OPT2023: 15th Annual Workshop on Optimization for Machine Learning

Adaptive Quasi-Newton and Anderson Acceleration
Framework with Explicit Global (Accelerated) Convergence
Rates

Damien Scieur D.SCIEUR@QSAMSUNG.COM
Samsung SAIL and Mila, Montreal

Abstract

Despite the impressive numerical performance of quasi-Newton and Anderson/nonlinear-
acceleration methods, their global convergence rates have remained elusive for over 50 years.
This paper addresses this long-standing question by introducing a framework that derives
novel and adaptive quasi-Newton or nonlinear/Anderson acceleration schemes. Under mild
assumptions, the proposed iterative methods exhibit explicit, non-asymptotic convergence
rates that blend those of gradient descent and Cubic Regularized Newton’s method. The
proposed approach also includes an accelerated version for convex functions. Notably,
these rates are achieved adaptively, without prior knowledge of the function’s smoothness
parameter. The framework presented in this paper is generic, and algorithms such as
Newton’s method with random subspaces, finite difference, or lazy Hessian can be seen as
special cases of this paper’s algorithm. Numerical experiments demonstrate the efficiency of
the proposed framework, even compared to the L-BFGS algorithm with Wolfe line search.

1. Introduction

Consider the problem of finding the minimizer x* of the unconstrained minimization problem

f(@) = f* = min f(x),

z€R4
where d is the problem’s dimension, and the function f has a Lipschitz continuous Hessian.

Assumption 1. The function f(x) has a Lipschitz continuous Hessian with a constant L,
vy zeRVEf(z) = VEF(y)l < Lll= —yll- (1)

In this paper, |.|| stands for the maximal singular value of a matrix and for the ¢ norm
for a vector. Many twice-differentiable problems like logistic or least-squares regression
satisfy Assumption 1.

The Lipschitz continuity of the Hessian is crucial when analyzing second-order algorithms,
as it extends the concept of smoothness to the second order. The groundbreaking work
by Nesterov et al. [52] has sparked a renewed interest in second-order methods, revealing
the remarkable convergence rate improvement of Newton’s method on problems satisfying
Assumption 1 when augmented with cubic regularization. For instance, if the problem is also
convex, accelerated gradient descent typically achieves O(t%), while accelerated second-order

methods achieve O(t%) Recent advancements have further pushed the boundaries, achieving
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even faster convergence rates of up to (’)(ﬂ%) through the utilization of hybrid methods [49,
15] or direct acceleration of second-order methods [50, 30, 46].

Unfortunately, second-order methods are not scalable, particularly in high-dimensional
problems common in machine learning. The limitation is that exact second-order methods
require solving a linear system that involves the Hessian of the function f. This motivated
alternative approaches that balance the efficiency of second-order methods and the scalability
of first-order methods, such as Quasi-Newton methods or Nonlinear acceleration methods
(which are equivalent to quasi-Newton methods, see [26]).

Quasi-Newton (qN) methods efficiently minimize differentiable functions by iteratively
updating an approximate Hessian matrix using previous gradient information, effectively
balancing computational efficiency and optimization accuracy. This approach makes them
highly suitable for large-scale optimization problems across diverse fields, providing an
appealing combination of speed and effectiveness in finding optimal solutions. For instance,
¢-BFGS is a widely used and effective optimization method for unconstrained functions (for
instance, fminunc from Matlab), and is often considered as a state-of-the-art method in
many applications [1].

1.1. Contributions

Despite the impressive numerical performance of quasi-Newton methods and nonlinear
acceleration schemes, there are currently no satisfying global explicit convergence rates.
In fact, global convergence cannot be guaranteed without using either exact or Wolfe-line
search techniques. This raises the following long-standing question that has remained
unanswered for over 50 years:

What are the non-asymptotic global convergence rates of quasi-Newton
and Anderson/nonlinear acceleration methods?

This paper provides a partial answer by introducing generic updates that are novel quasi-
Newton methods or regularized nonlinear acceleration schemes with cubic regularization.
In particular, to the author’s knowledge, the method presented in this paper is the first to
satisfy those desiderata:

1. The assumptions for the theoretical analysis are simple and verifiable (sec 3.1),

2. The algorithm is suitable for large-scale problems, as for a fixed memory N, its
per-iteration cost is linear in the dimension,

3. The algorithm exhibits explicit, global and non-asymptotic convergence rates
that interpolate the one of first order and second order methods (more details in
appendix D):

 Non-convex problems (Theorem 2): min;<; ||V f(z;)| < O(t_% + t_%),
o (Star-)convex problems (Theorems 3 and 4): f(x;) — f* <Ot 2+t 1),
o Accelerated rate on convex problems (Theorem 5): f(z:) — f* < O(t=3 +t72),
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4. The algorithm is adaptive to the problem’s constants (algorithms 4 and 7):
both accelerated and classical methods require only an initial estimate of the Lipchitz
constant,

5. Is competitive with I-BFGS (Section 6).

Currently, the I-BFGS algorithm is probably at its peak in terms of engineering achieve-
ment, given its robust and highly efficient performance. The challenge is that further
numerical improvements or finding fast rates without arming the numerical convergence
may be increasingly hard or impossible. Hence, to achieve the previous points, this paper
explores a new paradigm by rethinking from scratch the framework underlying q¢N methods.
The goal is to ensure a theoretical convergence rate while keeping the incredible numerical
performance of current qN schemes.

Current limitations Some previous work already tempted to find rates for gN methods,
but often violates at least of the previous point: 1) the analysis requires non-verifiable
assumptions, 2) the algorithm is not suitable for large-scale problems as the per-iteration
cost is at least O(d?), 3) the rates are locals or do not interpolate between first and second
order rates, 4) the algorithm requires unknown, critical hyper-parameters. A more in-depth
analysis of previous work can be found in appendix C.

Violates 1: For instance, the ARC method [16, 17] or proximal qN methods [carti, 82,
59] show accelerated rates for quasi-Newton under similar assumptions as this paper. Still,
the authors state that the convergence rate is derived under a non-verifiable assumption,
and their rates do not rely on or exploit the accuracy of second-order approximations.

Violates 2: Recent research on quasi-Newton updates has unveiled explicit and non-
asymptotic rates of convergence [56, 58, 57, 47, 48]. Nonetheless, these analyses suffer from
several significant drawbacks, such as assuming an infinite memory size and/or requiring
access to the Hessian matrix. In addition, the rates are only valid locally.

Violates 3: By using online algorithms and the Monteiro-Svaiter acceleration technique,
[44] achieves accelerated rates O(min{, 5 }) for gN methods, but despite being full-
memory algorithms, they do not match the O(1/t3) accelerated rate of second order method,
and also use a full d x d matrix, which does not scale well in high dimension.

Violates 4: Kamzolov et al. [45] introduced an adaptive regularization technique
combined with cubic regularization, but the method relies on knowing L in Assumption 1.

Note that in most of the previous work, a (wolfe) line search algorithm (often in
addition with other techniques, like secant equation filtering or re-scaling) is required to
ensure global convergence. Without such line search, the performance of qN method is
usually poor or divergent, even on a simple quadratic case in two dimensions [55].

2. Rethinking From Scratch Quasi-Newton Methods

This section presents the sketch of the ideas introduced in this paper. The starting point is
the cubic upper bound on the objective function f, and the quadratic upper bound on the
gradient variation, derived using Assumption 1 [52],

IV£y) = V(@) - V2F(@)(y — @) < Sy — =, (2)
F) = f(2) = V@) —2) = 5y — )TV @)y — 2)] < Elly - =, (3)
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which holds for all z,y € R? [52]. Minimizing (3) over y leads to the cubic regularization of
Newton’s method [52].

The main steps to derive this paper’s algorithms are as follows: 1) The minimization
will be contained to a subspace of dimension N < d, reducing the per-iteration computation
cost. 2) As for quasi-Newton methods, the Hessian (in the subspace) will be approximated
using differences of gradients. 3) From the previous points, an upper bound for the objective
function and the gradient norm will be constructed, leading to a type-I and type-1I method.
4) To ensure convergence, the direction of the subspace will be chosen such that the direction
spans the gradient (deterministic), or, spans a portion of the gradient in expectation (random
subspace).

Due to space limitation, all the details are presented in appendix A. In the end, at
each iteration t, the algorithm updates a matrix of directions D; and a matrix of gradient
differences Gy, defined as

[ =2 Uy — 2 [ e - viE)
Dy = ) O T W) 0 , Gi= ... ) ) seedls (4)
lyr” — 21" [|2 lyn' = 2n [l2 lyi " — 2 2
where yZ(t) and zi(t) have been chosen carefully, such that D; is orthogonal (see e.g. algorithm 1).
Then, it computes the error vector ; defined as
e © e eW) and e P 0] 4o — . (5)

This vector estimates the approximation error of estimating the product V f(x;)D; by G;.
Then, the algorithm constructs the matrix Hy

H,

def GT Dy+DT Gi+IL||Dy|||e:]]
= 5 ,

which can be viewed as an approximation with finite differences of the Hessian V2 f(z;) in
the subspace spanned by the column of D,. Finally, the next iterate x4+ is obtained as
Tr41 = Tt + Doy, (6)

where o minimizes the following upper bound, over o € RV, (see algorithms 3 and 4)

fxei1) < f(ze) + V()" Dea + ‘“Tﬁ““ + LHDgallg‘ (Type-I bound)

3. Rates of Convergences for the Type-I method

3.1. Assumptions

This section lists the important assumptions on the function f. Some subsequent results
require an upper bound on the radius of the sub-level set of f at f(xg).

Assumption 2. The radius of the sub-level set {x : f(x) < f(x0)} is bounded by R < oo.

To ensure the convergence toward f(z*), some results require f to be star-convex or
CONvex.

Assumption 3. The function f is star convex if, for all x € R? and Y7 € [0,1],
(1= 7)a+ ra%) < (1= 7)f (&) + 7f(a").
Assumption 4. The function f is convex if, for all y, z € R, f(y) > f(2) + Vf(2)(y — 2).
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3.2. Rates of Convergence

When f satisfies Assumption 1, algorithm 3 ensures a minimal function decrease at each
step.

Theorem 1. Let f satisfy Assumption 1. Then, at each iteration t > 0, algorithm & achieves
M,
f@esn) < flwe) = 25t o — @l Mi < max {20; Y. (7)

Under some mild assumptions, algorithm 3 converges to a critical point for non-convex
functions, and converges to an optimum when the function is star-convex.

Theorem 2. Let f satisfy Assumption 1, and assume that f is bounded below by f*. Let
Requirements 1b to 8 hold, and M; > M. Then, algorithm 8 starting at xo with My
achieves

_ ‘ 3L f(zo) — f* 2/3‘ Ch flxo) — f\Y?
i [Vl < max {t/ (2550) () (255) )
where C1 = 6L (%2”2) + max;e[o,q] (I — Pi)v2f($i)Pz’||-

Theorem 3. Assume [ satisfy Assumptions 1 to 3. Let Requirements 1b to 8 hold. Then,
algorithm 3 starting at xo with My achieves, fort > 1,

Fao) — f* I LBRP 1 C:(3R)?
Cr0(E+2)  GrDE+r2) 2 ir2 4

where  Cy ! SLA2E 1 max,c o IV (2:) — BiV2f (2:)P-

f(xt)—f*SGt

Finally, the next theorem shows that when algorithm 3 random directions (that satisfies
Requirement la), then f(z;) also converges in expectation to f(z*) when f is convex.

Theorem 4. Assume f satisfy Assumptions 1, 2 and 4. Let Requirements 1a, 2 and 3 hold.
Then, in expectation over the matrices D;, algorithm 3 starting at xg with My achieves, for
t>1,

3 2
Ep,[f(ze) = f7] < %(f(fo) - M+ 1 . L(32R) Ji C’g(?2>R) ’
it it

o 1[N
1+ 3[4
where  Cy el 5L%2”2 + (d;N) maxX;e|o,¢] V2 f ().

For space limitation reasons, the accelerated algorithm 3 is presented in section ap-
pendix B, see algorithms 6 and 7. Indeed, while theoretically more interesting, the algorithm
performs poorly numerically - probably because it trades off some adaptivity for better
worst-case convergence rates.

Theorem 5. Assume f satisfy Assumptions 1, 2 and 4. Let Requirements 1b to 3 hold.
Then, the accelerated algorithm 7 starting at xo with My achieves, fort > 1,

A R2 | (2R3
B S

2 3
f(ze) = f* <Cy ((t?fg))Q + 9max {Mo ; 2L} (%) + t+1)3 6
where A1 =0.5.6 (L/i + erﬂ) + V2 f(20) — PoV2f(zo)Pol,  A® =M + L,

04 =30- KD ((5 max{4L, Mo} + max;—o...+ H(I — Pz)vf(xz)Pz)H)
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Figure 1: Comparison between the type-1 methods proposed in this paper and the optimized
implementation of -BFGS from minFunc [60] with default parameters, except for
the memory size. All methods use a memory size of N = 25.

The rates in Theorems 2 to 5 combine the ones of cubic regularized Newton’s method
and gradient descent (or coordinate descent, as in Theorem 4) for functions with Lipschitz-
continuous Hessian. As C,Cs, Cs, and Cy decrease, the rates approach those of cubic
Newton (See appendix D).

4. Numerical Experiments

This section compares the methods generated by this paper’s framework to the fine-tuned
¢-BFGS algorithm from minFunc [60], see creffig:test. More experiments are conducted in
appendix G. The tested methods are the Type-I iterative algorithms (algorithm 3 with the
techniques from appendix A.4). The step size of the forward estimation was set to h = 1079,
and the condition number kp, is maintained below x = 10? with the iterates only and
Greedy techniques. The accelerated algorithm 7 is used only with the Forward Estimates
Only technique. The compared methods are evaluated on a logistic regression problem on
the Madelon UCI dataset [37].

Regarding the number of iterations, the greedy orthogonalized version outperforms the
others due to the orthogonality of directions (resulting in a condition number of one) and
the meaningfulness of previous gradients/iterates. However, in terms of gradient oracle calls,
the recommended method, orthogonal forward iterates only, achieves the best performance
by striking a balance between the cost per iteration (only two gradients per iteration) and
efficiency (small and orthogonal directions, reducing theoretical constants). Surprisingly, the
accelerated method’s performance is suboptimal, possibly because it tightens the theoretical
analysis, diminishing its inherent adaptivity.

