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Abstract

In this paper, we study the fundamental open question of finding the optimal high-
order algorithm for solving smooth convex minimization problems. Arjevani et al.
(2019) established the lower bound 2 (e~%/(37+1)) on the number of the p-th order
oracle calls required by an algorithm to find an e-accurate solution to the problem,
where the p-th order oracle stands for the computation of the objective function
value and the derivatives up to the order p. However, the existing state-of-the-
art high-order methods of Gasnikov et al. (2019b); Bubeck et al. (2019); Jiang
et al. (2019) achieve the oracle complexity O (e=2/(3P*1) log(1/e)), which does
not match the lower bound. The reason for this is that these algorithms require
performing a complex binary search procedure, which makes them neither optimal
nor practical. We fix this fundamental issue by providing the first algorithm with
@ (6’2/ (3”“)) p-th order oracle complexity.

1 Introduction

Let R? be a finite-dimensional Euclidean space and let f(z): R? — R be a convex, p times
continuously differentiable function with L,-Lipschitz p-th order derivatives. Our goal is to solve the
following convex minimization problem:
* = min f(z). 1
f* = min f(2) M
In this work, we assume access to the p-th order oracle associated with function f(x). That is, given

an arbitrary point x € R%, we can compute the function value and the derivatives of function f(z) up
to order p.

First-order methods. When p = 1, first-order methods, such as gradient descent, are typically
used for solving problem (1). The lower bound Q(¢~'/2) on the number of the gradient evaluations
required by these algorithms to find an e-accurate solution was established by Nemirovskij and Yudin
(1983); Nesterov (2003), while the optimal algorithm matching this lower bound is called Accelerated
Gradient Descent and was developed by Nesterov (1983).

Second-order methods. In contrast to the first-order methods, the understanding of the second-
order methods (p = 2) was developed relatively recently. Nesterov and Polyak (2006) developed
the cubic regularized variant of Newton’s method. This algorithm achieves global convergence with
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Table 1: Comparison of the first-order, second-order and high-order methods for smooth convex
optimization in the oracle complexities (see Definition 3), which depend on the smoothness constant
L, (see Assumption 1), the distance to the solution R (see Assumption 2), and the accuracy ¢ (see
Definition 1).

Algorithm Reference Oracle Complexity Order
Nesterov (1983) (@] ((Ll R?/e) 1/2> FirMst;gr((iler
Lower Bound (Nemirovskij and Yudin, 1983) Q ((L1 R?/e) 1/2> (;:01)5
Nesterov and Polyak (2006) @] ((LQRS/G) 1/2>
Nesterov (2008) O ((L2R3/6)1/3) g wOrd
Monteiro and Svaiter (2013) O (<L2R3/€)2/7 10g(1/e)> ecl\(/)l(gtilo?ci‘s .
Algorithm 4 (This Paper) o ((L2R2/e)"") R
Lower Bound (Arjevani et al., 2019) Q ((L2R3/6) 2/7)
Nesterov (2021a) (@] ((LpRp‘H/e) Up)
Nesterov (2021a) O ((LpRp+1/e)1/(p+1>) HishOrd
Gasnikov et al. (2019b) 0 ((L,,RJD+1 Je) P 10g(1 /e)) ll\z;;:%ser
Algorithm 4 (This Paper) O ((LpR’”'1 / 6)2/(3p+1)) N
Lower Bound (Arjevani et al., 2019) 0 ((LPRY”“ Je)! (3”“))

the oracle complexity O(e~'/2), which cannot be achieved with the standard Newton’s method.
Nesterov (2008) also developed an accelerated version of the cubic regularized Newton’s method
with O (e_l/ 3) second-order oracle complexity. A few years later, Monteiro and Svaiter (2013)
developed the Accelerated Hybrid Proximal Extragradient (A-HPE) framework and combined it with
a trust region Newton-type method. The resulting algorithm, called Accelerated Newton Proximal
Extragradient (A-NPE), achieved the second-order oracle complexity of O (6_2/ "log(1/ e)) In 2018,
Arjevani et al. (2019) established the lower bound 2 (6’2/ 7) on the number of the second-order
oracle calls required by an algorithm to find an e-accurate solution®, which is almost achieved by the
A-NPE algorithm of Monteiro and Svaiter (2013), up to the logarithmic factor log(1/¢). However,
the optimal second-order algorithms for solving smooth convex minimization problems remain to be
unknown.

