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A proof that Anderson acceleration improves the convergence rate
in linearly converging fixed point methods (but not in those
converging quadratically)

Claire Evans* Sara Pollock! Leo G. Rebholz* Mengying Xiao $

Abstract

This paper provides the first proof that Anderson acceleration (AA) improves the convergence
rate of general fixed point iterations. AA has been used for decades to speed up nonlinear
solvers in many applications, however a rigorous mathematical justification of the improved
convergence rate has remained lacking. The key ideas of the analysis presented here are relating
the difference of consecutive iterates to residuals based on performing the inner-optimization in
a Hilbert space setting, and explicitly defining the gain in the optimization stage to be the ratio
of improvement over a step of the unaccelerated fixed point iteration. The main result we prove
is that AA improves the convergence rate of a fixed point iteration to first order by a factor
of the gain at each step. In addition to improving the convergence rate, our results indicate
that AA increases the radius of convergence. Lastly, our estimate shows that while the linear
convergence rate is improved, additional quadratic terms arise in the estimate, which shows why
AA does not typically improve convergence in quadratically converging fixed point iterations.
Results of several numerical tests are given which illustrate the theory.

1 Introduction

We study an acceleration technique for fixed point problems called Anderson acceleration, in which
a history of search-directions is used to improve the rate of convergence of fixed-point iterations.
The method was originally introduced by D.G. Anderson in 1965 in the context of integral equations
[2]. It has recently been used in many applications, including multisecant methods for fixed-point
iterations in electronic structure computations [5], geometry optimization problems [12], various
types of flow problems [11], 13], radiation diffusion and nuclear physics [11 [16], molecular interaction
[14], machine learning [6], improving the alternating projections method for computing nearest
correlation matrices [7], and on a wide range of nonlinear problems in the context of generalized
minimal residual (GMRES) methods in [I7]. We further refer readers to [8, 10,11, 17] and references
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therein for detailed discussions on both practical implementation and a history of the method and
its applications.

Despite a long history of use and a strong recent interest, the first mathematical convergence
results for Anderson acceleration (for both linear and nonlinear problems) appear in 2015 in [15],
under the usual local assumptions for convergence of Newton iterations. However, this theory does
not prove that Anderson acceleration improves the convergence of a fixed point iteration, or in
other words accelerates convergence in the sense of [4]. Rather, it proves that Anderson accelerated
fixed point iterations will converge in the neighborhood of a fixed point; and, an upper bound
on the convergence rate is shown to approach from above the convergence rate of the underlying
fixed point iteration. While an important stage in the developing theory, this does not explain
the efficacy of the method, which has gained popularity as practitioners have continued to observe
a dramatic speedup and increase in robustness from Anderson acceleration over a wide range of
problems.

The purpose of this paper is to address this gap in the theory by proving a rigorous estimate for
Anderson acceleration that shows a guaranteed improvement in the convergence rate for fixed point
iterations (for general C? functions) that converge linearly (with rate k). By explicitly defining
the gain of the optimization stage at iteration k£ to be the ratio 0 of the optimized objective
function compared to that of the usual fixed point method, we prove the new convergence rate
is Ox((1 — Bx—1) + Br—1k) at step k, where 0 < fx_1 < 1 is a damping parameter and f;_1 = 1
produces the undamped iteration. The key ideas to the proof are an expansion of the residual
errors, developing expressions relating the difference of consecutive iterates and residuals, and
explicitly factoring in the gain from the optimization stage. A somewhat similar approach is used
by the authors to prove that Anderson acceleration speeds up Picard iteration convergence for finite
element discretizations of the steady Navier-Stokes equations in [13] (without the C? assumption
on the fixed-point operator), and herein we extend these ideas to general fixed point iterations.

In addition to the improved linear convergence rate, our analysis also indicates that Anderson
acceleration introduces quadratic error terms, which is consistent with known results that Anderson
acceleration does not accelerate quadratically converging fixed point methods (see the numerical
experiments section below), establishing a barrier which theoretically prevents establishing an im-
proved convergence rate for general fixed-point iterations. A third important result we show is
that both Anderson acceleration and the use of damping can extend the radius of convergence for
the method, i.e. Anderson acceleration can allow the iteration to converge even when outside the
domain where the fixed point function is contractive. An illustrative example of this is shown in
4.2

This paper is arranged as follows. In we review Anderson acceleration, describe the problem
setting, and give some basic definitions and notation. §3|gives several important technical results to
make the later analysis cleaner and simpler. §4] gives the main result of the paper, proving that the
linear convergence rate is improved by Anderson acceleration, but additional quadratic error terms
arise. §5|gives results from numerical tests, with the intent of illustrating the current contributions
to the theory. Conclusions are given in the final section.

2 Anderson acceleration

In what follows, we will consider a fixed-point operator g : X — X where X is a Hilbert space with
norm || - || and inner-product (-, ). The Anderson acceleration algorithm with depth m applied to



the fixed-point problem g(x) = z reads as follows.

Algorithm 2.1 (Anderson iteration). The Anderson-acceleration with depth m > 0 and damping
factors 0 < B, < 1 reads:
Step 0: Choose xy € X.
Step 1: Find 1 € X such that &1 = g(xg). Set x1 = Z1.
Step k: For k =1,2,3,... Set mj = min{k, m}.
[a.] Find 41 = g(z).
[b.] Solve the minimization problem for {a?“}’g_mk

k
min (Tj1 —x5)]| - (2.1)
Zf - a§+1_1 :kz J J
[c.] For damping factor 0 < B <1, set
k k
Tp+1 = (1 — B) Z oz?“xj + Bk Z CY‘];-H_li'j_A'_l. (2.2)
J=k—my Jj=k—my

