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Explicit Convergence Rate of a Distributed
Alternating Direction Method of Multipliers

F. Tutzeler, P. Bianchi, Ph. Ciblat, and W. Hachem

Abstract— Consider a set of N agents seeking to solve dis-
tributively the minimization problem inf, 25:1 fn(xz) where
the convex functions f, are local to the agents. The popular
Alternating Direction Method of Multipliers has the potential
to handle distributed optimization problems of this kind. We
provide a general reformulation of the problem and obtain a
class of distributed algorithms which encompass various network
architectures. The rate of convergence of our method is consid-
ered. It is assumed that the infimum of the problem is reached
at a point z,, the functions f, are twice differentiable at this
point and 3" V?£,(z.) > 0 in the positive definite ordering of
symmetric matrices. With these assumptions, it is shown that the
convergence to the consensus z, is linear and the exact rate is
provided. Application examples where this rate can be optimized
with respect to the ADMM free parameter p are also given.

Index Terms— Distributed optimization, Consensus algorithms,
Alternating Direction Method of Multipliers, Linear convergence,
Convergence rate.

I. INTRODUCTION

Consider a set of NV > 1 computing agents that seek to solve
collectively a minimization problem. Given that Agent n has
at its disposal a private convex cost function f, : RE —
(—o0,00] where K is some positive integer, the purpose of
the agents is to solve distributively the minimization problem

N
xlerulng n; fn(x). (1)
A distributive (or decentralized) scheme is meant here to be
an iterative procedure where at a each iteration, each agent
updates a local estimate in the parameter space R based on
the sole knowledge of this agent’s private cost function and on
a piece of information it received from its neighbors through
some communication network. Eventually, the local estimates
will converge to a common value (or consensus) which is a
minimizer (assumed to exist) of the aggregate cost function
S o

Instances of this problem appear in learning applications
where massive training data sets are distributed over a network
and processed by distinct machines [1], [2], in resource
allocation problems for communication networks [3], [4], or
in statistical estimation problems by sensor networks [5], [6].

The proximal splitting methods [7] have recently attracted
a large interest in the fields of statistics, signal processing and
communication theory thanks to their convergence properties
and to their ability to deal with large scale and decentralized
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problems. Among these, one of the most emblematic is the
Alternate Direction Method of Multipliers (ADMM). In [8],
Schizas et al. showed that the ADMM easily lends itself to
a distributed implementation of Problem (1). Since then, dis-
tributed versions of the ADMM applied to consensus problems
have been explored in many works (see [9]-[14] as a non-
exhaustive list). In this paper, we provide a general framework
inspired from [8] which allows to distribute an optimization
problem on a set of agents. From a formal point of view,
we do not assume the existence of a pre-existing “graph”
whose edges would correspond to pairs of communicating
agents. Instead, our framework relies on the introduction of
components Aq, ..., Ay, each of which is a subset of agents.
1) In the case where the A,’s are pairs of agents, our algorithm
shall involve pairwise communications between agents, as in
e.g. [11]. ii) Identifying the A,’s with larger sets of agents
(clusters), our algorithm shall be distributed at the cluster level.
For instance, our framework encompasses the case of loosely
coupled computer clusters composed of tighly coupled parallel
machines. iii) Finally, when the collection of components
Aq,..., A is reduced to a single set Ay = {1,..., N} (that
is, L = 1), our algorithm reduces to the parallel ADMM
algorithm described in [15, Chapter 7], in which all agents
output are reduced in a centralized fashion at each iteration
of the algorithm. Otherwise stated, our framework yields a
continuum of algorithms ranging from a fully centralized to a
fully distributed setting.

The main contribution of this paper deals with the rate of
convergence of the ADMM in the framework of Problem
(1). It is assumed that the infimum of Problem (1) is attained
at a point x,, the functions f,, are twice differentiable at
this point, and Y V2f,(z,) > 0 in the positive definite
ordering of symmetric matrices. With these assumptions,
the linear convergence of the ADMM iterates is shown, and
most of all, their convergence rate is explicitly provided.
Our result potentially allows to evaluate the impact of the
communication network on the performance, as well as
the effect of the step-size. Application examples where the
step-size can be optimized are also given.

The method behind the proof is as follows. We first assume
that the functions f, are quadratic. In that case, an ADMM
iteration boils down to an affine transformation that we denote
as Cr+1 = R + d. These iterates converge at an exponential
rate that can be explicitly obtained through an analysis of
the eigenstructure of the matrix R. Turning to the general
case, an ADMM iteration for k large enough is shown to be
a perturbed version of an affine transformation similar to the
quadratic case. A close look at the perturbation terms shows



that they lie in such an eigenspace of R that the analysis of
the quadratic case remains essentially effective.

Beyond the framework of distributed optimization, we believe
that our technique can be used to characterize the rate of
convergence of the ADMM in more general constrained
minimization settings where the objective function is smooth
in a neighborhood of the solution.

The ADMM rate of convergence was recently investigated

in [9], [16]-[19] where the O(1/k) convergence rate was
established in the case where the objective functions are not
necessarily smooth.
The authors of [20] consider the problem
Ming. ag+By=c f(2) + g(y) where one of the two objective
functions is strongly convex and has a Lipschitz continuous
gradient. They establish the linear convergence of the iterates
and provide upper bounds on the rate of convergence.
The works [21] considers the quadratic or linear problem
ming: Az=p,e>0 T*Qx + c*x where () is a symmetric positive
semidefinite matrix that may be equal to zero. The linear
convergence of the ADMM near the solution is established. A
similar problem is investigated in [22] where an upperbound
on the decay rate is provided, along with the step size which
minimizes the latter upperbound.

The distributed consensus problem considered in this paper
was also studied by [11], [12] and [13]. The algorithm studied
by [12] strongly relies on the introduction of an inner loop
at each iteration of the algorithm. The authors of [13] focus
on quadratic programming and introduce a specific type of
preconditioning for analysis purposes which also modifies
the structure of the algorithm. Hence, both algorithms in
[12] and [13] differ from the natural ADMM of interest in
[11] and in the present paper. The authors of [11] prove the
linear convergence of ADMM in a distributed setting, and
provide an upper bound on the norm of the primal error. The
bound of [11] is moreover uniform w.r.t. the choice of the
functions f,, on a class of strongly convex functions with
Lipschitz continuous gradients. However, work is needed
to fill the substantial gap between the bound of [11] and
the practice. The aim of this paper is to obtain an exact
and informative characterization of the convergence rate.
In addition, the proof of [11] relies on the assumption that
the functions f,, are smooth strongly convex functions with
Lipschitz continuous gradients, whereas the present paper
relies on weaker assumptions.

Finally, let us mention the recent preprint [23] that
considers the non smooth case. Using an approach similar to
the one used in [24], the linear convergence of the iterates is
established in the case where the step-size for updating the
multipliers is small enough. No explicit convergence rate is
provided.

