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Method of Multipliers
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Abstract—In this paper, we propose the primal-dual method
of multipliers (PDMM) for distributed optimization over a
graph. In particular, we optimize a sum of convex functions
defined over a graph, where every edge in the graph carries
a linear equality constraint. In designing the new algorithm, an
augmented primal-dual Lagrangian function is constructed which
smoothly captures the graph topology. It is shown that a saddle
point of the constructed function provides an optimal solution of
the original problem. Further under both the synchronous and
asynchronous updating schemes, PDMM has the convergence
rate of O(1/K) (where K denotes the iteration index) for
general closed, proper and convex functions. Other properties of
PDMM such as convergence speeds versus different parameter-
settings and resilience to transmission failure are also investigated
through the experiments of distributed averaging.

Index Terms—Distributed optimization, ADMM, PDMM, sub-
linear convergence.

I. INTRODUCTION

In recent years, distributed optimization has drawn increas-
ing attention due to the demand for big-data processing and
easy access to ubiquitous computing units (e.g., a computer,
a mobile phone or a sensor equipped with a CPU). The
basic idea is to have a set of computing units collaborate
with each other in a distributed way to complete a complex
task. Popular applications include telecommunication [3], [4],
wireless sensor networks [5], cloud computing and machine
learning [6]. The research challenge is on the design of
efficient and robust distributed optimization algorithms for
those applications.

To the best of our knowledge, almost all the optimization
problems in those applications can be formulated as optimiza-
tion over a graphic model G = (V, £):

mind_ filz)+ Y, fil@i ). )

T} 4
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where {f;|i € V} and {fi;|(i,j) € &} are referred to
as node and edge-functions, respectively. For instance, for
the application of distributed quadratic optimization, all the
node and edge-functions are in the form of scalar quadratic
functions (see [7], [8], [9]).
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Fig. 1. Demonstration of Problem (1) for edge-functions being linear
constraints. Every edge in the graph carries an equality constraint.

In the literature, a large number of applications (see [10])
require that every edge function f;;(x;, x;), (i,j) € &, is
essentially a linear equality constraint in terms of x; and x;.
Mathematically, we use A;;x; + Ajix; = c;; to formulate
the equality constraint for each (i,j) € £, as demonstrated in
Fig. 1. In this situation, (1) can be described as

Hﬂlclzl]}Zfl(wl) + Z Taaiaym=c,; (T 25),  (2)

% (i,7)€€

where Iy denotes the indicator or characteristic function
defined as I¢(x) = 0 if x € C and I¢(x) = oo if ¢ C.
In this paper, we focus on convex optimization of form (2),
where every node-function f; is closed, proper and convex.

The majority of recent research have been focusing on a
specialized form of the convex problem (2), where every edge-
function f;; reduces to I, —z,(x;, ;). The above problem is
commonly known as the consensus problem in the literature.
Classic methods include the dual-averaging algorithm [11], the
subgradient algorithm [12], the diffusion adaptation algorithm
[13]. For the special case that {f;|i € V} are scalar quadratic
functions (referred to as the distributed averaging problem),
the most popular methods are the randomized gossip algorithm
[5] and the broadcast algorithm [14]. See [15] for an overview
of the literature for solving the distributed averaging problem.

The alternating-direction method of multipliers (ADMM)
can be applied to solve the general convex optimization (2).
The key step is to decompose each equality constraint A;;x;+
Aj;x; = c;; into two constraints such as A;;x; + 245 = ;5
and z;; = Aj;x; with the help of the auxiliary variable z;;.
As a result, (2) can be reformulated as

min f(x) + g(z) subjectto Ax+ Bz=¢, (3)

where f(xz) = >,y fi(®i), g(2) = 0 and z is a vector
obtained by stacking up z;; one after another. See [16]
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for using ADMM to solve the consensus problem of (2)
(with edge-function I, —s; (i, x;)). The graphic structure
is implicitly embedded in the two matrices (A, B) and the
vector ¢. The reformulation essentially converts the problem
on a general graph with many nodes (2) to a graph with only
two nodes (3), allowing the application of ADMM. Based
on (3), ADMM then constructs and optimizes an augmented
Lagrangian function iteratively with respect to (, z) and a set
of Lagrangian multipliers. We refer to the above procedure as
synchronous ADMM as it updates all the variables at each
iteration. Recently, the work of [17] proposed asynchronous
ADMM, which optimizes the same function over a subset of
the variables at each iteration.