5. Conclusion, Limitation, and Future work

This paper introduces a generic framework for developing novel quasi-Newton and Ander-
son/Nonlinear acceleration schemes, offering a global convergence rate in various scenarios,
including accelerated convergence on convex functions, with minimal assumptions and design
requirements.
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The current approach requires an additional gradient step for the forward estimate, as
discussed in Section A.4. However, this forward estimate is crucial in enabling the algorithm’s
adaptivity.

In future research, although unsuitable for large-scale problems, the method presented in
this paper can achieve super-linear convergence rates, as with infinite memory, they would be
as fast as cubic Newton methods. Utilizing the average-case analysis framework from existing
literature, such as [54, 65, 24, 19, 53], could also improve the constants in Theorems 2 and 3
to match those in Theorem 4. Furthermore, exploring convergence rates for type-2 methods,
which are believed to be effective for variational inequalities, is a worthwhile direction.
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Algorithm 1 "Orthogonal Forward Estimate Only" Update
Require: First-order oracle f, step-size h, matrices Dy 1, Gy_1, Y;_1, Z;_1, new point x;.
: If # columns of Dy_1, Gi—1, Yi—1, Z¢—1 is larger than N, then remove their first column.

: Compute g, = V f(z;), then compute d; = —ﬁ, where d = g; — Dy_1(DE 1 g1).

: Update }/;f = [}/;f—lvxt_t,_%]a Zt = [Zt—laxt]a Dt = [Dt—lvdt]7 Gt = (9)7 €= (11) .

1
2
3: Compute Tyl =Tt + hdy, the orthogonal forward estimate.
4
5. return Vf(xy), Dy, Gy, Yy, Zy, 4.

Algorithm 2 "Orthogonal Random Directions" Update

Require: First-order oracle for f, step-size h, memory N, new point x;.
1. Generates N random orthonormal directions, e.g., [Dy,] = qr(Rand(d, N)).
2: Create matrices Z; = [xy,...,x¢], Yi = Z; + hDy, then update Gy = (9), € = [h,...,h] .
3: return Vf(xy), Dy, Gy, Yy, Zy, 4.

Algorithm 3 Generic Iterative Type-I Method
Require: First-order oracle f, initial iterate and smoothness xo, My, # of iterations 7T'.
fort=0,...,7T—1do
Update Yi, Zy, Dy, Gy, and € (see appendix A.4).
Zig1, Mypq < [algorithm 4]1(f, Gy, Dy, er, xe, (My/2))
end for

return zr

Algorithm 4 Type-I Subroutine with Backtracking Line-search
Require: First-order oracle for f, matrices G, D, vector ¢, iterate z, initial smoothness
M.

1: Initialize M <+ %

2: do

3 M« 2M and H« G2+DTG 4 1 MIDIE| ,
4: o* « argmin, f(z) + Vf(2)TDa+ ;aTHa + %a”d
5
6
7

x4y «—z+ Da

* 13
. while f(z1) > f(z) + Vf(2)" Da* + L[a*] Hor + M5l
:return z ., M

Algorithm 5 Type-II Subroutine with Backtracking Line-search

Same as algorithm 4, but minimize and check the upper bound (Type-II bound) instead
of (Type-I bound) on lines 4 and 6.
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Supplementary Materials
Appendix A. Rethinking From Scratch Quasi-Newton Methods.

A.1. First Ingredient: Subspace Approximation

Minimizing the upper bound (3) is costly in high dimension, as this requires an eigenvalue
decomposition of the Hessian V2 f(z) [52]. Instead, let D; be some N x d matrix of directions
(the construction of D; will be defined later in appendix A.4). By constraining the update
ZTry1 — Z¢ in the span of directions Dy, i.e.,

Ttr1 = Tt + Doy, (8)
where oy is a vector of NV coefficients, the minimization problem simplifies into

oy = argmingepn f(z:) + Vf(z))Dia + 3(Dy)TV? f () Dy + %HDtaH?’.

The complexity of minimizing this upper bound is only O(N?2d + N3) operations, where N
is the number of columns of D; (see appendix F).

A.2. Second Ingredient: Multisecant Approximation of the Hessian

Typically, (limited-memory) quasi-Newton methods approximate the Hessian using the
properties of the secant equation,

V2 f (i) (wi — wim1) = V(@) = Vf(2io1),

for the last IV pairs of iterates. Usually, the updates are done recursively, i.e., by updating
an approximation of the Hessian one secant equation at a time.

Instead, this paper approximates the Hessian using all the secant equations at once. Let
the directions D; and their associated normalized gradient difference G; be defined as

[ e yE@—z%’] Gt:[ Vi) - Vi) )
[ R [P 1 el [

Z(t), zgt) are defined as follow:

where the points y

Y, = [ygt),...,y](f,)], Zy = [zgt),...,z%)]. (10)
For instance, I-BFGS uses Y; = [z1—n, ..., 2¢—1] and Zy = [x4_N41, ..., 2] (which will not

be the case in this paper, see appendix A.4). Intuitively, the matrix G is a finite difference
approximation of the Hessian-matrix product V2f(x)D. More precisely, the next theorem
states a bound on the approximation error of this product as a function of the error vector
Et,

e el eW] and el 0 20 )20 — . (11)

Theorem 6. Let the function f satisfy Assumption 1. Let the matrices D, G be defined as
in (10) and vector € as in (11). Then, for all w € R? and o € RY

el Tey < wT(V2f(2) Dy — Gra < Hllja|Te,, (12)
lw (V2f(2) Dy — G| < Hleley ). (13)
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Proof sketch The detailed proof can be found in appendix H. The main idea of the proof
is as follows. From (2) with y = y; and z = z;, and Assumption 1, (-() is removed for
clarity),

IVf(yi) = Vf(z:) = V2f(x)(yi — z)|
llyi — 2|

L L
< Slvi =zl + 1V F @) = V) < Fe

The first term in e; bounds the error of (2), while the second comes from the distance
between (2) and the current point x where the Hessian is estimated. Then, it suffices to
combine the inequalities with coefficients o to obtain Theorem 6.

A.3. Third Ingredient: Objective Function and Gradient Norm Upper bounds

Since the approximation error between V2f(x)D and G can be explicitly bounded, by
carefully replacing the term V2f(x)Da in eqgs. (2) and (3) by Ga, alongside with an
appropriate regularization, leads to the type-I and type-II bounds.

Theorem 7. Let the function f satisfy Assumption 1. Let xiy1 be defined as in (8), the
matrices Dy, Gy be defined as in (10) and €, be defined as in (11). Then, for all o € RN,

F@ip1) < fla) + V()T Dya + @ LID:al? (Type-I bound)
197 Ger)ll  1VF () + Geall + 5 (Jol e + | Dear]?), (Type-IT bound)

where H, def GtTDt+D1sTGt2+IL||DtH||€tI|_

The proof can be found in appendix H. Minimizing eqs. (Type-I bound) and (Type-II
bound) leads to algorithms 4 and 5, respectively, whose constant L is replaced by a parameter
M, found by backtracking line-search. Type-I methods often refer to algorithms that aim to
minimize the function value f(z), while in contrast, type-II methods minimize the gradient
norm ||V f(x)|| [26, 85, 14]. See algorithms 4 and 5 for the implementation details.

Solving the sub-problems In algorithms 4 and 5, the coefficients a are computed by
solving a minimization sub-problem in O(N3+ Nd) ( appendix F), where N is much smaller
than d.

e In algorithm 4, the subproblem can be solved easily by a convex problem in two
variables, which involves an eigenvalue decomposition of the matrix H € RV*N [52].

o In algorithm 5, the subproblem can be cast into a linear-quadratic problem of O(NV)
variables and constraints that can be solved efficiently with SDP solvers (e.g., SDPT3).

Link with qN updates and Anderson Acceleration algorithms 4 and 5 are strongly
related to known quasi-Newton methods and Anderson Acceleration technique, see ?7.

A.4. Fourth Ingredient: Direction Update Rules

One critical theoretical property in the analysis is how the gradient V f(z) is aligned with
the directions D;. Since D, is part of the algorithm design, a careful update can ensure that
D, satisfy interesting theoretical properties.
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Below are some assumptions on how to update Y;, Z;, D;, called requirements. While
not overly restrictive, naive methods such as keeping only previous iterates will not satisfy
those.

All convergence results rely on one of these conditions on the projector onto span(D;),

ef _
P, = D(DFDy) DY (14)

la. For all t, the projector Py of the stochastic matrixz D, satisfies E[P;] = %I.
1b. For allt, the projector P; satisfies PNV f(xy) = V f(xy).

The first condition guarantees that, in expectation, the matrix D; spans partially the
gradient V f(z), since E[P,V f(z:)] = ¥V f(2¢). The second condition requires the possibility
to move towards the current gradient when taking the step = + Da.

In addition, it is required that the norm of ||| does not grow too quickly, hence the
next assumption.

2. For all t, the relative error ||||St|‘|‘ s bounded by 0.

The Requirement 2 is also non-restrictive, as it simply prevents taking secant equations at
y;—z; and z; —x; too far apart. Most of the time, J satisfies the crude bound § < O(||xzg—x*]]).
Finally, the condition number of the matrix D also has to be bounded.

3. For all t, the matrix Dy is full-column rank,i.e., DtTDt is invertible. In addition, its
condition number kp, i \/HDtTDtH |(Df Dy) || s bounded by k.

It is possible to ensure the condition with x = 1 if the directions are orthogonal.

A.4.1. "ORTHOGONAL FORWARD ESTIMATE ONLY" UPDATE RULE (RECOMMENDED)

The "Orthogonal Forward Estimate Only" update maintains D; orthonormal, i.e., DI D; = I

for all ¢, while ensuring that V f(x;) belongs to the span of columns of D; (see algorithm 1).

Those condition are satisfied thanks to an intermediate iterate x, 41 that will be used to
2

estimate V2 f(z;)V f(z;), which is called the orthogonal forward estimate,
JJH% =xy—h (Vf(xt) - Dt—l (Dz?llvf(xt)>) )

where h > 0 is a small stepsize, and D;_; is simply the matrix D;_1 whose first column has
been removed if its number of columns equals N. This forward estimate corresponds to a
step of gradient descent projected onto the orthogonal space spanned by the columns of
D,_;. This projection step is cheap since the orthogonality of D, is maintained over the
iterations.

After computing the forward estimate, it suffices to update the matrices Y;, Z; as,
respectively, a moving history of the previous forward iterates and previous iterates,

Y;fz[xt_N+%7"‘7$t+%]7 Zt:[xt—N—i—la"'vxtL
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then compute the matrix D; and G; following (9), see algorithm 1 for the detailed imple-
mentation.

This method present several advantages: it ensure good theoretical performance, espe-
cially since K = 1 (see Theorem 8), at the cost of only one extra gradient evaluation.

Theorem 8. The “orthogonal forward estimate only” update described in algorithm 1 satisfies
Requirements 1b and 3 with k = 1.

A.4.2. "RANDOM ORTHOGONAL DIRECTIONS" UPDATE RULE

The "Random Orthogonal Direction" update consists in creating a batch of N random
orthogonal direction at each iteration, such that

N
E[D;DI] = — 1
For instance, D; could be the @) matrix of a qr decomposition of a random N x d matrix
(complexity: O(N2d)), or even simpler, be an aggregation of random canonical vectors (see
e.g. [39]).
Afterward, it remains to update the matrices Y;, Z;, G; as follow,

Zt:[ﬂjt7...,$t], }/t:Zt_l_hD)h Gt:(g)

See algorithm 2 for the detailed implementation. The major advantage of this approach is
that k =1 and § = VN - h. However, N additional gradient computations are required to
create the matrix Gy.

A.4.3. OTHER MATRIX UPDATES: PRUNING OR ORTHOGONALIZATION

It is possible to create other kind of matrix updates, for instance, the Iterates only (stores
only the last forward estimate and previous iterates) or Greedy (stores all previous forward
estimates and iterates) strategies, detailed below:

Y; = [a:H%,xt,xt_l, e TN42)y e =T, X1y, Te—N1] (Iterates only)
Y; = [mH%,xt,xti%,...,xt_#], Ly = [xt,xtfé,...,xt_%] (Greedy)

However, it is impossible to ensure that the directions in D; will be orthogonal, hence k in
Requirement 3 might be huge. Nevertheless, it is possible to bound the condition number
by pruning or via an orthogonalization procedure.

Pruning. It suffices to check the condition number of Dy, then prune the columns of
Y;, Z;, Dy, and Gy until & is sufficiently small, for instance, until £ < 10%. Note that, by the
nature of those matrices, their condition number grows quickly [79, 63], hence the number
of resulting column might be small.

Orthogonalization From the matrices Y;, Z;, the matrix D; is computed as Dy = qr(Z; —
Y:). Then, the rest of the procedure follows the same steps as the "Random Orthogonal
Directions" rule.

The pruning strategy is cheaper than the orthogonalization, at the cost of losing control
on how large the history is. The orthogonalization technique present the same advantages as
the "Random Orthogonal Directions" rule, but the directions taken might me more relevant
than random ones.
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Appendix B. Accelerated Algorithm

This section introduces algorithm 7, an accelerated variant of algorithm 3 for convex functions,
designed using the estimate sequence technique from [50]. It consists in iteratively building
a function ®;(z), that reads

T—T 2 T—T 3
D) = et (Koo b (F(i) + V(o) — ) + AP Il 4 A2 el
i=0""

The parameters b; > 0, )\gl), )\,(52 and the iterates X; are designed by theory to ensure the
following properties,

PYONIPYD 2@ 2P

Buf(w) <mingy(w),  o(x) < Bif(2) + —— "o — zol® + =

where By = S2¢_b; and A1), \(?) are constants determined by the theory.
Once the parameters are set, the accelerated algorithm operates as follow:

1. The accelerated algorithm combines linearly v;, the optimum of ®;, and the previous
iterate x;.

2. It uses a slight modified version of algorithm 4, see algorithm 6.

3. There is a distinction between small and large step sizes, identifying which A needs to
be updated. The step size is considered "large" if it resembles a cubic-Newton step.

