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Abstract

In this paper, we present a new framework of bi-level unconstrained minimization
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 optimization 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
example, we obtain a new second-order method with the convergence rate O (k=*),
where k is the iteration counter. This rate is better than the maximal possible 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_(31’ +/ 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 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 proving for them the
lower complexity bounds. (see [1,2,5,9,12]). At this moment, for methods of any order
there exists a natural problem class, for which we know the accelerated methods. For
example, functions with Lipschitz continuous gradients, can be naturally minimized
by the first-order schemes, which can demonstrate in this case an unimprovable con-
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2 Y. Nesterov

vergence rate of the order O (k‘Z) , where k is the iteration counter. For functions with
Lipschits continuous 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 [21] 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 [21] 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 [21], 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

or) = min [ f) + Sy = %12}, x>0, )

was introduced by Moreau [15]. Later on, Martinet [14] proposed the first proximal-
point method based on this operation. The importance of this construction for
computational practice was questionable up to the developments of Rockafellar [25],
who used the proximal-point iteration in the dual space for justifying the Augmented
Lagrangians. This dual scheme was accelerated by Giiller [10], who introduced in this
method some elements of the Fast Gradient Method from [16]. Some attempts were
made by Teboulle and others [11,26] in studying the proximal-point iteration with
non-quadratic non-Euclidean kernel. 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 — x 1% in (1) by | - (LA
with p > 1. We call the corresponding proximal step the pth-order proximal-point
operation. This terminology is justified by two facts.

Firstly, in Sect. 2, we show that the corresponding simple proximal-point method
converges as O (k"’). The rate of convergence of the accelerated version of this
method is O (k*(p“)). In both cases, we can use appropriate approximations of the
proximal point.
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Inexact accelerated high-order proximal-point methods 3

Secondly, in Sect. 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 Sect. 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 indepen-
dently 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 overpass the lim-
its given by the traditional Complexity Theory. Note that a similar phenomena was
already observed in the framework of non-convex optimization [7,8]. For example,
in the latter paper, zero- and first-order oracles were proposed for a smoother C2-
problems with Lipschitz-continuous Hessian, that recover the complexity bounds of
methods using second derivatives. However, for Convex Optimization such a situation
is new.

For illustrating the above phenomena, we analyze efficiency of the second-order
method in approximating the third-order proximal point. Using the relative smoothness
condition [4,13], we develop a very efficient second-order method for computing this
approximation. The global rate of convergence of our upper-level method is O (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 Sect. 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 converges as O (k‘GP +D/ 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 Sect. 6, we discuss our results and directions for future developments.
Notation and generalities In what follows, we denote by E a finite-dimensional 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, x) 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

Ix|l = (Bx,x)1/2, x€E, lgls = (g.B7'g)'/? geE*

Sometimes, it will be convenient to treat x € [E as a linear operator from R to E, and
x* as a linear operator from E* to R. In this case, xx* is a linear operator from E* to
E, acting as follows:

(xx")g=(g,x)x € E, geE"
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4 Y. Nesterov

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

Vi) eE*, V2f(x)h € E*, x,hek.
Using the above norm, we can define the standard Euclidean prox-functions
dp+1(x) = g lxllP*!, x €E,
where p > 1 is an integer parameter. These functions have the following derivatives:
Vdpy1(x) = |x||P"'Bx, x €E,
)
Vidp1(x) = [Ix|IP7' B+ (p — DIlx||P?Bxx*B > |x||P~'B.

Note that function d1(-) is uniformly convex (see, for example, Lemma 4.2.3 in

[18]):

-1
dp+1()’)Zdp+1(x)+(Vdp+1(x),y—x)+ﬁ(%)p ly —xIP*1, x,y € E.
(3)

In what follows, we often work with directional derivatives. For p > 1, denote by
D? f(x)lhy, ..., hpl
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:

107 @l = max D7 @Ay il = 1P =) @)
s P

.....

If all directions A1, ..., hp are the same, we apply notation
D? f(x)[h]P?, h eE.
Note that, in general, we have (see, for example, Appendix 1 in [23])
107 £l = max{ | D7 fCo a1 < g <1} )
In this paper, we work with functions from the problem classes F,, which are

convex and p times continuously differentiable on E. Denote by M, (f) the uniform
upper bound for the pth derivative:

Mp(f)zsugllD”f(X)ll- (6)
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Inexact accelerated high-order proximal-point methods 5

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 [20]):

D3f(@)[h] < 1V f(E) + §Ma(H)IRI?B, %, h €E, ©)

where & is an arbitrary positive number.