After setting our assumptions in Section II, we show how
Problem (1) can be distributively solved by the ADMM
after being adequately reformulated. We then state our main
convergence result in Section III. In Section IV, we provide
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an illustration of our result in some special cases where the
rate admits a simple and informative expression. The main
result is proven in Section V. In Section VI, some numeri-
cal illustrations are provided. The conclusion is provided in
Section VIIL

II. ASSUMPTIONS, ALGORITHM DESCRIPTION
A. Assumptions and problem reformulation

Let us denote by I'g(R¥) the set of proper, lower semicon-
tinuous, and convex functions from R¥ to (—oco, 00| where
K is an integer. Denote as A = {1,..., N} the set of agents.
The assumptions on the functions f,, considered in this paper
are the following:

Assumption 1 For any n € A, f, € ['o(R¥).

Assumption 2 The infimum of the problem (1) is attained at
a point x. At x, the functions f, are twice differentiable and
their Hessian matrices satisfy

N
> VP fu(za) > 0.
n=1

These assumptions clearly imply that the minimizer x, is
unique. Observe that the functions f,, are not required to be
strictly or strongly convex at an individual level. Moreover, no
global property of the gradients such as the existence or the
Lipschitz continuity is assumed. We only require the two-fold
differentiability of the functions f,, and the strong convexity
of > fn(x) at a local level.

Along the idea of [8], we now provide another formulation
of Problem (1) that will lead us to a distributed optimization
algorithm. Thanks to Assumption 3 below, the two formula-
tions will be shown to be equivalent.

We introduce some notations. Given any positive integer
¢, an element z of RS will be often denoted as z =
(z(1),...,2(¢f)) where z(m) € RX for m = 1,...,¢. Let
C; be the linear subspace of R‘X whose elements z =
(z(1),...,z(¢)) satisfy (1) = x(2) = --- = z({). Denoting
by 1, the £ x 1 vector of ones and by ® the Kronecker
product, the orthogonal projection matrix on this subspace is
Py =J,® I, where J, = gfllzl?

Given a positive integer L, let A1,..., Ar be a collection of
subsets of A such that the cardinality of any set A, satisfies
|Ag| > 1. Define the functions

f: RNE  —  (—00,00]
z = @)= falz(n)
and
g: RIAIK x . x RIALIK
z=(zW,..., 2(1)

— (700,00}
— g(z):ZfZC‘AZ‘(Z(é))

where 1 is the indicator function of C, defined to be equal
to zero on C' and to oo outside this set.

For any subset of agents A C A, let Sy : RVE — RIAIK pe
the selection operator S4x = (2(n))nea. This linear operator
admits the matrix representation Syz = (S4 ® I )x where
the matrix S4 is a |A| x N selection matrix, i.e., its elements
are valued in {0, 1}, it has one non zero element per row, and
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it has one non zero element at most per column. Finally, set
T= Zf |Ae| and define the linear operator

M: RNK _, RTK
x — Mz = (Sa,(2)l, = (S® k)
where
Sa,
s=1 :
Sa,

is a T' x N matrix. Operator M will be identified from now
on with the matrix M = S ® Ig.
With these definitions, we now consider the optimization

problem
inf f(z) +g(Mz). )
zeRN
Let G = ({1,...,L},&) be the non oriented graph with

{1,...,L} as the set of vertices and with the set of edges
& defined as {¢,m} € & if A, N A,, # 0. Then, we made
the following assumption. Let us remark that our proposed
algorithms described later will be distributed at the subset
level. A coordination will be needed within each subset Ay,
but the exchanges between the subsets are fully distributed.

Assumption 3 The following facts hold true:
i) Uy A= A,
it) The graph G is connected,

We obtain the following lemma.

Lemma 1 Under Assumption 3, x, is a minimizer of Problem
(1) if and only if (z,...,zs) is a minimizer of Problem (2).

Proof: The equivalence stated by this lemma
will be established if we prove that g¢g(Mz)
Ze 12Ca, ((@(4))ica,) is finite if and only if z € Cy. Since
G is connected, there exists {1 # 1 such that A; N A, # 0.
Therefore, 10\ ay) (( ( ))ZGAl) + 10\,421 \ (( ( ))ZGAel )

10 a0, (2(0))icaua,, )- Similarly,  there  exists
o ¢ {1,644} such that (A; U Ag) N Ay, # 0,
therefore ZC\A1|((x(i>)i€A1) + ZC|Ae \(( <‘)>i€Ael> +

ZC|AZ2\((x(i))i€A22) = ZC\AluAeluAZ \((x( ))ZEA1UAe1UAe2)
Pursuing, we obtain that g(Mz) = ¢, ., ((z(i))icu,,)-
By Assumption 3-i), this is equal to ¢, () |

B. An illustration

In order to be less formal and to have some insights on
our formulation, consider the example given in Figure 4.
In that case, for any = = (x(1),...,2(5)), the vector Mz
has 3 block-components respectively given by (z(1),z(2)),

(z(4),z(5)) and (x(2),2(3),x(4)), that is:
Mz = (z(1),2(2), (4),z(5), x(2),z(3),x(4))

3)

In this example, the function g is the indicator of the linear
space composed of all vectors of the form

“4)

for any w, v, w. This means that g(z) is equal to zero whenever
z has the form (4) and is equal to +oo otherwise. When z =

(U,U, v,v, w7w7w)

0.4
3
. . 4
5
Fig. 1. A; = {1,2}
0.4
3
1 2
Fig. 2. Ap = {4,5}
0.4
1
5
Fig. 3. Az ={2,3,4}
Fig. 4. An example of with L = 3 components.

Mz, we obtain that g(Mx) is finite only if the vector (3) has
the form (4). This holds if and only if z(1) = z(2), z(4) =
x(5), z(2) = x(3) = x(4). Equivalently, all components of z
should be equal.

C. The distributed ADMM algorithm

We now recall how the ADMM algorithm can be used to
solve Problem (2) in a distributed manner. The ADMM is
commonly described by reformulating Problem (2) into the
constrained problem

inf f(x) +

z=Mzx

9(2),

and by introducing the so called augmented Lagrangian. This
is the function £, : RVE x RTE x RTE — (—00, 00] defined
as

Ly(x,2,A) = f(z) +9(2) + I”
where p > 0 is a constant. The ADMM consists in the
iterations:

ANMx — 2z +£ Mx — z
M —2) + 2

Tpy1 = argmin £,(x, 2i; Ak) (5a)
z€RNK

Z1 = argmin L, (41, 25 Ak) (5b)
z€RTK

Mgt = Mg + p(MTpq1 — 2341)- (5¢)

A proof of the following result can be found in [15, Ch. 3.2
and Appendix A] combined with Lemma 1. Another proof
using the so called Douglas Rachford splitting can be found
in [25]:



Theorem 1 Under Assumptions 1 to 3, the set of saddle points
of the unaugmented Lagrangian Lo(x,z,\) is nonempty, and
any saddle point is of the form (1y Xy, 17 ®x4, A, ) where x
is the unique solution of Problem (1). Moreover, for any initial
value (zo,\g), the sequence of ADMM iterates (x, zk, \i)
converges to a saddle point.

