AN INERTTAL BLOCK MAJORIZATION MINIMIZATION
FRAMEWORK FOR NONSMOOTH NONCONVEX OPTIMIZATION*
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Abstract. In this paper, we introduce TITAN, a novel inerTial block majorIzation minimiza-
tion framework for non-smooth non-convex opTimizAtioN problems. TITAN is a block coordinate
method (BCM) that embeds inertial force to each majorization-minimization step of the block up-
dates. The inertial force is obtained via an extrapolation operator that subsumes heavy-ball and
Nesterov-type accelerations for block proximal gradient methods as special cases. By choosing var-
ious surrogate functions, such as proximal, Lipschitz gradient, Bregman, quadratic, and composite
surrogate functions, and by varying the extrapolation operator, TITAN produces a rich set of inertial
BCMs. We study sub-sequential convergence as well as global convergence for the generated sequence
of TITAN. We illustrate the effectiveness of TITAN on two important machine learning problems,
namely sparse non-negative matrix factorization and matrix completion.
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1. Introduction. In this paper, we consider the following non-smooth non-
convex optimization problem

W nzin F(x) := f(ﬂUl,---,l‘m)"';gi(l“i)

such that z; € X; fori=1,...,m,

where X; C E; is a closed convex set of a finite dimensional real linear space [E;,
x can be decomposed into m blocks © = (z1,...,2,,) with z; € X;, f(-) is a non-
smooth non-convex function, and g;(+) is a proper and lower semi-continuous function
(possibly with extended values). We will denote by X := [[\", X; the feasible set.
Throughout this paper, we assume that F is bounded from below and'

2) OF (2) = {04, F(2)} % ... x {0y, F(z)} forall z € X,

where OF () denotes the limiting subdifferential of F' at z (see Appendix A).
1.1. Related works.

Block Coordinate Descent Methods and BSUM. Block coordinate de-
scent (BCD) method is a standard approach to solve the non-smooth non-convex
problem (1). Starting with a given initial point, BCD cyclically updates one block of
variables at a time while fixing the values of the other blocks. Typically, there are three
main types of BCD methods: classical BCD [17, 20, 39, 42], proximal BCD [17, 40, 44],
and proximal gradient BCD (8, 12, 40, 43]. Fixing x; for j € {1,...,m} \ {i}, let us
call the function z; — f(x) a block i function of f. The classical BCD methods
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alternatively minimize the block ¢ functions of the objective. These methods fail to
converge for some non-convex problems, see for example [39]. The proximal BCD
methods improve the classical BCD methods by coupling the block i objective func-
tions with a proximal term. Considering Problem (1) with m = 2, the authors in [5]
proved the global convergence of the generated sequence of the proximal BCD meth-
ods to a critical point of F', which is assumed to satisfy the Kurdyka-FLojasiewicz (KL)
property [25, 11]. The proximal gradient BCD methods minimize a standard proximal
linearization of the objective function, that is, they linearize f, which is assumed to
be smooth, and take a proximal step (which can involve Bregman divergences) on the
non-smooth part g. Using the KL property of F, the authors in [12] proved the global
convergence of the proximal gradient BCD for solving Problem (1) when each block
function of f is assumed to be Lipschitz smooth, and the authors in [2, 18, 41] prove
the global convergence when the block functions are relative smooth [7, 27].

These BCD methods belong to a more general framework that was proposed
by Razaviyayn, Hong and Luo [40], and named the block successive upper-bound
minimization algorithm (BSUM). BSUM for one block problem is closely related to the
majorization-minimization algorithm. BSUM updates one block i of by minimizing
an upper-bound approximation function (also known as a majorized or a surrogate
function) of the corresponding block ¢ objective function. BSUM recovers proximal
BCD when the proximal surrogate functions are chosen, and it recovers proximal
gradient BCD when the Lipschitz gradient surrogate or Bregman surrogate functions
are chosen, see Section 4 and [28] for examples of surrogate functions. Considering
the non-smooth non-convex Problem (1) with g = 0, the authors in [40] established
sub-sequential convergence for the generated sequence of BSUM under some suitable
assumptions. When f and g are convex functions, the iteration complexity of BSUM
with respect to the optimality gap F(z*) — F(z*), where z* is the optimal solution of
(1), was studied in [21]. We note that global convergence for the generated sequence
of BSUM for solving non-smooth non-convex Problem (1) was not studied in [40].

Inertial methods. In the convex setting, the gradient descent (GD) method is
known to have suboptimal convergence rate. To accelerate the convergence of the
GD method, Polyak, for the first time, proposed the heavy ball method (see [38]),
which adds an inertial force to the gradient direction using o (z¥ — z¥=1), where
z* is the current iterate, 2*~! is the previous iterate, and o is an extrapolation
parameter. Later, in a series of works [29, 30, 31, 32|, Nesterov proposed the well-
known accelerated fast gradient methods. While extrapolation is not used to calculate
the gradients in the heavy ball method, Nesterov acceleration uses it to evaluate the
gradients as well as adding the inertial force. The spirit of using inertial terms to
accelerate first-order methods has been brought to non-convex problems. In the non-
convex setting, the heavy ball acceleration type was used in [46, 34, 33], the Nesterov
acceleration type was used in [44, 45]. Interestingly, using two different extrapolation
points (one is for evaluating gradients and another one is for adding the inertial
force) was also considered in [37, 19]. Sub-sequential and global convergence of some
specific inertial BCD methods for non-convex problems have been established when
F is assumed to have the KL property, see e.g., [3, 19, 33, 44, 45]. To the best of our
knowledge, applying acceleration strategies to the general framework BSUM has not
been studied in the literature.

1.2. Contribution. First, we propose TITAN, a novel inertial block majoriza-
tion minimization framework for solving the non-smooth non-convex problem (1).
TITAN updates one block of x at a time by choosing a surrogate function (see Def-
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inition 2.1 and Section 4) for the corresponding block objective function, embedding
inertial force to this surrogate function and then minimizing the obtained inertial
surrogate function. The novelty of TITAN lies in how we control the inertial force.
Specifically, we use an extrapolation operator that can be wisely chosen depending on
specific assumptions considered for Problem (1) to produce various types of acceler-
ation; see Section 4 for examples. For instances, considering Problem (1) when each
block function of f is Lipschitz smooth, our extrapolation operator recovers heavy
ball acceleration type, Nesterov acceleration type, the acceleration type in [37, 19],
and the type of inertial gradient algorithm with Hessian damping in [1].

Then, we study sub-sequential convergence as well as global convergence for TI-
TAN, which in turns unifies the convergence analysis of many acceleration algorithms
that TITAN subsumes. TITAN can be thought of as BSUM with extrapolation.
However, it is important noting that Problem (1) is more general than the problem
considered for BSUM in [40]. In particular, the objective function of Problem (1)
includes a separable non-smooth function g that is very important to model the regu-
larizers of many practical optimization problems, while the objective function in [40]
excludes g. Hence, [40, Assumption 2 (B4)] on the continuity of the surrogate func-
tions on the joint variables is violated for Problem (1); and as such the analysis in [40]
is not applicable to Problem (1). Furthermore, when no extrapolation is applied and
g =0, TITAN becomes BSUM. Hence, the global convergence established for TITAN
with suitable assumptions can be applied to derive the global convergence for BSUM,
which was not studied in [40].

Finally, we illustrate the effectiveness of TITAN on two applications, namely
sparse non-negative matrix factorization (sparse NMF) and the matrix completion
problem (MCP). Applying TITAN to sparse NMF illustrates the benefit of using in-
ertial terms in BCD methods. The deployment of TITAN in solving MCP illustrates
the advantages of using suitable surrogate functions. Specifically, we will use a com-
posite surrogate function for the MCP. Compared to the typical proximal gradient
BCD method, each minimization step of TITAN has a closed-form solution while
each proximal gradient step does not. In our experiments, TITAN outperforms the
proximal gradient BCD method.

1.3. Organization of the paper. In the next section, we present TITAN with
cyclic block update rule. In Section 3, we establish the subsequential and global
convergence for TITAN. In Section 4, we employ various surrogate functions and
wisely choose the extrapolation operators to derive specific accelerated BCMs. We
extend TITAN to allow essentially cyclic rule in choosing the block to update in
Section 5. In Section 6, we report the numerical results of TITAN applied on the
sparse NMF and the MCP. We conclude the paper in Section 7.

2. Inertial Block Alternating Majorization Minimization. In this sec-
tion, we introduce TITAN. Let us describe TITAN, an inertial block alternating
majorization-minimization framework; see Algorithm 1. At the k-th iteration, we
cyclically update one block i at a time while fixing the values of the other blocks. In
Algorithm 1 and throughout the paper, we use the notation
ki _ (Z"f+1

k+1 _k k . k+1 _ km
e XXy, gy fori=1,...,m, and 2" = 2™,

x
To update block i at the k-th iteration, we first need to choose a block ¢ surrogate
function u; of f, which is defined in the following. Examples of such functions, and a
discussion on their use in the context of TITAN are provided in Section 4.
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Algorithm 1 TITAN with cyclic update to solve Problem (1)

Input: Choose 271, 2° € X (7! can be chosen equal to x°).
Output: z* that approximately solves (1).

