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Abstract In this paper, we present a new framework of Bi-Level Uncon-
strained Minimization (BLUM) for development of accelerated methods in
Convex Programming. These methods use approximations of the high-order
proximal points, which are solutions of some auxiliary parametric optimiza-
tion problems. For computing these points, we can use different methods, and,
in particular, the lower-order schemes. This opens a possibility for the latter
methods to overpass traditional limits of the Complexity Theory. As an exam-
ple, we obtain a new second-order method with the convergence rate O (k*‘l),
where k is the iteration counter. This rate is better than the maximal possi-
ble rate of convergence for this type of methods, as applied to functions with
Lipschitz continuous Hessian. We also present new methods with the exact
auxiliary search procedure, which have the rate of convergence O (k~(P+1)/2),
where p > 1 is the order of the proximal operator. The auxiliary problem at
each iteration of these schemes is convex.

Keywords Convex Optimization - Tensor methods - Proximal-point
operator - Lower complexity bounds - Optimal methods

Mathematics Subject Classification (2010) 90C25

1 Introduction

Motivation. In the last decade, in Convex Optimization we can observe a high
activity in the development of the accelerated high-order methods and prov-
ing for them the lower complexity bounds. (see [1,2,5,8,11]). At this moment,
for methods of any order there exists a natural problem class, for which we
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know the accelerated methods. For example, functions with Lipschitz contin-
uous gradients, can be naturally minimized by the first-order schemes, which
can demonstrate in this case an unimprovable convergence rate of the order
0] (k’z), where k is the iteration counter. For functions with Lipschits con-
tinuous Hessians, we can apply the second-order methods with the rate of
convergence going up to O (k‘_7/2), etc.

This one-to-one correspondence between the type of the methods and the
particular problem class allows us to speak about optimal methods of certain
order, which have unimprovable convergence rate. However, recently in [22]
there were presented new results which break down this peaceful picture. It
was shown that the special superfast second-order methods can converge with
the rate O (k‘4), which is faster than the lower bound O (k_7/2) for these
type of schemes. Of course, there is no contradiction with the Complexity
Theory. The classical lower bound for the second-order schemes was obtained
for functions with Lipschitz continuous Hessian, and in [22] we worked with
the functions having Lipschitz continuous third derivative. In any case, this
is the first example of successful expansion of the lower-order methods at the
territory traditionally reserved for the higher-order schemes. In this paper, we
are trying to analyze and explain this phenomena in some general framework.

At each iteration of the superfast methods from [22], we need to solve
a serious auxiliary problem requiring additional calls of oracle (the number
of these calls is bounded by the logarithm of accuracy). Therefore, in our
developments we decided to employ one of the most expensive operations of
Convex Optimization, the proximal-point iteration.

The proximal approximation of function f(-), defined by

er(e) =min {£) + FHly I}, A>0, M)

was introduced by Moreau [14]. Later on, Martinet [13] proposed the first
proximal-point method based on this operation. The importance of this con-
struction for computational practice was questionable up to the developments
of Rockafellar [24], who used the proximal-point iteration in the dual space for
justifying the Augmented Lagrangians. This dual scheme was accelerated by
Gdller [9], who introduced in this method some elements of the Fast Gradient
Method from [15]. Some attempts were made by Teboulle and others [25,10] in
studying the proximal-point iteration with non-quadratic non-Euclidean ker-
nel. However, during decades this idea was mainly considered as a theoretical
achievement which hardly can be used in the efficient optimization algorithms.

In this paper, we come back to this old idea, having in mind another type
of kernel functions. Our goal is the development of accelerated methods for
Unconstrained Convex Optimization. Therefore, we suggest to replace ||y —z||?
in (1) by || - [[P™!, with p > 1. We call the corresponding proximal step the
pth-order proximal-point operation. This terminology is justified by two facts.

Firstly, in Section 2, we show that the corresponding simple proximal-
point method converges as O (k™). The rate of convergence of the accelerated
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version of this method is O (k_(”+1)). In both cases, we can use appropriate
approximations of the proximal point.

Secondly, in Section 3, we show that this approximation can be computed
by one step of the pth order tensor method provided that the pth derivative
of the objective function is Lipschitz continuous.

Our main results are presented in Section 4. In this section, we introduce
the framework of Bi-Level Unconstrained Minimization (BLUM), which can
be used for development of new and efficient optimization methods. In this
framework, we can choose independently the order of the upper-level proximal-
point tensor method and the lower-level method for computing an appropriate
approximation to the proximal point. It appears that this strategy opens a
possibility for the lower-order methods to owverpass the limits given by the
traditional Complexity Theory. Note that a similar phenomena was already
observed in the framework of non-convex optimization [7]. However, for Convex
Optimization this situation is new.

For supporting this claim, we analyze efficiency of the second-order method
in approximating the third-order proximal point. Using the relative smoothness
condition [4,12], we develop a very efficient second-order method for computing
this approximation. The global rate of convergence of our upper-level method is
0] (k’4), and the complexity of the lower-level scheme depends logarithmically
on the accuracy parameters. The new second-order method can be applied to
functions with Lipschitz continuous third derivative.