High-order methods. In the case when p > 2, the situation is very similar to the second-order
case. Nesterov (2021a) developed the generalization of the cubic regularized Newton method to the
high-order case and called them tensor methods. Nesterov (2021a) provided both non-accelerated
and accelerated p-th order tensor methods with the oracle complexity O (6’1/ p ) and O (6*1/ (p“)),
respectively.® Later, three independent groups of researchers (Gasnikov et al., 2019a; Bubeck et al.,
2019; Jiang et al., 2019) used the A-HPE framework to develop the near-optimal tensor methods with
the oracle complexity O (¢=2/(3+1) Jog(1/€)). Similarly to the case p = 2, these algorithms match

the lower complexity bound Q2 (e=2/(3P+1)) of Arjevani et al. (2019), up to the logarithmic factor
log(1/e).

SThere is also a work of Agarwal and Hazan (2018), which provides the lower complexity bounds for
high-order optimization. However, their lower bounds are worse than the lower bounds of Arjevani et al. (2019).

SNesterov (2021a) also provided the lower complexity bounds that coincide with the lower bounds of Arjevani
et al. (2019).
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1.1 Main Contribution: Optimal Second-Order and High Order Methods

The review of the second-order and high-order methods that we made above identifies the following
fundamental open question:

Can we design an optimal p-th order algorithm (p > 2) for solving smooth convex minimization
problems with the oracle complexity matching the lower bounds?

The lack of an answer to this question reveals a significant gap in the understanding of the high-order
optimization compared to the first-order optimization. We give a positive answer to this question.
That is, we provide the first optimal high-order algorithm with the p-th order oracle complexity
O (e=2/G3p+1)) that matches the lower bounds of Arjevani et al. (2019). This is the main contribution
of our work.

1.2 Related Work

High-order and second-order methods have attracted a lot of interest recently. Relevant works include
but are not limited to superfast second-order methods (Nesterov, 2021c), second-order methods
with gradient regularization (Mishchenko, 2021; Doikov et al., 2022; Doikov and Nesterov, 2021),
high-order methods for non-smooth optimization via smoothing technique (Bullins, 2020), and
ball-constrained optimization Carmon et al. (2020, 2021). A more detailed review of recent advances
in high-order optimization can be found in the work of Kamzolov et al. (2022).

High-order methods for variational inequalities. Monteiro and Svaiter (2012) also developed
second-order methods for solving monotone variational inequalities and inclusions problems for
operators with Lipschitz continuous derivatives, which were generalized to the high-order setting by
Bullins and Lai (2022); Jiang and Mokhtari (2022). However, similarly to the near-optimal high-order
methods for minimization problems (Monteiro and Svaiter, 2013; Gasnikov et al., 2019b), these
algorithms have additional logarithmic factors in the complexity that appear due to the requirement
of performing the binary search procedure.

Recently, Lin et al. (2022); Adil et al. (2022) removed the extra logarithmic factors and provided
high-order methods for solving monotone variational inequalities and inclusions problems without
any binary search procedures. Moreover, Lin et al. (2022) established lower complexity bounds that
matched the proposed algorithms. Hence, the problem of finding optimal high-order algorithms for
solving variational inequalities and inclusions problems is solved.

In our paper, we solve a similar problem of finding optimal high-order methods for solving smooth
convex minimization problems. Note that this problem is much more challenging because optimal
algorithms for solving variational inequalities and inclusion problems are typically much simpler and
do not require utilising acceleration techniques.

Concurrent work of Carmon et al. (2022). The question of finding optimal high-order methods
for solving smooth convex minimization problems was solved recently in the concurrent work of
Carmon et al. (2022). However, their approach is substantially different from the approach used in
this work, and their paper appeared on arXiv 11 days later than ours.