2 Inexact high-order proximal-point steps

Consider the following optimization problem:
min [, ®)

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

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

prox y (9) = argmin | £, (0) & F(0) + Hdpa (x = D)}, ©)

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

- _ . E _ = 2
prox ¢, (X) _argglellg{f(x)—i- 7 llx — x| }

are studied very well in the literature (e.g. [24]). 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 inexact 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

A& p) =[x €E: 1VLL, 0l = BIVS I, 10)

where 8 € [0, 1) is a tolerance parameter. Note that prox? / y(x) € AZ (x, B). How-
ever, since Vf;H()E) = V f(x), we see that x ¢ AZ (x, B) unless x = x*.
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6 Y. Nesterov

Lemma1 Let T € A, (%, B). Then

L= AIVFDlls < HIT =317 = A+ B)IV (D). (an
(VFT), 5= T) 2 g IT =51 (12)

Moreover, if B < ; then
w s -1y =[] s (13)

Proof Indeed, inequality (11) follows from representation

V() @ VAT + H|T — 7P B(T - %). (14)
Further, denote r = |7 — x||. Then, squaring both parts in inequality (10), we have

IV F(DI2 + 207~ (VF(T). T — 3) + H?P 'S B2V F (D)2

This inequality can be rewritten as follows:

_ def 1-g2
(VAT E=T) = k() E 3L V(D)2 + Grot!
(15)
(1>1) 1—p2 H2p2p H p+l _ Hrot!
Z e T uwpr 270 T Tap

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

_p2
K'(T) = —(p = DaZs IVADI2 + (p+ DErr, >0

an,, _ T
Note that r > 7 %! [%nwmn*]’ . Since

K@) = —(p~ DI D)+ (0 + DI LIV D))

IV AL+ 1 = =] = IV = Bpl = 0,

we have (Vf(T), X —T) > k(r) > k(F) +«'(F)(r —F) > k(7), and this is inequality
(13). m|

The following corollary is a trivial consequence of convexity of f(-) and inequality
(13).
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Inexact accelerated high-order proximal-point methods 7

Corollary 1 Let T € AP (¥, ) and B < % Then

ptl

f® = £ =[S v (16)

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

xkit € Al G B), k20, | (17)

For analyzing this scheme, we need the following Lemma A.1 from [19].

Lemma2 Let the sequence of positive numbers {&;}ix=0 satisfy the following condi-
tion:

E — E1 = £, k>0, (18)

where o € (0, 1]. Then for any k > 0 we have
1
bt < [0+Ha+E- . o

(1+ﬁ—kmln<1+§g)) o =

Denote by Dy = malé{llx —x*||: f(x) < f(x0)} the radius of the initial level set
Xe

of the objective function in problem (8).

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

foo = £ = 2 (D0 + fao = 1) - (22)", k=10 o)

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

1 P+l 1 =
Foo = o) = [ IV el =[] (Lt

Denoting now &, = %( fxx) — f*and o = %, we get the condition (18) valid
0

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

Q=
Q=

1 11—«
G=[(1+5) 0+ 71" = (1+5)* 27 A+ (z)
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 x;41 € AZ (xk, B). We
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8 Y. Nesterov

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 [21]. Therefore we omit some technical details. Denote

c(p) = [%T . 1)

And let us choose 8 € [0, ;]. Then, for any T € A, (%, B), we have

ptl

(16) =
f@) = () = c(pIVLTD" . (22)

Define now the sequence of scaling coefficients

1 p( k \PT @y 2a—p [ k \PH!
Ap = (fc(p)) (p-H) - H (2[7+2) ’

def
a1 = Agt1 — Ag, k=0,

(23)

Note that kP! > (k4 1)?T! 4 (p+1)(k+1)P - (—1). This inequality can be rewritten
in the following form:

p+l

aly < te(p)Arpr, k=0 (24)

Consider the following high-order proximal method.

Inexact Accelerated pth-Order Proximal-Point Method

Initialization. Choose xy € E, 8 € [0, %], andH > 0. Define
coefficients Ay by (23) and function ¥o(x) = dp+1(x — xp).