We now make the ADMM equations more explicit and show
how they lead to a distributed implementation. The x and 2z —
update equations above can be respectively rewritten as

ti4r = angmin f(@) + £ Ma — (21— M/p) 2 (6)
xERNK

Zoq1 = argmin g(z) + gnz — (Magr + Me/p)> (D
zE]RTK

Let us partition zj, as in the definition of the function g above
1) (L)

and write z, = (2 °,...,%, ). Accordingly, let us write
e = (A A where Al € RI4¢K and furthermore,
let us write )\,(f) = (/\,(f) (n1), )\,f) (na),..., A,(f)(nml‘)) where

)\,(f)(ni) € RX and where n; is the column index of the
non zero element of the row ¢ of S4,. The indices n; of
the elements of )\,(f) are therefore the indices of the agents
belonging to the set A,. Using these notations, Equation (7)
can be parallelized into L equations of the form

o _

. P [
Wy = argmin i, (2) + Sz = (Sa,zee1 + A /)2,

z
2€RIAIK 2

whose solution is z,(ﬁl =114,® Zl(f) € C)a, with

(£)
_(0) 1 AL (n)
z = — x n)+ .
k+1 ‘ 4€| nEEAg( k+1( ) )

P
Turning to the A\ — update equation in the ADMM iterations
and inspecting the structure of the matrix M, this equation
can be decomposed into the equations
¢ ¢ (¢
AL ) =20 () + plarga(n) —25)  ®

for ¢ = 1,...,L and n = 1,...,N. Fixing ¢ and
taking the sum of the )\,(Ql(n) with respect to n yields

D neA, )\Efll(n) = 0. Therefore, the Zl(f) update equation can
be written after the first iteration as

1
70 > @ (n). 9

Z =—
k+1 |A£| =

Getting back to Equation (6), we now see that it can be
parallelized into N equations of the form

. m 1Y —_(m
Tpa(n) = argmin fu(w)+ D " (), w)+ G-z
weR
meao(n)
(10)

forn=1,...,N, where o(n) ={m : n € A,}.

These equations can be implemented distributively. The
algorithm requires the couple (zg,Ag) as initial values. At

Iteration k+ 1, the following three-step procedure is executed:
1) The agents 1,...,N compute their estimates xy1(n)
according to (10),
2) At the level of the subset A, for £ = 1,..., L, variable
5;21 is computed according to Equation (9) and commu-
nicated to all the members of A,.
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3) Forn=1,..., N, Agent n computes /\,(;Z)l(n) according
to Equation (8) for all m € o(n).

Since the algorithm requires the computation of the averages
Zl(ﬁl associated with the subsets A, and the broadcast of these
averages to the members of Ay, it should be assumed that
the agents within a subset A, are connected together by a
communication network. The computation and the broadcast
of 2,(:21 can be done by one preselected member of A, or by
an independent device.

D. Examples

We end this section by two important examples of possible
choices of the subsets A,. We shall come back to these
examples later.

Example 1: This is the centralized ADMM algorithm
described in [15, Chap. 7]. Let L = 1 and A; = A. Problem
(2) becomes inf, cgvr f(z)+10, (x). AtIteration k+1, a ded-
icated device simply computes z,; = N~} Zﬁ;l ZTg+1(n)
and broadcasts it to all the agents.

Example 2: Here we assume that all the agents be-
long to a communication network represented by a non
oriented graph with no self loops G = (A, E) where E =
{{n1,m1},{n2,ma},...} is the set of edges. Setting L =
|E|, we consider that any pair of agents {n,m} such that
{n,m} € E is a set A;. Here, Problem (2) is written
inf,erve f(2) + 221, myer oz (2(n), x(m)). If the graph G
is connected, then Assumption 3 is easily seen to be verified,
and Problems (1) and (2) are equivalent. In this situation, one
can assume that Agents n and m belonging to an A, simply
exchange the values of their zk+1(n2 and xp41(m) through
the network to obtain their average z. | ;. In this special case,
the algorithm boils down to the algorithm of [11].

III. MAIN RESULT

We now come to the main result of this paper. Define the
T x T orthogonal projection matrix

sl
II =
JaL|
and consider the TK x T'K orthogonal projection matrix
Pay
P=1I®Ik =
Play
Define the TK x T'K matrix
V2 i) .
Q =pM +pM*M | M*
V2 fn(24)
— oM (V2 f(1y @ 2,) + pM*M) "' M* (11)

Finally, denote by span(-) and by 7(-) respectively the column
space and the spectral radius of a matrix.
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Theorem 2 Let Assumptions 1 to 3 hold true. Let «
T((Hspan(P+Q) - (P + Q))(I - QP)) where Hspan(P+Q) is
the orthogonal projection matrix on span(P + Q). Then the
following facts hold true:

) a<l,

ii) For any initial value (zg, \o) of the ADMM algorithm,

. 1
limsup —log ||z, — 1n @ 24| < loga,

k—o0
iii) The matrix R = (I—P—Q)(I—2P) has eigenvalues with
absolute value . If span((I —2P)M) is not orthogonal
to the invariant subspace of R associated with these
eigenvalues, then

limsup —log ||z — 1n ® 24| = log

k—o0
Sor any initial value (2o, \o) outside a set of Lebesgue
measure equal to zero.

This theorem says that ||}, — 1x ® 2| < (a + o(1))*¥, and
provides a condition under which this rate is tight. It means
that, for (zp, Ao) outside a set with zero Lebesgue measure,
|z — 1xy ® 2] = (o + o(1))*. Moreover, Item iii) states
that this rate is fight as soon as matrices P and M satisfies a
technical condition. Although providing deeper insights on this
condition is a difficult task, we claim that the latter condition
is mild. It is for instance trivially satisfied in the case of
a centralized network (see Example 1 in Section II-D). In
general, we have not been able to find any counter-example
for which this condition is not satisfied.

IV. SPECIAL CASES AND EXTENSIONS

The aim of this section is to provide i) an extension of our
results in the case of relaxed iterations of the ADMM, and ii)
some examples of the rate & = r((Ilspan(p+q) — (P+Q))(I—
2P)) in simple scenarios.

A. Extension to relaxed ADMM

The principle of relaxation is to introduce an additional
deterministic parameter sequence (7x)k~o Which will act as
a memory term verifying n, € (0,2). Practically, relaxation
sums up to replacing the term Mxy1 by ng1 M1+ (1—
77k+1)2k in the updates of z and X\ (Egs. (7) and (5c¢)).

Following the derivations of Section II-C, this is equivalent
to replacing Eq. (9) by

(0 _ Mk+1
z e Tr+1(m) +
k+1 |A(| n;% + ( )

(1-m)z)  (12)

and Eq. (8) by

A’(f-")-l( ) =Nk+1 {AEJ’) (n)+p (’Ik+1(”) -

+ (1= )AL ().

Obviously taking 1, = 1 gives back the original algorithm,
but we can also remark that by setting the relaxation parameter
with Nesterov’s order-optimal method [26] 7, = 1 + (g —

| Al
(13)

2 meA, $k+1(m))]

1)/ags1 with ap = 1 and a1 = (1 + /1 +4a3)/2 one
obtains Fast ADMM [27].

