,... do
Choose step size t; € (0,2/A,) for k > 0;
Let

M
fLu-n = z /lg»kfl)fj,

j=1

where A%=D ¢ AM and

k—1
Ay Yii3

1
o' njexp(— ﬁ”fj -

1—v
o Y —fj||%) (35)

v O =1 —np D
end for

”fx(k I

where A&—D e AM ig defined as (35). In the k-th step,
the update operation is

I—-v
)'/f(k RN 2 fyen

th log J(l/f(k 1)).

1 -
v = —n—s
— k=D _

Therefore, Algorithm 2 is a gradient decent algorithm with
step size f;. The following proposition shows the convergence
of the GD-BMAX algorithm.

Proposition 4: For l/f(k) as defined in Algorithm 2, if we
choose a fixed step size ty = s € (0,2/A3) for k > 0 and
{f1, ..., fym} satisfy condition (11), then

log J (1)) —log J (¥ x (@*, v)
[1-241(5— (A2/2)5)(l0gJ (4 ) ~log J (¥ x (@, v))).
(36)

Remark 1: We may choose t, = s = 1/A, to minimize the
righthand side of (36) such that

log J (¥ D) —log (¥ x (@, )
= (1= A1/A2)" (log () — log J (¥ y (@2, v)) ).

Proposition 4 shows that the GD-BMAX algorithm con-
verges at a geometric rate of O(g¥) with ¢ = 1 —2A4(s —
(A2/2)s%). Moreover, we have the following oracle inequality,
which shows that the regret of the estimator l/f(k) after running
k steps of GD-BMAX converges to that of ¥ y(w?,v) in
Corollary 1 at a rate of O(g").

Proposition 5: Assume v € (0, 1) and if w* > Wi_]})
we have oracle inequality for any A € AM,

Iy ® — 113

M
<v Y 2lf; -
=1

13 + (1 =) Ifx — I3



DAI et al.: BMAX

+ 20K\, ) 4 207 log(1/0)

+2\/L2[1 = 241 (s — (A2/Ds) ¥ x (@2, v) — 7l
+ L1 = 2A1(s — (A2/2)s?)1F (37)

with probability at least 1 — J. Moreover,

Elly© —
M

< v 2l =l + a4 —v) I =3
j=1

7113

+20° K, 7)
+2/L2(1 = 24165 — (A2/ D) KE¥ x (0%, v) — il
+ LP[1 = 2A1(s — (A2/2)sH)1 (38)
From Proposition 5, if w? > Wiﬂ)), for any j =
1,..., M we have
1
1y ® = 9lI3 < IIf; — nll3 + 20 log (—) +0(gh),
77,']'5
with probability at least 1 — J and
1
Ely® — gl < If; — 913 + 20 log( ) +0(gh),
Tj

for some constant ¢ = 1 — 2A (s — (A2/2)s?) € (0, 1).

Though the GD-BMAX algorithm does not give sparse
output as the GMA-BMAX algorithm does, it has a faster
geometric convergence compared to GMA-BMAX. Similar to
Proposition 3, the results in Proposition 5 do not imply optimal
deviation bounds of 1ﬁ(k) for small k (k < 00).

The GD-BMAX algorithm can be naturally applied to
continuous dictionary case. When the dictionary is contin-
uous or M is large, direct calculation of Ak=D e AM
in (35) is impractical and we can use the Markov Chain
Monte Carlo (MCMC) sampling method [15] to approximate
A&=D for the k-th iteration in Algorithm 2. A Metropolis-
Hastings (MH) algorithm is given in Algorithm 3. The MH
algorithm approximates f, «-1 with u(Tk_l), so the resulting
estimator ¥®) at the k-th step in Algorithm 2 will have
perturbations. Below we provide a result showing how the
perturbations from approximating f, «-1) would influence the
convergence of log JW®) 1o log J (¥ y (@, v)).

Pro;()kosz;zon 6: Given Y € R", for all k > 0, we assume
1

that uy in Algorithm 3 satisfies
A B (39)
Icoviug gy, < (40)
where || - |lop is the matrix spectral norm. Then, we have

E (log /(") — log J (. )))
< [1-2446 — (42/2)5))1* (log J (¥ )

— log J(¢X(w2, v))) + Ay ns?)2.

