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Abstract. Anderson Acceleration (AA) has been widely used to solve nonlinear fixed-point
problems due to its rapid convergence. This work focuses on a variant of AA in which multiple
Picard iterations are performed between each AA step, referred to as the Alternating Anderson-
Picard (AAP) method. Despite introducing more ‘slow’ Picard iterations, this method has been
shown to be efficient and even more robust in both linear and nonlinear cases. However, there
is a lack of theoretical analysis for AAP in the nonlinear case, which this paper aims to address.
We show the equivalence between AAP and a multisecant-GMRES method that uses GMRES to
solve a multisecant linear system at each iteration. More interestingly, the incorporation of Picard
iterations and AA establishes a deep connection between AAP and the Newton-GMRES method.
This connection is evident in terms of the multisecant matrix, the approximate Jacobian inverse,
search direction, and optimization gain—an essential factor in the convergence analysis of AA. We
show that these terms converge to their corresponding terms in the Newton-GMRES method as the
residual approaches zero. Consequently, we build the convergence analysis of AAP. To validate our
theoretical findings, numerical examples are provided.
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1. Introduction. Fixed-point iterations are one of the cornerstones in scientific
computing, formulated by

(1.1) x = g(x),

where € R? and g : R? — R? is assumed to be a continuously differentiable operator
in this work. The standard method for solving (1.1) is the fixed-point iteration, also
known as the Picard iteration, noted for its simplicity but also for its potentially slow
convergence. This paper concerns an acceleration method for nonlinear fixed-point
iterations.

Anderson acceleration (AA), initially introduced in [2] to address partial differ-
ential equations, is one of the most popular acceleration schemes. AA is a scheme
mixing history points with mixing coefficients computed by solving a least-squares
(LS) problem. It can be regarded as a multisecant quasi-Newton method whose ap-
proximate Jacobian inverse satisfies a multisecant equation [13]. AA is known for
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its simplicity and significantly improved convergence performance. It has wide appli-
cations in fields such as electronic structure calculations [3, 13], fluid dynamics [22],
geometrical optimization [27], and more recently machine learning [15, 38].

The classical AA method takes an AA step in each iteration. There are different
variants of AA such as restarted AA [26], type-I AA [13, 39], and EDIIS [7]. Among
these alternatives, a simple method that applies AA at periodic intervals rather than
every iteration draws our attention. Contrary to the belief that a reduced frequency
of AA would degrade performance, this technique has been proven to enhance both
the efficiency and robustness of AA. This method was first introduced to address
large-scale linear systems within the classical Jacobi fixed-point iteration framework
for electronic structure calculations, termed the Alternating Anderson-Jacobi (AAJ)
method, in[31], where it has been shown to significantly outperform both the GM-
RES and Anderson-accelerated Jacobi methods. Subsequently, AAJ was generalized
to include preconditioning, known as the Alternating Anderson-Richardson (AAR)
method; it outperforms classical preconditioned Krylov solvers in terms of efficiency
and scalability [35]. In nonlinear scenarios, [3] uses this strategy for accelerating
self-consistent field iterations, and [18] applied a similar strategy on Riemannian op-
timization. On the theoretical side, [23] provides a convergence analysis of AAR,
establishing its equivalence to GMRES. However, no theoretical convergence analysis
exists yet for the application of this alternating approach to solve nonlinear fixed-point
problems, which is the primary focus of this work.

We consider a specific variant of this periodically alternating method, referred to
as AAP, which takes m Picard iterations between each AA step, and takes an AA
step to mix all m+ 1 points. We refer to the method AAP(m) in this paper when the
number of Picard iterations m needs to be specified. A detailed description of AAP
is given in Algorithm 2.1. This method takes advantage of the efficiency of AA to
improve the convergence, while maintaining the simplicity of the Picard iterations.

Solving (1.1) is equivalent to finding the root of the residual function:

(1.2) 0= f(z):=g(x) —=z.

Newton-type methods are fundamental in this context due to their characteristic
fast convergence, achieved by utilizing Jacobian information [24]. One such method,
Newton-GMRES [8, 1], iteratively updates the solution by solving the root of the linear
approximation of f using GMRES [20]. In this work, we will study the properties
of the AAP method. The core is to establish the equivalence between AAP and a
multisecant-GMRES method, which iteratively uses GMRES to find the root of a
multisecant linear approximation of f. In addition, compared to other variants of
AA, the characteristic that all history points used in each AA step are generated by
Picard iterations allows AAP capture local information more effectively. Formally, we
will show that AAP has a deep connection to the Newton-GMRES method.

This paper is organized as follows. Section 2 details the AAP algorithm and re-
lated work. Section 3 demonstrates that, at each global iteration ¢, AAP(m) implicitly
solves a multisecant linear system using the GMRES(m) method, followed by one ad-
ditional linearized Picard iteration. Section 4 explores the connection between AAP
and the Newton-GMRES method, focusing on the multisecant matrix, the approxi-
mate Jacobian inverse, search direction, and optimization gain — an essential factor in
the convergence analysis of AA. We show that as the residual approaches zero, these
terms converge to their corresponding terms in the Newton-GMRES method. Sec-
tion 5 presents the convergence analysis of AAP, including a one-step residual bound
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and the local convergence result. Numerical examples are provided in Section 6.
Appendix A discusses an assumption for guaranteeing the convergence of AAP.

1.1. Notation. The vector norm is denoted by || - || and refers to the Euclidean
norm (2-norm). The matrix norm is also denoted by || - || and refers to the induced
2-norm, which is the largest singular value. A sequence of matrices Ay — A means
|Ax; — Al — 0. In this paper, a sequence of matrices Ay — Ay, where Ay is another
sequence of matrices, means || Ay — Ay|| — 0; we refer to this as the convergence of
Ay, to Ay. The Frobenius norm of the matrix is denoted as || -|| 7. The identity matrix
is denoted by I. For better presentation in this paper, A”® represents a superscript
on matrix A; AW refers to the matrix A raised to the power £. A™' denotes the
inverse of matrix A. A denotes the left pseudoinverse of matrix A. The ith largest
singular value of A is denoted as 0;(A) , and oin(A) is the smallest singular value
of A. The condition number of A is denoted as cond(A). The subspace spanned by
the columns of matrix A is denoted as span(A).

For a given matrix A and vector b, the n-th Krylov subspace is defined as:

K.(A,b) = span{b, Ab, A®b,..., A" 'b}.

Krylov subspaces are shift invariant, i.e., for any v € R, K,(A —vI,b) = K,,(A,b).
The Generalized Minimal Residual Method (GMRES) is one of the most popular
Krylov subspace methods and solves the linear systems Ax = b by minimizing the
residual within a Krylov subspace at iteration n:

min  ||Az — b||.
ze, (A,b)

The following assumptions will be used in this paper:

ASSUMPTION 1.1. The following properties are assumed for g:
(a). llg(x) —g(y)ll < wllz —yll, ¥z yeR! withr <1
(b). The Jacobian of g, denoted as ¢, is Lipschitz continuous with constant v > 0,

g’ (x) =g (Yl <vlz -yl

2. Algorithm and related work. This section provides the details of the AAP
algorithm, along with the necessary preliminary concepts and assumptions. In addi-
tion, existing work on the convergence analysis of AA is discussed.