We note that besides solving (2), ADMM has found many
successful applications in the fields of signal processing and
machine learning (see [10] for an overview). For instance,
in [18] and [19], variants of ADMM have been proposed to
solve a (possibly nonconvex) optimization problem defined
over a graph with a star topology, which is motivated from
big data applications. The work of [20] considers solving the
consensus problem of (2) (with edge-function I, —4, (€;, x;))
over a general graph, where each node function f; is further
expressed as a sum of two component functions. The authors
of [20] propose a new algorithm which includes ADMM as a
special case when one component function is zero. In general,
ADMM and its variants are quite simple and often provide
satisfactory results after a reasonable number of iterations,
making it a popular algorithm in recent years.

In this paper, we tackle the convex problem (2) directly
instead of relying on the reformulation (3). Specifically, we
construct an augmented primal-dual Lagrangian function for
(2) without introducing the auxiliary variable z as is re-
quired by ADMM. We show that solving (2) is equivalent
to searching for a saddle point of the augmented primal-
dual Lagrangian. We then propose the primal-dual method of
multipliers (PDMM) to iteratively approach one saddle point
of the constructed function. It is shown that for both the
synchronous and asynchronous updating schemes, the PDMM
converges with the rate of O(1/K) for general closed, proper
and convex functions.

Further we evaluate PDMM through the experiments of
distributed averaging. Firstly, it is found that the parameters
of PDMM should be selected by a rule (see VI-C1) for fast
convergence. Secondly, when there are transmission failures
in the graph, transmission losses only slow down the con-
vergence speed of PDMM. Finally, experimental comparison
suggests that PDMM outperforms ADMM and the two gossip
algorithms in [5] and [14].

This work is mainly devoted to the theoretical analysis of
PDMM. In the literature, PDMM has already been successfully
applied for solving a few other problems. The work of [21] in-
vestigates the efficiency of ADMM and PDMM for distributed
dictionary learning. In [22], we have used both ADMM and
PDMM for training a support vector machine (SVM). In
the above examples it is found that PDMM outperforms
ADMM in terms of convergence rate. In [23], the authors
describes an application of the linearly constrained minimum
variance (LCMV) beamformer for use in acoustic wireless sen-

2

sor networks. The proposed algorithm computes the optimal
beamformer output at each node in the network without the
need for sharing raw data within the network. PDMM has been
successfully applied to perform distributed beamforming. This
suggests that PDMM is not only theoretically interesting but
also might be powerful in real applications.

II. PROBLEM SETTING

In this section, we first introduce basic notations needed in
the rest of the paper. We then make a proper assumption about
the existence of optimal solutions of the problem. Finally, we
derive the dual problem to (2) and its Lagrangian function,
which will be used for constructing the augmented primal-
dual Lagrangian function in Section III.

A. Notations and functional properties

We first introduce notations for a graphic model. We denote
a graph as G = (V, ), where V = {1,...,m} represents the
set of nodes and & = {(i,7)|i,j € V} represents the set of
edges in the graph, respectively. We use & to denote the set
of all directed edges. Therefore, || = 2|€|. The directed edge
[¢, 7] starts from node ¢ and ends with node j. We use N; to
denote the set of all neighboring nodes of node 1, i.e., N; =
{jl(i,5) € E}. Given a graph G = (V, ), only neighboring
nodes are allowed to communicate with each other directly.

Next we introduce notations for mathematical description
in the remainder of the paper. We use bold small letters to
denote vectors and bold capital letters to denote matrices. The
notation M = 0 (or M > 0) represents a symmetric positive
semi-definite matrix (or a symmetric positive definite matrix).
The superscript (-)7 represents the transpose operator. Given
a vector y, we use ||y to denote its I norm.

Finally, we introduce the conjugate function. Suppose h :
R™ — R U {400} is a closed, proper and convex function.
Then the conjugate of h(-) is defined as [24, Definition 2.1.20]

h*(6) = max 6"y — h(y), 4)

where the conjugate function h* is again a closed, proper and
convex function. Let ¢’ be the optimal solution for a particular
&’ in (4). We then have

&' € oyh(y'), (5)

where Oyh(y’) represents the set of all subgradients of h(-)
at y' (see [24, Definition 2.1.23]). As a consequence, since
h** = h, we have

M) =y () = maxy 6 1 (8), ©
and we conclude that y’ € 9sh*(8’) as well.

