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Abstract

In this paper we develop new tensor methods for unconstrained convex optimization,
which solve at each iteration an auxiliary problem of minimizing convex multivariate
polynomial. We analyze the simplest scheme, based on minimization of a regularized local
model of the objective function, and its accelerated version obtained in the framework
of estimating sequences. Their rates of convergence are compared with the worst-case
lower complexity bounds for corresponding problem classes. Finally, for the third-order
methods, we suggest an efficient technique for solving the auxiliary problem, which is based
on the recently developed relative smoothness condition [4, 14]. With this elaboration,
the third-order methods become implementable and very fast. The rate of convergence
in terms of the function value for the accelerated third-order scheme reaches the level
0 (1714)’ where k is the number of iterations. This is very close to the lower bound of the
order O (,715), which is also justified in this paper. At the same time, in many important
cases the computational cost of one iteration of this method remains on the level typical
for the second-order methods.

Keywords: high-order methods, tensor methods, convex optimization, worst-case com-
plexity bounds, lower complexity bounds.
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1 Introduction

Motivation. In the last decade, we observe an increasing interest to the complexity
analysis of the high-order methods. Starting from the paper [23] containing the first global
rate of convergence of Cubic Regularization of Newton Method, it became more and more
common to provide the second-order methods with the worst-case complexity bounds on
different problem classes (see, for example, [7, 8, 5]). New efficiency measurements in this
field naturally generated a new spectrum of questions, starting from the possibilities to
accelerate the second-order methods (see [20]) up to the lower complexity bounds (see
[1, 2, 9, 13]) and attempts of constructing the optimal methods [17].

Another possibility of accelerating the minimization processes consists in the increase
of the power of oracle. The idea of using the high-order approximations in Optimization
is not new. Initially, such approximations were employed in the optimality conditions
(see, for example [15]). However, it seems that the majority of attempts of using the
high-order tensors in optimization methods failed by the standard obstacle related to the
enormous complexity of minimization of nonconvex multivariate polynomials. To the best
of our knowledge, the only theoretical analysis of such schemes for convex problems can
be found in an unpublished preprint [3], which is concluded by a pessimistic comment
on practical applicability of these methods. For nonconvex problems, recently there were
published two papers [6, 10] containing the complexity analysis for high-order methods
designed for generating points with small norm of the gradient. From the auxiliary non-
convex optimization problem, these methods need to get a tight approximation to a local
minimum.

The key observation, which underlies all results of this paper, is that an appropriately
regularized Taylor approximation of convex function is a convex multivariate polynomial.
This is indeed a very natural property since this regularized approximation usually belongs
to the epigraph of convex function. Thus, the auxiliary optimization problem in the
high-order (or tensor) methods becomes generally solvable by many powerful methods of
Convex Optimization. This fact explains our interest to complexity analysis of the simplest
tensor scheme (Section 2), based on the convez regularized Taylor approximation, and to
its accelerated version (Section 3). The latter method is obtained by the technique of
estimating functions (see [18, 19, 20]). Therefore it is similar to Algorithm 4.2 in [3].
The main difference consists in the correct choice of parameters ensuring convexity of the
auxiliary problem. We show that this algorithm converges with the rate O( (%)p +1), where
k is the number of iterations and p is the degree of the tensor.

In the next Section 4, we derive lower complexity bounds for the tensor methods. We
3p+1
show that the lower bound for the rate of convergence is of the order O((#) * ). This

result is better than the bound in [1] and coincide with the bound in [2]. However, it
seems that our justification is simpler.

For practical implementations, the most important results are included in Section 5,
where we discuss an efficient scheme for minimizing the regularized Taylor approximation
of degree three. This auxiliary convex problem can be treated in the framework of relative
smoothness condition. The first element of this approach was introduced in [4], for gen-
eralizing the Lipschitz condition for the norm of the gradient. In [14] it was shown that
the same extension can be applied to the condition of strong convexity. This second step



is important since it leads to linearly convergent methods for functions with nonstandard
growth properties. The auxiliary problem with the third-order tensor is a good applica-
tion of this technique. We show that the corresponding method converges linearly, with
the rate depending on an absolute constant. In the end of the section, we argue that the
complexity of one iteration of the resulting third-order scheme is often of the same order
as that of the second-order methods.

In the last Section 6 we discuss the presented results and mention the open problems.

Notations and generalities. In what follows, we denote by E a finite-dimensional real
vector space, and by E* its dual spaced composed by linear functions on E. For such a
function s € E*, we denote by (s,z) its value at z € E. Using a self-adjoint positive-
definite operator B : E — E* (notation B = B* > (), we can endow these spaces with
conjugate Euclidean norms:

lzll = (Bz,2)'?, z€E, |gll. = (9,B7'9)"/* geE".