Iteration £ > 0.
(25)
A

Ak+1
Ars1 Yk + Vk-

1. Compute vy = arg I)‘:’IGI]I}:::I Y (x) and choose yxy = At
2. Compute T} € AZ (yx, B) and update

Vi 1(x) = Y (0) + a1 Lf (Ti) +(V f(Ti), x = Ti) ).

3. Choose xi4+1 with f(xr4+1) < f(Tx).

@ Springer



Inexact accelerated high-order proximal-point methods 9

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

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

. 2p42 p+l1
fl) — f* < m (%) llxo — x*||P+1. (26)

Moreover, ||vg — x* [P+ < 2P H|xg — x*||PF.

Proof First of all, note that by induction it is easy to see that
Vi(x) < Arf(x) +dpr1(x —x0), x € E. 27

In particular, for v/ def miIrEl Y (x) and all x € E, we have
Xe

(D) (©) —1
Af ) +dpii(x —x0) = i) = ¥ + 557 (1) I —welP . @28)
Let us prove by induction the following relation:
Vi = Af (i), k=0. (29)

For k = 0, we have v/j = 0 and Ayp = 0. Hence, (29) is valid. Assume it is valid for
some k > 0. Then

Y = min {00 + @ £ (T + (VT x = 7]

@ (., 1 /1! il
=minfui+—— () = wl? el T + (VT x - T,
xeE p+1\2
Note that

Vi + a1 L (T) + (Vf(Te), x — Ti)]

(29)

> Ar f ) + ag1 L (Te) + (Vf(Th), x — Ti)]

> Akt f(Ti) + AV f(T), ag+1(x — T) + Ax(xx — T))

= Apr1 f(T) + (V f(Tk), ar+1(x — v) + Agr1 Ok — Tr)),

where the last equality follows from the relation Agxy = Ag+1Yk — Qk+1Vk-
Further, for all x € E we have (see, for example, Lemma 2 in [17])

1 1! +1
S (*) lx = well”™ 4 a1 (V f(T), x — vg)

p+1\2
Pt o
> _ﬁz G <ak+1||Vf(Tk)||*> :

@ Springer



10 Y. Nesterov

Finally, since Ty € A} (yk. B), we get

(12) ol
VAT, yk — Ty = c(DIVFTN" .

Putting all these inequalities together, we obtain

p+l1 p+1

Vi 2 A S0 — 5252 (@ IV FT0I) 7+ Ape@IV STl

\

ptl

il pot 2t
Akt f(T) + IV FTO" (Ak-HC(P) - h2 akil)

v

p+1 ptl
Akt1 f(T) + IV F(T)ll" (Ak+1C(P) - 2aki1>

(24)
> A1 f(Tx) = Aggr f (Xkt1).

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

(23) 2p+2\PH!
Fo0) = 1% = dedp 0 = x0) B ol (22)7 - Sl = xolr

In order to get the remaining bound for vy, we need to apply inequalities (28)
and (29) with x = x*. 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 investigate the complexity of
finding a point T € .AII; (x, B). This will be done in the remaining sections of the

paper.

3 Approximating proximal-point operator by tensor step

Let us show that with appropriate values of parameters, the inclusion 7' € AZ (x,B)
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, (f) < +o00. Define its Taylor approxi-
mation at point x € [E:

2
2:p(y) = f(x) +k; a D foly —x1k.

Then

IVF) = V2,0l < 228 L)y — 27,y € E. (30)

@ Springer



Inexact accelerated high-order proximal-point methods 1

Define now the augmented Taylor polynomial
2 pm () = 20 p () + iy — x 1P

If M > Mp11(f) then this function provides us with a uniform upper bound for
the objective. Moreover, if M > pM,1(f), then function .Qx,p,M(-) is convex (see
Theorem 1 in [20]). Therefore, we are able to compute the tensor step

Tp.m(x) = argmin 2y p y(y).
yeE

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 24 p.aa (D)l <

< 15 IV p (D, (3D

where y € [O, %) is the tolerance parameter. Thus,

T IV2e (Ml = 1920 p (Tl = 1V20 (Tl — 24T — x|,

Therefore, V2 p(T)ll+ < (1 + y)%HT — x||?. (This inequality was used as a
termination criterion in [5].)
Let us prove the following simple result.

