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Abstract Splitting schemes are a class of powerful algorithms that solve complicated monotone inclusion
and convex optimization problems that are built from many simpler pieces. They give rise to algorithms in
which the simple pieces of the decomposition are processed individually. This leads to easily implementable
and highly parallelizable algorithms, which often obtain nearly state-of-the-art performance.

In this paper, we provide a comprehensive convergence rate analysis of the Douglas-Rachford splitting
(DRS), Peaceman-Rachford splitting (PRS), and alternating direction method of multipliers (ADMM) al-
gorithms under various regularity assumptions including strong convexity, Lipschitz differentiability, and
bounded linear regularity. The main consequence of this work is that relaxed PRS and ADMM automati-
cally adapt to the regularity of the problem and achieve convergence rates that improve upon the (tight)
worst-case rates that hold in the absence of such regularity. All of the results are obtained using simple
techniques.
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1 Introduction

The Douglas-Rachford splitting (DRS), Peaceman-Rachford splitting (PRS), and alternating direction method
of multipliers (ADMM) algorithms are abstract splitting schemes that solve monotone inclusion and con-
vex optimization problems [26,22,21]. The DRS and PRS algorithms solve monotone inclusion problems in
which the operator is the sum of two (possibly) simpler operators by accessing each operator individually
through its resolvent. The ADMM algorithm solves convex optimization problems in which the objective is
the sum of two (possibly) simpler functions with variables linked through a linear constraint via an alter-
nating minimization strategy. The variable splitting that occurs in each of these algorithms can give rise to
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parallel and even distributed implementations of minimization algorithms [15,30,31], which are particularly
suitable for large-scale applications. Since the 1950s, these methods were largely applied to solving partial
differential equations (PDEs) and feasibility problems, and only recently has their power been utilized in
(PDE and non-PDE related) image processing, statistical and machine learning, compressive sensing, matrix
completion, finance, and control [24,15].

In this paper, we consider two prototype optimization problems: the unconstrained problem

mir}ie%ize flx) +g(z) (1.1)

where H is a Hilbert space, and the linearly constrained variant

B, 1))

subject to Az + By =1b (1.2)

where H1, Hs, and G are Hilbert spaces, the vector b is an element of G, and A: H; — G and B : Hy — G are
linear operators. Problem (1.1) models a variety of tasks in signal recovery where one function corresponds
to a data fitting term and the other enforces prior knowledge, such as sparsity, low rank, or smoothness [16].
In this paper, we apply relaxed PRS (Algorithm 1) to solve Problem (1.1). On the other hand, Problem (1.2)
models tasks in machine learning, image processing and distributed optimization. The linear constraint can
be used to enforce data fitting, but it can also be used to split variables in a way that gives rise to parallel or
distributed optimization algorithms [14,15]. We will apply relaxed ADMM (Algorithm 2) to Problem (1.2).

1.1 Goals, challenges, and approaches

This work improves the theoretical understanding of DRS, PRS, and ADMM, as well as their averaged
versions. When applied to convex optimization problems, they are known to converge under rather general
conditions [9, Corollary 27.4]. This work seeks to complement the results of [17], which are developed under
general convexity assumptions, by deriving stronger rates under correspondingly stronger conditions on
Problems 1.1 and 1.2. One of the main consequences of this work is that the relaxed PRS and ADMM
algorithms automatically adapt to the regularity of the problem at hand and achieve convergence rates
that improve upon the worst-case rates shown in [17] for the nonsmooth case. Thus, our results offer an
explanation of the great performance of relaxed PRS and ADMM observed in practice, and together with
[17] we now have a comprehensive convergence rate analysis of the relaxed PRS and ADMM algorithms.

In this paper, we derive the convergence rates of the objective error and fixed-point residual (FPR) of
relaxed PRS applied to Problem (1.1); see Table 1.1. In addition, we derive the convergence rates of the
constraint violations and objective errors for relaxed ADMM applied to Problem (1.2); see Table 1.2. By
appealing to counterexamples in [17], several of the rates in Table 1.1 can be shown to be tight up to constant
factors.

The derived rates are useful for determining how many iterations of the relaxed PRS and ADMM algo-
rithms are needed in order to reach a certain accuracy, to decide when to stop an algorithm, and to compare
relaxed PRS and ADMM to other algorithms in terms of their worst-case complexities.
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Regularity assumption Objective error FPR
beyond convexity Rate ‘ Type
None not available
1/Vk di
Lipschits f or g [17] | &L/YR) | nonergodic |
O(1/k) ergodict o(1/k)
1/k best itr.
Strongly convex f or g 70(7 /7 )7 42 ]
O(1/k) ergodict
o(1/k) best itr.

Lipschitz Vg

o(1/k)* | nonergodict | o(1/k?)*

Lipschitz Vf or Vg,
strongly convex f or g
f= d2Cl and g = d202,

{C1, C2} linearly regular

O(e k) R-linear O(e k)

O(e™*) R-linear O(e™*)

Table 1.1 Summary of convergence rates for relazed PRS with relaxation parameters A\ € (¢,1 — ¢€), for any ¢ > 0. FPR
stands for the fixed-point residual ||Tprsz® — 2||2. TThese two ergodic rates hold for A\, € (¢, 1]. ¥ These rates hold for DRS
(Ax = 1/2) and properly bounded step size .

Regularity assumption beyond convexity Convergence T
Strongly convex [ Lipschitz | Full rank rate ype
o(1/k) nonergodic feas.
1 O(1/K?) ergodic feas.
o(1/\Vk) nonergodic obj. error
O(1/k) ergodic obj. error
9 o(1/k?) feasibility
g ) B o(1/k) objective
3 g Vg B (row rank) R-linear
4 I vf A (row rank) O(e—") feasibility,
5 f Vg B (row rank) objective error,
6 g vf A (row rank) solution error

Table 1.2 Summary of convergence rates for relaxed ADMM. Feasibility is ||Az* + By® — b||2, objective error is (f(z*) +
g(y*)) — (f(z*) + g(y*)), and solution error includes ||w® —w*||?, ||Az* — Az*||?, and || By* — By*||2. Case 1 is from [17], where
the nonergodic rates hold for relaxation parameters A\ € (¢,1 — ¢€), for any € > 0, and the ergodic rates hold for Ay € (e, 1].
Case 2 also requires a bounded step size. Each of cases 3—6 ensures R-linear convergence.

1.2 Notation

In what follows, H,H1, Ha,G denote (possibly infinite dimensional) Hilbert spaces. In fixed-point iterations,
(Aj)j>0 C R4 will denote a sequence of relaxation parameters, and

k
Ay = Z)\i (1.3)
=0

is its kth partial sum. To ease notational memory, the reader may assume that A\, = (1/2) and A, = (k+1)/2
in the DRS algorithm, or that Ay, = 1 and A = (k+1) in the PRS algorithm. Given the sequence (27),>¢ C H,
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we let ¢ = (1/Ay) Zf:o Az’ denote its kth average with respect to the sequence ();)j>0. A convergence
result is ergodic if it applies to the sequence (77);>0, and nonergodic if it applies to the sequence (z7) §>0-

Given a closed, proper, and convex function f : H — (—o0, 00|, the set df(x) denotes its subdifferential
at z and Vf(z) € 8f(z) denotes a subgradient. (This notation was used in [13, Eq. (1.10)].) The convex
conjugate of a closed, proper, and convex function f is f*(y) := sup ey (y, z) — f(z). Let Iy : H — H denote
the identity map. For any point € H and v € R4, we let prox. ;(z) := argmin, ¢y, f(y) + %Hy —z|? and
refl,; := 2prox, ; — I3, which are known as the prozimal and reflection operators. In addition, we define
the PRS operator:

Tprs :=refl,; orefl,,.

Let A > 0. For every nonexpansive map 71" : H — H we define the averaged map:
Ty := (1= NIy + M\T.

We call the following identity the cosine rule:

ly = 2lI* + 20y — 2,2 — 2) = [ly — a|* + |z —2|*, Va,y,2 €A (1.4)

1.3 Assumptions

We list the the assumptions used throughout this papers as follows.
Assumption 1 (Problem assumptions) Fuvery function we consider is closed, proper, and convez.
Unless otherwise stated, a function is not necessarily differentiable.

Assumption 2 (Solution existence) Functions f,g: H — (—o0,00] satisfy
zer(Of 4+ dg) # 0. (1.5)

Note that this assumption is slightly stronger than the existence of a minimizer because zer(0f + 9g) #
zer(O(f + g)), in general [9, Remark 16.7]. Nevertheless, this assumption is standard.

Assumption 3 (Differentiability) Every differentiable function is Fréchet differentiable [9, Def. 2.45].

1.4 The Douglas-Rachford and relaxed Peaceman-Rachford Splitting Algorithms

The results of this paper apply to several operator-splitting algorithms that are all based on the atomic
evaluation of the prozimal operator. By default, all algorithms start from an arbitrary z° € H. The Douglas-
Rachford splitting (DRS) algorithm applied to minimizing f + ¢ is as follows:
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which has the equivalent operator-theoretic and subgradient form (Lemma 1.1):

1 ~ ~

= §(IH + Tprs)(2") = 2 — W(Vf(x’}) + Vg(l"l;))v k=0,1,...,
where %f(x’}) € 8f(:1:}]’%) and %g(m’;) € 8g(m’5). (See Part 1 of Proposition 1.1 for how the notation V relates
to prox.) In the above algorithm, we can replace the (1/2)-average of I; and Tprs with any other weight;
this results the relazed PRS algorithm:

Algorithm 1 Relaxed Peaceman-Rachford Splitting (relaxed PRS)
Require: 20 € H, v > 0, (Aj)j>0 C (0,1]
for k=0, 1,... do
2P = (1 — Ag)2" + Agrefl, f oreflyg(2F)
end for

The special cases A, = 1/2 and A\ = 1 are called the DRS and PRS algorithms, respectively.

1.5 Practical implications: a comparison with forward-backward splitting

Suppose that the function g in Problem 1.1 is differentiable and Vg is (1/5)-Lipschitz. Under this smoothness
assumption, we can apply FBS algorithm to Problem 1.1: given 2° € H, for all & > 0, define
2l = prox,yf(zk —Vg(z")).
To ensure convergence, the stepsize parameter v must be strictly less than 2.
Now because the gradient operator is often simpler to evaluate than the proximal operator, it may be
preferable to use FBS instead of relaxed PRS whenever one of the objectives is differentiable. From our
results, we can give two reasons why it may be preferable to use relaxed PRS over FBS:

1. If the Lipschitz constant of the gradient is known, our analysis indicates how to properly choose stepsizes
of relaxed PRS so that both algorithms converge with the same rate (Theorem 3.2). In practice, relaxed
PRS is often observed to converge faster than FBS, so our results at least indicate that we can do no
worse by using relaxed PRS.

2. If the Lipschitz constant of the gradient is not known, a line search procedure can be used to guarantee
convergence of FBS. If this procedure is more expensive than evaluating the proximal operator, then
relaxed PRS should be used. Indeed, Theorem 3.1 shows that the “best iterate” of relaxed PRS will
converge with rate o(1/(k + 1)) regardless of the chosen stepsize, whereas FBS may fail to converge.

Thus, one of our main contributions is the “demystification” of parameter choices, and a partial expla-
nation of the perceived practical advantage of relaxed PRS over FBS.

1.6 Basic properties of proximal operators

The following properties are included in textbooks such as [9].
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Proposition 1.1 Let f,g: H — (—00,00) be closed, proper, and convex functions, and let T : H — H be
nonexpansive. The the following are true:

1. Optimality conditions of prox: Let x € H. Then zt = prox. ;(z) if, and only if,
T f(pt 1 + +
V(™) = ;(m—x )€ of(z™).

2. The proximal operator prox.,;: H — H is 1 /2-averaged:

Iprox, s () — prox, s (y)[* < llz — y|* — ||(z — prox,;(z)) — (y — prox, ;(y))|*. (1.6)

3. Nonexpansiveness of the PRS operator: The operator refl,f : H — H is nonexpansive. Therefore,
the composition Tprs = refl,f o refl, . is nonexpansive.

1.7 Convergence rates of summable sequences

The following facts will be key to deducing Convergence rates in Sections 2 and 3. It originally appeared in
[17, Lemma 3].

Fact 1.1 (Summable sequence convergence rates) Suppose that the nonnegative scalar sequences
(Aj)j>0 and (aj)j>0 satisfy Y .o Nia; < 00, and define Ay, as in Equation (1.3).