A variant of the GD-BMAX algorithm with continuous
dictionary notation is also provided in Algorithm 4, in which
we assume the dictionary is parameterized by w as Hqg =
{f(w) : f(w) € R"} and Q = {w : w € RY}.
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Algorithm 3 Metropolis-Hastings (MH) Sampler for

Estimating f, -1 at the k-th Step of Algorithm 2

Input: Noisy observation Y, dictionary H = {f1,..., fm},
prior 7 € AM, parameters v, >, (k — 1)-th step estimator

,/,(k—l)

Output: u(k D as estimator of fLo-n = Z?”Zl i§k_1)fj.
Initialize ](0) =0;
forr=1,---, 7o+ T do

Generate ;] ~ ¢(-|j“"V) (e.g., ¢ can be chosen as a
Gaussian distribution with mean f je-n);

Compute

20D, ) = a(G=V1Ho ) |

’ "\ GeneGeny )

where

, 1
0(j) = exp(— 5zl = Y3

1—v B
+ ”—f,-n%);

Generate a random variable u € [0, 1] and let

(t) —
](t D,

if u<p(U=D,);

otherwise;
end for
Calculate
To+T
k—1
up ) = Z fjo:
t To+1

VI. EXPERIMENTS

Although the contribution of this work is mainly theoretical,
we include some simulations to illustrate the performance
of the GMA-BMAX algorithm and GD-BMAX algorithm
proposed for the BMAX method. We focus on the average
performance of different algorithms and configurations.

The simulations will focus on discrete dictionary in order
to compare the BMAX method with existing algorithms while
the BMAX method can deal with continuous dictionary. Set
n =50 and M = 500. We identify a function f with a vector
(f(x1),..., f(xn))" € R". Let I, denote the identity matrix
of R"” and let ® ~ A(0, I,,) be a random vector, and define
{fi,...,.fy} as

[f,-=®+s.;j for 1 < j < M, )
fi=¢; for M1 < j <M,

where & ; ~ N (0, I,)(j = 1,...,
vectors.

Let A ~ N(0,1,) be a random vector. The regression
function is defined by n = f; + 0.5A. Note that typically f;
will be the closest function to  but not necessarily. The noise
vector & ~ N(0,021I,) is independent of {fi,...,fy} and
o =2.

M) are independent random
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Algorithm 4 Gradient Descent Algorithm With Continuous
Dictionary
Input: Noisy observation Y, continuous dictionary Hgq, prior
g, parameters v, .
Output: Aggregate estimator y®,
Let y© = 0.
for k=1,2,... do
Choose step size t; € (0,2/A,) for k > 0;
Initialize w©:
forr=1,---,To+ T do
Generate © ~ g(-]w"~D);

Compute
=D1DV0 (T
(t=1) ~\ _ q(w |w)6 ()
7 (w ) = mln(q(g)|w(z1))9(w(r1))° L),
where

1
0(w) = m(w)exp ( — 5lfw) = Y3

1—v
RTPA oy DI 2.
+ o ¥ f(w)nz),
Generate a random variable u € [0, 1] and let

w® =1 if u<y@i=Y, )
w=D | otherwise;

end for
Calculate
1 To+T
(k=1) _ (t)y.
up =g Z f(w'");
t=To+1
1—v 1—v -
¥ = (1 ——)p D o ——u
w w
end for

We define the oracle model (OM) fi+, where k* =
argmin; MSE(f). The model fi+ is clearly not a valid esti-
mator because it depends on the unobserved #, however it
can be used as a performance benchmark. The performance
difference between an estimator 7 and the oracle model fi+ is
measured by the regret defined as:

R(#) = MSE(i)) — MSE(fi-). 42)

Since the target is n = f; + 0.5A, and f; and A are random
Gaussian vectors, the oracle model is likely f; (but it may
not be f; due to the misspecification vector A). The noise
o = 2 is relatively large, which implies a situation where the
best convex aggregation does not outperform the oracle model.
This is the scenario we considered here. For simplicity, all
algorithms use a flat prior 7; = 1/M for all j. The experiment
is performed with 100 replications.

One method compared is the STAR algorithm of [5], which
is optimal both in expectation and in deviation under the
uniform prior. Mathematically, suppose fi, is the empirical
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risk minimizer among functions in H, where

ki = argmin @(fj), (43)
J
the STAR estimator f* is defined as
[F=0=a") fi, + 0" fiy, (44)

where
(a*, ko) =argmin MSE((1—a) fi, + af;), @ € (0,1). (45)
o

Another natural solution to solve the model averaging
problem is to take the vector of weights APR°' defined by

APROT ¢ argmin @(fx), (46)
reAM
which minimizes the empirical risk. We call APR°’ the vector

of projection weights since the aggregate estimator fyrror is the
projection of ¥ onto the convex hull of the f;’s.