1.3 Paper Organization

Our paper is organized as follows: (i) in Section 2, we briefly introduce the tensor approximations and
provide necessary assumptions and definitions; (ii) in Section 3, we describe the existing near-optimal
high-order methods and identify their main flaws that prevent them from being optimal and practical
algorithms; (iii) in Section 4, we describe the development of our optimal high-order algorithm and
provide its theoretical convergence analysis.

2 Preliminaries

By || |: R - Rand (,-): R? x R? — R, we denote the standard Euclidean norm and scalar
product on R?. Given a p times continuously differentiable function g(z): R? — R and index
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i€{1,2,...,p}, by Vig(z)[h]': R — R we denote the following homogeneous polynomial:

d .
) . alg
g(I)[ } ; Zji aleaxJL (IE) J1 Jio ( )
Logi=
where 2 = (21,...,24) € R%, h = (hy,...,hg) € R and
dig
— 3
Oxj, -+ Oxj, () )
is the i-th order partial derivative of function g(z) at point 2 with respect to variables x;,, ..., xj,.

For instance, if i = 1, then V'g(z)[h] = (Vg(x), h), where Vg(x) € R¢ is the gradient of function
g(x);if i = 2, then V2g(z)[h] = (V2 f(x)h, h), where V2 f(z) € R?*? is the Hessian of function
f(). We can write the p-th order Taylor approximation of function g(x) at point z € R%:

B(a:2) = 9(2) + Y 7 Vig()le — @

It is well known that the Taylor polynomial @b (x; 2) approximates function g(x), if point z is close
enough to point z:

9(x) = Py (z; 2) + Ry (x; 2)[|w — =", )
where RE(-; 2): RY — R is a function that satisfies lim,,_, , Rb(x;2) = 0.

As mentioned earlier, we assume that the objective function f(x) of the main problem (1) is p times
continuously differentiable and has L,-Lipschitz p-th order derivatives. It is formalized via the
following definition.

Assumption 1. Function f(x) is p-times continuously differentiable, convex, and has L,,-Lipschitz
p-th order derivatives, i.e., for all x,,xo € RY the following inequality holds:

max{|[V? f(z1)[h] = VP f(22)[h]] : h € RY, [|h]| < 1} < Ly — 2.

Theorem 1 of Nesterov (2021a) implies that under Assumption 1, function f(z) has the following
convex upper bound:

pM
(p+1)!
where M > L, and z € R?. Hence, an obvious approach to solving problem (1) is to perform the
minimization of this upper bound instead of minimizing the function f(z). This approach naturally
leads to the following iterative process:

flz) < @p(w;2) + Iz — 2|+, (6)

M
2F1 € Argmin @?(m;xk) + piﬂx — x|P L, @)

zeRd (p + 1)'
In the case p = 2, this iterative process is known as the cubic regularized Newton’s method of
Nesterov and Polyak (2006), and in the case p > 2, it is known as the tensor method of Nesterov
(2021a). Minimization procedures similar to (7) are widely used in high-order optimization methods.
It will also be used in the development of our optimal algorithm.

We also have the following assumption which requires problem (1) to have at least a single solution
x* € R%. It is a standard assumption for the majority of works on convex optimization.

Assumption 2. There exists a constant R > 0 and at least a single solution x* to problem (1),
such that ||2° — x*|| < R, where x° € R is the starting point that we use as an input for a given
algorithm for solving the problem.

Finally, we have the following definitions that formalize the notions of e-accurate solution of a
problem, p-th order oracle call, and oracle complexity of an algorithm.

Definition 1. We call vector & € R? an e-accurate solution of problem (1), if for a given accuracy
e > 0 it satisfies f(z) — f* < e.

Definition 2. Given an arbitrary vector x € R? by the p-th order oracle call at x, we denote the
computation of the function value f(x) and the derivatives V! f(z)[-], ..., VP f(z)[].