Sometimes, in the formulas involving products of linear operators, it will be convenient
to treat « € [E as a linear operator from R to E, and x* as a linear operator from E* to
R. In this case, xa* is a linear operator from E* to E, acting as follows:

(xz*)g = (g,x)z € E, geE*

For a smooth function f : dom f — R with convex and open domain dom f C E, denote
by V f(z) its gradient, and by V2f(x) its Hessian evaluated at point 2 € dom f C E. Note
that

Vf(x) € E* V2f(z)h € E*Y, zcdomf, heE.

In what follows, we often work with directional derivatives. For p > 1, denote by
DP f(x)[h1,. .., hy

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

IDPf()ll = max {DPf(z)[h1,....hp]: [[hl <1, 0=1,...,p}. (1.1)

1y-5llp

For example, for any = € dom f and h1, he € E, we have
Df(z)[hi] = (Vf(x),h), D*f(z)[hi,ha] = (Vf(x)hi, ha).

Thus, for the Hessian, our definition corresponds to the spectral norm of self-adjoint linear
operator (maximal module of all eigenvalues computed with respect to operator B).
If all directions hy, ..., h, are the same, we apply notation

DPf(x)[h]P, heE.
Then, Taylor approximation of function f(-) at z € dom f can be written as follows:

f+h) = uph)+o(hl?), z+hedomf,
Bop(y) & fla)+ ; 1D f(x)ly — ', yeE.

2



Note that in general, we have (see, for example, Appendix 1 in [22])
|DPs @) = max {|DP@)np|: I <1}, (1.2)

Similarly, since for z,y € dom f being fixed, the form D? f(z)[-,..., | = DPf(y)[,...,] is
p-linear and symmetric, we also have

|DPf(@) = D2l = max {|DPp@)r — Df@mP|: <1} (13)

In this paper, we consider functions from the problem classes F;,, which are convex and
p times differentiable on E. Denote by L, its uniform bound for the Lipschitz constant of
their pth derivative:

[1DPf(x) = DPfy)l < Lple—yll, =,yedomf, p=>1. (1.4)

Sometimes, if an ambiguity can arise, we us notation Ly (f).
Assuming that f € F, and L, < 400, by the standard integration arguments we can
bound the residual between function value and its Taylor approximation:

W) = Pop)] < Gimlly — 2P, @,y € dom f. (1.5)

If p > 2, then applying the same reasoning for functions (Vf(-), h) and (V2f(-)h, h) with
direction h € E being fixed, we get the following guarantees:

IVF(¥) = VOup@). < Fly— P, (1.6)
IV2f(y) = V20u, ()| < 4ylly — 2lP, (1.7)

which are valid for all z,y € dom f.

2 Convex tensor approximations

In our methods, we use the following power prox function

dp(x) = Sllz|?, p>2. (2.1)
Note that
Vdy(z) = ||P~*Bz,
Vidy(x) = (p—2)ll=llP~*Bza*B + ||z[P~2B (2:2)
= |l=|P72B.

All results of this paper are based on the following observation. From now on, for the
sake of simplicity, we assume that dom f = [E.



Theorem 1 Let f € F), withp > 2 and L, < +o0o. Then for any x,y € E we have
V2 (y) = V20,(y) + oylly — =P B. (2.3)
Moreover, for any M > L, and any x € E, function®)

Qupm(y) = Pup(y) + Emidpr1(y — 2) (2.4)

18 convex and
f(y) < Q:c,p,M(y)a RS E. (2'5)

Proof:
Let us fix arbitrary « and y from dom f. Then for any direction h € E we have

(V2 f(y) = V2up)hh) < [IV2f(y) = V20ap(y)ll - [

an -
< Gilly —zlPHIR)P,

and this is (2.3). Further,

(2.3)
=

0 < V2f(y) V2P, (y) + yilly — =[P B

= VPup(y) + g imilly — 2P B

(2.2)
= Vup(y) + iy Vidpe (y — @)

2.4
(: ) vzgz,p,M<y)'

Thus, function Qg a(+) is convex. Finally,

(I)z,p(y) + (pipl)! (p + 1)dp+1(y - x)

IN

O p(y) + A dpialy — )
< Qac,p,M (y) O
The statements of Theorem 1 explain our interest to the following point:
Tpm(x) € ArgminQyp(y) (2.6)
y€eE
with M > L,. We are going to use such points for solving the problem

fe = min f(z), (2.7)

z€E

) In our notation, the approximation function in [3] was chosen as @, ,(y) + %dp+1(y — ). Thus, we cannot

guarantee that this polynomial is convex.



starting from some point xzog € E, where f € F, and L, < +oo. We assume that there
exists at least one solution x, of this problem and that the level sets of f are bounded:

max ||z — x| < D < +oo,
z€L(z0)

(2.8)
def
L(zo) = {z€E: f(z) < f(zo)}.
In this case, in view of (2.5), the level sets of function € 5, a/(-) are also bounded. There-

fore, point T' = T, p(x) is well defined. It satisfies the following first-order optimality
condition:

V&, ,(T) + iyl T = 2|P'B(T —z) = 0. (2.9)
Multiplying this equality by T"— x, we get
ool =zl = (V@up(T), 2~ T). (2.10)

Denote . («) = [l — Ty ar ()]

Lemma 1 For any x € E and M > L, we have

F(Tyan(@) < min {£(u) + TGy — =7} (2.11)
IVF(Tpar(@))lle < 22 |lw — T, 0 ()|, (2.12)

(VI T = Toi(@)) 2 s IV (T D)2+ i (@), (213)

Proof:
Denote T' =T}, pr(z) and r = ||z — T'||. Then,
(2.5) . "
JT) S minQpa(y) = min {®0(y) + Eyly -2}
(1.5)
: pM~+L o p+1
< min { () + TR Iy — 27}

and this is inequality (2.11). Further,

(1.6)
IVA(T) - vq)x,p(T)”* < Lpyp, (2.14)

p!

Therefore, we get the following bound:
IVl < IVAT) = VO p(T) 4 + VO p(T) ]«

(2.14)
< L 4 Ve, (1)),

(2;3) (% + %) rP,
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which leads to (2.12). Finally,

IVAT) + 355 BT =)l =" IVAT) = V(D). < Gy

Squaring both sides of this bound, we get:
-1 2,.2 L2  r2p
IVADE + 2PN (D), T — ) + ML, < feal
and this is (2.13). O
Corollary 1 For any x € E and M > L, we have
p—1 ptl
(VHTyu(@),z = Tyu() > M2~ L2 |V F(Tpm (@)l (2.15)
1% 1
where c(p) = ;2 [;ﬁ] " l(p—1)]]P.
Proof:
Indeed, in view of inequality (2.13), we have the following bound:
(VID)e-T) > & 4br,
2_712
where a = (p 1 ||Vf( m(2)]2, b= %, 7':7“5;\/1[(:1:), anda—% Note that
] a o] — 1 1+a Tta,
rTn>1(r)1{T+bT} (1+a)(9) pTHa
It remains to substitute in this bound the values of our parameters a, b, and «. O
Let us estimate now the rate of convergence of the following process:
Tt4+1 = T’M(ZIJt), t Z 0 (216)

where M > L,. Thus, in view of Theorem 1, point x;{1 is a solution to the auxiliary
convex problem (2.6).

Theorem 2 Let sequence {x}+>0 be generated by method (2.16) as applied to problem
(2.7). Then for allt > 0 we have f(xiy1) < f(ze). At the same time,

(pM+L,)DP+1 (pM~+Lp)DP+! [ py1\P
fla) = fo < S el G o) I S
e+ 1+(-1) (75)

Proof:
In view of inequality (2.5), method (2.16) is monotone. Hence, for all ¢ > 0 we have

loe —z.]| < D. (2.18)



Let us prove the first inequality in (2.17). First of all, let us estimate the difference
f(z1) — fv. We have

(2.11)

(21 +1
. M+L, M+L,)DP
S < min{ )+ 20y — a1} S g, 4 LD

and this is (2.17) for ¢t = 1.
Further, for any ¢t > 1, we have

@iy M+ L 1

flaw) < min{£) + 5y — ol |
218) 1
< min { @+ ale, - o) + ST

, 4 (PMALy)DPTE oyt
< aIEII[(I)I»Il]{f(xt> a(f(z) = fo) + = — }

The minimum of the above objective in o« > 0 is achieved for

o = <((f(mf)7—f*)1’!>5 < <((f(£1)_f*)p|>; (2.17) (1)11) .

pM+L,) DT pM+L,) DT

IN

Thus, we conclude that

Flane) < Fo) —a (Fo) — o B 02)

= flag) — zrf (f(me) = fa)-

Denoting §; = f(xy) — f«, we get the following estimate:

p+1

5 — 01 > C8,7 , t>1,

1
. D p! D _ D . . . .
where C' = ot <7(pM 1,707 +1) . Thus, for pu; = CPd;, the recursive inequality is as
follows:
ptl
pt— perr = ot =1
Then,
1 1
11 _ #t/p*“tipl _ 1 (Iul/P Iul/P <1+Ht+1 Ht)l/p>
1 1 - 1 1 - 1 1 t t
wlh o peih” el pt
1/p 1/p 41— Ht Mt — 41
> L (M — ( IYCI20 12 — M= Hit1
P\ ¢ Pit phei
> ’”tll/p Z.
o p”tfi p



P
This means that i > ( L4 t_l) . Note that

u}/p p
1 (2.7) +1
1 1 _ pil((M+L >Dp+1)p( 1 e
PG (SiresZrr)” = e+
Therefore,
— P (pM+L,)Dpr+!
o = CPuy = (p%l) (Mt Ly) DY +p§))
P (yM+IL,)DPt1 p+1 _ -p
< () RMEDT (11 1) 4 1)
M+L,)Dr+1 1\ 7P
and this is (2.17). O

3 Accelerated tensor methods

In order to accelerate method (2.16), we apply a variant of the estimating sequences
technique, which becomes a standard tool for accelerating the usual Gradient and Second-
Order Methods (see, for example, [18, 19, 20]). In our situation, this idea can be applied
to tensor methods in the following way.