We compare the exponential weighted model averaging
method denoted as EWMA. Q-aggregation with linear entropy
(when p(t) = 1) is also compared and will be solved by
GMA-0 from [1] (see Algorithm 5 below).

Algorithm 5 GMA-0 Algorithm

Input: Noisy observation Y, dictionary H = {f1,..., fu},
prior 1 € AM, parameters v, 8.
Output: Aggregate estimator f, ).
Let A =0, f,0 = 0;
for k=1,2,...do
Set a; = %;
JO = argmin; O, 4 g (el) — A=y,
A0 = 16=D 4y (@) a =Dy,
end for
We adopt flat priors # = 1/M (j = 1,...,M) for

simplicity. From the definition of Q(X) (18), it is easy to
see that, the minimizer of Q(A) (when p(t) = 1 with flat
prior) becomes APR°' in (46) by setting v = 0, so APRY' is
approximated by GMA-0 with v = 0 and 200 iterations, and
the projection algorithm is denoted by PROJ.

We evaluate two versions of the GD-BMAX algorithm that
one is exactly the algorithm depicted in Algorithm 2 and
the other is to approximate f, -1y in Algorithm 2 with the
MH sampler in Algorithm 3. We denote the latter variant as
the GD-MH-BMAX algorithm. For the MH sampler, we use
Gaussian distribution for ¢g(:|-) and set Tp = T = 500.
The GMA-BMAX, GD-BMAX GD-MH-BMAX and GMA-0
algorithms are run for K iterations up to K = 150,
with v = 1/2. Parameter o for GMA-BMAX, GD-BMAX,
GD-MH-BMAX and EWMA is tuned by 10-fold cross-
validation. Regrets of all algorithms defined in (42) are
reported for comparisons.

In the following, we consider two scenarios. The first
situation is when the bases are not very correlated; in such case
GMA-0 can perform better than GMA-BMAX, GD-BMAX
and GD-MH-BMAX because the former (which employs



DAI et al.: BMAX

3339

TABLE I
PERFORMANCE COMPARISON (s = 1 AND M| = 50)

STAR PROJ EWMA
0.3895+£0.3816  0.3953+£0.2680  0.2823+0.5718

k=1 k=5 k=15 k =60 k =100 k=150
GMA-BMAX 0.57261+0.7536  0.4196+0.4339  0.3480+£0.3606  0.2840+0.3213  0.2745+0.3180  0.2690+£0.3175
GD-BMAX 1.61874+0.3313  0.7231£0.2305  0.3003+0.3098  0.2603+0.3161  0.2602+0.3161  0.2602+0.3161
GD-MH-BMAX  1.6192+0.3311  0.7253+0.2328  0.3061+0.3127  0.2645+£0.3107  0.2705£0.3237  0.2583+0.3058
GMA-0 0.3742+£0.7804  0.29161+0.3691  0.256740.3291  0.2546+0.3289  0.2548+0.3292  0.2550+0.3287

TABLE II

CUMULATIVE FREQUENCY OF REGRET (s = 1, M| = 50 AND k = 150)

Upper Boundary  0.00 033 066 098 131 164 197 229
GMA-BMAX 17 69 85 95 100 100 100 100

GD-BMAX 13 70 85 96 100 100 100 100
GD-MH-BMAX 14 68 85 97 100 100 100 100
GMA-0 21 72 84 96 100 100 100 100
EWMA 39 78 82 84 88 95 99 100

linear entropy) produces sparser estimators. The second sit-
uation is when the bases are highly correlated; in such case
GMA-BMAX, GD-BMAX and GD-MH-BMAX are superior
than GMA-0 because the former algorithms (which employ
strongly convex KL-entropy) give the clustered basis functions
similar weights while the GMA-0 tends to select one from the
clustered basis functions, which may lead to model selection
error. The correlated bases situation occurs in the continuous
dictionary setting.