Algorithm 6 Type-I subroutine with backtracking for the accelerated method
Require: First-order oracle f, matrices G, D, vector ¢, iterate z, initial smoothness param-
eter My

Initialize M <+ %, ExitFlag < None
def 3 (I=P)¢||
Define yar = 1% (3| + 257240
do
T T
M+ 2-M and H,+« ¢PEPCG 4 pTpim
o « argmin, f(z) + Vf(2)TDa + $aTHya + %QHEB
Ty +— 2+ Do
. v 3/2
if ?ﬁ%% < -Vf(r4)TDa then
ExitFlag < LargeStep

end if

. v 2

if el < —Vf(z4)" Do And [ Dall < (V3 1)7a then
ExitFlag < SmallStep

end if

while ExitFlag is None

return 4, a, M, vy, ExitFlag
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Algorithm 7 Adaptive Accelerated Type-I Iterative Algorithm

Require: First-order oracle f, initial iterate and smoothness xg, My, number of iterations

T.

)\81) 0, )\62) 0

Initialize Go, Do, €¢ (see appendix A.4)

{xl, Ml} + [algorithm 4](f, Gy, Do,e0,xo, M)
Initialize EE)O) = f(x1), Eél) =0

fort=1,...,T—1do
Update Gy, Dy, e, (see appendix A.4)

Set by D2 g WD) 5, 3

Update 67 « 689 +b,_1[f(z0) — VF(z) Ty, 69— 6 45, V()

do
ValidBound < True
Set vy «— argmin, ¢;(v) (See proposition 1).
Let y; < H_%vt + t-%?,xt

M.
{@i11, 00, Myyr, 1, ExitFlag) < [Alg.61(f, Gt, Dy, 4, s, 725)

%% Check if the next ¢ is still a lower bound for B;f(x¢i1)

Define ¢+ () = ¢r(2) + be[f (@141 + Vf(@e31) (€ — 2e41)]-
Set vy «— arg min, ¢4 (v) (See proposition 1).

if &4 (vy) < Bif(x441) then %), Parameters adjustment if needed
ValidBound < False % Unsuccessful iteration: ¢u1(vit1) > f(@s1).
if ExitFlag is LargeStep then
2 2 4 b}y 2 2
If A% =0 then \? « EB—EMM. Else, Y « 222

else %) Exitflag is SmallStep
b2
If A\ =0 then 53 My (3 + | Dicu]). Else, AL on®),
t

end if
else
{Agl,/\ﬁl} +— {)\gl),)\?)} %% Successful iteration
end if
while ValidBound is False
end for
return zp
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Proposition 1. Let vy be the minimizer of

O 4@
or(v) = 67 + [67] v+ Zoeflo = ol + Tl — o

where /\El) >0, )\5/2) > 0. Let ry = ||y — x0l|. Then,

0 if A =2 =0

el if MV >0 and A" =0
ri = llor = ol = § A T t

e RERYAPYRICEE SV T

e if A >0
2

. oM
vy = arg min ®;(x) = z¢g — Ttm
t
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Appendix C. Related work
C.1. Inexact, Subspace, and Stochastic Newton Methods

Instead of explicitly computing the Hessian matrix and the Newton step, inexact methods
compute an approximation using sampling [3], inexact Hessian computation [32, 22|, or
random subspaces [23, 35, 39]. These approaches substantially reduce per-iteration costs
without significantly compromising the convergence rate. The convergence speed in such
cases often represents an interpolation between the rates observed in gradient descent
methods and (cubic) Newton’s method.

C.2. Nonlinear and Anderson Acceleration

Nonlinear acceleration techniques, including Anderson acceleration [2], have a long standing
history [4, 5, 31]. Driven by their promising empirical performance, they recently gained
interest in their convergence analysis [71, 29, 70, 42, 76, 74, 80, 78, 63, 72, 73, 7, 67, 9, 64].
In essence, Anderson acceleration is an optimization technique that enhances convergence
by extrapolating a sequence of iterates using a combination of previous gradients and
corresponding iterates. Comprehensive reviews and analyses of these techniques can be
found in notable sources such as [42, 8, 41, 40, 6, 20]. However, these methods do not
generalize well outside quadratic minimization and their convergence rate can only be
guaranteed asymptotically when using a line-search or regularization techniques [69, 75, 63].

C.3. Quasi-Newton Methods

Quasi-Newton schemes are renowned for their exceptional efficiency in continuous optimiza-
tion. These methods replace the exact Hessian matrix (or its inverse) in Newton’s step with
an approximation updated iteratively during the method’s execution. The most widely used
algorithms in this category include DFP [21, 28] and BFGS [68, 34, 27, 11, 10]. Most of
the existing convergence results predominantly focus on the asymptotic super-linear rate of
convergence [77, 36, 13, 12, 18, 25, 84, 82, 83]. However, recent research on quasi-Newton
updates has unveiled explicit and non-asymptotic rates of convergence [56, 58, 57, 47, 48].
Nonetheless, these analyses suffer from several significant drawbacks, such as assuming
an infinite memory size and/or requiring access to the Hessian matrix. These limitations
fundamentally undermine the essence of quasi-Newton methods, typically designed to be
Hessian-free and maintain low per-iteration cost through their low memory requirement and
low-rank structure.

C.4. Close Related Work
C.4.1. (ACCELERATED) QUASI-NEWTON WITH SECANT INEXACTNESS

Recently, Kamzolov et al. [45] introduced an adaptive regularization technique combined
with cubic regularization, with global, explicit (accelerated) convergence rates for any quasi-
Newton method. Based on the secant inexactness inequality, the technique introduces a
quadratic regularization whose parameter is found by a backtracking line search. However,
this algorithm relies on prior knowledge of the Lipschitz constant specified in Assumption 1.
Unfortunately, the paper does not provide an adaptive method to find jointly the Lipschitz
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constant as well, as it is a priory too costly to know which parameter to update. This aspect
makes the method impractical in real-world scenarios.

C.4.2. ARC: ADAPTIVE REGULARIZATION ALGORITHM USING CUBICS

In [16, 17] is proposed a generic framework for inexact cubic regularized Newton’s steps,

. 1 M,
Tiy1 = mxln f(fL’t) + Vf(:l?t)(l‘ — xt) + 5((13 — a;t)Ht(ar — (Et) + FHJZ — :L’t||3,
where H; is assumed to be an approximation of the Hessian V2 f(z;). However, the theoretical
analysis presents numerous problems, in particular, the assumption that the norm of the
current step bounds the approximation

V2 f (1) = Hil| < Cllwpsr — ],
for some constant C. Follow up works, such as [81], relaxed this assumption into
V2 f (1) = Hil| < Cllae — i),

which is much weaker since it can be verified while computing the step z;11. Nevertheless,
those are assumptions on the matrix Hy, but those works do not explicitly construct such
a matrix. Even worse - the assumption might not be met in practice, especially if H; is a
subspace estimation of the matrix V2 f(x;).

C.4.3. PROXIMAL QUASI-NEWTON METHODS

The work of [59, 33] combined qN methods with proximal schemes and provided sublinear
and accelerated convergence rates. However, the rates in [59] are based on a technical
assumption [59, Assumption 2|, for which the authors commented that "Ezploring different
conditions on the Hessian approximations that ensure Assumption 2 is a subject of a separate
study", and acknowledge in their conclusion that "Qur framework does not rely on or exploit
the accuracy of second-order information, and hence we do not obtain fast local convergence
rates."

In a follow-up work, [33] proposed accelerated convergence rates under similar assump-
tions. However, the authors acknowledge the following: "In our numerical results, we
construct Hy via L-BFGS and ignore condition orpy1Hygy1 = oxHy, since enforcing it in
this case causes a very rapid decrease in o. It is unclear, however, if a practical version of
Algorithm 5, based on L-BFGS Hessian approzimation, can be derived, which may explain
why the accelerated version of our algorithm does not represent any significant advantage." In
addition, their theoretical convergence results are based on an upper bound on the sequence
o1, which current N schemes cannot ensure.

C.4.4. PROXIMAL EXTRAGRADIENT QUASI-NEWTON METHODS WITH ONLINE
ESTIMATION

Based on the technique in [43], [44] developed a novel quasi-Newton method with the global

. 4y/dlogt

accelerated rate of convergence of O(min{t%, 75— })- The main ideas are as follows: the

23



QUASI-NEWTON WITH GLOBAL CONVERGENCE RATES

authors used the framework of inexact proximal method from [49], used an online algorithm
to estimate the Hessian, and then solved a linear system involving this approximation using
conjugate gradients.

The paper focuses on a different regime than this study: [44] explicitly show that it is
possible to break the O(t%) barrier for first order methods using full memory qN methods
but this implies storing a full d x d matrix, and using it in a linear system, leading to
per-iteration complexities of at least O(d?).

From a practical point of view, the algorithm requires numerous hyperparameters such
as a1, a9, B,..., whose impact on the efficiency is rather unclear. Moreover, numerically,
the algorithm improves over Nesterov’s acceleration but is slower than I-BFGS on toy
experiments.
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Appendix D. Known rates of convergence and Comparison

D.1. (Accelerated) Gradient Descent

This section study the rate of gradient decent when function is smooth (i.e., has Lipschitz
continuous gradients):

F(w) < J() + VI @)y — )+ 5y~ 2, (15)

Note that the class of functions considered in this paper is not the class of smooth functions.
However, if the function satisfies Assumption 1, the Lipchits constant can be bounded as

L<||V2f(@)|+ LR  forallz e {z: f(x) < f(zo)}. (16)

The rates of plain gradient descent and its accelerated version read [51] (after replacing £)

UIV2f (@)l + LR] (f(x0) = f*)

Orélzigt |V f(zi)] < \/ | , (plain, non-convex) (17)
flxy) — f(x) < {HVQf(ZE)H + LR} t—12—4R2’ (plain, convex) (18)
f(zy) — f(a*) < [vaf(m)ﬂ + LR} (t—|j42)2R2' (accelerated) (19)

D.2. (Accelerated) Cubic Regularized Newton’s Method

When the function has a Lipschitz-continuous Hessian, the cubic regularized Newton method
and its accelerated version converge with the following rates [52, 50, 39]:

16L <3(f<xo> - f*))”i’”

min ||V f(z;)|| <

(plain, non-convex)

0<i<t 9 2t Monin
(20)
R3
fla) — f(z¥) < 9Lm, (plain, convex)
(21)
— 2 2 3
E[f(z)] — f(z¥) < (d NN) 5(?;?) + <]C\Z[> L(;f) 0 (tlg) ,  (Random Subspace, convex)
(22)
3
flz) — f(z) < Lt(t—l—lf)]?t—l—Q)' (accelerated)
(23)

D.3. Relation Between Parameters

Given that this paper does not make the assumption of Lipchitz-continuous gradients, it
becomes necessary to establish connections between various quantities to facilitate the
comparison of rates. To streamline the notation, all numeric constants are substituted with
the big O notation, and the subsequent equations are derived for the "orthogonal forward
estimate only" update rule, hence ||D|| =1 and k = 1.
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Relation between  and R. The constant § represents the upper bound on the relative
error (see Requirement 2):

el
<.
1Dl

For a fixed memory, and assuming h small, since ¢ is the norm between iterates, J is
upper-bounded as

Vi,

§ < O(R). (24)

Relation between the different C; and £ The Cy,Cs, and Cy in Theorems 2, 3 and 5
quantifies the estimation error of Df V2f(x;)D; by Hy in (Type-I bound) into two terms:

C; < O(SL +maxic, [|(I = P)V2f(w)]]).

The first term is the error caused by approximating V2 f(z)D; by Gy, and the second is the
subspace approximation error of V2f(z;) in the span of the columns of D;.

Intuitively, the constants C; can be seen as an approximation of an upper bound on £ in
a neighborhood of size 6. This is similar to (16) but the norm of the Hessian is taken in a
subspace, hence the C;’s are smaller. Indeed, using (24), in the worst case, if all iterates
satisfies ||z; — 2*|| < R,

C; = O(RL + max;<¢ ||(I — P)V2f(x:)|). (25)

Other updates Note that eqs. (24) and (25) are valid only for the "orthogonal forward
estimate only" update rule. If the random orthogonal forward estimate, or the orthogonal-
ization of the "greedy" or "iterates only" update rules were used, the results would have
been

§=0(h),  Ci=O0(hL+maxi<; (I - P)V2f(z)])),

where h is small. However, the comparison with gradient descent or Newton’s method
wouldn’t have been fair as the orthogonalization update rules requires N additional gradient
calls.

D.4. Comparing rates of convergence

Non convex The rate from Theorem 2 reads

|er(xi>||<max{;g(l2W)2/g; (5}3) (12W>1/3}’

min
i=1, ...t

where C = %TL + max;epq |(1 — Pi)V?f(2;)P]|. In the case where C} is small, the rate
matches exactly (20). In the other case, using the approximation from (25),

. O(RL + max;<; [|(I — P)V2f@)|)\ (o f (@) — F\°
Z.:T{lylf}’t\\vf(xi)’\ < ( /3 ) <12 Mo )

which differs significantly from (17), as the rate is O(ﬁ) However, this might be an artifact
of the theoretical analysis, since the function was not assumed to be smooth.

26



QUASI-NEWTON WITH GLOBAL CONVERGENCE RATES

Star convex After using the approximation from (25), the rate from Theorem 3 reads

f(@o) — f*) Lo <L33> L0 ([RL + max;<¢ [|({ — R)VQf(xi)\Hm)

t2

f(xt)_f*SO( 3 t
(26)
The term in ¢~2 is ezactly the one from (21), while the term is ¢! has the same dependency
in R compared to (18). However, ||(I — P)V2f(x;)|| could be much smaller than ||[V2f(z)]|.

Convex with random coordinates or random subspace The rate from Theorem 4
reads

(d=N) 2 . 2
! 1 rerp 1 OOD T max [V @)IBR)

Ep [f(zt) = f7] £ ————3(f(z0) — [) + [%tr 5 T [%t] 2

1[N
1+ 1[4
The rate is similar to (22), up to an additional O(6L/t) term. This extra term comes from
the estimation of the Hessian with finite difference, while the method presented in [39] uses
exact Hessian-vector products.