In the next Section 5, we introduce even more powerful operation, the
proximal-point iteration with line search. As compared with (1) it has one more
variable in the auxiliary convex minimization problem. We prove that under
assumption of the exact search, the corresponding accelerated method con-
verges as O (k’(3p+1)/ 2). Our approach has the same near-optimal complexity
bound as [6]. However, its search procedures are based on convex auxiliary
problems and therefore they are easier to implement.

In the last Section 6, we discuss our results and directions for future de-
velopments.

Notation and generalities. In what follows, we denote by E a finite-dimensi-
onal real vector space, and by E* its dual space composed by linear functions
on E. For such a function s € E*, we denote by (s, ) its value at x € E.

Let us measure distances in E and E* in a Euclidean norm. For that, using
a self-adjoint positive-definite operator B : E — E* (notation B = B* > 0),
we define

||$H = <B;L‘7.%'>1/2, z ek, ||gH* = (g,B_lg>1/2, g€ E™.
Sometimes, it will be convenient to treat x € E as a linear operator from R
to E, and z* as a linear operator from E* to R. In this case, xz* is a linear

operator from E* to E, acting as follows:

(xaz*)g = (g,x)x € E, geE*
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For a smooth function f : E — R denote by V f(z) its gradient, and by
V2 f(z) its Hessian evaluated at point x € E. Note that

Vf(x) € E*, V2f(x)h € E*, z,h€E.
Using the above norm, we can define the standard Euclidean prox-functions
dpi1(z) = S llzllP*!, = €E,

where p > 1 is an integer parameter. These functions have the following deriva-
tives:

Vdpii () = |2~ ' Bz, €L,

V2dpi1(2) = ||2]P1 B + (p — 1)||2|P~* Bra*B = ||z|P~'B.
Note that function dp1(+) is uniformly convex (see, for example, Lemma 4.2.3

in [21]):

-1
dp11(y) > dpi1(2) + (Vdpia(2),y — 2) + 537 (3)" lly — 2P, 2,y €E.
(3)

In what follows, we often work with directional derivatives. For p > 1,

denote by
D? f(x)[ha,- .., hy]

the directional derivative of function f at x along directions h; € E, i =
1,...,p. Note that D? f(x)[] is a symmetric p-linear form. Its norm is defined
in a standard way:

|D? f()l| = max {‘Dpf(ac)[hh...,hp] : Hhi||§1,i:17...,p}. (@)

Loy hp
If all directions hy, ..., h, are the same, we apply notation
DPf(x)[h]P, h€ER.

Note that, in general, we have (see, for example, Appendix 1 in [16])
107 f(2)| = max { | DP £+ 10l <1} 5)

In this paper, we work with functions from the problem classes J,, which
are convex and p times continuously differentiable on E. Denote by M, (f) the
uniform upper bound for the pth derivative:

My(f) = Sup D7 f ()] (6)

One of our main results is based on the following relation between the second,
third and fourth derivatives of convex function (see Lemma 3 in [19]):

D f(z)[h] = §V2f(2) + 5Ma(f)|1I*B, =z, h€E, (7)

where £ is an arbitrary positive number.
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2 Inexact high-order proximal-point steps

Consider the following optimization problem:

min f(z), (8)
where f(-) is a differentiable closed convex function. Denote by x* one of its
optimal solutions and let f* = f(z*).

All methods presented in this paper are based on the pth-order prozimal-
point operators, defined as follows:

prox) ,(2) = argmin { /2 (@) © f(@) + Hdpur (@ —2)},  (9)

where H > 0 and p > 1. The properties of the standard first-order proximal-
point operator

prox;r(2) = argmin { /() + %z — 2]|*}

are studied very well in the literature (e.g. [23]). However, we will see that
the high-order proximal-point methods converge much faster. The main goal
of this paper is to establish the global rate of convergence of these methods
in accelerated and non-accelerated forms and complement this information by
the complexity of computing an appropriate inezact proximal-point step (9).

Indeed, very often, the proximal-point operator (9) cannot be computed in
a closed form. Instead, we have to use an approximate solution of this problem
obtained by an auxiliary optimization procedure. Let us introduce the set of
acceptable solutions to problem (9), that is

Ay (@ 8) = {w € B s IVF2 (). < BIVF@IL ), (10)

where 8 € [0,1) is a tolerance parameter. Note that prox?/H(i) e A% (z, ).
However, since Vf? (%) = Vf(z), we see that = ¢ A} (7, 8) unless z = z*.

Lemma 1 Let T € AY(z,3). Then

A=V < HIT = z|P < 1+ BIVL(D)]]-, (11)

(VIT),z =T) > 5T — z|["*. (12)
Moreover, if B < %, then

p+1

(VAT), 2= T) > [%F IvF@)." (13)
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Proof Indeed, inequality (11) follows from representation

VI (1) 2 VHT) + H|T - 2P~ B(T - 2). (14)

Further, denote r = ||T — Z||. Then, squaring both parts in inequality (10), we
have

(14)
IVADZ +2Hr?~ YV (D), T — 7) + H*>r* < B*|V (D)3
This inequality can be rewritten as follows:
(VAT), &= T) > 5(r) ™ gri= | VAT + Frrt?
(15)

11
(>) =B HE Hyptl — HrPt!
= 2H T (1+B)2 1+6

and this is inequality (12). Let us compute the derivative of k(-):

K(r) = —(p - DIV + (p+ D ErP, 7>0.

b ge »
Note that r > 7 < [%HV}”(T)H*} . Since

R = ~(p— DS AT+ (0 + DE - L2V AT

= VA [S520+ 1) - 3520 - 1] = 19/ [1-Bp) > 0,

we have (Vf(T),z —T) > k(r) > &(#) + &'(7)(r — #) > k(#), and this is
inequality (13). O

The following corollary is a trivial consequence of convexity of f(-) and
inequality (13).