A. Experiment 1: When s = 1 and M; = 50, Bases Are
Not Very Correlated

Table I compares the commonly used estimators, i.e., STAR,
PROJ and EWMA, with GMA-BMAX, GD-BMAX,
GD-MH-BMAX, and GMA-0. The regrets are reported using
the format of “mean =& standard deviation”. Table II reports
the cumulative frequency of GMA-BMAX, GD-BMAX,
GD-MH-BMAX, GMA-0 and EWMA with 100 replicates
and fixed iteration k. For each entry, we summarize the number
of replicates with regrets which are smaller than or equal to
the upper boundary value.

The results in Table I indicate that GMA-0O achieves the
best performance as iteration k increases. GMA-0 outperforms
STAR, EWMA and PROJ after as small as k = 15 iterations,
which still gives a relatively sparse averaged model. This
is consistent with [1, Ths. 4.1 and 4.2] which shows that
GMA-0 has optimal bounds for small k& (k > 2).

GMA-BMAX, GD-BMAX and GD-MH-BMAX prefer
dense model that assigns similar weights to similar candidates.
It is easy to verify that ¥ y (w?, v) = fy with A € AM defined
as

1 1—v
Jj o) exp (_ﬁuf,» — Y13+ ¥ x (@) —fj||%),

and thus two similar candidates f; and f; will have similar
weights.

In contrast, GMA-0 prefers sparse model by selecting
candidates less related to the estimator from previous iteration.
Specifically, with flat prior 7, the choice of J® in GMA-0

algorithm can be further simplified to
J® = argmin {”fj — Y13 - (1= )1 = an)lfe-n — fj||§},
J
(47)

and thus at each iteration k in the GMA-0 algorithm, the esti-
mator f; is preferred if it is close to Y while it is less
correlated to the current aggregate estimator f, «-1 (because
the minimization requires ||f, -1y — f j||% to be large while
If; — Y3 being small).

In Experiment 1, the first 50 candidates {fi,...,fy} are
closer to the truth n = f; + 0.5A than other candidate f; for
Jj > 50, yet they are not very correlated when s = 1. Sparsity
is preferred when correlations are not strong among the
predicting features (in our experiment, the first 50 candidates),
and GMA-0 is to output sparser estimator than GMA-BMAX,
GD-BMAX and GD-MH-BMAX. Therefore, we would
expect GMA-0 achieving smaller regret than GMA-BMAX,
GD-BMAX and GD-MH-BMAX wunder this situation.
Although GMA-BMAX, GD-BMAX and GD-MH-BMAX are
worse than GMA-0 when the bases are not very correlated,
they beat EWMA, STAR and PROJ when the iteration k is
large enough.

Figure 1 compares the regrets of GMA-BMAX,
GD-BMAX, GD-MH-BMAX, GMA-0 and EWMA.
(a-e) illustrate the histograms of the regrets with 100 replicates.
The corresponding cumulative frequencies are presented
in Table II. Since Proposition 3 indicates that the optimal
deviation bound is obtained by k — oo, we pick k = 150 for
GMA-BMAX, GD-BMAX, GD-MH-BMAX and GMA-0 in
order to make fair comparison. As the histograms show,
although EWMA has the most replicates in which the regrets
are close to zero, the distribution of the EWMA estimator is
the most dispersive with many extreme values compared to
other methods. The performance is consistent with [1], [9],
and [10] which state that the EWMA estimator is optimal
in expectation but sub-optimal in deviation. Therefore,
we would expect GMA-BMAX, GD-BMAX, GD-MH-
BMAX and GMA-0 enjoy more concentrated distribution
than EWMA because they are also optimal in deviation.
(f) shows the convergence of GMA-BMAX, GD-BMAX,
GD-MH-BMAX and GMA-0. We observe that GD-BMAX
and GD-MH-BMAX show faster convergence compared
to GMA-BMAX, which is consistent with Proposition 5.
Moreover, the GD-MH-BMAX algorithm approximates
GD-BMAX well with small perturbations, which is consistent
with Proposition 6.
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Fig. 1. (a-e) show the histograms of regrets for GMA-BMAX, GD-BMAX, GD-MH-BMAX, GMA-0 (with k = 150) and EWMA;; (f) reports the results of
regrets R(l/l(k)) versus iterations k under the case s = 1 and My = 50.
TABLE III
PERFORMANCE COMPARISON(s = a/||§j|| AND M| = M)
STAR PROJ EWMA
0.0587£0.0338  0.0495+0.0322  0.0452+0.0307
k=1 k=5 k=15 k=60 k =100 k =150
GMA-BMAX 0.092940.0381  0.0503+0.0300  0.0431+£0.0285  0.040840.0282  0.0407+0.0283  0.0406+0.0283
GD-BMAX 0.781740.2207  0.252540.1041  0.0501+£0.0317  0.040640.0284  0.0406+0.0284  0.0406+0.0284
GD-MH-BMAX  0.741440.2126  0.199640.0876  0.0435+0.0291  0.03934+0.0273  0.038240.0273  0.0384+0.0284
GMA-0 0.090440.0380  0.0650+0.0379  0.0630+0.0371  0.06214+0.0364  0.0622+0.0364  0.0620+0.0364

