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AN ACCELERATED RANDOMIZED PROXIMAL COORDINATE
GRADIENT METHOD AND ITS APPLICATION TO
REGULARIZED EMPIRICAL RISK MINIMIZATION*

QIHANG LINT, ZHAOSONG LU*%, AND LIN XIAOS

Abstract. We consider the problem of minimizing the sum of two convex functions: one is
smooth and given by a gradient oracle, and the other is separable over blocks of coordinates and has a
simple known structure over each block. We develop an accelerated randomized proximal coordinate
gradient (APCG) method for minimizing such convex composite functions. For strongly convex
functions, our method achieves faster linear convergence rates than existing randomized proximal
coordinate gradient methods. Without strong convexity, our method enjoys accelerated sublinear
convergence rates. We show how to apply the APCG method to solve the regularized empirical risk
minimization (ERM) problem and devise efficient implementations that avoid full-dimensional vector
operations. For ill-conditioned ERM problems, our method obtains improved convergence rates than
the state-of-the-art stochastic dual coordinate ascent method.
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1. Introduction. Coordinate descent methods have received extensive attention
in recent years due to their potential for solving large-scale optimization problems
arising from machine learning and other applications (e.g., [29, 10, 47, 17, 45, 30]). In
this paper, we develop an accelerated proximal coordinate gradient (APCG) method
for solving problems of the following form:

(1.1) minimize {F(z) dof f(z)+¥(z)},

zeRN

where f and ¥ are proper and lower semicontinuous convex functions [34, section 7].
We assume that f is differentiable on RV and ¥ has a block separable structure, i.e.,

n

(1.2) U(z) = Wi(x),

i=1

where each x; denotes a subvector of & with cardinality NV;, and the collection {x; :
i=1,...,n} forms a partition of the components of z. In addition to the capability of
modeling nonsmooth terms such as ¥(x) = A||z||1, this model includes optimization
problems with block separable constraints. More specifically, each block constraint
x; € C;, where C; is a closed convex set, can be modeled by an indicator function
defined as U;(x;) = 0 if 2; € C; and oo otherwise.
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At each iteration, coordinate descent methods choose one block of coordinates
x; to sufficiently reduce the objective value while keeping other blocks fixed. In
order to exploit the known structure of each ¥;, a proximal coordinate gradient step
can be taken [33]. To be more specific, given the current iterate z®) | we pick a

block i € {1,...,n} and solve a blockwise proximal subproblem in the form of
k . L, k
(8) 0 = argmin { (90 ), 1)+ S G )}
Rk

and then set the next iterate as

L) _ {x§f> + h§’:> if i = i,

(1.4) ¢
M) if i £ iy,

t=1,...,n.

Here V; f(x) denotes the partial gradient of f with respect to x;, and L; is the Lipschitz
constant of the partial gradient (which will be defined precisely later).

One common approach for choosing such a block is the cyclic scheme. The global
and local convergence properties of the cyclic coordinate descent method have been
studied in, e.g., [41, 22, 36, 2, 9]. Recently, randomized strategies for choosing the
block to update became more popular [38, 15, 26, 33]. In addition to its theoretical
benefits (randomized schemes are in general easier to analyze than the cyclic scheme),
numerous experiments have demonstrated that randomized coordinate descent meth-
ods are very powerful for solving large-scale machine learning problems [6, 10, 38, 40].
Their efficiency can be further improved with parallel and distributed implementa-
tions [5, 31, 32, 23, 19]. Randomized block coordinate descent methods have also been
proposed and analyzed for solving problems with coupled linear constraints [43, 24]
and a class of structured nonconvex optimization problems (e.g., [20, 28]). Coordinate
descent methods with more general schemes of choosing the block to update have also
been studied; see, e.g., [3, 44, 46].

Inspired by the success of accelerated full gradient (AFG) methods [25, 1, 42, 27],
several recent works extended Nesterov’s acceleration technique to speed up random-
ized coordinate descent methods. In particular, Nesterov [26] developed an accelerated
randomized coordinate gradient method for minimizing unconstrained smooth func-
tions, which corresponds to the case of ¥(x) = 0 in (1.1). Lu and Xiao [21] gave
a sharper convergence analysis of Nesterov’s method using a randomized estimate
sequence framework, and Lee and Sidford [14] developed extensions using weighted
random sampling schemes. Accelerated coordinate gradient methods have also been
used to speed up the solution of linear systems [14, 18]. But these work are all
restricted to the case of unconstrained smooth minimization.

Extending accelerated coordinate gradient methods to the more general compos-
ite minimization problem in (1.1) appeared to be more challenging than extending
the nonaccelerated versions as done in [33]. The key difficulty lies in handling the
nonsmooth terms W;(x;) coordinatewise in an accelerated framework. More recently,
Fercoq and Richtérik [8] made important progress by proposing an APPROX (acceler-
ated, parallel, and proximal) coordinate descent method for solving the more general
composite minimization problem (1.1) and obtained an accelerated sublinear conver-
gence rate. But their method cannot exploit the strong convexity of the objective
function to obtain accelerated linear rates in the composite case.

In this paper, we propose an APCG method that achieves accelerated linear con-
vergence rates when the composite objective function is strongly convex. Without
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the strong convexity assumption, our method recovers a special case of the APPROX
method [8]. Moreover, we show how to apply the APCG method to solve the regular-
ized empirical risk minimization (ERM) problem and devise efficient implementations
that avoid full-dimensional vector operations. For ill-conditioned ERM problems, our
method obtains improved convergence rates over the state-of-the-art stochastic dual
coordinate ascent (SDCA) method [40].

1.1. Outline of paper. This paper is organized as follows. The rest of this
section introduces some notation and states our main assumptions. In section 2, we
present the general APCG method and our main theorem on its convergence rate.
We also give two simplified versions of APCG depending on whether the function f is
strongly convex and explain how to exploit strong convexity in W. Section 3 is devoted
to the convergence analysis that proves our main theorem. In section 4, we derive
equivalent implementations of the APCG method that can avoid full-dimensional
vector operations.

In section 5, we apply the APCG method to solve the dual of the regularized
ERM problem and give the corresponding complexity results. We also explain how to
recover primal solutions to guarantee the same rate of convergence for the primal-dual
gap. In addition, we present numerical experiments to demonstrate the performance
of the APCG method.

1.2. Notation and assumptions. For any partition of x € R into {x; € RY: :
i=1,...,n} with Y/ | N; = N, there is an N x N permutation matrix U partitioned
as U = [Uy - -~ Uy)], where U; € RV>*Ni such that

n
x:ZUixi and x; :UiTx, t=1,...,n.
i=1
For any = € RY, the partial gradient of f with respect to x; is defined as
Vif(z) =UI'Vf(z), i=1,...,n.

We associate each subspace RY¢, for i = 1,...,n, with the standard Euclidean norm,
denoted ||-||2. We make the following assumptions, which are standard in the literature
on coordinate descent methods (e.g., [26, 33]).

Assumption 1. The gradient of the function f is blockwise Lipschitz continuous
with constants L;, i.e.,

|Vif(x +Uihi) = Vif(x)|l2 < Lillhills Yhi € RN, i=1,....,n, x &RV,

An immediate consequence of Assumption 1 is (see, e.g., [25, Lemma 1.2.3])
L; .
(1.5) [z + Uihy) Sf(ﬂf)+<Vif($),hi>+7llhi|\§ vz eRY, h; eRY,

for i = 1,...,n. For convenience, we define a weighted norm in the whole space R :

n 1/2
(16) lells = (S Lall) - va e RS,
i=1
Assumption 2. There exists 1 > 0 such that for all y € RY and z € dom (¥),

) > f(2) + (Vf(2).y — ) + Slly = l3-



AN ACCELERATED PROXIMAL COORDINATE GRADIENT METHOD 2247

The convezxity parameter of f with respect to the norm || - ||z is the largest u such
that the above inequality holds. Every convex function satisfies Assumption 2 with
p=0.If 4 > 0, then the function f is called strongly convex.

Remark. Together with (1.5) and the definition of || - || in (1.6), Assumption 2
implies p < 1.