Lemma3 Let M > ﬁMpH (f). Then for point T satisfying (31), we have

M +yM
IV F(T) + 2Vdpi (T = 0l = 255 S H IV Dl (32)

Proof Denote r = ||T — x||. Then
Moot (fyrp GO
Mt ST () = Ve, (Dl

= IVA(T) = V2 pm(T) + ¥ Vdp i1 (T — x|

(€2))
= IVAT)+ %Vderl(T =Dl — 75 1V p (D)«

Y
I+y

> VAT + 8V, (T — x| — y 222

p! p!
Thus,
Myar(f) +yM M
%rﬁ = IV + 5 ¥y (T =l
M @ Mr?P
= SIVdpi T = 0ll = IV £ & 2~ V£

@ Springer



12 Y. Nesterov

Thus, % SV £ (T) I, and we obtain (32). o

1
S T M=M, i (f

Let us define now M = ﬁmﬂ( f)and H = % Then the inequality (32)
can be rewritten as follows:

IVA(T) + HVdp (T = )|l < BIV ()]s

In other words, these values of parameters ensure the inclusion 7 € AZ (x, B). For
such M, the convexity condition M > pM,(f) is satisfied with B < %1

Thus, the accelerated and non-accelerated tensor methods from [20] 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 Sect. 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 € AL (x, B). (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 function 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 optimization methods.

Indeed, as we have seen in Sect. 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.

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 implemented by a
second-order scheme. The first confirmation that this is possible was obtained in [21],
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 [4,13] to the auxiliary
problem (9).

@ Springer



Inexact accelerated high-order proximal-point methods 13

Let us consider the following unconstrained minimization problem:
. def -
min | fr.u () < £0) + Hds(y = D). (34)

with constant H > 0 and central point x € 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 Mjy.

Our main tool for solving the problem (34) is the gradient method based on rela-
tive 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 x
and y from E, which is computed with respect to some convex scaling function p(-).
It is defined as follows:

Bo(x,y) = p(y) — p(x) = (Vpx),y —x), x,yek. (35)

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

:uﬂp(x# y) S ﬂlp(x5y) S L,Bp(xd’)’ x7y EE° (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

wV2p(x) < Vip(x) < LV?p(x), x eE. (37)

It appears that for function f3 g (-) 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 > M4(f). Then, the scaling function
pr(x) = HV2 (@) (x — ), x — %) + Hda(x — %), (38)
and function fz p (-) satisfy the condition (37) on E with constants
p=1l-}, L =1+% =5, (39)
where & > 1 is the unique solution of the following quadratic equation:

E1+8) = 372 (40)

@ Springer



14 Y. Nesterov

Proof For the sake of notation, denote My = My(f) and assume that x = 0 € E.
Then, for any x € E, we have

1
Vif(x) = V2£0) + D f(O)[x]+ [(1 — 1) D* f(zx)[x]*dT
0

L V210) + D F O] + LMylx]2B
L (14 ) V2O + IMalel? (1 +8) B

2 (14 ) VRO + 5M (14 8) V(o).

Therefore,
Vfon() X (14 ) V7O + [S0 M+ IMa (14 6)] Vidao)
- (1 + 1) Vo0 ().
Similarly, using again (4), we have
V2 £ (1= L) V27O — SMall2 (1 +) B
2 (1= 1) V3£ © = $Ms (1 4 8) V2da(),
Hence,

40
V2o 2 (1= 1) V2FO) + [A50M, — 1My (1 48] V2dato)

= (1 - é) Vzpo,g(x). O
O
From now on, we fix the following values for our parameters:
£=2 H =3My(f), n=143 L=3 =1 (1)

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

pr(y) & SV2F@E@)(y = %),y — X) + 3Ma(f)daly — %). 42)
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Inexact accelerated high-order proximal-point methods 15

Let us present now an optimization method for solving efficiently the problem (34).
For our goals, the most appropriate variant of this method can be found in [19].

Choose x € Eand H = 3M4(f). Set xo = x.

For k > 0, iterate: (43)

Xk4+1 = arg min [(Vf;qy(xk),x — x) + LBps (xk, x)].

xedomE

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 {xt}x>0 with monotonically decreasing
values of the objective function.

Applying now Lemma 3 in [19], we come to the following result.