Corollary 1 Let T € A} (z,8) and 8 <

+1

f(a‘r)ff(T)z[ } IV F(T)e" . (16)

Let us justify now the rate of convergence of the basic inexact high-order
proximal-point method:

Tr41 € .A%(.’Ek,ﬁ), k> 0. (17)

For analyzing this scheme, we need the following Lemma A.1 from [20].

Lemma 2 Let the sequence of positive numbers {&} k>0 satisfy the following
condition:

gk - £k+1 Z gii?a k 2 07 (18)
where « € (0,1]. Then for any k > 0 we have

1
& < rarmargy < (0H2) 04637 (19)



O©CoO~NOOOITA~AWNPE

Inexact Accelerated High-Order Proximal-Point Methods 7

Denote by Dy = meaﬁi{Hm —az*|| : f(x) < f(zo)} the radius of the initial

level set of the objective function in problem (8).

Theorem 1 Let the sequence {zy}r>0 be generated by method (17). Then for
any k > 0 we have

o) = f* <3 (EpHDE + fao) = ) - (B2)" k=1 (20)

Proof Indeed, in view of Corollary 1, for any k& > 0 we have

Fon) - flae) 2 [F2)] IVs @I 2 [52]7 (Logp=r) ™

Denoting now &, = HlD;,ﬁl(f(xk) —f*) and a = %7 we get the condition (18)
0

valid for all k£ > 0. Hence, in view of Lemma 2, we have

1 1
o o

1

<[+ a+8)-1" < 1+1)" 25 01+&) - (3)
And this is inequality (20). O

Note that the rate of convergence (20) of method (17) does not depend
on the properties of function f(-). This means that the actual complexity of
problem (8) for this method is reflected somehow in the complexity of finding
the point 41 € AY (2, B). We will discuss this issue in the remaining part
of this paper. To conclude this section, let us present an accelerated variant
of the Inexact Proximal-Point Method.

Our presentation is very similar to the justification of Accelerated Tensor
Methods in Section 2 in [22]. Therefore we omit some technical details. Denote

=

_ |1=8
() = | 7] (21)
And let us choose 3 € [0, %] Then, for any T € A%, (z, 8), we have
(16) pt1
(@) = (1) = e VAT . (22)
Define now the sequence of scaling coefficients
_ p( & \PTh @) 2a-p) ([ k \PT
A = (3¢(p)) (m) = —F5 (2p+2) g
(23)

def
ag41 = App1— Ax, k>0.
Note that kP! > (k + 1)PT! + (p + 1)(k + 1)? - (—1). This inequality can be
rewritten in the following form:

p+1

apty < 3c(p)Appr, k>0 (24)
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Consider the following high-order proximal method.

Inexact Accelerated pth-Order Proximal-Point Method

Initialization. Choose 7o € E, 3 € [0, %]7 and H > 0. Define
coefficients Ay, by (23) and function o(z) = dpy1(z — 20).

Iteration k& > 0.
(25)

A

— ; — k A1
1. Compute vy = arg min Y (z) and choose yi = Ay Tkt

Ak+1 Vk.
2. Compute T}, € A%, (yx, 8) and update

Y1 (®) = Yr(2) + apa [f(Th) + (VF(Tr), z — Ti)].

3. Choose xi11 with f(zrr1) < f(Tk).

Note that computation of point v at Step 1 can be done in a closed form.

Theorem 2 Let sequence {xi}r>0 be generated by method (25). Then, for
any k > 1, we have

2p+2\P+1
f(xk) —fr < 2(p+1};[(17[3) ( Pl:" ) ||$0 —x*H;DJrl, (26)
Moreover, |lvg — x*||PT! < 2P~ |zg — 2 |[PH.

Proof First of all, note that by induction it is easy to see that
Yi(x) < Apf(z) + dppa(z — 20), z €E. (27)

In particular, for ¥; def mig Yi(z) and all z € E, we have
e
(27) 3 1
A f @) +dpa(z—20) > (o) = v+ 2 (37 e —wlert (28)
Let us prove by induction the following relation:
Vi > Apf(zr), k>0. (29)

For k = 0, we have ¢§ = 0 and Ag = 0. Hence, (29) is valid. Assume it is valid
for some k > 0. Then

Vi = min {u(@) + apnlf(T0) + (VT2 — T)]}

(28)

2 min {¢Z + 547 (1) M lz = | + an [f(T3) + (V(T), z — Tk)]}-
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Note that
V5 + ap1 [f(Th) +(Vf(Tk), z — Tk)]
(29)
> Apf(ar) + ap1[f(Th) + (V[ (Tk), x — Ti)]
2 Ap1 f(T) + (V[ (T), argr(z — Tie) + Ap(@r — Tk))
= A1 f(Th) +(VF(Th), ap1(z — vi) + A1 (ye — Tr)),
where the last equality follows from the relation Agzy = Agt1yr — Grt1Vk-
Further, for all x € E we have (see, for example, Lemma 2 in [18])
-1
o (1) e = vl + a1 (VA(TH), @ — )
p—1 ptl
> — 22" (aaIVATOIL) 7
Finally, since T}, € A% (yx, 8), we get
(12) pt1
(VI(Te)syk = T) = cIIV(T)"
Putting all these inequalities together, we obtain
p=1 B 2l
Vi = Aenf(0) = 2727 (aenIVATONL) 7 + Aeae®) VAT

p+1 p—1 p+1
A F(T) + VAT (Amc(p)—,,zlz ; +)