2. The APCG method. In this section we describe the general APCG method
(Algorithm 1) and its two simplified versions under different assumptions (whether
or not the objective function is strongly convex). This algorithm can be viewed as
a generalization of Nesterov’s accelerated gradient method [25] which simultaneously
covers the cases of block coordinate descent and composite minimization. In partic-
ular, if n = 1 (full gradient) and ¥(z) = 0, then it can be shown that Algorithm 1
is equivalent to Algorithm (2.2.8) in [25]. However, there are important differences
that are not obvious to derive in the generalization; for example, here the proximal
mapping appears in the update of (%), instead of z(*) as done in Algorithm (2.2.19)
of [25]. We derived this method using the framework of randomized estimate sequence
developed in [21]. The convergence analysis given in section 3 is the result of further
simplification, which does not rely on randomized estimate sequence.

We first explain the notation used in Algorithm 1. The algorithm proceeds in
iterations, with k being the iteration counter. Lowercase letters x, y, z represent
vectors in the full space RY, and z*), y) and z(*) are their values at the kth
iteration. Each block coordinate is indicated with a subscript, for example, a:z(.k)

represent the value of the ith block of the vector #(®). The Greek letters a, 8, v

ALcoRrRITHM 1. THE APCG METHOD.
input: z(®) € dom (¥) and convexity parameter p > 0.

initialize: set 2(%) = 2(%) and choose 0 < o € [, 1].
iterate: repeat for k =0,1,2,...
1. Compute «y, € (0, %] from the equation

(2.1) n?ai = (1 — o) Y + arp,
and set
o
(2.2) Yer1 = (1 — o) + e, B = 2B
VE+1

2. Compute y* as

1
(2.3) y = —— (Oék"/kz(k) +“/k+1x(k)) :
QRVE + Ve+1
3. Choose i, € {1,...,n} uniformly at random and compute

. no 2
Z(k+1) = arg mln{Tk HCE - (1 - Bk)z(k) - ﬁky(k) ||L + <Vlkf(y(k))7 xlk> + \Ijlk(xlk )}

zERN

4. Set

(2.4) 2+ = (0 4y (zRHD) — 50y 4 %(Zae) O
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are scalars, and «ay, O, and 7y represent their values at iteration k. For scalars, a
superscript represents the power exponent; for example, n?, o} denotes the squares
of n and ay, respectively.

At each iteration k, the APCG method picks a random coordinate i, € {1,...,n}
and generates y®) | z(**1) and z(*+D One can observe that z*+t1) and z(**1 depend
on the realization of the random variable

é.k - {ZO,Zl, ... 7ik}7

while y*) is independent of ij, and only depends on &,_;.
To better understand this method, we make the following observations. For con-
venience, let

~ . no 2
(25) 20 = argmin{ "2 [z (1-5,)20)— By O |+ (T4, -y ®) 1 ¥(a) ).

z€RN

which is a full-dimensional update version of step 3. One can observe that z(*+1) is
updated as

(k+1) e
(26) D) _ { it i =i
' (1- 51@)21@) + ﬁkyfk) if i # iy

Notice that from (2.1), (2.2), (2.3), and (2.4) we have
2D — ) 4 ey (Z<k+1> (1= B - ﬁky(k)) ,

which together with (2.6) yields

(k+1) ™+ nay, (Zi(kﬂ) - Zi(k)) +4 (Zz(k) - ygk)) if @ = iy,
x; =

(2.7) )
Y, if 7 # ig.

That is, in step 4, we only need to update the block coordinates a:z(-fﬂ) as in (2.7)
and set the rest to be yl(k).

We now state our main result on the convergence rate of the APCG method,
concerning the expected values of the optimality gap. The proof of the following
theorem is given in section 3.

THEOREM 2.1. Suppose Assumptions 1 and 2 hold. Let F* be the optimal value
of problem (1.1), and let {x*)} be the sequence generated by the APCG method. Then,
for any k > 0, there holds

Eék_1[F(x(k))] — F* < min {( — %)k, (271_37:\/%)2} (F(x(o)) _F* 4 %R%) 7

where

%g . 0) . *
(2.8) Ry  nin, I ||,
and X* is the set of optimal solutions of problem (1.1).
For n = 1, our results in Theorem 2.1 match exactly the convergence rates of
the AFG method in [25, section 2.2]. For m > 1, our results improve upon the
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convergence rates of the randomized proximal coordinate gradient method described
in (1.3) and (1.4). More specifically, if the block index i, € {1,...,n} is chosen
uniformly at random, then the analysis in [33, 21] states that the convergence rate
of (1.3) and (1.4) is on the order of

ofonf1-2)" 725

Thus we obtain both the accelerated linear rate for strongly convex functions (u > 0)
and the accelerated sublinear rate for non-strongly convex functions (1 = 0). To the
best of our knowledge, this is the first time that such an accelerated linear convergence
rate is obtained for solving the general class of problems (1.1) using the coordinate
descent type of methods.

2.1. Two special cases. For the strongly convex case with p© > 0, we can
initialize Algorithm 1 with the parameter v = p, which implies v, = p and o) =
Br = y/m/n for all k > 0. This results in Algorithm 2. As a direct corollary of
Theorem 2.1, Algorithm 2 enjoys an accelerated linear convergence rate:

k
Bo )] -7 < (1) (F) - F+ e - o*[3)
n

where z* is the unique solution of (1.1) under the strong convexity assumption.
Algorithm 3 shows the simplified version for ;1 = 0, which can be applied to prob-

lems without strong convexity, or if the convexity parameter p is unknown. According

to Theorem 2.1, Algorithm 3 has an accelerated sublinear convergence rate, that is,

2n ° (na_1)?
B\ = < - 0)y _ * 1 2
Eék—1[F($ )] F* < (2’fl T kna_1> (F($ ) F*+ 5 R0> .

With the choice of a—; = 1/v/n? — 1, which implies ag = 1/n, Algorithm 3 reduces
to the APPROX method [8] with single block update at each iteration (i.e., 7 =1 in
their Algorithm 1).

2.2. Exploiting strong convexity in . In this section we consider problem
(1.1) with strongly convex ¥. We assume that f and ¥ have convexity parameters
py > 0and pg > 0, both with respect to the standard Euclidean norm, denoted || - ||2.

ALGORITHM 2. APCG WITH 7y = p > 0.

input: z(©) € dom (¥) and convexity parameter > 0.

initialize: set 2(¥ = 2(® and a = {—F

iterate: repeat for k =0,1,2,... and repeat for k =0,1,2, ...
1. Compute y*) = %

2. Choose iy € {1,...,n} uniformly at random and compute

. [ha 2
Z(kJrl) = argg}\}n{THQ: - (1 - a)z(k) - O‘y(k) ||L + <v1kf(y(k))v $1k> =+ \Ijik (xlk)}
T

3. Set z*+t1) = y(B) L a2+ — 2(0)) 4 na?(z2(0) — y(),
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Let (® € dom (¥) and 59 € 9¥(z() be arbitrarily chosen, and define two
functions:

def

F@) = f@) + 2@ @) + (5,2 = 20) + Bl o — 2|3,

@) ¥ 0(@) - 0?) ~ (O 0 - @) — Bl — O3

One can observe that the gradient of the function f is blockwise Lipschitz continuous
with constants L; = L; + jug with respect to the norm || - ||2. The convexity parameter
of f with respect to the norm || - ||; defined in (1.6) is

Bt + P
(2.9) St M N
11;1%{@ + pw

In addition, ¥ is a block separable convex function which can be expressed as \Tl(x) =
Z?:l U, (x;), where

Vi) = Ui(a) = 0i(af) = (hmi —al) - Ela = ol i=1...m.
As a result of the above definitions, we see that problem (1.1) is equivalent to

(2.10) minimize {f(x) + \il(x)} ,

zeRN
which can be suitably solved by the APCG method proposed in section 2 with f,
W;, and L; replaced by f, ¥;, and L; + 1w, respectively. The rate of convergence
of APCG applied to problem (2.10) directly follows from Theorem 2.1, with u given
in (2.9) and the norm || - ||z in (2.8) replaced by | - ||;.

3. Convergence analysis. In this section, we prove Theorem 2.1. First we
establish some useful properties of the sequences {ay }72, and {7;}72, generated in
Algorithm 1. Then in section 3.1, we construct a sequence {\flk}zozl to bound the
values of W(z*)) and prove a useful property of the sequence. Finally we finish the
proof of Theorem 2.1 in section 3.2.

