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Abstract
First-order operator splitting methods are ubiquitous among many fields through science and engineering, such
as inverse problems, signal/image processing, statistics, data science and machine learning, to name a few. In
this paper, we study a geometric property of first-order methods when applying to solve non-smooth optimiza-
tion problems. With the tool of “partial smoothness”, we design a framework to analyze the trajectory of the
fixed-point sequence generated by first-order methods and show that locally, the fixed-point sequence settles
onto a regular trajectory such as a straight line or a spiral. Based on this finding, we discuss the limitation of
current widely used “inertial acceleration” technique, and propose a trajectory following adaptive acceleration
algorithm. Global convergence is established for the proposed acceleration scheme based on the perturbation of
fixed-point iteration. Locally, we first build connections between the acceleration scheme and the well-studied
“vector extrapolation technique” in the field of numerical analysis, and then discuss local acceleration guarantees
of the proposed acceleration scheme. Moreover, our result provides a geometric interpretation of these vector
extrapolation techniques. Numerical experiments on various first-order methods are provided to demonstrate
the advantage of the proposed adaptive acceleration scheme.
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1 Introduction

Non-smooth optimization is an active research area of modern optimization, which aims to find solutions of
structured problems that are the sum of smooth and non-smooth functions, possibly under constraints and
composition with (non)linear operators. It plays a fundamental role in various fields through science and en-
gineering, such as inverse problems, signal/image processing, compressed sensing, statistics, data science and
machine learning, etc. In the literature, numerical schemes, typically first-order (operator/proximal splitting)
methods, have been designed to solve non-smooth optimization problems. Over the past decades, driven by
the real-world problems arising from the aforementioned fields, non-smooth optimization and first-order meth-
ods have experienced tremendous growth and success, especially in large-scale problems. However, despite
the huge success, first-order methods suffer a significant drawback: slow speed of convergence, which has
made them the bottleneck of solving today’s even larger-scale problems. With the increasing size of data
sets and growing complexity of mathematical models of real-world problems, the need for novel fast and low
computational cost algorithms is becoming increasingly strong.

In this paper, we denote FoM the class of first-order methods and .% € FoM a first-order method, for
instance the proximal gradient descent; See Example 1.1. The iteration of .% usually can be (re)formulated as
a fixed-point iteration in a real Hilbert space .77’

1 = F (), (1.1)

where {z; }ren C S is the fixed-point iterates that converges to z* € fix(.%) with fix(F) = {z € A : 7= .7 (z)}
which is assumed to be non-empty. We refer to [7] for more detailed accountant of fixed-point theory.
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1.1 Acceleration of first-order methods

In the literature, numerous approaches are proposed to accelerate first-order methods, among them, the “inertial
technique” and over-relaxation are probably the most widely used. Both these approaches belong to the realm
of extrapolation techniques. Let % be the first-order method in (1.1), a general combination of extrapolation
and .7 takes the following form

%k = (21,2 %1 ---), (12)

U1 = F (Ts Ths Th—15-+-),

where & is the extrapolation step that computes the point Z; based on z;_; and the history of z; including
{zks2k—1,--}. In what follows we present a brief overview of the inertial technique and over-relaxation.

1.1.1 Inertial acceleration

The very first inertial scheme is the “heavy-ball method” [66] proposed by Polyak which can significantly
speed-up the performance of gradient descent, particularly when the problem is strongly convex and twice
differentiable. The theoretical foundation of inertial acceleration is due to Nesterov, in [61] he showed that a
different combination of inertial and gradient descent can improve the O(1/k) convergence rate of objective
function value to O(1/k?). This result was further extended to the non-smooth case by Beck and Teboulle in
[11] where they proposed the “fast iterative shrinkage-thresholding algorithm”, a.k.a FISTA for speeding up
Forward-Backward splitting method [53] (i.e. the proximal gradient descent). Note that, gradient descent and
its proximal version are descent methods, that is the objective function value along the iteration is monotoni-
cally non-increasing along iteration’.

Over the years, the huge success of the accelerated (proximal) gradient descent schemes has motivated
people to extend the inertial acceleration to other first-order methods. Let .%# be the first-order method in (1.1),
a generic inertial version of .%# would read

%= 2k ar(zk — 1),
(= (1.3)
1 = F (Zns 2)-
The inertial scheme first extrapolate a point Z; along the direction of z; — zx—1, and then update the next ;4
based on z; with or without z;. The formulation (1.3) abstracts many existing inertial schemes in the literature,

below is an example of gradient descent.

Example 1.1 (Gradient descent). Consider an unconstrained smooth minimization problem, min,cg» F (x)
where F : R" — R is proper convex differentiable with gradient VF being L-Lipschitz continuous. The iteration
of gradient descent reads (for this case we use x; instead of zj)

Xgr1 = X — YVF (x),

where y €]0,2/L] is the step-size. The fixed-point operator of gradient descent reads % “1d— YVF. The
“heavy-ball method” [66] takes the following form of iteration

X = X+ ar (X — xe—1),
X1 = X — YVF (xg),
where a; € [0, 1] is the inertial parameter. If we further replace VF (x;) with VF (%), and compute a; via

/ 2
Iy = L;MH, ap = % with fop = 1, then (1.4) becomes the scheme of [61] which achieves O(1/k?)
convergence rate for F(x;) — F (x*) where x* is a global minimizer of F.

(1.4)

Descent methods include gradient descent and its proximal version (a.k.a. Forward—Backward splitting) and proximal point
algorithm, note that the problem does not necessarily have to be convex [6] for the method to be descent. Other first-order methods,
such as Douglas—Rachford/ADMM and Primal-Dual splitting methods, are non-descent in general.



Other examples of inertial first-order methods include: the inertial versions of Proximal Point Algorithm
[4, 3], Forward—Backward splitting [60, 54, 47], Douglas—Rachford splitting [16] and inertial Primal-Dual
splitting [14], or in general the inertial version of Krasnosel’skii-Mann fixed-point iteration [55, 33] which
covers many of the inertial first-order methods as special cases. However, despite its overwhelming popularity,
the combination of inertial technique and first-order methods suffers several drawbacks:

* Restricted parameter choices Unlike the elegant inertial (proximal) gradient descent methods [66, 61,
11], the choices of (inertial) parameters for general inertial first-order methods, e.g. [16, 54, 55, 33], are
quite restricted and complicated.

* Complicated convergence proof For inertial (proximal) gradient descent methods [66, 61, 11], a Lya-
punov stability function can be found easily, even in the non-convex case, as (proximal) gradient descent
is a descent method. Things become much more complicated for other first-order methods as they are
non-decent, and Lyapunov functions can only be obtained under stronger assumptions or do not exist
at all. As a result, the convergence proof becomes more complicated, which is also another reason of
restricted parameter choices.

* Lack of acceleration guarantees For non-descent methods, there are limited acceleration guarantees,
unless stronger assumptions, such as smoothness or strong convexity, are imposed. Examples of inertial
schemes failing to provide acceleration can be easily found when no stronger assumptions are available;
See Section 4 for examples, and also [67] and [47, Chapter 4.5].

Finally, it is worth mentioning that, in the literature, most inertial schemes consider only the momentum created
by two past points, namely z; — zx—1. For certain cases, use the momentum of more than two points could be
beneficial, see Section 4 for example. This is mentioned in [66], and related work can be found in [47, 32].

1.1.2 Over-relaxation

In the field of fixed-point theory, another popular approach to accelerate convergence is the over-relaxation
which is the generalization of the successive over relaxation for linear systems. For the fixed-point iteration
(1.1), the relaxation of it reads

et = 2+ M (F () — ), (1.5)

where A; €]0,1] is the relaxation parameter and A is the upper bound of A determined by the property of
.Z . For example A = é when .Z is so-called a-averaged non-expansive; see Definition 2.2 and [7] for more
detailed discussions. When A > 1 and A; €]1,A4], (1.5) is the over-relaxed version of .%.

Below we briefly show that over-relaxed .# is equivalent to an inertial version of (1.1) which is a special
case of (1.3). Denote a; = A4 — 1, then we can rewrite (1.5) as’

%k =z +ar(zk — 1),
21 = F (%)
Instead of extrapolating a point along the direction z; — z;—1, relaxation uses z; — Zx—1. Over-relaxation can also
significantly improved the convergence speed of (1.1), such as the over-relaxed projection based algorithms
for feasibility problems [40, 9]. However, same as the inertial scheme (1.3), over-relaxation is not guarantee

to provide acceleration. For instance, in [9, 50], the authors showed that the optimal A; for Douglas—Rachford
splitting when applied to (locally) polyhedral problem is 1, that is no relaxation provides the best performance.

(1.6)

Generally speaking, over-relaxation suffers the same problem as inertial schemes, that its acceleration

2Strictly speaking, (1.5) is equivalent to
%=+t a(Z— 1),
1 = F (%)

We switch z; and Zj in order to comply with (1.2).



guarantees are method and problem dependent:

 For descent methods, e.g. Forward—Backward splitting, owing to the result of [49], it can be shown that
locally over-relaxation can provide acceleration.

* While for other algorithms, such as Douglas—Rachford splitting, the performance of over-relaxation
depends on the problem to solve and parameters of the algorithm [9, 50].

1.2 Main contributions

In this paper, motivated by the behavior of inertial first-order methods and the over-relaxation scheme, we
present a systematic study on the geometric properties of first-order methods and their acceleration. We first
show that the performance of inertial and relaxation is determined by the trajectory of the generated fixed-
point sequence {zx}ren. Namely, different trajectories result in different outcomes (see Section 3). When
considering non-smooth optimization, we present a unified framework for analyzing the local trajectory of the
fixed-point sequence of first-order methods. Based on this finding, we propose a generic trajectory following
linear prediction scheme for accelerating first-order methods. More precisely, our contributions in this paper
are summarized below.

Geometry of FoM via trajectory of fixed-point sequences In the literature of first-order methods, numerous
first-order operator splitting methods are proposed based on the structures of the optimization problems at
hand. However, the study on the structure of first-order methods is rather limited, and this is mainly due to
the non-linearity of the fixed-point iteration. In this paper, by focusing on non-smooth optimization, with the
help of “partial smoothness” (Definition 2.6), in Section 3 we propose a generic framework for analyzing the
trajectory of {z; }ren generated by the fixed-point iteration (1.1) (Section 3.1). More precisely, we utilize the
fact that .% can be linearized locally around the solution along some C?-smooth manifold(s), up to residuals.
This means there exists a square matrix M & such that

1 — 2% = Mz (zx — 1) +o(l|z — z—1]])-
Based on the spectral properties of Mz, we show that different first-order methods admit different types of
trajectories for the fixed-point sequence {zx }ren:
* For (proximal) gradient descent, we show that the spectrum of M 4 is real, as a result the eventual trajec-
tory of {zx }ren is a straight line; See Section 3.2.

* For other popular first-order methods, such as Douglas—Rachford splitting and alternating direction method
of multipliers (ADMM), based on the properties of the functions and parameters, we show that the leading
eigenvalue of M & can be either real or complex, and the eventual trajectory of {zx }xen could be either
a straight line (real leading eigenvalue) or a spiral (complex leading eigenvalue); See Section 3.3. For
Primal-Dual splitting methods, when the problem is locally polyhedral, the leading eigenvalue of M is
complex and the eventual trajectory of {z; }xen is a spiral; see Section 3.4.

Limitation of inertial and over-relaxation The trajectory of first-order methods allows us to analyze the
limitations of inertial technique and over-relaxation. In Section 4, based on examples of Douglas—Rachford
splitting method, we show that for inertial

* When the trajectory of {z; }ren is a straight line, then inertial can provide substantial acceleration.

* When the trajectory of {z }ren is a logarithmic spiral, we show that inertial will always fail to provide
acceleration, and one should not consider relaxation either.

* When the trajectory of {zx }ren is an elliptical spiral, inertial and over-relaxation can provide accelera-
tion under proper implementation.

An adaptive acceleration via linear prediction The limitation of inertial and over-relaxation techniques, par-
ticularly their failures, implies that the correct acceleration scheme should be able to adapt to the trajectory of
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the underlying sequence, which is another core contribution of this work. By exploiting the eventual regular-
ity, i.e. either straight line or spiral, of the trajectory of {z; }xen, in Section 5 we propose an adaptive linear
prediction scheme for accelerating first-order methods which is able to follow the trajectory of the fixed-point
sequence. Global convergence based on perturbation of fixed-point iteration is provided. Local acceleration
guarantees are also provided for the proposed adaptive scheme, based on the connections with existing vector
extrapolation techniques.

Our proposed linear prediction scheme belongs to the realm of vector extrapolation techniques, while
our derivation provides an alternative geometric interpretation for polynomial extrapolation methods such as
minimal polynomial extrapolation (MPE) [21] and reduced rank extrapolation (RRE) [35, 57]. Our linear
prediction bridges the gap between inertial schemes and polynomial extrapolation methods. Moreover, our ge-
ometric interpretation of linear prediction provides insights on how to enhance the robustness and performance
of extrapolation methods.

1.3 Related work

Over the past decades, owing to the tremendous success of inertial acceleration [61, 11], the inertial tech-
nique has been widely adapted to accelerate other first-order algorithms. For example the inertial versions
of Douglas—Rachford and alternating direction method of multipliers (ADMM) [15, 64, 43, 37], Primal-Dual
splitting [25, 47]. In terms of fixed-point iteration, the inertial versions of it are also studied in the literature
[55, 31]. Multi-step inertial schemes, i.e. using the momentum created by more than two past points, are also
considered in the literature, see for instance [32, 47]. However, for most of these works, to ensure acceleration
guarantees of inertial, stronger assumptions are needed, such as Lipschitz continuity or strong convexity, see
[37] for ADMM. When it comes to general non-smooth problems, some of them would fail to provide accel-
eration. Moreover, as discussed in [47, Chapter 4], for certain problems and algorithms, such as basis pursuit
problem and Douglas—Rachford splitting method, only multi-step inertial scheme can provide acceleration.

For more generic acceleration techniques, there are extensive works in numerical analysis on the topic of
convergence acceleration for sequences. Given an arbitrary sequence {z; }reny C R” with limit z*, the goal of
convergence acceleration is to find a transformation &, : {z— j}fle — Zx € R" such that Z; converges faster to
z*. In general, the process by which {z;} is generated is unknown, ¢ is chosen to be a small integer, and Z
is referred to as the extrapolation of z;. Some of the best known examples include Richardson’s extrapolation
[69], the Az-process of Aitken [2] and Shank’s algorithm [73]. Much of the work on the extrapolation of vector
sequences was initiated by Wynn [80] who generalized the work of Shank to vector sequences. We refer to
the article [17] and books [19, 74] for a detailed historical perspective on the development of these techniques.
In Section 6, the formulation two such schemes are provided: minimal polynomial extrapolation (MPE) [21]
and Reduced Rank Extrapolation (RRE) [35, 57] (which is also a variant of Anderson acceleration developed
independently in [5]), which are particularly relevant to this present work.

More recently, there has been a series of work on a regularized version of RRE [72, 71, 12]. As mentioned
in [75], the stability of vector extrapolation techniques depend on the stability of computing the extrapolation
coefficients. To address this instability, [72] proposed to apply Tikhonov regularization when computing the
extrapolation coefficients. The regularization parameter in these works rely on a grid search based on objective
function which is only doable for descent methods. Building on this idea, [38] extends this idea of regular-
isation to the Douglas-Rachford splitting method by considering the relative primal-dual gap. We however
stress that the objectives and contributions of our work is different: we directly handle the non-smoothness of
optimization problems by studying the eventual trajectories of the generated sequences. This geometry that
we uncover provides an understanding of when inertial techniques or vector extrapolation techniques can be
applied. Finally, we mention that this work is a substantial extension of our conference paper [67], where we
carried out the trajectory analysis for Alternating Direction Method of Multipliers (ADMM) iterations.



Paper organization Necessary notations and definitions are collected in Section 2. In Section 3, we propose a
generic framework for analyzing the trajectory of first-order methods, and the analysis of Forward—Backward,
Douglas—Rachford and Primal-Dual splitting methods are discussed in detail. The limitations of the inertial
technique and over-relaxation when applied to non-descent methods are discussed in Section 4. The trajectory
motivated linear prediction acceleration scheme is described in Section 5, where global convergence is also
provided. In Section 6, by connecting linear prediction with existing polynomial extrapolation methods, local
acceleration guarantees are provided. Numerical experiments are presented in Section 7. Trajectory of linear
systems and proofs of main theorems are collected in the appendix.

2 Mathematical background

Throughout the paper, R” is a n-dimensional Euclidean space equipped with scalar inner product (-, -) and
associated norm || - ||. Id denotes the identity operator on R”. I'o(IR") denotes the class of proper convex and
lower semi-continuous functions on R".

2.1 Convex and set-valued analysis

For a nonempty convex set C C R”, denote by aff(C) its affine hull and by par(C) the smallest subspace parallel
to aff(C). Denote 1¢ the indicator function of C, .4¢ the associated normal cone operator and P the orthogonal
projection operator on C.

The sub-differential of a proper convex and lower semi-continuous function R € I'o(R") is the set-valued
operator defined by dR : R = R", x+— {g € R"|R(x) > R(x) + (g, x' —x),Vx’ € R"}. Let ¥ > 0, the proximity
operator or proximal mapping, of R is defined by prox.z(-) = argmin . YR(x) + %Hx —|>. The Fenchel
conjugate, or simply conjugate, of R is defined by R*(v) = sup,p. ((x,v) — R(x)). A function R : R —
] — o0, 4-00] is polyhedral if its epigraph, epi(R) = {(x,1) :xeR",y € R,v>R(x)} CR"", is a polyhedral set.

Definition 2.1 (Monotone operator). A set-valued mapping A : R” = R” is said to be monotone if, given any
x1,x3 € R" there holds

<X1 —X2, V] —VZ> > 0, Yvy GA()C]) and v, EA()CQ).

It is maximal monotone if its gph (A) = {(x,v) € R" x R"|v € A(x)} can not be contained in the graph of any

other monotone operators.

For a maximal monotone operator A, (Id+A)~! denotes its resolvent. It is known that for function R €
[y (IR™), its sub-differential dR is maximal monotone [70], and that proxz = (Id +dR)~'.

Definition 2.2 (Non-expansive operator). An operator .# : R" — R” is non-expansive if
17 (x) = F ) < e =yll; Yox,y € R™.

That is, .% is 1-Lipschitz continuous. For any a €]0, 1[, .% is called a-averaged if there exists a non-expansive
operator %’ such that 7 = a.7' + (1 — o) 1d.

The fixed points of non-expansive operators in general are not available explicitly. To find them, one has
to apply certain iterative procedures, one of the most-known is the Krasnosel’skii-Mann iteration [44, 56].

Definition 2.3 (Krasnosel’skii-Mann iteration). Let .%# : R" — R” be a non-expansive operator such that
fix(.Z) # 0. Let 4 € [0,1] and choose xy € R”" arbitrarily, the Krasnosel’skii-Mann iteration of .% reads

et = 2+ Me(F (2k) — 2)-
Moreover, if A € [0, 1] is such that ¥ ey Ak (1 — Ak) = oo, then {z }ren converges to a point in fix(.F) [7].



When .% is a-averaged, the upper bound of A; becomes é and the condition needed for convergence of
Krasnosel’skii-Mann iteration changes to ¥y A2 — A¢) = +oo.

2.2 Angle between subspaces

Let 71, T be two subspaces, and without the loss of generality, assume 1 < p o dim(T}) <gq o dim(Tz) <n-—1.