2.1. The AAP algorithm. At global iteration ¢, AAP first takes m Picard

iterations from current iterate x; to generate new points {x},--- ,x"} and compute
their residuals. AAP next computes the mixing coefficients by solving a constrained
LS problem based on the residuals of the history points {x;,z;, - ,"}, and then

updates the iterate to x;y1 by mixing the fixed-point values of these points. See
Algorithm 2.1 for details. We denote the mixing coefficients at global iteration t as
a; = {2 af,...,a"} € R™ and denote the residual f(z;) as either f, or fY,
depending on the context. When relevant, we refer to this algorithm as AAP(m), in
which m + 1 Picard iterations are performed in each global iteration.

Here the damping ratio 3; balances the weighted average of history points and
the weighted average of history residuals, i.e.,

(2.3) Tip1 = (1— B) Z ajwy + By Z arg(x;) = Z ajxy + B Z af fi.
£=0 £=0

=0 =0
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Algorithm 2.1 Alternating Anderson-Picard (AAP) Method

1: Initialization: zo € RY, number of Picard steps m < d, damping ratio B; > 0
2: for global iteration t =0 to T do

3: /* Step 1: takes Picard iteration to generate m points and
compute their residuals */
4 2z
5: for /=1 tom do
-1
6: acg T glzy ™)
7 fi e xt— a:f_l
8: end for
9o i« g(x") — =
10: /* Step 2: Take one Anderson Acceleration step */
11: Solve
m 9 m
(2.1) o <—argminHZo/ffH s.t. ZO/ =1
a€R™H =0
12: Update
m m
(2.2) T < (1 - 5) Z ajay + B Z ajg(ar)
£=0 £=0
13: end for
Let Sy :=[s0,...,8" ] € R™™ and Y := [oY,...,y" '] € R™ with sf =
it — xf and y!f = f‘H — ff, for =0,...,m—1. When Y} is of full column rank,

the constrained LS problem (2.1) can be written as an unconstrained LS problem,
ie.,

(2.4) z = argmin Y,z - f,[*(= Y]f),

ZGR’!YL
and a; can be recovered from z; by setting o = 1422, af = 2f —2f7! for 0 < £ < m,
and of* = —z""!. This transformation leads to an equivalent multisecant quasi-

Newton formulation of AAP, which updates x;y; based on an approximate Jacobian
inverse H;. Specifically,

Tit+1 — Ty — Ht.ft7
where  Hy, + —BI+ (S, +B,Y (YY) Y]

It is straightforward to verify that H, satisfies the inverse multisecant equation
Hth = St.

The following assumptions regarding the iterations generated by AAP are impor-
tant for this paper.

ASSUMPTION 2.1. For allt > 0, both Sy and Y, have full column rank.

Assumption 2.1 is fundamental for all the results presented in this paper and
will be assumed without further mention. This assumption is reasonable as we can
adaptively adjust m in each global iteration and stop the Picard iterations when the
columns of S; or Y; become linearly independent. Alternatively, we can remove the
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linearly dependent columns directly, though this approach may affect the analysis
presented in this paper.

ASSUMPTION 2.2 (Uniform Boundedness of cond(S;)). There exist constants
T >0 and M > 0 such that cond(Sy) < M for allt > T.

Assumption 2.2 is a general assumption in the convergence analysis of AA (see Sec-
tion 2.3). We will show that S; converges to a Krylov matrix in Subsection 4.2, and
discuss this assumption in more detail in Appendix A.

2.2. Multisecant matrices. In this paper, we define the multisecant matrix
B, as a matrix that satisfies the multisecant equation B;S; = Y. It follows from
st = ar:f+1 —xf = ff that

(2.7) B.S, =Y, <= B fi=f"—fl vo<i<m-1.
Furthermore, we define the set
(2.8) B := {B c R | BS, =Y,}.

It is evident that B; is non-empty and contains invertible matrices under Assump-
tion 2.1. For instance, elements of B, include YtSI and —I+ (Y + St)SI. Moreover,
an invertible matrix in B; can be constructed by taking Y'S™!, where Y € R** and
S € R4 are arbitrary invertible matrices with the first m columns being Y and Sy,
respectively. For any B; € By, we call f;(z) = Bi(x—x:)+ f(x;) a multisecant linear
approximation of f at x;, which satisfies f,(x!) = f(xf) for 0 < ¢ < m. At global
iteration ¢, this approximation is based on the m Picard iteration points generated in
AAP, as seen in the definition of B;.

2.3. Existing convergence analysis of Anderson acceleration. The lo-
cal convergence rate of AA is established in [36, 19]. Subsequently, [28, 12, 29]
demonstrated how AA improves the convergence rate over fixed-point (Picard) it-
erations. The state-of-the-art convergence bound consists of a linear term and a
higher-order term. A simplified result from [29, Theorem 5.1] is given by || f(@+1)] <
KO f () ||+ /1 — 02| f ()| Doy || f (®e—¢) || where 6, < 1is called the optimization
gain. This result indicates that the local convergence rate of AA, x#,, is superior to
the local convergence rate of the Picard iteration, .

The assumptions to guarantee the convergence of AA include a smoothness condi-
tion on g and a uniform boundedness assumption on the coefficients a [36, 12, 29, 25].
Alternatives to the uniform boundedness assumption on « is to assume sufficient lin-
ear independence among the columns of Y; [29] and the boundedness of the condition
number of S; or Y; [25]. The equivalence between these conditions is discussed in
[25]. These conditions are also directly related to the conditioning of the constrained
LS problem in AA. In [30], a filtering strategy is proposed to enforce these conditions
by removing nearly linearly dependent columns from the LS problem.

An important property of AA is its equivalence to GMRES on linear problems.
When g(x) = Az + b, [37] shows that AA with no truncation solving = g(x) is
“essentially equivalent” to GMRES applied to (I — A)x = b, in the sense that the
weighted sum of the history points in each AA step equals the GMRES iterate &MRES
and the AA iterate w?f‘l =g (:BEMRES). It is also mentioned in [37] that a “restarted”
variant of AA, in which the method proceeds without truncation for m steps and
then is restarted, is equivalent to GMRES(m) applied to (I — A)x = b followed
by a fixed-point iteration. In [23], the equivalence between Alternating Anderson-
Richardson and GMRES is established. For nonlinear problems, AA is closely related
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to the Nonlinear Generalized Minimal Residual Method (NGMRES) [33]. This work
will establish the equivalence bettwen AAP and a multisecant-GMRES method for
nonlinear case.

3. Equivalence between AAP and multisecant-GMRES. This section givesji]
the equivalence between AAP and a multisecant-GMRES method. We show that, at
global iteration ¢, AAP implicitly solves a multisecant linear system, followed by one
additional linearized Picard iteration.

THEOREM 3.1 (Equivalence between AAP(m) and multisecant-GMRES(m)). At
global iteration t, let {z{}7 . be generated by AAP(m), then, for any B; € By,

m
(3.1) Zafwf =z — Py, where P, = argmin || B;p— f,|°
=0 peK'rn(Bt).ff,)

Further, ;11 = gi(xy — p;) where gi(x) := (1 — B)x + B[(I + Bi)(x — o) + g(xy)]
is a (damped) linear approzimation of g.