Convex, accelerated rates After using the approximation from (25), and ignoring the
terms A1), AX®) for clarity, the rate from Theorem 5 reads
3R

9 3
o) = < [RL+ mps [0 = POV A 0 + omax 10 20 (25

The rate is exactly a combination of (23) and (19), but the constant ascociated to the 1/t
rate is smaller in practice: (24) is a conservative bound and ||(I — P;)V2f(z)|| < [|V2f(2)]|.
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Appendix E. Link with quasi-Newton and Anderson/Nonlinear
Acceleration

This section presents the fundamentals of Anderson/nonlinear acceleration (appendix E.1),
quasi-Newton schemes (appendix E.2), and their relationship with the method proposed in
this paper (appendix E.3).

E.1. Anderson Acceleration and Nonlinear Acceleration

Anderson acceleration, also known as nonlinear acceleration, is a powerful technique that
enhances the convergence speed of fixed point iterations and optimization algorithms. Initially
developed for solving linear systems, Anderson acceleration has gained popularity due to
its effectiveness in accelerating iterative methods, including the ones in optimization. The
method leverages previous iterations to construct an improved estimate of the objective
function’s minimizer.

The Anderson acceleration algorithm employs the following approximation to compute
weights:

N
Vf (Z Bz%) Zﬂzvf xz Zﬁz =1

When the function f is quadratic, this approximation becomes an equality. The underlying
idea is as follows: since the optimum satisfies V f(z*) = 0,

N N N
> BiVf(z)~0 =Vf (Z @‘%‘) 0 = B~k

1=0 =0 =0

The Anderson acceleration steps are thus given by

N N
T =Y Bfwiv, B = argﬁmin 1Y 8V f (@)
=0 1=0

Over the past decades, the ideas behind Anderson acceleration have been refined. For
example, the constraint can be eliminated by considering the step z;411 — z; instead:

N
Li+1 — Tt = (Z 5i95t—i+1> — Tt

=0

Mz

Tt—i41-
:0

The vector 3; has the property that its sum equals zero. Hence, it can be rewritten as

Ti+1 — Tt = Z i (Tp—it1 — Te—;)

a = arg min

Vf(z) +Zaz (Vf(zi—it1) — Vf(l“t—i))H

=1
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where o € RV has no constraint. By writing d; = 441 — 2, gi = Vf (24—ir1) — Vf(21_5),
and D = [d¢,...,di—n+1], G =gty -+, gt—N+1], the step becomes

Tpp1 — ¢ = Dy, o = argmin ||V f(z) + G|
o

However, this version of Anderson acceleration is non-convergent because there is no con-
tribution from V f(z;) in the step 441 — ;. The most popular solution to this problem
is introducing a mizing parameter that combines gradient steps, resulting in the following
expression:

Tip1 =2 — hV f(xy) + (D — hG)a, o =argmin||Vf(x;) + Ga|. (AA Type II)

Following a similar idea, recent works have introduced a type I variant of the algorithm
[26, 80, 85, 14] that minimizes the function value instead of the gradient norm:

xpp1 =x¢ — hV f(x) + (D — hG)a, « = argmin f(x) + V f(zy)Dia + %aTDtTGtoz,
(AA Type I)
By incorporating regularization [63, 14], globalization techniques [85], or performing a
line search on the parameter h, the algorithm converges towards x*.

E.2. Single-secant and Multisecant Quasi-Newton Methods

Quasi-Newton methods, such as the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method,
approximate the Hessian matrix to solve unconstrained optimization problems efficiently.
These methods avoid the expensive computation of the exact Hessian by using iterative
updates based on previous iterates and gradients of the objective function.

This section focuses on other commonly used quasi-Newton methods: the Davidon-
Fletcher-Powell (DFP) and Broyden type-1 and type-2 updates.

E.2.1. THE IDEAS BEHIND SINGLE-SECANT AND MULTISECANT HESSIAN
APPROXIMATION

In quasi-Newton methods, the Hessian approximation is updated using the secant equation,
which relates the gradients and Hessian at two different points. For a twice continuously
differentiable function, the secant equation is given by:

Vi) — Vi) =V — =),

where £ is a point on the line segment connecting x and y. This equation serves as the basis
for updating the Hessian approximation.

Based on this remarkable identity, quasi-Newton methods update an approximation of
the Hessian B, or its inverse H; such that the approximation satisfies

Vi(xe) = Vf(xi-1) = Be(wr — v-1), Hy (Vf(zr) = V(21-1)) = 20 — 201

What distinguishes the different updates is how to fix the remaining degrees of freedom. For
instance, the simple SR-1 method updates H; such that

min |[H — Hyallp : H = HY, H(Vf(xt) = Vf(xi1)) =zt — 201 (27)
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Those methods are called single-secant as they update H; only one secant equation at a
time. Hence, in general, H; only satisfies the latest secant equation.

Multisecant updates, on the other hand, approximate the Hessian using a batch of
secant equations. By introducing matrices Dy = [x4_N41 — T4—N, ..., Tt — @y—1) and Gy =
Vf(xt—n+1) — Vf(xi—n),. .., Vf(xy) — Vf(xi—1)], the multisecant updates satisfy

Gt = BtDt, or Hth = Dt.

Unfortunately, when imposing symmetry, it is impossible to satisfy multiple secants at a time
[61]. However,it is possible to enforce symmetry while approximating the secant equation in
a least square sense [62, 66].

When symmetry is not imposed, the solution for B; and H; can be obtained as:

By = Gt[Dt]T + Bo(I — DtDtT), H, = Dt[Gt]T + Ho(I — GtGI)v (28)

where By and Hy are the initial approximations, and [A]! denotes the pseudo-inverse of
matrix A. Different choices of pseudo-inverse lead to different methods.

The inversion of B; can be computed using the Woodbury matrix identity, which provides
an efficient way to compute the inverse. The update for B, Lis given by:

—1 -1
B =55 (1-G: (DlB;'G)) DB ) + Dy (DIBy'Ge) DBy
This update is equivalent to the update for H;, given that
-1
By' = Hy, and GI = (DIBO_th) DIB()_l- (29)

In summary, quasi-Newton methods update the Hessian approximation using the secant
equation. Single-secant methods update the approximation using the secant equation one
by one, while multisecant methods use a batch of secant equations. The choice of updating
strategy and pseudo-inverse affects the behavior of the method.

E.2.2. DAVIDON-FLETCHER-POWELL (DFP) FORMULA

The DFP formula is a Quasi-Newton update rule used to iteratively refine an approximation
of the inverse Hessian matrix. It is defined as follows:

did]  Hi1919/ Hi
df gi 9t Hy 19
In the above equation, g = V f(x;) — V f(x¢—1) represents the difference in gradients,

and dy = xy — 241 denotes the difference in parameter values. The DFP formula updates
the matrix H; using a rank-two matrix such that it remains symmetric and positive definite.

Hy=Hy_ 1+

(30)

E.2.3. MULTISECANT BROYDEN METHODS

The multisecant Broyden methods utilize the update equation from (28), where A is chosen
as the Moore-Penrose pseudo-inverse of A, given by AT = (AT A)~!A. In this equation, By
and Hj are scaled identity matrices. After simplification, the two types of updates can be
expressed as follows:
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-1 -1
B! = D, (DjGy)  Df + B;' (I ~ Gi (DjGy) DZ) : (31)
-1
H, = Dy(GTGy)'GT + Hy (I — Gy (GtT Gt) GZ) . (32)

Both updates are quite similar, differing mainly in the choice of the pseudo-inverse of
the matrix G.
E.2.4. LINK WITH ANDERSON ACCELERATION

The connection between quasi-Newton methods and Anderson Acceleration is strong, as,
for instance, Broyden methods and Anderson acceleration are equivalent. To illustrate this,
let’s closely examine the update of o in (AA Type I):

Dy — hGy)a, o =argmin f(xy) + V f(xt) D + %aTDtTGta
Dy — hGy)a, a: DIV f(x) + DI G =0

Dt hGia, «a:a=—(DIG) DIV f(x)

a1 = 21 — WV () — (D — hGy) (DI Gy) DIV f ().

ST = Ty — (Dt(DtTGt)_lDtT +h (1= GuDIG) ™' DY) Vf(wy)

Ti41 = Tt — th(%f) +
STy = Ty — th(xt) +
STy = Ty — th(xt) +

The above step is precisely the quasi-Newton step zy1 = 2 — By 'V f(x;), where B; !
corresponds to the Broyden update given by Equation 31, with By L'— hI. A similar
reasoning can be applied to Equation 32.

When considering the single-secant updates, following the same reasoning as in Section
3 leads to the same conclusion for the SR-1 and DFP updates.

This result is expected since the approximations H; or B, ! satisfy the single or multisecant
equation:

Hth = Dt

This indicates that the matrix H; maps vectors from the span of previous gradients to the
span of previous directions. This observation justifies the construction in (8).
E.3. Links with Algorithms 4 and 5

Both Algorithms 4 and 5 can be viewed as quasi-Newton and Anderson/nonlinear acceleration
schemes. The update formulas are

oTHia M| Do def G Dy + DY Gy + IM || Dy|||| |
9 + 6 ) Ht - 92 :

min f(@) 4+ V()T Do +
(Type I)
mm IV f(z:) + Gra| + %<Z lai|[ed]i + || Dee]] ) (Type 1II)

=1
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The resemblance with Anderson/nonlinear acceleration is strong, as the objective function is
similar. If the function is quadratic, L = 0 and therefore M can also be set to 0; hence, the
coefficients « are ezactly the type I and type IT Anderson steps eqs. (AA Type I) and (AA
Type II).

The same idea holds when compared to quasi-Newton methods. In both cases, the
optimal solution a* can be written implicitly:

MDTD,||D;o*||\
af=— (Ht + : é” = H) DtTVf(l‘t)a (Type I - solution)
- ~1 M
or = — (G;Gt + MD;‘FDt) (GtTVf(;c) 4 ’;tuaﬂa*)) : (Type T - solution)

where M & |V f(xt) + Gra|| M and O(|a*]) is a subgradient of |a*|. The step then reads

Tir1 = ¢ + Da* (Generic step)

D! Dy|| Dy ||
6

-1
M
T = xr — Dy (Ht + > DIV f(xy), (Type I - step)

~ -1 M 3
Ti41 =2 — Dy (G,TGt + MDf Dt) (va flz)+ M@(\@,)) ., (Type II - step)

Type I is a quasi-Newton step with a symmetrization of G'D and a regularization. In
contrast, the type II step can be seen as a quasi-Newton method with a regularization on
GT, with a correction term on the gradient. Therefore the Hessian approximation reads

M D} Dy||Dyo||
6

-1
~ —1
By'=D, (Ht T ) DT, H,=D, (GtTGt + MDtTDt) GT.

Again, when the objective function is quadratic, L = 0 and therefore M = 0. Moreover,
when f is quadratic, the matrix multiplication DTG satisfies DTG+ GTD = 2D"TG as DTG
becomes symmetric. Hence,

-1

Tyl = x¢ — Dy (DtTGt) Dfo(a:t), (Type I - quadratic)
-1

Tpp1 = x¢ — Dy (G?GO GIV f(x), (Type II quadratic)

The steps are ezactly the type I and type II multisecant Broyden methods from egs. (31)
and (32), with the only difference that there is no initialization Hy or By.
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Appendix F. Solving the sub-problems

Solving the Type 1 Subproblem The Type 1 subproblem is a well-studied problem
that involves minimizing a specific objective function. A method proposed by [52] has proven
to be efficient for solving this problem. The method utilizes eigenvalue decomposition on
a matrix to find the optimal solution. In this paper, the matrix involved in this problem
is relatively small, therefore eigenvalue decomposition is not a concern even for large-scale
problems. The subproblem aims to determine the norm of the solution, and this can be
achieved through solving one nonlinear equation using bisection or secant method.

Solving the Type 2 Subproblem The Type 2 subproblem can be formulated as a
Second-Order Cone Program (SOCP). The objective function of this subproblem consists of
three terms: a norm term, a sum of absolute values term, and a quadratic term. The norm
term can be transformed using singular value decomposition, and the sum of absolute values
term can be expressed as with linear constraints. The quadratic term can be simplified
using a rotated quadratic cone. By utilizing these techniques, the Type 2 subproblem can
be effectively solved using existing SOCP solvers.

F.1. Solving the Type 1 Subproblem

The Type 1 subproblem can be expressed as follows:

1
minV f(z) Do + 504TH04 +
«

where H is symmetric but not necessarily positive definite. This problem has been
well-studied, and [52] proposed an efficient method to solve it using eigenvalue decomposition
on the matrix H. Although eigenvalue decomposition may be challenging for large-scale
problems, it is not a concern here since H € RN*N | with a relatively small N (e.g., N = 25
in the experiments).

In essence, the subproblem involves determining the norm of the solution r = ||a]|.
This can be accomplished through a simple bisection on the following system of nonlinear
equations:

M
FHDaHi”,

MDTD
(H + 270[> a=-D'Vf(x), |a=r r>-Aun(H). (33)
Interestingly, this problem is equivalent to the following formulation, as shown in

Proposition 2:

(A + ?I) a = —VT(DTD)—l/thVf(x)’ H@H =r, r> _)\min(H>, & = VT(DTD)1/2047

(34)
which involves the eigenvalue decomposition (D D)~Y2H(DTD)=1/2 = VAVT.

Proposition 2. Problems (33) and (34) are equivalent.
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Proof. The first step is to split DD = (DT D)/2(DTD)'/? and then employ an eigenvalue
decomposition on (DTD)~2H(DTD)~'/2 = VAVT (where V is orthonormal due to the
symmetry of the matrix):

T
(H + ZWD2DTI> a=-D'Vf(z)

&(DTD)Y? ((DTD)_l/QH(DTD)_l/Q + ]‘gTI) (DTD)Y20 = —D'V f(x)
&(DTD)2y (A + Agrf) VT(DT D)0 = — D'V f(x)

& (A + A?I) VvI(DTD)?a = —vT(DTD)V2D'V f ()

& (A + A?I) a=-VT(DTD)"V2D'V f(x).