This convergence of relaxed ADMM was proven (for
general ADMM with some addition assumption on the se-
quence (7;)r>0) in [25] and experiments in [28] suggest
over-relaxation often improves the convergence rate, typically
setting 7, € [1.5,1.8]. One can also remark that Nesterov
acceleration makes the relaxation parameter tend to 2. Fur-
thermore, the optimal relaxation parameter was computed in
some special settings in [22].

As we go for a asymptotic speed, we now take the sequence
(M) k>0 constant and equal to n € (0, 2].

Corollary 1 (Relaxation) Let Assumptions I to 3 hold true
and let n € (0,2]. We denote by (X\;)i=1,.... i the eigenvalues
of span(p+q) — (P+Q))(I —2P). Let a =max; [n\;+1—
7|, then for any initial value (zo, \o) of the relaxed ADMM
algorithm,

) 1
limsup — log ||zr — 1n ® 24| < loga.
k— o0 k
Proof: The proof is reported in Appendix I. It builds
greatly on the proof of Theorem 2 available in Section V.
Furthermore, it gives insight on what relaxation means in a
more general setting. ]

B. Closed form rates in some special cases

We assume for simplicity that the dimension K of the
parameter space is equal to one, in which case we have
M = S and P = II. Moreover, we investigate the case where
f/(x,) = 02 > 0 is a constant which does not depend on
n. Remark that this assumption is not mandatory, but has the
benefit of yielding simple and insightful expressions.

1) The centralized network: We consider here the simple
configuration of Example 1 of Section II-C, where L = 1
and A; = A. This case amounts to assuming that M = Iy,
P=N"11y1% and Q = -7 In. The projector (P4 @)
is the identity and the rate of convergence a of the ADMM
algorithm coincides with the spectral radius of

R= (IN—P—Q)(IN—zp)
o? p
o2 +p

P.

*
I
af-i-p( N

P) +

Matrix R has two possibly distinct eigenvalues —=— and —— "
both of them less than one. We have the followmg corollary

Corollary 2 (Centralized network) Under the stated as-
sumptions, the rate is given by:

_ max(p,03)

= 14

In particular, o > % with equality iff p = o2.

Corollary 2 states that the optimal convergence rate is 1/2 and
that this rate is attained when the step-size of the algorithm
is equal to Uf. In general, Uf is unknown, but the result
nevertheless provides useful guidelines on the way to select



parameter p, and potentially allows to design adaptive step-
size selection strategies.

It is worth noting that a closed-form expression of the rate
« can as well be obtained in the case where the second order
derivatives f”(x,) are distinct. The analysis is however some-
what tedious, as the latter closed-form expression depends on
the location of p on the real axis. We shall discuss this case
below in the numerical section.

Remark 1 (About the relaxation) In the case of relaxation,
2

o p
o =max{ |1 — 1,11 -
{‘ ToT nofﬂ)‘}
2
the equality case being attained for n = 2 giving o = |Z;;Z .

Again, the fastest speed is attained with p = o2, but now
a = 0 so the convergence is attained in two iterations (this
case was already remarked in [22]).

2) The ring network: We now assume that N > 3 and
consider the framework of Example 2 of Section II-C. In
that framework, the graph G = (A, E) that we study here
is the ring network with E = {{1,2}, {2,3},...,{N —
1, N},{N,1}} as the set of edges. We therefore have L = N

and w
Az{ {60+ 1}

{1, N}
as shown in Figure 5.

if f <N
otherwise

Fig. 5. Example of a ring network with N = 6. Sets A, are represented by
the ellipses.

We define for simplicity sy =
cos(2n/N) and tn = tan(27/N).

sin(2r/N), ¢y =

Corollary 3 (Ring network) Under the stated assumptions,
the rate oo = «(p) is given by the following expression.

. I]‘pgé—;, then

02+ 2p(1+cn)+ /ol —4p?s%,

2(02 +2p)
0'2 0'2
o I |:7*,7*i|, th
1P < 5y 2, ) then
_ p(1+cn)
oi+2p
o« Ifp> ;—§ then
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For any N > 3, the function p — «(p) is continuous,
2 2

decreasing on (0, 3=, increasing on |5, +00). Finally,

28N 2s
S 1 1+cn
Q> Qg = —=
- opt \/i 1 + SN
2
. . . g,
with equality iff p = Torr-
Proof: See Appendix II. , [ |

2
. . . N
The optimal step-size pop = raliC equal to Z= +o(N)
which suggests that the step-size should increase at the rate
N. In that case, we get

T 1
Oéop[ = 1 — N —+ O(N)

Before closing this section, it is interesting to compare
these results with the speeds of some well known algorithms
used for solving the so called average consensus problem.
Given a network of N agents each holding a measurement
0., the purpose of these agents is to reach a consensus over
the average N ! ZnNzl 6,,. To attain this consensus, one idea
is to solve the problem min, Zgil(x — 6,)? by means of
the ADMM. This approach has been undertaken in [29],
where the authors also obtained Equation (15) in the large
N asymptotic regime of the ring network. More standard
consensus algorithms such as the so called gossip algorithms
(see [30]) are frequently slower to converge. For instance, it
is shown in [31] that o ~ 1 — 272/N? for large N when a
gossip algorithm is used on the ring graph.

5)

V. PROOF OF THEOREM 2

We start our proof by providing preliminary results that
describe some simple algebraic properties of the matrices .S
and II. We then recall some well known properties of the
proximity operator which is known to be tightly related with
the ADMM. We then establish Theorem 2 in the quadratic
case, ending our proof with the general case.

A. Preliminary results

We shall need to reformulate Assumption 3 in a form that
will be more conveniently used in the proof:

Lemma 2 Assumption 3 is equivalent to:
i) rank(S) =N, and
ii) span(S) Nspan(Il) = span(1y).

Proof: Since the matrix S has one non zero element per
row, its non zero columns are linearly independent. Assump-
tion 3-i) is equivalent to the fact that no column of S is zero.
Therefore, Assumptions 3-i) and Item %) in the statement of
the lemma are equivalent.

Denoting any vector v € RY as v = (v1,...,vy), we have

y € span(S) Nspan(Il) &

Fv S RN Y= ((UH)HEAU' R (UTL)nEAL)
L
and Zzspan(lmﬂ)((vn)neAl{) =0.
(=1
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If Assumption 3-ii) is satisfied, then the proof of
Lemma 1 shows that Z(Zspan(l‘Ae‘)((vn)neAz)
zspan(lww)((vn)neume), which shows that y € span(1r).
Conversely, suppose that Assumption 3-ii)) is not
satisfied. Then there exists a non empty set C
strictly included in {1,...,L} such that UsccA; and
Uee(1,...,.L}—cAe are disjoint. Let v € RY be defined as

(Un)neueecAz = alerecAel and (vn)RGUeeu ..... Ly-cAe
BliUserr. 1y—cA,l With o # 3. Then it is easy to see that
Y = ((Un)neays- s Wn)nea,) € span(S) N span(Il) but

y ¢ span(1r). In conclusion, Assumption 3-ii) and Item i7)
are equivalent. ]
Other properties of .S will be needed:

Lemma 3 The matrix S satisfies the following properties: (i)
Sly =1p, (i) (Ip —II)S1y =0.