LEMMA 3.1. Suppose vo > 0 and vo € [p,1] and {o}72, and {y}72, are
generated in Algorithm 1. Then the following hold:

ALGORITHM 3. APCG WITH i = 0.
input: 2(°) € dom (V).
initialize: set 2(?) = 2(*) and choose a_; € (0, 1].

‘n

iterate: repeat for k =0,1,2,...

2. Compute y* = (1 — ag)x® + agz®).

3. Choose i, € {1,...,n} uniformly at random and compute
k . fnagLy, k) |2 k
zi(k’Ll) = argljfvnn{72 “|w — zi(k)H2 + (Vi f(y®)), & — yz(k)> + \I/lk(x)}
z€R ik

and set zi(k’Ll) = zl-(k) for all @ # iy.
4. Set D) = 4 (B) 4 pay (2D — 2(R)),
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(i) {ar}ie, and {y}72, are well-defined positive sequences.
i) u/n<ap<1/nand p <~ <1 forall k> 0.
i) {ar}pe, and {y}32, are nonincreasing.
v) v =nai_, for all k> 1.
)

(
(i
(i
(

v) With the definition of
k—1
(3.1) Ak = H(l - i),
i=0

we have for all k > 0,

e () (i) )

Proof. Due to (2.1) and (2.2), statement (iv) always holds provided that {ou}72,
and {7}, are well-defined. We now prove statements (i) and (ii) by induction. For
convenience, let

gy (t) = 0> =y (1 —t) — pt.

Since p <1 and 7o € (0, 1], one can observe that g,,(0) = —y < 0 and

1 1 o
Gol=)=1—w(l-=)—=2>21=7%=>0.
n n n

These together with continuity of g, imply that there exists ag € (0,1/n] such that
gvo(ap) = 0, that is, aq satisfies (2.1) and is thus well-defined. In addition, by
statement (iv) and o > 1, one can see ag > /jt/n. Therefore, statements (i) and (ii)
hold for k£ = 0.

Suppose that statements (i) and (ii) hold for some k > 0, that is, ag,vx > 0,
Vit /n < ap < 1/n, and p < 4, < 1. Using these relations and (2.2), one can see that
~i+1 is well-defined and moreover p < ;41 < 1. In addition, we have yx1 > 0 due to
statement (iv) and oy, > 0. Using the fact p < 1 (see the remark after Assumption 2),
Y0 € (0,1], and a similar argument as above, we obtain g,, (0) < 0 and g+, (1/n) > 0,
which along with continuity of g,, imply that there exists axy1 € (0,1/n] such that
Gy (1) = 0, that is, a1 satisfies (2.1) and is thus well-defined. By statement
(iv) and yg41 > p, one can see that agq1 > /fi/n. This completes the induction and
hence statements (i) and (ii) hold.

Next, we show statement (iii) holds. Indeed, it follows from (2.2) that

Ver1 — Ve = (= Vi),

which together with 4, > p and aj > 0 implies that v,1 < v, and hence {}2, is
nonincreasing. Notice from statement (iv) and ax > 0 that ap = /Jk11/n. It follows
that {ay}72, is also nonincreasing.

Statement (v) can be proved by using the same arguments in the proof of [25,
Lemma 2.2.4], and the details can be found in [21, section 4.2]. O

3.1. Construction and properties of ¥, Motivated by [8], we give an ex-
plicit expression of z(¥) as a convex combination of the vectors z(® ..., 2(*) and use
the coefficients to construct a sequence {¥;,}2° | to bound W (z(*)).

LEMMA 3.2. Let the sequences {au}3o o, {7k}i0, {2052, and {2} be
generated by Algorithm 1. Then each %) is a convex combination of z(9, ... z*).
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More specifically, for all k >0,

k
(3.2) z®) = ZGl(k)z(l),
1=0
where the constants Gék), e ,0,(:6) are nonnegative and sum to 1. Moreover, these

constants can be obtained recursively by setting 0(()0) =1, 0(()1) =1—nay, 09) = nayg
and for k > 1,

nog, l=k+1,
k+1 ApYEtnoK— (I—ak) _
(3.3) oty = { (1) atncoin  Loadie ] —
(1) g [=0,....k—1
n/) arye+ye+1 L L !

Proof. We prove the statements by induction. First, notice that z(?) = 2(0) =

0”20 Using this relation and (2.3), we see that @ = z(0. From (2.4) and
y(9) = 20 we obtain

2 = 4O 4 nag (zu) _ Z<o>) LK (Z<o> _ y<o>)
n
=20 4+ nag (2<1> _ z<0>)
(3.4) = (1 —na)z® + nagzW,

Since ag € (0,1/n] (Lemma 3.1(ii)), the vector z(!) is a convex combination of z(*)
and z(M with the coefficients 0(()1) =1-nao, 0%1) = noy. For k = 1, substituting (2.3)
into (2.4) yields

2@ =y 4 pa, (z<2> _ z<1>) LK (Zu) _ y<1>)
n
2

2
s e {(1 Syt mer s 0‘1#] 20 4 nags®.
n/ gy + 72 n/ o1 + 72 nag

Substituting (3.4) into the above equality, and using (1 — a1)y1 = n?a? — aju

from (2.1), we get

(3.5)
22 _ (1_H) r2(l —nao) (o), {(1_ g) an +nagye (1 alm}zmml @)
n/ a1y + 72 n a1y1 + Y2 noq ~—
9(2)
05" 0{» 2

From the definition of 9%2) in the above equation, we observe that

o® _ (1 M) a1y +nagye  (I—a)n
@_ (1K _

n/ a1+ 72 noy
_ (1 B ﬁ) a171 (1 — nag) +nao(ary +72) n?a? —ayp
n a1y1 + Y2 naoy
- (l—ﬁ) (1 —nap) + (1—ﬁ)noz0—noz1—|—ﬁ
a1y + Y2 n n n

. aam ( M) ( N) K
N 1- £ - P11 - nay).
P " (1 —nag) + . n(ay — aq) + n( noy)
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From the above expression, and using the facts p < 1, ag > a1, 7% > 0, and 0 < o, <
1/n (Lemma 3.1), we conclude that 9%2) > 0. Also considering the definitions of 9(()2)
and 0%2) in (3.5), we conclude that 052) >0 for 0 <[ < 2. In addition, one can observe
from (2.3), (2.4), and (3.4) that (! is an affine combination of z(9) and 2™, () is
an affine combination of z(") and (), and z(? is an affine combination of y(*), z(1)
and 2. Tt is known that substituting one affine combination into another yields a
new affine combination. Hence, the combination given in (3.5) must be affine, which
together with 91(2) >0 for 0 <[ < 2 implies that it is also a convex combination.

Now suppose the recursion (3.3) holds for some k > 1. Substituting (2.3) into
(2.4), we obtain that

x(kJrl):(l_H)Lx(k)_'_[(l_ﬁ) e (—ar)m 2 4 a2 D),
n/ opYe+Ye+1 n/ QpYe+Ye+1 nag

Further, substituting z*) = noy,_1 2" +Z§:01 9l(k)z(l) (the induction hypothesis) into
the above equation gives

k—1
CRESY (1 _ ﬁ) S UaS B OP D)
P n/ okYk + Vk+1
Gl(k+1)
(3.6) + [(1 — E) QRYVE T NOE-1Vk+1 (1 — o)k 20 4 gy 2D
n ARV + Ykt na, ~~
PGSR
o(k+1) k41
k

This gives the form of (3.2) and (3.3). In addition, by the induction hypothesis, z(¥)
is an affine combination of 2(9), ... 2(*). Also, notice from (2.3) and (2.4) that y*)
is an affine combination of z(*) and (*), and z(**1) is an affine combination of y*),
2 and z(**1). Using these facts and a similar argument as for (2, it follows that
the combination (3.6) must be affine.

Finally, we claim Gl(kﬂ) > 0 for all . Indeed, we know from Lemma 3.1 that
<1 a,>0,v >0. Also, Hl(k) > 0 due to the induction hypothesis. It follows that

Hl(kH) > 0 for all [ # k. It remains to show that 9,(€k+1) > 0. To this end, we again
use (2.1) to obtain (1 — ag)yx = n?ai — agp and use (3.3) and a similar argument as

for 9%2) to rewrite 9,(;6“) as

9(k+1):%(1_ﬁ) 1 — B (1_H) o Hl— .
i QEYVE + V1 n (1= nax-1) + n n{a-1 ak)+n( nay,)

Together with < 1, 0 < a < 1/n, 9% > 0, and ag_1 > «y, this implies that
9,&“1) > 0. Therefore, (¥t is a convex combination of 2 ... z(+1) with the
coefficients given in (3.3). O

In the following lemma, we construct the sequence {\i/ Kk} and prove a recursive
inequality.