IV

pt1 pHl
A (L) + [V AT <Ak+1C(P) - 2%)

(24)
> Aprf(Th) = Apyrf(@rg1)-

It remains to note that in view of relations (27) and (29), we have

(23) 2p+2\Pt+1
flag) = 5 < ddpa(@® —w0) = g5y () - opzlla® — ol PH

In order to get the remaining bound for vy, we need to apply inequalities

(28) and (29) with © = z*.

O

We can see that method (25) is much faster than the basic method (17).
Its rate of convergence is also independent on the properties of the objective
function. Hence, in order to evaluate its actual performance, we need to inves-
tigate the complexity of finding a point T € A% (z, 3). This will be done in

the remaining sections of the paper.



O©CoO~NOOOITA~AWNPE

10 Yurii Nesterov

3 Approximating proximal-point operator by tensor step

Let us show that with appropriate values of parameters, the inclusion T' €
AY,(Z, 8) can be ensured by a single step of the Basic Tensor Method of degree
p. Firstly, recall some simple facts from the theory of tensor methods.

For function f(-), let us assume that M,41(f) < 4o0. Define its Taylor
approzrimation at point x € E:

P

2op(y) = fl2) + 3 HDH @)y - alt
Then
IVF(y) = V2 ()l < XDy — 2,y €E. (30)

Define now the augmented Taylor polynomial
Qo p(y) = 2up(y) + Grolly — 2P+

If M > M,+1(f) then this function provides us with a uniform upper bound for
the objective. Moreover, if M > pM,41(f), then function {2, , a(+) is convex
(see Theorem 1 in [19]). Therefore, we are able to compute the tensor step

T, m(z) = argmin f)LP’M(y).
yeR

Let us allow some inexactness in computation of this point. Namely, we
assume that we can compute a point 7' satisfying the following condition:

IV 2000 (T)ll < 5351V 205D, (31)

where v € [0 is the tolerance parameter. Thus,

B
»T45)
5 IV (D) 2 VLT > V2 p(T)|ls — Y||T — ||,

Therefore, ||V 2, ,(T)[« < (1+ ’y)%HT — z||?. (This inequality was used as a
termination criterion in [5].)
Let us prove the following simple result.

Lemma 3 Let M > ﬁMpH(f). Then for point T satisfying (31), we have
M, M
IVF(T) + M Vd, 1 (T - 7). < B2 SIVADL. (32)

Proof Denote r = | T — z||. Then
(30)
Mpi1(f)r?
Mttt ST |V A(T) = V92 (1)

= [|VA(T) - va,p,M(T) + %Vdp-i-l(T — )]l

(31)
> |[VHT) + 3 Vdpa (T = )| IV 822 p (T

.
T+y

> |VAT) + % Vdya (T — o) — 24"
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Thus,
Mt M pp > |V (T) + YV dy 1 (T — ).
> MYV, (T~ o).~ IVAD)IL 2 M2 9 5(T)]..
Thus, ;—1; < mHVf(T)H*7 and we obtain (32). O
Let us define now M = ﬁMp—H (f)and H = %. Then the inequality

(32) can be rewritten as follows:
IVF(T) + HVdp 1 (T = 2|« < BIVF(T)]]-

In other words, these values of parameters ensure the inclusion 7' € A%, (z, 5).
For such M, the convexity condition M > pM,,11(f) is satisfied with 8 < pil i
Thus, the accelerated and non-accelerated tensor methods from [19] can
be seen as particular implementations of inexact high-order proximal-point
methods. Their efficiency bounds can be obtained by Theorems 1 and 2.

4 Bi-level unconstrained minimization

In solving problem (8) by inexact high-order proximal-point methods from
Section 2, we have two degrees of freedom. Firstly, we need to decide on the
order p of the proximal-point method. This defines the rate of convergence for
the upper-level process. Note that for obtaining the rates (20) or (26), we do
not need any assumption on the properties of the objective function.

After that, we have to choose the lower-level method for computing a point

T € A% (z, ). (33)

For analyzing efficiency of the latter method, we do need to assume something
on the objective function. Thus, the overall complexity of this bi-level scheme
depends on efficiency bounds of both processes. Note that the objective func-
tion in the auxiliary problem (9) has some structure (composite form, uniform
convexity), which can help to increase efficiency of the lower-level method.

We call this framework Bi-Level Unconstrained Minimization (BLUM). Let
us show that it opens new horizons in the development of very efficient opti-
mization methods.