1. Monotonicity: If (aj);>0 s monotonically nonincreasing, then

e (iA) and weo(p—t)  an

i=0 A — Agy2

2. Faster rates: Suppose (bj)j>0 is a nonnegative scalar sequence, that Z;}io bj < oo, and that A\pap <
by, — bi41 for all k > 0. Then the following sum is finite:

=0 =0

3. No monotonicity: For all k > 0, define the sequence of “best indices” with respect to (a;)j>0 as

kbest := argmin{a;|i = 0,--- , k}.
i

Then (aj,...);j>0 s nonincreasing, and the above bounds continue to hold when ay, is replaced with ay,,., -
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1.8 Convergence of the fixed-point residual (FPR)

We will need to following facts in our analysis below:

Fact 1.2 (Convergence rates of FPR) Let z* € H be a fized point of Ters, and let (27) ;>0 be generated
by the relazed PRS algorithm: z**1 = (Ters)a, 2*. Then the following are true ([17, Theorem 1]):

1. (|27 = 2*|)j20 is monotonically nonincreasing; _ _
2. (|Tprs2? — 27|)j>0 is monotonically nonincreasing, and thus so is ((1/X;)]|z7 — 27||)j>0;
3. If \p = A, then (||(Ters)az? — 2*||)j>0 is monotonically nonincreasing;
4. The Fejér-type inequality holds: for all X € (0, 1]
k * (|2 k * (|2 1-A k k2

I(Tprs)re® = 277 < l=" = 27[17 = ——[(Tprs)rz™ — 2"II". (1.9)
For all k >0, let 7, = M\ (1 — Xg). Then Y oo 7l|Tprsz® — 2712 < [|2° — 2*||2
6. If T :=1infj>0 Ag(1 — Ag) > 0, then the following convergence rates hold:

N

12° = 2*||?

T k_ k|2 <
[Tprs2" — 2"[|° < D)

1
kb= —— ). 1.1
and I Tprs2 25| 0 (T(kJrl)) (1.10)

Remark 1.1 We call the quantity || Tprs2*—2*||? the fixed-point residual (FPR) of the relaxed PRS algorithm.
Throughout this paper, we slightly abuse terminology and call the successive iterate difference ||2*T1 —2%||? =
A ||Tprsz® — 2% FPR as well.

1.9 Subgradients

Lemma 1.1 is key to deducing all of the algebraic relations necessary for relating the objective error to the
FPR of the relaxed PRS iteration

Lemma 1.1 Let z € H. Define auziliary points x4 := prox.,(z) and xy := prox. ;(refl,,(2)). Then the
identities hold:

2y =2 —Vg(xy) and zp =2y —Vg(wy) = YV f(xy). (1.11)
In addition, each relazed PRS step 2+ = (Tprs)a(2) has the following representation:

2t —z=2\zp—1zy) = —2)\7(69(%) + 6f(xf)) (1.12)

1.10 Fundamental inequalities

Throughout the rest of the paper we will use the following notation: Every function f is p¢-strongly convex

and %f is (1/B)-Lipschitz. Note that if 5y > 0, then f is differentiable and %f = Vf. However, we also
allow the strong convexity or Lipschitz differentiability constants to vanish, in which case uy =0 or gy =0
and f may fail to posses either regularity property. Thus, we always have the inequality [9, Theorem 18.15]:

f(@) = fly) + (@ =y, V() + Sp(a,y), (1.13)
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where
S(av0) s= max { i o = 1P 19 0) - Fr01?- (114)

Note that there is a slight technicality in that Sy(x,y) is only defined where df(z) # (). In particular, we
only derive bounds on S¢(z,y) where this is satisfied.

The following two fundamental inequalities are straightforward modifications of the fundamental inequal-
ities that appeared in [17, Propositions 4 and 5]. When these bounds are iteratively applied, they bound the
objective error by the sum of a telescoping sequence and a multiple of the FPR.

Proposition 1.2 (Upper fundamental inequality) Let z € H, let 2t = (Tprs)r(2), and let ¢ and z,
be defined as in Lemma 1.1. Then for all z € dom(f) Ndom(g) where df(x) # O and dg(z) # ), we have

WA(f(ap) +g(xg) — f(2) — g(@) + Sy (2, 2) + Sy(2, 7))

1
<= ol = st el + (1= 5 ) I+ - 1P (1.15)

In our analysis below, we will use the upper inequality
WA(f(zg) + g(zg) — f(@7) — g(a") + Sy(xy,27) + Sy(ag, 7))
1
<= P = 2P 2 - et (1o 5 ) I - (L)
which is obtained from (1.15) by letting # = 2* and applying ||z — 2*[|? — ||z — 2*||> = ||z — 2*||> — ||z T —
2%+ 2(z — 2%, 2* — z*).

Proposition 1.3 (Lower fundamental inequality) Let z* be a fized point of Ters, and let z* = prox.,,(z*).
Then for all zy € dom(f) and x4, € dom(g), the lower bound holds:

flap) +9(zg) = f(27) —g(a") = —(xg —ay, 2" —a7) + Sp(xp, ") + Sglay, x7). (1.17)

=~

2 Strong convexity

The following theorem will deduce the convergence of Sy(z%,2*) and S(z},z*) (see Equation (1.14)). In
particular, if either f or g is strongly convex and the sequence (A;);>0 C (0, 1] is bounded away from zero,
then x’; and a:]g“ converge strongly to a minimizer of f + g. Equation (2.1) is the main inequality needed to
deduce linear convergence of the relaxed PRS algorithm (Section 4), and it will reappear several times.

Theorem 2.1 (Auxiliary term bound) Suppose that (27);>0 is generated by Algorithm 1. Then for all
k>0,

1
8N (S (zh, 2*) + Sy(ak, 2*)) < [|2F — 272 — |25+ — 272 + (1 - ) [2FH =252 (2.1)
k

Therefore, 8y o /\k(Sf(zjc,x*) + Sg(at, z*)) < ||2° — 2*|1?, and
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1. Best iterate convergence: If A := inf;>qA; > 0, then min;—¢.... x {Sf(x§p7x*)} =o(1/(k+1)) and

mini—o,... x {Sg(z}, z*)} =0 (1/(k+1)).
2. Ergodic convergence: Let T = (1/Ay) Sk, N’y and Ty = (1/Ag) Sr, Aizl. Then

?f(l‘k x*)+§ (l‘k .23*) < HZO_Z*”2
r IO 8y Ay,

2
where gf(z’;,x*) = max {”Qf ||E’; - x*||2, %f Aik Zf:o 6f(x’})f%f(:c*) } and Sy(xf, x*) is similarly

defined.
3. Nonergodic convergence: If T = infj>o \j(1 — Aj) > 0, then Sy(xff, 2*) + Sy(af, z*) = 0 (1/VE+1).

Proof By assumption, the relaxation parameters satisfy Ax < 1. Therefore, Equation (2.1) is a consequence
of the following inequalities:

(1.17),(1.12)
SISy (@ a) + Sy(ehat)) R ) o) - Fa) — oa) + S(what) + Sy(ah )
_ 2<Zk o Zk—H,Z* _ $*>
(1.16) ) 1
et = P (1 e - R
k

<l2* =22 = 2P 22, (2.2)

Note that the sum of Equation (2.2) over all k is indeed bounded by |20 — 2*||2. Thus, Part 1 follows from
Fact 1.1, and Part 2 follows from Jensen’s inequality applied to | - ||2.

Fix k > 0, let z), = (Tprs)r2* for A € [0,1], and note that zy — 2 = A\(Tprgz"* — 2¥). Fact 1.2 shows that
lza — 2%|| < ||z — 2*|| (Equation (1.9)) and that the sequence (|[27 — 2*||);>0 is nonincreasing. Therefore,
Part 3 is a consequence of the cosine rule, Fact 1.2, Equation (2.1), and the following inequalities:

* * 21 . 1 * * 1
S A R R | (St G PR RN (R S IREPN G

1 1
inf —— (2(zy — 2%, 2" — 2(1—— — 2|2
A€, 87)\< (= 2h 2t o ( 2)\> l2x =7l
% k _ 0 _ % k _ (1.10) 0 __ . x|2
< Mzye = 27l = zpll 27 = 2712 = zyp] G20 120 — 27

N 2y N 2y T Ay /r(k+1)

The little-o convergence rate follows because Sf(x’]“c, x*) + Sg(:v’;, x*) is bounded by a multiple of the square
root of the FPR. O

(1.4)

It is not clear whether the “best iterate” convergence results of Theorem 2.1 can be improved to a
convergence rate for the entire sequence because the values S f(x];'7$) and Sg(x’g“,m) are not necessarily
monotonic.
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3 Lipschitz derivatives

In this section, we study the convergence rate of relaxed PRS under the following assumption.
Assumption 4 The gradient of at least one of the functions f and g is Lipschitz.

Throughout this section, Fact 1.1 will be used repeatedly to deduce the convergence rates of summable
sequences. In general, because we can only deduce the summability and not the monotonicity of the objective
errors in Problem 1.1, we can only show that the smallest objective error after k iterations is of order
o(1/(k +1)). If Ay = 1/2, the implicit stepsize parameter v is small enough, and the gradient of g is (1/08)-
Lipschitz, we show that a sequence that dominates the objective error is monotonic and summable, and
deduce a convergence rate for the entire sequence.

3.1 The general case: best iterate convergence rate

The next proposition bounds the objective error by a summable sequence. See Appendix A for a proof.

Proposition 3.1 (Fundamental inequality under Lipschitz assumptions) Let z € H, let 2T =
(Ters)az, let 2* be a fived point of Tprs, and let z* = prox,,,(2*). If Vf (respectively Vg) is (1/B)-Lipschitz,
then for © = xy (respectively x = ),

A (f (@) + g(x) — f(a®) — gla™))

e =212 =l =212+ (14 5 (3= 1) ) = = =71, ify < B
(14 952) (== =12 = ¥ = =" |2+ == =*I?),  otheruise.

Proposition 3.1 shows that the the objective error is summable whenever f or g is Lipschitz and (A;) ;>0 is
chosen properly. A direct application of Fact 1.1 yields a convergence rate for the objective error. Depending
on the choice of v and (A;);>0, we can achieve several different rates. In the following Theorem we only
analyze a few such choices.

Theorem 3.1 (Best iterate convergence under Lipschitz assumptions) Let z € H, let z* be a fized
point of Tprs, and let x* = proxwg(z*). Suppose that T = infj>0 X\;j(1 — A;) > 0, and let X\ = inf;>0 \;. If
Vf (respectively Vg) is (1/B)-Lipschitz, and z* = x’g“ (respectively z* = x’}), then

1 i i * * 1
i {7+ 90— 1)~ ge)} = o (7).
Proof Fact 1.2 proves the following bound:

T Y Y Y AT i iy2 0 N2
mf*ZHZ -7 < ZTZ'HTPRSZ =27 <Y =277
20 A P

Therefore, the proof follows from Part 3 of Lemma 1.1 applied to the summable upper bound in Proposi-
tion 3.1, which bounds the objective error. Note that under different choices of (););>0 and v, we get the
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bounds:
Flah) + glah) — (@) = o)
IS ISP <0 mid O € 23 (0-3))
< ata 1+1/(1nfj20T.J>7 if v < f;

(1-+»£%§ﬁl) (14—1/ (nngzo 1}fj)), otherwise
O

This result should be compared with the known convergence properties of the FBS algorithm, which has
order o(1/(k + 1)) for a bounded ~y, but may even fail to converge if ~y is too large. See Section 1.5 for more
on the distinction between FBS and relaxed PRS.

3.2 Constant relaxation and better rates

In this section, we study the convergence rate of DRS under the assumption

Assumption 5 The function g is differentiable on H, the gradient Vg is (1/5)-Lipschitz, and the sequence
of relazation parameters (\j);j>o is constant and equal to 1/2.

With these assumptions, we will show that for a special choice of §* (Lemma B.2) and for v small enough,
the following sequence is monotonic and summable (Propositions B.2 and B.4):

1—0y2 . ,
(52”|xg+1—xg|2) . (31)

Jj=0
We then use Fact 1.1 to deduce f(xic) + g(xzc) — f(z) —g(x) = o(1/(k + 1)).

There are several other simpler monotonic and summable sequences that dominate the objective error.
For example, if we choose 8* = 1, we can drop the last term in Equation (3.1), but we can no longer use this
sequence to help deduce the convergence rate of the FPR in Theorem 3.3. Thus, we choose to analyze the
slightly complicated sequence in Equation (3.1) in order to provide a unified analysis for all results in this
section.

We are now ready to deduce the objective error convergence rate for the DRS algorithm when Vg is
Lipschitz. Our bounds show that

(m (£ + 9) = () = gle)) + 022V gl ) — V(a1 +

DRS is at least as fast as FBS whenever + is small enough.