LEMMA 3.3. Let Uy, denote the convex combination of U(z(®), ..., U(z®)) using
the same coefficients given in Lemma 3.2, i.e.,

k
by =" 0w (0).
=0
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Then for all k > 0, we have \I/(x(k)) < U, and
(3.7) E;, [\iJkJrl] < Oék\If(é(kJrl)) + (1 — Ozk)\i/k

Proof. The first result \Il(x(k)) < Wy, follows directly from convexity of ¥. We
now prove (3.7). First we deal with the case k = 0. Using (2.6), (3.3), and the facts
Y@ = 2 and ¥y = U(z©), we get

E;, [\ill] =E,, [nao\ll(z(l)) +(1- nao)\IJ(z(O))}
= Eiy [nao (Wio (20)) + 5,41, Wi(20)) | + (1 = no) ¥ (=)
= P (ZM) 4+ (n — 1)ag¥(2) + (1 — nag) ¥ (z?)

= aoP(EW) + (1 — ag) ¥ (2(?)
= 050\11(2(1)) + (1 - O[())\i/o.

For k > 1, we use (2.6) and the definition of 5, in (2.2) to obtain that

k k
E;, [0(=¢D)] = E, [\p )+ 3w *”)]

J#ik

1 1 1-—
(3.8) = Sz 4 <1 _ _) N <wz(l€) + %y(k)) '

n n Vk+1 Vk+1
Using (2.2) and (2.3), one can observe that

1— 1-—
A=) gy @bt ay — L=R) W Qi (= +72)
Vh+1 Vh+1 Vh+1 Vi1 QY+ V1)
_ (1 _ L) Sl )
QY+ Vh+1 QR T+ Vet 1

It follows from the above equation and convexity of W that

1—
v (( ozk)’ykz(k)+ Qg y(k)) < <1_ o )\I!(z(k)) n Qg f \Il(x(k)),
Vi+1 Vk+1 QY+ Vk+1 OV + Ve 1

which together with (3.8) yields
(3.9

1 1
B, [ (=) < Lu (o) (1_ _> K _ %) B (x0) 4 O (0
n n ARV + Vi QR YRVt

In addition, from the definition of U, and 9,216) = nay_1, we have

k—1
(3.10) S0P 0 (") = By — nop_ U (V).
=0

Next, using the definition of ¥}, and (3.3), we obtain

- _ 1—
E;, [‘I/k+1] _ nakEik{\IJ(z(kH))} + {(1_E) QRVE TN, —1VE+1 - (1— )k \I/(z(k))

n QpYe+ Y41 na
k—1
H Vk+1 (k) )
3.11 +(1——)7§ 0,7 (z\Y).
( ) n/ ogYE + Yk+1 ! ( )

=0
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Plugging (3.9) and (3.10) into (3.11) yields

E; V1] <ar¥(EED) +(n—1)a [(1—76”““ )xp 2By gy ®
k] S o) (- Do (1= w0 b wa )

_ 1-—
(3.12) N [(1 B H) Yk F nog—17k1 ak)%] B (=)
n OkYE + Ve+1 nag

+ (1 — H) S (\ilk - nock_llll(z(k)))
n/ Yk + Vk+1

(n = Do+ (1 - &) s

< apP () 4 0
< el ) Yk + Ve+1 y
r
1_
(3.13) —l—[(n—l)ak (1_L>+(1_ﬁ) gV -~ ( ak)%]\p(z(k)),
Yk +Vh+1 n/ opYe+Ve+1 nay
A

where the second inequality is due to \I/(x(k)) < U;,. Notice that the right-hand side
of (3.9) is an affine combination of W (2 1)) W(2(®) and ¥(x*), and the right-
hand side of (3.11) is an affine combination of W(2(?)), ..., ¥(2(**1). In addition, all
operations in (3.12) and (3.13) preserve the affine combination property. Using these
facts, one can observe that the right-hand side of (3.13) is also an affine combination
of W(zk+1) W (z(), and Uy, namely, o, + A + T = 1, where A and T are defined
above.

We next show that I' = 1 — . and A = 0. Indeed, notice that from (2.2) we have

(3.14) QRVE + Vh+1 = Qb+ V-

Using this relation, y4+1 = n?aj (Lemma 3.1(iv)), and the definition of I" in (3.13),
we get

(n—Dadu+ (1—£) (n—1)aip+ i1 — Eyega

F == e
EYE + Ve+1 QEVE T Ve+1
_(n— Dogp + i1 — & (naj) _ Oke1 —agp
QkVE T Ve+1 EYE + Ve+1
_|_
1o (M) .
QkVE T Ve+1

where the last equality is due to (3.14). Finally, A = 0 follows from I' = 1 — ay,
and ar + A+ T = 1. These together with the inequality (3.13) yield the desired
result. g

3.2. Proof of Theorem 2.1. We are now ready to present a proof for The-
orem 2.1. We note that the proof in this subsection can also be recast into the
framework of randomized estimate sequence developed in [21, 14], but here we give a
straightforward proof without using that machinery.

Dividing both sides of (2.1) by nay gives

1 _
(3.15) nay = L% B

naoyg n
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Observe from (2.3) that

(3.16) 20 () — Tl (N) . y<k>) ,
OkVk

It follows from (2.4) and (3.15) that

N (O NN (IS R Ul e LW (SRS
noy, n

1-— 1—
R e Yl

nog noy n

which together with (3.15), (3.16), and vyx+1 = n?a} (Lemma 3.1(iv)) gives

2D (B — o (BD 4 % (x(k) _ y(k)) — nagy™
TLOZk

= nagpz* Y £ (1 — ap)(@® — y®) — nagy™®
= n [ar(=0D =y ) + (1= ) @)~y )]
Using this relation, (2.7), and Assumption 1, we have
L;
F@hD) < f®) + (Vi f D), oD — ) + 2= i
= 1) + 1 (TS0, [ =y )4 (1 a@® )] )
ik

2
[ (D =) + (1 = an)@® - )]
ik

—(1—ay) {f(y(k))+n<vikf(y(k) (@® yff) >}

k+1 k
gt =)

+ 7’L2Lik

2

+ o [F®) + 0 (Vi S D), T = o)
2
e oy (25— y9) 4 (1= ) — )]
(23 2

Taking expectation on both sides of the above inequality with respect to iy, and

noticing that z(kH) (5+1), we get

E;, {f(x(kﬂ))} <(1—ag) [f(y(k)) + <Vf(y(k)), (m(k) _ y(k))>}
T ay {f(y(k)) n <Vf(y(k)), (36D _ y(k))>}
+ g Hak(g(k+1) —y®) £ (1 = ap)(@® — y(k))Hi

< (1= an)f@®) + ap [ + (VM) G =y @)

n ~ 2
(3.17) 2 ez — ) 1 (1= )@~y

where the second inequality follows from the convexity of f.
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In addition, by (2.2), (3.16), and vyx1+1 = n?a; (Lemma 3.1(iv)), we have

2

n ~
5 oz =) + (1 - @) @® =y @)

- a1l — ar)ve
= — ozk(z(kH) — y(k)) — 7( ) (Z(k) _ y(k))
Ve+1 L
naj || l1-a 2
= T ||ty A= )% ) _ ()
Vk+1 L
Vet sy (L—an)m gy owi gl
(3.18) = D ey DT ORTE () QKK ()|
2n Vk+1 V1 I

where the first equality is due to (3.16), the third one is due to (2.1) and (2.2), and
Yi+1 = n?a?. This equation together with (3.17) yields

By, [F@®)] < (10— an)f@®) + ar | F69) + (VF(#), 560D — )

VE+1

S(b+1) _ (1- Oék)%z(k) _OR[ (g
2nay,

VE+1 Ve+1

2
J
Using Lemma 3.3, we have

E;, [f(x(kﬂ)) + \iJkJrl] < By [f(@* )] + ap W (ZFH) + (1 — ay) .