Note that GMA-BMAX and GMA-0 produce different esti-
mators after the first iteration (k = 1). GMA-BMAX selects
j € {l,...,M} that minimizes logJ(f;), while GMA-0
selects j € {1,..., M} that minimizes Q(f;) and the output
of the first stage is actually the empirical risk minimizer fi,
where ki = argmin; @( fi). Moreover, since sparse model
is preferred in this scenario, GMA-0 has smaller regret than
GMA-BMAX, GD-BMAX and GD-MH-BMAX, and all of
them converge fast within a few iterations.

B. Experiment 2: When s = o/||§ ;|| and M; = M, Bases
Are All Highly Correlated

In Experiment 2, we define regression function as
n = ©® 4+ 0.5A which is slightly different from Experiment 1.

The results in Table III indicate that GMA-BMAX,
GD-BMAX and GD-MH-BMAX perform better than
GMA-0O as iteration k increases, and GMA-BMAX, GD-
BMAX and GD-MH-BMAX also beat STAR, PROJ and
EWMA when £ is large enough.

In this experiment, all of the candidates {fi,...,fy} are
close to the truth = ® 4 0.5A, and they are highly
correlated when s is small. GMA-BMAX, GD-BMAX and
GD-MH-BMAX tend to assign similar weights to similar
candidates, while GMA-0 tends to exclude other correlated
candidates once one has been selected. Therefore, GMA-
BMAX, GD-BMAX and GD-MH-BMAX will average over
those candidates with similar weights resulting less variance
(also less bias due to the design), while GMA-0 will have
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Fig. 2.
regrets R(w(k)) versus iterations k under the case s = /|| i || and M| = M.

high variance because it only selects one of the candidates.
Moreover, similar to GMA-BMAX, GD-BMAX and GD-MH-
BMAX, EWMA also prefer dense model by assigning similar
weights to similar candidates. However, the EWMA estimator
assigns weights defined as

1

while the weights in GMA-BMAX, GD-BMAX and GD-MH-
BMAX are defined as

1—v
20?

where ¥ y(w?,v) = f, with A € AY. Note that for all
i It =Y ||% are roughly equal to each other under this
scenario. That is, the EWMA estimator becomes the average
of all candidates. However, the GMA-BMAX, GD-BMAX
and GD-MH-BMAX estimators are still weighed averages of
all bases, and the weights are adjusted by the extra term
¥y (@2, v) —f b ||%. Therefore, we would hope GMA-BMAX,
GD-BMAX and GD-MH-BMAX have smaller variances than
EWMA.

Figure 2 compares the regrets
GD-BMAX, GD-MH-BMAX, GMA-0

1
dj ocmjexp (—2—w2||f,- ~ Y3+ 1Y x (@, v) — f,-||%),

of GMA-BMAX,
and EWMA.

()

(a-e) show the histograms of regrets for GMA-BMAX, GD-BMAX, GD-MH-BMAX, GMA-0 (with k = 150) and EWMA; (f) reports the result of

TABLE IV

CUMULATIVE FREQUENCY OF REGRET (s = o'/||1;j I,
M| = M AND k = 150)

Upper Boundary  0.000  0.026  0.051  0.077 0.103  0.128  0.154  0.180
GMA-BMAX 5 31 69 89 97 99 100 100
GD-BMAX 6 31 69 88 97 99 100 100
GD-MH-BMAX 5 36 71 90 97 99 100 100
GMA-0 4 17 40 67 89 95 99 100
EWMA 5 26 59 86 96 98 100 100

(a-e) summarize the histograms of the regrets, and the
corresponding cumulative frequencies are represented
in Table IV. GMA-BMAX, GD-BMAX and GD-MH-BMAX
have the most concentrated distributions, because they are
optimal both in expectation and in deviation. (f) illustrates the
convergence of GMA-BMAX, GD-BMAX, GD-MH-BMAX
and GMA-0. All these methods converge within a few
iterations. As expected, GMA-BMAX, GD-BMAX and
GD-MH-BMAX achieve lower regret than GMA-0 when the
basis functions are correlated.