1: fOI‘kZO,l,...dO
2. Set 20 = ¥

3: for 1=1,...,mdo

4 Choose a block i surrogate function u; of f and an extrapolation GF(x¥, xffl).

5: Update block i by

(3) e’ € argminug(z;, 27N — (GF(aF, 2F ), 25) + gi(wi),
T, €EX;

and set x;” = x?’Fl for all j # 1.
6: end for
7. Set Ftt = gk,
8: end for

DEFINITION 2.1 (Block surrogate function). A function u; : X; x X — R is
called a block i surrogate function of f if the following conditions are satisfied:

(a) wi(yi,y) = f(y) forally € X,

(b) wi(xi,y) > f(xi,y2:) for all x; € X; and y € X, where

f(xiayii) = f(yla s Yi1, Ty Yit 1, - - - 7ym)

The block approxzimation error is defined as hi(x;,y) = w;(xi,y) — f(Ti, y=).

Then, we solve the sub-problem (3) in which the block surrogate function is equipped
with an inertial force operated by an extrapolation operator G¥. Examples of such
operators are discussed in Section 4.

Conditions for gf and u;. TITAN must choose u; and gf such that Step 5
generates zFt! (note that it = xi”) satisfying the following nearly sufficiently

% %

decreasing property (NSDP) (see the discussion below for more details)

(ahi=1y kyi—1

o e
(4) P+ 2 b —ab P 2 Pt + e b st b = 0,1,

‘ 2
(z

. ki—1
where? %(m ) ;

k,i—1
and 7 ) depend on the extrapolation parameters used in gf and

k,i—1
. . . x’
the parameters used in u;. For notation succinctness, we denote ¥ = ’yi( ) and

x

kyi—1
nk=n ). The parameters of TITAN must also satisfy the following assumptions.

ASSUMPTION 2.2. (A) For i € [m], where [m] := {1,...,m}, the block i sur-
rogate function w;(x;,y) is continuous in y and lower semi-continuous in x;.

(B) For i € [m], given y € X, there exists a function z; — hi(z;,y) such that
hi(-,y) is continuously differentiable at y; and V., hi(y:,y) = 0, and the block
approximation error x; — h;(xz;,y) satisfies

(5) hi(zi,y) < hi(xi,y) for all z; € X;.

2We use the upperscript to mean that the parameters depend on the current point 2*:#—1.
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Assumption 2.2(A) is weaker than [40, Assumption 2(B4)] of BSUM, which imposes
the continuity of u; on the joint variable (z;,y). The following lemma provides some
sufficient conditions for Assumption 2.2(B). Lemma 2.3 will be used to verify Assump-
tion 2.2 for the block surrogate functions that will be given in Section 4.

LEMMA 2.3. Assumption 2.2 is satisfied when one of the following two conditions
holds:
e the block error h;(-,y) is continuously differentiable aty; and V., hi(y:,y) =0,
o hi(xi,y) < ville; — yil|tTe for some €; > 0 and v; > 0.

Proof. In the first case, we take hi(zi,y) = hi(zs,y), and in the second case, we
take h;(zi,y) = vsl|@; — yal| T o

Let us discuss the parameters 'yf and nf in (4). In Section 4, we provide their
explicit formulas in some specific examples of TITAN which correspond to specific
choices of u; and GF. In the following, we characterize general choices of u; and GF
such that the condition (4) is satisfied. For G¥, we will use the following assumption.

ASSUMPTION 2.4. There exist constants A¥ such that the extrapolation operator
GE satisfies |GF (x¥, x571)|| < A¥||2k — 21| for i € [m] and k > 0.

For u;, we will use one of the two following assumptions.

ASSUMPTION 2.5. Given y € X, there exists a positive constant pgy) such that the
block i approximation error satisfies the inequality

)

(y
hi(zi,y) > p"2 |z — yil|? for all x; € X;.

ASSUMPTION 2.6. Given y € X, the function x; — w;i(z;,y) + gi(z;) s pgy)—
strongly convex.
k k k—1
”g‘rﬁ%ﬁ_ln)ﬂ Assumption 2.5 is always
‘ ‘ (v)
satisfied for the regularized block i surrogate function w;(z;,y) + 2~ ||x; — y;/|?, where
u; (x4, y) is any block i surrogate function of f. The following theorem is a cornerstone
to characterize general choices of u; and G that satisfy the NSDP condition (4). The
two important parameters in Theorem 2.7 to compute 'yf and nf of Condition (4) are

pgy) of Assumption 2.5 (or pgy) of Assumption 2.6) and A¥ of Assumption 2.4.

Assumption 2.4 is satisfied taking A¥ =

THEOREM 2.7. Suppose GF satisfies Assumption 2./, and u; satisfies Assump-
tion 2.5 or Assumption 2.6 for y = x*"=1. Then the Condition (4) holds with
AF)2 - <Ik,i—1)
%k = 2(“72)71)7 7711'C = %,
vp,;

i

k,i—1
where 0 < v < 1 4s a constant. For notation succinctness, we denote pf = pl@ ).

Proof. In this proof, we denote y = x**~!. Let us consider the first case: As-

sumptions 2.4 and Assumptions 2.5 hold. We have

.
(6) Ui($§+17y> = f(xf+1vy7$z) + hi(x?Jrlvy) Z f(xi‘chl?yséi) + %foJrl - fo2
On the other hand, it follows from (3) that, for all z; € X}, we have

(1) wilai ™ y) + 0@l ™) S wileiyy) — (GF (o, 27 ), @0 — o) + gilwa).
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Choosing x; = z¥ in (7), we get the following inequality from (7) and (6):
Ui(l“fay)Jrgi( F) = (GF(af,y),af — 2t

(8) !
> fai ™ yp) + gi(@i ) + B llaf — 2R
Since u;(x¥,y) = f(y), we derive from (8) that
(9)  F(@hit) = (b, ol ™), ok — el > P + Gl - ok

From Young’s inequality, we have

— o A —
Abllat — 2 e =2l < e flaf T - af ) + (gypk [E
Hence, from (9) and Assumption 2.4, we obtain
. k .
F(ah) + G 51— a2 < F(ahi=t) + Lok — a7

which gives the result.

Consider the second case when Assumptions 2.4 and 2.6 hold. Let @;(z;,y) =
ui(x;,y) + gi(z;). It follows from the optimality conditions of (3) that
(10) <S1,( k+1) gk( k 1),$/§7 _ $?+1> 2 O7

?

k+1) k+1

where s;(z is a subgradient of @;(-,y) at x; Since @;(+,y) is strongly convex,

k
we have @; (2%, y) > @; (2T, y) + (si(af ™), af — 2T + & ||lak — 2|2, Together

with (10) and noting that w;(z¥** y) > f(x k+1,y¢i), we get (8). The result follows
using the same proof as in the ﬁrst case. ]

Let us provide a sufficient condition for Assumption 2.5.
LEMMA 2.8. If hi(-,y) is pgy)—strongly convex and is differentiable at y;, and
)
Vihi(yi,y) =0, then we have h;(x;,y) > pi: — il
(v)

Proof. The result follows from the definition of p;”’-strong convexity, that is,

(v)
Py
hi(fL’i,y) h (y’u ) <v h‘ (y’m )ﬂxi - y’b> + THxl - yiH27

the assumption V;h;(y;,y) = 0, and the property h;(y;,y) = 0 from Definition 2.1. O

3. Convergence analysis. In this section, we study sub-sequential convergence
as well as global convergence of TITAN. For our upcoming analysis, we need the
following first-order optimality condition of (1):

(11) (p(x*),z —2*) >0 for all z € X, for some p(z*) € IF(z*).
As we assume OF (2z*) = {0,, F(2*)} X ... x {0, F(z*)}, (11) is equivalent to
(12)  (pi(z*),x; — ) > 0 for all z; € X}, for some p;(z*) € O, F(x*) for i € [m)].

If 2* is in the interior of X or A; = E; then (11) reduces to the condition 0 € OF (z*),
that is, z* is a critical point of F.

Throughout this section, we assume that the parameters are chosen such that, for
i=1,...,m and k > 0, the condition in (4) and Assumption 2.2 are satisfied. The
following proposition provides a requirement for 4% and n¥ in the NSDP condition (4)
such that a sub-sequential convergence can be achieved.
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PROPOSITION 3.1. Let {x*} be the sequence generated by Algorithm 1. Suppose
that, for k=10,1,...,

(13) AR+l < Opf

for some constant 0 < C < 1. Let 77;1 =~9/C. The following statements hold.
(A) For any K > 1, we have

K—-1m
(14)  F(a®)+(1-0) kZ_IO ; ¥ Il — 72,

m -1
P k2 < Fa®) + C Z:l "
=

7

k
(B) If there exists a positive number | such that min; j {7’7} > 1, then we have
Yrso itz — 2f|? < 4o0

i

Proof. (A) It follows from (4) and (13) that, for £ =0,1,..., we have

. k—1
2 = gH? < PR + O ok — 2b 12,

Ey o 18
Fa™) + 5 2

Summing this inequality over i = 1, ..., m gives

m k m k—1
(15) F(z*1) + ) Bollai ™t —ab? < F(e*) + C 3 Tl — PP,

Summing up Inequality (15) from k& = 0 to K — 1, we obtain

m -1
F) + 3 % af - a7
z

K T K K12 BN &k kbl g2
> Fa®)+C 3 Sa—lla =27 TP+ (1=C) X2 3 Fllay™ —a7ll%,
i=1 k=0 i=1
which gives the result.
(B) The result is a direct consequence of the inequality (14). 0

3.1. Sub-sequential Convergence. Let us now prove sub-sequential conver-
gence of TITAN.

THEOREM 3.2 (Sub-sequential convergence). Suppose the conditions in Propo-
sition 3.1 are satisfied. We further assume that the generated sequence {x*} by Al-
gorithm 1 is bounded® and ||GF(x¥, 2%71)|| goes to* 0 when k goes to co. Then every
limit point x* of {x*} satisfies the optimality condition in (11).