Additionally, we show that the convergence rate of the best iterate has essentially the same constant for a
large range of v. When + is large, the best iterate still enjoys the convergence rate o(1/(k 4 1)), albeit with
a larger constant (Theorem 3.1). The rates we derive are the best possible for this algorithm, as shown by
[17, Theorem 12].

Because each step of the relaxed PRS algorithm is generated by a proximal operator, it may seem strange
that the choice of stepsize v affects the convergence rate of relaxed PRS. This is certainly not the case for the
proximal point algorithm, which achieves an o(1/(k+1)) convergence rate by Fact 1.1. A possible explanation
is that the reflection operator of a differentiable function is the composition of averaged operators

refl,; = (I —yVg) o prox,,
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whenever v < 28, and, therefore, it is averaged [9, Propositions 4.32 and 4.33]. Thus, although Tpgrs is
not necessarily averaged when f or g is differentiable, the individual reflection operators enjoy a stronger
contraction property [9, Proposition 4.25] as long as 7 is small enough. As soon as 7 is too large, we seem
to lose monotonicity of various sequences that arise in our analysis.

Theorem 3.2 (Differentiable function convergence rate) Let p =~ 2.2056 be the positive real root of
3 — 222 — 1. Then

_min {f (@) +g(ay) - f(27) - g(a")}
1 |29 — x*|2, if v < pp;
< 0 * (|2 1 o 2 0 |2 ;

290k 1) 2§ = 21 + 5 (5 — 208 = %) [12° = |, otherwise
and min;—g ... k{f(x})—i—g(m?) —f(@*)—g(z*)} =0 (1/(k +1)). Furthermore, if k (=~ 1.24698) is the positive
root of % + 22 — 2x — 1, and v < K3, then
g — = k K 1
sy e el - 1) a6 =o (5
Proof To prove the “kpest” bounds, rearrange the upper inequality in Equation (B.4) to

2y(f(2}) + g(af) — f(a™) — g(a™))

3
.
< lwg — 2™l = llag™ —2"|* + (5 - 2vﬂ) IVg(ahtl) — Vg(ab)|? — [|ak — 2k+1)2

F@f) +g(@f) = f(2*) - g(a*) <

g g

3
< g — 2| — flag™ —2*|* + (VB - 298 - 52) IVg(ay™™) = V()% (3.2)
where the last line follows from the bound —||lz} — 251> < —32||Vg(2F) — Vg(z5+1)|2. Note that v*/3 —
278 — 8% < 0 if, and only if, v < p3 where p is the positive root of 2% — 222 — 1. Therefore, the result follows
by summing Equation (3.2) and applying Fact 1.1.

If v < kB3, then (v3/8 — 2y8 + 6*4?) < 0 and (1 — 6*)y%/3? < 1. Therefore, Equation (B.7) shows that
the sequence

. : . ) ) 1—6* 72 . )
2(f)) + o)) — () — () + 0| Vglay™) ~ V() |2 + 0 e
f f B i>0
3>
is monotonic. In addition, Equation (B.12) shows the sum of this sequence is bounded by ||z — z*|*.
Therefore, the result follows by Fact 1.1. ad

It was recently shown that the FPR convergence rate for the FBS algorithm is o(1/(k+1)?)) [17, Theorem
3]. We complement this result by showing the same is true for DRS whenever v is small enough. This rate
is optimal by [17, Theorem 12].

Theorem 3.3 (Differentiable function FPR rate) Suppose that v < kf where k (= 1.24698) is the
positive root of 3 + x2 — 22 — 1. Then for all k > 1, we have

Bz — 2|

K2 (1+9/B)° (82 = 72/w?)

1
| 2% — 22 < and [2F — 2512 =0 ( ) . (3.3)

k2
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Proof For all k > 1, let

TN O T i o Gl Y0 Y e
n= 52 - 52 - 52 ’

let ax_1 = (n/(L+7/8)2)[| 2+ — ||, and let

— o 2
bt = 21 (4) + o) — 1) = g(a™) + 02|V ™) = Tl + L ot — by

Because z¥ = zF +yVg(2F) and and Vg is (1/8)-Lipschitz, we get

2
k k v k k
nlz —z+1|2<77<1+ﬁ) ok — k2.

Therefore, Equation (B.7) shows that for all £ > 1,
ap—1 < nllzl —2ET? < bp_y — by

Fact 1.1 applied to the sequences (a;);>0 and (b;) ;>0 with weighting parameters Ay = 1, (not to be confused
with the constant relaxation parameter of the relaxed PRS algorithm), yields

e e (B.12)
Z(i—&—l)ai SZbi < ng—x*||2.
=0 i=0

[17, Part 2 of Theorem 1] shows that (a;);>0 is monotonic. Therefore, the result follows from Fact 1.1. O

Remark 3.1 Note that the FBS algorithm achieves o(1/(k + 1)) objective error rate and o(1/(k + 1)) FPR
rate as long as v < 28 [17, Theorem 3]. For the DRS algorithm, our analysis only covers the smaller range
v < k6. It is an open question whether x can be improved for the DRS algorithm.

4 Linear convergence

In this section, we study the convergence rate of relaxed PRS under the assumption

Assumption 6 The gradient of at least one of the functions f and g is Lipschitz, and at least one of the
functions f and g is strongly convex. In symbols: (s + pg) (B + By) > 0.

Linear convergence of relaxed PRS is expected whenever Assumption 6 is true. In addition, by the strong
convexity of f + g, the minimizer of Problem (1.1) is unique.
The following proposition lists some consequences of linear convergence of the relaxed PRS sequence

(27);20-

Proposition 4.1 (Consequences of linear convergence) Let (C;);>0 C [0,1] be a positive scalar se-
quence, and suppose that for all k > 0,

1251 = 2*|| < Cill2® — 2] (4.1)
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Fiz k > 1. Then
B 5 k—1
f — 2|1 + 72| Vg(ak) — Va(a)|]* < ||2° — 2|1 ] ¢
1=0
~ _ k—1
ek — 2% + Y|V f(2h) = VF@@)? < [|12° = =% )* ] ¢7-
1=0

If X < 1, then the FPR rate holds: ||(Tprs)xz" — 2%|| < /A/(1 = N)||2° — 2*|| Hf;ol C;. Consequently, if the
gradient V f (respectively Vg), is (1/8)-Lipschitz and z* = xlg (respectively ¥ = m’;), then

w2 k=1 _
20 — = ||2HC‘2X L, if v < B;
! 1+ (72;56), otherwise.

F@®) +g(@®) = f(a*) —g(a*) <
v =0

Proof The bound~s for a} a~nd x’} follow because ||z% — z*||? + 42| Vg(ak) — Vg(a*)|* < [|2F — 2*]]?, and
[ —a* >+ 42|V f (@) = V(@) < [lrefl,q(2*) —refl,,(2*)[|* < [[2F — 2*||* by Part 2 of Proposition 1.1,
the nonexpansiveness of refl,;, and Equation (4.1).

The FPR convergence rate follows from the Fejér-type inequality in Equation (1.9).
Now fix k > 1, and let 2\ = (Tprs)az" for all A € [0, 1]. Then Proposition 3.1 shows that:

J@*) + g(@*) = f(a*) = gla")
1 [l =22 = lea =212+ (14 & (3 -1) ) IF = =%, if v < B

< inf — (y=8) k 2 2 k 2 i
A€[0,1] 47 A (1 + 7276) (II2% = 2*)| = llax = 2*[12 + [|12* — 2a12) , otherwise.
1 [ll25 =27 4 ll2* = z12]1%, ify < B;
<5 (r=5) k_ %2 k 2 . (4.2)
2y (1 + 7) (I2% = 2] + ||z — z12]|?) , otherwise.
The objective error rate now follows from Equation (4.2) and the FPR convergence rate. ad

Whenever sup,;~,C; < 1, Proposition 4.1 gives the linear convergence rates of the sequences (27 )j>0,
(xg) j>0 and (x;)jzo, the subgradient error, the FPR, and the objective error. In the following sections, we
will prove Inequality (4.1) holds under several different regularity assumptions on f and g. In each case we

leave it to the reader to apply Proposition 4.1.

4.1 Solely regular f or g

Throughout this subsection, at least one of the functions f and g will carry both regularity properties. In
symbols: p¢Bf + p1g84 > 0.

The following theorem recovers [26, Proposition 4] as a special case (A, = 1/2).
Theorem 4.1 (Linear convergence with regularity of g) Let z* be a fized point of Tprs, let x* =
prox.,(z*), and suppose that ys8, > 0. For all X € [0,1], let C(X) := (1 —4yApy/(1 +7/ﬁg)2)1/2. Then
for all k>0, ||2F1 — 2% < C () ||2F — 27
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Proof Theorem 2.1 bounds the distance of x’; to the minimizer
8~ (2.1)
S oy — o< = P - 2 (4.3)

Now we use the identity z¥ = zF + yVg(2¥) and the Lipschitz continuity of Vg to upper bound ||z% — z*||2
by a multiple of ||z — 2*|[2: [|2% — 2*[| < (1 +v/B,)* ||« — 2*||2. Rearrange Equation (4.3) with this bound
to complete the proof. a

Remark 4.1 For all A € [0,1], the constant C'(\) is minimal when v = f,, i.e. C(A) = (1 — )\kugﬂg)l/Q.

Furthermore, for any choice of v, we have the bound C(1) < C(A). In particular, for g = (1/2)|| - ||?, the PRS
algorithm converges in one step (C(1) = 0). Thus, this rate is tight.

The following theorem deduces linear convergence of relaxed PRS whenever f carries both regularity
properties. Note that linear convergence of the PRS algorithm (A\p = 1) does not follow.

Theorem 4.2 (Linear convergence with regularity of f) Let z* be a fixed point of Tpgrs, let x* =
prox,,(z*), and suppose that puyBy > 0. For all X € [0,1], let

o) = (1= (/2 min {aypey /(427807 1= 0 })

Then for all k >0, |28 — 2| < C(\)||2F — 27|

Proof Theorem 2.1 bounds the distance of x’} to the minimizer (where we substitute z5+1 —2% = 2)\;€(x’}' —x’;))

(2.1)
dydpppllaf — 22 +Ah (1= Ae) [l —2p? < 125 = 277 = 1250 = 2712 (4.4)

Recall the identities:

2P = x]; + ’ng(xS) = Q:]Jf - nyf(:LJ}) + 2(335 — IE‘};‘) and 2f=a* =4V f(x").
Therefore, by the convexity of || - |2, we can bound the distance of z* to the fixed point z*
2
I2F —2|1? < 2 ((1 + @) e — || + 4l — xfe?) : (4.5)

Equations (4.4) and (4.5) produce the contraction:

C'll2* = 2*[7 4 124 = 2*)17 < dydepegllzf — o2+ 4he(1 = M) llaf — gl + (12571 — 22 < [|lF — 2|2

where C’' = (A\/2) min {4'yuf/(1+fy/,8f)2,(1—)\k)}. |
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4.2 Complementary regularity of f and g

In this subsection, we assume that f and g share the regularity. In symbols: u¢B8y + s8¢ > 0. In this case,
linear convergence is expected. To the best of our knowledge, the next result is new.

Theorem 4.3 (Linear convergence: mixed case) Let z* be a fized point of Tprs, let x* = prox,yg(z*),
and suppose that Vg, (respectively Vf), is (1/8)-Lipschitz and f, (respectively g), is p-strongly convex.

For all A € [0,1], let C(\) == (1 — (4X\/3)min{yu, 8/v, (1 — N2 Then for all k > 0, ||zF1 — 2*|| <
Cw)llz" — 2%
Proof First assume that ps8, > 0. Theorem 2.1 bounds the distance of :r’]? to the minimizer and the distance

of Vg(x}) to the optimal gradient (where we substitute 21 — 2% = 2)%(95’} —zh)):

g — a2+ 4B Vg (k) — Tl + A0 (1= M) [l — 22
(2.1)

i e ELa (4.6)
Recall the identities:
2k = x’; + 7Vg(x’g“) = a:’} + VVg(a:]g“) + (a:’; - x’}) and zf=az" +~yVg(z™).
Thus, from the convexity of || - ||?,
125 = 2*)12 < 3 (l2f — 2*[1> + |7V g(zg) = 7Vg(a*)|* + llag — 2F]|) - (4.7)

We use Equation (4.7) to bound the distance of 2* to the fixed point z* by the left hand side of Equation (4.6):
O|# — 2| < dyhellel — 2" 2+ 47u(B/7) Iy Va(ah) — TP + (1 — A — b1
where C' = (4\y/3) min{vu, 8/7, (1 — Ax)}. Therefore, we reach the contraction:
12541 27| < (1= (40/3) mindyp, B/, (1 — M) D) 15 — 27|12
If p1gBs > 0, then the proof is nearly identical, but relies on the identity:

PARS x’g“ + q/%g(m’;) = x’; - 'ny(w’}) + (m’; - m’})

5 Feasibility Problems with regularity

In this section we consider the feasibility problem:
Given two closed convex subsets C'y and C, of H such that C'y N Cy # 0, find a point = € Cy N Cy.