Proof: The property (i) is due to the fact that .S contains
one non zero element per row, and this element is equal to 1.
Since II17 = 11, we obtain (ii). [ |

B. The proximity operator

The proximity operator of a function h € T'o(R™) is the
mapping defined on R” — R" by

1
prox,, (z) = argmin(h(w) + in - x||2) .

The following two lemmas are well known, see e.g. [32]:

Lemma 4 The operator prox, Iis non expansive, 1i.e.,

|| proxy, () — proxy, (z)[| < [l — 2'].

Lemma 5 Let C C R" be a closed convex set. Then prox,, (x)
coincides with the orthogonal projection of x on C.

C. The quadratic case

We consider herein the case where the functions f,, are
quadratic: f,(xz(n)) = 0.5x(n)*®,xz(n)+c;x(n)+d, where
the K x K matrices ®,, are symmetric and nonnegative, the
¢, are some given K x 1 vectors, and the d, are some
given scalars. Assumption 2 reads in this case Ziv ®, > 0.
We immediately observe that the solution of Problem (1) is
attained at a unique point x,. Observe also that the function
f(x) is quadratic with the gradient V f(x) = ®x + ¢ where

b,
(I): 9
Dy

C1

and c¢c=

(16)
cN

Our first task is formulate an ADMM iteration as a single
line affine transformation, as alluded to in the introduction
of this paper. We start with the z — update equation (7).
Writing (x4+1 = pMx4+1 + A\i, Equation (7) can be rewritten
Zk+1 = Prox,-1,(Ck+1/p). Recall now that the matrices
P, 4, introduced in Section II-A are the orthogonal projection
matrices on the subspaces Cja,| C RIA¢ X Therefore, the
matrix P is the orthogonal projection matrix on the subspace
of RTX that coincides with the domain of g. By Lemma 5,
we get that 21 = p~ PCry1.

Letting P, = ITx — P be the orthogonal projection matrix on

the orthogonal complement of span(P), we get that P (41
Cht1 — PChp1 = Got1 — p2i1 = Ak + p(M a1 — 241)
Ak+1. Summarizing, we have ( = A\, + pzk, pzr = P(, and
A = Py (i for any k € N.

We now turn to the x — update equation. Since f is differen-
tiable, Equation (6) can be rewritten as

Vi(@rr) + pM* (Mrggy + Me/p — 21) = 0,
or equivalently,
Vf(@ri1) + pM*Mxyyq + M*(I —2P)¢, = 0.

As Vf(z) = Pz +c, we get (P+pM*M)zp = —M*(I—
2P)(y, —c. Since M*M = (S*S)® Ix > 0 by Lemma 2, the
matrix H = ® + pM* M is invertible, and we end up with

Tpi1 = —H 'M*(I —2P)¢ — H . (17)

Recalling that (11 = pMxk41 + A and observing that the
matrix @ defined in (11) coincides with pM H ' M* in the
quadratic case, we finally obtain
Cror1 = —Q(I —2P)¢x + A\p — pMH ¢
— (PL - Q)(I = 2P)Gy — pMH ¢

CRG +d

where R = (P, — Q)(I —2P) and d = —pM H'c.

(18)

Remark 2 These derivations show that the sequence (i is
autonomous and completely characterizes the ADMM. This
phenomenon is in fact general and shows up naturally when
the ADMM is interpreted as a particular case of the Douglas-
Rachford splitting algorithm [25], [33].

The following lemma provides some important spectral
properties of R. In fact, part of the results shown in its state-
ment can be deduced from Theorem 1. Indeed, a consequence
of this theorem is that the iterations (;+1 = R(j + d converge
for any initial value (y. Yet, the direct proof provided below
provides a finer understanding of the spectral properties of R:

Lemma 6 r(R) < 1. Moreover, for any 6 € (0,27), exp(:0)
is not an eigenvalue of R. Finally, the algebraic and geometric
multiplicities of any eigenvalue of R coincide.

Proof: We have r(R) < ||R|| = ||PL — Q]]. Upon
noting that |z* P x — 2*Qz| < ||z||? for any z € RTX, all
eigenvalues of the real symmetric matrix P, — () have their
absolute value no larger than one. Thus, the same holds for
(P, —@Q)? from which we obtain || P, — Q|| < 1. This proves
the first point of the Lemma.

Assume that exp(z0) is an eigenvalue of R for some 6 €
[0,27), and let w be an associated eigenvector with ||w]| = 1.
Since Rw = exp(:0)w, we have ||Rw| = 1, which implies
that wi;(PL — Q)?wr = 1 = |Jur||?> where wg = (I — 2P)w.
This implies that wg lies in the eigenspace of (P, — Q)?
corresponding to the unit eigenvalue. Any such vector can
be written as the sum wr = u + v of two orthogonal vectors
satisfying (P} —Q)u = w and (P; —Q)v = —v. As u* (P, —
Q)u = ||ul|?, one has ||u|? > u*Pyu = ||ul|? + u*Qu. Since
@ is non negative, we obtain Qu = 0 and, consequently, Pu
0. Using similar arguments, P, v = 0. Now, equation Rw



exp(10)w reads (P —Q)(u+v) = exp(e0)(I —2P)(u+v). In
the light of the above properties of u and v, this is equivalent
to u — v = exp(20)(u — v). Thus # = 0 and the second point
is proved.

The eigenvalue A has the same algebraic and geometric
multiplicities if and only if rank((R — AI)?) = rank(R — \I)
(indeed, any Jordan block J with size > 1 associated with
A would satisfy rank((Jy — AI)?) = rank(Jy — AI) — 1).
Using the identities rank(AB) = rank(BA) and rank(AB) =
rank(B) if A is invertible, we obtain

rank(R — M) = rank(P, — @ — A(P. — P))
since (P, — P)?>=1, and

rank((R — M\ )?) = rank([(PL. — Q — A(P. — P))(P. — P)]?)

= rank([P. — Q — A\(P. — P)]?).

Since P, — @Q — A\(P, — P) is symmetric, these two ranks
coincide. ]

When it exists, the eigenspace of R associated with the
eigenvalue 1 plays an important role. In order to characterize
this subspace, we start with a preliminary result:

Lemma 7 Let Assumptions 2 and 3 hold true, and let N' =
ker(Q — P) be the null space of Q — P. Then

N = ker(Q) Nker(P) = ker(Q + P).