Indeed, as we have seen in Section 3, the condition (33) can be satisfied
by one step of tensor method. This strategy does not require additional calls
of the oracle. However, the high-order tensor methods need computations of
the high-order derivatives and therefore quite often they are impractical. In
this case, it is reasonable to solve the auxiliary problem in (9) by a cheaper
method, based on the derivatives of a smaller degree than the order of the
underlying proximal-point scheme.
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In this section, we present an example when this strategy works very well.
We are going to consider a third-order proximal-point method, which is imple-
mented by a second-order scheme. The first confirmation that this is possible
was obtained in [22], using the approximations of third derivative along two
vectors by the finite differences of gradients. In the remaining part of this
section, we discuss a simpler approach, based on a direct application of the
relative non-degeneracy condition [4,12] to the auxiliary problem (9).

Let us consider the following unconstrained minimization problem:

min { fo.n(v) & () + Hdsly ~ )} (34)
with constant H > 0 and central point Z € E. As compared with notation
(9), we drop the index p since in this section we always have p = 3. In what
follows, we assume that the fourth derivative of function f(-) is bounded on E
by constant My.

Our main tool for solving the problem (34) is the gradient method based
on relative non-degeneracy condition. This condition is formulated in terms of
the Bregman distance. Recall that this is a (non-symmetric) distance function
between two points z and y from E, which is computed with respect to some
convex scaling function p(-). It is defined as follows:

6P(xay) :p(y) —p($)— <Vp($)7y_x>7 xvyEE' (35)

We say that the function o(+) is relatively non-degenerate on E with respect
to the scaling function p(-) if there exist two constants 0 < p < L such that

whBo(z,y) < Byp(z,y) < LB,(x,y), =z,yckE. (36)

The value » = £ is called the condition number of function ¢(-) with respect to

p(+). Recall that there exists a convenient sufficient condition for relations (36),
this is
uVip(z) X V3p(z) = LV?p(x), x €. (37)

It appears that for function fz () in the problem (34), we can point out
a simple scaling function, ensuring validity of the condition (36) with a good
value of .

Theorem 3 Let H > My(f). Then, the scaling function
pz,u(x) = 5(V2f(Z)(x — 2),z — Z) + Hdy(z — 2), (38)
and function fz g (-) satisfy the condition (37) on E with constants

_ 1 _ 1 _ &1
/,L—l—g, L—l—f—g, %—Eﬁ, (39)

where £ > 1 is the unique solution of the following quadratic equation:

§(1+6) = 20, (40)
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Proof For the sake of notation, denote My = My(f) and assume that Z =0 €
E. Then, for any = € E, we have

1
V2 f(x) = V2£(0) + D*f(0)[z] + {(1 —7)DYf(r2)[z]?dr

% V21(0) + DA F(O)la] + LMJ2|2B

IAS

(1+14) V2£(0) + $Mallz|* (1+€) B

S

(14 1) V2F(0) + 1My (1 + €) V2 (2).

Therefore,
(40)
Vou(@) X (14 1) V2F0) + [S5E M+ My (14 )| V2da(a)

= (14+%) Vo).
Similarly, using again (4), we have

V() = (1= 1) V3O — IMe? (146 B

—~
—

—
[Y

(1-4) V270~ $M: (1 +€) V().

Hence,
(40)
Vou(@) = (1-1) V2F0) + [C59M, - My (14 )| V2da(a)

= (1 - %) V2po ¢(x). O
From now on, we fix the following values for our parameters:
£€=2, H =3My(f), p=23 L=2% sx=1 (41)

Note that these values satisfy relations (39) and (40). Consequently, we can
use a simpler notation for the corresponding scaling function:

def

pz(y) = LV f(@)(y — 7),y — &) + 3My(f)da(y — 7). (42)

Let us present now an optimization method for solving efficiently the prob-
lem (34). For our goals, the most appropriate variant of this method can be
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found in [20].

Choose T € E and H = 3My(f). Set =y = Z.

For k > 0, iterate: (43)

Tpr1 = argméﬁ%h{wjf“(“)’ x —xp) + LBy, (g, x)}

Note that this is a first-order method for solving the problem (34) provided
that the Hessian V2 f(x},) is represented in an appropriate basis (this can be
done before the iterations start). It forms a sequence of points {zy }x>0 with
monotonically decreasing values of the objective function.

Applying now Lemma 3 in [20], we come to the following result.

Lemma 4 Let sequence {xy}r>0 be generated by method (43). Then, for any
k> 1 and any © € dom 1 we have

Bos (i, 2) < (1= 2)" By (w0, @) + 1 [fo.1 (%) = foma(wr)]. (44)

Let us show how this method can be used on the lower level of the proximal-
point method (25) with p = 3. Our optimization problem (8) is characterized
by the following parameters:

M4(f) < 400, Ry = ||.Z’0—.T,‘*H, Mg(f) < +00,

(45)
Dy = max{lle = ")+ f(z) < flao)} < +oc.

For our analysis, parameters My (f) and Ry are critical. The remaining param-
eters Ms(f) and Dy appear in the efficiency bounds only inside the logarithms.
Using the constant Ms(f), we can bound the variation of the objective function
as follows:

f) = f* < sMa(f)lly —2*||?, yek. (46)

Let us write down the full version of the combination of method (25) with
(43). We choose § = % = 1 and other parameters by (41).

Define the following sequences:

4
A=, (8) 5 arer = Aepr— A, k>0 (47)
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Inexact Accelerated 3rd-Order Proximal-Point Method

Initialization. Choose xy € E. Define function g (z) = da(x — xo).

Iteration k£ > 0.

Ar41

Ak+1vk.