O

Once the eigenvalue decomposition is performed, the subproblem (34) becomes relatively
simple since it involves solving a diagonal system of equations for a fixed value of r. The
main objective is to find an interval [ryin, "max] that encompasses the optimal value r = ||«/|.
Once this interval is identified, a straightforward bisection or secant method can be employed
to obtain the optimal solution.

Finding initial bounds Starting with rp,;, = max{0, —/\min(H)} and ryax = max{2rmyin, 1},

do Tmax < 2rmax  while [|&|| > rmax.

-1
where & = — (A + %I) VT(DTD)~Y2D'V f(z). Increasing rmax increases the regu-
larization, hence reduces the norm of &.

Finding o After 7* has been found such that |r* — ||&||| is sufficiently small, the best « is
simply

* -1
o= (DTD)—I/ZVd _ *(DTD)_I/ZV <A + ]\42TI> VT(DTD)_1/2DtVf(l‘).
In the case where the diagonal matrix is not invertible, which happens when r* = ryy,, it
suffices to use the pseudo-inverse instead.

Note that DT D is an N x N matrix, where N is small, therefore, computing its inverse
is inexpensive. Moreover, when D is orthogonal, DT D = I, therefore there is no need to
invert it. In addition, (A + MTT*I )~! can be computed in O(N) complexity since the matrix

is diagonal.

F.2. Solving the Type 2 Subproblem
The Type 2 subproblem is given by:
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. L&
min | V() + Gal| +5 (Y lalei + | Dal? ). (35)
X ——— i1 ——
(2) N (c)

(b)
Although it may not be immediately apparent, this subproblem can be formulated as a
Second-Order Cone Program (SOCP) with O(NN) variables and constraints.

F.2.1. FUNDAMENTALS OF SOCP

SOCP solvers handle the following conic problems:

Jﬁlﬁ o + Z ci[ti;wi] subject to
(]

k
Aoz + Z Ailtiswi] =0 (SOCP Standard Matrix Form)
i=1
x>0
(ti,wl-) ek, &t > ||w@||, t>0.

Here, k represents the number of cones, and the cone K refers to the second-order cone,
also known as the Lorenz cone.
A useful transformation is the rotated quadratic cone, defined as follows:

[a,b,c] €Ky < 2ab> ||

The rotated quadratic cone can be reformulated as a second-order cone using a linear
transformation:

1 1
I v R A
if |b| = % —% 0] |w@| then (w5 w)ek < |a,bd ek,
c 0 0 Ik w

Thanks to this transformation, the rotated quadratic cone can be included in SOCP
solvers.

F.2.2. SOCP FORMULATION OF THE TYPE 2 SUBPROBLEM

The SOCP of (35) is composed of the three terms a, b, and c.

Term (a) Let UsXVZ be the singular value decomposition of G. Write Py = UgUZ as
the projector onto the columns of G. Then,
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IV £(2) + Rall = | PaV£(z) + PoGa + (I — Po)V ()]
= VIP6Vf(2) + Rall® + (I - Po)V f ()]
— |lUG UV £(2) + Z6VEa)|? + (I - Pe) V(@)
— VULV (@) + eVl + I - Pe)Vf(2)]?

Let the vector w; = {Ugi(x) + XV (I — Pg)Vf(;v)H] Hence,

|VF(@)+Gal| = min t;: (t,w1) € Kr, w1 = [UEV(z) +DaVas (- Pe) V@]

t1,0,w1
Term (b) This term is standard in linear programming. Let « = a4 —a_, with aq,a_ >0,

N N

Z |Ozi|€i = Z(Oz+ + 067)61'.

i=1 i=1
Term (c) Let UpX DVE be the singular value decomposition of D. Using the rotated
cone, the constraint can be written as
2 2 1
2t3b > |[UpEpVpoll* = [SpVoal*, b= .

Using the transformation into a Lorenz cone, this is equivalent to

1 1

1L 07T
10 0 t3 :oV2 (20) 1 0)
01 0 |[b=|L 5 of [, b=5. (t2 W8 wa) ek
0 0 SpVyF 0 0 I [w

Simplification. Note that, since b = %, the value can be immediately replaced. Same

idea with t3: the constraint is written as

_ta+ wéo)

b= g

Since, by construction, ty > wéo) and to > 0, t3 always satisfies the condition, which

means both £3 and its constraint can be removed. The constraints thus simplify into

t3 > 0.

1

2

0 +

o
=

0 Lo_1
=|Vv2 2 (0) (0)
] l1= [ 3 ][] e en
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Final formulation Gathering all terms, the final SOCP formulation reads

L
minimize ¢, + 5 ((a+ +a ) Te+ tQ)

subject to wi = [UEVf(2) + SaVia; (1 - Pa)V ()],
ay,a_ >0
=04 — 0

Q

0
O1xnN —% % 0 to | 1
SpVE Onx1 Onxi —In wéo) 0N>2<1
wo

(t1, w) €K, (ta, [wiswa]) € Kpy  t2 > 0.

Standard matrix formulation The SOCP can be written under the standard matrix
form (SOCP Standard Matrix Form). Let the variables

ap,am >0, (tw) €Ki, (fa, [w§ wn)) € Ko,

0 . .
where t1, to, and wé ) are scalars, ws, a4, and a_ are vectors of size N, and w; is a
vector of size N + 1. The SOCP matrices read

co = [% %} cl1 = [1 01><N+1} Cy = [% % 01><N

[—2eVE 2eVE
A() = 02><N 02><N
| EpVE —SpVE

A Ontix1 INfixN+1
Onviix1 ONgixN41

Ontix1 Oniix1 Ongixn

Ay = _\}5 % O1xn
| Onx1 Onx1  —Inxn

b= V@)U NI~ PRVI@] 4 O]’

This completes the SOCP formulation of the type 2 subproblem.
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Appendix G. Additional Numerical Experiments
This section presents additional numerical experiments.

Methods The methods compared are the type 1 and type 2 steps with the following
strategies: Iterate only, Forward estimate only, Greedy (refer to appendix A.4), and the
accelerated type 1 method with the strategy forward estimate only. The batch methods are
not included as they perform poorly regarding the number of Oracle calls. The baseline is
the I-BFGS method from minFunc [60].

Method parameters In all experiments, the memory of the methods is set to N = 25
and the h for the forward estimates is set to h = 10™%. The parameters of the -BFGS are
left untouched except for the memory. The initial point is zg = V f(0y).

Functions The minimized problems are square loss with cubic regularization, logistic
loss with small quadratic regularization, and the generalized Rosenbrock function. The
regularization parameter of the square loss is set to le — 3 times the norm of the Hessian,
and the regularization of the logistic loss is set to le — 10 times the square norm of the
feature matrix.

Dataset The datasets for the square and the logistic loss are Madelon [37], Sido0 [38], and
Marti2 [38] datasets.

Post-processing The dataset matrix is normalized by its norm, then a vector of ones is
concatenated to the data matrix.

G.1. Initial Parameter for the Backtracking Line search

The backtracking line search was used in all experiments. The estimation of the initial value
My (see (36)) is based on the following observation. Since the function satisfies Assumption 1,

L
IVf) = V@) = V2 @)y = 2Dl < Slly = =],
for some x, y. Hence, the parameter L can be estimated as

1~ oIV - Vfﬁ)_—mjjf(w)(y — o)

Now, define
def
sn = hV f(20),
for some small h and 7 > 1, and let * = zg and y = xg 4 s;4. Indeed, if h is small, then
T[Vf(zo + sn) — V(o)) = TV f(x)sp = V2 f(2) 7.
Therefore,

IV f(zotsn) =V f(x0)—7 [V f (2o + sn) — V(@o)] | = |V f(@o+sen) =V f(20) =V f(2)s7],
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and hence, the Lipchitz constant can be estimated as

My — H:h\?”Vf(xo +571) = Vf(20) — 7 [V fzo + sn) — Vf(zo)] |l (36)

In the experiments, A is the same as the algorithm, and 7 = 10. Various choices of 7, h have
been tested without significantly impacting the numerical convergence.
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G.2. Scalability w.r.t. Dimension and Memory

102 300

¢ Type I method
——O(N?)

107 .
102 10° 10 10° 0 500
log( dimension )

Figure 2: Scaling of the Type 1 method with the "orthogonal forward estimates only
updates rules w.r.t. N and d to minimize a random logistic regression function.
As predicted by the theory, the scaling is linear in the dimension and quadratic
w.r.t. N. The proposed method is suitable for large-scale problems, as it can
quickly solve problems with d ~ 106.
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Figure 3: Distribution of the per-iteration time for three methods. The memory parameter
of - BFGS and the type I method is set to (left to right) N = 5,25,100. The
time required by the I-BFGS algorithm increases slightly when N grows, and the
per-iteration computation time is approximately two times faster than the type I
method. Surprisingly, the total computation time of the type-1 method remains
constant for different N because the condition in the backtracking line search is
more often satisfied. Note that the x2 factor between I-BFGS and the type 1
method is expected since the type 1 method requires at least 2 gradient calls.

G.3. Influence of h
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Figure 4: Influence of the step size h to compute the forward estimate z 1 in the "orthogonal

2
forward estimates only" updates rules on the Madelon dataset to minimize a (left)
quadratic and (right) a logistic loss. The range of acceptable h is rather large.
For instance, this range is [107%, 107!] when minimizing the logistic loss.

G.4. Impact of the memory parameter N
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Figure 5: Impact of the memory size N on the convergence rate of the type 1 method
with the "Orthogonal forward estimate" update rule to minimize a logistic loss
on the Madelon dataset. Left: number of iterations versus suboptimality, right:
time versus suboptimality. Overall, it is always better to increase the memory

parameter in terms of the number of iterations, but there is an effect of diminishing
returns.

G.5. Nonconvex optimization
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G.6. Comparison of Type 1 Methods on Convex Problems

G.6.1. SQUARE LOSS AND CUBIC REGULARIZATION
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Figure 8: Comparison of type 1 methods: Square loss and cubic regularization on Madelon
dataset
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Figure 9: Comparison of type 1 methods: Square loss and cubic regularization on sido0
dataset
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Figure 10: Comparison of type 1 methods: Square loss and cubic regularization on marti2
dataset
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G.6.2. LOGISTIC REGRESSION
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Figure 11: Comparison of type 1 methods: Logistic loss and cubic regularization on Madelon
dataset
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G.7. Comparison of Type 2 Methods on Convex Problems

The type-2 method was not the focus of this study. Its prototypical implementation is rather
slow, hence, the time VS suboptimality graph are not showed.

G.7.1. SQUARE LOSS AND CUBIC REGULARIZATION
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Figure 14: Comparison of type 2 methods: Square loss and cubic regularization on Madelon
dataset
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Figure 15: Comparison of type 2 methods: Square loss and cubic regularization on sido0
dataset

45



QUASI-NEWTON WITH GLOBAL CONVERGENCE RATES

1 1 1 1
1007 = = m e e m === = = o 100 \ S~ = = = = = - — — - = =]
x x **,
4 4
| | %
E 10727 . = Gradient Descent - 8 1075 “" = Gradient Descent -
s W\ |= =Iterate Only s ", = =Iterate Only
B Forward Estimate Only Y Forward Estimate Only
%\ [ores Greedy <, =unns Greedy
': me | bfgs minfunc '_ me | bfgs minfunc R
1071 y T T T 10710 T 1 T T
0 50 100 150 200 250 0 50
Iteration t

46

Figure 16: Comparison of type 2 methods: Square loss and cubic regularization on marti2
dataset
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G.7.2. LOGISTIC REGRESSION
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Figure 17: Comparison of type 2 methods: Logistic loss and cubic regularization on Madelon

dataset

1 OO | 1 1 |
L
il e ————

P X
b =
| _ |
—~ 10777 -
2 == Gradient Descent )
=~ = =Iterate Only S~

Forward Estimate Only
vaues Greedy
me | bfgs minfunc
10710 T T T .

0 100 200 300

Iteration t

400

500

2
<
N 1Py

== Gradient Descent
= =Iterate Only
Forward Estimate Only
vanes Greedy
e | bfgs minfunc

T T T T
100 200 300 400
First Order Oracle Calls

500

Figure 18: Comparison of type 2 methods: Logistic loss and cubic regularization on sidoQ

dataset

47



QUASI-NEWTON WITH GLOBAL CONVERGENCE RATES

0 1 1 1 0 | | |

10

T T e e T T

T TTh s Tl ea s v ra
.m.m.m-.ﬁ..ﬂ..ﬂ-u

* *
“ “
I _ I _
—~ 1077 m o~ 1077 B
B == Gradient Descent B == Gradient Descent
s = =Iterate Only \\ s = =Iterate Only \\
Forward Estimate Only Forward Estimate Only
=xess Greedy =xe=s Greedy
me |fgs minfunc me |bfgs minfunc
10710 T T T 1071 T T T
0 2000 4000 6000 0 2000 4000 6000
Iteration t First Order Oracle Calls

Figure 19: Comparison of type 2 methods: Logistic loss and cubic regularization on marti2
dataset

48



QUASI-NEWTON WITH GLOBAL CONVERGENCE RATES

Appendix H. Missing proofs

In this section, when not needed, the subscript ¢ has been removed for clarity. The following
definitions simplify the notations:

Dy = (D'D)~'DT, (37)
D! =D(D"D)™, (38)
kp = || D || D, (39)

Note that the pseudo inverse Dy exists under Requirement 3. Note that
DiD =1, DDy =Pp =P.

H.1. Technical Result: Hessian Approximation

This section presents technical results related to the approximation of the Hessian V2 f(z).
To simplify notations, let the matrices Hy and Hy be

_D'R+R"TD

PGD; + DI G"P
2 ’ '

Hy 5

Hy = D] HyD; = (40)

Intuitively, Hy is the Hessian approximation, while Hy is the approximation of the quadratic
form DTV?f(x)D.