Proof: We provide the proof of the first equality N =
ker(Q) N ker(P) (the second equality follows from the non
negativity of (Q and P). Note that we only need to prove
that A C ker(Q) Nker(P), the other inclusion being trivial.
For any ¢ € N, we set ( = X\ + pz where A\ = P, and
pz = P(. Vector ( satisfies Q¢ = P{ = pz. Observe that
span(Q) = span(M) = span(S ® Ix) = span(S) @ RX
where the second ® denotes the tensor product. And since
span(P) = span(Il ® Ix) = span(Il) ® R, we obtain that
z € span(M) N span(P) = (span(S) Nspan(Il)) ® RX =
span(17)®RX by Lemma 2. Hence 2z = 17®q where ¢ € R
needs to be determined. Replacing in the equation Q¢ = pz,
we obtain MH ™1 (M*\+ pM*(1r ® q)) 1r ® q. But
MAyv®q) = (S®Ik)(An®q) = SIn®qg =17 ®q
by Lemma 3. Since M is full column rank by Lemma 2, we
obtain M*X + pM*(17 ® q) = H(1n ® q), or

M\ =®(1y ® q) + pM*(S ® Ix)(1y ® q) — pM* (11 © q)
=d(1y ®q)

by Lemma 3. This lemma also shows that (13 ® Ix)M*\ =
(1}‘\,5‘* ®IK)((IT 7H) ®IK)/\ = 0. Hence (17\[®IK)(I)(1N®
q) = Ziv ®,q = 0, which implies ¢ = 0 by Assumption 2.
This shows that Q¢ = P¢ = 0, in other words ¢ € ker(Q) N
ker(P). [ |

Recall from Lemma 6 that all the Jordan blocks of R are
trivial. Denoting as dim(-) the dimension of a vector space,
we have:

Lemma 8 The matrix R has an eigenvalue equal to 1 if and
only if dim(N') > 0. In that case, let

A

R=WAW™ = [Wy W] {I } {%j
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be a spectral factorization of R. Then WiW7 = Iy, the
orthogonal projection matrix onto N'. Whether R has or has
not an eigenvalue equal to 1 (in which case we set IIys = 0),

R — HN = (Hspan(P+Q) - (P+ Q))(I - 2P)

Proof: When R has an eigenvalue equal to 1, any vector
w of the associated right eigenspace Egne(1) satisfies (P —
Q)(I—2P)w = w. Writing wr = (I —2P)w and recalling that
(I —2P)* =1, we obtain w € Exgni(1) < (Q — P)uwr = 0,
in other words wr € N. But since N' C ker(P) by Lemma 7,
we obtain that Esgn(1) = N. We show similarly that the left
eigenspace associated with the eigenvalue 1 is N.
Turning to the spectral factorization, since span(W;) =
span(W,) = N, we can write W, = WU where U
is an invertible matrix. Since WiW; = Tgim(ny, We have
U = (W;W1)~! which shows that Wi W7 = 1.
Finally, since (I —2P)? = I and N C ker(P),

R—Tly = (- (P+Q)—Tix(I —2P))(I —2P)
(I —(P+Q+1))(I —2P)
= (Hspan(P+Q) - (P+ Q))(I - 2P)

|

The spectral properties of R that we just established lead us

to the following lemma. We denote by A* the Moore-Penrose
pseudo-inverse of the matrix A.

Lemma 9 Define {, = p(I — 2P)(P — Q)*M H~'c. The set
of fixed points of the transformation ¢ — R( + d coincides
with {¢,} + N.

Proof: Let ( be a fixed point of the transformation
¢’ = RC + d. Using the identity (I — 2P)? I, the
equation (I — R)( = d reads (Q — P)(r = —pMH 'c
where (g = (I — 2P)(. Note that MH~'c € span(Q. By
Lemma 7, N = ker (Q — P) C ker Q, thus ul MH tc =0
for any v € N. This means that M H lc € span(Q — P).
Consequently, the set of solutions to (Q—P)(r = —pMH ¢
is nonempty and reads (g € p(P — Q)* M H'c+ N. Note
that multiplication by (I — 2P) leaves the space A invariant
by Lemma 7. By multiplying both sides of the above equality
by (I —2P), we obtain ¢ € p(I —2P)(P—Q)*MH ‘c+ N
which proves Lemma 9. [ ]

We are now in position to prove Theorem 2 in the quadratic
case. Item i) in the statement of this theorem was shown by
Lemma 8.

Given any fixed point (, of the transformation (' = R( + d,
we have

G=CG=R(Ga—C)="=R(G-C) (9
Defining ¢, = —H 'M*(I — 2P)(, — H~'c and recalling
Eq. (17), we have

Thy1 — @ = —H M (I —2P)(Gr — ¢)
= —H 'M*(I —2P)RF(¢y — ¢)
= —H 'M*(I - 2P) (HN + sz\’CWS) (Co—¢v)-

By Lemma 7, note that PIIys = QIIx = 0. Since span(Q) =
span(M), we have M*(I — 2P)II = 0. Consequently,

Tpy1 — @y = —H IM*(I — 2P)WoAFW35(Co — ¢) . (20)
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Therefore, () converges to x, as k — oo. Since we know
already by Theorem 1 that (zj) converges to 1x ® x,, this
implies that x, = 1y ® x,. It is worth noting that this identity
could have been be derived directly from the mere definition
of x, with no need to use Theorem 1. As a sanity check,
the reader may indeed verify that x, = 1y ® x4 using direct
algebra. We skip this verification here as it is not mandatory
for the proof.

Equality (20) yields Theorem 2-ii) in the quadratic case.

To show Theorem 2-iii), write

N AF w
WoA* W5 = [W2,1 W2,2} [ 1 ]X’“] [2’1}
5

*
Wse

where A1 collects on its diagonal the eigenvalues of Wg]\w;
with the absolute value «, and write

Tpp1 — Ty = —H T M*(I - QP)W2,11~\I1€E§,1(CO —G) + &

=GAv+ ¢,
where G = —H 'M*(I — 2P)Wa1, v = W5,(¢o — i)
and & = —H 'M*(I — 2P)W2,2A§E3,2(CO — ). The

condition on span((I — 2P)M) in the statement of Theorem
2 asserts that G # 0. On the other hand, v = W3 (¢ — C,)
by Lemmas 8 and 9. Hence, when (, lies outside a set with
Zero Lebesgue measure as we shall assume, Gv # 0. Denote
by ae'®, ... ae'" the distinct elements on the diagonal of
A;. For any k: > 0 the vector GA¥v coincides with o f (k)
where f(k) = Zz: age’¥® for some coefficients a1, . .., ar.
Since Guv # 0, at least one of these coefficients is non zero.
Hence, hm supy, | f(k)| > 0. Indeed, one can easily show that

n SR f(R) 12 — > |a¢|> > 0. This would not be

possible if lim sup,, |f( )| =0.
By construction, 7(As) < «, hence ||&;| < CB*F where C is
a constant and where 0 < 8 < «. We therefore have

lgxll > @* (£ (k)| = C(B/a)")

and we obtain that ||z — x| > aFg(k) where g(k)
max(|f(k)| — C(B/a)*¥,0). Observing that lim sup; g(k) > 0
and using the convention log 0 = —oo, we obtain

- log g(k)

k1 — .l > [|GAT] —

hmsup ’ log lzgt1 — x4|| > loga + hmsup

= log a.

Combining this lower bound with the already established
upper bound, we obtain the result.