For solving the problem (2.7), we choose a constant M > L, and recursively update
the following sequences.

e Sequence of estimating functions
wk(:ﬂ) = Ek(x)+%dp+1(:c—x0), k=1,2,..., (31)

where ¢ (x) are linear functions in = € E, and C is a positive parameter.
e Minimizing sequence {xj}7° ;.

e Sequence of scaling parameters { Ay} ;:
Agt1 def Ap+ai, k=1,2,....

For these objects, we are going to maintain the following relations:

Ri: Apflzy) < op = mingy(z),

z€eR
. k>1. (32
RE: () < Apf(z)+ PS4 (2 — 2), Vo € E.
Let us ensure that relations (3.2) hold for £ = 1. We choose
r1 = Tpm(xo), li(z) = f(xr), z€E, A = 1. (3.3)



Then 1} = f(x1), so Ri holds. On the other hand, in view of definition (3.1), we get

di(z) = fl@) + Sdpir(a - x0)
211) Mol
< min Fy) + Forntlly — wolPH | + fdpi (z — o),

and R? follows.
Assume now that relations (3.2) hold for some k£ > 1. Denote

= a i .
Uk rg min Vi ()

Let us choose some a; > 0 and M > L,. Define

= pfa Yk = (L—ap)ze+agor, w = Tom(ye),
(3.4)
Vir1(x) = Yr(@) + apf(@p1) + (VI (@h11), @ — 2p41)]-

In view of Rz and convexity of f, for any z € E we have

Vrea(x) < Apf(e) + BEEC (0 — w0) + ap[f(wri1) + (VF(@he), @ = 2p4)]

C
< (Ap+ap) f(o) + B (0 — ao),
and this is Ri 41~ Let us show now that, for the appropriate choices of ax, C' and M,
relation R,lc 41 s also valid.
Indeed, in view of R}, and Lemma 4 in [20], for any = € E, we have

(@) = (@) + Gl (e —w0) > U+ S - (37l — el
(3.5)

> Apf(er) + Gy (@) e — ot



Denote v, = z% - (3)P~L. Then,

Vipr = glelg k(@) + ar[f(@p1) + (VI (@Tkt1), © — Tp41)]}

(3.5)

Y

min  { A (ee) + Fglle = vl 4+ anlf @) + (VS @)@ = zi)] |

Y

gleiﬁl {(Ax + ar) f(@r41) + AV f(241), Tk — Thg1)

+ap(V f(@pr1), @ — wpi1) + S lle — vl P}

(3.4)

= min {Ap1f(@re1) + (VF(@r1), Aerryh — ave — A1)

+ap(Vf(zrir), @ — wp1) + Sl — vl P}

= min - {Apr1f(@r1) + Aerr(VF(@re1), 96— Trs1)

+ar(Vf(@pi1), 2 —vp) + o lle — o PH

Further, if we choose M > L,, then by inequality (2.15) we have
o) (1s2 _ 1215 2
(V(xrer) uk — 2r1) = SEIM? = L] 2 ||V f(@ps)]l"
Hence, our choice of parameters must ensure the following inequality:

c =t S
Apr P2 = 125 V()7 + ax(V (@), @ — o) + piglle — vglPF > 0,

for all x € E. Minimizing this expression in € E, we come to the following condition:
o) a2 _ 1215% 1\ 5
2p p P
Appiar M7= L] = 5 (%) a;” .
Substituting in this inequality expressions for corresponding constants, we obtain

1-p L p+tl

—1]2» 1 =1 lop—1|?P  ~»
At [B2] 7 1 - D0 D - 2[R ] e

After cancellations, we get

A 1- L5 c? ﬁ>2p%lp P\ 7 /il (3.6)
k+1 —W(W_Lg,) = 4hy (§ m) p—1 :
For the sake of notation, let us choose
1
C = 5/ - L) (3.7)
Then, inequality (3.6) becomes simpler:
+1) M2 =
Ak+1 2 2 m (Lkp . (38)



Let us choose some o > 0 and define

_  lpp+l
Ak- - akp+ 5
(3.9)
ap = App— Ap = £((k+ 1P — kP,
Note that for any k > 0, using trivial inequality (1 —7)? > 1 —pr, 0 <7 <1, we get
__pb_
ak'Ak_f_’fl = aiT}rL% . (k—l—l—k(l—k%_l)p)
< o (1 + k’%) < a HI(14p).
1 el p+1
Thus, Agiq > ar (ﬁ) " a,” . Now, if we choose
p
_ +1 [_4(+ryM? ]2
« = (P[] (3.10)

1 _ 2 12 _p
then o »#1(1 +p) = [L 4(1;9;[)]\/[5*17)} D
Now we are ready to write down the accelerated tensor method. Define

—1)(M2-12)] % p+1
A = [%r (zﬁ) ooap = Appr — A, k=0, (3.11)

, and inequality (3.8) is satisfied for all £ > 0.