1. Compute v, = arg I;lelg Yr(z) and choose y;, = ﬁxk +
2. Compute xy, ;x € A§M4(f) (yk, 3) by the following procedure.
e Define functions ¢ (z) = f(z) + 3My(f)ds(z — yi) (48)

and p(x) = $(V2f(yr) (@ — yr), = — yk) + 3Ma(f)da(z — y).

o Set x40 = yi. For i > 0, iterate

o = argmin { (Vo (@e), @ = i) + §Bp (w00, 7) }

up to the first iteration iy with [|Ver(zk,i)lls < 311V f(@rir )|«
3. Update vx11(7) = i (w) + apr1[f(zrap) + (Vf(Trip), ® — or2 )]

4. Define x4 = argmin {f(x) S {xk,xk,i;;}}-

The major difference of this method from the earlier tensor methods [19,22]
consists in the necessity to call oracle of the objective function at each iteration
of the internal loop.

Clearly, this is a second-order method, which implements the inexact third-
order proximal-point method (25). Let us assume for a moment, that at each
upper-level iteration of this scheme, the numbers ¢} are well defined. Then by
Theorem 2, we get the following rate of convergence:

Flax) = f* <OM(f) ()" RS, k>1. (49)

Thus, it remains to find an upper bound for the numbers 7} . For that, we need
to get an upper bound for the size of points z; ;. We will do this under the
following assumption:

fleg:) —f*>€ 0<i<ip, k>0, (50)

where € > 0 is the desired accuracy of the solution to problem (8). Note that
we need this assumption only for estimating the number of steps, which are
necessary to violate it.
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Assume that at some iteration k > 0 the points x; and vy are well defined.
Since f(zx) < f(xo), in view of Theorem 2 we have

lyr, — *|| < max{|lag — 2%, [Jor, —2*||} < max{Do, vV2Ro} .
At the same time, since @ (k) < @r(zi0) = f(yr), we get

(46)
SMu(f) @k — well* < fluw) — flans) < AMa(f)D3.

Bl

def [2M2(f) Dz}

Therefore, ||z — yil| < D1 = 3M4(f) 0 and

|2k, — 2% < Do D+ max { Do, V2R } .
Hence,

. (50)

IV £ (ra)ll. > Hod=l >0 e (51)

However, in view of Lemma 4, i (z) ;) — miIrEl or(z) as ¢ — oo. This implies
xE
IVer(k,i)ll« = 0,

ensuring that the auxiliary minimization process at iteration k is finite and
ZTr4+1 and vy are well defined. Let us estimate its length.
In view of Lemma 3.2 in [22], for all u € E with |Ju]| < D, we have

Bay(u,v) < FD?|lv —ul® + 3[lv —ul!, veE.
Therefore,

B () < SMa(P)ly — 2] + BMa(f)Ba (= — viy — )
< SMo(f)ly — all? + 3Ma(f) [3D%ly — all? + 21y — 2] ]

= 5 [Ma(f) + 15Ma(£)DE] ly — 2|® + §Ma(f)lly — =[|*

def
= 0(ly — =)

for all z with ||x—yx|| < D; and y € E. At the same time, in view of Lemma 3.3
in [22], the last bound and Theorem 3 imply

LO(£IVer(zri)ll«) < or(@rs) — or(zy).
Hence,

(

44)
LO(11IVok(zhi)ll«) < @r(@rs) — onl(z)) <

21 T*
L(3) ﬂpk(yk? k) (52)

< L(2) [2Ma(f)2f — well? + S Mallag — wel?]



O©CoO~NOOOITA~AWNPE

Inexact Accelerated High-Order Proximal-Point Methods 17

where x}, = arg l'néél ¢k (z) and 0. (X) = max[A\T — 6(7)]. Since ||z} — yx|| < D1,

we can get an upper bound for ¢} from the following inequality:
2\ir1 2,3 a7 Y
(3)' 33N D3 + 5MaD] < 0. (£5;) -

Using Lemma 7 in [22], we can estimate for function (1) = 272+ 574 its dual
function as follows:

2
9*()\) Z 2[a+bf\/3)\2/3] .

In our case, a = Ma(f) + 15My(f)D? and b = 6My(f). Therefore,

)\2
0.(N) 2 spn L DAL T

Thus, we can see that all values ¢ are bounded by O(In %) A similar reasoning
shows that the length of the last iteration, stopped at the moment when the
condition (50) be violated, is also bounded by O(In 1). Hence, we have proved
the following theorem.

Theorem 4 The second-order method (48) finds an e-solution of problem (8)
mn

1
4 (9M:(f))4 Ry

iterations. At each iteration, it calls the second-order oracle once and the first-
order oracle O (ln %) times at most.

Let us discuss now the implementation details of method (48). At each
inner iteration of this scheme, it is necessary to solve an auxiliary optimization
problem for finding the point xj ;41 € R". For doing this efficiently, it is
reasonable to start with computation of the tri-diagonal factorization of matrix
V2 f(y):

V2 f(yr) = UpApUE,

where U, € R™ "™ is an orthogonal matrix and A, € R™ " is a symmetric
tri-diagonal matrix. Then we can change variables:

=y + Upw, weR"

and minimize the function ¢p(w) = @i(yx + Urw). The advantage of this
formulation is that in the new variables the scaling function pg(-) becomes
very simple:

o) = pr(w) = Ak, w) + () wlls,

where || - ||(2) is the standard Euclidean norm in R"™. Thus, the computation of
the new point w41 = UkT(xk,iH —y) can be done in a linear time. Therefore,
the total complexity of each iteration of the inner method will be quadratic in
n (plus one computation of the first-order oracle).
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Note that in the method (48) we have a possibility of computing the lower
bounds for the optimal value of the objective function, provided that we have
an upper bound for the distance to the minimum:

lzo — 2*|| < R.