D. The general case

We now assume that the functions f,, satisfy Assumptions
1 and 2 in full generality. Theorem 1 shows that the iterates
xj, converge towards the unique minimizer x, = 1y ® x4
of the problem. For k large enough, the iterates x; are in a
neighborhood of x, where the functions f,, are differentiable,
and the x — update equation (Eq. (6)) boils down to the
equation Vf(xpy1) + pM* Mgy = —M* (A — p2i) =
—M*(I — 2P)(,. This equation can be rewritten in two
different manners. On the one hand, we have

Try1 = prox,, (—(pM* M)~ M*(I — 2P)()

where h(x) Z U(pM* M), fru(x(n)), and on the
other hand, we have for any z close enough to =,

Vi) = V() + Vf(x

where |E(z)||/||z]| — 0 as  — 0. With this relation, the
update equation for  becomes

(V2 f(@s) + pM " M)zpy1 =

(T —xy) + E(r — xy)

~M*(I - 2P)(y — ¢

— BE(g41 — Ty)

where ¢ = Vf(z,) — V2f(x,)x,, or equivalently

= _—H 'M*(I-2P){, — H 'c
—H 'E(xp41 — x)

Tk+1
(21)

where H = V2f(x,) + pM*M. Mimicking the derivation
made before Remark 2, this equation leads to

Cot1 = B¢ +d — pMH ' E(z41 — @) (22)

where R = (P, — Q)(I — 2P) with Q = pMH~'M* as in
Equation (11), and where d = —pMH !

By replacing the matrix ® defined in (16) with V2 f(z,), we
notice that the lemmas 6-9 remain true for the matrices R
and @ just introduced. Moreover, Equation (22) shows that the
sequence (j, converges to a fixed point of the transformation

¢’ = R¢ + d. Making k — oo in (21), we also notice that
x, =—H 'M*(I -2P)¢, — H 'c (23)
= prox,,(—(pM*M)~'M*(I — 2P)C.)
where (, is any fixed point of the transformation ¢’ = R +d.

We now have the elements to establish the Theorem 2-ii).
Given one fixed point (,, the analogue of Eq. (19) is

k
—pY RFIMH 'E(z,—x.). (24)
=1

G —C = RF(Co—¢)

Lemma 4 shows now that

lons1 = .

=lprox,, (—(pM* M)~ M* (1 2P
— prox,, (—(pM" M)~ M* (I -

<[ (pM* M)~ M (I = 2P) (G — G

<l (oM M) (||M*<I —2P)R*(Go - G|

+pZ|IM

Our purpose is to show that

2P)G) |l

P)RF‘MH ' E(z, —w*)||)

Ve >0, sup(a+e) ¥zt — x| < oo (25)
k

This shows indeed that

1 —
o sup 9 [t = @

€
< I log(1l 4+ —
: - < loga + log( +a)

for any € > 0, which is equivalent to Theorem 2-ii).
Fix € > 0. Recall that ||M*(I — 2P)RF|| < Ca* where C is
a constant, z;, — @y, and ||E(z; — x,)|| = o(||xx — x4||)- By



delaying the time origin as much as needed, we can assume
that for any £ > 0 and any ¢ € {1,...,k},

| (pM* M) ||M*(I — 2P)R*((o — ¢,)|| < o1,
pll(pM* M) | M* (I — 2P)RF*MH™Y| < of 1,

1Bz, — @] < bllwe — 2., and
€

—z,|<B= ——-
lzo — @l < e—0(a+e)

where we choose § < e/(a + ). With this choice of the time
origin, we have

k
Jees — @l < P46 ab g — .
(=1

Putting wy, = (a+¢)~*||x), — ||, this inequality is rewritten

k
a k41 «a k+1—¢
Wht1 < <a+s) +5Z<a+e) e

=0
We know that wg < B. Assume that wq,...,w; < B. Then
k k+1—¢ 5B
wk+1<1+5BZ( @ ) <1+17a:B
e a+¢€ ~ ate

and Inequality (25) is established.
We now show Theorem 2-iii). From the equations (21), (23)
and (24), we have

Tpy1 — T, = —H 'M*(I —2P)RF (¢ — &)

k
+pY H 'M*(I-2P)R**MH 'E(z, — x,)
=1
- H_lE(fL'k+1 — $*)
=Xi+ Y + Zg.

By the argument establishing Theorem 2-iii) in the quadratic
case, for any (y outside a set of Lebesgue measure zero,
there is a function g(k) such that || Xz|| > o*g(k) and
a = limsup;, g(k) > 0. For the sake of contradiction, assume
that lim supy, (k~* log |lzx — x.||) < loga for this (. Then
llzx — .|| < CB% for some C > 0 and some 3 € (0, ). By
delaying the time origin as much as needed, we can assume
that

|E(zy — )|
llze — x|

Sézwforany€>0, and
2a
k
Vi + Zel| <63 b0 + 58
=1

o
a—p

k

<0 a”.

We therefore have

o
ks = @l 2 1] = Vi + Zell = o (a(h) - 525,
Since limsupy(g(k) — da/(a — B)) = a/2 > 0, we obtain
limsupy(k~'log||zx — x.|) > loga. Theorem 2-iii) is
proven.
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VI. NUMERICAL ILLUSTRATIONS

We first provide a numerical illustration in the special cases
described in Section IV-B.1 and IV-B.2. The second order
derivative o2 of the functions f, at the minimum is set to
16. Figures 6 and 7 represent the rate o as a function of the
step-size p of the algorithm in the case of a centralized network

and a ring network respectively. In the centralized case, the

0.95
0.9-

0.8
= 0.751
0.71

0.61
0.551
0.5-
0 1b 2‘0 3‘0 4‘0 5;;) 6‘0 '}0 3‘0 50 100

Fig. 6. Rate « as a function of p - Centralized network - o2 = 16.

095"

W

;

120 140 160 180 200 © N

Fig. 7. Rate « as a function of p and N - Ring network - o2 = 16.
optimal value of p coincides with o2 and is thus independent
of N. In the ring network, the rate o depends on both p and
N.

We now address the case where the second order derivatives
are not necessarily equal. We set N = 5 and assume that the
values of f]/(z,) for all agents n are respectively equal to 4,
9, 16, 25 and 39. Figure 8 represents the rate « as a function

L L L L L L L L L
10 20 30 40 50 60 70 80 90 100

p

Fig. 8. Rate « as a function of p - Centralized network - N = 5 - Distinct

second order derivatives.

of p.
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Finally, we compare our theoretical result with the perfor-
mance of ADMM observed by simulation; we also compare
with the bound of Shi et al. [11]. These simulations were
conducted on a 20 nodes Random Geometric Graph with
radius 0.2. The sets {Ay}, are taken equal to the pairs of
connected agents as in Example 2 of Section II-D. We plot
—k~llog ||x) — 74| as a function of the number of iterations
k.

In Figure 9, the functions are taken as f,(z) = exp(B,z)
where the (,,’s are drawn uniformly in [—10, 10] then centered
(in that case ), f, admits z, = 0 as unique minimizer) and
p is set to 20. Here, the bound of Shi et al. [11] is not defined
(i.e., its log is equal to zero). As expected, Figure 9 shows
that the rate « is tight in the sense that —k~!log ||z — 2|
numerically converges to — log a.