Proof. Suppose a subsequence {x*7} of {z*} converges to z* € X. Proposi-
tion 3.1(B) implies that x*»~! — 2* and z*»*! — 2* . Choosing z; = } and k = k,,
in (7), we obtain

Ui(mfn—i_l, xkn,ifl) + gi(xf”l)

< ui(x;k,mk"’i_l) _ <gfn(x§n’l.kn71)7xf _ :Ef"Jrl} + gz(xj)

(16)

-1

3Proposition 3.1 proves that F(z*) < F(z°) + C >, n’i2 |z9 — zi_l |2. Therefore, the bound-
edness of {x*} is satisfied for the class of bounded-level set functions F.

4From Proposition 3.1(B), we have |lz¥ — zf_l || converges to 0 when k goes to co. On the other

hand, we assume {z*} is bounded. Hence, the condition that [|GF (xf,xf71)|| goes to 0 is satisfied

by gf satisfying Assumption 2.4, in which Af is bounded for the bounded sequence {z*}.
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Note that z*==1 — z* and u;(x;, %) is continuous in y by Assumption 2.2(A). Hence,
we derive from (16) that

lim sup ui(xf"ﬂ, zk"’ifl) + gi(xf"‘ﬂ) < w(xf,z™) + gi(x¥).
n— oo

Furthermore, u;(x;,y) + gi(2;) is lower semi-continuous. Hence, u;(zF»*t, zFni=1) 4

gi(xF Ty = wi(zk, o) + gi(z}). We choose k =k, in (7) and let n — oo to obtain
wi(xl,x) + gi(x]) <wui(ag, ™) + gi(x;) for all z; € X

Note that w;(z},z*) + gi(27) = F(z*) and w;(z;,2*) = f(@i, ¥%;) + hi(z,27). There-
fore, for all z; € A},

F(z*) S F(x],. .., 1,5, T g, -,

(17)
<F(af, ol el

where we have used Assumption 2.2(B). Inequality (17) shows that, for i =1,...,m,

*

2} is a minimizer of the problem

(18) Hli?( F(xl,. .. 2 1, %,27 ..., 2,) + hi(xg, 7).
TiEX;
The result follows from the optimality condition of (18) and V;h;(z},z*) = 0. 0

Remark 3.3. Consider the case X = E := E; x ... x E,;,. For this case, Inequal-
ity (5) for x; € E; can be relaxed to x; on bounded subsets of E;. By noting that if x}
is a local minimizer of Problem (18) then 0 € 9,,F(x*), we can repeat the analysis to
prove the subsequential convergence to a critical point of F' for the relaxed condition.

3.2. Global Convergence. A global convergence recipe was proposed in [5, 6,
12] to prove the global convergence of alternating proximal (that is, when the proximal
surrogate function in Section 4.1 is used) and alternating proximal gradient methods
(that is, when the Lipschitz gradient surrogate function in Section 4.2 is used) for
solving non-smooth non-convex problems. The recipe was extended in [33] and [19,
Theorem 2] to deal with the accelerated algorithms, which may produce non-monotone
sequences of objective function values. For completeness, we provide [19, Theorem
2], which will be used to prove the global convergence of TITAN, in Appendix B.
One typical assumption to prove the global convergence is that the gradient of f in
Problem (1) is Lipschitz continuous on bounded subsets of E. This assumption is
naturally satisfied when f is continuously differentiable over E. It is important to
note that the Lipschitz constant of this assumption does not influence how to choose
parameters for the algorithms, its existence is just for the purpose of proving the global
convergence of the generated sequence, which is usually assumed to be bounded.

Problem (1) is equivalent to the following unconstrained optimization problem

(19) min ®(a) i= F(x) + 5° T, (2:),

z€E i=1

where Zx,(-), for i € [m], is the indicator function of X;. Hence, it makes sense to
consider the optimality condition 0 € 9®(x*) for Problem (1), that is 2* is a critical
point of ®. In the upcoming analysis, we will prove the global convergence of TITAN
to a critical point of ®. Note that ®(x) = F(x) when X; = E;. We make the following
additional assumption.
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ASSUMPTION 3.4. Fori=1,...,m, the block surrogate functions w;(x;,y) is con-
tinuous on the joint variable (x;,y). Moreover, the limiting subgradient Oy, u;(-,-) is
Lipschitz continuous on bounded subsets of X; x X in the sense that, for any (x;, w)
and (y;,v) in a bounded subset of X; X X, if s; € Oy, (ui(xi7w) — ui(yi,v)) then
Is:ll < Bill(x;, w) — (yi,v)]|| for some constant B;.

Assumption 3.4 is naturally satisfied when the surrogate functions wu;(-,-) is continu-
ously differentiable. We will see that all the surrogate functions given in Sections 4.1—
4.4 satisfy Assumption 3.4 when f is continuously differentiable.

THEOREM 3.5 (Global convergence). Suppose the conditions in Proposition 3.1
is satisfied. We further assume that f is continuously differentiable, Assumption 2.2(B)
is satisfied” with h(x;,y) = h(x;,y), Assumption 3./ holds, Assumption 2./ holds with
bounded A¥, F is a KL function (see Appendiz A), and together with the existence
of L in Proposition 3.1, we also assume there exists | > 0 such that max; j {%} <.
Suppose one of the following two conditions hold.

1. Condition (13) is satisfied with some C satisfying C < /1.

2. We use a restarting regime for TITAN, that is, if F(x*+1) > F(2*) then we
re-do the k-iteration with GF = 0 (that is, no extrapolation is used). In this
situation, we assume that Condition (4) is satisfied with® v¥ =0, fori € [m).

Then the whole generated sequence {x*} of Algorithm 1, which is assumed to be
bounded, converges to a critical point of .

Proof. See Appendix C.1. O
We make some remarks to end this section.

Remark 3.6. As long as a global convergence is guaranteed, we can derive a con-
vergence rate for the generated sequence by using the same technique as in the proof
of [4, Theorem 2|. We refer the reader to [19, Theorem 3] and [44, Theorem 2.9] for
some examples of using the technique of [4, Theorem 2] to derive the convergence rate
and omit the details of the convergence rate for TITAN.

Remark 3.7. In general, it is not easy to estimate the bounds [ and [ for the
situations when nf vary along with the block updates. Hence, if we target a global
convergence guarantee, TITAN without restarting step is recommended when these
bounds are easy to estimate and the objective function is expensive to evaluated.
For surrogate functions with varying n¥, TITAN with a restarting regime is recom-
mended to guarantee a global convergence. It is important noting that TITAN always
guarantees a sub-sequential convergence with or without restarting steps.

4. Some TITAN Accelerated Block Coordinate Methods. In order to
guarantee some convergence, TITAN must choose the parameters that satisfy the
conditions in Theorem 3.2, which include Assumption 2.2, the NSDP condition (4),
the condition (13) and the condition ||GF(z¥, z¥71)|| = 0. As noted in the footnote 4,
the condition ||GF(z¥, z¥71)|| — 0 is satisfied by the extrapolation satisfying Assump-
tion 2.4 with bounded A¥. Theorem 2.7 characterizes some general properties of u;
and gf that make the NSDP condition (4) hold, and it determines the corresponding
values of n¥ and v¥ when Assumption 2.4 and Assumption 2.5 (or Assumption 2.6)
is satisfied. In the following, we consider some important block surrogate functions
from the literature (more examples can be found in [28]), and derive several specific

5The block error function of the surrogate functions in Sections 4.1 — 4.4 satisfies this condition.
SIf u; satisfies Assumption 2.5 or Assumption 2.6 then we repeat the proof of Theorem 2.7 to
derive Inequality (9) which leads to Condition (4) being satisfied with 4% = 0 and n¥ = p¥ /2.
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instances of TITAN. We verify Assumption 2.2(B) (by using Lemma 2.3) and provide
the formulas of n¥ and * (by using Theorem 2.7).

4.1. TITAN with proximal surrogate function. The proximal surrogate
function, which has been used for example in [4, 6, 19], has the following form

(v)
ui(xi,y) = f(@i, yzi) + pTsz —uill%

)

where f is a lower semi-continuous function and pl(-y > 0 is a scalar.