Proof. Let B; € B; be any multisecant matrix. By expressing « in terms of z as
given in (2.4),

Y= - - - =T T - T = f - Yz
=0

From (2.7), Byft = fi*' — f/ for 0 < ¢ < m — 1. This implies that the residual

sequence { ff};”zo is a Krylov sequence, i.e.,

(3.2) = (I+B)fi=-=T+B)"Vf, € Kopo(I + By, fy).

Then, the columns of Y, take the form yf = f“ - ff =+ Bt)(é+l)ft - I+
B)Of, = B(I + By)Y f,, and thus

Span(Yt) = Span{ygaytla s 7y:n_1} = BfICm(I+ Btvft) = Bt’Cm(Bt7.ft)a

where the last equality is due to the shift invariance property of the Krylov subspace.
Therefore, we have the equivalence between the following three problems:

m
3.3 i Yo FIP e min Yz £ e i B.p— £,/
( )55%17}%1,1 IIHQJZH min [|Yez — £ pe;c,ffl(lgt,ft)H = Fill

=0 = -

It is straightforward to verify that the solutions to each of the problems satisfy

(3~4) ZZO af.ff =fi—Yizi=f, — Btﬁt-

As ByS; = Yy, we have B;p, = Y2z, = B4S;z; holds for any B; € B;. Since B;
contains invertible elements, we have p, = S;z;. The equivalence between a;; and z;
then implies Y~ afz; = & — Syz: = x4 — Py, and proves (3.1).

Furthermore, let ﬁ be the multisecant linear approximation of f at x; as ﬁ(:c) =
By(x — ;) + f(a;). Then, Gi(z) = (1 — B)x + fy(x + fi(x)). In addition, for all

~

0<l<m,g(xl) = + f(zf) and f(xf) = fi(x!). Tt follows that
Sito arglar) = Sk gy + 3oLy af fo(wf) = )L, agxr + fi (3oL o),

where the last equation is due to the linearity of ft Finally, we have ;41 = (1 —

Be) Sito g+ B2l b+ fl (kg agxp)] = G (3001 afet) = Gi(@ —P,), which
completes the proof. 0
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We have shown that the LS problem (2.1) in AAP(m) is equivalent to applying
GMRES(m) to the multisecant linear system Byp = f, for any B; € B;. We call
P, the multisecant-GMRES direction, and p, is equal to StY;r f+- As shown in The-
orem 3.1, the weighted average of the history points equals the multisecant-GMRES
update x; — p,. The above theorem holds for any B; € B; because they generate the
same Krylov (residual) subspaces

(3.5) K (By, f;) = span(St), B:K.,(By, f) =span(Y;), VB; € B;.

We refer to [17] for the properties of matrices that generate the same Krylov residual
spaces.

The equivalence between AAP and multisecant-GMRES resembles the one given
in [37] for linear g. A similar result was also mentioned for a restarted variant of AA
applied on gradient descent [26]. The equivalence between other variants of AA and
the multisecant methods is discussed in [14].

Let us briefly take a closer look at the damping ratio. To that end, we define
the multisecant-GMRES residual at iteration t as 7;. According to the equivalence
between the three minimization problems in (3.3), we have

(3.6) /’I:t:Btﬁt*ft:Ytzt*ft:*Zafff'
=0

The following corollary shows that the damping ratio acts as a stepsize parameter
in the direction of the residual.

COROLLARY 3.2. The iterate ®;11 generated from (2.2) in AAP satisfies

(37) LTyl = L — ﬁt — Bt?t.
Proof. The result follows from @, 41 = Y7, alai4-6: S pt b fi = 2 —p,— BT+ .0

When g, satisfies ||I — 3;B;|| < 1, the “damped” direction p, + 3;7; could be a better
solution to the multisecant linear system B;p = f, than the original direction p,.
Indeed, in this case, | By(p; + 8i7¢) = 1l = (I = B B:)(B:p, — £1)|| < | Bip; — f4ll-

4. Connection Between AAP and Newton-GMRES. Newton’s method
finds the roots of a nonlinear function f(x) by using its Jacobian information. At
iteration ¢, a linear approximation of f at x; is given by

(4.1) f(x) = Ji(x — ) + f(24),

where J; := f'(a;) is the Jacobian of f at ;. The Newton-GMRES(m) method is a
variant of the inexact-Newton method that uses GMRES(m) to approximately solve
this linearized system for a search direction p}¥ at each iteration as follows

(4.2) xii1 = —py with pl:= argmin ||Jp — f,||.
PGICM(J’mft)

However, the Jacobian is not always available or easy to compute directly.

As shown in Corollary 3.2, at iteration x;, the search direction given by AAP is
equivalent to the multisecant-GMRES direction based on B; € B; with an additional
damping term. In this section, we establish the connection between AAP and the
Newton-GMRES method by showing that, (i) when the residual || f,|| goes to zero
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as t — 00, the distance between the set of multisecant matrix B; given by AAP and
the Jacobian matrix J; converges to zero (Section 4.1), (ii) the matrices S¢, Y, and
H,; constructed by AAP converge respectively to their counterparts in the Newton-
GMRES method (Section 4.2), and (iii) the optimization gain 6; in AAP converges
to an analogous quantities in Newton-GMRES (Section 4.3).

One of the key properties of AAP that enables the analysis in this section is the
m Picard iteration steps taken in a global iteration. The Picard iteration steps often
progress more conservatively than the acceleration step. Therefore, the multisecant
matrix given by these history points could be a good approximation to the local
Jacobian J;. In fact, the following lemma provides bounds on the Picard iteration
updates and residuals, which are essential in the analysis in this section.

LEMMA 4.1. Under Assumption 1.1(a), at global iteration t of AAP, for all 0 <
£ < m,
¢ :
IFel < NF ol and (&g — 2l < £ £l

Proof. Since x! = g(x!~') and :I:t = x;, we have xf = &t + f(xt~!) and thus
£— i .
|t — x| = || Zi:é f@)| < Zi:o ||f(x%)|. The non-expansive property of g gives
that, fori=1,...,¢,
1F @Dl = lg(t) — il = llg(=t) — gt < kllwi — 27| = sl f(=7 D]
Since £ < 1, [|£7I| < [I£:] and [l2f — 2| < 3025 /(@) < £ 0

Another useful technique in the following analysis is the fundamental theorem for line
integrals, i.e.,

(4.3) fly) — fo (x+r(y—o))(y—x)dr

With these results, we show in the following subsections that, as the AAP residual
f+ approaches zero, By, S, Y, Hy, and 6; in AAP converge to their counterparts
in Newton-GMRES.

4.1. Convergence of the multisecant matrix. We start the analysis with
showing that the distance between the set of multisecant matrices B; generated by
AAP and the Jacobian J; goes to zero provided that the residual approaches zero as
t — oo. Here, the distance between B; and J; is defined as the norm of
(4.4) E,:= B —J;, where Bj:=argminl|B —J|.