Lemma4 Let sequence {xi}i>0 be generated by method (43). Then, for any k > 1
and any x € dom { we have

Bo: (i, x) < (1= 509K By (x0, ) + [ fe. 1 (x) — fr.r (x0)]. (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:

Ma(f) <+00, Ro=lxo—x*ll, Ma(f) < oo,
Dy = r}?:lﬁ({llx — x| f(x) = f(xo)} < +o0. (45)

For our analysis, parameters M4(f) and Ry are critical. The remaining parameters
M, (f) and Dy appear in the efficiency bounds only inside the logarithms. Using the
constant M>(f), we can bound the variation of the objective function as follows:

FO) = f* < IMa(Plly —x*|?, y€eE. (46)

Let us write down the full version of the combination of method (25) with (43). We
choose g = L = % and other parameters by (41).
Define the following sequences:

4
Ak — W (%) , Qk+1 = Ak-H — Ak, k > 0. (47)
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16 Y. Nesterov

Inexact Accelerated 3rd-Order Proximal-Point Method

Initialization. Choose x¢ € E. Define function 9 (x) = da(x — x¢).

Iteration k > 0.

— ; _ Ak ak+41
1. Compute vy = arg E(nel]g Yk (x) and choose y; = A Sk + Aoy Uk

2. Compute Xp,ir € Ag Ma(f) (yk, %) by the following procedure.
e Define functions ¢y (x) = f(x) 4+ 3Ma(f)da(x — yi) (48)

and pr(x) = J(V2F () (x = y) x — i) + 3Ma(f)da(x — yp).

e Set xxo = yx. Fori >0, iterate
Xy i1 = arg min {(Vwk(xk,;), X = xpi) + 3 B (ks x)}
up to the first iteration i with ||V (xg i) [« < %llVf(xk,,»;«)H*.
3. Update Y41 (x) = Y (x) + ar1 [f Ceg i) + (V f (i), X — g i)

4. Define xj4| = arg min {f(x) Dox € {xg, Xk,i,j}}-
X

The major difference of this method from the earlier tensor methods [20,21] 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 i} are well defined. Then by Theorem 2, we get
the following rate of convergence:

FOu) = f* < OMa(f) () RE. k= 1. (49)

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

fGwi)—f*=ze 0<i<if, k=0, (50)
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Inexact accelerated high-order proximal-point methods 17

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.

Assume that at some iteration k > 0 the points x; and v are well defined. Since
f(xx) < f(x0),in view of Theorem 2 we have

Iy =Xl < max{llxe — ], e =<1} < max | Do, V2Ro].

At the same time, since @k (xk,i) < ¢k (x;.0) = f(yk), we get

(46)
IMa(Hllxki — yil* < FOu) — fGri) < AMa(f)DR.

1
Therefore, [lx¢,; — wll < D1 = [ 323 DF] " and

Ik, i —x*| < Dy d;f D1 + max {Do, \/ER()},

Hence,

N x (50)
IV f Gl = =050 (51)

However, in view of Lemma 4, ¢k (x¢ ;) — mi]rEl @k (x) as i — oo. This implies
Xe

IVor (ki) lle — 0,

ensuring that the auxiliary minimization process at iteration k is finite and x4 and
vi+1 are well defined. Let us estimate its length.
In view of Lemma 3.2 in [21], for all u € E with |u|| < D, we have

Ba,(u.v) < 3D*|lv —ul? + v —ul*, veE.
Therefore,
Boe(x.¥) < SMa(f)lly — x> + 3Ma(f)Bay (x — Y. y — Yi)
< Sl — %P + 3Ms() [3DF Iy = I + 31y = x11]
= 3 [Ma(f) + 15Mu(£)DF] lly — x> + 3 Ma(Hlly — x|*

def
= 0(ly — xID.
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18 Y. Nesterov

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

LO(LIVer ) 1) < o (i) — @r(x)).

Hence,

1 * “49 2\i *
LO (£ 1IVer (i) 1) < o Geai) — o)) < L(3) Boe Ok X7)

< L(3) [3Ma(H)lxg — yil® + 2 Mallxg — yil*]
(52)

where x| = argmi}g @r(x) and 0, () = max[At — 6(7)]. Since ||x;} — yi|l < D1, we
X€ T

can get an upper bound for i}’ from the following inequality:

i (51)
(3) M2(HD} + 3maD}] < 0 (757 ) -

Using Lemma 7 in [21], we can estimate for function 6(7) = %rz + %1’4 its dual
function as follows:

)\2
0+ () = sy

In our case,a = My (f) + 15M4(f)D12 and b = 6M4(f). Therefore,

22
>
O 8) = S TSHR ) DT GME T3

Thus, we can see that all values i}’ are bounded by O (In é). 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 é). Hence, we have proved the following theorem.