Combining the above two inequalities, one can obtain that

(3.19) E;, |:f(x(k7+l)) + \:tlk+1:| < (1—ag) (f(x(’f)) + q,k> +apV(EED),

where
2
1—
V() = Fu) + (TF), 0 —y® )4 2L | LZ00NI 09 Okl 0| g
2noy V41 Vi+1 I
Comparing with the definition of Z(**1) in (2.5), we see that
(3.20) k4D — argmin V(z).
zeRN
Notice that V' has convexity parameter % = nay, with respect to || - ||L. By the

optimality condition of (3.20), we have that for any z* € X*,

Viz*) > V(s*k+D) VE41 % =(k+1) 2
(2) 2 VEED) + g o — 500D 3

Using the above inequality and the definition of V', we obtain

V(g(kJrl)) < V(CE*) N ;TIZJ(;I Hx* . 2(k+1)||%
k

= ™)+ (P2t —y®) + I

2
]__
S T b N O BTIIN

Vk+1 VE+1

L

* V41 * =
+ W(z*) - m”f — Z D)2
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Now using the assumption that f has convexity parameter p with respect to || - ||z,
we have
2
. 1— o)k QL
V(EEDY < flp*) — Ja 2 —y P12 4 Vie+1 x*_( SF) _ B gz
D) < 1) = Bl g Wl 4 gt o - B0 S0 | )
_ kAL ok 2(k+1) )2
Tl e — 5],
Combining this inequality with (3.19), one sees that
(3.21)
E;, [f@® )+ 0| < (1—an) (F@®)+0) + o — S ot =y @3
2
Gk (A—ar) e k) _ ok y®|[ — TEEL e st 2
2n Vit 1 Vit 1 . 2n
In addition, it follows from (2.2) and the convexity of || - |2 that
(3.22)
o Q=) gy ol a ’ A=) o 2 . OBy . k)2
R LR L] [ Ll e o P )
Vk+1 Vk+1 9 Vk+1 k

Using this relation and (2.6), we observe that

Vk+1
E;, [ L5 a* — 2003

Yerr (n=1 | e gy i w|” L e
n Vi+1 Vk+1 r "
2
n—1 l-—a « 5
_ o DL Qe g - ok ooT Dk sy
2n Ve+1 Tet1 Lo 2
2
_ Okt |k (1- O‘k)’ykz(k) _ QkH y®)
2 Ve+1 Ve+1 L
2
l-«a @ z
ke | (L eR) e gy DRE | DL (b)) 2
om Vi1 Vk+1 L 2n
1—a @
S ﬂ”x*—z(k)”%"‘ kuHx*_y(k)H%
2 2
2
l—« o 3
e s e ST R OV [ P LT
n Vi1 Vk+1 L 2n

where the inequality follows from (3.22). Summing up this inequality and (3.21) gives

E;, [f(x(k“)) + 0+ Aﬂgl la* — z(k“)Hﬂ
< (1= an) (F@O) + Bi+ Ll 2O ) + @™,
Subtracting F* from both sides and taking expectation with respect to ;1 yields
Be, [£(@H)) + Bppa — F* o+ 2 g — 04D

< (- ar)Be,, [£(@®) + 0y — P+ L — W3]
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which together with ¥ = W(z(?), 20 = 20 and A, = TT*-} (1 — o) gives
Ee,_, |[f@®) 4= F + 2" == O3] < e [F@®) = F* + 22" =2 O3]

The conclusion of Theorem 2.1 immediately follows from F(z®) < f(z®)) + ¥,
Lemma 3.1(v), the arbitrariness of z*, and the definition of Ry.

4. Efficient implementation. The APCG methods we presented in section 2
all need to perform full-dimensional vector operations at each iteration. In particular,
y®*) is updated as a convex combination of z(*) and z(*), and this can be very costly
since in general they are dense vectors in RY. Moreover, in the strongly convex case
(Algorithms 1 and 2), all blocks of z2(**1) also need to be updated at each iteration,
although only the ixth block needs to compute the partial gradient and perform an
proximal mapping of ¥;, . These full-dimensional vector updates cost O(N) operations
per iteration and may cause the overall computational cost of APCG to be comparable
or even higher than the full gradient methods (see discussions in [26]).

In order to avoid full-dimensional vector operations, Lee and Sidford [14] proposed
a change of variables scheme for accelerated coordinated gradient methods for uncon-
strained smooth minimization. Fercoq and Richtarik [8] devised a similar scheme for
efficient implementation in the non-strongly convex case (@ = 0) for composite mini-
mization. Here we show that full vector operations can also be avoided in the strongly
convex case for minimizing composite functions. For simplicity, we only present an
efficient implementation of the simplified APCG method with p > 0 (Algorithm 2),
which is given as Algorithm 4.

PROPOSITION 4.1. The iterates of Algorithms 2 and 4 satisfy the following rela-
tionships:

2 = gy k) 4 k),
(4.1) Y8 = 1y () g (8)
2 = by (8 4y (8)

for all k > 0. That is, these two algorithms are equivalent.
Proof. We prove by induction. Notice that Algorithm 2 is initialized with 2z(9) =

) and its first step implies y(©) = % = 2(9); Algorithm 4 is initialized with

ALGORITHM 4. EFFICIENT IMPLEMENTATION OF APCG WITH ~y = p > 0.

input: z(9) € dom (¥) and convexity parameter p > 0.

initialize: set o = ‘/Tﬁ and p = 11—3, and initialize ©(*) = 0 and v(©) = z(0),

iterate: repeat for k =0,1,2,...
1. Choose i) € {1,...,n} uniformly at random and compute

L,
h(l’f) = argmin{na2 L HhH%—F<Vikf(pk+lu(k)+v(k)), h>—|—\Ilik<—pk+1u(»k)+v(k)—|—h)} )

Tk (23 Tk
N
heR™ "k

2. Let w1 = 4(®) and v+ = (¥ and update

(k+1) _ (k) 1—na (k) (k+1) _ (k) 1+ na (k)
(4.2)  uy T =) - T hi)s v =) iy

output: 1) = phtly(E+1) 4 4 (k+1)




2260 QIHANG LIN, ZHAOSONG LU, AND LIN XIAO

w©® =0 and v(© = £, Therefore we have

2 = Oy 4 4O y(© = ply(0) 4 (0, 20 = — p0q(0) 4 ()
which means that (4.1) holds for k£ = 0. Now suppose it holds for some k£ > 0; then
(1-a)z® +ay® = (1-a) (—pku(k) + v(k)> +a (pk“u(k) + v(k)>

=" (1 —a) —ap)u® + (1 — a)p® + av®
(4.3) _ Ry ),

So hgf) in Algorithm 4 can be written as

L;
hE,i“):argmin{&anth (Vi ), 0+ 05, (1= 0)2F + aylY +h)}
herRNik

Comparing with (2.5), and using 8 = «, we obtain

h(k) (k+1) ((1 - ) (k )+ay( ))'

'Lk 1k

In terms of the full-dimensional vectors, using (2.6) and (4.3), we have

S (1 )20 4 gy ® + UL = — g0 4y gy p®
1
. _pk+1u(k) + U(k) -|— —na Uzk hg:) + ne Ulk hzk

1-— 1+ n«a
k+1 k (k) k (k)
—p (u< ) —t e — v, h ) <u< >+ —5—Uihy, )

— Ly (D) Ot

Using step 3 of Algorithm 2, we get
2®HD = ) a0 — )Y a2 (20 — (k)
— 4™ L na (2<k+1> — (1= a)z® + ay(k))>

= 4® 4 nal; h{P)

(27 1

where the last step used (2.6). Using the induction hypothesis y) = pkHu(k) + o)
we have

2k :pk+1 (k)_|_v(k)_|_ U h 1+naU h(k)

Tk lk Tk,

_|_
=pF < (k) _ 2p UZkth ) ( (k) 4 2N no UZkth )

— Ly () g Ot

Finally,

YD) = L (x(kJrl) n az(kJrl))
1+«

1 k+1, (k+1) (k+1)) o ( k+1, (k+1) (k+1))

1+a(p U +v +1+a P +v

l—a 4y Wty 1 l+a k)

“1t+a” l+a’

We just showed that (4.1) also holds for k + 1. This finishes the induction. O

= 2 ) gy (kD)
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We note that in Algorithm 4, only single block coordinates of the vectors u(*)
and v®) are updated at each iteration, which costs O(N;, ). However, computing the
partial gradient V;, f(p**t1u®) +0*)) may still cost O(N) in general. In section 5.2, we
show how to further exploit the problem structure in regularized ERM to completely
avoid full-dimensional vector operations.