Then, for k£ > 1, we can compute the value

b = mm{ > ailf (@) + (V@) 2 —xj:)] + [|o — 2ol < R}
< fa*),

and use it in the termination criterion. Note that with this value the inequality
(49) is valid if we replace f* by ¢; and Rg by R. If the bound R is not known, we
can update the initial guess dynamically using the observed distance between
3 and xp.

5 High-order proximal-point methods with line search

In this section, we consider new methods for solving the problem (8), which
are based on pth-order proximal-point operator with line search (p > 1). It is
defined as follows:

prox?/H(f, u) = argrmréiﬂr} {f(x) +Hdpy1(z—7 — TU)} € ExR, (53
TER
where the point ¥ and direction u belong to E and the proximal coefficient H is
positive. Note that the value of this operator is a solution of a convex optimiza-
tion problem. As compared with operation (9), we increased the dimension of
the search variable by one. Hence, it should not create a significant additional
complexity. In this paper, we will analyze only the exact computation in (53).
Let us mention the main properties of operator (53).

Lemma 5 Let (T,7) = proz},;(Z,u). Denote y = 2+ tu and r = ||T —y.
Then

Vf(T)+ HrP=1B(T —y) = 0, (54)
IVA(D)ls = Hr?, (VAT),y—T) = Hre*, (55)
(BT —y),u) =0, (Vf(T),u) = 0. (56)
Moreover, f(z) — f(T) > %r’”l.

Proof Equation (54) and the first equation in (56) are the first-order optimality
conditions for the objective function in the problem (53). The first equation
in (55) follows from (54), and we get the second one by multiplying (54) by
y — T'. Second equation in (56) follows from the first one in view of (54).
Finally, for proving the remaining inequality, we choose in the optimization
problem in (53) x = Z and 7 = 0. O
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Clearly, the smaller H is, the better is the result of (53). However, the small
values of H make this computation more difficult. Thus, a reasonable choice
of H must be dictated by the problem class and the auxiliary methods, which
will be used for solving (53) approximately. We keep the detailed analysis of
different possibilities for the future research.

Consider the following optimization scheme.

pth-Order Proximal-Point Method With Line Search

Initialization. Choose zg € E, H > 0, and () = 3|z — 0%

Iteration k > 0.
1. Compute vy = arg min ¢y (x).
z€R
2. Compute (41, 7k) = proxzf’/H(xk,vk — Tp).

3. Define y;, = x + 7 (v — xx) and 1 = ||zk+1 — yil|-

2
. apiq 1 . o
4. Define a1 by equation At = T with Agy1 = Ak + agp41.

5. Set Yp41(z) = u(@) + avs1[f(@rr1) + (VI (@r41), 2 — 2p41)]-

Let By = 0 and denote By = % > Airfjll for k > 1. Let us prove the
i=1
following result.

Lemma 6 Let the sequence {xy}r>0 be generated by method (57). Then for
allk >0 and x € E we have

Awf(zr) + Br < 9f = minyy(z). (58)

Proof Let us prove this relation by induction. For k& = 0, we have Ay = 0,

By =0, and ¢o(z) = %||z — 20| Thus, in this case inequality (58) is valid.
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Let us assume that it is valid for some & > 0. Then

Wi = min { ¥(@) + apalf@ee) + (VF(@r) o - )]}

> min { ¥f + 3z = vil® + @ [f@rer) + (VF @)oo = 2er)] |

> mig{ Ap f(zr) + Bi, + %[l — vy||?

TE

tag1[f(@p1) + (V(@pt1), 7 — $k+1>]}

> min { Awis f(@isn) + Be+ o — v

HVS @) ana (o = 2 + Al = 20) }

(56) .
o rwnel]g{ Api1f(zrg1) + Bi + 3|z — v )?

HVf(@r+1), arr(z — vr) + Arsr (Y — $k+1)>}
= Apy1 f(@r41) + Br — 303 1 |V f(@r1) |12
A 1V f(@h11), Yo — Thy1)
€ Agy1 f(zrgr) + Bi — 3a H?riP + Agp  Hrl ™

= Ak+1 f(xk+1) + By, + %AkJrlH?"iJrl = Ak+1f(xk+1) + Bk+1. O

Let us prove now the main result of this section. In the proof, we closely
follow the arguments justifying Lemma 4.3.5 in [21].