Definition 3. By the p-th order oracle complexity of a p-th order algorithm for solving problem (1),
we denote the number of p-th order oracle calls required by the algorithm to find an e-accurate
solution of the problem for a given accuracy € > 0.
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Algorithm 1 A-HPE Framework
I: input: 2° = 2§ € R?
2: parameters: o € [0,1], K € {1,2,...}
3: 6_1 =0
4: for k=0,1,2,...,K —1do
5 compute xl}’"’l € R, \; > 0 such that

IVF@T) + A @ — el < oxt 2t — 2k, 8)

where x]g“ € R? and oy, € (0,1] are defined as

zy = opr® + (1= ap)af, o =mi/Br, ©)
and 7, > 0 and Sx > 0 are defined by the following system:
Be-1+ 0k = Br, Brde =13 (10)
6: ahtl = gk — nka(x’;H)

7: end for
8: output: '

3 Near-Optimal Tensor Methods

In this section, we revisit the state-of-the-art high-order optimization algorithms that include the
A-NPE method of Monteiro and Svaiter (2013) in the p = 2 case and the near-optimal tensor methods
of Gasnikov et al. (2019a); Bubeck et al. (2019); Jiang et al. (2019) in the general p > 2 case. We
start with describing the key ideas behind the development of these algorithms to understand how
they work. Then, we identify the main flaws of the algorithms that prevent them from being optimal
and practical.

Note that the A-NPE method and near-optimal tensor methods have the following substantial similar-
ities: (i) both the A-NPE and near-optimal tensor methods are based on the A-HPE framework of
Monteiro and Svaiter (2013); (ii) the oracle complexity of the near-optimal tensor methods recovers
the oracle complexity of the A-NPE method in the case p = 2; (iii) these algorithms have the same
issue: the requirement to perform the complex binary search procedure at each iteration which
makes them neither optimal nor practical. Hence, we will further leave out the description of the
A-NPE method of Monteiro and Svaiter (2013) and consider only the near-optimal tensor methods of
Gasnikov et al. (2019a); Bubeck et al. (2019); Jiang et al. (2019).

3.1 A-HPE Framework

The main component in the development of the near-optimal tensor methods of Gasnikov et al.
(2019a); Bubeck et al. (2019); Jiang et al. (2019) is the Accelerated Hybrid Proximal Extragradient
(A-HPE) framework of Monteiro and Svaiter (2013). This algorithmic framework can be seen
as a generalization of the Accelerated Gradient Descent of Nesterov (1983). It is formalized as
Algorithm 1. Next, we recall the main theorem by Monteiro and Svaiter (2013), which describes the
convergence properties of Algorithm 1.

Theorem 1 (Monteiro and Svaiter (2013)). The iterations of Algorithm 1 satisfy the following
inequality:

K-—1
28k 1 (f(zf) = )+ (1=0) Y a2 —af|® < B2, (11
k=0

Note that Algorithm 1 requires finding x?"’l satisfying condition (8) on line 5. This condition can be
rewritten as follows:

IV AN, (25 28| < ox 2 = 2, (12)
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Algorithm 2 Near-Optimal Tensor Method
I: input: 2° = 24 € RY

2: parameters: M >0, K € {1,2,...}

3: 1=0

4: for k=0,1,2,...,K —1do
A >0 satisfying (17)

Al ¢ RY tisfying (15

5: compute ch Ed s %s y¥ng( )
rg € R oy € (0,1] satistying (9)
Nk, B >0 satisfying (10)

6: phtl =gk — nka(xl;H)

7: end for

8: output: '

where function Ay (+; z): RY — R for A > 0 and 2 € R? is defined as
1
Ax(z;2) :f(x)+ﬁ||x—z||2. (13)

3.2 Application to High-Order Minimization

In order to perform the computation on line 5 of Algorithm 1, we need to find x?“ € RY that
satisfies condition (8). As we mentioned earlier, condition (8) is equivalent to (12), which involves
the gradient norm ||V Ay, (; x’; )|| at point x’}“. Function Ay, (+; x’;) has L,-Lipschitz p-th order
derivatives for p > 2 due to its definition (13) and Assumption 1.7 Hence, it has the following upper
bound, thanks to Theorem 1 of Nesterov (2021a):

pM

Ax, (x;m’;) < @Z/\k(ws)(az;x];) + 7(19 1! |z — z’;”lﬂrl, (14)
It turns out that x’}“ can be obtained by minimizing this upper bound:
M
k+1: . (PP ok p _ o kyp+1 15
Ty Taemn A Gy (73 9) G e = g 17 >

where M > Lp.8 Indeed, by Lemma 1 of Nesterov (2021a), we have

pM + L .
VAN (@5 sl < == =2yt = g (16)