B

t

Because S; is full column rank, the minimal-norm property [37] gives

(4.5) E,=(J,S; - Y,)S].
Note that J; + E; = B} € B;. In addition, when g is linear, J; satisfies J;S; =Y
and thus ||E:|| = 0. An upper bound on || E¢|| for the nonlinear case is provided in

the following theorem.

THEOREM 4.2. Under Assumption 1.1,
(4.6) |l < ym?cond(S))]| £,
Furthermore, if Assumption 2.2 holds, then
(4.7) 1Bl < Crllfll,  vVt>T,

where C'g > 0 is a constant that is independent of t.
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Proof. Tt follows from (4.5) that
IE:|l < IIYe — TSIl
Let Yy — J:S; = [0, v, ... ,om e R*™ For 0 <4 <m—1,
v =y = Jus’ = fla) = fla) - () (2 - a).

By using (4.3) and s! = 2ttt — xf = fL,

1 1
o = [ et arfsiar - peofi= [ @l - f@olfian
0 0
Applying f'(x) = ¢'(x) — I and the Lipschitz continuity of ¢’ gives, for r € [0, 1],

1/ (@ + rf2) = (@)l S Al + iy — 2l < (g — el + 1 £

By Lemma 4.1, ||z¢ — || + | £i]| < (€ + 1)|| .|| < yml|f,]l as £ < m, which leads to

1
(4.8) lo°] S/O 1f (g + ) = f @)l fell dr < ymllfol1 5]l

Using the matrix norm inequality || - || < || - || 7,

TSt =Y ol < TeSi=Yillp = [>_I0fI2 <ymlifl, [ Isfl? = vml ]ISl -
l )4

Since S has full column rank and || S¢||r < /m||S¢||, it follows that

3
1B < Vmyml £, l[1SeIST] = ym? (| £ ]lcond(S,).

The second claim is then a direct consequence of Assumption 2.2. ]

The bound given in (4.7) shows that || E[| < O(||f,||), which leads to the following
convergence result.

COROLLARY 4.3. Under Assumptions 1.1 and 2.2, suppose that f, — 0 ast — oo,
then, as t — o0,
Et —0 and B: — Jt,

where By € By is defined in (4.4).

The convergence of B, to J; suggests that the multisecant direction p, could con-
verge to the Newton-GMRES direction pl¥ := arg minpei, (1,.£,) |Jep — fill, which
we prove later in Corollary 4.6.

4.2. Limits of S;, Y;, and H,. In this section, we establish the limits of
S: and Y; as t — oo under the assumption that f, approaches zero. These limits
are related to a Krylov matrix spanned by ¢'(z:) and f,, which further implies the
convergence of the approximate Jacobian inverse H; of AAP defined in (2.6).

We first review the Newton-GMRES method. At iteration x;, the Krylov matrix
associated with ICp, (J¢, f,) can be written as

(4.9) Fo=[f, IV fn, I0 f, - IV f] e R
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The Newton-GMRES direction py := argmin,exc (g, 5.y [[Jip — f, | satisfies Jipy'=

P, r,(f;) where Pa = AAT denotes the orthogonal projection onto the subspace
spanned by the columns of A. Define

(4.10) Gy = [f,d (@) Vf g @)D fr,- g (@)™ V] € RE™.

Since ¢’ (@) = I+ J¢, the shift invariance of the Krylov subspace leads to Pg, = Pr,.
Therefore, Py,a¢, = Ps,F,. If J; is invertible, we have

(4.11) Py =J; ' Pra.(f).
We refer to J; 'Pj,q, as the Newton-GMRES update operator.

As shown in (3.2), the AAP residuals {ff};”;ol form a basis of the Krylov subspace
Km(By, f;) as ff = (I + B,) f,. Therefore,

=[f ft T = T+ BV (T +B)Pf,, - (I+By) ™V f,]

is a Krylov matrix associated with I+ B, and f,. As f, approaches zero, the matrices
S, Yy, and Gy all approach zero. Further, the following lemma gives estimates of
the distances between S;, Y; and their Newton-GMRES counterparts.

LEMMA 4.4. Under Assumption 1.1,
(412)  Si =Gl < mi|fP and Y= TGl < 2ymE| ).

Proof. For a better presentation, we omit the subscript ¢ in this proof unless
necessary. Note that :BO = x; is the starting point for the Picard iterations at the
global iteration ¢, and f* = f(af) for all 0 < ¢ < m — 1.

We first deﬁne A = Gt —S; and erte Ay = [ €!,€%,---  em1]. By the
definitions of G; and S;, € = 0 and €’ = fe g (x )(g)ft for € =0,...,m—1L
We next estimate €. By (4.3), f(xf) — fo 2t LY dr as
xf —axl = fé. Thus,

Fr=fah) = [+ @ et
— Og(il+rf€ l)flfld,r
=g/ @) flg' @ ) = g @)

— Kfe 1 ,Ul 1
where K := ¢/(z;) and v'~! := fo [ 2t 4ty - g’(a:t) fdr. Applying
this relation iteratively gives fe = K fe+ zé 1K' ()yl=1=i  Therefore, €' =

ST KW oy!=17. Furthermore, under Assumption 1.1, ||K|| <k <1and

[0 < Al e =[P < A FFTH < mall P
where the second inequality follows from Lemma 4.1 and 0 < r < 1. Then,
-1 1 =1 g1
lef]) = 32icg Kot =171 < 57520 ot~ < emall 1) < mPllf )2

Therefore,

(4.13) 1S: = Gell = [|Ad < 1AdlF = /370" €8] < ym3 | £,
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To estimate ||Y; — J:G¢||, we use the relations established above and write the
f-th column of Y, as
yf _ f€+1 _ fﬁ — K(f+1)f 4 el+l _ K(l)ft _ Ef — JtK(e)ft + €E+1 _ EZ,

where the last equality is due to K = ¢'(@;) = I + f'(x) = I + J;. Then, we write
Y, =J,G; + A, — A, where A, := [e €2, e - em € R¥X™  Following a similar
approach as above, one can obtain || A| < ym? ||ft||2, and thus

(4.14) 1Y — TGl < [|A + | A < 2vm? | £,% 0

When f, approaches 0, despite Sy and Y converging to 0, the above lemma

shows that 7 HSt 7 HGt and HfltHY 7 HJth We note that, when g is
linear, i.e., v = 0, for all t,
(415) St Gt, and Yt = Jth.

Now we are ready to give the convergence of the approximate Jacobian inverse
H, in AAP. As given in (2.6), H, = S;Y; — (I — Py,) where B; is the damplng
ratio. The definitions of p, and 7; in (3.1) and (3.6) lead to p, = S,Y|f, and
7+ = —B:(I — Py,)f;, respectively. Thus, StY;r corresponds to the multisecant-
GMRES update operator, and I — Py, corresponds to the extra linearized fixed-
point iteration in AAP. The following corollary gives the convergence of StYI to the
Newton-GMRES update operator defined in (4.11), as well as the convergence of H,.

ASSUMPTION 4.1. There exist constants T > 0 and M > 0 such that, for all
t>1T, J; is invertible, omin(Y¢) > M| f,|l, and J; Gt has full column rank.