Accelerated Tensor Method

Initialization: Choose zo € E and M > L,. Compute x1 = T}, p(xo).

—

Define C' = g\/(gﬂg (M? — L2) and ¢y (x) = f(x1) + I%dp+1($ — T9).

(3.12)
Iteration k, (k> 1):

_ : _ _Ag ag
1. Compute vy = arg r;lelél Yy(x) and choose yi, = Ay Tk AT Uk

2. Compute g1 = T}, p(yr) and update

Vrr1(x) = V(@) + aplf(wpp1) + (VF(@ht1), T — Tpp1)]-

The above discussion proves the following theorem:.

Theorem 3 Let the sequence {x1}72, be generated by method (3.12) as applied to the
problem (2.7). Then for any k > 1 we have:

D
2

pM+Ly+C 4(p+1)M? }

p+1
f(xk) - f(x*) < (p+1)! (pfl)(szL%) (%) HZ'O - I*||p+1. (313)

11



Proof:
Indeed, we have shown that

R R
* M+L,+C
Apf(zi) < W < Apf(@®) + B lleo — 2P+

Thus, (3.13) follows from (3.11). O

Note that the point vy can be found in (3.12) by a closed-form expression. Consider
Sk = Vﬁk (x)

Since function ¢x(-) is linear, this vector is the same for all x € E. Therefore, the point
vk is a solution of the following minimization

- p+1
%£{<Sk,$>+ IS Hlz — 20| }

The first-order optimality condition for this problem is as follows:
s+ ;%Ha; —zo|P'B(x —x0) = 0.

Thus, we get the following closed-form expression for its solution:

1

— _ p! B . B—l
Uk o (cusm\i’*l) Sk

4 Lower complexity bounds for tensor methods

For constructing functions, which are difficult for all tensor methods, it is convenient to
assume that E = E* = R"™, and B = [,,, the identity n X n-matrix. Thus, in this section
we work with the standard Euclidean norm

no o 71/2
ol = [Sop] ", aere
i=1
For an integer parameter p > 1, define the following function:
n .
mpri(z) = S 2 l#OPH zeR™
i=1

Clearly, 41 € Fp. On the other hand, for any x and h € R", we have

Drnpr(x)[h]* = <p+€!;k>!;!w“Np“*’“(h‘“)’% if k is even,
DFppr(@)[n)f = = k.le =k (R@Yk - if k is odd.

12



Therefore, for all z,y, and h from R"™, by Cauchy-Schwartz inequality we have
no 1/2
D@ = Dapa P < gl ol | 5500
i=1 (4.1)
< plllz—yl (B[P

Thus, Ly(np+1) = pl.
For integer parameter k, 2 < k < n, let us define the following k x k upper triangular
matrix with two nonzero diagonals:

1 -1 0 ... 0 11 1 1
0 1 -1 ... 0 01 1 1
Uy = e , Ut =
0 0 ... 1 -1 0 0 1 1
0 0 ... 0 1 0 0 0 1

Now we can introduce n x n upper triangular matrix Ay with the following structure:

(U 0
A = <0 IM).

Note that
2 _ 2. <
[ Al max{||Az|®: |lz]| < 1}
k—1 , no
= max { > (m(z) - ZE(ZH))z + Z(SU(Z))Q szl < 1}
z€R™ (=1 i=k
(4.2)
k—1 . . n .
< myx{ T 26O+ 2]+ D60 ol <1
zeR™ ;=1 i=k
< 4.
Our parametric family of difficult functions is defined in the following way:
fk(x) = np-‘rl(Akm) - <€1,1’>, 2 S k S D, (43)
where e; = (1,0,...,0)7. Let us compute its optimal solution from the first-order opti-

mality condition
A;{Vnp_i_l(Aka) = e].

Thus, Arx} = y;, where y; satisfies equation Vn,41(y;) = A,;Tel = &g def ( Sk ),
n—k

with €, € R* being the vector of all ones, and 0,,_;, beng the origin in R"~*,
Thus, in coordinate form, vector y;, can be found from the following equations:

() DP2(yp)® = 1, i=1,...,k

() DP2(yH)@ = 0, i=k+1,...,n



In other words, y;; = é; and vector x}, = A;lék has the following coordinates:
() = (k—i+ 1)y, i=1,...,n, (4.4)

where (7)4+ = max{0,7}. Consequently,

fi = mpra(er) —lenap) = Jg -k = =%,

=il =

k
.9 k(k+1)(2k+1) (k+1)3
Z;ﬂ = 5 < e

Let us describe now the abilities of tensor methods of degree p > 2 in generating
new test points. We assume that the response of oracle at point £ € R" consists in the
following collection of multi-linear forms:

f(@), DFf@ R k=1,...,p.