Definition 2.4 (Principal angles). The principal angles 6; € [0, 7], k= 1,..., p between subspaces T1 and T
are defined by, with ug = vy o 0, and

def

cos(6r) = (ug, vi) = max(u,v) s.t. u € Ty,v € I, |lul| = 1, |v| =1, (u, u;) = (v,v;) =0,i=0,--- k—1.

The principal angles 6y are unique and satisfy 0 < 6; < 6, <--- <6, <7/2.
Definition 2.5 (Friedrichs angle). The Friedrichs angle 6 €]0, 7] between 7 and T is

cos(0p) = max(u, v) s.t. u € TTNV(T N, |u| =1,ve BN (T NT)S v = 1.
Lemma 2.1 ([8]). The Friedrichs angle is exactly 6,1 where d < dim(7; N'T). Moreover, 6 > 0.

2.3 Partial smoothness

Let .# be a C>-smooth Riemannian manifold, denote .7 4 (x) the tangent space to .# at any point x in .Z.
The definition below of partial smoothness is adapted from [46] to the case of ['j(IR") functions.

Definition 2.6 (Partly smooth function [46]). A function R € I'y(R") is partly smooth at ¥ relative to a set
Mz if M is a C? manifold around ¥, and:
Smoothness R restricted to .#; is C>-smooth around .
Sharpness The tangent space .7 4. (¥) = par(dR(%))*.
Continuity The set-valued mapping dR is continuous at x relative to ..

Loosely speaking, a partly smooth function behaves smoothly along the smooth manifold .#;, and sharply
transversal to .#;. The class of partly smooth functions at ¥ relative to .#; is denoted as PSFz(.#%). We
reference [47, Chapter 5] and the references therein for popular examples of partly smooth functions which
include: indicator function of partly smooth set, ¢;-norm, ¢ ;-norm, {.-norm, total variation and nuclear
norm, etc. In the past few year, partial smoothness has proven to be a powerful tool for analyzing the local
convergence behaviors of first-order methods [48, 47, 49, 59] when applied to non-smooth optimization.

2.4 Sequence trajectory

Let {z }xen be a sequence in R” whose limiting point exists. Given k, define vy e Zr — Zxk—1 the displacement
vector. To characterize the trajectory of {z; }xen, we use the angle 6; between vy, vx—; which is define by
O = £ (vk,vi_1) = arccos (7H<VV:“’”VV’:1>”) . (2.1)
In this paper, we are interested in three different types of trajectories, which are summarized in Table 1 below:
straight line and two types of spiral (logarithmic and elliptical). For these three types of trajectories, we have
(I) For Type I trajectory, 6 converges to O which means eventually {z; }re lies in a straight line.
(IT) For Type II trajectory, instead of converging to 0, 6; converge to some 6 €]0,7/2[ implying that the
trajectory of {zx }ren is a logarithmic spiral. See the top view of the Type II trajectory above.
(IIT) For Type III trajectory, different from the former two cases, 6 eventually oscillate in an interval, which
results in an elliptical spiral. See the top view of the Type III trajectory above.

Detailed discussion on these trajectories are presented in Section A of the appendix.



Remark 2.2 (What determines the trajectory of {z; }1cn). Suppose the sequence {z; }rery above is generated
by a linear system of the form z;. | = Mz; where M is a matrix whose spectral radius is strictly smaller than 1°.
The type of trajectory of {z; }xen is determined by the leading eigenvalue of M — real leading eigenvalue leads
to straight-line trajectory, and complex eigenvalue leads to spiral trajectory. For the type of spiral trajectory, it
relies on the further properties of the leading eigenvalue; Section A of the appendix.

Table 1: Three types of trajectory of sequence.

Type I: straight line Type II: logarithmic spiral Type III: elliptical spiral
6 —0 6 — OF €]0,7/2[ 6 — 6,0] C]0, /2|

50 100 150 200 250 300 350 200 400 600 800 1000 50 100 150 200 250 30

3 Local trajectory of first-order methods

As mentioned above, sequence trajectory can be easily analyed in the case of linear systems. When dealing
with non-smooth optimization, although the fixed point operators are nonlinear, locally around the solution
the fixed-point operators can be linearized with respect to some smooth manifolds under the help of “partial
smoothness”. In this section, we present an abstract framework for analyzing the local trajectory of first-order
methods and apply it to analyze several popular first-order methods. All the proofs for propositions in this
section are provided in Section B of the appendix.

3.1 A framework based on partial smoothness

Recall the fixed-point iteration of first-order methods (1.1): zx+; = % (zx). Define the difference vector vy <
Zk — 2% and the angle 6; = Z(vk,vk—1) between vy, vg_1 as in (2.1). We propose the following framework for

3If the spectral radius of M is equal to 1, then as long as the power of M converges, i.e. there exists a matrix M such that
M =limy_, MF, then we can consider the leading eigenvalue of M — M instead of M.



analyzing the trajectory of sequence {zx }ren-

A framework for analyzing local trajectory of first-order methods

1. Convergent sequence The iteration is convergent and z; — z* € fix(.%).

2. Manifold identification Under a proper non-degenerate condition, see e.g. (ND,,) and (ND_,),
the sequence(s) generated by .# has finite manifold identification property.

3. Local linearization There exists a linear matrix M ¢ such that along the identified smooth
manifold(s) the global non-linear iteration locally can be linearized

Zk+1 — 2k = Mg (2 — z—1) + o(||zk — zi—1]])- (3.1

4. Spectrum of Mz Owing to the structure of the optimization problem and first-order method,
Mz will have certain spectral properties, e.g. real or complex spectrum.
5. Trajectories of {z; } ey The leading eigenvalue of M & determines the trajectory of {zx }xen.

Remark 3.1.

* “Steps 1-4” of the above framework are also the essential steps of the local linear convergence analysis
framework for first-order methods [47]. For example, if the spectral radius of M # is strictly smaller than
1, then one can derive the local linear convergence result.

* The finite manifold identification is not necessarily for {z; }ren, as general first-order methods generate
several different points along each iteration. Take Douglas—Rachford splitting method (see Eq. (3.3)) for
example, {z; }ren is the fixed-point sequence of the method, however the identification is for the shadow
sequences {uy }ren and {xg }ren; See Section 3.3 for details.

e The o-terms in (3.1) are due to the non-linearity of .% and the curvature of the identified manifold(s).
In a series of work [48, 47, 49], the linearization is considered with respect to z*, that is z; | — z* =
Mz (zx —2%) +0(||zx — z*||)- The main reason of linearization in terms of z;; and z; is to better motivate
the acceleration scheme in Section 5.

Remark 3.2 (What determines the trajectory of {z; } v continued). Although the linearization (3.1) makes
it possible to analyze the trajectory of {zx }ren, it is still difficult to give precise characterizations due to the
presence of the small o-term. In the case where M4 contains only real eigenvalues, we show in Theorem
3.5 that this small o-term can be ignored, while in the case where M4 contains complex eigenvalues, we
give characterizations only when the optimization problem to be locally polyhedral around the solution (see
Theorem 3.9 and 3.15).

In the following, we apply the above framework to analyze the trajectory of three classical first-order algo-
rithms: Forward-Backward splitting [53], Douglas—Rachford/ADMM [34, 39] and Primal-Dual splitting [24].
For the purpose of readability, in this section we mainly provide the qualitative description of the trajectory
of these methods (e.g. which type), and omit the quantitative characterization (e.g. speed of convergence of
cos(6)). All the proofs for propositions in this section are provided in Section B.

3.2 Forward-Backward splitting
Forward-Backward splitting [53] is designed to solve the following optimization problem

rrelliRn {®(x) £R(x)+F(x)}, (ZrB)
X n
where the following assumptions are imposed

(F.1) R eTy(R") is proper convex and lower semi-continuous.

(F.2) F € C"!(R") is convex differentiable with gradient VF being L-Lipschitz continuous.



(F.3) Argmin(®) # 0, i.e. the set of minimizers is non-empty.
The iteration of Forward—Backward splitting method is described in Algorithm 1.

Algorithm 1: Forward—Backward splitting
Input: y €]0,2/L|.
Initial: xo € R".
Repeat:

Xip1 = ProXyg (X — YVF (xz)). (3.2)

Until: ||xk+1 —xk|| < tol.

The fixed-point formulation of Forward—Backward splitting is quite straightforward, which reads

Xee1 = Frp(xe) where Fpp = prox,g(Id — yVF).

Remark 3.3. In the literature, various inertial variants of Forward—Backward splitting are proposed, such as
inertial Forward—Backward and FISTA [11, 23, 49, 52]. However, these methods will not be covered in this
paper as the fixed-point operators of these schemes are not non-expansive, and trajectory of the sequence and
acceleration for these schemes are much more complicated.

Let x* € Argmin(R+ F) be a global minimizer, we impose the following non-degeneracy condition
— VF(x*) €1i(dR(x")). (ND,,,)

We refer to [49] for more detailed discussions about these conditions for the local linear convergence of the
general Forward—Backward-type splitting methods.

Remark 3.4. Throughout this section, we impose the non-degeneracy conditions, also for the Douglas—
Rachford and Primal-Dual splitting methods, for our analysis. Based on a recent work [36], when the function
R is so-called “mirror-stratifiable”, condition (ND,,) can be removed. However, we will not dive into this
direction, since it will not affect the conclusion of this section.

We have the following result for the trajectory of {x; }xen. Redefine vy = xp — xy—;.

Theorem 3.5. For problem (rg) and the Forward—Backward splitting method (3.2), suppose that assump-
tions (F.1)-(F.3) are true, then {x;}ren converges to a global minimizer x* € Argmin(®). If, moreover,
R € PSF,« (M), F is locally C? around x* and condition (ND,,) holds, there exists a matrix Mg such that
for all k large enough

X1 — X = Mg (X — xi—1) + o[k —xx—1]])-
Moreover, we have

(i) All the eigenvalues of Mgg are real and lie in | —1,1].
(ii) Let 0y be the second largest eigenvalue of Mpg. If ||xi11 — xi|| < p* for some p €]0,, 1|, then the angle
O is convergent with 6, — 0 and {x; }ren is a Type I sequence.

Remark 3.6.
* The detailed expression of Mgg can be found in Section B, and the result holds true for varying but
convergent step-size ¥ € [0,2/L].
* If there holds R is locally polyhedral around x*, F' is quadratic, then for the linearization we have directly
Xp+1 — X = Mg (xx — x¢—1) without the o-terms and a straight-line trajectory is guaranteed.
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» Note that the linearization means that locally, ||x; —x;_1| = O(p*) for p €]oy, 1] with o1 being the
largest eigenvalue of Mgg. So, (ii) of Theorem 3.5 implies that under mild assumption, the eventual

trajectory of {x; }ren for Forward—Backward is a straight line.

Example 3.1. We consider regularized least square
min R(x) + 3[|Ax— b||*

xeR
to demonstrate the property of {6 }ren. Two different cases of R are considered: ¢;-norm which is polyhedral
and nuclear norm which is not polyhedral. We have A € R™*" and for each cases the settings are

¢1-norm (m,n) = (48,128), the solution x* has 14 non-zero elements.
Nuclear norm (m,n) = (868,1024), the solution x* has rank of 2.
For both examples, A is generated from the standard random Gaussian ensemble. The numerical results are
shown in Figure 1. For ¢;-norm, besides 6, we also provide the change of support size of xi, i.e. [supp(x¢)|:
 For the support of x;, three phases can be observed: at beginning x; is almost in the whole space, then
the size of supports starts to decrease and eventually becomes stable which is the activity identification.

» The behavior of 6, also has three phases: 1) when x; is in the whole space, 6 is equal or very close to
0; 2) When the support is decreasing, 6, oscillates; 3) After identification, 6; converges to O linearly.

For nuclear norm, the change of rank of x; is provided
* Different form the ¢;-norm, the rank of x; gradually decreases, results in a staircase observation.
e For 6, inside each staircase, it decrease first and then increases. But after identification of the rank, it

converges to 0 linearly.
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Figure 1: Finite activity identification and property of 6; for Forward—Backward splitting method.

3.3 Douglas—Rachford splitting and ADMM

The second example is Douglas—Rachford splitting [34] for solving the sum of two non-smooth functions

min R(x) +J(x), (ZpRr)
xeR®

where we assume
(D.1) R,J € Th(R"), the proper convex and lower semi-continuous functions.
(D.2) ri(dom(R))Nri(dom(J)) # 0, i.e. the domain qualification condition.
(D.3) Argmin(R+J) # 0, i.e. the set of minimizers is non-empty.
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The standard Douglas—Rachford splitting method [34] is described in Algorithm 2.

Algorithm 2: Douglas—Rachford splitting
Input: v > 0.
Initial: zo € R" xp = proxw(z());
Repeat:

Uy 1 = ProXp(2x; — 2¢),
Tht1 = Tk Up1 — X, (3.3)
Xk+1 = ProXyy (2k+1)s

Until: ||Zk+1 _Zk” < tol.

The fixed-point formulation of Douglas—Rachford with respect to z; is
Zk+1 = e971)1{ (Zk) where yDR déf % ((ZpI'OXyR — Id) (2pI‘OXW — Id) + Id) .

Remark 3.7. It is well known that the alternating direction method of multipliers (ADMM) is closely con-
nected with Douglas—Rachford splitting method, for its local trajectory property of generated sequences, we
refer to [67] for a detailed discussion.

Below we first present the linearization of Douglas—Rachford iteration (3.3) and then discuss the trajectory
of {zx }xen under two different cases: both R,J in (%’pRr) are non-smooth as in (D.1), and one of the functions
is smooth. We shall see that two different trajectories are exhibited by the method.

3.3.1 Linearization of Douglas—Rachford splitting

Let z* € fix(#pRr) and x* = prox,,(z*) € Argmin(R +J) such that z; — z* and x;,u — x*, from (3.3) the
corresponding first-order optimality condition reads x* —z* € ydR(x*)andz* —x* € ydJ(x*). We assume the
following non-degeneracy condition

X" —z" € yi(dR(x*)) and " —x* € yri(dJ(xY)). (ND,,)
Let .#R and .7/, be two C?>-smooth manifolds around x*.
Theorem 3.8. For problem (Z’pRr) and the Douglas—Rachford splitting algorithm (3.3), suppose that the con-
ditions (D.1)-(D.3) are true, then {z; }ren converges to a point 7* € fix(.Zpr) and {x; }ren, {ux treny converge

o x* = prox,g(z*) € Argmin(R+J). If moreover, R € PSF« (AR) and J € PSF, (. are partly smooth and
condition (ND_,,) holds, then there exists a matrix Mpr such that for all k large enough

Z+1— 2k = Mpr(2k — 2x—1) +0(||zk — zk—1]])-

See Section B.3.2 for the proof and expression of Mpr. We refer to [50] for detailed discussions on the
local linear convergence of Douglas—Rachford splitting method.

3.3.2 Trajectory of Douglas—Rachford splitting

We first consider the case that both R and J are non-smooth. Let R € PSFy«(.#X),J € PSF,«(.#".), denote
TR, TY the tangent spaces of .ZX, 4. at x*, respectively. And let Prr,Prs be the projection operators onto

TR, T, respectively. Denote 6f the Friedrichs angle between TX and T7.

Theorem 3.9. For problem (¥’pRr) and the Douglas—Rachford splitting algorithm iteration (3.3), assume that
Theorem 3.8 holds. If, moreover, R,J are locally polyhedral around x*, then 7y — zx = MpRr(zx — zx—1) with

Mpr = {‘PTli ?T£ -+ (Id — {‘PTli ) (Id — :PTJ* )

12



If moreover dim(TENT.) < min{ dim(T¥),dim(T)}, the angle 6 is convergent to 6 €]0,7/2] and {zi}ren
is a Type I sequence.

Remark 3.10.

* The spectral properties of Mpg is much more difficult to analyze compared to that of Forward—Backward
splitting, and for the case both R,J are non-smooth, we make the additional assumption of local poly-
hedrality around the solution. For this setting, Mpr is a normal matrix, hence quasi-diagonalizable [42,
Theorem 2.5.8], where the leading block of the decomposition reads

cos(6r)  sin(6f)

—sin(6p) cos(6F)| "

The condition dim(7X N T1) < min {dim(7X),dim(T )} ensures 6 €]0, 7/2] which makes B a rota-
tion. Consequently the local trajectory of the sequence {z; }ren is a logarithmic spiral. Moreover, the
choice of y does not affect the local trajectory of {zx }ren as B only depends on the Friedrichs angle 6.

B = cos(6F)

* The analysis of the cos(6) depends on the explicit expression of the leading eigenvalues of Mpr, which
is only available when R,J are locally polyhedral around the solution. For the case that R, J are general
partly smooth function, the behavior of 6; depends on ¥ due to the non-trivial Riemannian Hessian of
R, J; See Figure 2 for an illustration.

Example 3.2. We use the affine constrained problem

min R(x) suchthat Ax = Ax (3.4)
xeR"

to demonstrate the property of {6y }ren. Similar to Example 3.1, ¢;-norm and nuclear norm are considered for
R, A € R™*" is generated from the standard random Gaussian ensemble and

¢1-norm (m,n) = (48,128), x has 8 non-zero elements.
Nuclear norm (m,n) = (620, 1024), % has rank of 2.

The results are shown in Figure 2, the observations of £;-norm are similar to those in Example 3.1, except that
6, eventually converges to some non-zero values. For nuclear norm, two choices of 7, Y = 1,6, are considered.
Observe that after rank identification, 6; oscillates in an interval for Y = 1 and behaves smoothly for y = 6.

(

5
supp(zy)
(

5

(

5,
rank(zy)

5
10710 1070 5

200 400 600 800 1000 50 100 150 200 250 300 50 100 150 200
¢ k k

(a) £1-norm (b) Nuclear norm: y=1 (c) Nuclear norm: y =6

Figure 2: Finite activity identification and property of 6; for Douglas—Rachford splitting method for solving
affine constrained problem. For the plot (b) and (c), the A and X in (3.4) are the same.

Remark 3.11. As the nuclear norm is not polyhedral, it has non-trivial Riemannian Hessian matrix. There-
fore, the choices of 7 affects the eventually behavior of {6y }ren. While for £;-norm, the value that {6 }en
converges to is independent of 7.

Assume now that R is locally C?-smooth around the solution, we shall see that different from the above
polyhedral case, the choice of y will impact the trajectory of {z }ren-

13



Theorem 3.12. For problem (&’pr) and the Douglas—Rachford splitting algorithm (3.3), assume conditions
(D.1)-(D.3) are true. If R is locally C* around x* and J € PSF,«(A.) is partly smooth and condition (ND,,,,)

holds for J, then Theorem 3.8 holds. If moreover Y is chosen such that 'y < L then all the eigenvalues of

1
IV2R(x*)
Mpg are real. Consequently, provided that ||x;.1 — x|| < p* for some p €]0,, 1[ where 6, is the second largest

eigenvalue of Mpg, the angle 6y converges to 0 and {z; }ren is a Type I sequence.

Remark 3.13.

* The result also holds true for the case when both R, J are smooth.

* When y > HVZR]W’ Mpr can have complex eigenvalues, however not necessarily for the leading one, as

a result the trajectory of {zx }ren can be either straight line or spiral.

We refer to Figure 5 for example of applying Douglas—Rachford splitting method to solve LASSO problem,
on how the choice of y affects the trajectory of {zx }ren.