We will use throughout this work the stage-k residual and error terms

Cp ‘= T — Thk—1, ék = :fk — jk—l; Wy = :fk — Tk—1- (23)
Define the following averages given by the solution o* {akH f k—m, b0 the optimization
problem (2.1)) by
k k
k L, k+1
Z * Tj, Ty = Z a xj+1a Wiy = Z Oéj+ (9(x;) — ;). (2.4)
j=k— j=k—my j=k—my

Then the update (2.2) can be written in terms of the averages x® and &,

Tp1 = (1 — Br)af + Briiiys (2.5)

and the stage-k gain 6 can be defined by

i || = Ok llwrsa - (2.6)

The key to showing the acceleration of this technique defined by taking a linear combination of a
history of steps corresponding to the coefficients of the optimization problem is connecting
the gain 6 given by to the differences of consecutive iterates and residual terms in .
As such, the success (or failure) of the algorithm to reduce the residual is coupled to the success
of the optimization problem at each stage of the algorithm. As ai“ = 1,04;7Jle =0,7 # kis an
admissible solution to , it follows immediately that 0 < 8 < 1. As discussed in the remainder,
the improvement in the contraction rate of the fixed-point iteration is characterized by 6.

The two main components of the proof of residual convergence at an accelerated rate are the
expansion of the residual w1 into w§ and error terms ex_,, ,,...,ex; and, control of the e;’s in
terms of the corresponding w;’s. In the next section, the first of these is established for general m,
and the second for the particular cases of depth m = 1 and m = 2, with the result then extrapolated
for general m.



3 Technical preliminaries

There are two main technical results used in our theory. The first is an expansion of the residual,
and the second is a set of estimates relating the difference of consecutive iterates to residuals. These
are shown in §3.1] and respectively. The main results which depend on these estimates are
then presented in

For the bounds in relating the difference of consecutive iterates to residuals, the operator
g : X — X is assumed Lipschitz continuous and contractive, as in [I3]; see Assumption below.
The results of do not require the contractive property, but require the assumption that g is
twice continuously differentiable to allow for Taylor expansions of the error terms. We denote the
derivatives of g by ¢'(+;-) and ¢”(-;-,-), and employ the standard notation that forms ¢'(+;-) and

g"(+;-,-) are linear with respect to the arguments to the right of the semicolon.

Assumption 3.1. Let X be a Hilbert space and g : X — X. Assume g has a fixed point x* € X,
and there are positive constants k and k with

1. g € C*(X).
2. |4 (y;u)|| < & ||u|| for each y and all u € X.
3. 9" (y; u, v)|| < &l |v]| for each y and all u,v € X.

Assumption 3.2. Let X be a Hilbert space and g : X — X. Assume ||g(y) — g(z)|| < k|jlz — vy
for every x,y € X, with k < 1.

By standard fixed-point theory, Assumption implies the existence of a unique fixed-point
z* of g in X. In a slight abuse of notation, the difference of consecutive iterates, e = xp — xrp_1 is
loosely referred to in this manuscript as an error term. As shown carefully in [13], the true error
xp — =* is controlled in norm by e;, j = k — my, ..., k, for the depth m algorithm so long as the
coefficients from the optimization remain bounded. In the results of §4] the residual wy is shown
to converge to zero under Assumption This is sufficient to establish convergence of the error
r — ¥ to zero as

ok — 21| < lax — gl@)ll + lg(an) — 9@ < w4+ 5l — 2*],

by which [Jz, — 2*| < (1= %)~ [fwppa]]

3.1 Expansion of the residual

Based on Assumption the error term é; of (2.4]) has a Taylor expansion

1
Shrn = 0lex) — g@ra) = /0 o Ga(t)sex) dt, (3.1)

where z(t) = xp_1 + teg. For each ¢ € [0, 1] a second application of Taylor’s Theorem provides

1
9 (z-1(t);-) = ¢ (z(t); ) +/O 9" (Zra(8); 261 (t) = 2r(t),) d's, (3.2)



where 25 +(s) = zi_1(t) + s(zk(t) — zx—1(t)). Using (3.1))-(3.2) we next derive an expansion of the
residual wg41 in terms of the differences of consecutive iterates ey, ..., ex—ym, ,. We start with the

definition of the residual by (2.4) and the expansion of iterate z; by the update (12.5)).

W1 = g(xk) — ok = (1= Br—1)(g(zr) — 23 1) + Be—1(g(zk) — 7). (33)
Expanding the first term on the right hand side of (3.3]) yields

k—1

g(wg) —xp_y = Z a?(g(xk) - mj)

Jj=k—mp_1—-1

k—1 k 7j—1
= Y ) -+ D > ok ) (9(xy) - g(zim1))
Jj=k—mp_1—1 j=k—myp_1 \n=k—mp_1—1
k
=wp + Z Vj€j41s (3.4)
Jj=k—mg_1
where
j—1
v= > af (3.5)

n=k—myp_1—1

It is worth noting that v, = 1. Expanding the second term on the right hand side of (3.3), we get

k—1 k
glap) =g = > of(glar) —g(z)) = Y. vEia (3.6)
j=k—mp_1—-1 j=k—my_1

Reassembling (3.3) with (3.4)) and (3.6 followed by (3.1]), we have

k k 1
wipr = (1= B+ Y Yl = (1= Bnuf + Y %‘/0 9'(z(t);e5) dt. (3.7)

j=k—myg_1 Jj=k—myg_1

We now take a closer look at the last term of (3.7). For each j =k —my_1,...,k — 1, adding and
subtracting intermediate averages allows

1 1 k=1 .1
| ey ar= [ dame) ar+ 3 [ dGuie) - gt an @3)
n=j
Applying now (3.2)) to each summand of (3.8) then yields

1 1 k=1 .1 1
/O ¢ (z5(t);e;) dt = /0 g’(zk<t>;ej>dt+; /0 /0 ¢ Cs1.0(8)): 20(t) — Znia (D)) d s dt.