VII. CONCLUSION

This paper introduces a new formulation for deviation
optimal model averaging which we refer to as BMAX. It is
motivated by Bayesian theoretical considerations with an
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appropriately defined exponentiated least squares loss. More-
over we established a primal-dual relationship of this estimator
and the Q-aggregation scheme (with KL entropy) by [1].
This relationship not only establishes a natural Bayesian inter-
pretation for Q-aggregation but also leads to new numerical
algorithms for model aggregation that are suitable for the
continuous dictionary setting where some basis functions are
highly correlated. The new formulation and its relationship
to Q-aggregation provides deeper understanding of deviation
optimal model averaging procedures.

APPENDIX
PROOFS

A. Proof of Lemma 1
Define A € AM as

1 I—v
Aj o Tjexp (—ﬁﬂf,’ — Y5+ Sz ¥ —fj||%)'

It follows that
VI@) 1-v
J(¥)

('ﬁ - fl))

and

V2 )
J(¥)

—Zi (( )(w f,)(vf—f,)w(l;z”)zn).

Then we have
V2log J ()
_ (V2 IW)J @) — (VI@))VIW)T

J2(¥)
M 1—v
:]Z:%z,-(( i

2 1—
) <w—fj)(w—fj>T+( wg“)ln)
1—v
_( -

2
) Wt — )T
1—v 2 T
- (24 +zz () & -6 -1

Therefore, VZlog J (¢) > (lw;z" I,.
With the assumption that ||f;[|» < L for all j, we have

M
= > atf]
j=1

—ffy

M
D i —tpdh -7

j=1
M

<> ifif] _Z/I L0, =11,
j=1

2
It follows that V2 log J (%) < ((160—2") + (1;”) L2) I, m
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B. Proof of Lemma 2

Lemma 3: For any A € AM, real numbers {)cj}?"':1 and
some constant a > 0, we have

M M
Z/’{ij _alc()\', 71') < alog Zn'jexj/a ,

j=1 j=1

where the equality is obtained when (x;/a) —log(A;/x;) is a
constant for 1 < j < M.

Proof: The result follows directly from Jensen’s Inequality
as

M
exp | D 2;((xj/a) —log(Z;/x}))

j=1
M M
Zi exp ((xj/a) —log(4j/x;)) = anex-f/“.
j=1 j=1

]
Now by setting x; = —v||f;—h ||% and a = 2w? in Lemma 3,
we obtain
M
min | v z AlIf;
j=1

v
— |2 + 20% KA ——|h—Y|3
min, I3 +20°K0. m) | = -—llh = YII5

M
v
= _1—||h ~ Y3 — 20’ log E 7rje"’”f-f’h”%/z‘“2
—v
j=1

which implies that

T (h) = mm S(A, h).

In addition, it is easy to verify that

Q@) = max SQ., k),

where the Ipinimum is achieved at h = fj.

Now let h be the maximizer of 7 (k) in (21), then by setting
the derivative of (21) to zero, it is easy to observe that there
exists a corresponding A so that (A, h) € AN B. This means
that AN B # @.

Now consider any (A°, k%) € A N B. We have

0% > min Q) =

reAM

max min S(A, k).
heR" \eAM

v

m1n max S, h)
eAM heR

v

The third inequality is the well-known weak duality (e.g., [16,
Lemma 36.1]).

Also we have

max min S(A, k) = max T(h) = T(h) > T(h°).

heR" xeAM
We thus have
2% > min A m1n max S(A, h
Q) = min O() = min max SO, k)

\

S\, h) = T(h) > T (h°
,ﬁg@gj‘b( ) max (h) = T (h").
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Our target is now to prove Q(A°) = T (h°). Since (A%, h°)
A N B, we have
0_ 1 1—
h” =Y — v”flo,

0 exp( s lfj—h Hz)
o > eXP(imHhih ”2)7”.