THEOREM 4.5. Under Assumptions 1.1 and 4.1, when f, goes to 0,
(4.16) SY! = J "Pra, H,—J 'Psa —B(I-Psa,)

Proof. When f, goes to 0, Lemma 4.4 gives Y, — J; G;. Because both Y, and
J: G, have full column rank, it follows from [34, Theorem 3.4] that

(417) IV = (TGO < VYT G| Y2 = T Gl
Furthermore, ||Y]|| = crm;nl(Yt) < M\Ilftl\ and, for sufficiently small || f,|l,

1 1 1
(4.18) 1(J Gt)TH =

< <T ,
Omin(Jt Gt) ~ omin(Ye) = [|[Ye = JeGe|| = M|\ f]|

where 7 < 1 is a constant and the first inequality follows from [16, Corollary 2.4.4]
and the estimate in Lemma 4.4 on ||Y; — J;G¢||. With these estimates, the RHS of
(4.17) is uniformly bounded and thus, as || f,|| — 0,

(4.19) 177 Y ) = (77T GOl = I£ YT = (G| = 0.
Therefore, since J; is invertible, G; = Jt_lJtG’t, and then
SiYi= (7S 7.0
Further, Py, = Y, Y| = (J,G)(J:Gy)" = Pj,¢,. It follows that
=S,V -B(I—-Py,) — J;'Psg —BI-Psa,)
which completes the proof. 0

YU = I (g Gl GO = I P,
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When B; = 0, the above theorem demonstrates the convergence of the approx-
imate Jacobian inverse H; to the Newton-GMRES update operator. This suggests
that the iteration sequences generated by AAP and Newton-GMRES are likely to
be close to each other, provided that they start from the same initial point with a
sufficiently small residual.

Asp, = StYI £+, the following convergence of p, to the Newton-GMRES search
direction pY = J,; 'Ps,q,(f,) is straightforward.

COROLLARY 4.6. Under Assumptions 1.1 and 4.1, when f, goes to 0, we have
L5 s LpN
ILF 1157 £ 015

Remark 4.7. For Assumption 4.1, the condition that J; is invertible is satisfied
when g is a contractive mapping, i.e., k < 1.

4.3. Convergence of the optimization gain. As mentioned in Section 2.3,
the optimization gain 6;, which is defined as the ratio between the minimum of the
constrained LS problem (2.1) and || f,||, is a crucial factor in the convergence analysis
of Anderson acceleration. Based on (3.6), the optimization gain can be written as

IS atfill 1B, — £ill [ Yoz = £l I =Py )(£)
£ 1Fl £l £l ’

In this section, we provide convergence estimates for 6; to an analogous gain term in
the Newton-GMRES method.

Recall that at iterate @, the Newton-GMRES method uses GMRES(m) to solve
Jip — f, = 0 where J; = f’(a;) is the Jacobian at ;. We define the Jacobian-
GMRES(m) gain as ||r]||/|| £, where r{ is the GMRES residual:

421 J|| = ~ Tp— .1l = II(T —
(4.21) [y | pechﬁl}lt,f,,)” = Fioll =1l = Pr.c ) (£l

(4.20) 6, :=

as shown in (4.11). The term Jacobian-GMRES(m) gain is used to distinguish it
from the Newton-GMRES algorithm since 7] is evaluated at iteration x; generated
by the AAP method. If g is a linear function, we have 6; = ||»/||/|| ;|| according to
(4.15). The following theorem provides the convergence of 6, to ||r]| /|| f,|| provided
that || f,|| = 0 as t = oc.

THEOREM 4.8 (Limit of optimization gain). Under Assumptions 1.1 and 4.1,
when || £ is small enough,

(4.22) [0 = NI 1I/1£0 | < Od1FD,

implying that 0; converges to ||r||/||f.|| as | £,|| approaches zero.
Proof. By the definitions,

J
il

— =Py )(F)-U-Psc)(fIl | Py

- [Ef

(4.23) ‘et

(£ _PJth||'

Lemma 4.4 shows that “myt J:G|| < O(||f+]]). Meanwhile, when || f,||

Hf [

is small enough, (4.19) in Theorem 4.5 shows that H(Hf HYt) (Hf ”Jth) | <
O(|| 1), Therefore,
1 1
Py, = Prall = I(r¥ ) (Yo - J:G TG < O(| £,
Py, ~Pacull = Iz ¥ Oz ¥ 0" = (G (g TGl < OGS

which finished the proof. 0
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We showed that the optimization gain converges to the Jacobian-GMRES(m)
gain ||/ ||/|| ;| as the residual f, approaches zero. Thus, ||7{|/||f,|| can serve as
an estimator of 6; when the residual is small. For a general J;, the bounds on the
m-th residual produced by GMRES applied to J:p = f, can vary widely. However,
when J; is symmetric and positive definite, the norm of the m-th GMRES residual is
well-known to be bounded as follows

I/l (VendTg - 1\" (2 Y
(4.24) A §2<\/m+1> N2<1 CODd(Jt)> ,

showing exponential decay with respect to m. However, according to (4.12), when
m is large, the upper bound in (4.22) could have a large constant, which makes the
bound loose. Numerical examples are provided in Figure 2 in Section 6.1.

Remark 4.9. Another interpretation that illustrates the relationship between 6,
and ||7/||/||f.]| is based on the equivalence between AAP and multisecant-GMRES.
Specifically, from (3.6), one can write 04| f,|| = | B:p, — f:|, for any B, € B,. Since
(J¢+ E;)S: =Y, we have

0 - i J,+E)p—f.|.
ArAl pezcmg?film,m”( t+Ei)p— fill

Combining this with (4.21), the relation between 6; and ||r{||/||f,]| can be regarded
as the change in GMRES residuals under perturbation E;. Interested readers can
refer to [32], where the GMRES residual change with respect to perturbations on
the coefficient matrix is estimated using spectral perturbation theory and resolvent
estimates. A simple application of Theorem 2.1 therein gives |6, — ||v{[|/[ £l | <
O(||E¢||) under some conditions. This bound is essentially identical as (4.22).

5. Convergence analysis. This section presents the convergence analysis of
AAP. We provide a one-step convergence analysis to establish the bounds on || f,, ],
followed by a local convergence result. These analyses are based on the equivalence
between AAP and multisecant-GMRES. We present some preliminary results before
starting the convergence analysis.

First, recall Corollary 3.2 which states that the update of x;11 in AAP satisfies

Tip1 =Xy — Py — BTy,

where ¥y = B:p, — f, is the residual of the multisecant-GMRES. It follows from
the optimization gain 6; = ||B:p, — fill/|If:]] that |7:]| = 0:]|f;]|]- Meanwhile, the
following lemma characterizes the lengths of ||p,||.