Theorem 5 For any k > 1, we have

" 2P FRPHL
flag) = f* < — = pr- (59)
(1+2572) 2

Proof Note that

VA%
A _ A, = k41 _ k+1 _ > 1 .
VAk+1 — VAg VA1 VAL (\/m+m)H1/2T]jTl = o /Hr T

k=1 \ 2
Thus, denoting &, = 2\/H7‘£_1, we get Aj > (Z §1> . For p = 1 this proves

=0

that Ay > %. So, let us assume that p > 1.
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On the other hand, in view of Lemma 6, we have
Apf(zr) + B < op < f(a*) + 3RE,

where Ry = ||xg — z*||. Therefore,

- - €2 ]v1
Z%Z erlr :%Z z+1[ii|p1~

l\')\»—l

In other words, we have the following bound:

2(p+1)

ZAzﬂfp ' <D

4 (ort1 )7 T R2. (60)

k—1

We need to minimize now the sum Z - subject to this bound. Since the
1=

bound is active, we can introduce for 1t a Lagrange multiplier A > 0 and find

the optimal ; from the equation

p+3

&=An& ", i=0,. k-1

Aita
get equation for optimal A:

Pl
Thus, & = [L} ™" Substituting these values in the constraint (60), we

2(p+1) stprn) k=1 p-1

D= Z A {A +1} T = e Z Afj:lrl.

=0 1=

Therefore,

71k?1 p—1

k—1 1 1 =t 1 p—1 31)—+11 %
£ AR - ) (Sal) "
=

This means that we have proved the following inequality:

3p+1

p—1 [k—1 p—1 p+1
A > (5)7 <.Z A;ﬁl) : (61)

k  p=1Y p+I p—1

Denote Cy, = <Z AZ-Serl) and § = (3)***. Then inequality (61) can be
i=1

written as follows:

p—1

pt1 ptl 2= +1 k+1 310111 pr1 po1
2 2 P op —
C.i,—C2 =A00 > ks ZlAi — g Ck+1‘
1=
. p= pt1l .
Denoting v = 93P+1 we see that C7 > 7 Moreover since 77z with 7 > 0 is
Bl
a convex function, we have 7% — 7’ < p;rl T,? (T+ — 7). Therefore,

[

p—1 +1 p+1 p—

10 < Ck+1 ~Cp" < PR (Crpr — Cn)
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Consequently, Cj41 > C’k—&—;% and we conclude that C, > 7—1—%, k>1.
Substituting this bound in (61), we get

3pi1 3p+1 . 3p+1

3ptl P 3ptl
Az 00,7 2 0(v+2E0) T = (5)F (142850 7

It remains to note that in view of inequality (58), we have

N 1 2 D" R2 2P HREH!
flzr) = f* < 2A% Rj < 3pEL 3pF1 - O

Coa(eHE) T )™

6 Conclusion

In this paper we present a new framework BLUM, where the development of
the accelerated minimization scheme consists of two steps. Firstly, we choose
the order of the proximal-point iteration. At this moment, we are not restricted
by any properties of the objective function except its differentiability (which
can be dropped) and convexity.

These properties play a crucial role at the second step, where we decide
on the type of the scheme we use for approximating the proximal point. The
overall complexity of the method can be computed then as the product of the
number of steps of the upper-level process and the estimate for the number of
steps in the lower level process.

In this way, we managed to justify a second-order scheme, which uses only
the second-order information for an approximate computation of the third-
order proximal point. It is interesting that the overall complexity bound of
our method is essentially the same as the bound for the number of iterations
of the accelerated third-order methods [3,19]. At the same time, these bounds
overpass the limits for the maximal efficiency established for the second-order
methods by functions with bounded third derivative (see [1,2] and Section 4.3.1
in [21]).

It is interesting to understand why this improvement was possible. One of
the reasons is that in this paper we are working with a subclass of functions
with Lipschitz continuous third derivative. Indeed, in view of Lemma 4 in [22],

Ms(f) < \/2Ma(f)My(f).

Therefore, the lower bounds of [1,2] are not valid anymore.

Another question is if it is possible to improve the rate of convergence of
the lower-order methods in the framework of BLUM. We are not ready to
give now a comprehensive answer to this question. However, let us look at the
worst-case functions, which justify the lower complexity bound for the tensor
methods. In accordance to [19], for pth-order methods they have the form

n—1 ) )
fp(@) = |zWPH 4 37 g0 — Ot g e R,
i=1
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This function justifies the maximal rate of convergence O(k~2) for the first
order methods (e.g. [21]).

Note that, for p = 1 this is a quadratic function. Hence, all its derivatives
D#f1(+) of the order s with s > 3 are equal to zero. Therefore, we cannot
expect for the first-order methods any improvements from any assumptions
on the boundedness of these derivatives.

The situation with the second-order methods is different. Their worst-case
function f5(-) has discontinuous third derivative. Hence, the corresponding
lower bound O(k~7/2) may be not valid if we assume the existence and bound-
edness of the forth derivative. And the results of Section 4 show that this is
indeed the case. Our second order method (48) has the rate of convergence
O(k~*), and the results of Section 5 gives us a hope that there exist the second-
order methods with the rate of convergence O(k~°) (this is the maximal rate
of convergence for the third-order methods).

Another consequence of the above observation is that we cannot speak
anymore about the pth-order optimal methods. Instead, we should switch to
speaking about the optimal methods for different problem classes. Indeed, we
have seen that for the same problem class we can have methods of different
order, which have the same rate of convergence. In this situation, it is natural to
agree that the lower-order method is better. This means, that our complexity
scale, instead being one-dimensional, should be two-dimensional at least. But
of course all these questions need further investigations.

We hope that our results create interesting directions of research related
to further increase of the efficiency of the lower-order methods as applied to
the problem classes which were traditionally out of their scope.
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