3.4 Primal-Dual splitting

For problem (“’pRr), consider function J is composed with a linear mapping L
min R(x) +J(Lx), (Zpp)
xeR”

where we assume
(P.1) ReTy(R") and J € Th(R™).
(P.2) L:R" — R™is a linear mapping.
(P.3) The inclusion 0 € ran(dR + LT 0 dJ o L) holds.
The problem above can be handled efficiently by ADMM, in the literature, another popular approach is the
Primal-Dual splitting method. The saddle-point problem associated to (%pp) reads
min max R(x)+ (Lx, w) —J"(w), (Psp)
xeR"weR™
where J* is the Legendre-Fenchel conjugate of J. If we fully dualize (“’pp), then we obtain its Fenchel-
Rockafellar dual form
min R*(—LTw) 4+ J* (w). (Zpp)
weR™
Denote by 2" and 7 the sets of solutions of problem (#pp) and (Zpp), respectively.

Below we describe a Primal-Dual splitting method [24] for solving the saddle point problem.

Algorithm 3: A Primal-Dual splitting method

Input: 7,,7, > 0 such that %,%||L|* < 1 and 7 € [0,1].
Initial: xy € R", wg € R™;
Repeat:

Xl = prox},RR(xk — 7y L"wy),
Tl = X1 + T(Xeg1 —xx), (3.5)
Wi+1 = PIOXy, j« (Wi + v, L%y 1),

Until: ||xk+1 —xk|| + Hwk_H _Wk” < tol.

Define the following augmented variable z; and operators

def [ Xk def OR L* def Idn/}/R —L*
Zk—<wk>, A—[_L 8]*] and V—[ “L Tdn/y| (3.6)
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where 1d,,,1d,, are the identity operators on R” and R", respectively. We have A is maximal monotone [20]
and V is self-adjoint and v-positive definite for v = (1 — /7,7, \|L|\2)min{yi7 yi} [79, 28]. The fixed-point
X R J
characterization of (3.5) when 7 =1 reads
s =(V+A)" V(@) =1d+V'A) (), 3.7

which is a special case of proximal point algorithm [28, 27]. We also refer to [79, 27] for more general form
of Primal-Dual splitting methods.

3.4.1 Linearization of Primal-Dual splitting

Let (x*,w*) € 2 x # be a saddle-point, the first-order optimality condition entails —L"w* € dR(x*) and
Lx* € dJ*(w*). We impose the following non-degeneracy condition

—L"w* €1i(dR(x*)) and Lx* €r1i(dJ*(w*)). (ND,,)

Let .#R and ///v{i be C2-smooth manifolds around x* and w*, respectively.

Theorem 3.14. For problem (Zpp) and the Primal-Dual splitting algorithm (3.5), suppose assumptions (P.1)-
(P.3) are true. If T =1 and ,,7, are chosen such that v,y,|L||* < 1, then (xi,wi) — (x*,w*) € X x ¥ If
moreover, R € PSF(.#R) and J* € PSF,« (4. are partly smooth and condition (ND,,) holds, then for all
k large enough there exists a matrix Mpp such that

Zir1 — 2 = Mpp(zk — ze—1) + 0(||zk — zx—1]])-

See Section B.3.3 for the proof and expression of Mpp. We refer to [51] for detailed discussions on the
local linear convergence of a class of Primal-Dual splitting methods.

3.4.2 Trajectory of Primal-Dual splitting

The trajectory of Primal-Dual splitting also depends on the explicit analysis of the spectrum of Mpp which is
only available when R, J* are locally polyhedral around the saddle point. Let R € PSF, (.#R),J € PSF,,«(.4.),
and denote TX, T, the tangent spaces of .ZX, 4. at x* and w*, respectively. Denote L = PrrLPrx.

rTwW

Theorem 3.15. For problem (Ppp) and the Primal-Dual iteration (3.5), assume Theorem 3.14 holds. If,
moreover, R,J* locally are polyhedral around (x*,w*), then zj+1 — 7x = Mpp(2x — 25—1) with

_ [1d, —y LT

|yl 1d,— (1 +1)yyLLT |

Moreover, Mpp is block diagonalizable with the leading block being 2 x 2 which corresponds to elliptical
rotation. Then there exist 8,0 such that eventually 6 € [0, 0], and {z; }ren is a Type III sequence.

Mpp

Remark 3.16.
* Let o be the leading eigenvalue of LLT, then the leading block of the decomposition of Mpp reads

Y,0 1_(1+T>YR’YJG
Owing to Proposition A.11, there exist some Y, ¢ € [0,7/2] and [, s > 0 such that

Tt i) ety ) |Ta) ou)
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with

— Y=Y
v arccot(—%)’
— in — 2
¢ = arccos ((VR+)/J)GS (V/)+(226(1+r)yRyjcr )cos(w))

1-(1 2
% = 7§1é(‘;)2)lz’z;’)z — cot(y)cot(¢).

This means that B is a composition of circular rotation and elliptical rotation discussed in Proposition

A.9. We can furthermore show (by invoking Proposition A.7 and A.9) that 6 = y — 7,0 = y — x with

) — (31+3;)cos(9)—|5— 5] _ (31+2;)cos(@)+]3 5
cos() Vsin?(9)+((37-+4) cos(9)—| 35— £I)? and - cos(z) Vsin?(9)+((3+4) cos(@)+13— &)
» Similar to the case of Douglas—Rachford splitting, the trajectory of Primal-Dual, when both R,J* are
locally polyhedral, is obtained via the explicit analysis of the spectrum of Mpp which is available when
R,J* are general partly smooth functions.

Example 3.3. We continue using the problem (3.4) in Example 3.2 to demonstrate the trajectories of Primal—
Dual splitting method. The observations are shown in Figure 3,
 For ¢;-norm, 6; eventually oscillates in an interval which complies with our result in Theorem 3.15.
* For nuclear norm, though it is not covered by our result as nuclear norm is not polyhedral, locally the
value of 6, also oscillates.
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Figure 3: Finite activity identification and property of 6; for Primal-Dual splitting method for solving affine
constrained problem.

4 The failure of inertial technique

The trajectory results from previous section provide a geometric explanation why inertial acceleration works
for (proximal) gradient descent methods but not the others. For (proximal) gradient descent, as the trajectory
of the generated sequence eventually approximates a straight line, the direction of x; — x;_; points towards
the solution, hence moving certain distance along the inertial direction provides acceleration. However, when
the trajectory of the generated sequence is a spiral, as for the cases of Douglas—Rachford and Primal-Dual
splitting, the direction of z; — 7z does not point toward the solution, hence fail to provide acceleration.

In this section, we consider Douglas—Rachford and two different problems to demonstrate the outcomes
of inertial acceleration. We show that the performance of inertial Douglas—Rachford is both problem and
parameter dependent. Specializing the inertial scheme (1.3) to the case of Douglas—Rachford splitting, we
obtain an inertial Douglas—Rachford splitting scheme described in Algorithm 4.
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Algorithm 4: An inertial Douglas—Rachford splitting
Input: y > 0.
Imitial: zo € R", Zp = 29, xp = proxW(ZO);
Repeat:

Uje+1 = ProXyp(2xk — Zk),

Zk+1 = Tk + U1 — X, @1
Tkt = Zirt Far(Zer1 — ),

Xie+-1 = ProXy;y (Ze+1),

Until: sz—l-l —ZkH < tol.

4.1 Feasibility problem

We first consider a feasibility problem of two subspaces. For simplicity, consider the problem in R?: let
T1,T» C R? be two intersecting lines. The problem of finding the common point of 7}, 7> can be written as

min 7, (x) + 17, (x) “4.2)
x€R?

As the proximal mapping of indicator functions is projection, the above problem can be easily handle by
Douglas—Rachford splitting method.
For the inertial Douglas—Rachford (4.1), we consider a; = 0.3 and compare it with the standard Douglas—
Rachford splitting scheme (3.3). The comparison is provided in Figure 4, with the left figure showing the
convergence speed of |zx — zx—1 || and right figure the trajectory of sequence {zx }rcn. We observe that
* The inertial Douglas—Rachford with a; = 0.3 (gray line) is slower than the standard scheme (black line).
Moreover, it can be shown that for this feasibility example, the inertial Douglas—Rachford is slower as
long as ay > 0; See Section A of [67].

* The slow performance of inertial Douglas—Rachford can also be visualized by the trajectory of the
sequence {zx }ren. For inertial Douglas—Rachford, it increases the length of the trajectory of {zx }ren,
see the difference between gray and black spirals.

. ] Inertial DR
10° Inertial DR st nld 1d DR
Standard DR a ) a . . T
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&
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|
e
x
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(a) Convergence of ||z — zx_1 || (b) Trajectory of {z; }ren

Figure 4: Comparison between standard Douglas—Rachford and inertial Douglas—Rachford. (a) convergence
of ||zx — zx_1|); (b) trajectory of sequence {zx }ren.

The above comparisons, is quite different from the improvement of e.g. heavy-ball method over gradient
descent, which is an evidence that the trajectory of the sequence affects the outcome of inertial acceleration.
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We also remark that in [47, Chapter 4], the author suggested to use more than two points for computing Zj in
(4.1), for example the following three-point approach

T = 2k Fax(zk — zr—1) + bi(zk—1 — zk—2)- (4.3)

Particularly, with a; > 0 and b; < 0, the above choice can provide acceleration. In Figure 4, we also provide
such a test with (ag,by) = (0.6,—0.3), the corresponding convergence observation of ||zx — zx—1|| is shown in
red line which is faster than the standard Douglas—Rachford splitting scheme. Trajectory-wise, the length is
also shorter than that of the standard Douglas—Rachford.

Remark 4.1.

» The observation is not limited to the simple feasibility case, but rather a class of problems. For example,
as long as the problem is (locally) polyhedral around the solution, the above observation can be obtained.

» The difference between the inertial scheme (4.1) and (4.3) implies that when the trajectory is a spiral,
only z; — zx—1 is not enough to estimate or fit the direction that z; travels, while the three-point scheme
can solve the problem. However, the problem with the three-point scheme is that, the value of b; needs
to be negative, and in general there is no good way to determine the choices of ay, by, let alone theoretical
acceleration guarantees. This is one motivation behind the adaptive acceleration in Section 5.

4.2 LASSO problem
The second problem we consider is the LASSO problem

. 1 2
L)Ax— 4.4
min g xll; + 5 flAx — £, (4.4)

where A € R™*" is random Gaussian matrix with m < n.

Since 1 5 [1Ax — sz is C? smooth, we know from Theorem 3.12 that the trajectory of {z; }xc is determined

by the choice of y. As a result, two different choices of y, y € {HAHZ’ ”AHQ} are considered. For each v, four

different choices of a; are chosen: a; = 0,a; = 0.3,a; = 0.7 and a; = k+%

corresponds to the Nesterov’s scheme of [77] and the FISTA scheme of [23].
[R64x256

Note that the last choice of a;

For the numerical example, we consider K € and 4 =2, f is the measurement of an x which is
8-sparse under small additive white Gaussian noise. The results are shown in Figure 5,

* Case Y= m: in Figure 5 (a), the red line shows the support identification of the iterates xi, and after
support identification which is about k = 150, the angle 6y is not converging to 0.
* Case y= W In Figure 5 (b), from about £ = 1600, 6, is converging to 0.
Then in terms of the performances of the inertial schemes,
* Case y = W: in Figure 5 (¢), out of three inertial schemes, only the one with a; = 0.3 is convergent.
_10_

This is due to that fact that the trajectory of {zx }xen is a spiral for y = AP

: All choices of a; work since {z; }ren eventually forms a straight line. Among these four
choices of a;, a, = 0.7 is the fastest, with the FISTA choice a bit slower.

It can be observed that, under the two choices of ¥, the standard Douglas—Rachford is faster for y = % than

HAH

Y= W However, we remark that our main focus here is to demonstrate how the trajectory of {z; }xen affects

the outcome of inertial acceleration.

4.3 A geometric interpretation on the failure of inertial

In this part, we provide a geometric explanation on how the sequence trajectory affects the outcome of inertial
acceleration, similar analysis can also be obtained for over-relaxation. To this end, consider the angle ¥
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Figure 5: Comparlson between standard Douglas—Rachford and inertial Douglas—Rachford. (a) cos(@k) and
supp(xy) for y= \KHZ’ (b) cos(6;) and supp(x;) for y= HKHZ’ (c) convergence of ||zx — zx—1|| for y = IKHZ ; (b)

trajectory of sequence {zx }ren for y = ﬁ_

defined by % = Z(zx — z_1,2* — k) = arccos (%) The motivation of considering this angle is

shown below in Figure 6: let 7y = zx + a(zx — zxk—1) With a >0
o If ¥ is acute, then it can be shown that ||z* — Z|| < ||z* — z]| as long as

2cos(O)|" —zf

a <
k Tex — 2]

When a; = W, 7y is the closest point to z* in the radial line a — zx +a(zx — zx—1) with a > 0.
— <k—1
¢ When cos(9%) < 0, from the above equation we get that ||z — Z¢|| < [|z* — z|| holds only for non-positive

zx, which means extrapolate only slows down the convergence.
In the following, we consider the following linear system in R?:
k= Mzi—
with z; converging to some z*, and study the property of 9, under different M that corresponds to the three

types of trajectories.
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Zk—1

Figure 6: Illustration between inertial direction and the direction to the limiting point in R.

20

(a) Eventual straight line: (o7,0,) =0.9(1,0.6) (b) Eventual straight line: (07,0,) = 0.9(1,—-0.6)

(c) Logarithmic spiral (d) Elliptical spiral

Figure 7: Graphical illustration of the direction of z; — zx— for different types of sequence trajectory.

Straight line trajectory Let U be a unitary 2 X 2 matrix and 07,0, be such that 0 < |02| < 07 < 1, and let M
of the form

M:U[G‘ O}UT.
0 (62}
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It is immediate that z* = 0. Denote y;, = U7 z;, we have
o1 0 _610k_610k+00k_6ka
Yk = 0 o Yk—1= 0 o Yo = 0 0 Yo 0 o Yo = 0q nkb )
where 1 = 02/07 < 1. Assume that yy = <Z>,then

cos() = (=21 —2) _ k=Y, =) (1-0))d®*+ (1 —on)on**~1»? .
lze = ze—1ll =zl Iye = ya—1lll =yl \/(61 —12a+(oyn — 1)2n2(k71)\/a2+612n2k

Let k — +o0 we get cos(0¥%) — 1 which means ¥ — 0.

The above result implies that, eventually z; — zz—| points towards the limiting point z*. Therefore, moving
certain distance along z; — zx—1 is useful to improve the convergence speed. To demonstrate the above result,
we consider two different choices of (07,0,) that (01,02) = 0.9(1,2£0.6). The trajectory of {zx }xen and the
property of ¥ are shown in Figure 7 (a) and (b). It can be observed from both figures that: from the beginning,
Zk — Zk—1 18 not pointing towards z* but eventually almost directly to z*.

Logarithmic spiral trajectory For logarithmic spiral, we can show that inertial always slows down the con-
vergence. For this case, we have M of the form
cos(6) sin(0)
M= 0
cos(6) [— sin(@) cos(0)|’
for some 6 €]0, w/2[. For the sequence {zx }ren, wWe also have zx — 0 as p(M) = cos(0) < 1. Given any k, we
have ||z¢|| = [[Mzk—1|| = ||zk—1]| cos(8), then consider the inner product

(2 —zk-1, 26) = 1zl = (21, 2%) = llzk—1]|* cos*(8) — [|zk—1 |zl cos(6)
= ||ze-1* cos®(8) — 21| cos*(6) =0,
which means cos(d%) = 0 and ¥, = /2.

A graphic illustration is provided in Figure 7 (c). Let k =2, and Z, = 2z, — z;. It can be proved that the
three points z;,Z and z* form an isosceles triangle with ||z; — z*|| = ||z2 — z*||. Moreover, Z2,z3 and z* are in
the same line. This in turn indicates that for all the point z in the segment of z, and z,, we have

22" < lz— "]
As a result, applying inertial will slows down the performance.

Elliptical spiral trajectory For elliptical spiral, we consider the following form of M
cos(0)  Lsin(B)

s
—3sin(@) cos(0) |’
for some 6 €]0,7/2[ and /,s > 0. The property of ¥ becomes more complicated for the elliptical spiral, as
¥ varies in an interval [8, ¥] C]0, 7[. Though the expressions of ¥, can be obtained explicitly based on the

result of Section A.3, here we only provide descriptive explanation.

M = cos(0)

As we can observe from Figure 7 (d), that the angle ¥ varies in an interval [¢, ] where ¥ < /2 and
d>n /2. This means that the direction z; — zx—1 only points towards z* for acute ¥. In turn, inertial provides
acceleration when k are such that ¥ is acute and does not for the others. As a result, the overall performance
of inertial is not clear in general.

Remark 4.2. Although the above discussion is in R?, the behavior describes the asymptotic behavior of
the fixed point sequences generated by Forward—Backward-splitting and Douglas—Rachford splitting for 2
polyhedral terms and Primal-Dual splitting for 2 polyhedral terms are (up to orthogonal transformation) block
diagonal matrices. Indeed, as we show in the appendix, the corresponding linearization matrices in these
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three cases are (up to orthogonal transformation) block diagonal matrices, where each block is a 2 X 2 matrix.
Asymptotically, the behavior of the associated fixed point sequences will be driven by the leading block if the
leading eigenvalue is unique.

5 A’FoM: adaptive acceleration for first-order methods

The trajectory property implies that, the sequence generated by first-order method eventually settles onto a
regular path, i.e. straight line or spiral. In turn, we can use such regularity to design adaptive acceleration for
first-order methods, which is called “A>FoM” and described in Algorithm 5.

5.1 Trajectory following adaptive acceleration
We describe how to use the regularity of the trajectory to design a linear prediction scheme for acceleration.
Recall the general inertial scheme (1.2) for first-order method
%k = E(Z—1,% Th—15 )5
21 = F(Zhy Ty Th—15 -+ ) -
From our discussion in the last section, to provide acceleration, the extrapolation operator & should be able

to adapt itself to the trajectory of the sequence {z }ren. To this end, we propose a trajectory following linear
prediction strategy, which locally fits the trajectory of the sequence {z; }xen and predict the future points. The
basic idea of linear prediction is: let g € N be a positive integer, given {z;— j};];r(l) and v; 2z j—2j—1, forecast
the future iterates by considering how the past directions vi_1,...,vx—, approximate the latest direction vy.
More precisely,

* First use {vj_ j}‘}:l to represent vy, which is a least square problem. Denote Vj_ o [vk_l, e ,vk_q] €
R™4 and let

¢ € Argmin, g |[Viorc —vilP = | T4y vy — vel>
Then we have v &~ Vi_; ¢y, and the representation if perfect if v € ran(Vy_).

* Suppose we know z; 1, then follow the first step we have vi | =~ Vicry1. Since the trajectory locally is
regular, we have ¢4 =~ ¢y, this means we have the approximation vy ~ Vicr. As a result, we obtain
an approximation of zz;; which is

— def
Tkt 1 N Zp 1 = 2k + Vick.

* By iterating the second step s times, we obtain an approximation of z;s which is Zj ; ~ zj4.

zqufl

Figure 8: Illustration of linear prediction.

In Figure 8, we provide a graphical illustration of linear prediction: black dots are the given g + 2 points,
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and red star points are the outputs of linear prediction from 1-step prediction to s-step prediction. If we run the
prediction until s = +oc0, we obtain a complete spiral.

It can be observed that the above procedure is totally linear, therefore we can derive a simple matrix
representation for linear prediction. Given a vector ¢ € RY, define the mapping H by
Id,

Clig—1
H(c) = [ 4 0
q—

Cq

] € R4, (5.1)

Let Cy = H(c), note that Vy = Vj_1Cy. Denote Vy o 'V, and for s > 1, define
def

Vis = Vs 1Cr = ViC,
where Cj, is the power of Cy. Let (C). ) be the first column of matrix C, then
Zks = 2t ot (Vi) (1) = 2+ Lt Ve (€ oy = 2+ Vi (L1 Ch) o1y (5.2)

which is the desired trajectory following extrapolation scheme. Now define the extrapolation parameterized
by s,q as

gs,q(zka T 7Zk*q*1> = Vi (Zj:lclic) 1)’

we obtain the following trajectory following adaptive acceleration for first-order method.