)
We have h;(z;,y) = pi; ||z;—v:||*. Hence, Assumption 2.2(B) and Assumption 2.5

are satisfied. Let us choose GF(zF K1) = pkpk(zk — 251), where 8F are some

i %
k,i—1
extrapolation parameters and pf = pf;x ). In this case, we have AF = pFgF. The

minimization problem in the update (3) becomes

. k
min f(x;, a:l;’f_l) + &

i — (af + BF (@l — 2P + gi(xa).
T €EX;

The formulas of n¥ and 4¥ are determined as in Theorem 2.7. This TITAN scheme
recovers the inertial block proximal algorithm in [19].

4.2. TITAN with Lipschitz gradient surrogates. The Lipschitz gradient
surrogate function, which has been used for example in [44, 45, 19], has the form

Kq (v)
wi(zi,y) = Fy) + (Vif(y), @i — yi) + i |l — il 2,

where ; > 1, the block function x; — f(x;,yx;) is differentiable and V; f(z;,yx;) is

LZ(»y)—LipSChitZ continuous. Note that Lgy) may depend on y. We have

Vi hi(zi,y) = HiLEy) (s —yi) + Vif(y) — Vif(xi, y2i)-

So, V., hi(yi,y) = 0. Hence, Assumption 2.2(B) is satisfied with h;(z;,y) = hi(2i, y).
On the other hand, in general when g;(z;) is a non-convex function, we always

have z; — h;(z;,y) is a (k; — 1)Ll(-y)-strongly convex function. In this case we need

to choose k; > 1, and then Assumption 2.5 is satisfied with pl(-y) = (k; — 1)Ll(-y).
If g;(x;) is convex then we have z; — wu;(x;,y) + gi(z;) is a niLEy)—strongly convex
function; as such, in this case we can choose x; = 1 and Assumption 2.6 is satisfied
with pgy) = LZ(-y). Taking y = 2**~1, the formulas of n¥ and 7¥ are determined as in
Theorem 2.7. In the following, we consider specific choices for G¥ and determine the

corresponding values for A¥.

4.2.1. Deriving inertial block proximal gradient methods. Let us consider
the case X; = E; and choose
(20)  GF(af,af™) = Vif (") = Vif(ah, 2l Th) + LSS (af — 27,

where z¥ = ab + 7F (el — 2571, 7F, BF are some extrapolation parameters and

L = LEIkYZ_I). The update in (3) becomes

, , Lk
argmin f(a*"71) + (V, f(a™71), 2, — k) + LQL* |z — x|
ers

—<Vif(l“k’i_1) - Vz‘f(ff?aﬂfjéf_l) + ri L B (2 — xf_l)a$i> + gi(z:)
) ok
= argmin <Vif(if,xl;’;_l),xi> + gil@) + S|z — (aF + BF(ak — xffl))H?

T
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Let us now determine the values of A¥ in Assumption 2.4. In general, we have
k(o k k=1 k(. _k Ey||k _ k=1
1G5 (@7 2 Il < Li' (7 + kB || — a7 |-
Hence, in a general case, we can take A¥ = L¥(7F + k,;8F).

If we additionally assume that the block function f(, ajl;z ') is convex then we

can get a tighter bound for A¥. Specifically, if we choose 8 > 7F, then the function
k .
z; > &(m) = 2k LY fk ()% — f(xi,xl;’z_l) is convex and it has (/-@,L’c ) Lipschitz
gradient. Therefore, we get
IVE(@F) = VEEDI <
On the other hand, we see that

zf —af|| = riLF B |t — a1

Ve(ah) - Ve(eh) = rLboab - Vif(ak, o) — kiLk
— Gh(ak, 2k ™),

Hence, in this case we can take A¥ = x;L¥3F.
We can recover the accelerated methods in the literature as follows.
e If we use GF in (20) and choose BF = 7} then we recover the Nesterov type
acceleration as in [44, 45].
e If we use GF in (20) and let B # 7F and BF > 7F then the update in (3) uses
two different extrapolation points as in [19].
It is important noting that we can also recover the heavy-ball type acceleration by
choosing GF(zk, xk Y =k LEBF (ak xf‘l), and, for this case, we can take X; to be
any closed convex subset of E;.

k .
B ak 4V, f(akih)

4.2.2. Inertial block proximal gradient algorithm with Hessian damp-
ing. Let us choose

(21) GF =af (Vif( -t x’;f 1) — Vif (@™ ) + ki LEBE 2k — 2k,
where af and ﬂf are some extrapolation parameters. The problem in (3) becomes

argmin f(*1) + (Vi f (@), 25 — ak) + 25 — ok |2

- of (Vif(@f ™" oyl ™) = Vif(aRih)) 4 ki LEBE (2 — xffl)a$i> + gi(z:)
=w@m<mﬂﬁv> of (Vif (@) = Vif (af L ali ™)) i) + gu(a)
| Sy — (gt — b))

+=5
We have derived an inertial block proximal gradient algorithm with the corrective
term V, f(z®11) = V, f(zF 1 xl;f ') (this term is related to the discretization of the
Hessian-driven damping term see [1]). When g;(z;) = 0 the update in (3) becomes

(Vif @)k (Vaf @)= Vaf (@b =2 ) ),

k+1 _ k pk(ok k=1
ai T = i B (e -y ) - Lk

which has the form of the inertial gradient algorithm with Hessian damping as in [1].

Let us now determine the values of AF. We can take A¥ = LE(al + k,;8F)

in a general case. If we additionally assume that the block function f(, xl;: 1)

is convex, we then choose af < k;3F to guarantee the convexity of the function
x; = () = SR LEBF ()% — aff(xz,xl;f '). Note that &(z;) has ; L¥ 85 Lipschitz

gradient. Hence, similarly to Section 4.2.1, we can take A¥ = k; L¥B¥ for this case.
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Remark 4.1. We have derived the values of ¥ and 7% by using Theorem 2.7, and
specific values of A¥ and p¥ of Theorem 2.7 were given. The cases (i) f and g; are
non-convex, (ii) the block functions of f are convex but g; are not, and (iii) f is non-
convex but g; are convex, were analysed in Section 4.2. When F possesses the strong
property that the block functions of f, i € [m], are convex and g; are convex, we can
obtain a better bound for v¥ and n¥ that allow larger extrapolation parameters. Let
us choose G¥ as in (20). It was established in the proof within [19, Remark 3] that

(22)
Ly LB

) ) 1 — )Lk
Pk )+ 2 (7 + R St FRCL A

2

where 0 < v < 1 is a constant. Hence, in this case

Lk B k)2 Lk
(23) A= T (i BLomly e G20

4.3. TITAN with Bregman surrogates. The Bregman surrogate for relative
smooth functions, which has been used for example in [2, 18, 41], has the form

Ui(SCnZ/) = f(y) + <Vif(y)axi - yi> + HiLEy)DWEy) ($i7yi),

Y) is a differen-

where k; > 1, the block function z; — f(z;,yx;) is differentiable, <pl(»
tiable convex function such that the function z; — Lgy)apgy) (@) — f(2i,yxi) is convex,

and Dsa(-”) is the block Bregman divergence associated with @Ey) defined by

(24) D (wi,v1) = 9" () = (" (v0) + (V" (vi), 2 — i)

()

It is assumed that ¢, is a Pt -strongly convex function on E; and its gradient is

Lipschitz continuous on bounded subsets of E;. We have

Vo hi(zi,y) = s L (Vi (2:) — Vol (1) + Vif (y) — Vif (25, y2:)-

Hence, Assumption 2.2(B) is satisfied with h;(z;,y) = hi(zs,y).
Similarly to Section 4.2, if g;(z;) is convex then z; — w;(z;,y) + gi(z;) is a
/QiL(.y) pp,-strongly convex function. In this case we can choose x; = 1 and Assump-

(v) _ L(y)

tion 2.6 is satisfied with p; P Considering the case g; is not convex, as we

have h;(-,y) is a (k; — 1)L( )p @,)—strongly convex function, we need to choose k; > 1

(y) _ ki—1
)

and then Assumption 2.5 is satisfied with p;”’ = (k; — 1)Lgy)p¢(y). Taking y = x

the formulas of n* and ¥ are determined as in Theorem 2.7. In the following, we
consider two specific choices for G¥ and determine the corresponding values for A¥.

Weak inertial force. Let us choose GF(z¥, z¥71) = gF(2F~! —2F), where BF are
some extrapolation parameters, then we recover the block inertial Bregman proximal
algorithm in [3]. In this case, we have A¥ = 3F.

Heavy ball type acceleration with back-tracking. Now let us choose

gf(xf,xf_ )*’%Lk(v@z( 1) V%( z))?
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k,i—1 _ . . .
where ¥ = @EI ), ¥ = 2 47 (2 —2¥1) with 7F being extrapolation parameters.