Theorem 4 The second-order method (48) finds an e-solution of problem (8) in
IM4(f) i
4 ( i ) Ro

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

Letus discuss now the implementation details of method (48). Ateach inner iteration
of this scheme, it is necessary to solve an auxiliary optimization problem for finding the
point xx ;+1 € R". For doing this efficiently, it is reasonable to start with computation
of the tri-diagonal factorization of matrix V2 f (yx):

V2 f () = Uk Ak UL
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Inexact accelerated high-order proximal-point methods 19

where Uy € R"*" is an orthogonal matrix and Ax € R"*" is a symmetric tri-diagonal
matrix. Then we can change variables:

x =y +Ugw, weR",

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

pr(X) = pr(w) = 3(Axw, w) + 3 Ma(Hllwl),

where || - ||(2) is the standard Euclidean norm in R”. Thus, the computation of the
new point wg ;j+1 = U kT (Xk.i+1 — Yr) 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).

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:

lxo — x*| < R.

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

k—1
b= aemin) ¥ aplf o) + (V) x = xp)) I —xoll < R
]:

(),

IA

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

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).1tis defined as follows:

P (= _ : -
proxf/H(x, u) = arg)rcrég [f(x) +Hdpy(x —x ru)} € E xR, (53)
teR

where the point x 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 optimization
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).
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20 Y. Nesterov

Lemma5 Let (T, 1) =pr0x;/H()E, u). Denote y = x + tuandr = ||T — y||. Then

V(T)+HrP 'B(T —y) =0, (54)
IVF(Dllx = HrP, (Vf(T),y—T) = HrP*!, (55)
(B(T —y),u) =0, (Vf(T),u) = 0. (56)

_ H  ptl
Moreover, f(x) — f(T) =z ;5r?™.

Proof Equation (54) and the first equation in (56) are the first-order optimality condi-
tions 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(83) x =xand t =0. O

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 xop € E, H > 0, and ¥(x) = %llx — xoll%.

Iteration & > 0.

1. Compute vy = arg min X).
pute vi gmin Vi (x) 57)

2. Compute (xXx+1, k) = prox?/H(xk, vk — Xk).

3. Define yx = x + t(vx — xx) and rg = [ xg+1 — yll-

2
Y1 1

4. Define a1 by equation At =

with A1 = Ak + ak+1-

wn

< Set Y1 (x) = Y (x) + agr11f 1) + AV f k1), X — xp1) ]

Let By = 0 and denote B = % Zle Airipjll fork > 1.Letus prove the following
result.

@ Springer



Inexact accelerated high-order proximal-point methods 21

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

Awf () + Bie < v = min e (x). (58)

Proof Let us prove this relation by induction. For k = 0, we have Ag = 0, Byp = 0,
and Yo (x) = %llx — xo||. Thus, in this case inequality (58) is valid.
Let us assume that it is valid for some £ > 0. Then

Vi = I,?EI]IEI [wk(x) + ai1 [ f (eg1) + (V1) x — Xk+1)]}

v

1
min {7+ 5 16 = vl + @ L en) + (V. G, x = xie)1)
xek 2

v

. 1
min { A f () + B+ Sl — w2
xek 2

e Lf ) + (Vf ), & = xe 1)1

%

. 1
min { A f () + B+ 5 e — wel?
xek 2

VS (xXkt1), 1 (0 — Xpp1) + A (i — Xk+1)>}

56) . 1
L min { Acer £ @rn) + Be+ 5 x = el
xek 2

FAV L (k1) @t (5 = 06) + At Ok = xi1))

1
= Akt (i) + Bi = a7 IV f o)1

+ Ak 1 (V f (Xk+1), Yk — Xkt1)

(55) 1 2 1
=" Ak+1f (Xk41) + Br — Ea/EHHzrkp + A Hrf™

1 1
= Akt+1f (xk+1) + B + EAk-HHV]er = Ags1fk+1) + B0

[}

Let us prove now the main result of this section. In the proof, we closely follow the
arguments justifying Lemma 4.3.5 in [18].
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22 Y. Nesterov

Theorem 5 For any k > 1, we have

2wHRIY!