Therefore, we assume that the method is able to compute stationary points of the following
polynomial functions

barym(h) = ; O D F(@)[R) + ] (4.6)

with coefficients a € RP, v > 0 and m > 1. Denote by I'z (a,~, m) the set of all stationary
points of this function. Then we can define the linear subspace

S/ = Lin(Tas(ay,m): a €R, 4 >0, m>1).
Our assumption about the rules of tensor methods is as follows.

Assumption 1 The method generates a sequence of test points {xy}r>0 satisfying recur-

sive condition
k

Tk+1 € X0+ Z Sf(xi), k>0. (4.7)
1=0

Note that for the absolute majority of the first-order, second-order, and tensor methods
this assumption is satisfied.

Let us look at the consequences Assumption 1 in the case of minimization of function
fx(+). Denote

RY = {2e€R": 20 =0,i=k+1,...,n}, 1<k<n-—1

Lemma 2 Any tensor method satisfying Assumption 1 and minimizing function fi(-)
starting from the point xo = 0, generates test points {xy}r>0 satisfying condition

k
Tp+1 € Zsft(xi) - RZ—I—I’ 0<k<t-—1. (4.8)
=0
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Proof:
Let us prove first that inclusion z € R} with & > 1 implies Sy, (z) C R}, ;. Indeed, since

matrix A; is upper triangular, this inclusion ensures that y def Az € R} Therefore, all
derivatives of function f;(-) along direction h € R™ have the following form:

k
Dfy(x)[h] = Dnpsi(y)[Ah] —hH) = ;di,l@w‘ltm — ),

. K
Difi(z)[n]F = DFpp(y)[Ah)® = 3 digles, Ah), 2 <k <p,
=

with certain coefficients d; 1, i = 1,...,n, k= 1,...,p. This means that the gradients of
these derivatives in h are as follows

k
VDf(z)[h] = 3 di1Afe; —ei,
=

kaft(ZE)[h]k - kdi,k‘<ei7 Ath>k_1Afei7 2 g k S D,

-

=1

Thus VD fy(z)[h]* € Ry, for all k, 1 < k < p. Hence, since the regularization term in
definition (4.6) is formed by the standard Euclidean norm, all stationary points of this
function belong to R ;.

Now we can prove statement of the lemma by induction. For k& = 0, we have zo = 0,
and therefore

Vilzo) = —e, D'f(zo)lh]’ =0, i=1,....p,

for all h € R™. Consequently, stationary points of all possible functions ¢q,m(-) belong
to RY implying Sy, (x0) = RY. Thus, 21 belongs to R} by Assumption 1.

Assume now that all z; € R}, i =1,...,k, for some k > 1. Then, as we have already
seen, Sy, (z;) € R}, ;. Hence, the inclusion (4.8) follows from Assumption 1. O

Now we can prove the main statement of this section.

Theorem 4 Let some tensor method M of degree p satisfies Assumption 1. Assume that
this method ensures for any function f € Fp, with L,((f) < +oo the following rate of

convergence:
Lp|lzo—z*|P*+!

Oglggtf(xk)—f* S om0 2L (4.9)

where {zk } >0 s the sequence of test points, generated by method M and x* is the solution
of the problem (2.7). Then for allt > 1 such that 2t + 1 < n we have

3p+1

K(t) < 2Pt (2t+2)7 . (4.10)

Proof:
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Let us use method M for minimizing function f(z) = fory1(x). In view of Lemma 2, we
have x; € R} for all 4, 0 < ¢ <t. However,

forr1(x) = fi(z), Vo eRD
At the same time, for all x,y, h € R™ we have

|D? forp1(z)[R]P — DP forp1(y)[R]P] = |DPmpyr(2)[A2e41h]P — DPrpya(y)[Aoep1h]P|
(4.)
< plllo —ylllAzes1h]?

(4.2)
< 2plflz —y.

Therefore, Ly(far+1) < 2Ppl, and we have

(49) L (fars1)llwo—az, ., ||P Pt 3 (p+1)
| < D 2t-+l o m2t+1 < 2]?(2t-|—2)j
P+ Rlt) < T T S Ui T
o pl@e2)3Y o
- 3(t+1) p -

5 Third-order methods: implementation details

Tensor optimization methods, presented in Sections 2 and 3, are based on the solution of
the auxiliary optimization problem (2.6). As it is shown in Theorem 1, this problem is
convex. Therefore, it is solvable by the standard methods of Convex Optimization. How-
ever, since we need to solve this problem at each iteration of the methods, its complexity
can significantly affect the total computational time. Since the objective function in the
problem (2.6) is a conver multivariate polynomial, we can hope that there should exist
some special and very efficient algorithms for finding its solution. Unfortunately, at this
moment the authors failed to find such methods in the literature. Therefore, we present
in this section a special approach for solving the problem (2.6) with the third degree Tay-
lor approximation, which is based on the recently developed optimization framework of
relatively smooth functions (see [4, 14]).