We recall that it is assumed that ¢%(-) is strongly convex and differentiable on E;,
hence V¥ (z¥) is well-defined. The update (3) becomes

argmin (V, f (2™ 71), @i — 2F) + gi(w:) + wi L (oF (2:) — (VF (2F), 21 — 2F) — oF (2}))

= argmin (V; f(z""71), 2 — f) 4 gi(2:) + D (w4, 2),

which has the form of a heavy ball acceleration. Note that we do not assume V¥ is

globally Lipschitz continuous. Therefore, we propose to apply line-search to determine
the extrapolation parameter Tik as follows. Starting with Tik = 1, we decrease Tik by
multiplying it with a constant 7 < 1 until the following condition is satisfied

KL} [V (2f) = Vi (@D)I? < Clla — a7 Poror ™.

This process terminates after finite steps as we assume chf (x;) is Lipschitz continuous

kioky o k(o k
on bounded sets. Then the condition in (13) is satisfied with AF = 1Y#. () ,_Y_ﬁ'iH(Ii .

llzf—=
4.4. TITAN with quadratic surrogates. The quadratic surrogate, which has
been used for example in [14, 33], has the following form

(25)  wleny) = F0) + Vil @) — i) + 5 (@0 - ) HY (i = ),

where k; > 1, f is twice differentiable and Hi(y) is a positive definite matrix such
that (HY — V2f(x;,yx:)) is positive definite (H*) may depend on y). Taking y =
%1 we note that although the quadratic surrogate is a special case of the Bregman
surrogate (Section 4.3) with ¢¥(z) = 2T HFz;, LF = 1 and por being the smallest
eigenvalue of HF, the kernel function ¢¥(z;) = (z;, HFz;) is globally || HF |-Lipschitz
smooth. We choose G¥ as follows

Gi (g, 2y~ 1) = ma(HE(27) — H (7)) = rorf HY () — 270,

where £ = x¥ 4 7F (2F — 2¥71). In this case, A¥ = k;7}|| HF||. The update in (3) has

the form of a heavy ball acceleration

argmin <Vlfz(xf),xz — xf> + gi(x;) + %(ml — gj«f)THf(xZ — :Ef)

Zi

4.5. TITAN with composite surrogates. Suppose f has the form

(26) f(x) = () + o(r(2)),
where
e ¢ : X — R is a non-smooth non-convex function that has block surrogate
functions u;/’(xi,y), 1=1,...,m,

o 7 = (ry,..,Tm), where r; : X; — ¥; C F; are Lipschitz continuous (that is,
[lri(zs) =7y )|l < Ly, |2 —ys| for s, y; € X;) and F; (i = 1,...,m) are finite
dimensional real linear spaces, and

e ¢:)Y =) X..x Yy — Ry is a continuously differentiable and block-wise
concave function with Lipschitz gradient.
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There are several practical problems in machine learning that minimize the objective
functions of the form (26); see for example [13, 15, 36]. Considering f of the form (26),
we propose to use the following composite surrogate function for f

wi(@s,y) = uf (24,y) + o(r(y)) + (Vid(r(y)), ri(z:) — ri(ys))-

Indeed, since the block function of ¢ is concave, we have

(27) (@or)(i,yzi) < o(r(y) + (Vid(r(y)), ri(w:) — ri(ya)),

where (V;¢(r(y)) is the gradient of ¢ at r(y) with respect to block i. We will illustrate
this case on the MCP in Section 6.

Let us assume the block surrogate functions uf’(,) of v(-) satisfy Assump-
tion 2.2(B). We prove that the block surrogate functions u; of f also satisfy As-
sumption 2.2(B). Indeed, we have

hi(zi,y) = wi(xi, y) — fri(xi,y)
= uf (zi,y) — V(@i, yi) + 6 (Y)) + (Vid(r(y)), ri(xi) — ri(ys)) — ¢ 0 14, Yoti).

Moreover, as we assume V;¢ is Lipschitz continuous, we have

¢
o(r(y)) + (Vig(r(y)),ri(z:) — ri(yi)) — (po 7")(371‘73/#) < %Hri(a:i) - Ti(yz‘)HQv

for some constant L?. Therefore, we obtain

L?
(28) hi(ziy) < ul (z5,y) — (i, yz) + 7;||7”z'(xz') — (i) II?
LP(L,. )2
< u (@i, ) — (i, i) + T |2y — g2,

where we use the Lipschitz continuity of r;(-) in the last inequality. Since uw(~7 -) sat-

isfies Assumption 2.2(B), it follows from (28) that w;(-,-) satisfies Assumptién 2.2(B).
;” satisfies
Assumption 2.5, and (ii) uj’(, y) satisfies Assumption 2.6 and z; — (V;é(r(y)), ri(x;))
is convex. For the first case, we see that u;(z;,y) also satisfies Assumption 2.5. Indeed,
it follows from Inequality (27) that

Let us determine the values of p¥ of Theorem 2.7 for the two cases (i) u

()
halws,y) 2 uf (w0, y) = lasyz) 2 P lo - il

For the second case, we see that u;(x;,y)+¢g;(z;) is also a p!-strongly convex function.
The formulas of nf and 7 are determined as in Theorem 2.7. The values of A¥ of
Theorem 2.7 depends on how we choose block surrogate functions for ¢ and then
choose GF. Specific examples and their corresponding values of AF that were presented
in Section 4.2, Section 4.3 and Section 4.4 can be used for .

Remark 4.2. Let us consider the case when g;(x;) and z; — (V;¢(r(y)), ri(x;)),

for ¢ € [m], are convex, 1(x) is a block wise convex function and its block function z; —

¥(x;,y2:) is continuously differentiable with Lgy)—LipSChitZ gradient. We choose the

Lipschitz gradient surrogate for ¥ and choose gf as in (20). Let y = 2%'~1 and Lf =

yi—
Ll(x 1). Using the same technique as in the proof within [19, Remark 3] we get the
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following inequality (we also can take F' = ¢(z) + 31", ((Vid(r(y)), mi(2:)) + gi(;))
in (22) to get the result)

V) + (Vio(r () i) +gu(ol) + ()7 + LDk — o2
> () 4 (T (). e ) + gl 4 O a1 e

Together with (27), we obtain

ooy PETD R0 W) + el + () + CEEE b ol
> (P + (por) (@ ys) + gi(x k+1)+%|‘ B k2,

Moreover, recall that F(z) = ¢(x) +¢(r(x))+ > v gi(2;). Therefore, Inequality (29)
recovers Inequality (22), and we can take n¥ and v¥ as in (23).

5. Extension to essentially cyclic rule. In this section, we extend TITAN to
allow the essentially cyclic rule in the block updates. Instead of cyclically updating
the m blocks as in Algorithm 1, a block i among {1,...,m} is randomly or deter-
ministically chosen to be updated at a time while fixing the values of the other blocks.
The essentially cyclic rule with interval T" > m imposes that, for any T consecutive
times of choosing an individual block, each of the m blocks must be updated at least
once. Starting with two initial points z~! and z, at iteration k, k > 0, TITAN with
essentially cyclic rule will update z* as follows.

(30) k+1 € argmln{uik (mik’ ) <gk ( Lips prev)7xik> =+ giy, (xik)}7
Tiy, €X,
and set z8t1 = 2% for all a # i,. Here we use xprev to denote the value of block i

before it was updated to x . To simplify the presentatlon of our upcoming analysis,
we propose to use the followmg additional notations.

e Starting from 2°, we divide the generated sequence {z*} into consecutive
intervals of T iterates and we use x* to record the last iterate after every
interval of T points of {z*}, that is, x* = 2*7 for k > 0, and let x ! =z~ 1.

e xMJ j=1,...,T, are the points of {z*} lying between x* and x**1, that is,
xFd = pkT+3

e Since the values of a block can be unchanged in some consecutive iterations,
we use 5( ' to denote the value of block i after it has been updated [ times
during the k-th interval [x xkl L xRT gkt = xk’T]. In other words,

if records the value of the i-th block when it is actually updated. The

previous value of block i before it is updated to )’(f’l

j)is xk =1 (which is xf’jfl). Correspondingly, we use d¥ to denote the total
number of times the i-th block is updated during the k-th interval.

k —
e xJ ., stores the previous values of the blocks of x*, that is, (x},1}); = Scf’di '

Using these notations, we express the generated sequence {x"}nzg as the sequence
{x"7} k0,5=0,.... 71

(31) o xP = xR0 xR xR T L T

9

N
( which is ;7 for some

So 2™ = x"J with k = [2], j = n — kT Let us now translate Condition (4) using the
new notations. The inequality in (4) for updating block 7 in the k-th period becomes

_ (")
(32) F(xki—1)y+ i

kj—1 n k,j k,j—1
2 HXi] pwv||2>F( '”)Jrlillxi]—xi’ H2
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k-1 k,j . . Py
Note that 7", x;’~~ and x;*/ are three consecutive points of {x;" },__; 4. Were-

_k,—1 1. ki1 g2 kl k
mark that x;" = (xF,.,)i. Soif x; Fd=1is 91 then = 2P and P = x.