Throughout this section we assume that {C, Cy} is boundedly linearly reqular:
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Definition 5.1 (Bounded linear regularity) Suppose that Ci,---,C,, are closed convex subsets of H
with nonempty intersection. We say that {Cy,---,C,,} is boundedly linearly regular if the following holds:
for all p > 0, there exists p, > 0 such that for all z € B(0, p), (the open ball centered at the origin with
radius p), we have

dClﬁ“-ﬁCm (.TC) < Hp max{dCl (CE), T 7de (1’)}
where for any subset C' C H, the distance function d¢ () := infyecc ||z — y||. Evidently, if B(0, p)\(C1N---N
Cr) # 0, then p, > 1.
We say that {C1,---,C),} is linearly regular if it is boundedly linearly regular and j, does not depend
on p, i.e. i, = fieo < 00. a

Intuitively, (bounded) linear regularity is the following implication:
(close to all of the sets) = (close to the intersection).

This property will be key to deducing linear convergence of an application of the relaxed PRS algorithm.
See [17] for the feasibility problem when no regularity is assumed.

There are several ways to model the feasibility problem, e.g. with f and g given by indicator functions,
distance functions, or squared distance functions. In this section, we will model the feasibility problem using
squared distance functions:

f(z) = d%f (x) and g(x) := dQCg (x).
We briefly summarize some properties of squared distance functions.
Proposition 5.1 (Properties of distance functions) Let C' be a nonempty closed convex subset of H.
Then the following properties hold:

1. The function d¢ is 1-Lipschitz.
2. The function d2 is differentiable, and Vd% = 2(Iy — Pc). In addition, VdZ, is 2-Lipschitz.
8. The proximal identity holds: for all v > 0,

1 2y
= I Pc.
Prox. ;2 v+ 1 H+ 711 (o]

Proof For a proof see [9, Corollary 12.30]. O

Given 2° € H, sequences of implicit stepsize parameters, (77 ;);>0, (74.7);>0, and relaxation parameters,
(Aj)j>0, we consider the iteration: for all &k > 0, let

h = Prox, .z (2%);
x’} = Prox,, ,a, (sz’gC — 2k); (5.1)
=2k o (2 - af).

If (v4,5)5>0, (Vg.5)5>0 C (0,1/2] and Ay = 1, then the iteration in Equation (5.1) is the underrelaxed MAP
(see [7] for the parallel product space version and see [12] for the nonconvex case). In particular, Corollary 5.1
(below) shows that when all implicit stepsize parameters are equal to 1/2 and all relaxation parameters are
1, Equation (5.1) reduces to the MAP algorithm, where Pc, 2k = 2m]; — 2k and ¢+l = Pe, Pe, z*. This was
already noticed in [27, Proposition 2.5] for the fixed ~y case.

We now specialize the fundamental inequality in Proposition 1.2 to the feasibility problem. See Ap-
pendix C for a proof.
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Proposition 5.2 (Upper fundamental inequality for feasibility problem) Suppose that z € H and
2t = (Tpkd*)A(2). Then for all z* € Cy N Cy,

* « 1
Ny, (o) + 30 (0g) < s = = [+ =P+ (1= 1 ) s = 512 (5.2
We are now ready to prove the linear convergence of Algorithm (5.1) whenever {C}, C,} is (boundedly)
linearly regular. The proof is a consequence of the upper inequality in Proposition 5.2.

Theorem 5.1 (Linear convergence: Feasibility for two sets) Suppose that (27);>¢ is generated by the
iteration in Equation (5.1), and that Cy and Cy are (boundedly) linearly regular. Let p > 0 and p, > 0 be
such that (27);>0 C B(0, p) and the inequality

dcfﬂcg (‘T) < Hp max{dcf (x)v ng (I‘)}
holds for all x € B(0,p). Then (27);>0 satisfies the following relation: for all k > 0,

deyne, (25T < C(rpms Yo Mo o) X deync, (27) (5.3)

where

. 1/2
A min{ygk/(2yg,k + D vek/ sk + 1)2}>

C A =11
(Vs Vg sks Aks o) ( M% max{lﬁ’y;k/(Q’Yg,k +1)2,1}

In particular, if C = sup;>o C(V1.55 V9.5, Ajr 1) < 1, then (27)j>0 converges linearly to a point in x €
Cy N C, with rate C, and

k

1 — @l < 2deyne, () TT v Yo Ao ). (5.4)
1=0

Proof For simplicity, throughout the proof we will drop the iteration index & and denote zT := zF*1 and
2 := zF, etc. Now recall the identities:

ofl, o(2) + 1 Pr (refl, 4().  (5.5)

1 2
Zg + Vg Pc,(2) and Xy 2y 41

= z = ————7°I
T 2y +1 274 + 1 27 +1

Thus, z, is a point on the line segment connecting Pc,(z) and z, and x; is a point on the line segment
connecting refl, ,(2) and Pg,(refl, ,(z)). Hence, we have the projection identities: Po,2 = Pc,z, and
Po, (refl, 4(2)) = Pc,ry. We can also compute the distances to Cy and Cl:

1 1
2 _ 2 2 _
dC’g ({L‘g) - (279 F 1)2dcg(z) and dCf (xf) (2

7%[ n I)Zd%f (refl, 4(2)). (5.6)

We will now bound d%f(z). Because z, is a point on the line segment connecting z and Pc, (z), Equa-
tion (5.6) shows that that |z — 4|l = (274/(27y + 1))dc,(2). Thus, if ¢; = c1(vy) = 474/(274 + 1), we
have

Iz = refl, 4 (=) = 2]z — @, = crde, (2). (5.7)
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Therefore, because d¢, is 1-Lipschitz and by the convexity of (+)2,

dQCf () <(llz = reﬁvgg(Z)H + dCf (reﬂvgg(z)))z
= (c1de, (2) + de, (vefly, 4(2)))
< 2max{c?, 1}(d%g (z) + d%f (refl, 4(2))). (5.8)

Now we will simplify the upper bound in Equation (5.2) by using Equation (5.6)

Y, gl 1
3 (g a0 (2) + g gyt () 41 = alP 4 (5 1) I = 217 < =P 6.9
g

Because 1/(2max{c?,1}) < 1, we have

g f
8\ (Wd%f (refl, 4(2)) + Wda (z))

> 8\ min { (2%71 ek (27:-];- )2 } (dch (refly,4(2)) + dgcq(z)>

55 SAmin{y,/ (27, + V% 7,/ (235 + 1)
- 2max{c?, 1}

max{d%f (%), d%g (2)}. (5.10)
Now, recall the bounded linear regularity property: for all z € B(0, p),

desne, (x) < pp max{dc, (z), de, (x)}.

Thus, for all z € Cy N Cy, the lower bound in Equation (5.10) shows that (where we use (1/A —1) > 0 in
Equation (5.9))

Amin{yy/ (27, +1)% 97/ (277 + D?} 5 + 2 69 5
p2 max{ci, 1} deine, (2) + 127 —zl® < [z — 2"

Hence, if we define

_ Aminy, /(29 + D%/ (2p + 1)2}> v

C A =(1
(V£ 7gs As p) < u%max{c%,l}

and x = Po,nc, (2), then do,nc, (2) = ||z — = and do;ne, (21) < [|2F — 2. Therefore,

dC‘fﬂC'g(Z-i_) < C(fyf7’yg7)\7ﬂp)d0fﬁcg (Z) (511)
Linear convergence of (z27) ;>0 to a point in Cf N C, follows from [9, Theorem 5.12]. The rate follows from
Equation (5.3). |

Remark 5.1 The recent papers [11,29] have proved linear convergence of DRS applied to f = ¢, and g = ¢,
under the same bounded linear regularity assumption on the pair {Cf, Cy}. In [11], the proof uses the FPR
to bound the distance of z* to the fixed point set of Tprs. Note that for any closed convex set C, we have
the limit: prox, 4 (z) — Pc(x) as v — oo. Thus, the results of [11] and [29] can be seen as the limiting case
of our results, but cannot be recovered from Theorem 5.1. Indeed, for any positive A\ and p, we have the
limit: C(v', v, A\, u)—1, as v,7" — oo.
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Remark 5.2 The constant C(v,+', A\, 1) has the following form:

A@y+)? minfy/ (v 40?0 /2y 402} 1.
- 42 pu? S 25
C(7l7 Ys )‘7 ﬂ) =

otherwise.

(1 _ Dmin{y/(2y+1)%4"/(29'+1)* } > h

2

For fixed positive v, A and p, the function C(y/,v, A, 1) is minimized when 4’ = 1/2. Furthermore, it follows
that that C(1/2,~, A, i) is minimized over v, at v = 1/2. Finally, note that C(v/,v, A, 1) is monotonically
decreasing in A\ and monotonically increasing in p. Thus, in view of Corollary 5.1, we achieve the minimal

constant for MAP: C(1/2,1/2,1, ) = (1 —1/(2u2)) "/,

We can use Theorem 5.1 to deduce the linear convergence of MAP and give an explicit rate. In [19, Theo-
rem 3.15], the authors show that p-linear regularity of a finite collection of sets is equivalent to the linear con-

vergence of the method of cyclic projections applied to these sets and, they derive the rate (1 -1/ (8u2)) 12,
Corollary 5.1 is a special case of one direction of this result but with a better rate. It is not clear if the rate
in [19, Theorem 3.15] can be improved for the general cyclic projections algorithm. The rate we show in
Corollary 5.1 appears in [5, Corollary 3.14] under the same assumptions.

Corollary 5.1 (Convergence of MAP) Let (27);>0 be generated by the iteration in Equation (5.1) with
Yk =Ygk = 1/2 and N, = 1. Then for all k > 0, 2F 1 = PcfPngk. Thus, MAP is a special case of PRS.
Consequently, under the assumptions of Theorem 5.1, the iterates of MAP converge linearly to a point in the
intersection of Cy N Cy with rate (1 — 1/#%)1/2.
Proof Notice that x’; = (1/2)zF 4+ (1/2)Pc, 2" and refl(y/2),(*) = Pc,z*. Similarly, xfc = (1/2)Pc, (%) +
(1/2)Pcchgzk and Zk+1 = reﬂ(l/g)f(chzk) = PCchgzk.

We see that C(1/2,1/2,1,p) = (1 — 1/(2u§))1/2. We can strengthen this rate to (1 —1/42) 1/2 by ob-
serving that in Equation (5.8) we have d¢, (2*) = 0, and so we can set ¢; = 0. The proof then follows the

same argument. O

Remark 5.3 If Cy and C, are closed subspaces with Friedrichs angle cos™!(cp), [8, Corollary 11] shows that
u < 2/y/1 — cp. Therefore, Corollary 5.1 predicts that iterates of MAP converges with rate no less than
((3+4 cr)/4)'/2. The actual rate for this problem is ¢% [1,25]. See [4, Section 7] for a comparison between
DRS and MAP for two subspaces.

With this interpretation of MAP we can examine the inconsistent case, Cy N Cy = (), from a different
perspective than the current literature. A part of the following result appeared in [6, Theorem 4.8]. In
particular, if = satisfies Equation (5.12), then Po,x — Pc,x is the gap vector of [6, Theorem 4.8].

Corollary 5.2 (Convergence of MAP: infeasible case) Let (27);>0 be generated by MAP, and suppose
that Cy N Cy = 0. If there exists x € H such that

r— Po,v = Po,v —z, (5.12)
then (zj)jzo converges weakly to a point in the following set:

{Pc,v|xe€H, 2~ Po,x = Po,v —x} CCy, (5.13)
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with FPR rate ||zFT — 2%||2 = 0 (1/(k + 1)). Furthermore, if x satisfies Equation (5.12), then

2

1 , ,
+ HQ(PCQZZ — Po, Pc,2") — (v — Po,x)

i (H;(z = Pc,2') = (v = Pc,x) 2) < 0. (5.14)

In particular, the vector chz]‘c — Pc, Pe, 2F strongly converges to the gap vector Pe,x — Po,z, and

réun {I(Pc,2" = Pc,2") — (Pc,x — Pc,x)||*} = o(1/(k + 1)).