5. Application to regularized ERM. In this section, we show how to apply
the APCG method to solve the regularized ERM problems associated with linear
predictors.

Let Aq,..., A, be vectors in R%, ¢y, ..., ¢, be a sequence of convex functions
defined on R, and g be a convex function defined on R%. The goal of regularized ERM
with linear predictors is to solve the following (convex) optimization problem:

e det 1 = T
(5.1) minimize {P(w) = ;@(Ai w) + )\g(w)} ,
where A > 0 is a regularization parameter. For binary classification, given a label
b; € {£1} for each vector A;, for i = 1,...,n, we obtain the linear support vector
machine (SVM) problem by setting ¢;(z) = max{0,1 — b;z} and g(w) = (1/2)||w||3.
Regularized logistic regression is obtained by setting ¢;(z) = log(l + exp(—b;2)).
This formulation also includes regression problems. For example, ridge regression is
obtained by setting ¢;(z) = (1/2)(z — b;)? and g(w) = (1/2)||w||3, and we get the

lasso if g(w) = ||w||1. Our method can also be extended to cases where each A; is a
matrix, thus covering multiclass classification problems as well (see, e.g., [39]).
For each i =1,...,n, let ¢} be the convex conjugate of ¢;, that is,

¢i (u) = max {zu — ¢i(2)}.

The dual of the regularized ERM problem (5.1), which we call the primal, is to solve
the problem (see, e.g., [40])

(5.2) maximize {D(a:) def %Z—qﬁf(—xi) — g <)\—1nAx) }

=1
where A = [Ay,..., A,]. This is equivalent to minimizing F(z) dof —D(z), that is,
(5.3) minimize < F(z) def 1 iﬁ(—x-) + A\g* iAoc
' TER™ n = ! ! 9 An '

The structure of F(x) above matches our general formulation of minimizing composite
convex functions in (1.1) and (1.2) with

(5.4) f@) =20 (3A0) . )= 2 il

i=1

Therefore, we can directly apply the APCG method to solve problem (5.3), i.e., to
solve the dual of the regularized ERM problem. Here we assume that the proximal
mappings of the conjugate functions ¢; can be computed efficiently, which is indeed
the case for many regularized ERM problems (see, e.g., [40, 39]).
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In order to obtain accelerated linear convergence rates, we make the following
assumption.

Assumption 3. Each function ¢; is 1/ smooth, and the function g has unit
convexity parameter 1.

Here we slightly abuse the notation by overloading v and A, which appeared in
sections 2 and 3. In this section 7 represents the (inverse) smoothness parameter of
¢i, and A denotes the regularization parameter on g. Assumption 3 implies that each
¢F has strong convexity parameter v (with respect to the local Euclidean norm) and
g* is differentiable and Vg* has Lipschitz constant 1.

We note that in the linear SVM problem, the hinge loss ¢;(z) = max{0,1 —
biz} is not differentiable; thus it does not satisfy Assumption 3 and F(z) is not
strongly convex. In this case, we can apply APCG with u = 0 (Algorithm 3) to
obtain accelerated sublinear rates, which is better than the convergence rate of SDCA
under the same assumption [40]. In this section, we focus on problems that satisfy
Assumption 3, which enjoy accelerated linear convergence rates. In order to apply
these results, a standard trick in machine learning is to replace the hingle loss with a
smoothed approximation; see section 5.3 and more examples in [39, section 5.1]. On
the other hand, in the Lasso formulation we have g(w) = ||w||1, which is not strongly
convex. In this case, a common scheme in practice is to combine it with a small ||w||3
regularization; see [39, section 5.2] for further details.

In order to match the condition in Assumption 2, i.e., f(z) needs to be strongly
convex, we can apply the technique in section 2.2 to relocate the strong convexity
from ¥ to f. Without loss of generality, we can use the following splitting of the
composite function F'(z) = f(x) + ¥(x):

n
65 1@ =" (spde) + ohlolf, W) = 23 (612 - JlilF).
An 2n n — ¢ 2
Under Assumption 3, the function f is smooth and strongly convex and each ¥, for
i =1,...,n, is still convex. As a result, we have the following complexity guarantee
when applying the APCG method to minimize the function F(z) = —D(x).

THEOREM 5.1. Suppose Assumption 3 holds and ||Ai|l2 < R for alli=1,...,n.
In order to obtain an expected dual optimality gap E[D* — D(x(k))] < € using the
APCG method, it suffices to have

2
(5.6) k> <n—|— @> log(C/e),
Ay
where D* = max,epn D(x) and
* v *
(5.7) C=D*— DY)+ %Hx(o) — |2,

Proof. First, we notice that the function f(x) defined in (5.5) is differentiable.
Moreover, for any = € R™ and h; € R,

| o RESrIEa! PUN Ay T
Vi f (x+Ushs)=Vif(x)|2 = HnAZ _Vg <—/\nA(x+Uzhz)> Vg (—/\nAx>]+nhz ,
A; !
< IAillz ’Vg*<—A(x+Uihi)>—Vg*(—A$> + 2Rl
n An o N
4|2 || 1 v 14ills | ~
< ——ll=Aihi|| +=lhillz < n ) 1l
~ n || " 2 " n”h I ? ' n Il
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where the second inequality used the assumption that g has convexity parameter 1
and thus Vg* has Lipschitz constant 1. The coordinatewise Lipschitz constants as
defined in Assumption 1 are

[Aill3 v _ R2+Mm
Li: )\nz +E S T, Z=1,...,n.
The function f has convexity parameter 1 with respect to the Euclidean norm || - ||2.
Let p be its convexity parameter with respect to the norm | - || defined in (1.6).
Then
b > 1/R2+)\’yn B Ayn
“n An?2 R2 + \yn’

According to Theorem 2.1, the APCG method converges geometrically:

E [D* - D(N))} < (1 - ﬂ)k C < exp <—§k> c,

n

where the constant C'is given in (5.7). Therefore, in order to have E[D*—D(z*))] < ¢,
it suffices to have the number of iterations £ be larger than

%log(g) <ny/ %log(%) =4 /n2+n)\—}flog(%) < <n+\/§]‘};2> log(%).

This finishes the proof. a
Let us compare the result in Theorem 5.1 with the complexity of solving the dual
problem (5.3) using the AFG method of Nesterov [27]. Using the splitting in (5.4) and

2
under Assumption 3, the gradient V f(x) has Lipschitz constant IALL * where | All2

ATL2 3

denotes the spectral norm of A, and ¥(z) has convexity parameter 1 with respect to

n
[l - |l2- So the condition number of the problem is

Al Al
| ||2/1: 1413

a2/ n An

Suppose each iteration of the AFG method costs as much as n times the APCG
method (as we will see in section 5.2); then the complexity of the AFG method [27,
Theorem 6] measured in terms of number of coordinate gradient steps is

O (nvklog(1/e)) = O( Mlog(l/e)) < O< ni{j? 1og(1/e)>.

Ay

The inequality above is due to ||A]|3 < ||A||% < nR?. Therefore in the ill-conditioned

case (assuming n < fi), the complexity of AFG can be a factor of \/n worse than

that of APCG. !
Several state-of-the-art algorithms for regularized ERM, including SDCA [40],
SAG [35, 37], and SVRG [11, 48], have the iteration complexity

o((n+ %) ox(1/4)).
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Here the ratio f;i can be interpreted as the condition number of the regularized ERM
problem (5.1) and its dual (5.2). We note that our result in (5.6) can be much better
for ill-conditioned problems, i.e., when the condition number f%j is much larger than n.

Most recently, Shalev-Shwartz and Zhang [39] developed an accelerated SDCA

method which achieves the same complexity O((n + /%) log(1/€)) as our method.
Their method is an inner-outer iteration procedure, where the outer loop is a full-
dimensional accelerated gradient method in the primal space w € R?. At each itera-
tion of the outer loop, the SDCA method [40] is called to solve the dual problem (5.2)
with customized regularization parameter and precision. In contrast, our APCG
method is a straightforward single loop coordinate gradient method.