Proposition 3 (Subspace Hessian Approximation Error). Assume D satisfies Require-
ment 1b. Then, the following holds:

| (B0 — PY2f()P) Dal| < ZIDil ] Dal

Proof. Since DDy = DI'DT = P, DiD =1, PD = D, ||P|| = 1, and using (40),

2

PGD; + DIGTP )
— PV*f(x)P| Da

IN

%( |(PGD; — PY2f(2)P)Dal| + ||[(D] GTP — PV2f(2)P)Dal))

IN

2 (oo~ 92 7(@)Dal| + |1D1] (& ~ DTV f (@)Dl )

Using inequality (12) for the first term and (13) for second gives

1 /L r L|| D« >
<-(z Dy || 2
<5 (3lale+ 1Dy =52 |

H lPGDT +DIG'P
2

~ PV? f(a;)P] Do

Because |o]"e < [lallll]| < [ID+[[[|Da]le],

H [PGDT +DIGTP

5 — pv? f(x)P] Da

L
< S 1Dt llllellll Dedl-
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Proposition 4. [Out-of-subspace Error Estimation] Let the function f satisfy Assumption 1.
Let the matrices D, G be defined as in (10) and vector € as in (11). Then, for all « € RY,

I( = P)V2f(x)Da _
[Dal

< (I = P)GI + Lllel) 757 IIDH

Proof. Indeed, using (13),
I(I = P)V?f(z)Da| = |(I = P)(G — G+ V*f(x)D)al|
< (I = P)(V*f(2)D = G)a|| + |[(I - P)Ga|
< |(V2f(z)D = G)al| +||(I = P)Ga|
< ||V?f(@)D = G|llla]| + (I - P)Gal

< (Beljap+ 11 - PiGal)

Hence,
Iz~ P)V2f(x)Daf _ (“5Llall+ (T — P)Gal))
[Dal] - [Dal]

Moreover,

I(Z = P)V2f(x)Dal| _ (LHEH
[1Dal o\ 2

< (Bl s jia-pay) el
§m3x< H;H—i—H(I—P)GH) ”O‘C!

- (B - pan) ko)

+1( = PG el

1Dl

The desired result follows from the fact that xp = (D)

H.2. Technical Results: Cubic Subproblem

This section presents results on the properties of the solution of the cubic subproblem
% def . T 1 T 77 M 3 *
o = argmin Vf(z)" (Da) + Q(Da) Hr(Da) + FHDQH ) ry =z + Da (41)
(03

where Hp € R%? is a rank N matrix such that

R'D+DTR+T

H=D'H,D;, & H=D"HD, H,= 5 ,

(42)

and I" is a N x N matrix. For instance, setting I' = M||e||||D||I gives the H in algorithm 4.
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Proposition 5. The first-order and second-order conditions of the subproblem (41) read

M
DTV f(x) + Hro + 717TLDCJ4|1)a|| =0, (43)
M
Hr + ?DTDHDQH = 0. (44)
Proof. See [50], equation (3.3), and [52], equation (2.7). O

Proposition 6. Let f satisfies Assumption 1 and B € R¥? be any matriz. Assume the
matriz D satisfies Requirement 1b, and « satisfies the first-order condition (43). Let Hr be
defined in (42). Then,

IV £() + BDa ~ Vf(a)] = | (r - B + 2200

Da+Via)l — (45)
< Sl + 1B ~ V2f(z)]Dal . (46)

Then, the following equation follows from the optimality condition multiplied by D(DT D)~1,
writing P = DD; = D?DT, assuming PV f(z) = V f(x),

V(z) + (Ar + M”f“”)pa ~0.
Replacing V f(x) gives
. MI||D
IV7() + BDa — Vi) = | - (i + 2P po 4 Bpa - Vi),

which is the desired result.

Proof. The inequality follows directly from (2),

A

IV f(z) + BDa =V f(z4)|| < |Vf(z) + V*f(2)Da = Vf(a4)|| + | BDa — V*f(z)Da|

IN

Z1Dal? + B ~ V()] Dol
[

Proposition 7. Assume D satisfies Requirement 1b. Let H be defined in (42). Then, for
all T, if

. -
in proposition 6, the following holds:

|(3ieop + M2 by 950 < Zypal + 18 - w2 sinal, @

where

I(1 — P)V2f(z)Da|
[ Dall

I(B - V3£ (z))Dall < |Dal GHDTHHaH " + 5[ - f)DTID
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Proof. From proposition 6,

M|[Del

|(Hr — B+ JDa+Vf(zy)l < gHDOZH2 +|[B ~ V2 f(2)]Dal.

Replacing B in the left-hand-side gives

7 M| Do

D:TDY  amip

2 2

JDa+ V f ()] = [I( )Da+Vf(zy)l

Since
V2f(x)Da = PV?f(x)PDa + (I — P)V?f(z)PDa,

where P = D(DTD)~'D”, and because PD = D, the inequality becomes

|18 - V2 (@)Dal | |fir ~ ;DiED] - V24()] Dal (13)
P+ (1 = P)} |[fir = 5DiED] — V21 (z) | PDal (49)
< H(ﬁo _ pv? f(x)P) DaH (50)
1 - |(I = P)V2f(z)Da)||
+ (2 |DF (0 -D)Dy + Dl IDal  (51)
OJ
Corollary 1 (Bound depending on T'). In proposition 7,
e ifI' =0 and ' = M||D||||||I,
M| Da| Lo lell (L+Msp )
|75 et 9rtw)| < g 1DalP + 1al (5 (Fg 2 ) mo + 10 =PIV S@)P)
(52)
o ifI =T,
H(lD ro? + M|Da|> Da+ Vf(zy)| < £‘|Da‘|2 + || Do (L &l KD (I = P)VQf(a;)DaH)
2 2 =2 2|D] Dol
(53)
« IfI' = D(M|Dal)DT and T = M||D||]|1,
L+ M 9 lell /L+ Mkp 9
IVl < S5 Dol + [Dall (50 (F52 ) wo -+ 10 = PIV1@) P )

(54)
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H.3. Technical Results: Decrease Guarantees

This section presents two technical results on the minimal decrease of the function f.

Proposition 8. Let Assumption 1 and Requirements 1b to 3 hold. Then, Yy € R%, algo-
rithm 4 ensures

M+ L
6

ly — =

2
Jy— =+ = (\v2f<x>—Pv2f<x>Pu+a

K /12
fles) < fw) + L“”)

2

Proof. The output of algorithm 4 ensures that

. T 1 T2 L 7 T2 M 3
flzy) < min f(z)+Vf(x) Da+ §(Doz) Vef(z)Da+ e (H — D'V f(:c)D) a+ E”DO&H
However, by the definition of H (Type-I bound),

laT (H — DTVQf(a:)D) o'

2
T T
<3 (" (FE2E - 59+ HIDIED)
2 2 2
T T
g% (aT (GD;DG - DTVQf(m)D> a+ HDT||2HDa||M”2HH€H)
1 M| Dl||le
=5 ()" (6= 9@ D) a0 pa HEMED)

The last equality comes from the fact that

T T T AT T T
aT(DTG)a:aT<D G;G D D G2G D)a:aT<D G;LG D)a'

Now, using (12) with w = D« gives

M|[Diflle]

I 7 T2 L|| Dol al 2
sol (- D79 f(@)D) a < DU S~ e, o2 Do 218

i=1

Finally, since
N

> laile < llallllell < IDTl[IDalllel,
i=1

the inequality becomes

1 | Dol
50" (H = D"V f(@)D) a < == (LDl + M| D' D] [l]])
IDaf? | )
= L M .
r iy (b + Mrb)
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All together,
flay)
< min f(z) + V(@) Do+ %(Da)TVQf(x)Da + %aT (H - DTVQf(x)D> o+ %HDaH?’

HDOZH2 €]l 2 M 3
—— (L M —||D
T D] ( Kp + RD) + 5 | Da||

<min f(@) 4+ Vf(z)"Da + %(Da)TVQf(:c)Da +

Now, by Requirement 3, for all y, one can find « such that
Da = P(y —z) = DD'(y — z).
Indeed, multiplying both sides by DT gives
a=Di(y—uz).

Therefore, the minimum can be written as a function of y instead of «,
. 1
f(z4) < min f(2) + V(@) Ply—2)+3(Ply—2)" VI (@) Py - o)
1P(y —)]* Jle]

M
L Mk3) + —||P(y — =)>.
+ oy (Bep + Mih) £ PGy — o) (55)

Since PV f(x) = V f(x) by Requirement 1b, and using the crude bound ||P(y—x)|| < |ly—x||,

fa) < mi, f(a)+ V@) (g~ 2) + 5y - 2V F(a)(y -2

T %(y — ) [V2f(£€) - PVQf(x)P} (y — )
Iy — [ ll=ll

_|_
4 |Dl

M
(Lrp +MKh) + -y —all*
Using the lower bound (3),

L
fa)+ V(@) (y—2) + %(y —2)"VAf(x)(y - x) - Gllv - 2|’ < f(y),
the crude bound (y — @) [V*f(z) — PV*f(2)P] (y — 2) < [V*f(z) = PV*f(2)P|ly — =,
and Requirements 2 and 3 lead to the desired result,

2
Fles) < fl)+ X2y ey o2l <|v2f<x> PV ()P + 6

Lk + Mk?
6 2

2
U

Proposition 9. Let Assumption 1 and Requirements 1a, 2 and 3 hold. Then, Yy € RY,
algorithm 4 ensures

N N N (M + L)

Ef(ws) < (1= 3 ) £a) + 31w + 5y - al?

Nly—=z|?> { Le+ Mr* (d—N), _,
T3 0—p + o IVof (@)

_l’_
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Proof. The proof is the same as for proposition 8, until equation (55)
. 1
f(as) < min f(2) + V()" Ply =)+ 5(Py = 2))" V*f(2) Py - 2)

y

1Py —2)]* el 2\, M 3
L M Py — .

With Requirement la, the following relations hold (see [39, lemma 5.7])
N

E[|P(y — 2)[*] = (y — =) E[Pl(y — 2) = — |y — =*, (56)

E[|P(y — )] < E[IP(y —)|]lly — zll = —[ly — =]?, (57)

2 _
El(y — ) PY*f(@)Ply — )] < o (v~ o)V F @)y — ) + 2 @)y o
(58)

Hence, removing the minimum and taking the expectation of (55) gives

Ef(r4) <(x) + 5 Vi@ (4~ 2)

s (];2@ ~ )@y - o)+ Ay - ch2>

N ly —=|* [l N M 3
+ - Lkp + Mk —l-**Hy—xH
d 4 D] ( )
Using the lower bound from (3)

Sy = D)V @)y — ) < Fy) +

in the inequality over the expectation gives

Uy 2l - f(@) - Vi) o)

Ef(ry) <7(x) + 5 Vi@ (y ~2)

N? L
+ o5 (W + Gl —alP - @) - V@) - )
N(d—-N
M 192 ) y —
N ly —? e N
—i—ETHDH (L/@D—i-M )—i-**”y—a:H

After simplification,

2 2
Ef(rs) < (1 - Jj) @)+t + (12 F) V@ - o)
+ NN G2 b))y — o

2 d?

N ly == |l 2y, (N*L  NM 3

- L M — — x>,
+ ||DH(""D+ wb)+{ op + g | w2l
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To simplify the expression, since N < d,

<N2L NM) by — ol < N(M +1L)

6 ' 6d 6a 1Y
Finally, since the function is convex,
N N N N
—(1-= Ty—-az)<=(1-= - .
T (1) Ve -0 < (1) 0w - £@)

From this last relation, Requirement 2 and Requirement 3 comes the desired result,

Ef(x4) < (1 - Z) ) + %f(y) 4 Nu‘gd“)

—z||? (N Lk + Mr?> N(d— N
+||y H <d6 5 + (d2 )HVZf(x)H)

ly — =]®

2
O
H.4. Technical Results: Accelerated Algorithm
Notations The following functions define the estimate sequence,
t
C(x) = bt (f(2) + V(i) (x — 25)) (59)
i=2
AW )\152)
Bu(w) = fl@1) + @)+~ — ol + 2o — o (60)
Pi(x)
) == 1
o) = 22, (61)
where )\gl’2) are non-negative and increasing, and the sequences by, B; are
tE+1D)E+2) &
R (62)
t+1)(t+2
by = % = B;11 — By (63)
(64)
Moreover, the following quantities will be important later,
vy = arg min ¢ (x) = arg min ®4(z), (65)
by
_ : 66
Pe By (66)
yr = (1 — Br)we + Broy. (67)

Lemma 1. From [50, Lemma 4. The Bregman divergence of the function ||z||* satisfies,
fori>2,

1 .
—llz =yl

2l = Iyl = V) (@ =) = o
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Proposition 10. The function ¢; is lower-bounded by
(1) (2)

A A
¢t > r(v) +5 ||z — vl + T llw — v (68)
—_— 2 12
=¢F

where vy = arg min,, ¢;(x).

Proof. The first order condition on ¢; reads,
A® A2
6+ (;nvt — ol + 2= oy — o] = 0.

Multiplying both sides by (x — v;) gives
(1) (2

A A
l(x—v)+V (;HUt — on2 + tT”'Ut — xOHS> (x —v) = 0.

Note that, since ¢, is an affine function, ¢;(x — v;) = ¢;(x) — ¢;(v¢). Hence,

AW A2
li(x) — b (vy) +V <t2||vt — xDHQ + tTHUt — on?’) (x —v) = 0.