Proof In view of Proposition 5.1, the condition x — Po,x = Pc,x — x is equivalent to = € zer(Vd%f + Vd%q).
The mapping TPI/{SI/ 2 = Pc, Pc, is the composition of (1/2)-averaged maps, and so it is a-averaged for
some a < 1 [9, Proposition 4.32]. In addition, [17, Theorem 1] shows that the FPR satisfies [zF*1 —
2%||2 = 0(1/(k + 1)). The set in Equation (5.13) is precisely the set of fixed points of Tprs. Therefore, weak
convergence follows from [9, Proposition 5. 15] The sum in Equation (5.14) is exactly the sum of derivatives
HVdQCg (zk) — Vd%g (z)]]? + HVde (z}) — Vdg (@ )|I?, and so it is finite by Proposition 2.1. Finally, strong
convergence of Pg, 2k - P, chz to the gap Vector follows from the identity  — Pc,x = (1/2)(Pc,z— Pc, ).
The rate is a consequence of Fact 1.1 and Equation (5.14). O

Remark 5.4 Note that that the condition 2 — Po,x = x — Pg,x is equivalent to ||[Po,z — P, z|* =
mlnyey(dc (y) + d% ,(¥) = ming ec;o,e0, 79 — avf||2 See [6, Fact 5.1] for conditions that guarantee
the mﬁmum is attalned in Corollary 5.2.

See Appendix D for the extension of the results of this section to finite collections of sets.

6 From relaxed PRS to ADMM

The relaxed PRS algorithm can be applied to problem (1.2). To this end we define the Lagrangian:
Ly(@,y;w) = f(x) +g(y) — (w, Az + By — b) + %HAOC + By —b||*.

Section 6 presents Algorithm 1 applied to the Lagrange dual of (1.2), which reduces to the following
algorithm:

Algorithm 2 Relaxed alternating direction method of multipliers (relaxed ADMM)

Require: w ' e H,z7' =0,y 1 =0,A_1 = %, v >0,(Aj)j>0 € (0,1]
for k=-1, 0,... do
yhtl = argmin L (z*,y; wk) + v(20g — 1)(By, (Az* + By* — b))
wktl = wk — y(Azk + ByF+1 —b) — y(2\, — 1)(Az* + By* —b)
k! = arg min, £, (z, y* 1 wht)
end for

If A\p =1/2, Algorithm 2 recovers the standard ADMM.



22 Damek Davis, Wotao Yin

It is well known that ADMM is equivalent to DRS applied to the Lagrange dual of Problem (1.2) [20].
Thus, if we let

df(w) == f*(A"w) and dg(w) := g"(B*w) — (w, b),
then relaxed ADMM is equivalent to relaxed PRS applied to the following problem:

miningﬁze dy(w) + dg(w). (6.1)

we
We make two assumptions regarding dy and d,.

Assumption 7 (Solution existence) Functions f,g: H — (—o0, 0] satisfy
zer(0dy + 0dg) # 0. (6.2)

This is a restatement of Assumption 2, which we have used in our analysis of the primal case.

Assumption 8 The following differentiation rule holds:
Ods(z) =A" 0 (0f")0 A and 0dy(x) = B* 0 (0g™) o B.

See [9, Theorem 16.37] for conditions that imply this identity, of which the weakest are 0 € sri(range(A*) —
dom(f*)) and 0 € sri(range(B*) — dom(g*)), where sri is the strong relative interior of a convex set. This
assumption may seem strong, but it is standard in the analysis of ADMM because it implies the form in
Proposition 6.3.

The next proposition shows how the strong convexity and the differentiability of a closed, proper, and
convex function transfer to the dual function.

Proposition 6.1 (Strong convexity and differentiability of the conjugate) Suppose that f : H —
(=00, 00] is closed, proper, and convex. Then the following implications hold:

1. If f is py-strongly convex, then f* is differentiable and V f is (1/ps)-Lipschitz.
2. If f is differentiable and V f is (1/8)-Lipschitz, then f* is 5-strongly convex.

Proof See [9, Theorem 18.15]. ]

With Proposition 6.1, we can characterize the strong convexity and differentiability of the dual functions in
terms of A, B and f and g. We first recall that a linear map L : G — G is a-strongly monotone if for all
z € G, the bound (Lz,z); > a|z||3 holds.

Proposition 6.2 (Strong convexity and differentiability of the dual) The following implications
hold:

1. If Vf, (respectively Vg), is (1/5)-Lipschitz and AA* (respectively BB*) is a-strongly monotone, then dy
(respectively dg) is af-strongly convex.

2. If f, (respectively g) is p-strongly convez, then dy (respectively dg) is differentiable and Vdy (respectively
Vdy,) is (| Al|?/p) (respectively (|| B||%/u))-Lipschitz.
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The proof of Proposition 6.2 is straightforward, so we omit it. We note that AA* and BB* are always
0-strongly monotone. Thus, we assume that AA* and BB™ are ay and ap-strongly monotone, respectively,
while allowing the cases ay = 0 and ap = 0. In addition, we use the convention that v fand Vg are always
(1/By), and (1/B,)-Lipschitz, respectively, by allowing the cases 8y = 0 and 8, = 0. We carry the following
notation throughout the rest of Section 6:

pa; = Braa >0 and pa, = Bgap > 0. (6.3)
Thus, dy and dg are pg, and pg,-strongly convex, respectively. Finally, we always assume that f and g are

wy and pg-strongly convex, respectively, by allowing puy = 0 and g = 0. We assume that [|Al|||B]| # 0, and
denote

= H 5 d =t~y 6.4
%= e = " % = g = (o4

If B4, is strictly positive, then dy is differentiable and Vdy is (1/8y)-Lipschitz. A similar result holds for d,.
Now we apply Algorithm 1 to the dual problem in Equation (6.1). Given z° € H, Lemma 1.1 shows that
we need to compute the following vectors for all £ > 0:

w(’jg = prox. g (2%);
wi, = prox, (2wg —z); (6.5)
=R 2N (wf, —wf).

A detailed proof of Proposition 6.3 recently appeared in [17, Proposition 11].

Proposition 6.3 (Relaxed ADMM) Let z° € G, and let (27) ;>0 be genemted by the relazed PRS algorithm
applied to the dual formulation in Equation (6.1). Choose wg, =202 =0andy ' =0 and \_; = 1/2.

Then we have the following identities starting from k = —1:

y**1 = argmin g(y) — <w§g,Amk + By —b) + %HAa:k + By — b+ (2\, — 1)(Az" + ByF —b)||%
yEH2

ws"’l = w’jy — y(Az® + Byt —b) — (2, — 1)(Az® + By* — b);

g

2P = argmin f(z) — (whT, Az + By —b) + lHAx + Byt — )%
TEH1 g 2
k41

wy = wZH (AzFH 4+ ByFtt —p).

Remark 6.1 Proposition 6.3 proves that wkJrl SH y(AzkTt 4+ By*+1 —p). Recall that by Equation (6.5),
AR LS 2)\k(wdf - dg). Therefore, it follows that

2L 2k — 9y N\ (Az® + By* —b). (6.6)
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Function Primal subgradient = Dual subgradient
g Vy(y*) = B wy ~ Vdg(wg )= By® —b
f Vf(z®) = A*w;f Vdf(wjf) = AxS

Table 6.1 The main subgradient identities used throughout Section 6. The letter s denotes a superscript (e.g. s = k or s = *).
See [17] for a proof.

6.1 Converting dual inequalities to primal inequalities

The ADMM algorithm generates 5 sequences of iterates:
()20, (W), )20, and (w} )j>0 € G and (@7)j20 € H1, (¥")j20 C Ho.

In this section we recall some inequalities, which were derived in [17, Section 8.2], that relate these sequences
to each other through the primal and dual objective functions. In the following propositions, z* will denote
a fixed point of Tprs. The point w* := prox,, (z*) is a minimizer of the dual problem in Equation (6.1).
Finally, we let * and y* be defined as in Table 6.1.

Proposition 6.4 (ADMM primal upper fundamental inequality) For all k > 0, we have the bound
N (f(@®) +g(y") — f(z") = g(y™))
1
<l (= 0P = 1R - =P (L ) I - e
k

Proposition 6.5 (ADMM primal lower fundamental inequality) For all z € dom(f) and y € dom(g),
we have the bound:

f(x)+9g(y) — f(z*) —g(y*) > (Az + By — b,w"). (6.8)

6.2 Converting dual convergence rates to primal convergence rates

In this section, we use the inequalities deduced in Section 6.1 and the convergence rates proved in previous
sections to derive convergence rates for the primal objective error and strong convergence of various quantities
that appear in ADMM. In addition, we translate the results of the previous sections and use Proposition 6.2
to state all theorems in terms of purely primal quantities.

We recall the definition of the two auxiliary terms (Equation (1.14)):

Sa, (wh  w*) = max ¢ LR wh — w2, s || Ank — Ax? b (6.9)
2 2] A
* ﬁ @ * *
S, (%) = max { B0l — w2, e I - By (6.10)

This form readily follows from Table 6.1.
The following is a direct translation of Theorem 2.1 to the current setting. Note that any of the Lipschitz,
strong convexity, and strong monotonicity constants may be zero.
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Theorem 6.1 (Primal differentiability and strong convexity) Suppose that (zj)jzo s generated by
Algorithm 2. Then

1. Best iterate convergence: If (\;);>o0 is bounded away from zero, then min;—g.... x {Sdf (wfif’w*)} =
o(1/(k+1)) and min;—o,... x{Sa, (wfig,w*)} =o(1/(k+1)).

2. Ergodic convergence: Let ng = (1/Ax) Zf:o wgf, let E’;g = (1/Ag) ZLO >‘in197 let 7% = (1/Ay,) Zf:o xt,
and let §* = (1/Ay,) Zf:o \iyt. Then

2 2
max {,BfaA stf —w* ’”Zﬁ HAfk _ Ax*HQ} +max{5ga3 Hﬁgg —wrl| + IIZE\IIQ HByk _ By*H }
120 — 2*||?
Ay Ay,

3. General convergence: If T = infj>o A;(1 — A;) > 0, then Sf(w’jf,w*) + Sg(wsg,w*) =o(1/Vk+1).

The following proposition deduces o(1/(k+ 1)) objective error convergence of standard ADMM whenever
g is strongly convex, and -y is small enough.

Theorem 6.2 (Strong convexity of g) Suppose that g is pg-strongly convex. Let A = 1/2, and let
v < KB = kug/||B||* (see Theorem 3.2). Then for all k > 1, we have the constraint violations convergence
rate:

B?||wg, —w*|?
V2R2 (L+/B)" (B2 = 72 /x?)

Moreover, the primal objective errors satisfy

|Az® + By* —b]|* <

1
and |Az* + By* —b||> =0 (k2> .

—Bllw*|[|wg, —w*||

oy Bl =l (120 = 2 )
(A8 T =g ST W) I ) s e ST =)

and | f(z*) + g(y*) = f(a*) — g(y")| = 0 (1/k).

Proof The constraint violations rate follows from the identity 2**!—2* = —y(A2*+ By* —b) (Equation (6.6))
and the FPR convergence rate in Theorem 3.3.

The lower bound follows from the lower fundamental inequality in Proposition 6.5 and the FPR conver-
gence rate in Theorem 3.3:

. .. (68) RGOS §
f@®) +9(") = f@*) —g(y") = (A" + By* —b,w*) > —;IIZ’“-Z’““HIIw |

6o =Bl ) —w

ok (1+/8) (B —2/r2)

Part 1 of Fact 1.2 bounds the norm: ||zFT1 — (2% — w*)|| < |28t — 2% + |Jw*|| < ||12° — 2*|| + ||w*|.
Therefore, the upper bound follows from the upper fundamental inequality in Proposition 6.4 and the FPR
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convergence rate in Theorem 3.3:

k k * * 67 1 k * *\ (12 k+1 * *\ (12 k k412
fE®) +9") = f@) —g(y*) < 7(”2 e G U [l E e G T | el e [y
Lo (o ), ok ety 2 A 2w 17— 21+ )

gl k(L +/B) V(B =/ K?)

The little o-rate follows because, as the above equations have shown, the objective error is upper and lower
bounded by a multiple of the square root of the FPR, which has convergence rate o(1/k) by Theorem 3.3. O

It would be nice to prove a convergence rate for the “best iterate” of the sequence of primal objective
errors in the style of Theorem 3.1. Unfortunately the fundamental inequalities we developed in Section 6.1
do not immediately imply such a rate.

Now we shift our focus to linear convergence. The following proposition is a direct translation of the main
results of Section 4 to the current setting. The interested reader is encouraged to read Appendix E to see
how the following rates imply convergence rates for the primal and dual objective, and feasibility errors.