Let us fix an arbitrary = € E. Consider the following multivariate polynomial of degree
three:

Oo(h) = (VF(x),h)+ L(V2f(x)h, h) + LD* F(w)[h]P.

Since in this section we work only with third-order approximations, we drop the corre-
sponding index.
Recall that D3 f(x)[h1, ha, hs] is a symmetric trilinear form. Hence, D3 f(z)[h1, he] €
E* is a symmetric bilinear vector function, and D3 f(z)[h] is a linear function of h € E,
whose values are self-adjoint linear operators from E to E* (as Hessians).
1

Denote p(h) = §D? f(x)[h]>. Then we can define its gradient and Hessian as follows:

Vp(h) = 3D*f(x)[h,h], V?p(h) = D3f(x)[h]. (5.1)
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In this section, our main class of functions is F3, composed by convex functions, which
are three times continuously differentiable, and for which the constant Lg is finite. As we
have shown in Theorem 1, our assumptions imply interesting relations between derivatives.
Let us derive a consequence of the matrix inequality (2.3).

Lemma 3 For any h € E and 7 > 0, we have
192 f(z) - SLs|BIPB < DAf(@)h] < LV2f(2)+ SLslBIPB.  (5.2)
Consequently, for any h,u € E, we get
D3 f(@)lh, ] < V2L5(V2f(@)u, w2 ull ] (5.3)
Proof:

Let us fix arbitrary directions u, h € E. Then, in view of relation (2.3) we have

0 < (VEf(z+huu) < (V2Dy(h)u,u) + 5Ls||hlf?||ul?

= ((V2f(z) + D*f(x)[h])u, u) + 3Ls||A]]*[[u])?
Thus, replacing A by 7h with 7 > 0 and dividing the resulting inequality by 7, we get
—(D*f()[hu,u) < (V> f(2)u, u) + FLa]lh[J[full*.

And this is equivalent to the left-hand side of matrix inequality (5.2). Its right-hand side
can be obtained by replacing h by —h, which gives

(D3 f(@)[hlu,u) < H(V2f(x)u,u) + FLs ]| R ul?.

Minimizing the right-hand side of this inequality in 7, we get (5.3). O

Let us look now at our auxiliary minimization problem:

def

Qe (h) ®,(h) + Hdy(h) — min, (5.4)

heRE
where dy(h) = %||h||*. In view of Theorem 1, function Q, r(-) is convex for

M = 7°Lj (5.5)
with 7 > 1. For any h € E, we have

V2 m(h) = Vif(z)+ D3f(2)[h] + L V2dy(h)

= (1= 1)V2/(2) + Y V2da(h) - FLs||h]*B

(2.2)
= (1- 1)V (2) + Y52 w24y (h).

Let py(h) = (1 — 1)(V2f(x)h, h) + %dal(h). Then, we have proved that

V2Quu(h) = V?pg(h), heE. (5.6)
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On the other hand,
VQu(h) = V2f(x) + D3f(x)[h] + 5 V2dy(h)

(5.2)
= (1+2)V3f(z) + 4 V2da(h) + §Ls||n||*B

(2.2)
< (1+ LHVv2f(z) + MLs w24, (h)

@ (1) (1= HVRA (@) + CPE vy (n))

= BV, (h).
Thus, we have proved the following lemma.

Lemma 4 Let M = 72Ls with T > 1. Then function Qu Mm(+) satisfies the strong relative
smoothness condition

V2p.(h) = V2 a(h) = k(T)V3pe(h), hEeE, (5.7)

—_

with respect to function py(-), where k(1) = %

[y

As it is shown in [14], condition (5.7) allows to solve problem (5.4) very efficiently by
a kind of primal gradient method. In accordance to this approach, we need to define the
Bregman distance of function p,(-):

Bo. (w,v) = pz(v) = pz(u) = (Vpz(u),v —u)

= 11— (V2 f(@) (v —u), v — u) + T L8, (u, v),

and iterate the process
hipr = argmin {(VQan(hie), h = hi) + 65(7)Bp. (hi, ).
In our case, this method has the following form:

ho = 0,

hiwr = exgmin { (V0 (i), h = ) (5.8)

+I5L [H(V2 (@) (B = hi), b= hy) + 7L3Ba, (h, 1)) }, k>0.

In accordance to Theorem 3.1 in [14], the rate of convergence of this method is as follows:

. (hoshes T L(V2 f(@) b ha )+ 7 L[ B 4]
Qx,M(hk) - Qz,M(h*) S (ﬁi(f) O)kil = 2 (TTH)IC—I - ) (59)

k(T)—1

where h, is the unique optimal solution to problem (5.4).
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As we can see, the algorithm (5.8) is very fast. Its linear rate of convergence depends
only on absolute constant 7 > 1, which can be chosen reasonably close to one for allowing
faster convergence of the main tensor methods (2.16) and (3.12). Let us discuss two
potentially expensive operations in the implementation of method (5.8).