It follows that for all j:

M
S e (-
i=1

which implies that

M
log (Z exp (=55 Ifi = 113) m)
i=1

v
= —55lf = h%l3 -

exp (—2”7||f, - h0||§) 7
0 b
Aj

v
02
Iy — K013) mi =

log(l(j)-/nj)

M
v
= > 1 (— 5t — K013 —0g(if /).
i=1

where the second equation is from summing up two sides of
the first equation with weight /1? overi=1,...,M.
Plug back into T(ho), we obtain

T(h°)

e
I—v

M
Vv
(- st
i=l1

Y3

M
v
= = I = Y3 +v 3 AU = B3 +20° K40, 7)
i=1

M
= Ilfyo = Y5 +v > 20 — foll3 + 20°K A0, 7)
i=1

= oY),

where the third equality is obtained by plugging in h° =

24
1=2f,0. Therefore,

20 = A S\, h
oQY) lmf}u om) = mm 1, max (&, h)
= ’rlré% xr;l/l\l}lw S(l h) = max T(h) = T (k).

Since Q() is strictly convex and T'(-) is strictly concave,
we have h° = h is the unique solution of maxy T (h), and
A" = X is the unique solution of miny Q(A). Using =
%Y — lv;vf)ﬂ’ we have

1 1—v

h=-Y -
V V

flo.
This proves that A N B contains the unique point (A2, iz). [ ]

C. Proof of Proposition 1
The strong convexity of log J(-) in (14) implies that

1 — ¥ x (@ )13

IA

2 ~
(102 79) ~10g (9 50, 1))
2¢/Aq.

A
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Now plug the above inequality into the following equation
19 =l = ¥ x (@ v) = nll3 +21% — ¥ x (@ V)]
<Y x (@, v) =l + 1 — ¥ x (@ )3,
we obtain the desired bound. |

D. Proof of Proposition 2

From definition, ¥ y (w?, v) = f; with A € AM defined as

1 I—v
Aj OC T jexp (—ﬁ”fj - Y||% + W”'ﬁX(wza V) — f]”%)

Forany j=1,..., M,

log J (¥
= togJ (¥ + aulhy0 — ¥*))

< logJ (¥ + ot -y & D))

TV @)

T
where the first inequality comes from definition, the second
inequality is from Taylor expansion at l/f(k_l) and (15) in
Lemma 1 with the fact that |[f; — y*~D |3 <412

We multiply the above inequality by 4; and sum over j to
obtain

+ 247 A,

< log J( &) oy (F; — &)

M

j=1
VIt
J*D)
=1log J@* D) + ar (¥ x (@, v) —
vJ (&)
log J (Y D) + ax(log J (¥ x (@?, 1))
x —log JP*D)) + 20 As,

+ 247 As

'/,(kfl))'l'
+ 207 As

IA

where the last
log J (¥).

Denote by d
that

inequality follows from the convexity of

=log J(W®) —log J (¥ x (@2, v)), it follows

o < (1 —oag)op—1 + 20!,% Aj.

We now bound . If we let uj o 7; exp (—#Hfj — Y||%)
such that Z?/[:l wj =1, then

o = log J(¥ D) —log J (¥ x (@?, 1))

1—v
=log > pjexp (W”'/’(O) —fj||§)
j
1 —
— logz,ujexp 0
j

—f,»||%)

M
1—v
<log| > pjexp (W”'/’(O) —fjllﬁ)

=1
1 —
2w?

2 < 2As. (48)
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The claim thus hold for dyp. By mathematical induction,

if Ok—1 < $43, then
O < (1 — a)d—1 + 20} As
8A3 2 8A3
<(1-2/(k+1 2Q/(k +1))° Az < .
< (1= 2/ D)5 +20/k+ 1) As < %
This proves the desired bound. [ ]

E. Proof of Proposition 3
We have

I ® —yp (@, )3 <

A

2
— (log 7 (#®) ~log (¥ x (@, v)))
1
2 8A3 _ 16A3
T Ark+3  A(k+3)
where the first inequality comes from Taylor expansion at point

¥y (w?, v), with using (14) in Lemma 1 and VJ(¥,); and
the second inequality is from Proposition 2. It follows that

[RAREETE
= 10D — P x (@) + @ x (@) — D3
< 1P x @ v) = nl5 + 209 x (@, v) = pll2llp©
—¥x@ )+ PP = Yy @ )3