Theorem 6.3 (Linear convergence of Relaxed ADMM) The following are true:
1. If pgByap > 0, then (zj)jzo converges linearly and
A\ 1/2
40— P < (1o e ) ek,
(L +A[BI?/ 1g)

2. If ugBraa >0, then (27);>0 converges linearly and

1/2
Nemin {4y8raa/ (1+ 412 ug)*, (1= M) |

2

sz+1 _ Z*HZ < 1 k_ Z*HQ

Iz

3. If pyBgap > 0, then (29) >0 converges linearly and

. /2
. ax, min{yByap, g /(|AI%7), (1 = M)} \
4 =5 < (1 08 1] R

4. If pgBraca > 0, then (27) ;>0 converges linearly and

. 9 B 1/2
||zk+1 _ Z*HQ < (1 _ Ak mln{’yﬁfaAaug?{(HBH 7), (1 Ak)}) ”Zk _ Z*||2

We can apply Proposition E.1 to any of the scenarios that appear in Theorem 6.3 and deduce the rate of
linear convergence of the objective error and constraint violations. We leave this application to the reader.

Linear convergence of ADMM has been deduced in a variety of scenarios. In [18], the authors prove the
linear convergence (in finite dimensions) of a generalized form of ADMM, which allows the possibility of
adding proximal terms to the alternating minimization steps that appear in Algorithm 2. The four scenarios
that appear in [18, Table 1.1]) have some overlap with our results. In the standard version of ADMM,
(with no relaxation or extra proximal terms), scenarios 1 and 2 in [18, Table 1.1] are the finite-dimensional
analogues of Part 1 of Theorem 4. Scenarios 3 and 4 in [18, Table 1.1] are not covered by our analysis because
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they require that we treat the structure of A and B more carefully than we have in this section. In addition,
Parts 2, 3, and 4 of Theorem 6.3 are not discussed in [18]. Finally, we note that this paper and [18] use the
opposite update orders in ADMM. They generally lead to different sequences except when at least one of f
and g is quadratic [32]. Therefore, when comparing the results between the two papers, one must switch f
and g, as well as A and B.

7 Examples

In this section, we apply DRS and ADMM to concrete problems and explicitly bound the associated objective
errors and FPR with the convergence rates that we derived in the previous sections.

7.1 Feasibility problems

Suppose that C'y and Cy are closed convex subsets of H with nonempty intersection. The goal of the feasibility
problem is the find a point in the intersection of C'y and Cy. In this section, we present a comparison between
MAP and the relaxed PRS algorithm.

7.1.1 Linear convergence

Section 5 shows that relaxed PRS applied to f = dQCf and g = d2cg converges linearly whenever C'y and C
have a sufficiently nice intersection. In addition, [11] and [29] have recently shown that one can achieve linear
convergence under the same regularity assumptions on Cy N Cy when f = 1c; and g = tc,. We refer to [11,
Fact 5.8] for an extensive list of conditions that guarantee (bounded) linear regularity of {Cy,Cs}. For the
readers convenience, we list a few important examples:

1. Subspaces: If C'fL + Cgl is closed, then {C,Cy} is linearly regular.

2. Polyhedron: If Cy N Cy # 0, then {C,C,} is linearly regular.

3. Standard constraint qualification: If the relative interiors of Cy and Cj; intersect, then {Cy, Cy} is
boundedly linearly regular.

7.1.2 General convergence

In general, we cannot expect linear convergence of relaxed PRS algorithm for the feasibility problem. Indeed,
[17, Theorem 9] constructs a DRS iteration that converges in norm but does so arbitrarily slowly. A similar
result holds for MAP [10]. Thus, in [17] the authors focused on other measures of convergence, namely FPR
and objective error rate. The following discussion will utilize the results of [17] to compare the relaxed PRS
and MAP algorithms in the absence of regularity.

Let tc, and tc, be the indicator functions of C'y and C,. Then x € CyNCy, if, and only if, 1, (7)+ic, (z) =
0, and the sum is infinite otherwise. Thus, a point is in the intersection of Cy and C| if, and only if, it is the
minimizer of the following problem:

mi;lier%l{ize ey () + Lo, (o). (7.1)
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The relaxed PRS algorithm applied to f = tc, and g = i, has the following form: given an initial point
29 € H, for all k > 0, define

xlg = P, (%);
x’} = Pc, (295’; — 2F); (7.2)
=2 2N (o — ab).

In general, the functions f and g are neither differentiable nor strongly convex. Furthermore, they only
take on the values 0 and oco. Thus, we will only discuss FPR convergence rates of relaxed PRS. The FPR
identity x’} —ab = ﬁ(z’€+1 — 2¥) shows that after k iterations

(1.10) 1
(i, (o)., e} < 15 ol 20 (57 ). (7.3

By the convexity of C'y and Cj, the ergodic iterates of relaxed PRS satisfy f’fc = (1/Ag) Zf:o )\ix} € Cy and
E’; = (1/Ax) Z?:o Aiz}, € Cy. Thus, [17, Theorem 6] implies the improved bound

. - . - 1
mwwa@nﬁwﬁnsw¢ﬁWO(ﬁ)7 (7.4)

which is optimal by [17, Proposition 7]. Therefore, after k iterations the relaxed PRS algorithm produces a
point in each set with distance of order at most O(1/Ay) from each other.

We now shift our focus to the MAP algorithm. First we replace both of the indicator functions with the
squared distance functions: f = minyec, ||z — y||* and g(z) = minyee, ||z — y||*. Now recall that f and g
are differentiable, the gradient Vg is 2-Lipschitz continuous [9, Corollary 12.30], and relaxed PRS takes the
form in Equation (5.1). Specializing to v = 1/2 and Ay = 1 yields the MAP algorithm (Corollary 5.1).

In this algorithm, the main MAP sequence satisfies (27);>1 C Cy, while the auxiliary sequences (2});>0
and (xé) j>0 are not necessarily elements Cy or C,. Therefore, the MAP FPR rate is less useful for estimating
distances of the current iterates to Cy and Cy than it is in the relaxed PRS algorithm (See Equation (7.3)).
Although Ay =1, the map Pc, Pc, is a-averaged for some o < 1, and, hence, we can still estimate sz“‘l —
2¥||2 = o(1/(k + 1)) (Corollary 5.2).

The ergodic convergence rate in [17, Theorem 6] (where we use the identity d¢, (2%) = (1/2)d¢, (z*) and
Jensen’s inequality) shows that

1 2 & 1
dz, <k+1 Z;z ) <o ;dgg(x’;) =0 <k+1> . (7.5)
Thus, if we choose z° € Cy, the ergodic iterate (1/(k + 1)) Zf:o 2" is an element of Cy and we can bound
its distance from Cj. Note that this rate is strictly slower than the rate in Equation (7.4).

Although a%f and d%g are differentiable (Proposition 5.1), we cannot apply the results of Section 3 to
MAP because they require that (A;);>0 C (0,1). Therefore, we cannot use the regularity of d%f and d%g to
deduce faster convergence of the AP algorithm.

This discussion shows that the convergence rates predicted in [17] for relaxed PRS, which are known to
be optimal, are faster than those predicted for MAP. When C and Cy intersect nicely (Section 5), the rate
predicted for MAP is faster (See Corollary 5.1). In [4, Section 8] a similar phenomenon is observed for the
case of intersecting subspaces: DRS is faster than MAP for problems with nonregular intersection. It would
be highly satisfying to characterize this phenomenon in general.



Faster convergence rates of relaxed Peaceman-Rachford and ADMM under regularity assumptions 29

7.2 Parallelized model fitting and classification

The following scenario appears in [15, Chapter 8]. Consider the model fitting problem: Let M : R™ — R™
be a feature matriz, let b € R™, be the output vector, let I be a loss function and let r be a regularization
function. The goal of the model fitting problem is to
minimize [(Mz —b) + r(x). (7.6)
zeR"

The function [ is used to enforce the constraint Mx = b+ v up to some noise v in the measurement, while
r enforces the regularity of x by incorporating prior knowledge of the form of the solution.

In this section, we present one way to split Equation (7.6). Our discussion extends the one given in [17,
Section 9.2], where only convexity of [ and r is assumed.

7.2.1 Auziliary variable

We can split Equation (7.6) by defining an auxiliary variable for Mz — b:

e
ipimize, 1)+ r(o)

subject to Mz —y =b. (7.7)

We will now analyze the convergence rates predicted in Section 6.2 for ADMM applied to Problem (7.7).
Our most general convergence result applies to the auxiliary terms:

Bram Iz
S0 0) = e { 92, — 0, e M 2 |
o}
R’!L .

Theorem 6.1 shows that the best auxiliary term converges with rate o(1/(k + 1)), the ergodic auxiliary term
converges with rate O(1/4y), and the entire sequence of auxiliary terms converges with rate o(1/vk + 1).
Now suppose that g > 0. Then we can bound the distance of 3* to the optimal point y* := Ma* — b:

1
7 -1 =0(5)-
A3
Now let f =r,let g=1,1et A= M, and let B = —Igm. If v < Ky, then Theorem 6.2 bounds the primal
objective error and the FPR:

22
R o Iy =y

Bi
S, (w’jl,w*) = max {2w§z —w*|

1(y*) + (@) — I(Mz* —b) — r(z")] =0<k—1kl> and | Mz —b—o*|? =0<(/€+11)2> .

In particular, if [ is Lipschitz, then |I(y*) — I(Ma* — b)| = 0(1/(k + 1)). Thus, we have

0 < UMa" —b) +r(a") = UMa" —b) —r(z") =0 <1<:i1> '

A similar result holds if r is strongly convex and we assign g = r and f = [, etc.
We can improve the above sublinear rate to a linear rate in any of the following cases (Theorem 6.3):
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r is differentiable and strongly convex and M M™* is strongly monotone;
l is differentiable and strongly convex;

r is differentiable, M M* is strongly monotone, and [ is strongly convex;
r is strongly convex and [ is differentiable.

8 Conclusion

In this paper, we provided a comprehensive convergence rate analysis of relaxed PRS and ADMM under
various regularity assumptions. By appealing to the examples developed in [17], we showed that several
of the convergence rates cannot be improved. All results follow from some combination of a lemma that
deduces convergence rates of summable monotonic sequences (Lemma 1.1), a simple diagram (Figure ?7),
and fundamental inequalities (Propositions 1.2, 1.3, 3.1, and B.1) that relate the FPR to the objective error of
the relaxed PRS algorithm. Thus, together with [17], we have developed a comprehensive convergence rate of
the relaxed PRS and ADMM algorithms under the standard regularity assumptions in convex optimization.
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Appendices

A Technical results from Section 3.1

The following Theorem will be used several times throughout our analysis.

Theorem A.1 (Descent theorem/Baillon-Haddad) Suppose that g : H — (—o0, 00] is closed, proper, convez, and differ-
entiable. If Vg is (1/B)-Lipschitz, then for all z,y € H, we have the upper bound

g(z) < g(y) + (= —y, Vg(y)) + %Ilz—y\\Q, (A1)

and the cocoercive inequality
BlVg(x) — Vg(y)lI* < (x -y, Vg(z) — Vg(y)). (A.2)

Proof See [9, Theorem 18.15(iii)] for Equation (A.1), and [2] for Equation (A.2). O
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Proof (Proof of Proposition 3.1) Because V f is (1/8)-Lipschitz, we have

(A.1) 1 )
flzg) < f(wf)+<rg—zf,Vf(xf)>+ﬁllmg—fo ; (A.3)

. (113)@ B o
Splap,z™) 2 SIVF(zs) = VDI (A.4)

We now derive some identities that will be used below to bound f(zg) + g(zg) — f(z*) — g(z*). By applying the identity
z* —a* =~yVg(z*) = —yV f(z*) (Equation (C.2)), the cosine rule (1.4), and Equation (1.12) multiple times, we have

2(z — 2T, 2" —2*) + dyNzg — xp, V(zy)) = dyMag — x5, V(zf) — V(z*))
= AN(YVy(ag) +7Vf(25), 7V f(f) = 7V f ("))
=2 (llzs = 2gl® + WV F (2g) = AV £ () = 1 Vg(zq) — 7Vg(z")]?) .

By Equation (1.12) (1 — %) llz — 27F]|2 + 2 (% + 1) lzg — z¢]|% = (1 + (;Eif)) |z — 2T]|2. Using the above two identities, we

have
AN (f(zg) + g(zg) — f(z¥) — g(z"))

(A.3) . . 2y 2
< A (f(zp) +g(zg) — f(27) = g(a™)) +dyMag — 25,V f(f)) + ?Ilmg — g

(1.16) 1
<= Il = P (2 - 2 = 0 a9 — g, Vo) + (15 ) I - 2P

29
+ 7”% —xg|® — 4yASy (s, %)

= le= = 2 = l — e (1= 1) o= P 2a (G4 1) o — o)
FRVS(g) ~ 1V H@IP = 4778 (a,27) — 2l Tg(a) ~ 7Tl
(v—5)

(A.4)
o= = e =P (14 S P s 29 - )19 5 g) - VP

If v < B, we can drop the last term. If v > 3, we apply the upper bound on S¢(zy,z) in (2.1) to get

220y~ B)I19Geg) - V1@ < 2B (= o2 = gt =+ (1= 3 ) B = 412))

and the result follows. If Vg is (1/8)-Lipschitz, the argument is symmetric, so we omit the proof.