Algorithm 5: A’FoM: Adaptive Acceleration for First-order Methods
Input: Let s > 1,4 > 1 be integers.
Initial: Let 7o = z0 € R" and V) = 0 € R"*4,
Repeat:
 If mod(k,q+2) =0: Compute C; as described above, if p(Cy) < 1:

=%+ a8 q(zhe 3 —g—1)-
e If mod(k,q+2) #0: Zj = z.
e Fork>1:
Gl = F (%), Vi1 =21 —z and Vi = [V ] -+ [Vi—g12]-

Until: ||vg|| < tol.

Remark 5.1.

* When mod(k,q+2) # 0, one can also consider Z; = zx + ax(zx — zx—1) with properly chosen ;. Instead
of every g+ 2 steps, one can also consider g+ with i > 2.

* A2FoM carries out ¢ + 2 standard FoM iterations to set up the extrapolation step &4 As &4 contains the
sum of the powers of C, it is guaranteed to be convergent if p(Cy) < 1. Therefore, we only apply &5,
when the spectral radius p(Cy) < 1 is true. In this case, there is a closed form expression for &, when
s = +o0; See Eq. (6.3).

* The purpose of adding ay in front of & 4(z, - -+ ,2k—4—1) is so that we can control the value of a; to ensure
the convergence of the algorithm; See Section 5.2.

* Though in this paper, we restricted ourselves with finite dimensional Euclidean space, our Algorithm 5
and its global convergence (Theorem 5.3) are readily extended to general Hilbert space.

Remark 5.2. In (5.2) we need to consider the sum of the power of Cy,

Ss = Zj:lcli'
Suppose that Id — Gy is invertible, recall the Neumann series (Id — Cy) ™! = Z,J:SC,’C Therefore, for s = +oo,
Siew=>0d—C) ' —Id=C(I1d— ;). (5.3)
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In turn, for the finite s, we have S; = (G, — C; ™) (I1d — ) L.

5.2 Convergence of A”’FoM

In this part we study the global convergence property of A’FoM . We first show that the A>FoM can be treated
as a perturbation of the original fixed-point iteration, and then discuss its convergence properties. Let g € R”
whose value takes

0:mod(k,g+2) #0 or mod(k,qg+2)=0& p(Cy) > 1,
& =
aké’qu(zk, e ,Zk,qfl) : mod(k,q+2) =0 & p(Ck) < 1.
Then the Algorithm 5 can be written as
Uyt = F (% + &) (5.4)

Based on the above reformulation, we have the following convergence result for Algorithm 5 which is based
on the classic convergence result of inexact Krasnosel’skii-Mann fixed-point iteration [7, Proposition 5.34].

Theorem 5.3. For Algorithm 5, suppose that the fixed-point operator ¥ is averaged non-expansive whose set
of fixed-points is non-empty. If the perturbation error is absolutely summable, i.e. ¥, ||&| < +oo, then there
exists a 7+ € fix(:F) such that z — z*.

Proof. From (5.4), we have that
G = F (w+ &) =F (@) + (F(w+ &) — F ().
Given any z* € fix(.%), there holds
21 =2l < 17 (2i) = F @)+ |7 (e + &) — F (@) | < llzie— 27| + Nl &l

which means that {z; }xcn is quasi-Fejér monotone with respect to fix(.%# ). Then invoking [7, Proposition 5.34]
we obtain the convergence of the sequence {zx }ren. O

Remark 5.4. The perturbation perspective of A>FoM implies that we can incorporate other errors in the itera-
tion, as long as the error is absolutely summable. One such case is where .% (Z;) is computed approximately,
and the accuracy is increasing along the iteration.

The above convergence result indicates that we need a proper strategy to ensure that ay & 4 (2x, - -+, Zk—g—1)
is absolutely summable. This can be achieved via a safeguarded version of A’FoM , which is inspired by [4].

Algorithm 6: A’FoM with safeguard
Input: Let a,b,8 > 0and s > 1,4 > 1 be integers.
Imitial: Let zo € R" and Zp = zp, set Vo =0 € R"*9;
Repeat:
* If mod(k,q+2) = 0: Compute Cy as described above, if p(Cy) < 1:

. b
ap =minya
k { ’ k1+6‘|@(§,q(zk7' e -,Zqufl)” }7

=+ a8 (s 3 h—q-1)-
e If mod(k,q+2) #0: Zk = 2.
e Fork>1:

1 = F (%), Virr =21 —2 and  Vigq = [V | vie] -+ [Vi—g12)-
Until: ||vg|| < tol.
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6 Acceleration guarantees of A>’FoM

As our A’FoM is motivated by the local trajectory of the sequence {z; }xen, in this part we turn to the local
perspective and study the local acceleration guarantees of A>FoM . We first recall several well established
vector extrapolation methods in the field of numerical analysis, build connection with our linear prediction and
then discuss the acceleration guarantees.

6.1 Vector extrapolation techniques

Vector extrapolation techniques provide a generic recipe for the acceleration of sequences, without specific
knowledge of how the sequence is generated.

In the following, we describe two popular techniques for vector extrapolation of a sequence {x};. Let
Uy, d:efo 1 — X and define the matrix

def

U= [uk|uk+1|~-]uk+j]. 6.1)

Idea of vector extrapolation methods Suppose we are observing a sequence {x; }, generated by
Xpr1 =Txp+d (6.2)

where T is a matrix and d is a vector, which are possibly unknown. Assume that p(7") < 1 so that limy_, ;e xx e
x* exists. We say that P is a minimal polynomial of 7' with respect to a vector v if it is the monic polynomial
of least degree such that P(T)v = 0.

It is known [76] that if P(1) = Y/_,c;A’ is a minimal polynomial of T with respect to x; — x*, it is also
minimal with respect to xx; —x¢. Moreover, if }._,c; # 0, then x* = ﬁ Yio c;u* T where u;, = Xpa1 — Xk
Therefore, we can compute x* from finitely many values of this sequence provided that the minimal polynomial
coefficients are known. The key observation is that these coefficients can be computed without knowledge of
x*, since

0=P(T)u = Z;:OCiTi”k = Z;:()ciukﬂ.
As ¢, = 1, we can write this equation as U,c =0 and U,_i¢' = — ", where ¢/ = (co,. .. cr_l)T. Note that this
is an overdetermined system if » < d, and is consistent and has a unique solution. Finally, setting y; = ﬁ, we

have x* =Y, vixx1;. This process of computing the coefficients is known as minimal polynomial extrapolation,
and is summarized below.

Algorithm 7: Minimal polynomial extrapolation (MPE)

1. Choose integers r and k and input the vectors X, X1, . .-, Xgtri1-
2. Compute the vectors uy, Uy 1,. . ., g, and the matrix U,_; = [Mk‘l/lk+1‘ - |uk+r,1].
. e T . ef
3. Find ¢’ & [co, ... ,cr_l} as the least squares solution to U,_1¢' = —u**". Set ¢, = 1 and

Yi=ci/ Yigcjfori=0,....r.
def . . .
4. Compute sg , = Y_( ViXk+; @s an approximation to limy_, ;0 x; = x*.

In general, if r is chosen too small, }'; ¢; might be zero and MPE will fail. To circumvent this, reduced rank
extrapolation was introduced, where step 3 is replaced with a constrained minimization problem.

Algorithm 8: Reduced rank extrapolation (RRE)
1. Choose integers r and k and input the vectors X, Xk 1, .-, Xktrrt1-
2. Compute the vectors uy,uyy1, ..., uxs+, and for the matrix U,.
3. Let y € argmin, [|U,y|| subjectto ;7 = 1.

def . o .
4. Compute s, = Yo YViXk+i as an approximation to limy_, o x; = x*.
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Another form of convergence acceleration technique is Anderson acceleration [5], whose formulation is
similar to that of RRE (and is equivalent in the linear setting). Further details about its relation to vector
extrapolation technique can be found in [18]. There has been recent work on applying such extrapolation
techniques to accelerate first order algorithms [72, 81, 65]. One of the challenges of applying these methods is
that while s; , — s as r — oo, choosing large values for r could lead to U, being ill-conditioned, [72] suggested
to circumvent this issue using regularization techniques when solving step 3. However, naive regularization
could actually slow down convergence, and an adaptive choice of the regularization parameter may lead to
many evaluations of the objective function which may be costly.

6.2 Equivalence between A’FoM and MPE

We now build a connection between our A2FoM with MPE/RRE for the case of s = oo, that is when the linear
prediction is taken for infinite steps.

Owing to (5.3), when s = +oo, from (5.2) we get
Zhew = 2+ Vi (Id—C) ! —Id)(:vl) = zk—vk+vk((ld—Ck)_1)(:7l) = Z—1 +Vk((Id—Ck)‘1)(:’l)

6.3)
1 q—1 (
Ty o (ze— X1 jar—),
which turns out to be MPE, with the slight difference of taking the weighted sum of {z j}’;.:k_qu | as opposed

l;;,L g, Letb e R9*! be such that

to the weighted sum of {z;
be argminbewﬂ,zj bj=1 | Z?:o ijk—j”
and by # 0. Define c; e —bj/bo for j=1,...,q, then we have
B T e R (R
(1 Zi:lcl) T botrl b bo,
and Zg e = Z?;(l)b ;jZk—j which is precisely the RRE update (again with the slight difference of summing over
iterates shifted by one iteration).

Remark 6.1. Based on the structure of C in (5.1), simple calculation yields

[(1—c¢;)) =1 0 - 0] 11 1 e e 11
e 1 1 . b2 EQ [32 52 BZ
2 _1 1 b3 b3 l_?3 e é3 l:73
Id—C — —c3 0 0 and (Id—C) = m b4 b4 b4 b4 b4 b4
2 S : :
—c;, 0 R Y b, b, by byl g

where b; d:efzizjc,- and l_)j =1—Y,;ci such that l_aj—bj =1-Y;cj.

6.3 Acceleration guarantees of A>’FoM

We are now ready to discuss the acceleration guarantees of A’FoM . We first characterize the prediction error
of our proposed A’FoM , and then discuss its acceleration guarantees based on the relation with MPE/RRE.

6.3.1 Prediction error of A2FoM

To discuss the prediction error of AZ’FoM , we need to rewrite (3.1) first. Denote f; = o(||zx — zx_1]|) and
Fie = [fil fier| -+ | frmgia] € R™.
Recall that vy £ z; — 741 and Vi, = Wlvk—1]- - [Vk—g+1] € R"*4, from (3.1) we have vy = Mz (vk—1) + fi—1 and
(6.4)
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By virtue the definition of the coefficients matrix Cy “H (ck) of (5.1), define Ey, j S VkC,{ — Viyjfor j > 1 and

def

Exo =Vir1Ce— Vi = [(Vicick—ve) 0 -+ 0]. (6.5)
We arrive at the following relation between the extrapolated point Zj ; and the (k4 s)’th point of {zx }ren
Zhs = %+ o1 (Vjek + (Bx ) ) = Ziers + et (Br ) )

Here given a matrix E, E( j) denotes its j’th column. As a result, we derive the following proposition on the
prediction error Z s — z*.

Theorem 6.2 (Prediction error). Given a first-order method of the form (1.1), let (3.1) be its local lineariza-
tion. For Algorithm 5, when the linear prediction is applied, we have the following error bounds: Let

Biy = max {|| XM, I| Ximi Gl }

ic{0,1},t<s
and define the coefficients fitting error as &, = H Y1 | ckivk—i — vi||- Then, the prediction error 7 ;—z* satisfies
1Zs = 211 < M3 (zie = 2) |+ I ZiZo MG 1 il + Bes (& + | Fer]),

where fr = Mz (zi_1 —2*) — (zx — 2).
In the case of s = oo, there holds

_ 1y 2 M H
12 40 — 27 < 1(1d = M) "1 fall + & 1 Yoo SELET Z IM% | Fi1 ((1d = Ci) " = 1d) . .
l /=0
The proof of the theorem can be found in Section C of the appendix.
Remark 6.3.
¢ The fact that By , is uniformly bounded in s if p(M5) < 1, and p( ) <1 follows because this implies
that ¥, [M% || < +oo thanks to the Gelfand formula, and ¥/ Ci = (Id — C,)~! and its (1,1)" entry is

precisely 1721@,{-'

* In Theorem 6.2, the prediction error consists of two main sources: coefficient fitting error of & and
linearization error of F;_; which corresponds to the small o-terms. When the small o-term in (3.1)
vanishes, that is F;_; = 0, then it follows from the proof that

|Zk.s = 2" < llzirs — 2"l + Brs€x
and if the spectral radius p(Mz) < 1 and p(Cy) < 1, then
oo < Mm
N o e

6.3.2 Acceleration guarantees

As shown in Theorem 6.2, a key quantity governing the amount of acceleration is the coefficient fitting error
€. For the case that the small o-terms vanish, this error can be bounded using existing results of vector extrap-
olation. In the following, we assume that (1.1) can be linearized without small o-term and derive acceleration
guarantees for Algorithm 5.

Theorem 6.4 (Acceleration guarantees). Given a first-order method of the form (1.1), suppose there exists a
linear matrix M & such that it can be linearized of the form

1 — 2%k =Mz (2, — 2-1)-

Suppose that Mz is diagonalizable. Let {A;}; denote its distinct eigenvalues ordered such that |Aj| > |Aji1]
and |M| = p(Mg) < 1. Suppose that |Ay| > |Ay11|. Then we have the following bounds on €

« Asymptotic bound (fixed q and as k — +0): & = O(|A,11]").
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* Non-asymptotic bound (fixed q and k): Suppose that (M z) is real-valued and contained in the interval
[, B] with —1 < a < B < 1. Then,

< KB ()’ (6.6)

1 _chkl
where K % 2|z0 — z*||[|(1d — M)z || and 1 =
Remark 6.5.

* As we have seen in Section 3, when R and J are both polyhedral, when the optimization problem is locally
polyhedral around the solution, the small o-term vanishes and we have a perfect local linearization. Hence,
the conditions of Theorem 6.4 holds for all k large enough.

7

* Combined with Theorem 6.2, this result shows that the extrapolated point Z; ; moves along the true tra-
jectory as s increases, up to the fitting error €. Note that the same error bounds also holds for MPE, see
for instance [76], and as discussed previously, our update Zj .. is essentially an MPE update. However,
this theorem offers a further geometric interpretation of these extrapolation methods in terms of following
the “sequence trajectory”, and combined with our local analysis of FoM, provides justification of these
methods for the acceleration of non-smooth optimization problems.

Remark 6.6 (Acceleration guarantee and the choice of g).

» For Forward—Backward splitting method, as the angle 6; converges to 0. For the coefficient fitting error
we have & = o(p(M#)), which indicate that A>’FoM can provide acceleration with ¢ = 1. Since ¢ = 1
corresponds to the inertial scheme, our result complies with the current literature on inertial Forward—
Backward splitting methods.

« Theorem 6.4 (ii) shows that extrapolation improves the convergence rate from O(|A;|*) to O(|A,+1]*),
and the non-asymptotic bound shows that the improvement of extrapolation is optimal in the sense of
Nesterov [61]. Take Douglas—Rachford splitting for example, in the case of two non-smooth polyhedral
terms, we must have [Ay;_i| = |A2| > |A2j41] for all j > 1. Hence, no acceleration can be guaranteed or
observed when ¢ = 1, while the choice of g = 2 provides guaranteed acceleration.

Remark 6.7 (Dealing with small o-terms). We now consider the coefficients fitting error of the perturbed
problem vy = Mg (vi—1) + fr—1. Let vg = Mg(vg_l) with vg_q = V4 and let c,? € R? and C? = H(cg) be
the associated coefficients and coefficients matrix. Let €° be the coefficients fitting error for this unperturbed
problem, then

e = min | Ly e~ vell <€+ | K1y €y =) —ve— ]
<&+ | XL 1Ckl( z;iMﬁﬁz_lfk—i—é) - (ZZ:lMi@_lfk—f)H
q L
<e +(1+H60||1)r§g><||fk7iHZ§f:1 [Mz|
where we have used
) q—i q—i
Vi =V = MY (v — ngq) +Y MG i = ) M5 feoice

(=1 (=1

Therefore, even with the presence of small o-terms, the coefficients fitting error can be bounded in terms of the
small o-terms and the coefficients fitting error under exact linearization.

7 Implementation and numerical experiments

Our proposed adaptive acceleration scheme Algorithm 5 is quite abstract in the sense it is only presented
for fixed-point iteration. While for first-order methods, as we have seen in Section 3, each method has a
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unique fixed-point characterization. Therefore, in section we discuss how to implement A’FoM for different
algorithms and provide numerical tests to demonstrate the performance of our acceleration scheme.

7.1 Gradient descent

We first consider the comparisons of gradient descent method on least square problems. Since gradient descent
is a special case of Forward—Backward splitting with R being 0 (hence prox,; = Id), we refer to Algorithm 9
for the specialization of A”FoM to gradient descent algorithm.

For least square problem, gradient descent results in the linear system of (6.2). Therefore, in this example
we compare the performance of the following methods:

» Gradient descent, FISTA [11], restarting FISTA [62].
* Our proposed scheme (LP) with (g,s) = (6,+0).
e MPE [21], RRE[35] and regularized non-linear acceleration (RNA) [72].

The following least square problem is considered
S ST
min o flAx— £,

where three different choices of A are implemented
* Tridiagonal matrix with main diagonal elements equal to 2, and the elements of the first diagonal below
and above main diagonal equal to —1;
* A =rand(51,50) is generated from uniform distribution in [0, 1].
* A =randn(51,50) is generated from normal Gaussian distribution.
The performance comparison of different methods are shown in Figure 9, from which we observe that
* Among all the algorithms, gradient descent (gray line) is the slowest, while “FISTA” is the 2nd slowest
for the rand and randn cases of A.
» “Restarting FISTA” shows the best overall performance, especially for the case of tridiagonal A as it is
significantly faster than all the the other algorithms.
* For the vector extrapolation based algorithms (MPE/RRE, RNA and our proposed algorithm), except for
rand A where linear prediction is slower than the others, their performances are quite close.

In light of our analysis, since gradient descent has an eventual straight-line trajectory, inertial is expected to
perform well. Indeed, we observe here is restarted FISTA is the fastest and is rather impressive given its
simplicity and easy implementation.

10°

Gradient descent
—FISTA
Restarting FISTA

Gradient descent
102 —FISTA

Gradiertt dbsden Restarting FISTA

8 8
| |
i —FISTA i

Restarting FISTA
10 —LP
———MPE
RRE
——RNA
1 2 s P
k x10*

(a) A is a tridiagonal matrix (b) A = rand(50,50) (¢) A = randn(50, 50)

-10 -10 -10
10 0 10 0 10 0

Figure 9: Performance comparison among different schemes under different choices of A.

Remark 7.1. Note that for gradient descent, also the Forward—Backward splitting method to be discussed
below, line search can be applied to all the methods compared above. However, we decided not to provide
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the comparison here since line search can provide acceleration for all these algorithms. Moreover, line search
needs the evaluation of objection function values which will increase the overall wall clock time and make it
not practical for large scale problems.

7.2 Forward-Backward splitting

We start with the Forward—Backward splitting algorithm, adapt A>’FoM to this method we obtain the following
adaptive accelerated Forward—Backward splitting scheme.