Inequality (32) is rewritten as
e, l—1 k-1

(33) PG 4 P =P 2 P+ B PP,

k-1 (xFI—1 .
where 7; =, and 7, . All the convergence results so far still

hold for TITAN with the essentially cyclic update rule. For example, the following
proposition has the same essence as Proposition 3.1.

k-1 koj—1
=)

PROPOSITION 5.1. Considering TITAN with essentially cyclic rule, let {x*'} be
the generated sequence of TITAN, see (31). Assume that the parameters are chosen
such that the conditions in (33) (or its equivalent form in (32)) and Assumption 2.2

are satisfied. Furthermore, suppose for k =0,1,... andl=1,...,d* we have
T_’kl 1 f_y{c,l
34 c+— > -
(34) X
for some constant 0 < C' < 1. Let 77?’71 = '_yzo O/C.
(A) We have
(35)
e & 7k g1 o
F(x® ZZ %57 — I < F(x° +CZ ol x|
k:O i=1 I=1

(B) If there exists positive number [ such that min; j

S S S [ — =2 < oo

Proof. See Appendix C.2 d

A subsequence {z*7} of {2"},>¢ when being expressed as x®! (see (31)) is
{xFndn) with k, = [22]) and 1, = k, — T[k= ] We derive from Proposition 5.1 that if
fl’“ converges to x; as k goes to 0, then X ! also converges to z for [ =1,. ..,df.

From this fact, we use the same technique in the proof of Theorem 3.2 to establish
the subsequential convergence. We omit the details here.
For the global convergence, we define <I>5(as, y) == ®(x) + 0, e — il?, take

m dy m
gl _ ghi=1 k-1 :
vr =2 > 5lx - I”=3 Z [ [ 1 i
i=11=0 i=11=1
and let z" = (x*,x} ). Then, we have

O (z") — (") = F(x") - F(x*"") + ) Sl = pren)ill® = 3 F % = (e )il

1=

Similarly to Theorem 3.5 we assume there exists [ such that max; k1
Then, as for Theorem 3.5, we can prove that the whole sequence {x*} converges to
x* when one of the two methods are used: C' < I/l or applying restarting step for
(30). Hence each sequence {x¥},>0 converges to x} for i € [m]. Finally, note that

||Xk,j—1 _ x*Hz (T j + 2)(2 a—j1 ||X a+1||2 + ||Xk+1 _ 95*”2)
k-1 7kl z*
<(T-j+2)(X 1Zl 1 11%5 P [l = ?).

Together with Proposition 5.1(B) it implies that the whole sequence {x*} converges.
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6. Numerical results. In this section, we apply TITAN to sparse NMF and
the MCP. All tests are preformed using Matlab R2019a on a PC 2.3 GHz Intel Core
i5 of 8GB RAM. The code is available from https://github.com/nhatpd/TITAN

6.1. Sparse Non-negative Matrix Factorization. Let us consider the fol-
lowing sparse NMF problem [35]

1
(36)  min{IM-UV|?:U e RE*V € RY™ Uillo < s, =1,....x},

where M € RT*™ is a data matrix, r is a given positive integer, U.; denotes the i-th
column of U and ||U. ;|| denotes the number of non-zero entries of U. ;. Problem (36)
has the form of Problem (1) with X} = R™**, X, = R™®, f(U,V) = §|M — UV|?,
g1(U) is the indicator function of the set {U : U € R, [|[U. [0 < s,i = 1,...,r},
and g2(V) is the indicator function of the set {V : V'€ RT*"}.

Noting that Vi f(U,V) = (UV — M)VT is Lipschitz continuous with constant
Ly = ||VVT| and Vy f(U,V) = UT(UV — M) is Lipschitz continuous with constant
Ly = ||[UTUJ|, we choose the block Lipschitz surrogate for f as in Section 4.2. Let us
choose the Nesterov-type acceleration as in Section 4.2.1. The corresponding update
in (3) for U is

HlLlf
2

Uk+1 = argmin <VUf((7k, Vk)7 U> + ||U — UkHZ + a0 (U)a
U

where k1 > 1 is a constant, U* = Uk + gk(U* — U*=1), Lk = ||[VF(VF)T|, and the
corresponding update for V is

Vk+1 — a{gminv <va(Uk+1,Yk)7 V> + %’5”‘/ - Vk”Z + gg(V)
— [Vk _ %gvvf(Uk+l’ Vk)]+7

where VF = Vk 4 gh(vk —vE=1) L& = |(U*1)TU**| and [a], denotes max{a,0}.
It was shown in [12] that the update of U has the form

1
IﬁJlL]f

vr = 7, ([0 Vol O V9], ),

where T;(a) keeps the s largest values of a and sets the remaining values of a to zero.
Let us now determine 7¥ and ~¥, for i = 1,2 (there are two blocks: U and V') of

Condition (13). Note that f(-, V), f(U,-) and g2(V') are convex functions but g, (U) is

non-convex. It follows from Section 4.2.1 that p¥(V) = (k1 — 1)L¥ and A¥ = x,BF LK

for the block U surrogate functions. Applying Theorem 2.7, we get nf and 7?, and the

k—1
condition (13) for block U becomes g < #1=1 cyl(l_Ll;l)Ll
1 1

, where 0 < C, 11 < 1.

Considering block V', as both f(U,-) and g2(V') are convex, it follows from Section 4.2
that 75 = 1LE(8F)? and 1§ = 1(1 — 1»)L5. Hence, the condition (13) for block V

k—1
becomes B < 4/ %, where 0 < C, vy < 1. In our experiments, we choose
2
C =0.9999% po =1, e = 5(1+ /1 +4p3_,), 11 =1/2,05 = 10715,

k—1 k—1
ko s fpe=1 k=1 [Cri(l—1)Ly [ 77 | C(l—v2)L,
By = mm{ T 23 , B3 = min T %3 .
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Since TITAN also works with essentially cyclic rule, in our experiment, we update U
several times before updating V' and vice versa. As explained in [16], repeating update
U or V accelerates the algorithm compared to the cyclic update since the terms VV7'
and M VT in the gradient of U (resp. the terms UTU and UT M in the gradient of V)
do not need to be re-evaluated hence the next evaluation of the gradient only requires
O(mr?) (resp. O(nr?)) operations in the update of U (resp. V') compared to O(mnr)
of the cyclic update. In our experiments, we test two values of k1: x; = 1.0001
and k1 = 1.5. We use “TITAN - xk = 1.0001” and “TITAN - x = 1.5” to denote the
respective TITAN algorithms. As we do not use restarting, the two TITAN algorithms
guarantee a sub-sequential convergence.

To verify the effect of inertial terms, we compare our TITAN algorithms with
its non-inertial version, which is the proximal alternating linearized minimization
(PALM) proposed in [12]. We test the algorithms on two image data sets cbclim” and
Umist®. We choose r = 25 and take a sparsity of s equal 25% (it means each basis
face contains 25% non-zero pixels). For each data set, we run all the algorithms 30
times and use the same initialization, which is generated by the Matlab commands
W = rand(m,r) and H = rand(r,n), for all algorithms in each run. We run each
algorithm 50 seconds for the cbclim data set and 200 seconds for the Umist data set.
We define the relative error as |M — UV||p/||M|r. We report the evolution with
respect to time of the average values of E(k) := |M — U*V*||p/||M| Fr — €min, where
emin 1S the smallest value of all the relative errors in all runs, in Figure 1. We also
report the average and the standard deviation (std) of the relative errors in Table 1.

%102 %107
\ : . . 1A : :
9F 1 TITAN - kappa = 1.0001|] \ TITAN - kappa=1.0001
8k \ ——TITAN - kappa = 1.5 12F v\ ——TITAN - kappa = 1.5
7 - -PALM E N — -PALM
10
£6¢f £
£ £
¢ s ¢ o8t
_u _u
s 4 s
= = 6
> 3f >
53 3
= =
= =,
ol
Time Time

Fic. 1. TITAN and PALM applied on sparse NMF. The plots show the evolution of the average
value of E(k) with respect to time on the cbclim data set (left) and the Umist data set (right).

We observe that the two TITAN algorithms converges faster than PALM, in
which TITAN - k = 1.0001 converges initially the fastest. In term of the accuracy of
solutions, TITAN - x = 1.5 provides better relative errors in average.

6.2. Matrix Completion Problem. In this section, we illustrate the advan-
tages of using block surrogate functions by deploying TITAN for the following MCP:

. 1 )
(37) min_{5IPA- UV + R,

UeRmXr

"http://cbcl.mit.edu/software-datasets/FaceData2.html
8https://cs.nyu.edu/~roweis/data.html
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TABLE 1
Average and std of relative errors obtained by TITAN and PALM applied on sparse NMF (36).
Bold values correspond to the best results for each dataset

Dataset Method mean + std
PALM 1.1960 10~ + 7.9357 10~
cbelim  TITAN - x =1.0001 1.196110~! +£9.107110*
TITAN - k= 1.5 1.194210° 1 +7.984710~ 4
PALM 1.1998 10~ + 9.8806 10—+
Umist TITAN - k = 1.0001 1.200210~1 + 1.0464 10~*
TITAN - k = 1.5 1.198910 1 +8.703510 4

where A € R™*™ is a given data matrix, R is a regularization term, and P(2);; = Z;;
if A;; is observed and is equal to 0 otherwise. The MCP (37) is one of the workhorse
approaches in recommendation system; see, e.g., [24]. The application of MCP can
also be found in sensor networks [9], social network analysis [22], and image processing
[26]. We are interested in the exponential regularization (see, e.g., [13]) R = ¢ or,
where ¢ and r are given by

(38) oU, V) = )‘(Zij (1 - eXp(*guiJ’)) + Zij (1 - eXP(*avij)))v
rU,V) = (rU),r2(V)) = (U], |V]),

where u;; are elements of U and |U| is the matrix whose elements are |u;;|, A and 8 are
tuning parameters. We see that Problem (37) in this case has the form of Problem (1)
with g = 0, &} = R™*", Xy = R™™ and f(U,V) = (U, V) + ¢(r(U,V)), where
Y(U,V) := 3||P(A—UV)||% is the data-fitting term, as in Section 4.5. Since ¥(U, V)
is continuously differentiable and R(U, V) is a block separable function, hence F' (in
this case F' = f) satisfies the condition in (2).