LEMMA 5.1. For any invertible By € By, we have p, satisfies

Bl < /1= 6ZIIBI1F -

Proof. Since p, = argmin,cx (g, 5, |Btp — fill, B:p, L (Bip, — f,). Thus,
|1B:p; |l = /1 —02|f,ll as |B:p; — f.ll = 04| f;]|- The result follows from the non-
singularity of Bj. ]

We note that assuming B; nonsingular does not impose additional restrictions,
since the equivalence of AAP and multi-secant GMRES holds for any B; € B; (Sec-
tion 3) and B, has nonsingular elements under Assumption 2.1 as shown in Section 2.2.
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The above bound holds for any invertible B; € IB%t. We give a lower bound
estimate of || B; '|: considering that B; ' satisfies B; 'Y, = S, we have, according

to the minimal norm properties of pseudoinverse, | By Y| > ||S, Y|,V B, € B, being
invertible. On the other hand, if J; is invertible and ||.J, ' E;|| < 1, Theorem 2.3.4 of
[16] gives that J; + E, is invertible and

1E 11751

(5.1) (T + B = 7Y <
e R I ey AT

When || E;|| is small enough, the denominator is negligible. It follows that ||(J: +
E)' —J. Y < O(|E:|) and ||J; || can be used to estimate |[B; || when || E;| is
small enough.

Now, we are ready to give the bound of || f, |-

THEOREM 5.2. Under Assumptions 1.1 and 2.2, for any invertible B; € By,
(5.2)

_ Yy _
I uiall 1= 0+ Bund e £+ /1= 82187 | /1= 2187+ Ci | 1P
Proof. The update can be expressed as
Tip1 =X — Py = — (D + Biy) = Ty — BTy,
where Z; := x; — P, = y_, o‘zt. By (4.3),
f(@i1) = f(e) + [f(@0) — ()] + [f(@e41) — [(@0)]
=fi— fo (x1 — sp,)p, dr — fo (T — sBi7) Bire ds
= -7, + B.p, — fo (xy — spy )Py ds — fo (T — sP7ry) By ds
=—- fol I+ B f' (T — spery) |7 ds + fo B; — f'(x: — sp;)]p; ds .
=Ly =Hy

For the term L, we have I + Bif'(wy — s7¢) = (1 — Be)I + Be[I + f/'(xe — s7)].
Note that I + f/'(x: — s7¢) = g'(x+ — s7¢) and ||¢'(x)|| < &,V @. Thus,

1
(5-3) 1Ll < /O I+ Bef (e — sP)|[[7ell ds < [(1 = Be) + Ber]Ocllf4 I

The term H,; = fol [Bi—f'(x:—sp,)|p; ds is equal to fol [Ji+E;—f'(x;—sp,)]|D; ds
since B;p, = (J; + E.)p, for all B; € B;. By telescoping, we have
[Te + Ee — /(e — sp)|| < | (@e = 5B,) = [ (@) | + | (@) — (Jo + Ey)||
< sylpell + 1Bl

< syy/1= B IF ol + 1 Eell,

where the second inequality holds because ¢’ is Lipschitz continuous and the last
inequality is due to the Lemma 5.1. Thus, we have

1
< [ 1F (@0 5B = (T + B[Pl ds
(5.4) 0

1 Iy _
1-62|B; || [2 L= 02BNl + 1B (1
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The claim then follows from (5.3), (5.4), and the estimate | E¢| < Cg||f,| given
in Theorem 4.2 under Assumption 2.2.
d

The bound given in (5.2) includes a linear term and a higher-order term, which
is similar to the one for classical AA given in [29]. The higher-order term here is
simpler because the history points in AAP are generated by Picard iterations and are
well bounded around «;. Furthermore, the subsequent result is derived directly by
applying (5.1) and ||E¢| < Cgl f,].

COROLLARY 5.3. Under Assumptions 1.1 and 2.2, assume that J; is invertible
and f, is small enough. Then,

1 el <TA = Be) + Bess] || £
+ V1= [T BV =07 [T £+ Colll £ + o1 1%)-

Remark 5.4. The higher-order term H; in the proof of Theorem 5.2 equals
Hi = Bip, + f(x: — D) — f(m) = f ( ano affﬂf) - Z?L:o aff(mf),

which might be positive, potentially resulting in || f, || > | f;l|. However, if f is
convex and af > 0 for £ =0,...,m, then H; < 0 and the monotonic decay of || f,| is
guaranteed, i.e., | fi || < ||f;l|. The condition a; > 0 can be satisfied by imposing
nonnegative constraints on the LS problem in (2.1), as in the EDIIS method [7], but
the convergence might become slow.

Finally, we present the local convergence of AAP under the condition that ¢ is
a contractive mapping, i.e., K < 1. Under this condition, g has a unique fixed point
x* such that f(x*) = 0. Since ||¢'(x*)|| < k < 1, it follows that the Jacobian f’(x*)
is non-singular. Furthermore, an important property of contractive mappings is the
relation between the residual and error. Specifically, for all € R?, the error satisfies

e —z"| < [le - g(@)[| + llg(x) — g(z*)|| < [f (@)l + sllz — 27|,
which implies |z — z*|| < (1 — &)Y/ f(x)||. Meanwhile, the residual satisfies

[ (@) = ll(x —2) = [9(z) — g(x)]| < (1 +r)[z — 2"

THEOREM 5.5 (Local linear convergence of residual). Assume Assumptions 1.1
and 2.2 hold, with By > B > 0 for some 3, and the contraction constant k in Assump-
tion 1.1 satisfies k < 1. Let &* be the fixed-point solution, i.e., ** = g(x*). If xq is
sufficiently close to x*, then f, converges linearly to f(x*) =0, i.e., || fi1]| < pll £l
where p is a constant such that sup,[(1 — B¢) + Bikl0r < p < 1.

Proof. Recall the bound on [|f; || given in (5.2). As x <1, 8 > 3 > 0 and
0; < 1, the coefficient in the linear term satisfies [(1 — ;) + S:k]0: < 1. Thus, there
exists p that satisfies sup,[(1 — B:) + Bek|0: < p < 1. Additionally, the coefficient in
the higher-order term includes ||B; || where B, € B, is invertible.

We first find the conditions to bound || B; !||. We choose a small € > 0. According
to the continuity property of the Jacobian inverse [10, Lemma 2.1] and the fact that
f'(x*) is nonsingular, there exists d; > 0 such that f/(z;) = J; is invertible and
Ilf ()"t =f'(x2*) 7| < eprovided that ||x;—x*|| < (1—r) 151, which can be satisfied
by requiring || f(@:)|| < 6;. Furthermore, according to (5.1) and | E;|| < Cgl| f,|| under
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Assumptions 1.1 and 2.2, if J; is invertible, there exists a sufficiently small d, > 0
such that (J; 4+ E;) is invertible and ||(J; + E;)~Y| < ||J; || + € when || f,]| < d2.
Note that J; + E; € B;. Therefore, if || f,|| < min{d1,d2}, there exists By € B, which
is invertible and satisfies | B} || < M* where M* := || f'(x*)~!|| + 2e.