Algorithm 9: A’FB : Adaptive Acceleration for Forward—Backward splitting
Input: y €]0,2/L[. Lets > 1,4 > 1 be integers.
Initial:xy = xp € R". Set V, =0 € R"*4,
Repeat:
* If mod(k,q+2) =0: Compute Cy via (5.1), if p(Cy) < 1 and Z(vg, & q(xp, -+ xk—g—1)) < 3t

T = xp +ar s g (Xps - Xk—g—1)-
* If mod(k,q+2) #0: X = x¢.
e Fork>1:
Xkt+1 = ProxXyg ()Ek —YVF ()Ek)),
Vigt = X1 — X and Vi = [Vt || - [Vk—ge2)-
Until: ||| < tol.

Remark 7.2. Note that for the above scheme, we have an extra check on the angle between v, = x; —x;_ and
the extrapolated direction & 4 (xy, - - ,xk,q,l), and the value of 0 is chosen close to 0. This is due to the fact
that the trajectory of {x; }ren is eventually a straight-line, so we only accept & 4(xi," -+ ,Xx—g—1) if the angle
Z(Vk,éi,q(xk, s ,xk,q,l)) < %

7.2.1 LASSO-type problem

Next we consider regularized least square problem of the form
min R(x) + .2 x— fI, (7.1)
xeR? 2

where R is regularization term, and .#” € R"*" is drawn from random Gaussian ensemble. f is the observation
of some X under %~ contaminated by noise w,

f=xX+w. (7.2)
In this experiment, three different cases of R are considered: sparsity promoting ¢;-norm, group sparsity

promoting ¢ >-norm and low-rank promoting nuclear norm. The detailed settings of each example are

¢-norm (m,n) = (768,2048), X has 176 non-zero elements.
{1 2-norm (m,n) = (640,2048), x has 35 non-zero blocks of size 4.

Nuclear norm (m,n) = (640,1024), ¥ € R3*32 and rank(%) = 4.
The following scheme are compared

» Forward—Backward splitting, FISTA and restarting FISTA.

* Our proposed scheme (LP) with (g,s) = (4, +o0).
The finite activity identification of {x; };en and the angle cos(6y) of Forward—Backward splitting is provided
in the first row of Figure 10, the observations are quite close to those of Example 3.1.

The comparison of the above methods is presented in the second row of Figure 10, and we observe that
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» Similar to the least square example, Forward—Backward splitting method is the slowest one. However,
note that in terms of local linear convergence rate, FISTA is the slowest one — see the local slope of the
gray and black line. The problem of Forward—Backward splitting method is that it needs much longer
time to identified the underlying manifold.

» Restarting FISTA (blue line) is the fastest among all methods, our proposed linear prediction is as fast
as restarting FISTA for the first two examples and slightly slower for the last example.
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Figure 10: Comparison between methods for solving regularized least square.

7.3 Douglas—Rachford splitting
Now we turn to the Douglas—Rachford splitting method, for which we obtain an adaptive acceleration scheme
described in Algorithm 10.

Algorithm 10: A’DR : Adaptive Acceleration for Douglas—Rachford splitting
Input: v > 0. Let s > 1,4 > 1 be integers.
Initial: 7y = zp € R", xg = proxyj(zo). Let Vo =0 € R"*9,
Repeat:
* If mod(k,q+2) =0: Compute Cy via (5.1),if p(Cy) < 1: Zx = 25 + arEsq(2k, 5 Th—g—1)-
e If mod(k,qg+2) #0: 7 = %.
e Fork>1:

X = Prox,; (),
Upt1 = ProXye(2x, — Z),
Tt 1 = Zk T U1 — Xk,
Vil =1 — 2 and Vier = e [ve] -+ [vi—g2]-

Until: ||v|| < tol.
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Figure 11: Comparison between methods for solving basis pursuit type problem.

7.3.1 Basis pursuit type problems

Now suppose that there is no noise in the observation model (7.2), i.e. w = 0. Then instead of solving (7.1),
the following equality constrained problem should be considered

min R(x) subjectto #'x=¢X.

xeR"
Furthermore, the above constrained problem can be formulated as

min R(x) +J(x), (7.3)
xeR?

where J = 10(-) is the indicator function of the constraint Q & {x € R" : #'% = J# x} = #+ker(#). As
both functions R and J are non-smooth, a proper choice to solve (7.3) is the Douglas—Rachford splitting.
The proximity operator of J is the projection operator onto Q, which reads prox,;(x) = x + 2" (f — #x)
where & T = #T (' #T)~! is the Moore-Penrose pseudo-inverse of .#". For R, again three examples are
considered: /,¢; and nuclear norm, and the settings of each example are The detailed settings of each
example are

¢-norm (m,n) = (768,2048), X has 128 non-zero elements.
¢ 2-norm (m,n) = (640,2048), x has 32 non-zero blocks of size 4.
Nuclear norm (m,n) = (640,1024), € R3>*32 and rank (%) = 4.
The following schemes are compared
* Douglas—Rachford splitting (DR), the standard two-point inertial DR (4.1) (1-iDR) with a; = 0.3, the
three-point inertial DR (4.3) (2-iDR) with (ag, by) = (0.5,—0.25).
* Our proposed scheme (LP) with (g,s) = (4,100), (4, +o0).
The finite activity identification of x; and the angle cos(6;) of Douglas—Rachford splitting is provided in the
first row of Figure 11, the observations are quite close to those of Example 3.2. The performance comparison
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of the above methods is presented in the second row of Figure 11, and we observe that

* For the two inertial schemes: 1-iDR and 2-iDR. Only “2-iDR” shows constant better performance than
DR. Locally, the convergence speed of “1-iDR” is the slowest among all schemes. This observation
comply with our discussion in Section 4.3.

* Linear prediction is the fastest among all the schemes, especially for ¢; ,-norm and nuclear norm. The
main advantage of LP is that it needs much shorter time to identify the manifolds.

7.3.2 LASSO problem

We also consider the LASSO problem (4.4) to demonstrate the performance. Three data sets from LIBSVM*
are considered: australian, mushrooms and covtype. The observation are shown in Figure 12, we can see
that linear prediction shows clear advantages over the compared ones.

Note that for the two inertial schemes, they are better than the standard Douglas—Rachford splitting method
for all the three examples, which is different from the affine constrained problem considered above.

102 DR , DR
10° 1-DR 10 |
2-DR 2-iD
DR+LP DR+L
x, 07 % 102 o 107
\ [ \
10° 10 106
-10 -10 -10
10 200 400 600 800 1000 10 1 2 3 4 5 6 7 8 10 1 2 3 4 5 6 7 8
k k x10* k x10*
(a) australian (b) mushrooms (c) covtype

Figure 12: Comparison of Douglas—Rachford schemes for solving LASSO problem.

7.4 Primal-Dual splitting

The third example we consider is the Primal-Dual splitting method. Adapt A’FoM to the method, we obtain
an adaptive acceleration scheme for Primal-Dual splitting method which is described in Algorithm 11. Note
that the fixed-point sequence of Primal-Dual splitting method is the augmented variable z; defined in (3.6).

To demonstrate the performance of Algorithm 11, a medical imaging problem of the following form is
considered

. A 2
V4 S x—
min (%], + 5| 27x = £,

where %" is a subsampled Fourier transform operator, f is the measurement and % a redundant wavelet frame.
We compare the standard Primal-Dual splitting, inertial Primal-Dual splitting and our proposed accelerated
one with (g,s) = (1,4o0), (2, +00), The numerical result is shown in Figure 13.

* Image quality wise, LP provides much better reconstruction than the plain Primal-Dual splitting and its
inertial version, especially for g = 2.

* In terms of PSNR in Figure 13 (d), LP also yields better PSNR value than the (inertial) Primal-Dual
splitting methods.

“https://www.csie.ntu.edu.tw/"cjlin/libsvmtools/datasets/
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Algorithm 11: A>’PD : Adaptive Acceleration for Primal-Dual splitting
Input: ¥,,7, > 0 such that 7,7, ||L|* < 1 and 7 € [0,1]. Let s > 1,4 > 1 be integers.

Initial: Xy = x9p € R", wog =wg € R™. Let 7o = <z0> and V) € Rm+n)xq,
0

Repeat:
* If mod(k,q+2) = 0: Compute Cy via (5.1), if p(Cy) < 1: ex = & g(2k, -+ s 2h—g—1)-

B =xiakep i) and Wk = Wi+ G (s Lim-n):
o If mod(k,q+2) #0: X = x; and Wy = wy.
e Fork>1:
— Y T.5
X1 = PTOXyRR(xk — %L W),
Tt = X1+ T 1 — %),

Wi+1 = ProXy j« (Wi + 7, LX11),

Xky1
Tl = ( M >, Vil = Zer1 — 2 and Viger = [t i - egra)-
Wi+1

Until: ||vg|| <tol.

(a) Original phantom (b) Primal-Dual splitting (c) Inertial Primal-Dual

e o
Z K A
N
Jal 7

) PD-LP, g=2

—O—PD-LP, g=1
600 26 4‘0 Gb éO 10C
time (s)
(d) PSNR e)LPg=1 H)LP,g=2

Figure 13: Comparison of Primal-Dual schemes for MRI reconstruction. (d) Original Shepp—Logan phantom:;
(b) Output of Primal-Dual splitting; (c) Output of inertial Primal-Dual splitting; (d) PSNR comparison; (e)
Output of Algorithm 11 with (g,s) = (1,4-e0); (c) Output of Algorithm 11 with (g,s) = (2,+o0).
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7.5 Generalized Forward-Backward splitting

For the problem (“rp), suppose now there are more than 1 non-smooth functionals: let r be a positive integer
and consider

min {®,(x) d:dF(x)jLZ;:lRi(x)}, (ZGrB)

xeR?
where F is continuous differentiable with VF being L-Lipschitz and R; € T'y(R") foreach i =1,...,r.

Forward-Backward splitting is no longer feasible for this problem, as in general there is no close form
solution for the proximity mapping of Y./, R;(x) even if each R; is simple. In [68], the authors proposed a
generalized Forward—Backward splitting algorithm (GFB) to overcome the challenge. GFB achieves the full
splitting of the evaluation of the proximity operator of each R;. Let (®;); €]0, 1[" such that Y/, @; = 1, choose

Y €]0,28[:
fromi=1tor:

Uik+1 = ProX 1 g, (2% — i — YVF (1)) (7.4)

Zik+1 = Zik + (Uigs1 —X)
r
X+1 = Zi:]wiZi,k+l-
Under a properly defined product space .77, there exists a non-expansive operator .%ggp : 9 — ¢ such that
zrr1 = FGrB(2x)
2k
with z; = [ : |. We refer to [68] for more details of the GFB algorithm. Specializing A’FoM to the case of

Zrk
GFB, we obtain the accelerated GFB scheme described in Algorithm 12.

Algorithm 12: A>GFB : Adaptive Acceleration for generalized Forward—Backward splitting
Input: (;); €]0,1["suchthat}%_; w; =1, y €]0,2/L][. Let s > 1,q > 1 be integers.
Initial: fori=1,...,7,Z;0 =20 € R" and xo = Zlea),‘z,‘yo, Vio=0€cR"™4;

Repeat:
e If mod(k,q+2) =0: fori =1,...,r, compute C} via (5.1), if p(C}) < 1:

Zik =2k TG g(Ziks Zik—g1)-
o If mod(k,q+ 2) #0: Zik = Zik-
e Fork>1:
Xp = ZLl O;Zi ks
fromi=1tor:
Ui 1 = ProX 1 p. (2xk — Zie — YVF (%)),
1
Zikt1 = Zik + (Uigs1 — Xg),
Vikt1 = Zik+1 —Zig  and  Viggr = Vi1 [Vikl - Vig—g+2]-

Until: ¥, |[vi ]| < tol.

We consider the Principal Component Pursuit (PCP) problem [22] to demonstrate the performance com-
parison. Different from (7.2), the forward observation model of PCP problem reads,

b=X +x+ 0,
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where X, is low-rank, X, is sparse, and b, @ are the observation and noise respectively. The PCP proposed
in [22] attempts to provably recover (x,,X,) up to a good approximation, by solving a convex optimization.
Here, we also add a non-negativity constraint to the low-rank component, which leads to the following convex
problem

. 1
min 51 —x, —xg|* gl + el DL+ e, (). (7.5)

xn 2
X, XgERTM

Observe that for given an x, , the minimizer of (7.5) is x§ = prox (b—x,). Thus, (7.5) is equivalent to

il
min (- [l ) (0 —x,) + g2l [+ e, (x,), (7.6)

xL ceRnxn

where ' (u1] - ||;) (b —x,) is the Moreau Envelope of ;- ||;.

The numerical comparison on a synthetic example is shown below in Figure 14, and the observations are
very similar to those of the previous examples, that linear prediction shows clear advantages over the standard
method and its inertial version.

—GFB .l h n —GFB
Inertial GFB Inertial GFB
10°1 A2GFB 7 10°1 A2GFB 1
. N
N N
| |
§ 104 § 10
108 108 1
5‘0 160 1éo 260 zéo 0 0f1 ofz . 03 of4 0t5 Of6
k time (s)
(a) Iteration comparison (b) CPU time

Figure 14: Comparison of GFB and adaptive accelerated GFB on synthetic data.

8 Conclusions

In this article, we studied the local geometry of first order methods for nonsmooth optimization. Our analysis
provides insight as to when inertial techniques can be applied, in particular, the outcome of inertial depends not
only on the structure of the optimization problem to solve but also the geometry of the first order method itself.
Based on our trajectory analysis, we propose a trajectory-following acceleration scheme, which provides an
alternative perspective on classical vector extrapolation techniques.
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A Trajectory of linear systems

In this section, we study the trajectories of 3 different types of matrices. These matrices correspond exactly to the
linearisation matrices in the cases of Forward—Backward splitting, Douglas—Rachford splitting and Primal-Dual splitting
and hence, our analysis here can be used as a guide for the geometry of these methods.

Let M € R™" be a bounded real matrix and consider the following linear system

Xk+1 :Mxk, (A-l)
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which generates a train of sequence {x;}ren. Assumed {x; }ren is convergent, i.e. there exists an x* € R” such that
xr — x*. The goal of this section is to investigate the properties of the trajectory formed by {x; }xen. To this end, define
Vi = X — Xx—1, it is immediate that (A.1) leads to the following iteration in terms of vy,

Vi1 = My, (A.2)

and limg_, 1. vx = 0 since x; — x™*. To characterize the trajectory, we choose to use the angle between each two adjacent
vectors vy and vi_1, which is denoted by 6; and defined by

def Vi, Vi_
6 2 £(vi,vin) = arceos (il ).

For the rest of this section, we discuss the property of {6y }ren under three different choices of matrix M.

A.1 Type I linear system
We start with the simplest case, that M € R™*" is symmetric. Let (0;);=1,... » € R" be the eigenvalues of M, which are all
real owing to the symmetry of M.

Definition A.1 (Type I matrix). M € R"*" is symmetric with all its eigenvalues in | — 1, 1], moreover 1 > o} > 0, >
-+« >0, and 0] > |0,| > 0.

Denote 1 the ratio between the second largest eigenvalue in magnitude and oy, i.e. N = %ﬁlo”‘}
Proposition A.1. Consider the linear system (A.2) where M is a Type I matrix defined in Definition A. 1, then there holds
1 —cos(6) = 0(n?).

Remark A.2. Proposition A.l implies eventually the trajectory of {x; }re is a straight line. If 07 < |o,,| < 1, then it can
be shown that limy_, ;. O = 7.

a
Example A.2. Let U be an orthogonal matrix in R3*3, and consider M = U b UT where —1 <c<b<a<1

are the eigenvalues. Two different choices of (a,b,c) are considered
(a,b,c) € {0.99 % (1,0.98,0.9),0.99 x (1,0.98,—0.75)}.
For both cases, we have 11 = 0.98, hence same convergence rates of cos(6;) to 1, see Figure 15 (a). The trajectories of

{xx}ren are shown in the other two figures of Figure 15: for figure (b) all the three eigenvalues of M are in [0, 1], for
figure (c) the smallest eigenvalue of M is negative.

1010 +

1 — cos(6y)

1015 F

100 150 20 20 3w |
(a) 1 —cos(6y) (b) Eigenvalues in [0, 1] (c) Eigenvalues in | — 1, 1]
Figure 15: Convergence of cos(6;) and trajectories of {x;}ren. (a): Convergence of cos(6y) to 1; (b) Trajectory of
{xx }ren when all the eigenvalue of M are real; (c) Trajectory of {x; }xeny When M has negative eigenvalues.
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Proof of Proposition A.1. Since M is symmetric, there exists a real orthogonal matrix U such that M = ULUT where
¥ =diag((0;)i=1....) is a diagonal matrix, and v; = Mv;_; = M*vg = UZFUTvg. Let uy = UT vy, then ug, = ¥ug. Suppose

there exists d € [2,n[ such that 6 = 61 = 0 = --- = 64 > Oy41, we can consider the following decomposition of £
5, & {diag (Gi)i=1,..4) de(n—d):| and T, [ 04 _ Oux (n-a) ] _ (A.3)
O(—dyxa 0p—d O(n—dyxa  diag((6i)i=a+1,..n)

It is immediate that u; = Z’f uo + ZIEMO, and that

1 Idy de(nd):| 1 04 04x (n—a)
=X = and =X, = . . .
o [O(nd)xd Op—a o2~ On—d)xd dlﬂg((rj1 )i=d+1,...n)
Moreover, there holds ﬁE’l‘ = éZl and ﬁz" = O(nk ). Consider the following orthogonal decomposition of %,

1 1
Sk = ?E'fuo =griuo and = S —s=0(n").

o
We get
ey vie1) = Uy, UT v ) = 024! (%, A=) = o™ Nse+ e, se1 + 1),
and ||v| = [lue]| = o*(||sx +1]]) = o*(||sk]| + ||tx]|). Consequently the value of cos(6) is, note that s; = s;_
cos(60) = [T = Tl r ] = Tl + T
= o) (A4)

llsx +tcllllse—1 + 11l

e sk + k-1
= X +0 .
el + Tl Tsera] O )

Since we have

Isel> | 2 4 % llsx + %l

— i =1 — |||+ O(]| =140 and ———F- 1.

”sk”2+”tk”2 || k” (” k” ) (n ) Hsk_._tkle

Combining with (A.4) leads to the claimed result. O

A.2 Type II linear system

From this part, we turn to linear systems which result in spiral trajectories. The first of this kind is the normal matrix.

Definition A.3 (Type II matrix). M € R"*" is normal matrix with all its eigenvalues lying in the complex unit disc.

According to [42, Theorem 2.5.8], a normal matrix M € R"*" is quasi-diagonalizable, that is there exists a real
orthogonal matrix U € R"*" such that
B,
M=U " ur.
Bm

For each i = 1,...,m, B; is either real valued scalar or 2 x 2 matrix of the form { a;j z’} in which b; > 0 and has
—b; a;

eigenvalues a; = 1b;. We impose the following assumptions on M.

Assumption A.3. Foreachi=1,....m,
(i) if B; is scalar; then B; € {0,1};

(ii) ifB; = {al,) l} with b; > 0, then a%—!—b% < 1. Moreover, there exists 1 < q <d < m such that By = --- =B,
—b; a;
2012 2 12 2 22 2 )
and1>aj+by=a5+b —~~—aq—|—bq>aq+1+bq+12~~~2ad+bd>0.
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\Jaz, b2
Let y be the argument of a; +ib; and N = %. Under Assumption A.3, the power of M, i.e. M¥, is convergent
AR

when k goes to 4. Denote M* o limy_, oo M.
Proposition A.4. Consider the linear system (A.2) whose M is a Type Il matrix define in Definition A.3, suppose that
Assumption A.3 holds. Then

(1) M= is a symmetric matrix with eigenvalues being either 0 or 1, and vy € ker(M*).
(ii) cos(6;) —cos(y) = O(n*) for w and n defined above.