(3.9)



Summing over the j’s after (3.9)) is applied to each term, the sum on the right hand side of ({3.7))
may be expressed as

k 1 1 k
> vj/ q'(z(t); ¢)) dt:/ g )y Y ey) dt
j=k—m_y 70 0 J=k—mp_1
k—1 1 1 (k-1
+ Z /0 /0 Zg"(ﬁnﬂ,t(s);zn(t)—zn+1(t),’yjej) ds dt.
Jj=k—mg_1 n=j

(3.10)

k

The next calculation shows that > v;€; is equal to B_jwy. First observe that v; —v;_1 =

j=k—myp_1
a?_l and Vi—m, , = o/,jimkilil. Séparating the first term of the sum and using v, = 1,
k k—1
Yoo oveima—ma+ Y, vz —zio)
J=k—mp_y J=k—mp_1
k—2
=Tk — Tk-1 T Ve-1Tk-1 — Z afﬂﬁj
J=k—mp_1-1
k—2
=2 —of g — Z a?a:j =T —Th_ - (3.11)

j=k—mp_1—-1
From (3.11)) and the decomposition of xj, in terms of update (2.2)), we have that

k

ST e =an—afy = (1- Beo1)2hy + Breoa@h — af g = Bro1(Ef — 2f_y) = Brrwf.
Jj=k—mg_1

(3.12)

Putting (3.12)) together with (3.10)) and (3.7)) then yields

1
Wi = /0 (1= Beo)w + Bro1g (2 (8)iwf) di

k—1 1 1 [k—1
_ // S G a1 () 2nlt) — zaa(B),75¢5) | dsdt. (3.13)

0 0 :

n=j

j=k—mp_1

Based on the expansion of wgy1 by (3.13) we now proceed to bound the higher order terms in the
particular cases m = 1 and m = 2 to establish convergence of Algorithm at an accelerated rate.

3.2 Relating the difference of consecutive iterates to residuals

We now derive estimates to bound (in norm) the e;’s from the right hand side of (3.13) by the
corresponding w;’s. The bounds in this subsection hold under Assumption namely ¢ is a
contractive operator.



Under Assumption [3.2] we have the inequality

(1= 5) llenll < llenll = [lentall < [lent1 — enll = [lwni1 — wnll- (3.14)

The next lemma establishes a bound for e;_1 in terms of w; and w;_1 in the case of depth
m = 1. The subsequent lemma generalizes the same idea for general m.

Lemma 3.1. Under the conditions of Assumption[3.3, the following bounds hold true:

; 1

’a;_1| lej—1] < 1-x |wj-1ll (3.15)
; 1

03l llegall < Tyl (3.16)

Proof. Begin by rewriting the optimization problem ([2.1)) in the equivalent form

1 = argmin [lw;_1 + n(w; — wj—1)]|,

where a;-_l =n and a;:_Q = 1 — 1. The critical point 7 then satisfies 7 ||w; — w;_1||* = (w;j—_1, w; —

wj—1). Applying Cauchy-Schwarz and triangular inequalities yields |n| ||w; — wj—1]| < ||lwj-1]| . Ap-
plying (3.14)) with n = j — 1 yields the result (3.15]).
Next, rewrite the optimization problem ([2.1)) in another equivalent form,

v = argmin |[w; — y(w; — wj_1)|?, (3.17)

where the equivalence follows with ag_Q =~ and aj_l = 1 — ~. Following the same procedure as
above yields |y] ||wj —wj—1|| < ||wj||. Applying (3.14) at level n — 1 then yields the second result
(3.16). 0

The use of v as the second parameter of in the proof above is not purely coincidental, as this
v agrees with the '@71 used in The same essential technique yields the necessary bounds for
m > 2. The estimate for general m is given in the lemma below, with the particular estimate for
m = 2 given as a proposition.

As in the m = 1 case above, two forms of the optimization problem are used. The ~-formulation
is used to bound the terms +; ||le;|| that appear from the expansion ; whereas, the n-formulation
is used to bound the terms |e;|| that appear in the numerator without leading optimization co-
efficients. It is then of particular importance that estimates of the form c||e;|| < Xk, ||wy,|| have
the property that c is bounded away from zero. This is a reasonable assumption on the leading
coefficient ¢ = aﬁ_l for each k, as some nonvanishing component in the latest search direction is
necessary for progress. It is also a reasonable assumption on ¢ = 1 — O‘llg—mk,l—h meaning the
coefficient of the earliest search direction considered is bounded away from unity. Presumably,
\aﬁ_mk_l_l\ < 1 is a reasonable assumption to make, although this is not explicitly required (cf.,

[13]).



Lemma 3.2. Under the conditions of Assumption[3.3, the following bounds hold true:

j—2
. 1 J .
oy llejall < = (Il eyl + S0 Jadyl el (3.18)
n=j—mj_1—1
. 1 J .
11—, il [ejmma || < - > el lwall + Inj—meal lwj—mia | + wj—ml
n=j—m-2
(3.19)
1 =
p-1lllep-all < 37— > el llwall + p—2l lwp—1ll + ol lwpl
n=j—m;j_1
j .
+ Y lad I lwall ] - (3.20)
n=p+1

with nj—1 = a§_1 + 04;:_2 as in (3.21), and vp,Yp—1,7p—2, given below by (3.22).
Proof. The optimization problem (2.1)) at level j is to minimize

J—1 Jj—1
g alwny1|| subject to g ol =1.
n=j—mj_1—1 n=j—mj;_1—1

Differencing from the left and right respectively, this can be posed as the following unconstrained
optimization problems:

, 2 ,
J 7j—1 '
minimize |[Wj—m, , + N (Wy, — Wp—1) = ol (3.21)
j—mj_1 n Wn, n—1 , Tin i .
n=j—mj_1+1 i=n—1
. 2
J n—1
minimize ||w; — Yn—1(wn, — wp_1) = ol (3.22)
] n—1\{Wn n—1 ) Tn 'R .
n:j_mj—l+1 i:j—mj_l—l

Note that coincides with which agrees with the unconstrained form of the optimization
problem in for instance [5]. To help reduce notation, denote m = m;_; for the remainder of the
proof.