Next, we find conditions to guarantee the monotonic decay of the residual, i.e.,
[ferall < pllfell- According to (5.2),

1frall < 11— Bo) + Burl 6 £, + /1 - 621 BT [; 1- 2B, +0E} P
< (1= 80 + Bl O£l + I BT [SIBTH ) + C] 15,2
= (1= B0) + Bl0s + 1B (FUB7 1+ C) 15411 17
We have that if || £,]| < min{d1, 6},

£ riall < [[(1 = Be) + Bewlor + M* (3M* + Cp) | £I] 1.1l O

It follows that || f, 1] < pll£:]| when || f,|| < 65 where §5 = £=SuRll_Be)tBer)|0c -,

M*(3M*+Cp)
Thus, if ||| < min{6y, 53, 65}, we have [|fo1. ]| < plI £,
Since p < 1, if || fol| < min{dy,d2,d3}, then || f, (|| < p||f,]| for all £ > 0. This
condition, ||f,|| < min{dy, ds,d5}, is satisfied when x( is sufficiently close to &* due

to the continuity of f. This concludes the proof.
O

We have established the linear convergence of the residual, || f, ;|| < pl|f;||. The
convergence of the iterates {x;} follows as

lze — || < 1+ &)1 £,] < (L+ K)o (| Foll-

Remark 5.6. AAP can be regarded as an inexact Newton method [10] whose
search direction satisfies || J:p, — f,|| < nl| f,|| where p, := @1 —x411. This 7 is called
the forcing term of the inexact Newton method and assesses how well p, approximates
the exact Newton direction in each iteration. For any invertible B, € B;, we have

[ Tepy — foll < |[(1 = Be) + Bewlby + /1 — GflEtlllBtlll] 1Fell-

Since p, = p, + BT, the above bound comes from the decomposition of J:p, — f, =
(I + BiJ)7y — Eyp,. Thus, the forcing term of AAP satisfies n, = [(1 — 8¢) +
Berl0y + /1 = G| BBy IE [ Bl < Cgllfell, then n, < [(1 = By) + Ber]6r +
O(|If+I)- Tt follows that, when || f,|| approaches 0, n: converges to [(1 — B) + B:k]6+,
with the optimization gain 6; converging to the Jacobian-GMRES gain as shown in
Theorem 4.8. One sufficient condition to guarantee the local convergence of AAP, as
an inexact Newton method, is that sup, n; < 1 [10], which can be ensured by the same
assumptions as in Theorem 5.5.

6. Numerical results. In this section, we present numerical experiments to
demonstrate the performance of the AAP(m) against other algorithms, including:
e Picard: Picard iteration with x¢11 = g(x;).
e AA(m) [37]: Classical Anderson acceleration with a fixed window size m,
taking an AA step at each iteration.
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e resAA(m) [26]: Restarted Anderson acceleration, where an AA step is taken
at each iteration. The number of history iterates used increases until a given
threshold m is reached, after which the number of history iterates used is
reset to 0.

e Newton-GMRES[8]: Solves J;pY = f, using GMRES(m) at each global
iteration, updating z;; = x; — p). There is no line search applied.

Note that AAP(m) evaluates m+ 1 Picard iterations in each global iteration, whereas
Picard, AA(m), and resAA(m) evaluate one Picard iteration per iteration. The per-
formance of each algorithm may vary depending on the specific problem and the
parameters. The examples provided are chosen to better illustrate the features of
AAP. The code can be accessed at https://github.com/xuel993/AAP.git.

6.1. Logistic regression. The first example is a nonlinear fixed-point problem
derived from the gradient descent (GD) algorithm to minimize a function h(x). The
GD step with stepsize 7 is defined by ;1 = &;—nVh(x;), which can be reformulated
as a fixed-point problem:

z =g(x) =x —nVh(x).

Here, h is the loss function of a regularized logistic regression problem. Specifically,

1 n
h@) = > log(1 + exp(~yi v) + & a1,
i=1

where v; € R is a feature vector and y; € {—1,1} is the corresponding response, x
represents the weights, and p is the regularization parameter. We use two classical
datasets: w8a (n = 49,749 and d = 300) and covtype ( n = 581,000 and d = 54).
Both datasets are available at the LIBSVM website [6]. The function h is strongly
convex. For all examples, we use n = 1 and ensure that g is a contractive mapping.
The initial point is €y = 0, and the global minimizer is denoted as x*.

Figure 1 shows the results of different algorithms on the w8a and covtype datasets.
From Figure 1(a) about w8a dataset, we observe that AAP outperforms other algo-
rithms. The convergence plot for AAP in terms of the number of Picard iterations
exhibits a stair-step effect, with flat regions in each global iteration from Picard steps
and rapid decay from the AA step marked as red dot. Meanwhile, the errors of re-
sAA and AA oscillate, especially in the first few iterations. This oscillation is also
observed in the landscape of function h and optimization path plots in Figure 1(c),
where AA and resAA overshoot around the global minimizer, slowing their conver-
gence. This phenomenon can be explained as the approximate Jacobian is inaccurate
when constructed using points that are far apart from each other.

For the covtype dataset, both AAP and resAA perform well, as shown in Fig-
ure 1(b). The optimization paths of all AA algorithms in Figure 1(d) also show less
oscillation on this dataset. The third row in Figure 1 illustrates the impact of varying
m on different AA algorithms. It is observed that increasing m does not necessarily
improve the convergence rate for all AA variants. Compared to AA and resAA, the
performance of AAP demonstrates less oscillation across different values of m. None-
theless, the convergence rate of AAP tends to decrease over iterations. This is likely
due to machine round-off error, as the points generated by Picard are very close to
each other, making it difficult to retain useful curvature information in Y.

The first row of Figure 2 presents the convergence of the residual | f(z;)| in
terms of global iterations ¢ for AAP with varying m. In these examples, we chose
v = 0.0001 on the w8a dataset. With this small ~, the least singular value of the
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Hessian of h is 0.0001, and the contraction constant x of g is 0.9999. We can see that
the convergence of the Picard method is slow. However, the performance of AAP is
close to the Newton-GMRES method, both significantly improving the convergence
of Picard iteration. From subplots (b) and (c), it is evident that the residual || f(ax:)||
decrease monotonically when the residual is sufficiently small. The second row of
Figure 2 shows the optimization gain 6; of AAP in terms of global iterations ¢. By
comparing each pair, for example, subplot (a) of the convergence plot and subplot
(d) of the 6; plot both in red, we observe that the convergence rate of AAP is largely
influenced by 6;, and the convergence is faster with smaller 6;.

Additionally, subplots (d) and (e) of Figure 2 demonstrate that the optimization
gain 0; of AAP is close to the Jacobian-GMRES gain. However, for larger values of m
(e.g., m =7 as shown in subplot (f)), the Jacobian-GMRES gain is no longer a good
estimate of the optimization gain. This discrepancy is likely due to large constant in
the bound (4.22), and/or machine round-off errors.

6.2. Nonnegative matrix factorization. The second example is the Nonneg-
ative Matrix Factorization (NMF) problem, which has been applied in fields such
as text mining, image processing, and bioinformatics [11]. NMF decomposes a ma-
trix A € R4*% into two nonnegative matrices W € R**" and H € R"™* % ie.,
A~ WH and W > 0,H > 0. The optimization problem associated with NMF can
be formulated as

min |[A — WH|% subjectto W >0, H >0,
W.H

where || - || denotes the Frobenius norm. A widely used method to solve this prob-
lem is the alternating nonnegative least-squares (ANNLS) method: starting from
W > 0, one generates a sequence of (W, H;) by alternately solving the standard
nonnegatively constrained linear least-squares problems:

H;=argmin||A—W;_1H|r and W, =argmin|A—- WH,|r.
H>0 wW>0

Additionally, a normalization of W is applied at the beginning of each iteration. Fol-
lowing [37], we consider ANNLS to be a fixed-point iteration through the assignment
(Wi, Hy) = (Wip1, Hyy1). We perform the AA step on this problem by solving a
constrained LS based on the vectorized variable, and we truncate (W, H;) after the
AA step to guarantee nonnegativity of the sequence.