Remark A.S.
* Proposition A.4 indicates that eventually M performs circular rotation.
* If we have only af +b{ = a5 +b3 = --- = a;+ b, and B; # Bj,1 <1, j < q,i # j, then cos(6) will converge to

some ¥ which depends on (‘/’i)i:L-.-ﬂ where ; is the argument of a; + ib;.

) — cos(f)

1012

\ T
S N R st 4
101 \
50 100 150 200 250

. e

" R

(@) |cos(6;) —cos(y)| (b) Top view (c) Side view
Figure 16: Convergence of cos(6) and trajectory of {x; }ren. (2): Convergence of cos(6y) to cos(y); (b) Top view of
trajectory of {x }ren; (c) Side view of trajectory of {x; fren-

Example A.4. Let o €]0,7/2] and define a, b, c by

a=0.99cos(at), b=0.99sin(x) and c¢=nva>+b?

a b
for some 1 €]0, 1[. Let U be an orthogonal matrix in R**3, and let M =U |—b a UT. The matrix M has three
c
eigenvalues: a+ib,a —ib and c. Let y be the argument of a +ib and (&, 1) = (0.05,0.96), The convergence of cos(6;)

and trajectories of {x; }xcn are provided in Figure 16. The first plot shows the convergence of cos(6;) to cos(¢), and the
other two are different views of the trajectory of {x }ren.

Proof of Proposition A.4. Owing to [42, Theorem 2.5.8] and Assumption A.3, we have the decomposition of M

Id,
B
M=UxUT with %

By
0,

where » denotes the multiplicities of eigenvalue 1 in A.3 (i), and d denotes the number of 2 x 2 blocks. Foreachi=1,...,d,

we have B; = [ al,-) b'] with 1 > a?+b? > a}+b3 > -+ >a’+b3 > 0. Itis easy to show that limy_, . B¥ =0,i=1,...,d
—b; a

1

since the spectral radius of each B;, p(B;) = \/a? +b? < 1, is strictly smaller than 1. This further implies that

M= lim M =U {Id’ ]UT,
k—r—oo 0,—r
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which verifies the first claim of the proposition.

Since v — 0, we have from v, = Mv;_; = MFy, that

0= lim Mvy =My,
k—+oo

which means vy € ker(M*) and moreover v; € ker(M*), k € N. Consequently, we have
Vi :ka—l = (M*MW)Vk_l

Define M £ M — M “, then there exists a real orthogonal matrix V (actually a permutation of U) such that

By
M=vIVT with T=
By
02r
a; bi .
and B; = { b a] ,i=1,...,d. Suppose for some 1 < g < d, there holds
—bi a;
a%—kb%:a%—kb%:o-~:a$+bf]>a§+1+bf]+lZ~~~2a§+b§.

Consider the decomposition of T,
B,

I and IL,=I-T17.

Bq
Onfzq

a*,  +b2
Let 6 = y/a} +b} and n = Y21 then LT5 = 0(n*) = 0. Let y = arccos(‘2), then for each i = 1,...,q

o

cos(y)  sin(y)
—sin(y) cos(y)

i =

Ql—
>~}

which is a circular rotation. Therefore, él"l is a rotation with respect to the first 2 elements. Denote u; = V7 vy, then
from v; = Mv,_y, we get uy = T'uy_ = [*ug. Consider the orthogonal decomposition of %,

1 % 1 %
s = —1ug and 1, = —I5ug.
k Gk 140 k Gk 2U0

We have that ||sg|| = ||sx_1 || and (s, si_1) = ||sk||* cos(y). As a result, for cos(6y) we have
2
0,) — {5k, s—1) {t, ti—1) _ lselZcos(yw) o sitall o Hep2e-1y A5
cos(6) o+ aelllsk—t +oe1l  Tox T allse—1 + i1 sl + llzel® ~ Tse—1 + i1 ] +om™) (A-5)

2
Using the fact that Ll cos¥) — cos(y) (1 [#/* +0(|a]|*)) = cos(y) +O(n*) and st s 1 we conclude the
st =+l Isk—1+te—1

convergence of 6. O

A.3 Type III linear system

The last trajectory we discuss is the elliptical spiral which is more complicated. We first discuss the definition and
properties of elliptical rotation, then discuss one type of matrix that leads to elliptical rotation.
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A.3.1 Elliptical rotation
Definition A.5 ([63, Theorem 1]). Let ¢ > 0 and [/ > s > 0, then the following matrix

cos(9)  sin(9)
Risp = [—isin(‘i’) lcos((b)]

is an elliptical rotation along the ellipse ;‘—Z + }—; =d withd > 0.

Remark A.6. The definition is adopted from [63]. All similar ellipses have identical elliptical rotation matrices [63].
When s = [, then R; ; 4 simply becomes circular rotation.

Different from circular rotation which is isometry, elliptical rotation does not preserves angle and distance. Given

e+ |
]

any x € R" and its rotated point x; = R;; 4x, the angle between x, x and the ratio

e= (;—; - 1)/(% + 1) and § = arccos(—ecos(9)).

depend on x. In the following, let

Proposition A.7. Let R; ;4 be an elliptical rotation for some ¢ €]0,[ and l,s > 0. Given an arbitrary point x # 0 and
its rotated point x = Ry 5 ¢ X, there holds

s 2 c [ecos(C—(I))-H ecos(§+¢)+1]
x[? ecos(C+9¢)+17 ecos(—9)+1J °

* Let X be the angle between x and x., we have Y € [y, X] with cos(}) =

e The ratio

acos(q)) —b
\/sm +(acos(9)—b)?

and cos(y) =

acos(¢)+b
\/sm +(acos(9)+b)?

where a =3 + +.b= |5 — £&|.

Remark A.8. When s/I = 1, then R; ; 4 becomes circular rotation, consequently we get Hm! =land y = ¢.

Example A.6. In this example, we consider an elliptical rotation parameterized by / =2,s =1 and ¢ = 30 o7+ Consider

the sequence {x; }ren generated by the rotation x; = Ry 9x¢—1 With xo chosen arbitrarily, we study the ratio B el Tl and
: Xk—1

the angle Y = £ (g, Xk—1)
2
* We have e = (% - 1)/(% +1)= % and § = arccos(fk%(d’)), consequently % € [0.5679,1.7608].
k—1
* For the angle j;, we have that j; € [0.1980,0.7564].

l®

The values of T
Xk—1

—=kl— and J; along k are shown below in Figure 17.

[ 0.8 Yk

[lek-1]l

200 400 600 800 100(¢ 200 400 600 800 100(¢
k k

@) o]/ o1 (b) cos ()

2
Figure 17: Range of HLHHZ and cos( ;) for elliptical rotation.
1

[l —
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Proof of Proposition A.7. Since x # 0, there exit # > 0 and L,S > 0 such that S/L = s/l and x = (ics?rfgg )) ) . Then

COS( ) lsin(¢)} (SCOS(ﬁ)) _ (SCOS(fP)COS(ﬁ)+Ssin(¢)sin(ﬁ)> _ <SCOS(¢—[5) >

Xy = R[_]S’q)x =

—Lsin(¢) cos(¢) | \Lsin(B)) ~ \Lcos(¢)sin(B) — Lsin(¢)cos(B)) ~ \—Lsin(¢ — )/
(A.6)
We first prove the range of H—Hl
q(B) = ||X+H S2cos?(B) + I2sin2(B) (S —Deos®(B)+1 (3 —1)cos(2B)+ % + 1
Ilx[*  S%cos*(¢p —B)+Lsin*(9—B) (%—l)cos (p—B)+1 (;_1)COS(2¢_2[3)+%+1.

Denote ¢ = (% -1)/ (% + 1), then we get from above that g(f) = % whose derivative with respective to 3

reads

/ —2¢%sin(2¢) — 2e(sin(2f) — sm(Zﬁ 2(])))
1P)= (ecos(26=29) +1)°

Solving ¢'(B) = 0 we get

0 =esin(2¢) +sin(2B) —sin(2B —2¢) <= 0 =2sin(¢9)(ecos(d)+cos(2f —¢))
<= —ecos(¢)=cos(2B—¢).

Denote § = arccos(—ecos(¢)), then the choices of  such that ¢’() = 0 hence g(f8) reaches extreme values are

Brax = C;ﬂ) and  Byin =7 — C;¢'
Consequently we get

. _ecos(+9)+1 . oy _ecos({—9)+1
Bg[loa:;(nﬂ(ﬁ) = q(Bmax) = ecos(C—9)+1 and ﬁg[l()lgn] q(B) = q(Bmin) = ecos(C+ )+ 17

which is the range of “” 4’"l .

For the angle y between x and x, from (A.6) we get the following inner product

(x, %) = S cos(B) cos(§ — B) — L’sin(9 — B) sin(B) = SHL cos(9) + 5L cos(9 —2B), (A7)

which means
COS()() _ (x4, %) _ Mcos(qﬁ)Jr@coswaﬁ)
fle 1] Vsin? (¢ — B) + 52 /12 cos(9 — B)V1%/s*sin®(B) +cos>(B)

Since ¢ and s// are constant, consider the function of 3:

= (sin lzcos (o — ﬂ)(lf2 B) +cos*(B))
=Lsi 2(5)Sm (¢ — B)+cos’(B) sin (‘P B)+sin?(B)cos> (¢ — B) + % cos?(B) cos>(¢ — B)
= (S )eon(0 B +eon(B)sin9 B))* - 25n(B) (9~ B)os(B)sino )
§ 2 Sin2(B)sin2(p — B) + 2 cos” (B) cos” (9 — )

= (sin(B) cos(¢ — B) +cos(B)sin(9 — )+ (} cos(B) cos(9 — B) — Lsin(B)sin(6 — B))*
= sin®(9) + (§ cos(B) cos(9 — B) — § sin(B) sin(9 — B) — (£ — })sin(B) sin(¢ — B))*

= sin?(9) + (Fcos(9) — (L — §)sin(B) sin(¢ — B))*

= sin’(9) + (feos(9) — (- — ) 1 e=2L)—cxl0))?

= sin*(9) + (foos(9) + (1 — ) <5®) (é - pele 2’

= sin”(§) + (5 + 37)c0s(9) — (% — 3)cos(9 —28)) ™.
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Therefore, we have

cos(y) =
Consider the following function
flx)= W
sin’(9) 377 > 0 holds for all x € R, hence f(x) is monotonically increasing.

(sin®()+x2)3
Now let x = (5 + £)cos(9) + (3 — L) cos(¢ —28), we have

It is easy to verify that the derivative f'(x) =

s l s l s !
x € [(5+5) cos(9) = |3 = 5. (57 + %) cos(0) + 13 — 5]
which further implies
<2, %) cos(9) — |3 — 4| < cos(y (§+£>cos<¢>+ piiber]
[ L2 — \/ s o1 2°
Vo 0) (G + oo 1§~ £ sin?(9) -+ (3 + 55) cos(9) + |3 — 1)
Since cos() is monotonic decreasing in [0, /2], we obtain the claimed result. O

cos(y) —sin(y)

Given an angle y €]0,7], define the circular rotation Ry = sin(y)  cos(w)

For the composite rotation

RyRi 5,9, we have the following.

Proposition A.9. Let R, 4 be an elliptical rotation for ¢ €]0,7/2] and l,s > 0 and Ry, be a circular rotation such that

((£ 4 %) sin(y)sin() +2cos(y) cos(¢))* —4 < 0.

Given an arbitrary point x # 0 and its rotated point x; = RyR; 5 o,

ecos({—9)+1 ecos(§+¢)+1
ecos(§+9)+17 ecos({—9)+1

* Let X = Z(x,x ) be the angle between x and x, then Y. € [y — 7, W — X] where X, X are as defined in Proposi-
tionA.7.

2
* The ratio HMQ € [ ] as in Proposition A.7.

Example A.6 (Continued). We continue Example A.6 by compositing R, s 4 with a circular rotation. Let y = % and
consider the sequence {y }ren generated by the rotation yx = RyR; 9yk—1 With yg = xo, we consider the trajectory of
the sequence {yi }ren and angle xex = £V, Vk-1), Oek = £ (ks Yk — Vi-1):
* For the elliptical rotation and the composite rotation, trajectories of the sequences {x; }ren, {Vk txen are shown
below in Figure 18 (a). Note that the trajectory of {y }rcn is not equal to rotating the that of {x; }ren using Ry

* For the angle y.x, we have that . x € [y — X, ¥ — x] = [0.2908,0.8492].

TR = Rl,s,&b(xk’l)
Y = Rq_s,le.s,o(y'

200 400 600 800 100(¢
k

(a) Trajectory of x; (b) cos(Xe k)

Figure 18: Trajectories of sequences {x; }ren, {¥« }ken. and the range of x 4.
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Proof. Denote R = Ry R, ¢, then we have

_ cos(l//)cos(d))+lésin(l//)sin(¢) 7 cos(y)sin(¢) —sin(y) cos(¢)

_ [931,1 321,2}
sin(y) cos(9) — L cos(w)sin(9)  §sin(w)sin(9) + cos(y) cos(9)

[Ra Ran

and that
Rig—Rop = (é - %) sin(y)sin(¢),
Ri2Ro 1 = (% + é) cos(y)sin(¢) sin(y) cos(@) — cos® () sin®(¢) — sin®(y) cos?(¢).

The characteristic polynomial of R reads
—(Ri1+Ro2)x+R11R22 —Ri12R21 =0,

whose discriminant is

= (Ri1+Ro2)? —4(Ri1R22 — R12Ra 1)
= (Ri,1 — Rap)? +4R1 2Ra 1

= (L= 3) i () sin?(9) + 43 + L) cos(w)sin(9) sin() cos(9) — Ao () sin®(9) — 4sin() cos*(9)
(( )sm s1n(¢)+2005(l,u)cos(¢))2—4.

When A < 0, R admits two complex eigenvalues, meaning that R is a rotation.

Lety = R; ;X and let B be the angle between x,y, then owing to Proposition A.7, we have B € [y, %]. The angle be-
tween x and y is ¥ which is straightforward owing to Ry,. Since R; ; ¢ is clockwise rotation and Ry, is counterclockwise,
the claimed result follows immediately. O

A.3.2 Type III linear system

Letmy,mp € N, such thatm; +my = n, letA € R™>™ B € R™*"2 be symmetric and C € R™*™  Define the following
2 x 2 block matrix

(A.8)

w [A  —8CT
~|tC B |’

Definition A.7 (Type III matrix). M € R"*" is a 2 x 2 block matrix defined by (A.8), with all its eigenvalues lying in
the complex unit disc.

For the sake of brevity, we assume henceforth that m; =my =m = %5. Denote Sx = (ai)i=1,...m,S8 = (bi)i=1,...m
and Sc = (¢i)i=1,..m € R™ the singular values of A,B and C in descending order, respectively. For each i =1,...,m,

a; — 56‘,’
TC; bi
V(a; — b;)? — 487c?). We impose the following assumptions.

define the 2 x 2 matrix D; by D; = { } It is trivial to show that the eigenvalues of D; read %((ai + b))+

Assumption A.10. Let C = Ydiag(Sc)XT be the SVD of C, suppose that A and B can be diagonalized by X and Y
respectively, that is there holds diag(Sy) = XTAX and diag(Sg) = YTBY. Foreachi=1,....,m

(1) If the eigenvalues are real, i.e. (a; — b,')2 — 45”L'cl~2 > 0, then they are either 0 or 1;
(i) If (a;—b;)? —45’601-2 <0, then 5’Ccl-2 +aib; < 1. Moreover, there exists 1 <q <d <msuchthatD;=D;,1 <i,j<gq
and STC%—i—albl == 5‘L’c§+aqbq > 57C5+1 +agiibgr1 > > 57c3—|—adbd > 0.

,/51:02 +agi1bgi X . . .
Leto =V 61’6‘% +ajbyandn = %, we have the following proposition. Again, let M~ e limy_, 4o M.

Proposition A.11. Consider the linear system (A.2) whose M is a Type III matrix define in Definition A.7, suppose that
Assumption A.10 holds. Then

(1) M™ is a symmetric matrix with eigenvalues being either 0 or 1, and vy € ker(M).

SFor the case of mj # my or n is odd, we can apply the zero padding trick.
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s L s L )
(i) 6 € [w—a, y—a, where cos(Y) = Gt s >COS( ) ‘2’ x| and cos(y) = Uyt ) cor(@)+ 5 ,
s \/sém (¢)+( (2 )cos( % 2“)2 \/sm (9)+ (%+2A)cos( )+ 2 — 23\)2
and y = arccot(%), o= arccos( ey ”1+b1 o )) nd § = W cot(y) cot(¢).
o T c s _ b
Remark A.12. When & = 7 = 1, then we have y = %, ¢ = arccos (\/m) and AP e
a —c
Example A.8. Let§ =7t=1anda,b,c,d >0,andletM=U |c b UT where U is an orthogonal matrix in R3*3.

d

2
M has three eigenvalues: (atb)+ (a byt—de , (atb)- (Za i and d. Note that the magnitude of both complex eigen-

values is vab+ c2. We consider the following choice of a,b,c,d: (a,b,c) = (0.95,0.75,0.35) and d = 0.99vab + c?.
The observations are shown in Figure 19, where the first figure shows the oscillation behavior of cos 6, and the trajecto-
ries of {x; }ren from different perspectives are provided in the 2nd and 3rd figures.

0.96 /

0.94

0.92 ,‘:

0.9 \ . S

' e
088 \ A (9.\\

cos(0y)

50 100 150 200 250 30C N

r — | —

(a) cos(6y) (b) Top view (c) Side view

Figure 19: Oscillation of cos(6;) and trajectory of {x}ren. (2): Oscillation of cos(8y); (b) Top view of trajectory of
{xx }ren; (c) Side view of trajectory of {x; bren.

Proof of Proposition A.11. Owing to Assumption A.10, denote £4 = diag(S4),Xp = diag(Sp) and X¢ = diag(Sc), then
we have for M that

v lA —CT|  [XxZaXT  —6xxcY?]  [X Ty 8| [xT (A.9)
“|lc B | |trIexT oyrpyT | T Y| |tZe I YT\ :

Define the following matrix
5 def | g — 8Xc
o ‘L'ZC EB

di _SC’}. Owing to Assumption

which is block diagonal matrix. For eachi = 1, ..., p, define the 2 x 2 matrix D; = L_C_ b,
1 1

(a'-‘rb-):t (ai—b;)? 4510

A.10, when (a; — b;)? —487c? <0, the eigenvalues of Dj, i.e > , are complex and their magnitudes
is 51‘0 +a;b; < 1. Therefore, we have limy_, .. D = 0 owing to spectral theorem. ThlS further implies

- Y Id YT
M= Y Jim Mk = r
i, { 0l ]

where r is the multiplicities of eigenvalue 1.
Following the arguments of the proof of Proposition A.4, we have that v; € ker(M*) for all kK € N. Again, define

M ¥ M — M>. Based on (A.9) and block-diagonal nature of ¥, there exists an elementary transformation matrix Z such

that, letd =m—r
D,

~ . T
wi=|X Z : 7 |X | =wIrwl, (A.10)
Y D, Y

02r
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where W = [X Y] Z and T is the block diagonal matrix. The order of D;,i = 1,...,d is such that it complies with

Assumption A.10. Consider the following decomposition of I'
D
I = and T, =T-T7.
Dy
0n72q

W
Leto = \/mand n= M, then #F’; =0(n*) = 0.