We note that the complexity bounds for the aforementioned work are either for the
primal optimality P(w®))—P* (SAG and SVRG) or for the primal-dual gap P(w®))—
D(2®) (SDCA and accelerated SDCA). Our results in Theorem 5.1 are in terms of the
dual optimality D* — D(z®)). In section 5.1, we show how to recover primal solutions
with the same order of convergence rate. In section 5.2, we show how to exploit the
problem structure of regularized ERM to compute the partial gradient V, f(z), which
together with the efficient implementation proposed in section 4 completely avoids
full-dimensional vector operations. The experiments in section 5.3 illustrate that our
method has superior performance in reducing both the primal objective value and the
primal-dual gap.

5.1. Recovering the primal solution. Under Assumption 3, the primal prob-
lem (5.1) and dual problem (5.2) each have a unique solution, say, w* and z*, respec-
tively. Moreover, we have P(w*) = D(a*). With the definition

(5.8) w(z) = Vg* <$Aw) ,

we have w* = w(z*). When applying the APCG method to solve the dual regular-
ized ERM problem, which generates a dual sequence z(*) we can obtain a primal
sequence w*) = w(z®). Here we discuss the relationship between the primal-dual
gap P(w®) — D(z®) and the dual optimality D* — D(z*)).

Let a = (a1, ..., an) be a vector in R”. We consider the saddle-point problem

(5.9) max min {¢<x,a,w> = %Zebi(aamg(w)—%ZxxA?w—ai)},
=1 =1

T a,w

so that

D(z) = min ®(z,a,w).

Given an approximate dual solution z(*) (generated by the APCG method), we can

find a pair of primal solutions (a(®), w®)) = arg min, , ®(z™®) a,w), or more specifi-
cally,

(5.10) az(.k) = arg max {—a:z(.k)ai - (bi(ai)} € 3¢f(—x§k)), i1=1,...,n,

1 1
(k) _ T - (k) ) _ _ L (k)
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As a result, we obtain a subgradient of D at z(¥), denoted D’(z*)), and

1< 2
ro k)2 T, (k) _ (k)
(5.12) 1D = 3 (ATw® —a™)".
We note that ||D’(2(*))||2 is not only a measure of the dual optimality of 2(*) but
also a measure of the primal feasibility of (a(®),w(®)). In fact, it can also bound the
primal-dual gap, which is the result of the following lemma.
LEMMA 5.2. Given any dual solution =®), let (a'®),w®) be defined as in (5.10)
and (5.11). Then
- 2 n
(k)Y _ (k) L T, (k) _ k) —_ " ipraky2
P®)=D6®) < g3 (4Tu® —al)" = ZIDEIE

Proof. Because of (5.10), we have V¢i(a§k)) = —xz(-k). The 1/v-smoothness of
¢i(a) implies
1

n

Pw®) = =% ¢i(ATw®) + Ag(w™)
1=1
1 k k k 1 N2
<5Z(¢i<a§ W00 (AT af) + 5 (4T ®-a) )+Ag<w<k>>
1=1
AN Oy ONT (4T b (B L (4 ) (N2 (k)
_n;(@(ai ) (a:i ) (Aiw a; )—I—pr (Aiw a; ) +Ag(w'™)

1 & 2
- (k) (k) 4,(k) T, (k) _ k)
= oz ¥ w )+2n7 ;:1 (Aiw a; )
1 n
= (k) _ T, (k) _ (k)y2
= D(z™) + o ;:1(,41- w a; )7,

which leads to the inequality in the conclusion. The equality in the conclusion is due
to (5.12). O

The following theorem states that under a stronger assumption than Assump-
tion 3, the primal-dual gap can be bounded directly by the dual optimality gap;
hence they share the same order of convergence rate.

THEOREM 5.3. Suppose g is 1-strongly conver and each ¢; is 1/~v-smooth and
also 1/n-strongly convex (all with respect to the Euclidean norm ||-]|2). Given any dual
point )| let the primal correspondence be w'®) = w(x(®), i.e., generated from (5.11).
Then we have

A+ || All3

(5.13) Pw®) - D) < o

(D* - D(x(k))) ,
where || A||2 denotes the spectral norm of A.
Proof. Since g(w) is 1-strongly convex, the function f(z) = Ag* (4%) is differen-

2
tiable and V f(x) has Lipschitz constant ”;:1"22 . Similarly, since each ¢; is 1/n strongly

convex, the function W(z) = L 3"  ¢*(—a;) is differentiable and V¥(z) has Lips-
chitz constant . Therefore, the function —D(z) = f(x) + ¥(z) is smooth and its
gradient has Lipschitz constant

IAIZ . n _ Ann+[JA|I3
An? n An? ’
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It is known that (e.g., [25, Theorem 2.1.5]) if a function F(z) is convex and L-smooth,
then

F(y) 2 F(z) + VF(2)" (y — z) + %IIVF(Z‘) ~VF@)l3

for all z,y € R™. Applying the above inequality to F(z) = —D(x), we get for all x
and y,

(5:14) D) > ~D(@) - VD) (y — 2) + g2 [VD(a) ~ VD)

(A + || A]13)

Under our assumptions, the saddle-point problem (5.9) has a unique solution

(z*, a*, w*), where w* and x* are the solutions to the primal and dual problems (5.1)
and (5.2), respectively. Moreover, they satisfy the optimality conditions

1
ATw* —aX =0, ay = Voi(—zf), w* = Vg” (—Ax*) .
an
Since D is differentiable in this case, we have D'(x) = VD(x) and VD(z*) = 0. Now
we choose = and y in (5.14) to be z* and x(F) | respectively. This leads to

2
IVD@E)|3 = |VD@E®) - VD@3 < w

Then the conclusion can be derived from Lemma 5.2. O
The assumption that each ¢; is 1/y-smooth and 1/n-strongly convex implies that

~ < 1. Therefore the coefficient on the right-hand side of (5.13) satisfies ’\"%HHA”% > 1.

This is consistent with the fact that for any pair of primal and dual points w® and
z®) | we always have P(w®)) — D(z®) > D* — D(z™®).

COROLLARY 5.4. Under the assumptions of Theorem 5.3, in order to obtain
an expected primal-dual gap E [P(w(k)) — D(x(k))} < € using the APCG method, it

suffices to have
2 2
v (s [P g (Qm 1413 C
Ay Ayn €

where the constant C' is defined in (5.7).

The above results require that each ¢; be both smooth and strongly convex. One
example that satisfies such assumptions is ridge regression, where ¢;(a;) = %(ai —b;)?
and g(w) = 3|lw||3. For problems that only satisfy Assumption 3, we may add a small
strongly convex term %af to each loss ¢;(a;) and obtain that the primal-dual gap
(of a slightly perturbed problem) shares the same accelerated linear convergence rate
as the dual optimality gap. Alternatively, we can obtain the same guarantee with
the extra cost of a proximal full gradient step. This is summarized in the following
theorem.

THEOREM 5.5. Suppose Assumption 3 holds. Given any dual point x%), define

(5.15) T(z™™) = arg min {(Vf(a:(k)),x> + %Hx — ™2 4 \I/(x)} ,

(D(z*) = D).

zER™ 2A\n

where f and VU are defined in the simple splitting (5.4). Let

(5.16) w® = w(T(@®)) = vg* <A—1nAT<a:<k>>) -
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Then we have

_ 44l
- Ayn

(5.17) P(w™) — D(T (™)) (D(x*) _ D(xw))) .

Proof. Notice that the Lipschitz constant of Vf(x) is Ly = H}\’L:ZHQ , which is used

in calculating T(x(k)). The corresponding gradient mapping [27] at (F) is

o o

2
(h)y — 0 _ ey = 1AL ()
GaW) =L, (x T(x )) s (x T(z )) .
Applying [27, Theorem 1] to F(x) = —D(x), we have for any = € dom F,

<—D’(T(x(’“’)),x—T(x<k>)>2—2Hc:(x<k>)H -Hx—T(x(k))H .

2

Letting o = T'(z®)) + D' (T (z™)), we have | D' (T (z¥)) ||2 <2 ||G(x(k))H2. Another
consequence of [27, Theorem 1] is

|ea®)| <2, (Fa®) - F(rE®)

<2L; (F(x(k)) - F(a:*)) = 2L, (D(a:*) - D(NU) .