B Proofs from Section 3.2

The following two results are well known, but we include some of the proofs for completeness. They will help us tighten the
bounds that we develop below.

Lemma B.1 (Extra contraction of derivative operator) Suppose that Vg is (1/8)-Lipschitz, and let x,y € H. If z+ =
prox.,(z) and y* = prox,;(y), then

IVg(z*) = Va(yH)I* < llz —y|I>. (B.1)

1
,YQ_;’_ﬁQ
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Proof From the identity YVg(z) = z — =, the contraction property in Proposition 1.1, and the Lipschitz continuity of Vg
we have

F2IVg(a®) = Ve M) < lla* —y* |2 and VIVg™) = Ve N)I? < llz = yl* — 2™ — v 7|2
Adding both equations and rearranging proves the result. O
The following is a direct corollary of the descent theorem (Theorem A.1).
Corollary B.1 (Joint descent theorem) If g is differentiable and Vg is (1/8)-Lipschitz, then for all pairs z,y € dom(f),
points zH, and subgradients V f(x) € Of(x), we have

F(@) +g(@) < f(y) + 9(v) + (x =y, Vg(2) + Vf(2)) + %IIZ —z||?. (B.2)

Proof Inequality (B.2) follows from adding the upper bound

(A1) 1 9 1 9
g(@) —g(y) < g(Z)—g(y)+(w—z,V9(2)>+ﬁIIZ—xH S(fc—y,Vg(Z)>+ﬁllz—xH7

with the subgradient inequality: _
f@) < fy) + (& -y, Vi) (B.3)

The following theorem develops an alternative fundamental inequality to the one in Proposition 3.1.

Proposition B.1 (Fundamental inequality for differentiable functions) For all x € dom(f),

3
2(f (@) + g(a) - f(2) — g()) + (276 - %) IVg(abth) = Va(@h)|? + llzE+! — 2] + [kt — 22

< llag — Il (B.4)

Proof The following identities are straightforward from Lemma 1.1:

ok — b =y (Vg(af ™) + V() and af —ah Tt = y(Vg(zht!) — Vg(a})). (B.5)
Therefore,
k k 7 k+1 ky2
29(£(a) + 9(e) - 1)~ a(@) + (208~ 2 ) IValeh*) - Tatah)]
(B<‘2)2 k_ o T f(zk Vo(zkt! Yk o k+1y2 9 _f Va(zk+1) — kyp2
< 292} —a, Vf(zf) + Vglzg™)) + B||$f g7+ (298 5 IVg(zg™") — Vg(zg)ll
(B.5)
=" 2(ah — 2, 2f — ) + 298| Vg(ab ) — Vg(ah)|?
=2ait —a,wp — 2t + 22l — it ah — ap T + 298| V() — Vg(ah)|?
<1<4) E_ o2 _ k4l o2k k412
< lwg —zlI” = llzg z||” = |lzg —zg" ||
(B.5)
+ 29(Vg(agth) = Vg(ag), x5 —ag™h) + 298] Vg(zg ™) — Vg(ag)||?
<A<‘2) kE_ o2 _ 1kl _ 2 _ .k k12 B6
< lzg — =7 = llzg z||” = |lzg — =" (B.6)
Equation (B.4) now follows by rearranging Equation (B.6). m]

The following proposition uses the fundamental inequality in Proposition B.1 evaluated at the point = :cl;fl to construct

a monotonic sequence that dominates the objective error. We introduce a factor 6 € [0, 1] that we will optimize in Lemma B.2
in order to maximize the range of « for which the sequence remains monotonic.
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Proposition B.2 (Monotonicity) For scalars 6 € [0,1] and integers k > 1, the following bound holds:
3
* * ’Y
2y(f (@) + g(a) — f@*) — g(a™) + (298 — = ) IVa(ay ™) = Va(@h)|* + og T — 512

B

<9 k—1 k—1 * x 0211V a(2F) — Va(zk—1)[12 A=07* k k-1y2 B.7

S2(f(ay™ ) +g(@y™ ) — f(=") —g(a™) + 0" Va(zg) — Vg(zg )II" + TH% —xzg % (B.7)

Proof Plug & = %! into Equation (B.4) and subtract f(z*)+ g(z*) from both sides. Equation (B.7) follows from the identity

ok — it =y (Vg(af ") - Vg(ab)),

the bound ||Vg(x’g“) - Vg(oclg“*l)ﬂ2 < (1/52)”35]; - wlgc*lHQ, rearranging, and dropping the positive term Hxlg+1 — xf,71||2. O

We now choose the factor 6 in order to maximize the range of implicit stepsize parameters 7 for which the sequence
constructed in Proposition B.2 remains monotonic.

Lemma B.2 (Maximizing v range) Let 8 > 0, and let
3 1—6 2
K= Sup{l |v>0,0€[0,1],04° < (2%3— l) ; # < 1}- (B.8)
B B B
Then k is the positive root of 3 4+ x2 — 2z — 1. Therefore, (v*,0*) = (k8,1 — 1/K?).
Proof Observe that the constraints on 6 and ~ are equivalent to following inequalities:
2
1+ 2L 2 2 (0= 155 +120. (B.9)
The left hand side of Equation (B.9) is monotonically decreasing in v for all v > 8. Furthermore, if v = k8, then the left hand

side is 0. Thus, v* < k3. Finally, for every v € [0, xf], the scalar 6, = 1 — 32 /42 satisfies (6 — 1)(v?/82) + 1 > 0. Therefore,
(v*,6%) = (kB,1 — 1/K2). 0

Remark B.1 Throughout the rest of the paper, we will let Kk = 1/4/1 — 6* ~ 1.24698 where 6* is defined in Lemma B.2. Note
that the inequality constraints in Equation (B.8) become equalities for the pair (y*,6*).

We will need the following bound in several of the proofs below.
Proposition B.3 (Gradient sum bound) For all v > 0

1

m”zo - 2|12 (B.10)

D IVglay) = Valag™)|? <
=0

Proof From Lemma B.1 and the Fejér type in equality in Equation (1.9):
IVg(ay) = VglagthII? < (1/(y* + B2))1* — 21
< W/ +87) (1 — 212 = 14— )P, (B.11)
Therefore, the result follows by summing (B.11). O
The following proposition computes an upper bound of the sum of the sequence in Equation (B.7).
Proposition B.4 (Summability) If v < k83, choose § = 0* as in Lemma B.2; otherwise, set 0 = 1. Then
S (1-6)y*
S (207(eh) + 9(e) - 17) = a(a) + 02V ) - Tatah) P+ L5 ek - o)
i=0
20 — %2, if v < kB;
< {II g I if

3
lzd —a* % + T 298+~ — ,32) |20 — 2*||2, otherwise.

1 (B.12)
B24+~2 \ B
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Proof First note that:
—lley — TP < =82 Vg(xg) — Vgl ™12

In addition, for either choice of # we have (1 — 8)y2/8% — 1 < 0. Thus, from Equation (B.4)

_ 2
9(F(h) + g(@h) — Fla®) — o)) + 642 Va(eh+D) — V()2 + L kst iy

32
<l —a*|| = laf Tt — 2%
3 2
v (1-0)y
+ (% =20 +00 ) IValab ) - Va1 + (F51 1) 1ok - P (B.13)
3
* * 7
< ek — 2| = laktt — 2% + (F —2y8+7% - ﬂ2> [Vg(zh™) — Vg(ah)|?.
The last line of Equation (B.13) is negative if, and only if, v < k8. This proves the first bound in Equation (B.12). The second
bound follows from the sum bound in Equation (B.10). m|

C Proofs from Section 5

In this section, we will vary the implicit stepsize parameter in every iteration. In addition f and g will have separate implicit
stepsize parameters. Thus, we augment the Tprs notation as follows: for all vf,v4 > 0,

YfYg . __ )
Tpors ™ = reﬁvff o reﬂ.ygg.

The following optimality conditions are well known. They will be needed in Section 5 because we vary the implicit stepsize
parameter 7. See [17,9] for a proof.

Lemma C.1 (Optimality conditions of Tprs) The set of zeros of Of + g is precisely
2ex(0f + 9g) = {prox. (=) | = € M, Trsz = 2}. (1)

That is, if 2* is a fived point of Tprs, then x* =z = az; is a solution to Problem 1.1, and

2 — 2" =Vg(z") € y9g(z*). (C.2)
Therefore, the set of fized points of Tprs is exactly
{2+ yw | @ € zer (9f + 8g) ,w € (~0f(x)) N Dg(x)} .

The following propositions study the behavior of Tgﬁ’gg as the positive implicit stepsize parameters v; and 4 vary.

Lemma C.2 (Non expansiveness of PRS operator) The operator Tgﬁ’s’yg 1S monerpansive.

Proof This is an immediate consequence of the nonexpansiveness of the reflection mapping (See Part 3 of Proposition 1.1). O

T’va"/g .

The following lemma will be useful for determining the fixed point set of Tpig

Lemma C.3 (Minimizers of weighted squared distance) Let p1,p2 > 0, and suppose that Cy N Cy # 0. Then the set of
e o > .

minimizers of p1dcf + pgdcg is Cy N Cy.

Proof The minimal value is attained whenever z € Cy N Cy; otherwise, the sum is nonzero. O

We will now compute the fixed points of T;ﬁ’sﬂy‘q.

Proposition C.1 (Fixed points of PRS operator) The set of fized points of Tgl’;’;g is Cy N Cy.
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Proof Let f' = ~¢f and let ¢’ = ~4g9. Then Lemma C.1 combined with Lemma C.3 show that the set of fixed points of

T;{{gg =refly orefl is
{z+Vg'(z) |z € CrNCy,Vg'(z) = -V ()}
However, Vg'(z) = 2v4(x — Po,(x)) = 0 for all x € Cy N Cy, and so the identity holds. O

Now, we will show that the sequence generated by Equation (5.1) is bounded.

Proposition C.2 (Boundedness) Suppose that (%) is generated by the iteration in Equation (5.1). If (Me)rkz0 € (0,1],
then (||z7 — z||?);>0 is monotonically nonincreasing for any x € Cy N Cy.

Proof Because the set of fixed points of Tg{";g does not depend on v and vy, the claim follows directly from the Fejér-type

inequality in Equation (1.9). O
We restate the fundamental inequality here for the readers convenience.

Proposition C.3 (Upper fundamental inequality for feasibility problem) Suppose that z € H and 2+ = (Tg{;’s’yg)/\(z).
Then for all x* € Cy N Cy,

* * 1
By, (a7) + 20, (@) < 2 =" = ¥ = + (1= ) ¥ = 212, (©3)
Proof (Proof of Proposition 5.1) This follows directly from the upper fundamental inequality in Proposition 1.2 (with py =

tg = 0, and v = 1), applied to the functions f’ = vsf and g’ = v¢9. Indeed, the gradients 'ydeQCf and 'yngQCQ are 2y and
2vg-Lipschitz (85 = 1/(2vy) and By = 1/(2vg)). Furthermore, if Sy/ and Sy are defined as in Equation (1.14), then

* 1 . gl
St (zgr, ") = H”%VCPCQ (zg) — 'YQVd2Cg (@)|* = ng(% - ch(gﬁg))H2 = 'Ygd2cg(zg)7 (C.4)
9
and by the same argument, S/ (x4, 2*) = 'yfd%f (). To summarize, we have

Vpde, (@p) +v9dE, (g) + Spr(wpr,27) + Sgr(wgr,2%) = 2ypd (w) + 2v9d, (wg)- (C.5)

Therefore, the inequality follows because d%g (z*) = d%f (z*)=0. m]

D Extension of results of Section 5 to multiple sets

The concept of (bounded) linear regularity is defined for any finite number of sets. The following theorem shows that
(bounded) linear regularity of a collection of sets is equivalent to the (bounded) linear regularity of a certain pair of sets in a
product space. For convenience we set

D:={(z,---,z)|r € H} CH™, (D.1)

and endow H™ with the canonical norm: ||(z1, -+ ,zm)||? = (1/m) 312, ||z;||?. We will use the boldface notation x € H™ for
an arbitrary vector in H"". Finally, for any x € H", we will write x; for the jth component of x, which is an element of H.