Since Vy9(U,V) = —P(A — UV)VT is Lipschitz continuous with constant L; =
|[VVT|| and Vy (U, V) = —UTP(A-UV) is Lipschitz continuous with constant Ly =
|[UTU|, we thus choose the block Lipschitz gradient surrogate functions u?’, 1=1,2,in
Section 4.2, for ¢». Moreover, ¢ is block-wise concave and differentiable with Lipschitz
gradient on RTX“. Hence, we select the composite surrogate function for f = ¢+ ¢or
as in Section 4.5. From Section 4.5 we have Assumption 2.2 is satisfied. Let us choose
the Nesterov type acceleration. We note that Vy¢(r(U*, VF)) = A0 (exp(—0]|uf;|))).
The update in (3) for U is

(39) 0 € argmin (Vo (04, V9),0) + 5[0~ D42 + (Va0 V), 10,
where LY = [|[VF(VE)T||, UF = U* + gF(U* — U¥~1). The solution of (39) is given by
(40) UMt = 8,0 (P*,Vue (9 (U, V),

where P* = Uk — Li,fVUz/)(U’“, Vk) and S; is the soft-thresholding with parameter 7,
(41) S (P, W)ij = [Ipij| — Twizlysign(pi)-

Similarly, we derive the corresponding update for V as

(42) VI =81 (QF, Vve (r (UM, VY)))
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where L§ = [[(U*)TUR|, QF = VF — e Vyp(UH, VF) and V= VE+ g5V —
VE=1). Let us now determine ¥ and ¥, for i = 1,2, of Condition (13). Note
that x; — (Vip(r(y)),ri(z;)) are convex, where z; (i = 1,2) represent U and V.
Furthermore, ¥(U,V) is a block wise convex function. Therefore, it follows from
Remark 4.2 that we can take we get n¥ and 7¥ as in (23). Note that 7} = gF
since we choose Nesterov type acceleration. Then Condition (13) becomes gF <

\/C(l — y)Lf_l/Lf, where 0 < C,v < 1. In our experiments, we choose

C(1—v)=0.9999% g = 1, = 5(1+ /1 +4p3_)),
B = min { =L o1 —v)18t Lk}
We compare TITAN without extrapolation, which is denoted by TITAN-NO, and

TITAN with the extrapolation, which is denoted by TITAN-EXTRA, with PALM
that alternatively updates U and V by solving the following sub-problems

k
min (Vo (U, V), U) + LU —Ur2+ Ay, (1 - GXP(—9|uij|))7

. k41
min (Vy(UFH, VE), V) 4+ 2O - vE2 4 A%, (1 - exp(—0Jug)) ).

These sub-problems can be separated into one-dimensional non-convex problems

1 )
(43) min 5 o o2 7 exp(~0la).

Although its solution can be computed via the LambertW function [23], it does not
have a closed-form solution.

In our experiments, we choose A = 0.1 and § = 5. We note that we do not optimize
numerical results by tweaking the parameters as this is beyond the scope of this work.
Rather, we simply chose the parameters that are typically used in the literature, see,
e.g., [13]. It is important noting that we evaluate the algorithms on the same models.
We carried out the experiments on the two most widely used datasets in the field of
recommendation systems, MovieLens and Netflix, which contain ratings of different
users. The characteristics of the datasets are given in Table 2. We respectively choose
r = 5,8, and 13 for MovieLens 1M, 10M, and Netflix data set. We randomly used 70%
of the observed ratings for training and the rest for testing. The process was repeated
twenty times. We run each algorithm 20, 200, and 3600 seconds for MovieLens 1M,
10M, and Netflix data set, respectively. We are interested in the root mean squared
error on the test set: RMSE = /||Pr(A — UV)|[2/Nr, where Pr(Z);; = Zi; if Ay
belongs to the test set and 0 otherwise, Np is the number of ratings in the test set.
We plotted the curves of the average value of RMSE and the objective function value
(log scale) versus training time in Figure 2 and report the average and the standard
deviation of RMSE and the objective function value in Table 3.

We observe that TITAN-EXTRA converges the fastest on all the data sets, pro-
viding a significant acceleration of TITAN-NO. TITAN-EXTRA achieves not only
the best final objective function values but also the best RMSE on the test set. This
illustrates the usefulness of the inertial terms. Moreover, TITAN-NO outperforms
PALM on the three data sets which illustrates the usefulness of properly choosing the
surrogate function.
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Fic. 2. TITAN and PALM applied on the MCP (37). Ewolution of the average value of the
RMSE on the test set and the objective function value with respect to time

TABLE 2
Dataset Descriptions. The number of users, items, and ratings used in each dataset

Dataset #users  #items F#ratings
MovieLens 1M 6,040 3,449 999,714
10M 69,878 10,677 10,000,054
Netflix 480,189 17,770 100,480,507
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TABLE 3
Comparison of TITAN and PALM applied on the MCP (37): RMSE and final objective function
values obtained within the allotted time. Bold values indicate the best results for each dataset.

RMSE Objective value
Dataset Method mean =+ std (mean =+ std)x10~°
PALM 0.7550 £ 0.0016 ~ 1.9155 4 0.0088
MovieLens 1M TITAN-NO 0.7514 £ 0.0013  1.8879 £ 0.0066
TITAN-EXTRA 0.7509 £ 0.0008 1.8483 4+ 0.0038
PALM 0.7462 £ 0.0006  18.8038 + 0.0348
MovieLens 10M  TITAN-NO 0.7402 £ 0.0006  18.4027 + 0.0375
TITAN-EXTRA 0.7283 + 0.0005 17.2277 + 0.0236
PALM 0.8274 £ 0.0006  226.4846 £ 1.1898
Netflix TITAN-NO 0.8265 £ 0.0006  225.4806 + 1.1808

TITAN-EXTRA 0.8250 £ 0.0004 210.4999 =+ 0.3569

7. Conclusion. We have analysed TITAN, a novel inertial block majorization
minimization algorithm that is a unified framework of many inertial block coordinate
methods. We proved sub-sequential convergence of TITAN under mild assumptions
and global convergence of TITAN under some stronger assumptions. We applied
TITAN to the sparse NMF and MCP to illustrate the benefit of using inertial terms in
BCD methods, and of using proper surrogate functions. Especially, the way we choose
the surrogate functions and the corresponding extrapolation operators to derive the
TITAN algorithms for the MCP strongly confirms the advantages of using TITAN
algorithms compared to the typical proximal BCD methods. Our future research
direction is to develop TITAN algorithms for solving more specific practical problems,
for which using the typical proximal BCD methods may be not favorable.

Appendix A. Preliminaries of non-convex non-smooth optimization.
Let g : E — RU {400} be a proper lower semicontinuous function.

DEFINITION A.1. (i) For each x € domg, we denote dg(x) as the Frechet
subdifferential of g at x which contains vectors v € E satisfying

1
liminf ——— —glz) — v,y —z)) > 0.
Jminf o (9(y) —9(@) = (v,y —)) =

If x & dom g, then we set Og(x) = 0.
(i) The limiting-subdifferential Og(x) of g at x € dom g is defined as follows.

dg(x) := {v eE:3" -2, g(xk) — g(x), v* e ég(xk), oF — v}.

DEFINITION A.2. We call * € domF a critical point of F if 0 € OF (z*).
We note that if z* is a local minimizer of F' then z* is a critical point of F.

DEFINITION A.3. A function ¢(z) is said to have the KL property at T € domd ¢
if there exists n € (0,+00], a neighborhood U of T and a concave function & : [0,n) —
Ry that is continuously differentiable on (0,m), continuous at 0, £(0) = 0, and £'(s) >
0 for all s € (0,m), such that for all x € U N [p(Z) < ¢(x) < ¢(T) + 1], we have

(44) ¢ (d(z) — 9(@)) dist (0, d(x)) > 1.
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dist (0, 0¢(x)) = min{||y|| : y € 0p(x)}. If ¢(x) has the KL property at each point of
dom 0¢ then ¢ is a KL function.

Many non-convex non-smooth functions in practical applications belong to the class
of KL functions, for examples, real analytic functions, semi-algebraic functions, and
locally strongly convex functions [10, 12].

Appendix B. Global convergence recipe.