(1) (2)
Finally, adding )\tT||$ — 202 + /\tT |z — o||* on both sides and after reorganizing the terms,

RO N NG NS
01(2) = Lo(ve) + 25 [l — 0|2+ 25 [ — 21 = ¥ (25 [[or — woll? + 2 [[vy — wol|? ) (2 — ).
(69)
From lemma 1 with x = x — ¢, y = v+ — xg, and after reorganizing the terms,

. . 1 . .
lz = zo[l* = V([lve = 2oll")(z = ve) 2 G5 |2 = vell" + [|ve — 2ol

Therefore, using the previous inequality with ¢ = 2 and ¢ = 3, (69) becomes

(1) N (2) 3)
¢r(z) > Le(vr) + tTHUt — ol + t?HUt — o + tTHUt — | + ﬁHvt —z|?
By definition of ¢} = ¢¢(vy),
(1) (2)

A A
Gu() 2 6 + “llo — o + S oy —

Proposition 11. Let

kp (3 Iz~ P)G]
7=< € +2).
oy \alel i

Then, under the assumptions of proposition 4 the condition

F@O oo pa
MG+ [l = P

s guaranteed as long as M > 2L.
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Proof. The starting point is (53) combined with proposition 4:

Da+Vf(zy4)

1 M||Da|
—D.I'Df + —/——
H<2 EE T )

_ 2

el
2 (D]l [Dal
el
rp + (I = P)G|| + Lllel)) 75
2 [|D] HDH
3L ell
2 0"

< 5 IDal? + |Dall (5
< S IDalP + [IDall (%5 5k +1( = P)GI 2 )
2 D]

To simplify, let I' = M DyD7T. Hence,

o (2457) 5

< 51Dl + [1Dall (5 1 5omn + 10 - PG 2

Elevating to the square this inequality gives

o (IPANY Yy Do 4w + 2 (ar (222 94 y7Da
2 2

el . ||<IP>v2f<m>Da||>2

L
< ||Dal? | =D =
< [[Da| <2|| 0<H+2HDHF»D IDal

The desired result holds if the following condition is satisfied,

7+||D04H)>2 ) ) (L L el NI - P)Gllrp\?
M( IDal > | Dal? (L Doy + 22 1EL, ) 4 1T = P)GlsD
( 2 > 2 1D 1Dl

After simplification of the squares,

7+ 1D 3L ]l (I — P)G|lxp
M— > = — —_
r = gIball e+
Replacing v by its value gives
I-P)G
HDaH + 157 (%Hell +2W) £HD 1+ 3L 3L ||l . (I = P)G||kp
2 2 ||D] 1D '
The condition is simplified into
[ Da] 3 llellxp
(M —-1L) 5 —|—(M—2L)2 D] =
This condition is implied by M > 2L. O

Proposition 12. Under the same assumptions as proposition 7, if M > 2L, and if

||DH M - 4 ’
e 197 ()2
2 ||V
33/ fﬁ < -Vf(zy)' Da.
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Proof. The starting point is (53),

|1 Dafl Do+ Vf(zy)

HM Leplel| , My [~ P>v2f<x>DaH>

L 2
< = —
< 5 [1Dafl” + | Dafl (2 D] 5 Dol

Therefore, to obtain

B pa s wrn| < ar (1224 5) a,

The following is sufficient,

1941, 150 > Lyal? Lrplel | My, [ = P)V*/(@)Dal
3 (B2 49} 1Dall = 5 1Dal + [Daf {52050+ 27+ .
i 2 2 1Dl "2 Dol

Using proposition 4, the condition can be strengthened into

M /[||Dal| + 7~
— (=27 p
> (175 Ipal

L L kplle]

> 21Dalf* + [1Dall (55200 + 2T+ (12 = PG + Ll 2
2 D] o]
L 3L kplle]l

— S1Dal? + |Dall (5 L - PG )
2 2 o] "z ]

Defining

7 _ (3ol I(I = P)Gll15y
2 \4 |ID] M

simplifies the condition into

D L 3(L— &) kplle
a0 (1500 s5) el > 1o+ 10ai) (31 + 20 2150l

2 1D
which is satisfied when M > 2L. Now, assume that

_ (V3—1)||Da]
—_ 4 .
Then,

e T E < vaMIDel”

Elevating both sides to the square gives

3M?||Da)*

= < —M|Da||V f(z1)T Da

IV£(z)l* +
Writing r = || Do,
IVl 3
Mr 16

< —Vf(.’L'_|_)TDCt.
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Using
3/4
——I—czr >4cl/4(3> ,

the inequality becomes

MYV fa)]*? 4

~Vf(zy) Da >

2 M3/4 33/4
_ \IVJ"’(%+)II3/2
334 VM

O]

Proposition 13 (Termination of algorithm 6). Let f satisfies Assumption 1. Assume that
Requirements 1b to 3 holds. Then, once M > 2L, algorithm 6 terminates with EzitFlag
equals to either SmallStep or LargeStep. Moreover, if My < L, then the algorithm ter-
minates with M < 4L. Moreover, if the algorithm terminates with EzitFlag equals to
SmallStep, then

dvm KD (3 (1 — P)GH)
Dall < s = — | =|lell + 2 .
Proof. Let
KD 3 H(I — P)GH
s = oo (Gl + 25
D]l \2 M

Assume that M > 2L. If vy < w, then, by proposition 12, the following condition

is satisfied:
2 [Vl _

33/4 VM

In this case the algorithm terminates with ExitFlag = LargeStep. In any case, by propo-
sition 11, the following conditions is always satisfied when M > 2L:

1 ()12
M (v + |[De)) —

—Vf(z ) Da.

< —Vf(z)' Da.

Then, if vy > w, the algorithm terminates with ExitFlag = SmallStep (otherwise
the algorithm would have been terminated with ExitFlag = LargeStep).

Since the algorithm doubles M until one of the two condition is satisfied, in the worst
case, M =4L. ]

Proposition 14. If /\gl) and )\?) satisfy

A > B st D), AP s ey
(6% ) — )
t = B, t+1 "t tQ t \/3 Btg t+1

where vy = HHDf ( lle]l + 2%) . Then, the function ¢ satisfies

AL 4O A2 43O

Bif(xt) < ¢e(x), ¢i(x) < By f(x) + |z — zo||* + 5

|l = aol?,
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where
Lk + M1/€2

A = |V f(zo) — PoV f (o) Po|| + & ( >

), A®) = My + L.

Proof. The result is proven by recursion. At ¢ = 1, the condition B; f(z:) < ¢¢(z) is obviously
satisfied since

f(z1) < min gy (v) = f(21).
On the other hand, by proposition 8,

_ ) 50
f(z1) < min f(z) + T”:U — ol + THJC — x|
5@ (1)
< f(x) + ?Hx — xo|]* + 7”96 — x|

Therefore, the second condition holds by definition of ¢,
(1) (2)

A A
b= Flen) + 2z = ol + 2o — ol
AW + A A2 +A®
S%Hﬂ?—woﬂ%r : 5 Iz — o
Now, assume ¢ > 1, and By f(z+) < ¢¢(x). Hence,
min ¢;41(z)
(1) (2)

=min by (2) + by [f(we41) + V[ (@) (@ = zen)] + = o — wol® + = |2 — 2o

2 6
=min ¢ () + b [f(2e11) + VI (211) (@ — 2141)]

D, o 2, o)
o SEL S — g2 SEEL S — g

Zmin ¢ (2) + b; [f (2r41) + VF(@e11) (@ — 2111)]
(68) (1) ) )\(2)
> min gy + ||z = w|* + o le = vl + b [f(2001) + V(@) (@ = 2110)]
A 2 M 3
2 min Bef(ze) + —-llo = vell” + =5 llw = oel® + be [f(2e11) + Vf(2e11) (@ = 2611)]

Ad
Z min By f(x41) + VI (2e1) (@0 — 2ep1) + b [f(2e01) + VI (@e00) (@ — 2041)]
NG Ne!
+ =l = wll* + Tl — vl
A\ NG
=min By f(#141) + VF(2e11) (B + by — Biyaiy) + t7||=’13 —ul|” + 1t72||$ — v

67) .
@ min By f(2e41) + Bepa Vi (€e41) (e — 2e41)

(1) (2)

A A
+ bV (1) (@ — o) + tTHx — g + ﬁ\\x —v|f?
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The inequality is satisfied if either
\@
(@) 0< B Vf(we)(ye — wer1) + 0V f(zen) (@ — ve) + ﬁ”x —u®, or
A\
(b) 0 < Bep1Vf(zee1)(ye — Tev1) + bV (we41) (2 — vp) + t7||93 —uf%.

It remains now to find sufficient condition such that one of the previous inequalities hold.
Define x441 to be the output of algorithm 6 starting from w;, hence y; — 441 = — Doy
The algorithm guarantees that

2 ||V ()P
T
(@) —Vf(zi1) Doy > 337 Sy

B T ||f($t+1)||2
(b) Vf(@ir1)” Dy > M1 (v + || Deewe||)

Combining the expressions (a) and (b) leads to the following sufficient conditions:

2 |V ()] A 3
< —_ P —
0 < B 53/ v + 0V f(wp1)(z —ve) + 19 [ = ve|”, (72)
1f (o) |2 A 2
0<B + b6V Sz T —v) + T — vl 73
t+1 Mt+1 ('Yt + ”DtatH) t f( t+1)( t) 9 || t” ( )

Case 1: equation (72). Starting from the first order condition of the minimum of (72)
over z,
A2
bV f(ze1) + =~ llw — vl (@ = v) = 0. (74)
Multiplying (74) by (x — v;) gives
A 3
bV f(@e)(@ — o) = === lz — vl

Hence, when x satisfies (74),

@ \@
bV f(we) (@ —w) + oo = wl? = ===z = wl. (75)

Going back to (74), after isolating = — v,

4, 1
(JT - Ut) - _A§2) Vf(xt+1) Hl' - Ut”

Therefore, after taking the norm and changing the power,

3/2
4b
Iz —vel|* = <)\(2t)HVf(It+1)H> :

t

AP s AP <4bt
& 2ol = 2 (S

6 e
4

6
= — = BV @) ).
3V A

3/2
HVf(wm)!I)
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After using (75) and injecting the minimal value makes the condition (72) stronger:

2 ||V f(meg1) P2 4
0< B -
= PtHlgaa M @
3/ Ay

(|| V f (1) [)*/2 .

Hence, if )\,52) satisfies

2 4 32 @ 4 b
B > b e A> 2
BN T 5 [0 CovaBy,

then (72) is satisfied.

(76)

Case 2: equation (73). Starting from the first order condition of the minimum of (73)
over z,

b1V F(weg1) + A (2 — vy). (77)
Hence,
bV
(x—v) = — el fgf)Hl)-
)\t

Injecting the value back in (73) gives
If @)l oIV @) 41 2 [V (@)l

B
M (vt (Do) 3D 2w
Therefore, if the following condition holds,
Bt bi . b
2 & M2 M, + || Dsay]])
2Myi1 (e + | Decw)) = A t Z5p, M (vt + ([ Decwe])

then (73) is satisfied.

O
Proposition 15. Let f satisfies Assumption 1. Then, under Requirements 1b to 3, )\gl) and

)\§2) in algorithm 7 are bounded by

b2
A <30+ Tl (Smax{4L, Mo} + max (1= P)VI@R))  (79)
t 1=VU...
@ o L
N < 50+ max [|[(1 = P)Vf (i) B). (79)

Proof. Since algorithm 7 doubles /\gl), /\gz) until ¢F > f(x41), then by proposition 14, both
AW A2 4 chieves at most
t M

A <2-b%th L (e + |1 Dee])) s AP <2-ib§i1Mt )
t ~ Bt + ) t = \/g Btz +

There are three cases to distinguish:
1. The algorithm finishes with ExitFlag = LargeStep,

2. The algorithm finishes with ExitFlag = SmallStep.
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Case 1. In this case, )\g)l may be updated. By proposition proposition 13, M; < 4L

(unless My > 4L). Hence, )\?) is bounded by

3 3
(2) 4 biy b}y
AL 2 EB—?maX{MOAL} < E)B—t2 max{My,4L}.
Case 2. In this case, /\Sr)l may be updated. By proposition 13, and by Requirements 2
and 3,

V341
M. + | D < M.
1 (ve + |l tOftH)_\/g_l 1

V3+1 kp (3

— 2| Mysa + 2|1 — PG )
\/g—lHDtH 2” t” t+1 ||( t) t”
V3+1 <3 |(I = )Gl

< ——— | =dkpmax{4L, My} + 2k )
Vi1 \gOrpmax{dl, Mo} +2xp =y

In addition, by Theorem 6 and Requirement 2,

(I — R)G|| < |(I = P)(Ge = V(@) Dy)|| + (L = P)V [ () D)
(7207 1D
gledll + I — P)V (@) Dy)|
1Dl ’
Sledl + 11T = P)V f(z) P.Dy)|
D] ’

<

L
< o+ max ||(1 = P)VF(i) Pyl
Hence,

M1 (v + || Deae|)

S\/§+1
3-1
é\/§+1
3-1

< 7.5kp (5 max{4L, My} + nax (I — -Pz)vf(xz)Pz)H> .

L
(;&;D max{4L, Mo} + 2kp (25 + max (I — B)Vf(xz)Pz)H)) ,

(Ié/{p max{4L, My} + 2kp max (I — B)Vf(xl)Pl)H) .

Therefore,

b2
b2
<30- ULy, (5max{4L,M0} + max [|(7 - R-)vfm)Pi)\)

t
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H.5. Missing proofs from Sections A and 3

Theorem 6. Let the function f satisfy Assumption 1. Let the matrices D, G be defined as
in (10) and vector € as in (11). Then, for all w € R? and o € RY

— Lol Tey < wT(V2f(2) Dy — Gya < HitljaTe,, (12)
lw” (V2f(2)Dr — Gy)|| < Ebell ey . (13)
Proof. Using Cauchy-Schwartz with (2) gives that, for all v,
Ll|lv
T (V) - V() - VR —2) < Ay

Let v = v;, y = y;, and z = z;. By the definition of Y, Z, D, G in (10),

oF (g - V() < Al g, 2

Introducing V2f(x) gives
vl (gi — VZf(zi)di) = (gi - sz(x)di) + ol (V2f(z) — V2 f(x))d;.

Since the Hessian is L-Lipchitz-continuous Assumption 1, (V2 f(z;)—V2f(z))d; < L||d;]|||z —

z||. Therefore, by the definition of ¢;,

Livile:
5

of (g = V2 f(2)d;) < (80)

Let v; = sign(a;)w. Summing all inequalities multiplied by |a;| gives the first desired result:

N
Lwl 3721 il
: .