16A3
< Wx @) =l +2, o 9 @7 0) — a2

16A3
+—.
Ak +3)

F. Proof of Proposition 4

The update operation implies
YO =y =D Vieg sy *D).
Then,
log J (¥ M)
=log JW* D — 4 Viog s (p*1y)
< log JW*D) — [ VIog J (¥4 D))13
+(A2/2)2 1V log J (¥ <)) 13
=log J(¥* D) — (i — (A2/2)i) |V log 7 (¥ * D)) 13,

where the inequality is from (15). By
log J (¥ x (@, v)) by each side, we have

log J (¥ ©) —log J (¥ x (*, v))
< log J(P* 1) —log J (¥ x (&, 1))
— (e — (A2/D)[|V log J (¥ “~ D)) |13.
Also from (15) we have
1V 1og J (¥ *~D))3
=241 (log /(D) ~ log J Py (@2, 1)) (50)

subtracting

(49)
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Choose fixed step size 1ty = s € (0,2/A,) for any k > 0.
Combining (49) and (50) results

log J(¥©) —log J (¥ x (@, 1))

< [1 =244 — (A2/2)5))] (log J (#*1)
~ log J (¥ x (@, v))).

It follows that

log J(¥©) —log J (¥ x (®, 1))

< 1= 2446 — (42/2)5))1* (log /(¥ )
—log /(¥ (@, v))).

G. Proof of Proposition 5
We choose 7y = s as in Remark 1. Then,

Iy ® — ¥y (@* )13

2
< o (lo2 76 ™) ~log S W@, v))

IA

2 (1= A1/AD log J(p @)
Ay

2 1—
< S (1- A JAY = L2 = L2(1 — Ay /AD),
A 20?

where the first inequality comes from Taylor expansion
at point ¥y(w?,v), with using (14) in Lemma 1 and
ViogJ(¥y(w?, v)) = 0; the second inequality is from
Proposition 4; and the third inequality is from assumption (11)
resulting log J(tﬁ(o)) < %Lz. It follows that

Iy ® — i3
= 1P — Y@ ) + Fx @ v) = D3
< ¥x(@,v) = 0l5 +21¥ x (@, v) =l ¥
—Px@ )2+ 1¥Y = ¥ x (@ V)3

< ¥ x (@, v)=l3+2,/ L2(1— A1/ A)K ¥ x (@, v) =72

+ L2 (1 — A/ Ak

H. Proof of Proposition 6

Given Y, the expectation is with respect to the randomness
from the MH algorithm. For k > 0, ugc =Y from Algorithm 3 is
an estimator of f, -1 = Z?”ZI ig.k*l)fj. Then in Algorithm 2,
we update ¥ © by

_ l—v g k-1
pO =y D ),
Denote »*~1 = lw;z"(llf(k*l) — u(kal)), then we have

1 —
Efp® Dy D= — L@ ¢ D —f 0 1) =Vieg J(y* D),
(0]
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and

ICOV[* Dy =Dy,
1—v 2 _ _
=( p ) Icovimy 1yt
1—v 2 5
(5
It follows that

log J (¥ ®) = log J (*~V — oD
< log J(W* D) — 5 Viog J (p*=D)Tp*-D
+ (A2/2) et 0% D3,

where the inequality is from (15). Then, by subtracting
log J (¢ X(a)z, v)) from each side of the above equation and
taking expectation conditioned on l/f(k_l), we have
Efey“ V]
< 1 — 5V Iog J (") TERE Dy D)
+(A2/ 2 EL* V31w ¢
< 01 — |V log J(p )13

v 2 2
N

1 1 /1-v\?
— 5t — —IVIog J (& Dy2 & 2,
—1 2A2” ogJ (¥ )||2+2A2 p ns

_ 1 -
+ (A2 [ 1V log J (y ‘>)||%+n( —

where dy = log Jy®y — log J(¥ y(w?,v)) and t = s =
1/A> as in Remark 1. Combining the above inequality with

1V 10g J*D)I3 = 241 (Tog /(¥ *~1)
~logJ (¥ x(@” 1), (51)

which is from (15), we have

2

A
E[e[y* D] < de1(1 — A1/A2) + —Lns?.
2A-

Therefore, it follows that

142
E[0¢] < E[dk—11(1 — A1/A2) + —Lns?,
2A>

and we have

E[5] < E[o](1 — A1/A2)* + %nsz.
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