3p+1
2k=1)\ 2
(1+—p+l )

fl) — f* < (59)

Proof Note that

VAT = VA = i = Ll > L
VAL A =T = =
et/ A1 +VAH 2r, 2 N
— kL 2
Thus, denoting & = 2,/ Hr,ﬁ7 ,we get Ay > <Z §> .For p =1 this proves that
i=0""

2
Ar > f—H. So, let us assume that p > 1.

On the other hand, in view of Lemma 6, we have
Acf () + B <y < f(x*) + 3R3,

where Ry = ||xo — x*||. Therefore,

ptl
k—1 k—1 2 =1
1p2 o H p+l H & |7
Ry =5 X Airy T = 7 ) A [m] :
i=0 i=0
In other words, we have the following bound:
k—1 2Ap+D) def a2
Y Ag " <D = (PTH)FTRE. (60)
)
k—1
We need to minimize now the sum »_ Ei subject to this bound. Since the bound is
i=0 "

active, we can introduce for it a Lagrange multiplier A > 0 and find the optimal &;
from the equation

p+3

L =Ang, i=0... k-1

o

-1
Thus, & = [ﬁ] e .Substituting these values in the constraint (60), we get equation
for optimal A:

k—1 2(p+D 2pt1)

k—1 p=1

— . A 3p+l 3p+1
D= ZO Aiti [H] = A 'Zo Aitr -
=l 1=l
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Therefore,

k—1 2(p+1)
> 4= AT = ) (T Al
=0

This means that we have proved the following inequality:

1 p71 3;111 G 61
Ak = (5) <Z At ) : 61)

ko p=lN pI p;l
Denote Cy = (Z AP +l) and 6 = (%) P+1_Then inequality (61) can be written

as follows:

p+l Pl 3P_1,] p—1 [k+1 7317_11 pHT p—1p-1
C,? _Ck2 = AP > 9 3p+1 ZA,f’Jr = @3F1(C, 2. .
= i

Denoting y = 63+, we see that C; > y. Moreover since T 2 witht > 0Oisa
ptl

. P
convex function, we have t +2 -7tz <2 ;1 T +2 (t4+ — 7). Therefore,

p—1 ptl p+1 ot =1
2 2 2
Vi1 =G =G = 5 Ck+1 (Crt1 = C).

Consequently, Cy+1 > Ci + +1 and we conclude that Cr, > y + M k> 1.
Substituting this bound in (61), we get

3p+1 3p+l1 _ 3p+1

3p+l p=1 3p+l
Acz0C7 = o(y+20) T = ()7 (1+45)

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

p—1

+1
" I 2 D2 R} _ 2PHRY
SOw)—f* < ERO =< S T 3pEL -
2=\ 2 2k=D) 2
2(14+2650) (1+280)

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.
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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
[3,20]. 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 [18]).

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 [21],

M3(f) = V2Ma(f)M4(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 func-
tions, which justify the lower complexity bound for the tensor methods. In accordance
to [20], for pth-order methods they have the form

n—1
f,,(x) — |x(l)|p+1 + Z |x(i+1) _x(i)|p+17 X e R".

i=1

This function justifies the maximal rate of convergence O (k~2) for the first order
methods (e.g. [18]).

Note that, for p = 1 this is a quadratic function. Hence, all its derivatives D* f;(-)
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 func-
tion f>(-) has discontinuous third derivative. Hence, the corresponding lower bound
O(k_7/ 2) may be not valid if we assume the existence and boundedness of the forth
derivative. And the results of Sect. 4 show that this is indeed the case. Our second order
method (48) has the rate of convergence O (k~*), and the results of Sect. 5 gives us a
hope that there exist the second-order methods with the rate of convergence O(k_5 )
(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
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Inexact accelerated high-order proximal-point methods 25

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. During the time, which was necessary
for accepting this paper by Mathematical Programming, we managed to advance in
this direction. The interested reader can consult our next publication [22], where we
present a second-order scheme for minimizing functions with Lipschitz-continuous
third derivative, which has the convergence rate of the upper level of the order O (k%)’
keeping the logarithmic complexity of the lower-level process.
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