Hence, to satisfy condition (12), we choose )\ in the following way:

op! op!
2(pM + Lp) (pM + Lp)
Here, the upper bound on A\, ensures condition (12), while the lower bound prevents stepsize Ay from

being too small, which would hurt the convergence rate. The resulting near-optimal tensor method is
formalized as Algorithm 2. It has the following convergence rate:

= a7 < v < = k. ()

. _ const - L||z® — x*|P+!
flaf) -1 < ;’(” . (18)

where K is the number of iterations. The proof of this convergence rate involves condition (17) and
Theorem 1. It is given in the works of Gasnikov et al. (2019a); Bubeck et al. (2019); Jiang et al.
(2019).

IVP A(x; x8)[h] = VP f(x)[h] when p > 2, and VZA(z; 28)[h] = V2 f(2)[h] + A7 1||R|)%.
8We require the strict inequality to ensure the uniform convexity of upper bound (14), which implies the
uniqueness and the existence of the minimizer in (15).
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3.3 The Problems with the Existing Algorithms

Algorithm 2 requires finding \j, satisfying condition (17) at each iteration. According to line 5 of
Algorithm 2, A\;, depends on :c’;ﬁ'l via (17), which depends on x’; via (15), which depends on 7, B
via (9), which depend on A, via (10). Hence, computation of stepsize A\, depends on )y itself and

there is no explicit way to perform the computation on line 5.

The algorithms of Gasnikov et al. (2019a); Bubeck et al. (2019); Jiang et al. (2019) use various binary
search procedures to find A\, and perform the computation on line 5. However, such procedures are
costly and require many iterations to converge. For instance, Bubeck et al. (2019) show that their
variant of binary search requires the following number of p-th order oracle calls to find A\, satisfying
condition (17):

19)
€

L,RP*1
@ <10g L ) .
The same complexity (up to constant factors) for similar binary search procedures was established in
the works of Nesterov (2021b); Jiang et al. (2019), and in the work of Monteiro and Svaiter (2013)

for the p = 2 case. Hence, the total oracle complexity of Algorithm 2 is O (e=%/ 3P+ log(1/¢))
which does not match the lower bound of Arjevani et al. (2019).

The additional logarithmic factor in the oracle complexity of Algorithm 2 raises the question whether
it is superior to the accelerated tensor method of Nesterov (2021a) in practice. On the one hand,
Gasnikov et al. (2019a) provided an experimental study that showed the practical superiority of
Algorithm 2 over the algorithm of Nesterov (2021a). However, this experimental comparison is
utterly unfair because it considers only the iteration complexity of the algorithms, which does not
take into account the oracle complexity of the binary search procedure.

4 The First Optimal Tensor Method

In the previous section, we described the main issues with the existing high-order methods that
prevent them from being optimal and practical algorithms for solving problem (1). In this section,
we will show how to construct an algorithm that does not have those issues. More precisely, we will
develop the first optimal p-th order algorithm (p > 2) for solving main problem (1).

4.1 The Key Idea

Gasnikov et al. (2019a); Bubeck et al. (2019); Jiang et al. (2019) used the following approach while

creating their near-optimal algorithms: they fixed the procedure of computing x’}*l on line 5 of

Algorithm 1 using formula (15) and then developed the procedure for computing )\, which turned
out to be inefficient. We will go the opposite way. That is, we choose parameters \j in advance in
such a way that they ensure the optimal convergence rate and then provide an efficient procedure for

finding :c’}“ satisfying condition (8). Let 7, be defined as follows:

3p—1
ne=nl+k) =, (20)
where 1 > 0 is a parameter. Using (10), we can compute 35 and )\ as follows:
k
3p—1 1+ k)3p—1
Br=n> (1+1)"7, Ak:%- @1)
1=0 Yol +0)72
The following lemma provides a lower bound on /3 and an upper bound on Ag.
Lemma 1. Parameters Py, and \j; defined by (21) satisfy the following inequalities:
2n 3pt1 n(3p+1) 8(p=1)
> ———(k+1) 2 A < ———(1+k) =z . 22
Bk Gp+ 1) ( ) k 5 ( ) (22)

Lemma | and Theorem 1 immediately imply the convergence rate O(1/ EGr1)/ 2), which matches
the lower bound of Arjevani et al. (2019). Hence, the only remaining question is how to compute
x’}“ satisfying (8) efficiently. To be precise, we need to develop a procedure that can perform this

computation using O(1) of p-th order oracle calls.
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Algorithm 3 Tensor Extragradient Method
I input: 250 = 2% € RY, AF(-) = Ay, (5 2F)

2: parameters: M >0
3 t=-1
4: repeat
S: t=t+1
6: compute z*t+1/2 € R? as follows:
M
kt+1/2 in P kit p kot p+1
T = arg min T;x + r—x (23)
zERC Ak( ) (p+ 1)!”
kt4+1/2  _kitpp—1\ —1
7. phttl — gkt (Ml ““(;_1)?0 Pt VAR (ght+1/2)
8: until | VAR (zR1H1/2)|| < g ok tH1/2 - gk0)|
9: Tk =t4+1

10: output: x’}“ = gk T =1/2

4.2 Tensor Extragradient Method for Gradient Norm Reduction

In this subsection, we develop an efficient procedure for computing x’}“ satisfying condition (8). As
we mentioned earlier, condition (8) is equivalent to (12), which is an upper bound on the gradient
norm ||V Ay, (-;2})]| at point x’}“. Hence, we need an algorithm for the gradient norm reduction in
the following smooth high-order convex minimization problem:

b = argminAAk(x;x};). (24)

zER?

In this subsection, we provide such an algorithm. We call the algorithm Tensor Extragradient Method.
It is formalized as Algorithm 3. In the case p = 1, this algorithm recovers the extragradient method
of Korpelevich (1976). Algorithm 3 can be seen as a generalization of the extragradient method for

high-order optimization.

One can observe that due to line 8 of Algorithm 3, 2 satisfies condition (12), where

k
ok TF=1/2

. k
l}-&-l — pkT"-1/

is the output of Algorithm 3. This is exactly what we need. The following theorem
provides an upper bound on the number of iterations 7% required by Algorithm 3 to terminate and

produce the output m’fc“.

Theorem 2. Let M satisfy
M > L,. (25)

Then step (23) on line 6 of Algorithm 3 is well defined and the number of iterations T* performed by
Algorithm 3 is upper-bounded as follows:

TF < (MCy(M, )|zt — &b =17 4 1, (26)

where C,, is defined as
pPPMP(1+ot)

C,(M = .
p( )U) pl(pM — Lp)p/2(pM + Lp)p/zil

27

Algorithm 3 and Theorem 2 will further be used for the construction of the optimal high-order
algorithm for solving problem (1). It is worth mentioning the potential alternatives to Algorithm 3
that we could use for gradient norm reduction. For instance, we could use the tensor method of
Nesterov (2021a). However, the upper bound on the number of iterations for this method would
involve the diameter of the level set of function Ay, (+; x’;) rather than the distance to the solution

[|#% — 2%*||. This would be an obstacle towards development of the optimal algorithm. Alternatively,
we could use the accelerated tensor method of Nesterov (2021a). It turns out that it would work
as we need. Moreover, the upper bound on the number of iterations would be even better than
(26). However, we find the accelerated tensor method of Nesterov (2021a) to be too complicated,
which could make the resulting optimal high-order method hard to implement. On the other hand, it
would not give us any benefits for the construction of the optimal high-order method compared to
Algorithm 3.
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Algorithm 4 Optimal Tensor Method
1: input: 20 = 2% € R
2: parameters: 7 > 0,M > 0,0 € (0,1), K € {1,2,...}