Follow the proof of Proposition A.4, 6; eventually is determined by the rotation property of I'j. Clearly, there exist
some Y, $ € [0,7/2] and [, s > 0 such that

1,/ _ 1]|a  —8ci| _ [cos(y) —sin(y)| | cos(¢)  jsin(¢)
P1=5 L’cl by ] o [sin(l//) cos(l//)] [—isin((p) lcos(q)) ’

Consequently, we get

cos(y)cos() + Lsin(y)sin(¢) = %l,
Jeos(y)sin(¢) —sin(y)cos(9) = _%’ (A.11)
sin(y) cos(¢) — L cos(y)sin(¢) = %lv |
7sin(y)sin(¢) +cos(y)cos(9) = %',
which yields
Y= arccot( (1711:82:1 )v ¢ = arccos ((5”)61 Sin(w);cr(al+hl)COS(W)) and % = sin(w)bm — cot(y)cot(@).
Moreover, we have
2 b )2 — 2
((4+)sin(w)sin(9) + 2cos(y) os(9))” —4 = (AT g = (AP <0

This means that éDl is the composite rotation of Proposition A.9, and so is él“l. Therefore, invoking the result of
Proposition A.7 and A.9, we have 6; € [l//ff, I[/fﬁ with

(51 +55)c0s(9) + 5 — 5 _
Vsin?(9) + (3 + L) cos() + |3 — £])?

cos(¥) = and  cos(x) =

B Proofs of Section 3

B.1 Riemannian Geometry

Let .# be a C?-smooth embedded submanifold of R” around a point x. With some abuse of terminology, we shall state
C?-manifold instead of C?>-smooth embedded submanifold of R”. The natural embedding of a submanifold .# into R"
permits to define a Riemannian structure and to introduce geodesics on .#, and we simply say .# is a Riemannian
manifold. We denote respectively .7, (x) and .4/ 4 (x) the tangent and normal space of .# at point near x in .Z .

Exponential map Geodesics generalize the concept of straight lines in R”, preserving the zero acceleration character-

istic, to manifolds. Roughly speaking, a geodesic is locally the shortest path between two points on .Z. We denote by
g(t;x,h) the value at r € R of the geodesic starting at g(0;x, k) = x € .# with velocity §(¢;x,h) = Z—?(t;x,h) =he T y(x)
(which is uniquely defined). For every h € J 4 (x), there exists an interval / around 0 and a unique geodesic g(7;x,h) :

I — . such that g(0;x,h) = x and g(0;x,h) = h. The mapping

Exp,: Ty (x) = A, h— Exp,(h) = g(1;x,h),
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is called Exponential map. Given x,x' € ., the direction h € .7 4 (x) we are interested in is the one such that Exp, (h) =
X' =g(l;x,h).

Parallel translation Given two points x,x’ € .#, let 7 4(x), 7 4(x') be their corresponding tangent spaces. Define
T Ty (x) = Ta(¥),

the parallel translation along the unique geodesic joining x to x’, which is isomorphism and isometry with respect to the
Riemannian metric.

Riemannian gradient and Hessian For a vector v € .4/ 4(x), the Weingarten map of .# at x is the operator 20, (-,v) :
Ty (x) = T 4(x) defined by
QUX(-,V) = —Ty%(x)dV[h]7

where V is any local extension of v to a normal vector field on .#. The definition is independent of the choice of the
extension V, and 20, (+,v) is a symmetric linear operator which is closely tied to the second fundamental form of .#, see
[26, Proposition I1.2.1].

Let G be a real-valued function which is C? along the .# around x. The covariant gradient of G at X' € ./ is the
vector V_,G(x') € 7 4 (x') defined by

(VaGW).h) = LGPy +1h))| _y, VhE T4 (),

where P_ is the projection operator onto .. The covariant Hessian of G at x’ is the symmetric linear mapping V?///G(x’ )
from 7, (x') to itself which is defined as

(V2,G(x')h, h) = 52G(ﬂ>//(x +1h))|_y Y€ Ta(¥). B.1)

This definition agrees with the usual definition using geodesics or connections [58]. Now assume that ./ is a Riemannian
embedded submanifold of R”, and that a function G has a C2-smooth restriction on . This can be characterized by the
existence of a C2-smooth extension (representative) of G, i.e. a C>-smooth function G on R” such that G agrees with G
on .# . Thus, the Riemannian gradient V_,G(x') is also given by

V.4G() =Pz, VGX), (B.2)
and Vh € 7 4(x'), the Riemannian Hessian reads

V2,G(X =Pz ,d(V.4G) X)) =Ps ,d(x = Pg,\V.sG) ]

~ ~ (B.3)
= in/{(x/)VzG(x’)h + an/ (/’l, fPL/;///Ax/)VG(XI)) s

where the last equality comes from [1, Theorem 1]. When .# is an affine or linear subspace of R”, then obviously
M =x+ T y(x), and Wy (h, Py, (v VG( ")) = 0, hence (B.3) reduces to

V?//G(X/) = ?J%(x/)sz(x/)Tjﬁ(xr).
See [45, 26] for more materials on differential and Riemannian manifolds.

The following lemma presents the expressions of the Riemannian gradient and Hessian for the case of partly smooth
functions relative to a C2-smooth manifold. The result follows by combining (B.2), (B.3), Definition 2.6 and [29, Propo-
sition 17] (or [58, Lemma 2.4]).

Lemma B.1 (Riemannian gradient and Hessian). If R € PSF,(.#,), then for any point X' € ., near x
V//xR(xl) = :PTX/ (aR(x,))v

and this does not depend on the smooth representation of R on M. In turn, forallh € Ty, let R be a smooth representative
of R on M, ~ N
V24 R )h = Pr, V’R(Y )h+ 2. (h, Py VR(X)),

where 00,.(-,-) : Ty x T~ — T is the Weingarten map of M, at x.
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The result of Lemma B.1 implies that we can linearize the proximity operators along the C?-smooth manifold, which
is discussed in Lemma B.6.

Lemma B.2 ([48, Lemma 5.1]). Let .# be a C*-smooth manifold around x. Then for any X' € .# NN, where N is a
neighborhood of x, the projection operator P (x') is uniquely valued and C' around x, and thus

X —x= Pz, (X' —x) +o(|x" —x]|).
If moreover M = x+ 7 4(x) is an affine subspace, then X' —x =P 7 (X' —x).

Lemma B.3 ([49, Lemma B.1]). Let x € .4, and x;. a sequence converging to x in M. Denote Ty : T 5 (x) — Ty (xx)
be the parallel translation along the unique geodesic joining x to xy. Then, for any bounded vector u € R", we have

(%" P ) — Py )1 = o(Jul)-

Lemma B.4 ([49, Lemma B.2]). Ler x,x' be two close points in M, denote T: 7 4 (x) = 7 4 (X') the parallel translation
along the unique geodesic joining x to x'. The Riemannian Taylor expansion of ® € C?(.#) around x reads,

TV @) =V 4 ®(x) + V2, @(x)P 7, (0 (& —x) + o | —x]).

B.2 Linearization of proximal mapping

When dealing with non-smooth optimization, one fundamental result, provided by partial smoothness, is the linearization
of proximal mapping. We first discuss the property of the Riemannian Hessian of a partly smooth function. Let R €
I'o(R") be partly smooth at & relative to .#; and i € JR(%), define the following smooth perturbation of R

B(y) &

R(x) = R(x) — (x, 1), (B.4)

. . . — def D/ =
whose Riemannian Hessian at X reads Hz = Pr, V?///XR(X)(PT;-

Lemma B.5 ([49, Lemma 4.2]). Let R € T\(R") be partly smooth at X relative to M, then Hy is symmetric positive
semi-definite if either of the following is true:

* i €ri(dR(X)) is non-degenerate.
o s is an affine subspace.

In turn, 1d + Hy, is invertible and (1d + Hy) ™! is symmetric positive definite with all eigenvalues in 0, 1].

Together with the previous results, Lemma B.5 allows us to linearize the generalized proximal mapping defined
below.

Definition B.1 (Generalised proximal mapping). Let R € T'j(R") and y > 0, the generalized proximal mapping of R is
defined by

proxf,R(W) < argmin . YR(x) + % | Ax —w||?, (B.5)

where w € R? and A € RP*" has full column rank.

Since A has full column rank, prox’;R is a single-valued mapping. When A = Id, (B.5) reduces to the standard
definition of proximity operator. Denote ¥ < prox?R (w), owing to the optimality condition, we have i EqT (Ax—w)/ye
JR(¥). Suppose R is partly smooth at X relative to .#, and let R SR (x) — {x, yir) be a smooth perturbation of yR. Define
A7, = Ao Pr, which also has full column rank, hence A%ATX, is invertible and we define

def

Mg = Ar(1d+ (ALAL)~'Hp) ' (AT Az) AT,

Lemma B.6 ([67, Lemma C.9]). For the proximal mapping defined in (B.5), suppose R € To(R") is partly smooth at
% relative to a C?-smooth manifold .#x and i € 1i(OR(X)). Let {wi}ren be a sequence such that wy — W and x; =
prox‘;‘,R(wk) — X, then for all k large enough, there hold x; € .#; and

Az (xr — xk—1) = Mp(wg —wi—1) +o(||lwk — wi—1]))- (B.6)
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Remark B.7. When A =1d, prox% reduces to the standard proximal mapping and (B.6) simplifies to

= x4t = P (Id+ He) ™' Pr (wie — wi) + ol wie — wii -
In [47] and references therein, to study the local linear convergence of first-order methods, linearization with respect to
the limiting point ¥ is provided, that is x; — ¥ = Pr. (Id + Hg) "' Pz (wx —w) + o(|[wi — w|)).

For the sake of completeness, we provide the proof of Lemma B.6 below.

Proof. Since R is proper convex and lower semi-continuous, we have R(x;) — R(X) and dR(x;) 3 uy = —AT (Ax; —
wi)/v — i € ri(dR(%)), hence dist(uy,dR(X)) — 0. As a result, we have x; € .#; owing to [41, Theorem 5.3] and
uy, € 1i(dR(xy)) owing to [78] for all k large enough.

Denote T, , T, , the tangent spaces of .#; at x; and x;_;. Denote 7; : T,, — T, , the parallel translation along the
unique geodesic on .#% joining x; to x;_;. From the definition of x, let i, = yuy, we get

def def

b = —AT (Axi —wi) € YOR(x;) and  Iy_y = —AT (Axg_1 —wy_1) € YOR(xp—1).

Projecting onto corresponding tangent spaces, applying Lemma B.1 and the parallel translation 7; leads to

YuV.aR(x) = wPr, () = Pr, () + (uPr, —Pr, ) (),

W R(xe—1) = Pr, | (hie).
The difference of the above two equalities yields

YuV. 4 R(x%) — YV . R(xp—1) — (TkCPTxk — fPTXH ) (1) = ?Txk,l (M —h—1) + (Tkﬂ)Txk — fPTxH ) (e —hy—1).  (B.7)
Owing to the monotonicity of sub-differential, i.e. (hx —hi_1, xx —x5_1) > 0, we get
(ATAGo = xe—1), X —x1-1) < (AT (Wi —=wi1), 5= x—1) < (AN Iwie — w1 [ = xe-1 -

Since A has full column rank, A7A is symmetric positive definite, and there exists k > 0 such that K|x; — x¢_1|* <
ATA(x, — x3_1), xx — x5_1). Back to the above inequality, we get |jx; — xz_1 || < lal wyr — wy_1||. Therefore for ||, —
q y. g P
1|, we get
lal®

e — e || = AT (A — wie) — AT (Ax—1 —wiem1) | < JAIP b — x|+ AN [we — wie— || < (e 1Al we = wi -

As aresult, owing to Lemma B.3, we have for the term (TkTTxk — :PTX,H )(hy — hx—1) in (B.7) that

(wPr, —Pr, ) (e —hi—1) = o[l — b1 []) = o(lwe = wi—1 -

def def

Define Ry (x) = YR(x) — (x, hy—1) and Hg; | =
Taylor expansion, we have for the first line of (B.7)

Pr, - V?///XRk_l (xk—1)Pr, i then with Lemma B.4 the Riemannian

YUVt Rk) = W RO-1) — (uPr, —Pry ) (1) = %(WoeR(w) — Pr, (A1) — (YV. R (1) — P, (1))
= V. :Ri—1 (k) = Vg Rie—1 (xi—1)
= HR71<—1 (k= x%—-1) +o([ex — xx-1]))

= Hp 1 (% —Xi—1) +o([lwe —wi—1]).
(B.8)
Back to (B.7), we get
Hp oy (k= x—1) = P, (hie = hi1) + o wic — w1 [])- (B.9)

Define R(x) = yR(x) — (x, k) and Hg = Pr,V?, R(¥)Pz, then from (B.9) that

Hy(xx —x-1) + (Hg gy — Hg) (o —x11) = Pr(le — i) + (P, — Pr) (e = hu—) +o([wie = wie— ). (B.10)

53



Owing to continuity, we have Hp ;| — Hg and Pr, =~ — Py,

| (Hg 1 —Hp) (k=xe=1)| I1Hg -1 —HpllPe—xe1ll

lim < lim = lim ||H5 —Hz| =0
kstoo e —xi—11 T koo e =1 | ka+<>o|| Rje—1 R ’
1(Pr,_, —=Pre) (wg—wi—1)] 1P, —Prellwe—wi—1]
; k-1 x ; -1 b T _
lim Iwi—wi—1 < lim Wi —wi—1] = lim HTTx o TT;” =0,
k—r+oo kT Wik=1 k—+oo kT Wik=1 k—y-oo k=1
. 1Py, =P7) boe—xe-1)l .. - o
and limg_, 4o == = 0. Combining this with the definition of u, the fact that xy —x;_; = Pz (x5 —

Xg—1) +o(|Jxx — xx—1||) from Lemma B.2, and denoting Ay, = A o Pr,, equation (B.10) can be written as
Hy(xe —xi-1) = Pr (g — 1) +o([wi = w1 ) = =P (AT (A — wie) = AT (Axi— —wi1)) +o([wi — w1 )
= —fPTXATA(xk —Xk—1) —|—fPTXAT (Wi = wi—1) +o(|lwr — wi—1]l)

= —A%ATX,(xk — Xp—1) -‘rA%(Wk —wi—1) Fo(|lwk —wr_1])-

Since A has full rank, so is Az.. Hence A%;ATf is invertible and from above we have -
(Id+ (AL A7)~ Hg) O —xx-1) = (ALAL) AT (wk — wi1) + 0wk — wi1)-
Denote Mg = Az, (Id+ (AT Az,) "' Hyg) ' (AL Ar,)"'AT . then
Az (xk — x—1) = Mp(wi — wi—1) +o(Jlwx — w1 ), (B.12)
which concludes the proof. O

B.3 Proof of main results
B.3.1 Forward-Backward splitting method

Proof of Theorem 3.5. The proof of the result is split into several steps.

Linearization of Forward-Backward splitting The convergence of {x; }rcn to a global minimizer x* € Argmin(®)
can be guaranteed under proper choices of a; and 7y, we refer to [49] and the reference therein for detailed discussion.
When R € PSF,«(.#,+) and the non-degeneracy condition (ND,;) holds, then there exists K > 0 such that for all £ > K,
there holds x; € .#; see [49, Theorem 3.4].

Denote u* = —VF (x*), from the non-degeneracy condition (ND,,,) we have u* € ri(dR(x*)). Define R(x) = yR(x) —
(x, =VF(x*)), and the following matrices

def

HR déffPTx*V? X*R(x*)?n* and MR = :P];* (Id+HR)_1fPTX*.

Let wi & x; — yVF (x¢), then the update of x; entails that x; | = argmin, g YR (x) + 3 [x — wy|*. Owing to Lemma B.6,
we get that
Xper1 — Xk = Mp(wi —wi—1) +o(|lwi —wi1]]). (B.13)

Next we deal with the term wy — wy_1, from the local C?-smoothness of F we get

Wi — Wi—1] = Xj — Xj—1 — ’J/(VF(xk) — )/VF(xk,l))
= x =1 = YVF (1) (o —x1) + o — i1 )
=X — Xg—1 — }/VzF(x*)(xk —xk,l) — }/(VZF(xk,l) — VzF(X*)) ()Ck —xk,l) -I-O(ka — Xk—1 ||)

Since x; — x*, we have V2F (x;_;) — V2F(x*), then from above we get
wie —wi—1 = (Id — YV2F (x*)) (x¢ — x6—1) + 0|6 — i1 )
As Id — yVF is non-expansive, then ||wy —wi_1|| < ||xx —xx—1|. Therefore, back to (B.13),

Xyt — X = Mg (Id — szF(x*)) (o —x5—1) + ok —xi_1]), (B.14)
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which is the desired linearization with Mpg = Mg (Id — YV2F (x)).

Spectral properties of Mrpg In this part, we briefly discuss the spectrum of Mrg where more detailed accountant can be
found in [49] and [47, Chapter 6]. Owing to Lemma B.5, we have Hy is symmetric positive semi-definite, hence My is
symmetric positive definite with all its eigenvalues in ]0, 1]. As a result, we have

Mg (1d—yV2F(x*)) = M > M (1d — yV2F ()M b P o M (1d — 992 F (o)) M), (B.15)
where MI%/ 2 (Id—yV2F (x*))MI%/ is symmetric, with all its eigenvalues in | — 1, 1] since v €]0,2/L].
Trajectory of Forward-Backward splitting Let v, = x; —x;_1, from the above discussion, we have
Vi1 = Mg vk + o([[vil)
= MM (1d — yVPF () MM P+ ol )

1/2

Denote uy = My /“vy and y; = MT; %0(|[ve])). then we reach

Upr) = M}Q/z (Id - )/VzF(x*)) ile/zuk + Y.

Since M & Ml/2

M=vVzv’T where Y is a diagonal matrix with eigenvalues of M on its diagonal. Without loss of generality, let X =X; +2,
where

(Id —yV2F (x*))Mile/ 2 is symmetric positive semidefinite, there exist an orthogonal matrix V such that

Opxp
()]
S —o |:Idp><17 0} and X, =

ON
where 6; > 0y > 03 > --- > oy. Let P = a%zl and P, =Id — P;. Then, letting wy =V "u; and ¢p =V "y, we have
Wil = Zywy + Zowg + ¢

In particular,
O1wg — Wiyl = O1Powg —Xowp + 0| — W

Powi =Xowi_1 + Py 1—22W0+ZJ OZ P2¢k —j
which implies
J k—J J—1 j k_ k
[Powill < 3 [ Powics |+ 0T o(wijl) = o3 0t + Li g(02/01) 0wt = o(at),
where [|¢|| = aof with g — 0, we choose J = k/2 and since |[wy| = O(oF). Therefore,

min [lewe — w1 || < lorwe —wies1 || = (o).

On the other hand, note that ¢; = argmin,.|lcwy — wy1 || satisfies ¢ = cos(Bir1)|[wi+1||/|wk|l < 1 where B is the angle
between wy, 1, wy, therefore we have

def .
sk = |lciwe —wieet | = sin(Bero) [lwiell = o([[well),

which implies sin(f41) — 0, hence we get ;11 — 0. Since V is an orthogonal matrix, B also is the angle between
uy, and uy 1. Back to vg, for which we have

1/2 1/2 1/2
vert =My u = My PVwiyt = cieos(Bri )My Ve + o |wil)

= c cos(Bis1)vi +o([[ve)-

As a result, we obtain

Ve vir1) (Vie; g cos(Br+1)ve) i o)) 4
elTveet] — lvelllicg cos(Ber1)vk+o(IvilDT ™ [velllvies1]

c08(B+1) = |

hence conclude the proof. O
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B.3.2 Douglas—-Rachford splitting and ADMM
Proof of Theorems 3.8 & 3.9. The proof is also divided into parts.