1. Computation of the gradient V{2, »/(h). Note that

VQa(h) = Vf(x)+ V2f(a)h+ 3D%f(x)[h]*.

In this formula, only the computation of the third derivative may be dangerous. However,
this difficulty can be resolved using the technique of automatic differentiation. Indeed,
assume we have a sequence of operations for computing the function value f(z) with
computational complexity T'. Let us fix a direction h € E. Then by forward differentiation,
we can generate automatically a sequence of operations for computing the value

gn(z) = (V2f(x)h,h)

with computational complexity O(T). Now, by backward differentiation in x, we can
compute the gradient of this function:

Vg(z) = D*f(z)[h,h]

with computational complexity O(T). Thus, the oracle complexity of method (5.8) is
proportional to the complexity of computing the function value f(z).
Another example of simple computation of the third derivative is provided by a sepa-
rable objective function. Assume that E = R™ and
N
f(.%') - Z fl(bl - <ai,x>),

=1

where a; € R" and univariate functions f;(-) are three times continuously differentiable,
i=1,...,N. Then vector D3f[h]? has the following representation:

D3f(x)[n)? = - éai f1"(b; = (a;, x)){ai, h)2.

Thus, for solving the problem (5.4), we need to compute in advance all values
fi///(bi_<ai7x>)7 ’L:lavN

(this needs O(nN) operations). After that, each computation of vector D3 f(z)[h]? € R
also needs O(nN) operations. This computation will be cheaper for the sparse data.

2. Solution of the auxiliary problem. At each iteration of method (5.8), we need
to solve a problem of the following form:

1 o
(e, h) + §(AR, By + F)Y —  min,
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where A > 0 and v > 0. Note that

min {{c,h) + $(Ah, h) + Z||n|*}

- . 1 o 2 _ 1.2
= %1611{;”?33({@’ h) + 5(Ah, h) 4+ 37| 2T }

. . 1 o4 2 _ 1.2
= maxmin {(c.h) + §(Ah.h) + 3r|h|* — 72}

= — rTn>151 12+ H(y B+ A) e, o)}

Thus, solution of the primal problem can be retrieved from a solution to the univariate dual
problem. Since its objective function is strongly convex and infinitely times differentiable,
all reasonable one-dimensional methods have global linear rate of convergence and the
quadratic convergence in the end. Hence, the complexity of this subproblem is similar to
that in Trust Region Methods [11] and usual Cubic Regularization [23, 20]. Note that for
an efficient implementation, it is reasonable to compute an appropriate factorization of
matrix A and use it at all iterations of method (5.8).

6 Discussion

In this paper, we did an important step towards practical implementation of tensor meth-
ods in unconstrained convex optimization. We have shown that the auxiliary optimization
problems in these scheme can be reduced to minimization of a convex multivariate poly-
nomial. In the important case of third-order tensor, we have proved that this problem can
be efficiently solved by a special optimization scheme derived from the relative smoothness
condition.

Our results highlight several interesting questions. One of the direct consequences of
our approach is a systematic way of generating convex multivariate polynomials. Is it
possible to minimize them by some tools of Algebraic Geometry (see [16] for the related
technique like sums of squares, etc.), or we need to treat them using an appropriate
technique from Convex Optimization? The results of Section 5 demonstrate a probably
unbeatable superiority of optimization technique for the third-order polynimials. But
what happens with polynomials of higher degree?

One of the difficult unsolved problem in our approach is related to dynamic adjustment
of the Lipschitz constant for the highest derivative. This dynamic estimate should not
be much bigger than the actual Lipschitz constant. On the other hand, it must ensure
convexity of the auxiliary problem solved at each iteration of the tensor methods. This
question is clearly crucial for the practical efficiency of the high-order schemes.

Simple comparison of the complexity bounds in Section 3 and Section 4 shows that
we failed to develop an optimal tensor scheme. The missing factor in the complexity

12 p—1
estimates is of the order of O ((%) pt1 37’“) =0 <(i) (p+1)Bp+1) ) For p = 3, this factor

1
is of the order of O ((%) 20). This means that from the viewpoint of practical efficiency,

the cost of one iteration of the hypothetical optimal scheme must be of the same order as
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that of the accelerated tensor method (3.12). Any additional logarithmic factors in the
complexity bound of this “optimal” method will definitely kill its tiny superiority in the
convergence rate.

Finally, in the last years we have seen an increasing interest to universal methods,
which can adjust to the best possible Hélder condition instead of the Lipschitz one during
the running optimization process (see [21, 12]). Of course, it is very interesting to extend
this philosophy onto the tensor minimization schemes.

Acknowledgement. The author is very thankful to Geovani Grapiglia for interesting
discussions of the results and very useful comments.
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