Starting with estimate we are concerned with bounding in norm the leading term dif-
ference term w; — w;j_1. Expanding the norm squared as an inner-product and seeking the
critical point for n; yields

j—1
njllwy = wi 1|+ (wj = wisn,wi—m) + > MWy — wj1, Wy — wy_1) = 0.
n=j—m+1

Recombining the terms inside the sum, noting 7,-1 — 1, = oijl_Q, and n; = a?_l obtain

Jj—2
. ) . . .
oy Jwy — wia|* = —(af_y +af_y)(wj —wjr,wi1) = Y ad (wj — w1, wy).



Applying Cauchy-Schwarz and triangle inequalities then yields
oy llwj — wjall < Jed_y + o ol llwj—all + Y gy [lwnl -

n=j—m

Applying (3.14]), the result (3.18) follows.

Following the same idea for estimate (3.19)), we are now concerned with bounding in norm the
final difference term w;j_mm41 — wj—m. Again expanding (3.21)) as an inner-product and seeking the
critical point this time for n;_,,+1 yields

) J
et 10 —my1 = Wi+ (Wi m1 =W, W)+ D MW 1— W)y W —wp 1) = 0,

n=j—m-2
Recombining terms noting 7,41 =1 — O
, J ‘
J A . 2 _ J . .
(1 —aj_p ) [wjmpr —wjml” = § (Wit — W, wn)
n=j—m-2

- (wjferl — Wj—m, Nj—m+2Wj—m+1 + w];m)-
Applying Cauchy-Schwarz and triangle inequalities then yields
. j ,
1=y g = wimll < {2l wall |+ el 0y [+ gl

n=j—m+2

The result (3.19)) follows by (3.14)).
Similarly for (3.20]), expanding the norm of (3.22)) as an inner product and seeking the critical

point for each +, yields
) J
Vo1 lwp — wp—1[|” = (wp — wp—1,w5) — Z Yn—1(Wp — Wp—1, Wn — Wn—1).

n=j—m+1n#p

. R . i g .
Recombining the terms inside the sum using v, — yp—1 = ;,_, and vj_, = i—m—1, We obtain

p—2
) .
Vo1 [[wp — wp—1[|” = Z 0, (Wp — Wp—1,Wn) — Yp—2(Wp — Wp—1, Wp—1) + Vp(Wp — Wp—1, wp)
n=j—m
j .
+ Z A,y (wp = wp1, wn).
n=p+1

Applying now Cauchy-Schwarz and triangle inequalities,

p—2 J
1l llwp —wpall < D Jad [ wall + p—al lwp—1 | + [l llwpll + Y lad, | wall -
n=j—m n=p+1
Applying (3.14]), the result (3.20) follows. O



For the convenience of subsequent calculations, the bounds (3.21) and (3.22) used to bound
||lwii1]|| for the case of depth m = 2 are summarized in the following proposition.

Proposition 3.3 (Depth m = 2). With depth m = 2 the estimates (3.18]) and (3.20)) reduce to

oy lles-ll € 3= (lod-y + o ol llwga |+ o) ] 21l (3:23)
1= ol llejall < = (lod_ | agll + lod_y gl + o)) (3:24)
rg-illleg1ll < = (gl + lod_gl oyl + o o] g1 (3.25)
-2l lles-al < 72— (lad_y llwgll + 11 = ad_y ooy 1) (3.26)

The second two bounds (3.25) and (3.26)) follow from (3.20)) noting from (3.22)), that for m = 2
we have v;_o = 045.73, Yj—1 = 1— ozg-fl and ; = 1. The approach taken in [I3] is to reduce the
right hand side of (3.24]) and (3.25) to two terms each by relating their expansion to that of
and , respectively. Here the terms are left as they are to emphasize the direct generality to

greater depth m.

3.3 Explicit computation of the optimization gain

The stage-k gain 0y has a simple description assuming the optimization is performed over a norm
|| - || induced by an inner product (-, - ), in other words in a Hilbert space setting.

Consider the unconstrained ~-form of the optimization problem at iteration k with depth
m: Find yk—m+1,-..,7 that minimize

2

2
W41 — Z 'Yn(wn—l-l - wn) = Hwk-i-l - Fk'YkH ) (3-27)

n=k—m-1

Where F is the matrix with columns wy4+1 —wn, n =k —m+1,...,k and 7* is the corresponding
vector of coefficients yx—my1, ..., 7. Indeed, (or equivalently reindexed) is the preferred way
to state the optimization problem [I7], particularly in the case where || - || is the /3 norm and a fast
QR algorithm can be used.

This is also the preferred statement of the problem to understand the gain 6, from ,
which satisfies le?HH = Ok ||wir1]| Define the unique decomposition wii1 = wgr + wy with
wp € Range (F*) and wy € Null ((F;)"). Then wy is the least-squares residual satisfying ||wy|| =
|wii1 = FF6*|| = |Jwpy || = Ok lwisa || meaning

2
O = /1 — ”L% (3.28)
[y

and, 0y has the interpretation of the direction-sine between wyy1 and the subspace spanned by
{wp+1 — wn}ﬁ:k_m 41~ This is particularly clear in the case m = 1 where by solving for the critical

point v of (3.17)) yields

_ (W1, Wy — wi)
i1 — wi|?