Linearization of Douglas—Rachford Owing to [50, Theorem 5.1], we have that when R € PSF« (.#X ), J € PSF (A.,)
and the non-degeneracy condition (ND_ ) holds, there exists K > 0 such that for all k > K, (ux,x) € 4K x M.
From (3.3), the update of x;: define J(x) & yJ(x) — (x, z* —x*), H; & Prr Vz///, J(*)Prs and My = Ppy (Id +
H])_I:PTJ* , then from Lemma B.6 we get
X — X1 = My(zx — z%—1) +o(l|lzx — zz—1l])- (B.16)
Now for uy 1, let wy = 2x;, — zz, we get from Lemma B.6 that
U1 — e = Mg (wp —wi—1) +o(||wi — w1 ),
Define R(x) £ yR(x) — (x, x* — z*), Hy = Pre Vif/;ik(x*)?@’i and My = Prx (Id—i—H;e)’liPTX;i. Since |Jx; —x_1] <
lzx — zk—1]|, we get from above that
Upy1 — g = 2MpMy (25 — z5—1) — Mp(zx — zk—1) +o(l|zx — zz—1l])- (B.17)
Summing up (B.16) and (B.17), we get
Zk+1 — Tk = (Zk + Upt1 —xk) - (Zkfl + uy _xkfl)
= (zk — 2k—1) + (g1 — ) — (X —X51)
= (Id+2MpM; — Mg — M) (2 — 2k—1) + 0|z — 21 ])
= Mpr (zx — 2x-1) +0(f|zx — zx1])-

(B.18)

Owing to Lemma B.5, we have Hg, H; are symmetric positive semi-definite, hence maximal monotone, consequently
(Id +HR)’1 ,(Id +H])’1 are firmly non-expansive. Since TT’i , P, are projection operators, thens firmly non-expansive.

As aresult, both Mg = P (1d +HR)’1‘PT§ My =P (1d +H])’11PTJ* are firmly non-expansive owing to [7, Example
4.14], and Mpg is firmly non-expansive [7, Proposition 4.31]. “
Spectral properties of Mpr Here we present a brief summary on the spectral properties of Mpgr and refer to [50, 10]

and the reference therein for detailed analysis of the spectral properties of Mpr. When R, J are locally polyhedral around
x*, then Hy, H; vanish and consequently

My = TTli, M; = :PTJ* and Mpr = :PT’i fPTJ* + TSR* TSJ*

where SX = (TR)+ and 7, = (T )*. Denote the dimension of 7%, T, are dim(TX) = p,dim(T’.) = . Without the loss
of generality, we assume that 1 < p < g <n,vand dim(]}C’f N 7}{) =d. Consequently, there are » = p —d principal angles

the following two diagonal matrices

C = diag(cos({y),- -+ ,cos({,)) and S =diag(sin(¢), - ,sin(&)).

Owing to [10, 30], there exists a real orthogonal matrix U such that

c? cs 0 0
-CS C? 0 0 T
M :U U )
DR 0 0 |04 proa 0
0 0 0 1y pyg

which indicates Mpg is normal and all its eigenvalues are inside unit disc.

Trajectory of Douglas—Rachford The above spectral properties of Mpr indicates that Mpg is a Type Il matrix. Let
Mg = limy_, ;oo Mfi and Mpr = Mpgr — Mpyg, then we have

B c?2 cs| o
Mpr=U| -CS C*| 0 ur.
0 0 [0, 2
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Denote 0r = {; the Friedrichs angle between Txlf and TXJ*, then invoking Proposition A.4 we obtain the trajectory of
Douglas—Rachford splitting method. O

Proof of Theorem 3.12. From the above proof, we have for x; that x; —x;_1 = M5(zx — zx—1) + (| 2k — zx—1]|) Lemma
B.2. Now for uy 1, since R is smooth differentiable, we have

20— 2k — 1 = YVR(uyr) and - 2x g —zi1 — e = YVR(ug).

Since we assume that R is locally C2-smooth around x*, then when u;_ |, 1 is close enough, i.e. for sufficiently large k,

(2200 — 2k — gy 1) — (201 — 251 — ) = YVR(ugy 1) — YVR(wr)
= YV2R(u) (i1 — ur) +o([|ux1 — )
= YV2R(W*) (s 1 — ) + Y(V2R(u) — VR(*) ) (1 — i) + 0(||agr1 — ue|)
= YVPR(u*) (i1 — i) + o g1 — )
= YVZR(u") (w1 — ux) +0(lzx — 1),

and consequently, let Mz = (Id + yVZR(u*)) ™!

U1 — g = M (200 —x¢—1) — (zx —2-1)) +o(||zx — zx-1])
= 2MR(x; — xx—1) — MR(zk — zk—1) + o[z — zx—1l])
= ZMRMj(xk —Xp—1) —Mg(zk —z5—1) +o(l|lzk — z5—1])-

Summing up we get

Tt — 2% = (2 — 2%—1) + (g1 — ) — (i — xp—1)
= (Id+2MrMj; — Mg — M3) (2 — z%—1) +o([|zx — z—-1])

(Id+ (2Mg —1d) (2M; —1d)) (zx — zk—1) + 0o([lzx — zx—1])-

Now we discuss the spectral property of Mpr. Owing to convexity, we have V2R (u*) is symmetric positive semi-definite,

hence maximal monotone and Mg, is firmly non-expansive. When y < HV2RIW’ we have that all the eigenvalues of Mg

are in ]1/2, 1], consequently Wx EoMg—1d s symmetric positive definite. Therefore, we get
Td+ dwe (205 — 1d) = w? (S1d+ 2w 2 (2m5 — 1) Wy ? ) w2
1 1,1/2 1/2
~ Sld+ W' (2M; — 1d) W, 7,

and 11d+ %WRI / 2(2M] — Id)WR1 2 symmetric positive semi-definite with all it eigenvalues in [0, 1]. Therefore, following
the proof of Theorem 3.5 for Forward—Backward splitting, we obtain that the angle 6 is convergent to 0. O

B.3.3 Primal-Dual splitting
Proof of Theorems 3.14 & 3.15. Similar to above, the proof is divided into parts.

def

Linearization of Primal-Dual From the x; in (3.5), define R(x) £ ¥, R(x) — (x, —¥, LT w*) and Hp < Pre V2 ar R(x*)Pyx.

Applying Lemma B.6 we get
X1 — Xk = Mp(xk — 1) = YoMRL" (wi —wi—1) + ook — xi—1 || + Ve Il we — wie—1 ) (B.19)
Now for the update of wy . Since 7 € [0, 1], we have

i1 = Feell < (14 7) a1 — x| + Tllee — xi—1 | < 41— xe—1 || + Ve ILI i — wie—r []) + [l — 21 |
= 5|xk — x| + 4% L] Wi — w1 -
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def

Define J*(w) = y,J*(w) — (w, 7,Lx*) and Hy= = TT_]* %{iﬁ(w*)Tzj applying Lemma B.6 then yields

Wit — Wk = My (Wi — wi—1) + ¥, ML (k11 — %) + small o-terms
=Mz (wp —w*) + (14 1)Y,MpzL(xp1 — Xx) — TY, Mz L(xx — X¢—1) + small o-terms
= My (wg —wi—1) — TY,MpmL(xg — x¢_1)
+ (14 7)Y, My L(Mg(x — x¢—1) — Y ML (wy, — Wi—1)) + small o-terms (B.20)
= (M7 — (14+7)y, Y MmLMgL" ) (wx —wi—1) + (1 + 1)y, Mm=LMg — Ty, M5 L) (x; — x—1)
+o([wis1 — wiell) + o[l — xe)
+ o(llxe = xie—1 |+ Ve IL 1w = w1 []) + o [lwie = wie—r | 4+ %, I LI e — xe—1 )

Combining (B.19) and (B.20), we get

(Xk+1)€k> _ |: MR 3 *'}/RM LT 3 B :| ( K — Xk 1>

Wit 1 — Wi (1+7)y,MpLMg —ty,MrL My — (1+7)Y,Y M7 LMRL" | \wi — wy_
+o(llwir 1 —will) +o(lxkr1 — xll) + o(llxx — xk—1 [l + el LIl Iwik — wi—1])
+o([wk — wi—1 [+ % |ILI| ]k — xe—1 1)

(B.21)

Now we consider the small o-terms. Let a;,a; be two constants, then we have

o +laol =l + el < /206 + ) = V2|

a
a ) ||’
(I = wi s+ 2 D= 3 1)+ (e =51+ b2 i — wi )

( — Xk—1 )
- Wk—1
Then for ||Wk+1 — Wk” + ||xk+1 —ka, we have

X — X
||Wk+1—wz<|+|xk+1—xk||sﬁH( el ")H

Wi+1 — Wk

Denote b = max{1,7,|L|, 7L}, then

< 2b(||x — x| + [wi — wi1 [}) < 2v2b

Combining these into the small o-terms of (B.21), we obtain

Zh1 — 2k = Mpp (zk — 2k—1) +0(||zx — zx—1]])-

Spectral properties of Mpp We refer to [51, Proposition 3.5] about the non-expansiveness of Mpp, below we provide the
spectral analysis of Mpp for the case when both R,J* are locally polyhedral around x* and w* respectively, the analysis
can also be found in [51].

When R, J are locally polyhedral around x*, then Hy, H; vanish and consequently

My =1d,, M;—=1d, and Mpp= |\ ~%L"
R — Mm» J — tYm PD — ,yji Idm—(l—‘r’l«')’}/_,'}’RZiT .
def

Let p < dim(TX),q = dim(T?; ) be the dimensions of T and T, respectively, define SX. = (TX)* and 87, = (T/,)*.

X T
Assume that g 2 p, where as the other direction can be treated 31mllar1y. LetL=XX; Y7 the smgular value decomposition

of L, denote the rank of L as [ = rank(L). Clearly, we have [ < p. With the SVD of L, for Mpp, we have

Mo — |14 —y LT [ ory? —%YZixT
PTYL Wy — A+ 0)%YLET] XS YT XXT — (14 7)y,y,X22XT
[y Id, —%Z; YT (B.22)
- X| [%E Idn—(1+17)%YE2 xT|
w
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Y 01,01

Since we assume that rank(i) = [ < p, then X; can be represented as Xj = [
0m—l?l Om—l,n—l

] where X; = (0;) j—1

Back to W, we have there exists an elementary transformation E such that

Oldl ?(11’"71 BYR % OOI""H Id, —YeZi O0r.m+n—21
_ n—l1,l n—I n—1,l n—Ilm—I | _ _ 2 '
W= 7 Ol,nfl Id,— (1 ¥ T)VR'}’jle O =F ’)/JZI Id, — (1+ T)’)/R’)/JEI 0[7m+n,21 E.
O 11 Oyt 0,11 1d, Omyn—21, Omyn—21y Idyn-—u
m m—1L,n m—1, m—

Clearly, 1 is an eigenvalue of Mpp with multiplicity m + n — 2/. Next we deal with the block diagonal matrix

Id, — %X

D= .
YL 1 —(1+ 1)y}

Again, there exists another elementary transformation £’ such that

D
D=F' E/, (B.23)
D17

1 - YR O;
v0i 1—-(1+7)%y07
matrix. Therefore, for each i = 1,...,1, the eigenvalue of D, is

where for each D;,i =1,...,1, we have D; = , which is the 2 x 2 matrix studied in Type III

Pi=(2 (1+17)7,7 J)i\/zlJr*c y2y26f74yijojz.

Since }/JYRG]-Z < }/,}/R||L||2 < 1, then p; is complex and

i = N (e 30f)” (0o —anmof) = \1-eyof <1

As aresult, limy_, 1., Df =0, MPD is convergent and

0;
w Y Id,, YT
MPD - |: X:| Ol |: XT
Idm—l
owing to (B.22), which is symmetric and positive semi-definite.

Trajectory of Primal-Dual From the above discussion, we have that
* The real eigenvalues of Mpp are 0 and 1.
* For each D; in D of (B.23), (ii) of Assumption A.10 is satisfied.

This means that the Assumption A.10 is verified by Mpp, hence we obtain immediately the trajectory of Primal-Dual
owing to Proposition A.11. O

C Proofs of Section 5

For the easy of notation, let M = M #, ¢ = ¢;,C = C; and € = &.

Proof of theorem 6.2. Since k € N is fixed throughout, we let Eg Ek ¢. We first show that for ¢ € N, there holds

(=1
Ej=-Y M""F; +ZM1E0C[ 1+ZM£ TF_1C. (C.1)
Jj=0 j=1 Jj=1
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We shall prove this by induction. First note that Ey = V;,_C — V.
64 (©5)
vi.C (MVy_1+F_1)C ="MV, +MEy+ F,_,C
6.4)
( Vk+1 Fie+MEy + Fi 1 C.

Hence, E| = —F,+ MEy+ F;_;C and (C.1) is true for £ = 1. Assume that (C.1) is true up to ¢ = m, then,

chm+1 ©4 (MVi_, _|_Fk_1)cm+l :ka_lcm—H +Fk—lcm+1
D MV, C" 4+ ME(C™ + F_y ")
= M(Vk+n1 +Em) +MEC" + Fk_lcm+1

6.4
@ Vitmit — Fiym +MEy +MEC™ + F_,C™ .

Therefore, plugging in our assumption on E,, yields

Epi1 = —Feym+MEy, + MEC" + F_ C"!
=—Fpim+ (— Zm__l Mmiij+j + ZT_le+1E0Cm7j + Zm_ Mm+17ij,1Cj) +MEyC" + Fk,1Cm+1

m+1
=— ZM’” TFpj+ Y. MIEC™ T 4 Z M"™IR O
j=0 j=1 j=1

To bound the extrapolation error, observe that

N N
Y En=Y (X1 M R+ Y MIECT 4 Y MR CY)
m=1 m=1

(C2)
— s—1—/4 . s—1 .
ZMf Z Fk+,+ZMfEO YioC)+ Y ME (X C).
=0

Note that if Fi.; = 0 for all j, then

Y En— Y ME(YC)

m=1 (=1

and

S

_ ¢ —l i

125 =2 < llawes =271+ Y IMEII(EiZ0C) 1 -
=1

In the general setting where Fi ; # 0, to bound the first term of (C.2), define

Zi = (o] |okeg]

and note that V, = Z;, — Z;_;. So,

ZF’H‘J ZVk+1+1 MViyj =Zivm+1 — Zk — MZjym + MZy
j=0
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and

(Z;;(I)MZZS 0 éFkJr]) = (X éMﬁZkﬂfe—MKZk—M“lzkﬂflf/+M£+]Zk71)<;71)

= (Zyk —M*Z+ Y oM (MZ_ 1—Zk))( N

s—1
= Zers — Mg+ Y, M (M2 —z)
=0

s—1 s—1
= Zpys — Mz + Z M (M(Zkfl —7) — (% —Z*)) + Z M[(MZ* -7
=0

s—1
= Zps — M’z + Z M (M(zk1 =) — (2 —2)) + M°T =
=0

s—1
= s — 3 M (=) + Y M (M (2 — %) — (2 —2Y)).
/=0

Therefore we arrive at,
_ -1
125 — 2211 < 1M (2 = 2| + | Eomo M (M (21 — 2%) = (2 — 29)]

+ZHM€IIHE02, G H+ZHM€||||F/< X C

In the case of s = +o0, we have
|Zkeo — 2| < (1d = M)~ [[|(M (25—t — %) — (2= 2|

+ZHMEIIIIE0(Id O H+ZHMEIIIIF/( 1((1d=0)" =1d)(. .

We have ||Eo(Id — C) || = 1y Where
&% min ||} civi—j— Vill-
ceRY j=1 J
Letting b; déf):,z:l.Cg fori>2and by =1,
q
Fk,l((ld—C)71 —Id)(:J) = I%ZEC! Zbifkfi_fkfl = W Z (ZZ zcl)fk i O
i=1

Proof of Theorem 6.4. The first result of Theorem 6.4 is simply a consequence of Theorem 6.2. To control the coef-
ficients fitting error &, we follow closely the arguments of [76, Section 6.7], since this amounts to understanding the
behavior of the coefficients ¢y, which are precisely the MPE coefficients. Recall our assumption that M is diagonalizable,
so M = U XU where U is an orthogonal matrix and ¥ is a diagonal matrix with the eigenvalues of M as its diagonal.
Then, letting u “u Vi,

g = min | YL eviei — vl = min | 1 62 uo — Zuo = min 1= (B)uo| < [luo] in max \Zlk “18(2)]

where &, is the set of monic polynomials of degree ¢ and A (M) is the spectrum of M. Choosing g = H‘;Zl (z—Aj), we
have g(A;) =0for j=1,...,q,s0

q
& < fuo[|Ag-er [ max T TI2; = 21 (C3)
j=1

The claim that p(Cy) < 1 holds since the eigenvalues of C are precisely the roots of the polynomial Q(z) = Z8=! —
Y47 ¢z 171 and from [76], if |A4] > |A4+1], then O has precisely g roots r1, ..., r, satisfying r; = A, + ﬁ’(\lﬁ]/l 5.

So, |rj| <1 for all k sufficiently large. To prove the non-asymptotic bounds on &, first observe that z; | — zx = M(z —
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Zk—1) implies zg41 — 2" = M(zx — z.) and zgy1 — 2z = (M —Id) (zx — 2*). So, letting y; = _ck,i/(l _Zick,i) fori=1,...,q
and Y = 1/(1 —¥;ck;), we have

ﬁ( Vi — Z? 1Ck,iVik— ) Zz 0YiVk—i = (M_Id) Z;’I:O Yi(Zh—i-1 —Z*)~ (C4

Now, y e Z?:o Yizxk—i—1 1s precisely the MPE update and norm bounds on this are presented in [76]. For completeness,

we reproduce their arguments here: Let A £ Id — M, by our assumption of A(M) C (—1,1), we have that A is positive
definite. Then,

A2 (=) = (Ay—=2"), (= 2)) = —(ELohvei, (=) +w)

where w = Y9_ a;vi; with a € RY being arbitrary, since by definition of ¥, (L, %ivk—i, v¢) =0 forall { =k —gq,... .k~
1. We can write
q .
w= Y a (M- 1)1 —2) = ¥ a (MM g — %) = (M) (g1 —2°)
j=1 J=1

e

where f(z) = (z—1) Zj 1a;2777, and we can write
ki
y—2'=Y M 20— ) = g(M)(zh—g—1 — 2")
i=0

where g(z) = Y.L %z, Therefore, f(z) + g(z) = h(z), where h is a polynomial of degree ¢ such that 4(1) = 1. More-
over, since the coefficients a; are arbitrary, 4 can be considered as an arbitrary element of &7, the set of all polynomials
of degree ¢ such that 4(1) = 1. Therefore

JA2(—2)? < IA (=2 mi;l (M) (2k—g-1 =2

<JaPy—z M) min max [3()] |71 =]
€ P ter(M)

In particular, combining this with (C.4), we have

& < * 1/2
Zh—g—1—2 Id—M min max |h(t
|1 Zick,i| = ” k—q—1 H”( ) ”h theM )| ()|

Finally, in our case where A (M) = [o, B] with 1 > B > a > —1, it is well known that ming, . MaX;e (v y|A(t)] has an
explicit expression (see, for example, [13] or [76, Section 7.3.1]):

min max |A(z)] < max |h (2],

he P, zEA(M) €A (M
def Tq( Bf;ﬁ) . th . ..
where h.(z) = TEEE, where T, (x) is the ¢ Chebyshev polynomial and it is well known that
q Bfa
_1\¢
min max |h(z 2(\/ﬁ ) C.5
hefﬂqZE[aﬁ]| (@)l =< Vi+1 €3)
where ) = L—g O
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