3: f.1=0

4: fork=0,1,2,..., K —1do

5: = 77(]_ + k)(Bp 1)/2

6 Bk = Br—1+ Mk Ak = 03/ Brs i = i/ B

7: wp = apa® + (1 — ay)ah

8: k0 = x’;, t=-—1

9: repeat

10: t=t+1

11: o2 = arg ming cpa (I)ixk(-;z’g)(m; zht) 4 D ,||CU — ghot|pt
Mgk t+1/2 kot p—1 —1

12: pRttl — kit | (p—l):f I VA, (wk,t+1/2; »Tg)

13: until [V Ay, (28125 28) (| < oA |2k tH2 — gk

14 Tr=t+1

15: xl;Jrl — o kTF-1/2

16: ol =aF — Vf(z k'H)

17: end for

18: output: /¢

4.3 Modification of the Analysis of A-HPE Framework

Unfortunately, we cannot use Theorem 1 for the analysis of our optimal algorithm. This is because
inequality (11) involves the distances Hx’; — ka || on the right-hand side. Hence, inequality (11)

does not allow us to estimate the iteration complex1ty T* of Algorithm 3 using Theorem 2. Further,

we provide a new theorem that includes the analysis of the A-HPE framework and provides an upper

bound on the distances ||x’; — k.

Theorem 3. The iterations of Algorithm 1 satisfy the following inequality:

K—1

* l-0o - *

-1 (f@f) = )+ g — | < B2 (28)
k=0

4.4 The First Optimal Tensor Method

Now, we are ready to provide the first optimal high-order algorithm for solving problem (1). In
order to construct this algorithm, we use our Tensor Extragradient Method (Algorithm 3) to perform
the computations on line 5 of the A-HPE Framework (Algorithm 1). We also use our choice of
parameters 7z, B and A\, which is provided by (20) and (21). The resulting algorithm is formalized
as Algorithm 4.

Now, we are ready to prove that Algorithm 4 is an optimal algorithm. First, we need to establish an
upper bound on the number of iterations 7% performed by the inner repeat-loop of Algorithm 4. This
is done by the following theorem.

Theorem 4. Let M satisfy (25). Then, the following inequality holds for Algorithm 4:

K-1 1 ol %
S TF< K+ (1+K) (”(3p+1)pCP(M’U)RP ~<1+U) ) : (29)

= 20, /p l—0o
where C), is defined by (27).
Theorem 4 implies that with a proper choice of the parameter 7, Algorithm 4 performs O(1) p-th

order oracle calls per iteration on average. Indeed, let 1 be chosen as follows:
-1

Bp+ 1)PC (M, 0)RP [1+0)\ %
( 25\/5 '(1—0) ) ' 30)
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Then, Theorem 4 immediately implies

K—
> TH<2K +1. 31)
k=0

[y

Finally, the following theorem establishes the total p-th order oracle complexity of Algorithm 4.

Theorem 5. Let M = L, and 0 = 1/2. Let 1 be defined by (30). Then, to reach precision
f (Jc;‘c) — f* < ¢, Algorithm 4 requires no more than the following number of p-th order oracle calls:

_2
5Dy, - (LyRPT Je) 7T 4+ 7, (32)

where Dy, is defined as follows:

e +1 T
Dp:<3 (3p+1)" pp(p+1>> | a3

20 %2, /ppl(p? — 1)%

2
Theorem 5 shows that the total p-th order oracle complexity of Algorithm 4 is O ((LpRp+1 / e) st ) .
This oracle complexity matches the lower bounds of Arjevani et al. (2019) up to a universal constant

that does not depend on Rz, L, and e. Hence, Algorithm 4 is indeed the first optimal high-order
algorithm for solving smooth convex minimization problems.

4.5 Practical Performance

In this paper we provide an experimental comparison of the proposed optimal high-order algorithm
for solving smooth convex minimization problems (Algorithm 4) with the existing near-optimal
high-order method of Gasnikov et al. (2019a); Bubeck et al. (2019); Jiang et al. (2019) (Algorithm 2).
In summary, the experiments show that the proposed optimal Algorithm 4 is indeed a practical
algorithm which significantly outperforms the existing near-optimal Algorithm 2. The details can be
found in Appendix F.
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