10



Expanding 67 wistI? = |wps1 — V(w1 — wi)||* and using the particular value of 4 above yields

1 92 _ (wk+17wk+1 - 'lUk)2
Yk T 2 27
lwi1 — wil|” [|wr+1]]

with the clear interpretation that (1 — 9,%)1/ 2 is the direction cosine between Wgy1 and wry1 — Wi,
hence 0;, is the direction-sine.
If indeed an (economy) QR algorithm F’ k = Q1R is used to solve the optimization problem then

O = \/1 — (||QTwg41]] / lwk+1]])?, which can be used to predict whether an accelerated step would
be (sufficiently) beneficial. This explicit computation of €y is used in to propose an adaptive
damping strategy based on the gain at each step. Finally, it is noted that the improvement in
the gain 6, as m is increased depends on sufficient linear independence or small direction cosines
between the columns of F*, as information from earlier in the history is added. This is discussed
in some greater depth in [I7].

4 Convergence rates for depths m =1 and m = 2

First we put the expansion (3.13) together with the bounds (3.15)-(3.16)) for a convergence proof
for the simplest case of m = 1.

Theorem 4.1 (Convergence of the residual with depth m = 1). On satisfaction of Assumptions

and if the coefficients o/,ﬁ“,ag_l remain bounded and bounded away from zero, the following

bound holds for the residual wgy1 from Algorithm with depth m = 1:

lwhetl < 0k((1 = Br) + £By-1) llwgll + O (lwel)?) + O (wpa )

Remark 4.1. The assumptions on the coefficients a;? arising from the optimization problem are

similar to those of [15]. These assumptions could be eliminated by solving instead a constrained
optimization problem that enforces boundedness of the parameters, resulting in a modified gain 0
which satisfies 0 < 0 < 1.

Proof. In this case the expansion found for w1 in (3.13)) reduces to
1
Wry1 = / (1= Br—1)wi + Br—19(zx(t);wi) dt
0

1,1
+/ / G (Zr(8); zp—1(t) — 21(t), Ye—1€k—1) d s d . (4.1)
0o Jo
Taking norms of both sides and applying Assumption (2.6) and the triangle inequality,

[wpsr || < Or((1 = Be—1) + KBr—1) llwill + E(ller]| + [lex—1l)yr—1 llex—1]l - (4.2)

The preceding bound holds regardless of whether g is globally contractive (Assumption ,
hence for error terms ||| and ||ex—1|| small enough, contraction of the error may be observed
depending on the search direction, particularly if a damping factor 0 < § < 1 is applied, and if the
gain 0 is sufficiently less than one. This justifies the observation that Anderson acceleration can
enlarge the effective domain of convergence of a fixed point iteration.

11



For the remainder of the calculation, we consider the case of a contractive operator, meaning
Assumption is satisfied. Applying (3.16]) with j = k to the v4_1 ||ex_1]|, recalling by we
have y,_1 = ai_Q; and, applying @ with 7 = k+ 1 and j = k respectively to the remaining
llex|| and ||ex—1|| allows

R Jwell | lwk—1]]
w < 0k((1 = Br—1) + £Bk—1) ||wi|l + + w
Jwir1 ]| < O((1 = Br—1) + £Br—1) lwi e <0‘]1§+1 ok [Jwg ||

= 00((1 = Be-1) + #Be-1) el + O (Jlonl*) + O (Jhun-a]?) (4.3)
O

As discussed in 3.2, ot and ok are each the leading coefficients in their respective optimiza-
k k—1 g p P

tion problems, multiplying the most recent iterate. As such, these coefficients may be reasonably
considered bounded away from zero.

The case of m = 2 follows similarly, combining (3.13)) with (3.23)-(3.26])).

Theorem 4.2 (Convergence of the residual with depth m = 2). On satisfaction of Assumptions
and if the coefficients a,’jfg, . ,aﬁfl remain bounded, and o/,zfl and 1 — aﬁfS remain
bounded away from zero, the following bound holds for the residual wiy1 from Algorithm with
depth m = 2.

lwitll < 0k = Br-1) + £Bi-) il + O (wil) + O (1)) + O (Jhwn-2?)

Proof. For depth m = 2 the residual expansion (3.13) reduces to
1
Wiy = / (1 = Br—1)wg + Be—19' (z(t); wy) dt
0
1,1
+/ / 9" (Zre(s); 211 (t) — 2 (t), e—1ex-1) d s dt.
0o Jo
1,1
+/ / 9" (Zr-1,4(8); zr—2(t) — 26—1(t), Yh—2ek—2) ds dt.
0o Jo

1l
[ ] o Gratsaa(o) - s msens) ds d.
0o Jo
Taking norms of both sides and applying (2.6) and the triangle inequality,

lwrgr || < Or((1 = Br-1) + K5Bk—1) [lwill + E(llexl| + llex—1[)Ivr—1] llex—1ll -
+ Alllen—2ll + 2llex—1ll + llexl) r—2 llex—2| - (4.4)

Applying (3.25) and (3.26) to (4.4)) yields
w1l < Ok((1 — Br—1) + K£Bk—1) |lwe]]

K k k
+ 7 Ulewll + llex—1ll) (Hwkll + lag_s| lwg-1ll + |ag_s| ||wk—2H)

R
(el + 2llex-1ll + llex—zl) (Jak— lwell +11 = af oyl fwe-all) . (45)
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Applying (3.23) with j = k+ 1 and j = k together with (3.24) to (4.5)) then yields
[wpsall < Ok((L = Be—1) + £Br—1) [Jwill

+ 1—r)? (ak-H (’%H + o | wk]| + g | HwkﬂH)
k

1
+k0a§1+a§ﬂW%1H+k¢3!WkﬂD>
A1

k k
x (lwell + laf_al llwg ]| + lof_al w2

K 1 & & .
+ (1—r)? <ak+1 (O‘kz+1 + O‘kﬂ‘ [|wg | + \akf§| Hwk—1||>
k

1 k k k
+ —— (lok1 + kol o) + lof | ol
A1
1 k k
(ol lwell + o |+ 2]
— O3
x (I llwnll + 1 = afy gl (4.6)

And, (4.6]) satisfies
ok all < 061 = Be1) + £By-1) lwpll + O (Ilwpl?) + O (wna)?) + O (o), (A7)
where the higher order terms have bounded coefficients. O

Remark 4.2. To avoid the extra assumption that |1 — ag_gl remains bounded away from zero, the

term |lex—o|| of (4.4)) could be bounded instead by (3.20) with j = k — 1, by which (4.7) is replaced
by

w1l < Ok((1 = Be-1) + £Bk—1) [will
+0 (lwgl?) + O (lwn-1]?) + O (lwg-2I”) + O (lwns]?)
Moreover this generalizes to higher order.