B. Problem assumption
With the notation G = (V, &) for a graph, we first refor-
mulate the convex problem (2) as

mlnz fl(.’llz) S. t. Aij$i+Ajimj = Cij V(l,]) S g, (7)

i€V
where each function f; : R™ — R U {+o0o} is assumed to
be closed, proper and convex, and ® = [x] 2 ... xT]T.
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For every edge (i,j) € &, we let (cij,Aqij,Aji) €

(R™i5  R™i5 %" R™i*"i) The vector x is thus of dlmension

Nz = Y ;cy M- In general, A;; and Aj; are two different ma-

trices. The matrix A;; operates on x; in the linear constraint

of edge (i,7) € £. The notation s. t. in (7) stands for “subject

to”. We take the reformulation (7) as the primal problem.
The primal Lagrangian for (7) can be constructed as

5):Zfz‘(mi)+ Z 81 (cij—Ayzi—A

S (i,4)€€

jixj)v ()
where §;; is the Lagrangian multiplier (or the dual variable)
for the corresponding edge constraint in (7), and the vector §
is obtained by stacking all the dual variables 6;;, (4,7) € &,
on top of one another. Therefore, § is of dimension ns =
> (i.5)e€ Mig- The Lagrangian function is convex in « for fixed
4, and concave in § for fixed . Throughout the rest of the
paper, we will make the following (common) assumption:

Assumption 1. There exists a saddle point (x*,8%) to the
Lagrangian function L,(x,d8) such that for all x € R™ and

0 € R™ we have
LP(‘T*76) S LI)(:B*7 6*) S Lp(CC, 6*)

Or equivalently, the following optimality (KKT) conditions
hold for (x*,8%):

> AL eofi(ar) VieV )
JEN;
Ajixl + Agjx; = ciy V(i,j) €. (10)

C. Dual problem and its Lagrangian function

We first derive the dual problem to (7). Optimizing L, (x, 9)
over § and x yields

max mi min L, (x, d)

= maXZmln (fl x;) 25 Uacl) + Z 5 Cij

JEN; (i,5)€E

= m?,XZ —f:( Z A551]> Z 5”6”,

% JEN; (i,7)€€

(1)

where f7(-) is the conjugate function of f;(-) as defined in
(4), satisfying Fenchel’s inequality

() + fF (ZA U)

JEN;

JEN;

12)

Under Assumption 1, the dual problem (11) is equivalent to
the primal problem (7). That is suppose (x*,d*) is a saddle
point of L,. Then x* solves the primal problem (7) and §*
solves the dual problem (11).

At this point, we need to introduce auxiliary variables to
decouple the node dependencies in (11). Indeed, every 6;;,
associated to edge (4, j), is used by two conjugate functions f}*
and f7. As a consequence, all conjugate functions in (11) are
dependent on each other. To decouple the conjugate functions,
we introduce for each edge (i,j) € & two auxiliary node

variables A;;; € R™7 and Aj;; € R"7, one for each node ¢

3

and j, respectively. The node variable A;|; is owned by and
updated at node ¢ and is related to neighboring node j. Hence,
at every node ¢ we introduce |N;| new node variables. With
this, we can reformulate the original dual problem as

max — Zfl*(AZT)\Z) + Z Jz;cij
=y

04} (id)eE

S. t. )‘i|j = >‘J|z = (Sij V(Z,J) e’ (13)

where A; is obtained by vertically concatenating all A;;, j €
N;, and AT is obtained by horizontally concatenating all AiTj,
j € N;. To clarify, the product A;fp)\i in (13) equals to

T T
AT\ = Z AN
JEN;

Consequently, we let X = [AT, A2, ... AT |7 In the above re-
formulation (13), each conjugate function f(-) only involves
the node variable \;, facilitating distributed optimization.

Next we tackle the equality constraints in (13). To do so, we
construct a (dual) Lagrangian function for the dual problem
(13), which is given by

(14)

Ly A y)=—> fr(ATx) + Y ole
eV (i,§)€E
+Z [yZU ij ‘])J’_y?ﬁ(éij_Aj\i)}» (15)
(i,5)€€

where y is obtained by concatenating all the Lagrangian
multipliers y; ;. [i, j] € £, one after another.