We construct synthetic NMF problems by generating random matrices W €
R300%™ and H € R™*5%, and then take A = W H € R300%50 " Consequently, the mini-
mum of the NMF objective function is zero. The initial point W is chosen randomly.
Figure 3 presents the results of different algorithms with the same initialization. It is
evident that all AA variants, including AAP, AA, and resAA, significantly improve
convergence compared to ANNLS. Since performance of each algorithm can be influ-
enced by different initializations, we also provide the median and interquartile range
plots of 15 runs.

7. Conclusion. This work focuses on the analysis of the Alternating Anderson
Picard method, in which an Anderson acceleration step is periodically applied after
a number of Picard iterations. We established the equivalence between AAP and
multisecant-GMRES and explored the relation between AAP and Newton-GMRES,
with particular emphasis on convergence analysis. We proved that the AAP residual
converges locally at an improved rate when compared to Picard iteration. Numeri-
cally, this method has demonstrated efficiency and robustness in our evaluations and
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Fic. 1. Comparison of different algorithms applied to logistic regression with p = 0.01 on both
w8a and covtype datasets. First row: number of Picard iterations versus relative error. Second
column: Landscape of the function h and the optimization paths of different algorithms. The true
domain dimension of h is 300 for the w8a dataset and 54 for the covtype dataset. To visualize h, we
show the level set of h along two directions starting from the initial point o = 0: normalized xo—x*
and a random direction. The optimization paths are also projected onto these two directions, with
each marker representing one Picard iteration. Due to the inefficiency of the history data points,
the first m iterations of AA(m) are equivalent to those of resAA(m), with their plots overlapping.
Third row: effect of varying m on different AA algorithms. It is noteworthy that when m = 1,
AAP(1) is equivalent to resAA (1), resulting in the vanishing plot of resAA(1).
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F1a. 2. Convergence of AAP on logistic regression with v = 0.0001 on the w8a dataset. The first
row shows global iterations versus residual norm || f(x¢)|| for different algorithms, including Picard
and Newton-GMRES as reference. In each global iteration, Picard performs m + 1 steps to have
a fair comparison with AAP. The second row presents global iterations versus optimization gain
0:. We also display the value of the Jacobian-GMRES gain ||v]||/||f:|l, as defined in (4.21). The
Jacobian-GMRES gain ||v{||/|| £l (U) represents the theoretical upper bound of ||vr{||/|| .|l given
in (4.24). Here the Jacobian is the Hessian of h, which is symmetric and positive definite.
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Fic. 3. Comparison of different algorithms on NMF problems with r = 4. All plot shows number
of Picard iterations versus relative residual ||A—W H¢||p/||Allr. (a): Different algorithms with the
same initialization. (b): Median and interquartile range plots of 15 runs with random initializations.

is comparable to the Newton-GMRES method without accessing the Jacobian. This
underscores the potential of AAP as a practical alternative in scenarios where compu-
tational resources are limited or when explicit Jacobian computation is impractical.
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to the improvement of this work.

Appendix A. Uniform boundedness of cond(S;). The uniform boundedness
of cond(S}) is important for the bound of E; as shown in Theorem 4.2. Thus, in this
section, we discuss cond(S;) when the AAP residual f, approaches 0.

We have shown that S; converges to G; as ||f;|| approaches zero. Consequently,
cond(G}) can serve as an estimator for cond(S;) when || f,| is sufficiently small. The
matrix Gy is a Krylov matrix. The condition number and the least singular value
of Krylov matrices are active research areas [5, 9, 4]. Generally speaking, G; can be
ill-conditioned even for a moderate number of columns [5].

In the following, we discuss cond(G}) in a simple case where ¢’(x;) is symmetric,
allowing G to be decomposed into the product of a diagonal matrix and a Vander-
monde matrix.

LEMMA A.1. Let ¢'(x¢)be a symmetric matriz with eigendecomposition g'(x) =
QT AQ, where Q is an orthogonal matriz and A = diag(A1, ..., Aq). Denote Quﬁ—fﬂ =
t
[a1,as,...,aq)". If min; |a;| > 0, then

\/E
(A.1) cond(Gy) < (min; [as]) omin (Vim (A1, Az, ..., Aa))’

where Vo, (A1, ..., Aq) is a d X m rectangular Vandermonde matriz.
Proof. Denote K = ¢'(x;). Since K = QT AQ, we have K® =QTAYQ. By
the definition of G, we have
QG =QIf . KV f, K@ f, ... K" Vf)]
=[Qf, QK5 QK ... . QK" V]
=[Qf, AVQf, APQS,,... ATVQS].

It follows from Qu}cﬁ = [a1,az,...,aq)7 that
aq (11)\1 (11/\% e al)\’lﬂ_l
1 a9 ag)\g ag)\% s ag)\gbil
7QGt —
14l : :
aqg  AgAg ad)\fi e ad/\gl_l

= diag(alv az, ... 7ad)Vm(>‘17 )\23 R )\d)

Denote D = diag(ay,as,...,aq) and V =V, (A1, Ao, ..., A\g). Since Q is an orthog-
onal matrix, we have

Omin (”j}t‘l Gt> = Omin (nTlthGf) = Omin (DV).

Assume 0y (DV) = |[DVE| with ||]|=1. Since ompin(V) = ming..o 12

(e

Oumin(V) < V2L = IDZDVEL < =1 | DV | = L [|DV].

= =l [ min; [a;| I

Thus, omin (mGt) > (min; |a;]) omin (V). On the other hand, opyax (mGt) =

[ (mGt) < (H%NGt> |F <+y/m. Combining these with

t

_ 1 _ 1 ) 1
cond(Gy) = cond(Hf ”Gt) = Omax (mGt> /Omin (HftHGt) ,
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gives the result. O

In Lemma A.1, the condition that min; |a;| > 0 is equivalent to the vector f, not
being parallel to any of the eigenvectors of the matrix ¢’(a;). The least singular value
of the Vandermonde matrix V,,(A1,...,Aq) depends on the distribution of its seeds
Ai [4, 21, 9]. Theorem 6 of [9] shows that when the largest seed |A1] < 1, the least
singular value

Umin(vm()\lv sy )\d)) S Jmax(vm()\lv ey )\d))|)\1‘(m)7

which decays exponentially with respect to m. It indicates that a large m may lead
to a significant increase in cond(G;), which in turn can cause a dramatic increase in
|E¢||. In addtion, since S; — G4, and Y; — Gy, large m may cause instability of the
least square problem in the AA step. However, when f, is small, machine round-off
errors will also affect the numerical value of cond(S:) and cond(Y7).
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