Finally, we state without proof the general result which can be extrapolated from (3.13]) and
(3.18)-(3.20)) as was done explicitly for depth m = 2, above.

Proposition 4.3. On satisfaction of Assumptions and if the coefficients O‘]lz—m—l’ . ,a,’jfl
remain bounded, and agfl and 1 — aifmfl remain bounded away from zero, the following bound

holds for the residual wy1 from Algorithm with depth m.

m
sl < Ok((1 = Bir) + i) el + 5 O (Jleon—512)
§=0
As discussed in §3.3] even as the higher order terms accumulate, there is still an advantage
to some extent to considering greater depth m, due to the improved gain from the optimization
problem. However, in practice this must be weighed against the computational cost of raising m
(which can become significant) and the accuracy of one’s optimization solver. In our tests, little
improvement is found past m = 3.
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5 Numerical tests

We now give results of several numerical tests that illustrate the theory above. In particular,
we illustrate that Anderson speeds up linear convergence, slows down quadratic convergence, and
increases the radius of convergence in agreement with the presented theory. It is not our purpose
in this section to show how well Anderson acceleration works on a wide variety of problems; for
this, see the references in the introduction.

5.1 Simple illustrative tests for the scalar case

We start with results of some simple tests for scalar problems, which illustrate the theory above.
For scalar fixed point iterations, it only makes sense to consider Anderson for m = 1, since one
can solve explicitly for the optimization parameter that makes the objective function zero, hence
0, = 0 at each step. We take S = 1 in each of these 1D tests. We remark that for the 1D case
with m = 1, Anderson acceleration of the fixed point problem with g(z) is equivalent to the secant
method applied to f(x) = g(x) — = (this follows from [5] but could also be easily shown by writing
out the methods), but still feel it is instructive to show these simple tests.
The fixed point iterations we consider are:

2
FPPy ‘Ek+1:91(wk)=1+;7 xo = 2.1,
k
cos(xy) — sin(x
FPPy: 41 = go(wp) = o — (zx) (k)

=1
—sin(zy) — cos(xy)’ =5

FPPs: xp4q = g3(z) = xi -2, zo = 4.

Results from these iterations, with (m = 1) and without (m = 0) Anderson acceleration are
shown in Figure |1} For FPP; with m = 0 we expect and observe linear convergence with a rate
of |¢'(2)| = 0.5 to z* = 2, but with m = 1 the convergence becomes superlinear. Since 6, = 0,
our theory shows that error then depends only on quadratic terms, which is consistent with these
results.

F PP, is the Newton iteration for finding the zero of f(x) = cos(x) —sin(z), and the fixed point
the method converges to is * = 7. Since here the m = 0 test is Newton’s method with a smooth
g and good initial guess, the convergence is expected and observed to be quadratic. With m = 1,
we see convergence is slightly worse, which agrees with the theory above: Anderson acceleration
adds additional quadratic terms to the residual, which are significant in a quadratically converging
iteration.

Lastly in 1D, we consider F'PPs3, which for m = 0 is not expected to converge to * = 2 when
xo > 2 since g3 is not contractive near the fixed point (¢’(2) = 4). As expected, with m = 0, the
iteration grows exponentially and by iteration 4 has reached a value of 10'°. However, with m = 1
the convergence radius is increased (from 0) to be large enough that the iteration converges even
with xg = 4.

5.2 Numerical tests for steady incompressible Navier-Stokes equation

Here we present numerical experiments to show the improved convergence provided by Anderson
acceleration for solving the steady incompressible Navier-Stokes equations (NSE), which are given
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g(x)=1 + 2/x, x0=2.1 g(x)=x = (cos(x)-sin(x))/(-sin(x)—-cos(x)), x0=1

—;—m=0
——m=1

Figure 1: Shown above are the residuals for three scalar fixed point iterations, with and without
Anderson acceleration.

in a domain Q by

u-Vu+Vp—vAu = f, (5.1)
V-u = 0,

where v is the kinematic viscosity, f is a forcing, u and p represent velocity and pressure, and
the system must be equipped with appropriate boundary conditions. The L?(£2) norm and inner
product will be denoted by || - || and (-, -) in this subsection.

The tests we consider are for the 2D lid-driven cavity problem, which uses a domain € = (0, 1)2,
no slip (v = 0) boundary conditions on the sides and bottom, and a ‘moving lid’ on top which is
implemented by the Dirichlet boundary condition u(z,1) = (1,0)%. There is no forcing (f = 0),
and the kinematic viscosity is set to be v := Re™!, where Re is the Reynolds number, and in our
tests we use Re varying between 1000 and 10,000. Plots of the velocity streamlines for the steady
NSE at Re = 2500 and 6000 are shown Figure
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Re=2500 ] Re=6000

Figure 2: Streamline plots of the steady NSE driven cavity solutions with varying Re.

We discretize with (X5, Qn) = ((P»)?, P1) Taylor-Hood finite elements on a 5tz uniform trian-
gular mesh that provides 592,387 total degrees of freedom, and for the initial guess we used u% =0
but satisfying the boundary conditions. Define the trilinear form b* by

b*(u, v, w) := (u- Vou,w) + %((V cu)v,w).

The discrete steady incompressible NSE problem (with skew-symmetrized nonlinear term) reads
as follows: Find (u,p) € (Xp, Qn) satisfying for all (v,q) € (Xp, Qn),

—(p,V-v) +v(Vu, Vo) + b*(u,u,v) = (f,v), (5.3)
(V-u,q) = 0.