0.1 T T
Simulation ——
0.05 - Our paper = -0.035 —— 7|
ol i

P S ———

-0.05 | .
-0.1
-0.15 | .
0.2 H -
-0.25

03 U | | | | | | | | |
60 80 100 120 140 160 180

200

Number of Iterations

Fig. 9. k™ llog||zx — x«| as a function of the number of iterations & -
N = 20 - Exponential functions

We also investigate the case of quadratic functions. In
that case, the bound of Shi et al. [11] is well defined and
plotted in Figure 10. The functions f,, are defined as f,(x)
an(z — b,)? where the a,,’s are drawn uniformly in [1,100]
and the b,,’s are drawn from a Gaussian distribution with mean
5 and variance 100. The parameter p has been set to 100 as
this seems to be a good choice to take it around the second
order derivatives from the above simulations and derivations.
We observe that our characterization of the convergence rate
is tight in the sense that it fits the empirical performance of
ADMM, whereas a gap exists between the latter and the bound
of [11].

0.3 |
0.25
0.2
0.15 |
011 .
0.05 | | .
0 |
-0.05 |- =
0.1 | .

-0.15 : : : :
50 100 150 200

T
L Simulation —— |

| Our paper = -0.0354 ——
Bound of Shi et. al =-3.9e-03 —— ]

250

Number of Iterations

Fig. 10. k~llog|zs — x«|| as a function of the number of iterations & -
N = 20 - Quadratic functions

VII. CONCLUSION

In this paper, we addressed the rate of convergence of
the ADMM to solve distributively the minimization problem
inf, 25:1 fn(z) where the f,,’s are private convex functions.
Letting x, be the minimizer and assuming that the functions
are twice differentiable at x,, we obtained an explicit char-
acterization of the linear convergence rate under the form
of the spectral radius of a matrix depending to the Hessian
>, V2 fu(2,) and the communication network. Under mild
conditions, it is shown that the obtained rate is tight in the
sense that the actual convergence rate is no faster than the
one obtained.

In practice, our analysis is useful to accurately predict the
performance of ADMM and to optimize various parameters,
such as the step-size of the algorithm and the communication
graph. Our method potentially allows to design augmented
ADM methods with enhanced convergence rate.
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APPENDIX I
PROOF OF COROLLARY 1

Building on the proof of Theorem 2 in the quadratic case,
available in Section V, we will prove a similar result on the
relaxed iterations depicted in Section IV-A. First, we will prove
that relaxed ADMM writes similarly as Eq. (18). Then, we will
show that most arguments of the proof still hold and conclude.

From Eq. (18), we can recover our standard distributed
ADMM by setting , = A\p + pzi, with z,1 given from
(x by Eq. (17) and

Cry1 = R(p +d

so that zp41 = p~ Pt Ar1 = PLCetr.

REVISED VERSION

Now, let us set ¢ = A\, + pzy, we still define z1 by
Eq. (17) replacing (i by ¢;.. Now, let us consider the following
iteration on (j:

Co1 = Mer1(RGE +d) + (1 — npy1) G-

Let us now explicit the update for z;, 1 = p‘lPC,ZH, Ak41
PLCIZ+1~

(26)

L

Zpr1 = Mey1p "P(RCE +d) + (1 — nrra)p” " PE,
= Mr1p” 'P((PH = Q)¢ +d) + (1 = mga) 2k
= 1 P(—p 7 QG + d) + (1 — mg1) 2
=M1 PMxpy + (1 = npyr) 2

where the first and last inequalities come from the definitions
of R and Eq. (17). One can remark that the last equation
rewrites as Eq. (12) when split blockwise. Similarly, one can
prove that A1 follows the update of Eq. (13).

To summarize: in our context, the relaxed ADMM can be
analyzed in nearly the same way as standard ADMM, only
replacing Eq. (18) by Eq. (26).

Now, let us consider a fixed sequence of relaxation steps:

nr = n. Let ¢ be a fixed point of the transformation ¢ +—
R( + d, then

Chr = C=nR(G = ¢) + (1 =) (¢t = Q)

=R+ 1 =n)I)(G - 0.
—_— ——

PAY

ARr
From Lemma 6, we have that R and thus R" have spectral
radii lower than 1, with 1 being the only eigenvalue of maximal

modulus. Furthermore, Lemma 8 gives an eigendecomposition
of R as

R=WAW™' = [Wl WQ} [I ]J {%1] = ILy + WoAWS
22

thus

RT‘

W (g A+ (1 =) ) W1
W’{}

L [l nA+<1—n>I] [W;

My +Wa (nA + (1= n)I ) W,
N

NG

The rest of the proof follows exactly the same steps as the
one of Theorem 2.

APPENDIX II
PROOF OF COROLLARY 3
We start by introducing a notation and by recalling a known
fact. Given three 2 x 2 matrices G_1, Gy and G, we denote
as A = cirey(Go + Gy + e G_1) the 2N x 2N block
circulant matrix

Go Gy G_1
G.1 Gy Gy

A =
Gy G_1 Gy
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By generalizing a well known result for circulant matrices
(see e.g. [34]), we know that the eigenvalue spectrum of A
coincides with the set of eigenvalues of the trigonometric
matrix polynomial G(e) = Go+exp(—2A\)G_1 +exp(1\)Gy
taken at A = 2rk/N for k=0,...,N — 1.

Getting back to our model, we have T'= 2N,

1
1
1
1
1
M =
1
1
1
_1 -
and ~ _
1 1
1 1
1 1
1 1
bl
2
1 1
1 1
1 1
L 1 1_
Since M*M = 21, we also have
o 1
1 1
1 1
Q="
et 2 11
11
_1 1_

e a0 Oy a0 1y

= Uf+2pCIrCN(IQ+e [1 O] +e [0 ol):
Noticing that R = [ — P — @ + 2QP and writing a =
p/(0? + 2p), we have

2QP =a CirCN((IQ + e [(1) 8} +e [8 é])ll*)

L (1 a0 0] |- [ 1)
—(J,CII'CNll & 1 1 e 00

Therefore, R = circy (Go + Gy + e **G_1) where

2

1 I
Go=1I,— 11" —al, + all* = = 2 T
2 2 | -2 1
gi+2p

o 0 o] [o o
Gl_az+2p([—1 0]+[1 1}

o (0—1+11>_ p 10
S o242p\[0 0 0 0]/ o2+2p|0 0]°

The eigenvalues of G(e*™/N) = Gy + 2™ /NG, +
e~27k/NG_, are the solutions of the equation A2 — \sj, +
D). = 0 where
02 +2p (1 + cos(27k/N))

o2+ 2p

Sk = trQ(eka/N) _

and

Dy — det G(e27k/Ny — __P
k= detgle ) o3 +2p
The analysis of these solutions for all £ =0, ..., N —1, which
is tedious but straightforward, directly leads to the expression
of « in Corollary 3. By simple algebra, the rate o = «(p) is
shown to be a continuous function of p which is decreasing

(1 + cos(27k/N)) .

2
on the interval (0, 2[:—;]} and increasing on [QZ—;V, +00).