THEOREM B.1. [19, Theorem 2] Let ® : RN — (—o0,+oc] be a proper and lower
semicontinuous function which is bounded from below. Let A be a generic algorithm
which generates a bounded sequence {zk} by 20 € RN, 2+ ¢ A(ZF), k =0,1,...
Assume that there exist positive constants p1, ps and ps and a non-negative sequence
{0k }ren such that the following conditions are satisfied

(B1) Sufficient decrease property:

prl|z" = 2P < papf < B(2F) — B(2FT), k=0,1,. ..
(B2) Boundedness of subgradient:
W < papr, w® € 00(2F) for k=0,1,...

(B3) KL property: ® is a KL function.
(B4) A continuity condition: If a subsequence {z*"} converges to z then ®(z*»)
converges to ®(Z) as n goes to oo.
Then we have Y pe, ¢ < 0o and {zF} converges to a critical point of ®.

Appendix C. Technical proofs.

C.1. Proof of Theorem 3.5. Let us make some remarks before proving the
theorem. Let z* be a limit point of 2*. First, we note that when f is continuously
differential we have 0®(z) = {0y, (F(x) + Zx, (x1)} X ... X {0s,, F(x) + Zx,, ()} for
all z € X. On the other hand, it follows from the fact that z] is a minimizer of
Problem (18), we have 0 € 0y, (F'(z*) + Zx,(z})). Hence, 2* is a critical point of ®.

Second, note that since Assumption 2.2(B) is satisfied with h(z;,y) = h(zs,y) we
have V,u;(yi,y) = Vif(y) + Vihi(yi,y) = Vif(yi,y2:) for a given y € X. Hence,
the limiting subgradient 0, (ui(xi,y) + ZTx, (x) + gi(a:i)) at y; is identical with the
limiting subgradient 8y, (f(zi, y-i) + Zx, (x:) + gi(x;)) at y;.

Let us now prove the theorem. As the generated sequence {z*} is assumed to be
bounded, in the following, we only work on the bounded set that contains {x*}.

Case 1: C < /1. Define ®°(z,y) := ®(x)+> ", % xi—yi||?. Let 2% = (a2, x
and ¢F = 1||zF T — 2¥||2 4 J||2% — 2*71||2 . We verify the conditions of Theorem B.1
for ®% (2%, 2*~1) with 6; = (1 + CI)/2.

(B1) Sufficient decrease property. From Inequality (15), we have

kfl)

F@*) + 1™ = 2®|? < F(a") + Olja® — 2712,

Hence, ®9(zF) — @9 (2F+1) > (1 — Cl)p3.
(B2) Boundedness of subgradient. We note that

(45) 0,9°(x,y) = 0®(x) + [6;(2; — Yi)li=1,....m], 8y®5(x7y) = [0;(yi — zi)|i=1,....m)-

From (3) we have 0 € 0,, (u;(zf !, 2%171) + Ty, (28 11) + g;(xF ) — GE(ak, 2l 1)),

K2 1) K3
which leads to GF (2%, 2571) € 9, (wi(xf T, 2R 1) + Ty, (aFT1) + gi(al ™). Let s; €

i i i
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Oz, (uz( Rl phtly ui(xlﬁl,xk’i’l)). Then we have

K2

si+ G (@271 € Oy (wilad ™ ™) + T (07T + i (2771)).
As we assume Assumption 3.4 holds, and z**! and 2%?~! are bounded, we have
sill < Bi|lz*tt—2*i-1| < B; Z ||x’““+1 k|| The boundedness of the subgradient
is derived from the fact that 9, ( ( ’”1 )+ Ty, (2T + gi (2 1h)) = 0, D(aFHY)
and ||s; + GF(xF, 1) ||x — 21|, where A is bounded.

(B3) KL property. As Fisa KL functlon I is also a KL function.

(B4) A continuity condition. Suppose zk" — 2z*. From Proposition 3.1, we have
that if 2%» converges to z* then z*»~1 also converges to z*. Hence z* = (z*,z*). On
the other hand, similarly to the proof of Theorem 3.2, we can derive from (7) that,
for i € [m], w;(zt, xF» =111y 4 g;(zF") converges to wi(x},x*) + gi(xF). As we as-
sume u; (-, ) is continuous we have ul(:cic , ghn =171 converges to ul(ac x*) = f(z*).
Hence, g;(zF") — gi(x}). We then have F(zF) = f(z*) + 3 g;(z¥") converges to
F(z*), which leads to <I>5( knt1) converges to ®°(z*)

Applying Theorem B.1, we get 0 € 9®%(z*, 2*), which leads to 0 € 9P (x*).

Case 2: With restart. We use the technique in the proof of [12, Theorem 1] with
some modification. A restarting step would be taken when F(z**!) > F(z*). When
restarting happens, Condition (4) is satisfied with v¥ = 0, then Inequality (15) still
holds. Thus the result in Proposition 3.1 and Theorem 3.2 do not change. So, as in
the first case, we have F(z*») — F(2*). So, since F(x*) is non-increasing we have
F(z*) — F(z*). This also means ®(z) is constant on the set {2 of all limit points of
x¥. From Proposition 3.1, we have ||z — 2¥~1|| — 0. Hence, [12, Lemma 5] yields
that € is a compact and connected set.

Note that when restartmg happens we can let C' = 0 in Inequality (15). Therefore,
as long as 2%+ #£ 2% F(2F) is strictly decreasing (that is F(x**1) < F(2*)). Hence,
if there exists an integer k such that F(z*) = F(z*) then we have F(z*) = F(z )
and ¥ = 2* for all k¥ > k. So this case is trivial.

Let us consider F(z¥) > F(x*) for all k. Then there exists a positive integer kg
such that F(z%) < F(2*)+mn for all k > k. On the other hand, there exists a positive
integer k; such that dist(z*, Q) < ¢ for all k > k;. Applying [12, Lemma 6] we have

(46) €@ (a¥) — 0(a")) dist (0,08(c)) 2 1, for anyk > ki= max{l by ).

On the other hand, in the proof of Case 1, we proved that o > 0 such that for
some w*tl € 9P (21 we have ||wk Y| < wypr < %(sz*l —aF|| + ||k — 2EL)).
Therefore, it follows from (46) that

(47) (@ (%) — @(a*)) (k! — 2k + ||a* — 1) > 2

From Inequality (15) we get

(48)  @(eh)— @@ = T, Kl — k| - T, Yook — 2R

Denote A; ; = &(®(x ) @(m )) §(<I>(mj) ®(2*)). From the concavity of £ we get
A1 = (@ (2%) — @(2)) (@(x ®(z"1)). Together with (47) and (48) we get

m k— 1

m
Z”Zn ) <sz | +7AkHl(nx’“*l—m’“|\+\|xk—m’“—1|\>
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k
Denote TF = Y7 |28+t — 8|2, Using inequality va+b < y/a + vb and

Vab < ta +b/4t, for t > 0, from (49) we get
wA
VIF < VOTRT 4 [E00 (e = o ot — 21
<VCOYk-T 4 %ﬂ(nx’““ — 2R |zt — Y| 4+ Akt

4v/2,/1(1-/C)
Summing up this inequality from &k =k 4+ 1 to K we obtain
K—1 \/»
VIK4 Y (1= VOWVTF <V G Z (2" = 2®) + Jla* — 2" 7))
k=k+1 k=k+1

3w

TR CA— .
4\@\@(1 — o) kt1,K+1
On the other hand, we note that VY* > \/I||z¥T! — 2*||. Therefore, we get

B - k1l k (1-VO)/1 - ko k-1 3wAki1,K+1
VOWE 3 et - < ST 5 gt e

k=k+1 k=k+1
o K
which implies that Y7,y [[#F Tt — 2k | < [Ja*+! — 2%+ mAk,KH. Hence,
ey la* T — 2F|| < 400. The result follows.

C.2. Proof of Proposition 5.1. Let us prove Statement (A). Statement (B)
of Proposition 5.1 is a consequence of Statement (A). From Inequality (33) we get

(50) F( k,j 77?’171 ghl _ ghl=1)12 & gkt anl 2 Rio1 _kd_2,2
x™) + B %" =% 7 < Fx )+ 9 lIx; . A |

Summing up Inequality (50) from j = 1 to T we obtain

m o dY i1 —k,1—2
k ;" kil k- 77, k,l— k-
R S S " 035 T ki ghieay
=1 l=1 =1 l=1
Therefore,
m ﬁkdk kdk kd ) m df ﬁk,l—l
k i _k,df  _kdb- ;i ki okl
R R e D D) D L
(51) = 1=1 [=1
mo kg, —
< F(x" Uk 20 _ gh12.
SO+ O3 TR R
k—1 4 k=1 &
Note that x _ko = )_ck Ld; , if’A = if Ld; o (x’;;elv)i and 775“’71 = ﬁf’dl.
Hence, from (51) we obtain
m m  d; —{c,lfl
<) +CZ I = )il + (1= 0) 30 S T b - b
(52) =1 =1
)+ CZ THIxE = (Kpreo)sll”
Summing up Inequality (52) from k& =0 to K — 1 we get
m _K,—1 m —
F(XK)+C;WTIIX5{— (Xpren)ill> + (1 = C) Z: Z: ||X —x

< () + 0 35 B ) = (el
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which gives the result.
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