Since this problem is nonlinear, we need a nonlinear solver. We consider two common nonlinear
iterations, Picard and Newton, which are defined as follows.

Algorithm 5.1 (Picard iteration for steady NSE).
Step 1: Choose ug € Xy,

Step k: Find (ug, pr) € (Xn, Qn) satisfying for all (v,q) € (Xp, Qn),

b (uk—1,uk, v) — (P, V- 0) + v(Vug, Vo) = (f,v), (5.5)
(V-ug,q) = 0.

Algorithm 5.2 (Newton iteration for steady NSE).
Step 1: Choose ug € Xy,
Step k: Find (ug,pr) € (Xn, Qn) satisfying for all (v,q) € (Xp, Qn),

b*(uk—la Uk;,U) + b*(Uk,’LLk_l,U) - b*(uk—lv uk’—lav) - (pk’a V- U) + V(VUk, VU) = (fav)’ (57)
(Voug) = 0. (58)

For sufficiently small data, the steady NSE and these iterations are well-posed [9]. Hence we
can consider both the Picard and Newton iterations as fixed point iterations ug1 = g(ug), where g

is a solution operator of (5.5))-(5.6)) for Picard or ((5.7)-(5.8) for Newton. In this way, we can apply

Anderson acceleration to both methods. Below, we test both the Picard and Newton iterations
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with Anderson acceleration (but note that we apply only the basic Picard and Newton methods,
i.e. without relaxation or other variation that can aid in convergence). The linear systems are
solved with a sparse direct solver.

For Picard iterations, we observe in Figure |3| (left side) that Picard without acceleration is
converging linearly, although slowly; after 40 iterations, the residual is still O(10~*). Anderson
acceleration makes a very significant improvement in the Picard convergence, with big improvement
offered by m = 1 and m = 2, and even more by m = 3. With m = 3 the residual after 40 iterations
is about O(107?), and it would take usual Picard about another 50 iterations to reach this level for
its residual.

On the right side of Figure [3| we display the convergence behavior of the Newton iterations. We
observe the usual Newton iteration diverges, but with Anderson acceleration it converges for each
of m =1, 2, 3. This is an example of Anderson acceleration increasing the radius of convergence
of a fixed point iteration. The m = 1 Anderson accelerated Newton iteration with m = 1 achieves
a residual of 10~ after just 13 iterations. It is important to note that such an improvement with
small m is also observed in [11].

10 . . 10
——Picard
—e—Picard-Anderson(1)
—v—Picard-Anderson(2) 10° |
o | . Picard—Anderson(3)
—10 | ™% b = - ——Newton
5¢ 54100 [ VS |-=-Newton-Anderson(1)
,'\x ,Lx ——Newton-Anderson(2)
3 2 407 | Newton-Anderson(3)
[S R [s}
= 10 =
10—107
_10 15
10 0 10 2kO 30 40 10 0 5 10 . 15 20 25

Figure 3: Convergence of the Anderson accelerated Picard and Newton iterations with Re = 2500.

Results for Re = 6000 are shown in Figure The usual Picard iteration fails here, as the
residual over the last 20 iterations grows (although slightly), so x > 1 in this case. Anderson
acceleration helps Picard significantly, and will allow for convergence. Usual Newton and m = 1,2
Anderson-accelerated Newton iterations all failed (diverged), and we do not show these results in
the plot. The Anderson-accelerated Newton iteration with m = 3 converged, and quite rapidly,
reaching a residual of O(10714) in just 23 iterations.
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3
’L 10'5 L |—Picard ,
Ex —e—Picard-Anderson(1)
o —vPicard-Anderson(2)
o107 Picard-Anderson(3)
—<+Newton-Anderson(3)
1 0_15 1 1 1 1 1 1 1

Figure 4: Convergence of the Anderson accelerated Picard and Newton iterations with Re = 6000.

Box-plots of the 6;’s from the Picard iterations are shown in figure For Re = 2500 (left
side), there is a clear decreasing trend in distribution of §’s as m increases, while for Re = 6000 the
boxplots look rather similar but with m = 1 seemingly a little lower overall compared to m = 2.
However, the lower values and outliers in these plots are critical, since one multiplication of a small
factor takes many multiplications of larger factors to achieve the same residual decrease.

i Eﬁ — 1 I - -
R 1 1 L
0.9 + g 09r
|
@ 08} - : o
3 + I g 0.7r :
© o7f N [ © ‘
z - o 2o L - |
06f 05k |
|
05f 4 0.4} + :
+ 03t —
1 2 1 2 3
Anderson depth m Anderson depth m
Figure 5: Box-plots of 6 values for the Picard iterations with Re = 2500 (left) and Re = 6000
(right).

As a final part of this test, we compare the number of iterations needed to converge the residual
for the Picard iteration in the H' norm to a tolerance of 1078, for varying Re and varying m. Results
are shown in Table [} and again we observe a dramatic improvement from Anderson acceleration.
Even m =1 is enough to provide convergence up to Re = 10000, although additional gain is made
by increasing to m = 2 and to m = 3. It is interesting that convergence of the steady NSE is
achieved for Re = 9000 and 10000 since the bifurcation point transition to transient flow is around
8000 [3], and thus the solutions found are seemingly unstable steady NSE solutions. F denotes
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failure in the table, which we define as not converging within 500 iterations (but we note that
inspection of the last few iterations of each of these that failed indicates the iterations are nowhere
near, or even approaching, convergence).

Re/m 0 1 2 3
1000 36 32 29 26
2000 48 41 40 34
3000 8 49 45 37
4000 158 59 46 40
5000 363 55 48 44

6000 F' 62 55 49
7000 F 65 61 53
8000 F 78 70 58
9000 F 94 83 68

10000 F 106 97 71

Table 1:  Shown above are the number of Picard iterations needed to converge the nonlinear
residual for the steady NSE up to 10~® in the H! norm, for varying Re and m. F denotes a failure
to reach convergence by 500 iterations.