Combining these two inequalities yields

2 2 8|IAl3
/ (k) H < H (k) H < N D20 — 2 Y (k)
HD (T®)| <4|jee®) 2_8Lf(D(x) D(z )) — (D(a:) D(z )).
The conclusion can then be derived from Lemma 5.2. 0 )
4| All3

Here the coefficient in the right-hand side of (5.17), Nyn o Can be less than 1.
This does not contradict the fact that the primal-dual gap should be no less than the
dual optimality gap, because the primal-dual gap on the left-hand side of (5.17) is
measured at T'(z*)) rather than z(*).

COROLLARY 5.6. Suppose Assumption 3 holds. In order to obtain a primal-
dual pair w® and 2*) such that E [P(w®) — D(T(2®))] < e, it suffices to run the

APCG method for
2 2
Ay Ayn €

steps and follow with a proximal full gradient step (5.15) and (5.16), where C' is
defined in (5.7).

We note that the computational cost of the proximal full gradient step (5.15) is
comparable with n proximal coordinate gradient steps. Therefore the overall complex-
ity of this scheme is on the same order as necessary for the expected dual optimality
gap to reach e. Actually the numerical experiments in section 5.3 show that running
the APCG method alone without the final full gradient step is sufficient to reduce the
primal-dual gap at a very fast rate.
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ALGORITHM 5. APCG FOR SOLVING REGULARIZED ERM wITH 1 > 0.

Ayn

input: z(©) € dom (¥) and convexity parameter y =

R2+X\yn”
initialize: bet a = % and p = 1;3, and let ©(® = 0, v(® = 2O p©) = 0, and
¢ = Az©
iterate: repeat for Kk =0,1,2,...
1. Choose i) € {1,...,n} uniformly at random, compute the coordinate gradient
VE;]:) _ ﬁ( k+1AT (k) +AT (k)) - (pk+1 Ef) +U§f))-

2. Compute coordinate increment
(5.18)

Ai 242
e :argmm{a(l P20m) e oy 1w, (=t (k)—f—v(k)—i—h)}
hERNik 2\n

3. Let w1 = 4*) and v#+1) = »(*) | and update

(5.19)
LD ) L na gy (1) _ (9 1+ na,
Wiy =, 2pk+1 hik ) Vi, + 2 hzk )
1-— (k 1 —|— no (k
p(k+1) = p(k) 2 k+1 Alkhzk)’ q(k+1) = q(k) + Alkhlk)'
output: approximate dual and primal solutions
D) L (1) g (D), WD) % (pk+1p(k+1) n q(k+1)) .

5.2. Implementation details. Here we show how to exploit the structure of the
regularized ERM problem to efficiently compute the coordinate gradient V;, f (y(k))
and totally avoid full-dimensional updates in Algorithm 4.

We focus on the special case g(w) = 3|lw||3 and show how to compute V;, f(y*)).
In this case, g*(v) = 3||v[|3 and Vg*(-) is the identity map. According to (5.5),

1 vo(k
Vil ") = AL A + L
Notice that we do not form y*) in Algorithm 4. By Proposition 4.1, we have

y®) = phtly(F) 4 (),
So we can store and update the two vectors
p*) = Ay g*) = 4o®)
and obtain
Ay®) = pk+1p(k) + ¢,

Since the update of both u® and v(*) at each iteration involves only the single
coordinate iy, we can update p*) and ¢'®) by adding or subtracting a scaled column
A;,, as given in (5.19). The resulting method is detailed in Algorithm 5.
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TABLE 1
Characteristics of three binary classification datasets obtained from [7].

Dataset | Source | Number of samples n | Number of features d | Sparsity
RCV1 [16] 20,242 47,236 0.16%
covtype [4] 581,012 54 22%
News20 | [12, 13] 19,996 1,355,191 0.04%

In Algorithm 5, we use Vl(-f) to represent V;, f(y*)) to reflect the fact that we
never form y(®) explicitly. The function ¥; in (5.18) is the one given in (5.5), i.e.,

L, Y
Wi(w;) = & (=) — %Hﬂ?iﬂg-

Each iteration of Algorithm 5 involves only the two inner products A7 p*) and AT ¢

in computing ng) and the two vector additions in (5.19). They all cost O(d) rather
than O(n). When the A;’s are sparse (the case of most large-scale problems), these
operations can be carried out very efficiently. Basically, each iteration of Algorithm 5
only costs twice as much as that of SDCA [10, 40].

In step 3 of Algorithm 5, the division by pF*! in updating «* and p*) may cause
numerical problems because p**1 — 0 as the number of iterations k gets large. To
fix this issue, we notice that u(k) and p*) are always accessed in Algorithm 5 in the
forms of pF*t1u(®) and pF*t1p*). So we can replace u(®) and p(®) by

a®) = gty 50

D k+1p(k)7

which can be updated without numerical problems. To see this, we have

_ 1-— (k _ 1 —na E
G = 2y (k1) — b2 (u(k) e UZkth)> <u(k) _ TUzkhgk)) '

Similarly, we have

(k+1) _ ( (k) Azk hz(f))

5.3. Numerical experiments. In our experiments, we solve the regularized
ERM problem (5.1) with a smoothed hinge loss for binary classification. Specifically,
we premultiply each feature vector A; by its label b; € {£1} and let

0 if a >1,

pifa)=¢ 1—a—3 ifa<l—n, i=1,...,n.
+(1—a)* otherwise,
2

This smoothed hinge loss is obtained by adding a strong convex perturbation to the
conjugate function of the hinge loss (e.g., [40]). The resulting conjugate function of
¢ is ¢F(b) = b+ Zb? if b € [~1,0] and oo otherwise. Therefore we have

iwi) = n (Qsi (=) — 5”%”2) - { oo otherwise.

For the regularization term, we use g(w) = $||w||3. We used three publicly available
datasets obtained from [7]. Their characteristics are summarized in Table 1.
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In our experiments, we comparing the APCG method (Algorithm 5) with SDCA
[40] and the AFG method [25] with an additional line search procedure to improve
efficiency. For AFG, each iteration involves a single pass over the whole dataset.
When the regularization parameter A is not too small (around 10~%), then APCG
performs similarly to SDCA, as predicted by our complexity results, and they both
outperform AFG by a substantial margin.

Figure 1 shows the reduction of primal optimality P(w®*)) — P* by the three
methods in the ill-conditioned setting, with A varying from 107> to 10~8. For APCG,
the primal points w®) are generated simply as w® = w(z*)) defined in (5.8). Here
we see that APCG has superior performance in reducing the primal objective value
compared with SDCA and AFG, even without performing the final proximal full
gradient step described in Theorem 5.5.

Figure 2 shows the reduction of primal-dual gap P(w®) — D(z®)) by the two
methods APCG and SDCA. We can see that in the ill-conditioned setting, the APCG
method is more effective in reducing the primal-dual gap as well.

A RCV1 covertype News20
100
107’5 .......................................
10=5 | 1076
109 \> |- AFG |1 109l v [ AFG
10-12 -- SDCA
—  APCG
—15
10 60 80 100
100
s I T T |
1076 .
"‘A".’\\"
10-9 , Fynd,
0 20 40 60 80 100
100 100— 100
1071 ., 10 i e 2, 107!
. AL . ti2 "I"‘l"ﬂ'v“ n.u,“ 2
075 Sy e 'y 'l" 10
o3l Ty T 10-3 ] \
N T A LA e
10-4 104
109 103
10-6 10-6 | 10-6
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
100
N o oA, N
10! o U Vi
1072
o
104 10~ 1073
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Fra. 1. Comparing the APCG method with SDCA and the AFG method. In each plot, the
vertical axis is the primal objective value gap, i.e., P(w(k)) — P*, and the horizontal axis is the
number of passes through the entire dataset. The three columns correspond to the three datasets,
and each row corresponds to a particular value of A.
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A RCV1 covertype News20
10° 10°
103 o Soame Doy | I TS SS—————
_ N 2ap — 2ap B
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—1 \ —12 A —15
10 20 40 60 80 100 10 20 40 60 80 100 10 20 40 60 80 100
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Fia. 2. Comparing the primal-dual objective gap produced by APCG and SDCA. In each plot,
the vertical axis is the primal-dual objective value gap, i.e., P(w*®)) — D(z*)), and the horizontal
azis is the number of passes through the entire dataset. The three columns correspond to the three
datasets, and each row corresponds to a particular value of X.
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