Theorem D.1 ((Bounded) linear regularity in product spaces) Suppose that Ci,---,Cp are closed convex subsets
of H with nonempty intersection. Then {C1, -+ ,Cm} is boundedly linearly regular or linearly regular, if, and only if, {C1 x
-+ X Cm, D} has the same property in H™ with the canonical norm. In particular, if {C1,--- ,Cm} is pp-(boundedly) linearly

regular on the ball B(0, p), then {C1 X --- x Cp, D} is 4 /(1 + 4mp2)-(boundedly) on the ball B(0,p), and

d(cyx-xCm)nD (X) < /(1 + 4mp2) max{dc, x...x,, (%), dp (%)} (D.2)

Proof See [19, Theorem 3.12]. |
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In this section we model the feasibility problem of the m sets {C1,--- ,Cp,} using the following two objective functions on
the product space H™:

m

flzi,- - ,zm) = Zda(zl) and g(z1, - yxn) = d5(z1, -+ ,Tn).

=1

In the space H™, the proximal operators of f and g have the following form:

1 2y ' 1 2 U
— . Prox. d — . .
prox., ¢(x) <2’y T + i1 c; xj)]’:l an prox.,,(x) <2’y 1% + @+ Om i:EI x1>j_1

We apply the iteration in Equation (5.1) with these identities to get the following parallel algorithm: given implicit stepsize
parameters (vy,;);>0 and (vg,j);>0, relaxation parameters (A;);>0 C (0,1], and an initial point z0 € H™, for all k > 0, define

1 m
=3
ks
m i=1
wg i = (1/ (29,5 + D)=F + (279,5/ (29,5 + 1)Z; For
wh = (1)@ + D)@k, = 25) + v/ @y + 1))Pe, 2k, —28); [i=1,,m (D-3)
Zlk+1 _ Zf 42X, (mlfu _ f’;,i : in parallel.

Note that the algorithm in Equation (D.3) is related to the general algorithm in [3, Section 8.3]. One of the main differences
between these two algorithms is that the projection operators are not necessarily evaluated at same point in each iteration
((2xlgc —z”) ¢ D). By changing the metric of the underlying space, e.g. to ||(z1, -+ ,Zm)||?> = Y1, wi||zi||> where w; > 0 are
arbitrary weights, we can perform a weighted average of all the projections. In addition, we can assign each set C; a different
implicit stepsize parameter at each iteration. For simplicity we do not pursue these extensions here.

The following theorem deduces the linear convergence of the iteration in Equation (D.3).

Theorem D.2 (Linear convergence: Feasibility for multiple sets) Suppose that (Zj)jzg is generated by the iteration
in Equation (D.3), and suppose that {C1,---,Cm} is (boundedly) linearly regular. Let p > 0 and pp, > 0 be such that
(z7)j>0 € B(0,p) and the inequality
deynnCy, (2) < pp max{de, (z), -, de,, (z)} (D.4)
holds for all x € B(0,p). Then (z7);>0 satisfies the following relation: for all k > 0,
Ay o CrmynD (ZT) S COp s Vg s Mks tp) X Ay ooy () (D.5)

where

) 1/2
AN min{vyg k/(2vg,k + 1), vp6/ (2p5 + UZ})

C(¥f,kr Vg ko My ) i= | 1 —
Tkl ’ (1 + 4mp2) max{1672 , /(27g.x + 1), 1}

In particular, if C = sup;>0 C(Vf,k> Vg, k> M bip) < 1, then (z7)j>0 converges linearly to a point in (C1 X - -+ X Cm) N D with
rate C, and

k
125 — 2% < 2d(cy xoxCp)nD (2°) [ [ COrpiis Vgsis X 11p)- (D.6)
1=0

Proof This theorem is a direct corollary of Theorem 5.1 except that Theorem D.1 is used to calculate the (bounded) linear
regularity constant. O

Finally we derive the following analogue of Corollary 5.1.



38 Damek Davis, Wotao Yin

Corollary D.1 (Convergence of MAP: Multiple sets) Let (zj)jzo be generated by the iteration in Equation (D.3) with
Y.k =Yg,k = 1/2 and Ay = 1. Define a* := (Ppz*)1. Then for all k > 0,

m
= L3 p k), (D.7)
mi

Thus, Averaged MAP is a special case of PRS. Consequently, under the assumptions of Theorem D.2, x* converges linearly
to a point in the intersection C1 M-+ N Cry with rate (1 —1/(1+ 4mu2))1/2.

Proof Equation (D.7) follows because refly, = Pp and refl,y = P, x...xc,,- In addition, by the nonexpansiveness of Pp we
have

k
1
2% = 2*)|* = ||(Ppz")1 — 21||* = o > I(Ppz*)i —z;|? < ||z* — 27|
i=1

By Corollary 5.1 and Theorem D.1, the sequence (27);>( converges linearly with rate (1—1/(1 + 4mu2))1/2. Thus, the rate
for (z*)1>0 follows from the rate for (z7);>0. m]

E Consequences of linear convergence of ADMM

The following proposition is a translation of Proposition 4.1 to the ADMM setting.

Proposition E.1 (Consequences of linear convergence of ADMM) Let (C;);>0 C [0,1] be a positive scalar sequence,
and suppose that for all k > 0,

254 — 2| < Crll2® — 2% (E.1)
Fiz k > 1. Then
k—1
lwg, —w*lI> +*|1By* = By*||* < [|12° = z*||* ] CF;
i=0

k—1
lwg, —w|* + 2| A2* — Az®|? < |12° = | ] €7
1=0

k-1
[ A -
[(Tprs)rz" — 2F|| < T )\HZO -] ¢
i=0

Consequently, the following convergence rates for constraint violations and objective errors hold:

If A < 1, then the FPR rate holds:

w2 k=1
| Az* + ByF — b||? < [129 — =*|? HC_Q
Y = A2 i

i=0

and

k—1
(120 = 21 + [l ) [12° = 2"

C;.
z 1

—[12° = 2* lllw* |

Y

k—1
[IGi<r@®)+9(") - @) —g(y*) <
=0
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Proof The convergence rates for the dual variables, primal variables, and FPR follow from Proposition 4.1 and the identities
in Table 6.1.

Now fix k > 1, and let zy = (Tprg)az” for all A € [0, 1]. The convergence rate for the constraint violation follows from the
identity z) — 2 = —2yA\(Az® + By* — b) (Equation (6.6)) and the FPR convergence rate:

* k—1 *

llzx —2%|17 _ l12° — 2% 2 _ HZ [ =

- [Te:- e
/\e[o 1] 49222 A€[0,1] 492A(1 — )

| Az* + By* —b||* =

The lower bound on the objective error follows from the fundamental lower inequality in Proposition 6.5 and the constraint
violations rate:
k k x o &k k x k *||Hw*||
F@*) +9(y*) = f@) —g(y™) > (A* + By* —b,w*) > —||Az* + By* —b|||w"| > —F— HC

The upper bound on the objective error follows from Proposition 6.4, the FPR rate, the bound [zy — 2412 < |l2F = 2|
(Equation (1.9)), the monotonicity of the sequence (||z? — z*||)j>0 (Part 1 of Fact 1.2), and the following inequalities:

F@*) + (%) - F(=*) — 9(v”)
(6.7)
<t (1 = = e = w4 (1 ) 14 - )

(1.4) 1 & 1 & 5
< b o (2o = T - w), 2 a2 (1= o 12T all

A€[0,1] 4y
(llz12 = 2"l + [lw*]]) llz1 /2 — 2"l
- 0l
< (1120 = 2*I| + llw*[l) 12° — 2*[| H c..

Y

F Applications to conic programming

In this section we borrow the setting of [28]. The goal of linear (LP) and semidefinite (SDP) programming is to minimize a
linear function subject to linear and matrix semidefinite constraints, respectively. Thus, in this section we study the following
generic primal-dual pair problem

minimize ¢’ x maximize — b7 Y
TERM yER™
subject to Ax +s =15 subject to — ATy +r=c¢
(z,s) eR" x K (r,y) € {0} x K* (F.1)

where ¢ € R™, b,s € R™, A: R"™ — R™ is a linear map, K C R™ is a closed convex cone, and * C R" is the dual cone to
K. In linear programming K, is the positive orthant = R}, and for semidefinite programming, K is the cone of symmetric,
positive semidefinite matrices.

In [28], both optimization problems in Equation (1) are combined into a single feasibility problem. To this end we introduce
slack variables 7, x € R4, and the vectors and matrix

T T 0 AT ¢
u=|y| eER™TL y=|s| eRMT Q= -4 0 b|eRMFmEDX(nEmED),
T K —cT =T 0

In addition, we let C = R™ x K* x Ry and C* = {0} x K x R4+. With this notation the goal of the homogeneous self dual
embedding problem is to find (u,v) € R*T™+1! such that Qu = v and (u,v) € C x C*.
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Throughout this section we denote
Cf —CxC* and Cg — {(u7v) c rrtmtl  gntm+l ‘ Qu= U}. (F2)

Our goal is to find a point in the intersection Cy N Cy. A remarkable trichotomy was derived in [33]: Suppose (u,v) € Cy N Cy,
then

1. If 7 > 0 and k = 0, then (z/7,y/7,s/7) is a primal dual solution of .

2. If r =0 and k > 0, then ¢Tx + b7y < 0. The case bTy < 0 is a certificate of primal infeasibility, and the case ¢’z < 0 is a
certificate of dual in feasibility.

3. If 7 = k = 0, then nothing can be concluded about Equation (1). However, if there exists a point (u/,v’) € Cy N Cy for
which 7/ + k’ # 0, then we can choose an initial point 20 € R®»T™*1 such that DRS applied with f = Loy and g = (¢,
converges to a point (u’,v") € Cy N Cy with &’ + 7" # 0 [28].

F.1 Linear programming

Let us now examine the structure of the sets Cy and Cy. For linear programming problems, Cy = R" XR* X R4 X {0} x RT xR+
is a polyhedron, i.e. the intersection of finitely many half planes, and Cy is a linear subspace. In finite dimensional spaces the
pair {Cy,Cy} is linearly regular in the sense of Definition 5.1 [3, Remark 5.7.3].

We have four different algorithms that we can apply to find a point in Cy N Cy. The first two are the non parallelized
versions of DRS which correspond to function pairs

(f:LCf’g:LCg) and (f:d%’fzg:d%'g)‘ (F3)

Theorem 5.1 shows that relaxed PRS applied to the second pair (Equation (5.1)) linearly convergence to a point in the
intersection Cy N Cy. Linear convergence of DRS applied to the first pair was shown in [11].

The projection onto Cy is simple, and so the main computational bottleneck of the algorithm is to project onto Cj. There
are various tricks that can be employed to speed this step up [28], but in some cases it is desirable to break up the linear
equations into several sets Cy = Cg, N -+ N Cy, where Cy, C R"*T™*1 each encode a small number of linear constraints.

The collection {Cf,Cg,,---,Cg,} is linearly regular by [3, Remark 5.7.3], so we can apply Theorem D.1 to show that
{Cf x Cgy x -+ x Cy,., D} is linearly regular where D C Rt (ntm+1) js the “diagonal set” of Appendix D. Thus, we can
apply DRS or relaxed PRS to either of the following pairs:

(f:LCfnglx»-»ngr,gzLD) and (f:dQCfXCglxmxch’g:d%)' (F.4)

We can deduce linear convergence of the first pair using [11] and of the second by Theorem D.2.

In general, the pairs in Equation (F.3) and (F.4) may not perform the same in practice. Thus, we cannot make any prediction
about the practical performances of the methods. We can only point to our arguments in Section 7.1.2 that seem to indicate a
better performance of the indicator function pair in problems that are badly conditioned.

F.2 Semidefinite programming

For semidefinite programming, K is the cone of positive semidefinite matrices. Note that £* = I, i.e. K is self dual [9, Example
6.25]. In general, the pair {C's, Cy} is not necessarily (boundedly) linearly regular. The main condition to check is whether the
relative interior of Cy intersects the subspace Cy [3, Theorem 5.6.2]. In fact, the relative interior of K in R™ is the set of all
strictly positive definite matrices, i.e. the set of full rank positive definite matrices. Many problems of interest in semidefinite
programming arise from the lifting of a non convex problem and desire low rank solutions of the associated SDP [23]. Thus, we
do not expect the relative interior of Cy to intersect Cy for every SDP.

In terms of algorithm choice, we have at least four options to model the feasibility problem (See Equations (F.3) and (F.4)).
In particular, when the linear constraints are difficult to solve in unison, we can break them into smaller pieces and solve them
exactly. However, the main computational bottleneck of semidefinite programming is the projection onto the semidefinite cone.
Unfortunately, there seems to be no way to lighten the cost of this projection.

We refer the reader to Section 7.1.2 and Equations (7.3) and (7.4) which show the worst case feasibility convergence rates.
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