5.3 Damping tests with a quasilinear equation

The damping parameter 5 of Algorithm may become important for convergence in the case
of a fixed-point operator g that is not contractive. A simple example of this type of problem is
the quasilinear equation —div (a(u)Vu) = f in a domain §2 with homogeneous Dirichlet boundary
conditions. In weak form

(a(u)Vu, V) = (f,v), (5.9)

where (-, -) denotes the L? inner product as in the above example. This can be thought of as a
simple model of the effective nonlinearity in a steady Richards’ type equation modeling the pressure
u in partially saturated media, where a(u) is the hydraulic conductivity which depends nonlinearly
on the pressure head via the saturation. In this example we take 2 = (0,1) and

a(u) = k + tanh((u — up)/e), with up =0.5, k=1.01, and e =0.1.

The function f is chosen so the exact solution is u* = 10sin(wz). For the results below, the
1D problem is discretized with piecewise linear (P1) finite elements with a uniform meshsize of
h = 1/16384. For this example my = 0 for £ < m and m otherwise. The optimization problem is
solved with an economy () R decomposition and 6}, is computed as described in The fixed-point
operator @1 = g(u®) solves (a(u¥)Vg(uF), Vv) = (f,v), as in a basic Picard iteration.

As seen by the expansion , the results of Theorems and as well as Proposition
the damping factor B;_1 affects the first order term (1 — Sx—1 + £Bk—1) ||wk||, but not the higher
order terms. If the operator g : X — X is not assumed contractive, then Assumption does not

hold, and (3.13) then provides a blueprint for bounding ||wyt1|| by ||wg| and higher-order terms
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involving differences of consecutive iterates

lwiall < 061 = Beor + £Be1) lwnll + O (lewl) + ...+ O (llew-ml)

as the bounds of controlling the difference between consecutive iterates by the residuals do not
hold in the noncontractive setting. It is remarked however that in the contractive setting of
the control of the error terms |le;|| in terms of residuals ||wy| is independent of the damping.

This first order effect of the damping agrees with that seen for the error in the fixed-point
iteration alone. If the update step of the damped fixed-point iteration for operator g with fixed-
point z* is given by ugy1 = (1 — B)ug + Bg(ug) then

g1 — u' = (1= B)(up — ") + Blg(ur) — g(u")) = (1 = B)(ur — u”) + By’ (z1:(t); up — ),

with 2z/(t) = u* + t(up — u*). As this example is easily seen to satisfy Assumption this
immediately yields the norm-bound |lug+1 — u*|| < ((1 — B) + &B) ||lug — uw*||.

If g is contractive then 8 = 1 (no damping) gives the best convergence rate. In this example
however, Assumption does not hold globally. For instance near the boundary w approaches zero
and k + (tanh(u — ug)/¢) is close to k — 1 = 1072, and the locally small ellipticity coefficient can
cause failure of the method to converge. This is demonstrated in the first plot of Figure [6] where
on the left the fixed-point iteration fails to converge to a tolerance of 10~° with 8 = {1,0.8,0.6},
although more accuracy is attained with the damped iterations. It is also clear from this first plot
that in the regime where the the operator g is contractive (the beginning of the calculation), the
damping has the predicted linear effect on the convergence rate.

The second and third plots of Figure |§| show the effect of damping factors g = {1.0,0.8,0.6}
as well as an adaptive strategy for the cases of Anderson depths m = 1 and m = 2. The adaptive
strategy is based on the convergence rates found in Theorems[4.1]- and Proposition 4.3, meaning
0B plays an active role in decreasing the coefficient of the first order term particularly when 6 is not
small enough. So Badapt = 1 — 0/2 is chosen as a simple heuristic to set a factor between 0.5 and
1.0 that is close to unity when 6} is small and approaches 0.5 as 6 approaches one.

10° 10° 10°
8— 3=1.0 —a—(3=1.0
—©0— (=08 i —o— (=08 J
= ——3=0.6 = 190 ——3=0.6 = 100
™ 0 > —r— ﬂadapt x
' 10 1 '
~ E =
x x -5 x 51 |—8—p3=1.0
g g 10 g 10 ——o— 3=0.8
h —%— =0.6
-5 —e—
10 1010 10-10 Badapt
0 20 40 60 0 20 40 60 0 20 40 60
k k k

Figure 6: Left: Damped iterations for ([5.9) with m = 0. Center: Damped iterations with m = 1.
Right: Damped iteration with m = 2.

The three plots of Figure [7] illustrate the behavior of the same damping factors for greater
Anderson depths, m = {4,6,8}. While the three examples in Figure |§| failed to converge without
damping, the three examples for greater depth m in Figure[7] converged both with and without, but
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generally better with some damping. The adaptive strategy, while not optimal, demonstrates proof
of concept that with the gain 6 taken into account, damping can be designed without extensive
experimentation or additional computation to stabilize the convergence for difficult problems.

llg0x ) - x I

Figure 7: Left: Damped iterations for ((5.9) with m = 4. Center: Damped iterations with m = 6.
Right: Damped iteration with m = 8.

6 Conclusion

We have proven that Anderson acceleration improves the first-order convergence rate for fixed
point iterations, in agreement with decades of experimental results. We show that the increase
in the linear convergence rate at each step depends on the gain from the optimization step, but
that additional quadratic error terms arise. Hence as long as the gain from the optimization stage
dominates these quadratic error terms, the convergence rate will be increased. In particular for
linearly convergent fixed point methods, an improved convergence rate from Anderson acceleration
is expected; however, for methods converging quadratically, the convergence will typically be slightly
slowed. Additionally, our results provide justification that both increasing the depth m and using
damping increases the radius of convergence. Results of numerical tests have been provided to
illustrate our theory.
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