T (G - V2f(:v)D> a <
The second result is rather straightforward, since (80) with v; = w gives

Lfjwlle;

w’ (g = V2 f(@)d;) < 25

Therefore,

z 2 al Ljjw||e]
S T (g; — V2f(2)d;)) < | Zug@ V@)l < Jully| D Le? <
i=1 =1

O]

Theorem 7. Let the function f satisfy Assumption 1. Let x,41 be defined as in (8), the
matrices Dy, Gy be defined as in (10) and ; be defined as in (11). Then, for all « € RY,

f(zey1) < flae) + V()" Dy + O‘Tgto‘ + L”Déans, (Type-I bound)
IV Fest) | < IV () + Geall + % (Jof Ter + [1Drar]?), (Type-IT bound)

def GT Dy+DT Gi+1L||D
where H, % Gt D+ CHLIDed]
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Proof. The inequality (Type-II bound) is a direct consequence of (2) (with y = x4, z = x)
combined with (13),

IV £(e4) — V() - V2 () Dal < X Dal?
o W (VS(y) - V@) - VS @)Da) < Zolpa?
& wf) < D pa)? o (V) + 2(2)0)

& w'vf,) < A (HD H2+2|az|az>+w (V/(x) + Ga)

=1

L N
& WV f(ay) < o] (2 <\|Da||2 +Z|ai|az-> + V(@) +Ga\>

i=1
Setting w = V f(x4) gives (Type-II bound).
The inequality (Type-I bound) instead comes from (3) combined with (13). Indeed,
L
fley) < f(2) + V(@) Do+ 5 (DG)TV2f($)(D0<) + 5 I1Dal®
(13) 1 L||Da|| & L
< f(z)+ Vf(z)Da + 3 ((Da)TGa + ||2a|| > \ai\€i> + gHDaH?’
i=1

It remains to use the followings bounds:

N
>_laile; = o’ (sign(a) © €) < [lall|e]),
[De < [ D[]l

All together,
1 T L. o L 3
f(a4) < f2) + Vf(2)Da+ 5 (Da)” Ga + Zllal7[[Dlle]| + =l Dal

Finally, since (Da)” Ga is a quadratic form, only the symmetric counterpart of DG counts.
That means, (Da)T Ga = QTWOA Hence, writing H = w +IZ D[]l gives
the desired result,

ol'Ha

fla+) < J@) + V() Da+ 2

L

O]

Theorem 1. Let f satisfy Assumption 1. Then, at each iteration t > 0, algorithm 3 achieves

f(@e1) < flae) — t+1 [@ei1 = aell®, Mg < max {2[/ ; Ao } . (7)
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Proof. Using (43), at each iteration, after the while loop, the first-order condition of the
subroutine algorithm 4 reads

M,
DYV f(ze) + Hyouyr + %IDtTDtOétHHDtatH” = 0. (81)
The subscript t is dropped for clarity. After multiplying by «,
T T M 3
Vf(xy)" Da+a’ Hu+ ?HDaH =0.
In addition, multiplying both times by « the second-order condition (44) gives
M
ol Ha > —?||Da||3.
which gives, after replacing it in (81),
M M
V f(z1)" Da < —?||Da||3 + ?||Da||3 =0. (82)

Injecting eqgs. (81) and (82) into the while condition of algorithm 4 gives the desired result:
M| Da|?

1
fl@y) < f(2) + V(@) Da+ jal Hat =, (83)
_ 1 T M||Da®
= f(z) — 3V /(@)"Da - 1A
M||Dal)?
< _—.
Where (83) is guaranteed if M > L. Therefore, in the worst case, M < 2L. Finally, after
t iterations, the number of total gradient calls is bounded by 2t 4 logy (%) as shown in
[52]. O

Theorem 2. Let [ satisfy Assumption 1, and assume that f is bounded below by f*. Let
Requirements 1b to 8 hold, and M; > Mpyy,. Then, algorithm 8 starting at xo with My
achieves

_ 3L f(xo) — f* 2/3, Ch flag) — f\"?
i sl < ms{ (12755 20 () (27505

where Cy = 6L (*4252) 4 maxic ||(1 = P)V2f (i) By
Proof. The starting inequality is (54):

L+ M
2

IVF(z )] <

”6” L+ Mkp
Dal* + Dal

D] 2 ) rp 4[| = P)V%”(w)Pu) .

The result is obtained by decomposing the inequality using a maximum,

IV f(z)ll
< maX{(L—l—JWHDOé|2 ; 2| Da| <

el (L + Mkp

o1 (F ) o+ I = PV @) }.
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In the first case,

IVf (x4
Dol > | ———— 4
1Dl = [ (34)
while in the second case,
Dal > V5] |
15 (L4052 ) ki + |[( = PYV2f(2) P
Let C} be defined as
£ L+ M 1kp
Co= i (FERE ) o, 4 101 - POV S @) P
Then, using Requirements 2 and 3, and since M < 2L by Theorem 1,
142
C,<C =6l ( “) s+ max[|(1 — P)V2f ()P
Therefore,
Daj > VI (55)

At each iteration ¢, combining eqs. (84) and (85) into Theorem 1 gives

f(@e) = f(we41) > M | 21 — 2 ||® > @min { (W)3/Q : (W)B}
N——

12 12 L+ My C
:Dtcxt
Therefore,
f@wo) = f* = f(wo) — f(x)
t—1
= Z f(xi) = f(zig1)
i=0
-1
My 3>
> o
=2 < ol — il
> 5" min Mot <|er<@+1>||)3/2 | <I|Vf<+>|l>3
it 12 L+ My ’ C

My \\Vf(a:imu)g” (\Vf(ximu)g
> = Mo JgNeras0n .
= e mm{( L+ M ’ C

A AN 3/2 N
> Mo i { gy (SHEY o, (1920
12 ie[1,t] 3L ie[l,t] C

After analyzing separately each case of the minimum, either

. 3/2 . 3
min ||V f(x; . min ||V f(x
B VSN ey (I
3L - t M min C - tMmin '
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It remains to simplify to obtain the desired result,

min [V f(z)]] Smax{ ii (12W>2/3 | (tl(’;g> (12%)1/3},

min
O

Theorem 3. Assume f satisfy Assumptions 1 to 3. Let Requirements 1b to 8 hold. Then,
algorithm 3 starting at xo with My achieves, fort > 1,

. f(@o) — f* 1 L(3R) 1 Cy(3R)?
_ <
e S e R S (S B R T A S
where  Cy & JLE2E max;eo [| V2 f (2:) — BV f(2i) Pll.

Proof. Starting from the inequality in proposition 8,

Miiq1+ L — x4
fainn) < 1) + HEEEyy g4 =2,
where )
L+ M; 1k

D= V2 f (@) = BV () P + 6=

and setting y = (1 — f)xy + frx* and f(x*) = f* gives
. N , M+ L - 211 — %2
R R R ety

2 2
Because the function is star-convex,

Mt+1 + L x*”?, Bt th -z H

f@ega) = < (= B)(f (@) = 1) + 2

— B/ llz cy).

Since algorithm 4 ensure a decrease in the function value, the iterate x; satisfies

zp € {z: f(z < f(z0))},

and therefore, ||x; — 2*|| < R by Assumption 2. In addition, M < 2L by Theorem 1. The
inequality now becomes

C§t>

N LR3 R?
(f(wer1) = f4) < (1= B)(f(we) = £) + B} + B (86)
Finally, since M < 2L, the scalar C% is bounded over time by C:

def(S K+ 2/432
2

) <Gy [ V2 (21) = PV2f (2) P

Now, let
. B, — WHDE+2)

6 I
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e bi: By = By + by, hence b; = FD ang

_ b
® ﬂt_ Bii1®

Therefore, for t > 1,

By Bi1 b By B4
]_ = — = _— = — _ :> ]_ — —1 = .
B, B B B, + Bi1 Br—1 B,

Injecting those relations in (86) gives

_ By e biy1 ) LR bir1 \* R2Cy
(f(xpg1) — ) < Bror (f(xe) = ) + (Bt+1> 2 + (Bt+1) 2 7’

hence the recursion

b} 3 2. R2
Bra(f(wenn) — 1) < Buf(ae) — )+ 0 4 e IO

t+l 2 Bt+1 2
b}, LR? b2, R2Cy
< B e i+1 i+1 )
< Bo(f () = ) + Zﬁgj’g&ﬂz
B tOZ;?HLR Lo i R
0 * ! =0 Bit1 2
T — < Ty) — + .
(f( t+1) f ) Bt+1 (f( t) f ) Bt+1 9 Bt+1 2
Therefore, the rate reads By the definition of b; and By,
bla 36 (H+1DXi+2° _9G+1)E+2) _9
BZQJrl 8 (i+1)2(i+2)2(i+3)2 2 (i+3)2 — 2
b? i+ 1)2(i + 2)2 |+ 2
RIS G o G S A Gt YERMPY . 1 IFIRY
Bi+1 4(Z+1)(’L—|—2)(Z+3> 2(Z+3) 2
Hence,
t b
i=0 B7, oS+ 27
B = (t+1)(t-g2)(t+3) T (t+2)(t+3)
¢ b
i=0 B::Lll 5 02(Z+1) N %(t+2)( +1) . 9
Biy1 (t+1>(t22>(t+3) o+ 1)(t482)(t+3) S 2(t+3)

Shifting from ¢ 4+ 1 tp ¢ gives the desired result,

" fl@e) = f~ 1 L(B3R)® 1 C5(3R)?
(e =) <6 avy T asnes 2 t+2 4
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Theorem 4. Assume f satisfy Assumptions 1, 2 and 4. Let Requirements 1a, 2 and 3 hold.
Then, in expectation over the matrices D;, algorithm 3 starting at x¢ with My achieves, for
t>1,
1 1 L3R 1 C3(3R)*
EDt[f(ﬂct)—f*}<ﬁ(f($o)—f*)+ 12 (2) N, (2 ) ,
1+73 [U } [Ht} [? }
d
where  C3 v/ 5L% 4 dN) max;eo,q |V f(2i)]].

Proof. The proof technique is similar to [39]. Starting from proposition 9 with = = z,

Bfen) < (1= 5 ) s + ) + G LI g
o2 2
Ty (5““;4“1“ R \E <xt>u>

where the expectation is taken with Dg,..., D,y fixed. Using the inequality M1 < 2L
gives

3
+

)
B/ < (1- ) s+ 5 <f<y> T mﬁ)

where

“r (M”f” gy 7).
Let y = fBra* + (1 — 5t)xt, B € [0,1]. After using Assumption 4 and Assumption 2,
Ef(xir1) < <1 — — | fxy) % < Brx* + (1 — Bi)xy) +5203R +53LR3>
<(1-3 ﬂ oo+ 5 (B < (-5t + 55 4 g LR3>
—(1-7) s+ (@f (1= B ) + B 1 LR3>

3
-(1 _Btd> f)+ 7 (ﬁ%f(w )+ )

Hence, the recursion

3
(Bfn) — 1) < (1= 57 ) (Flaw) — 1)+ (@“’R Lf)

Now, define

by = t2,

t 3

4 /d

B, =B b, Bo==|—
t 0+; i, Do 3<N>
db N B
3 a4 Op41 1-2p = t
NBt+1 d Bt—l—l
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Replacing those relations in the recursion gives
Bip1 (Ef (@e41) = f7)
N d b1 \2CsR? [ d byq \* LR?
ctista e g2 (L) O (b )
dBiy1 \\ N By 2 N By 2
d b}, C3R* d* b}, LR®
=B(f(ze) — )+ — +—

Expanding the inequality gives

d 2L p? CR2 2 9L LR3
Bii1 (Ef(xi41) — f*) < Bo(f(=o )+~ Z il 22 N2 Z o
2+1 2 N — H—l 2
Since
3
B; = Bo+;>Bo+/xdx—Bo+3
t 2 t -4

—- < — < 3t7,

; t ; BO + Z3/3

t 3 t -6
b
7tz < : a2 = 9t
Bt i=0 (BO +1 /3)

the bound becomes
N C3R? d?> LR3
Bi1 (Ef(ze41) — f*) < Bo(f(wo) — f*) + NBtQ 32 + WgtT

Dividing both sides by Byy1 gives
d 3(t+1)%2 C3R?> d* 9(t+1) LR3

By
Ef(zt41) — f* < 5 (f(z0) = f*) + 3 N2 3
Bo—i—M NBO—F@ 2 NQB()—F@ 2
After the following simplifications,
By 1 _ 1
= 3
3(t+1)2 3 (t - 1) 1 3 1 9
=< —3B)—— = ——,
BO+(t+1)3/3 Bol_k(':?j'Tl)t-i-l Bo t+1 t+1
0
9(t+ 1) 9 (t+1)% 1 9 1 27

I SV 3 _
Bo_i_@ B() (?'Tl)s (t+1)2_B0 (t+1)2 (t+1)2’

0
the inequality finally becomes (after shifting from ¢ + 1 to t),
1 1 L(3R)3 1 C5(3R)?
ﬁ(f(@"o)—f*)‘f‘ IYRE (2) Ty <2 )-
4] ]

Ef(z) — f* <
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Theorem 5. Assume f satisfy Assumptions 1, 2 and 4. Let Requirements 1b to 3 hold.
Then, the accelerated algorithm 7 starting at xo with My achieves, fort > 1,

A1 R2 | x(2)R3
B R

2 3
f(xy) — f* §C4% + 9max {My ; 2L} (%) + T)JG
where A1) =0.5.6 (LH + Mmz) + V2 f(x0) — PoV2 f(x0) P, A =M+ L,

Cy =30 kp (d max{4L, My} + max;—o . [|({ — P;)Vf(z;)P)||)

Proof. By construction of ¢.(z), from proposition 14 and Assumption 2,

Buf(a) < mindy(x) (57)
< ¢i(x*) (88)
M, 5 (2) | (@)
AD 4 X A X
< Buf (@) + ST P+ S et — ol (89)
ORI (2) | 3@ .
< Byf (z*) + %RQ + %Rd (90)
R VR (C R\ () R
gt T2 At T3,
= flw) = " < TR S TR (91)

By proposition 15, the following bounds holds:

b2
A <30 <6max{4L, Mo} + max ||(I Pi)Vf(:ci)Pi)H> :
t 1=V...
3

b
AP < 5 max{Mo, 4L}.
t

. bt 3
Since B*: = ma
b?-gl _ 33 ’ b%""zl _ 32 ' (92)
B; (t+3)3 B? (t + 3)2
Therefore,
f(my) — f* <30k <5max{4L My} + max ||(I—P')Vf($-)P-)||) (3R)?
' - P RO S0 ’ RO ) 4 3)2
3
+ 5 max{ Mo, 4L} <t3f3>
A R2 12 g3
S S
(t+1)3
]
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