We now argue that each Lagrangian multiplier y; ;, [i,7] €
g in (15) can be replaced by an affine function of ;. Suppose
(x*,8%) is a saddle point of L,,. By letting >\1|J = 6 for every
[i, 4] € &, Fenchel’s inequality (12) must hold Wlth equality
at (z*, \*) from which we derive that

0y, [£1(ATA)] - Aya;
= 8>\i|j [fl*(AfA:)] + Ajiac]*» — Cjj V[Z,j] S g
One can then show that (6", X", y*) where y, = Ajiz} —c;;
for every [i,j] € &, is a saddle point of L/. We therefore
restrict the Lagrangian multiplier y; ; to be of the form y;

¥

Aj;x; — c;; so that the dual Lagrangian becomes
La(, A, x) ZZ(—fi*(AiT/\i)—Z/\ﬁi(Aijwi - Cz‘j))
=% JEN;
Z (SZ;(C” — Awwl — Ajia:j). (16)
(i,5)€€

We summarize the result in a lemma below:

Lemma 1. If (z*,6") is a saddle point of L,(x,d), then
(6%, X", x*) is a saddle point of La(8, X, ), where X}|; = 37
for every [i,j] € £

We note that L4(d, A, ) might not be equivalent to
L4(0,A,y). By inspection of the optimality conditions of
(16), not every saddle point (6™, A", z*) of L, might lead to
{Ai; = Ajji» (4,5) € €} due to the generality of the matrices
{A;j,[i,]] € £}. In next section we will introduce quadratic
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penalty functions w.r.t. A to implicitly enforce the equality
constraints {Aj; = Aj;, (4,5) € €}

To briefly summarize, one can alternatively solve the dual
problem (13) instead of the primal problem. Further, by
replacing y with an affine function of x in (15), the dual
Lagrangian L4(d, A, x) share two variables « and & with the
primal Lagrangian L,(x,d). We will show in next section
that the special form of L, in (16) plays a crucial role for
constructing the augmented primal-dual Lagrangian.

III. AUGMENTED PRIMAL-DUAL LAGRANGIAN

In this section, we first build and investigate a primal-dual
Lagrangian from L, and L;. We show that a saddle point of
the primal-dual Lagrangian does not always lead to an optimal
solution of the primal or the dual problem.

To address the above issue, we then construct an augmented
primal-dual Lagrangian by introducing two additional penalty
functions. We show that any saddle point of the augmented
primal-dual Lagrangian leads to an optimal solution of the
primal and the dual problem, respectively.

A. Primal-dual Lagrangian

By inspection of (8) and (16), we see that in both L,
and L4, the edge variables §;; are related to the terms
cij — Aijz; — Aj;x;. As a consequence, if we add the primal
and dual Lagrangians, §;; will cancel out and the resulting
function contains node variables  and A only.

We hereby define the new function as the primal-dual
Lagrangian below:

Definition 1. The primal-dual Lagrangian is defined as
Lpa(x,A) = Ly(x,0) + La(6, A, x)

= Z[fz(mz) *Z (A — Cij)*fz‘*(A;TF)\i)] 17

iey JEN;

Lyq(x, A) is convex in « for fixed A and concave in X for
fixed x, suggesting that it is essentially a saddle-point problem
(see [25], [26] for solving different saddle point problems). For
each edge (i, j) € &, the node variables A;|; and A;; substitute
the role of the edge variable §;;. The removal of §;; enables to
design a distributed algorithm that only involves node-oriented

optimization (see next section for PDMM).
Next we study the properties of saddle points of L4(x, A):

Lemma 2. If x* solves the primal problem (7), then there
exists a X* such that (x*, X*) is a saddle point of Lpq(x, X).

Proof. If x* solves the primal problem (7), then there exists
a 0” such that (z*,d”) is a saddle point of L,(x,d) and by

=

Lemma 1, there exist A, = d}; for every [i,j] € £ so that
(6%, X", x*) is a saddle point of Lg(d, A, ). Hence
Lpa(x*,A) = Ly(x*,8) + La(8, X, z*)
< Ly(x*,8%) + La(6*, X", z*)
= Lyq(x*, X¥)
S Lp(x7 6*) + Ld(6*7 A*v CE)
= Lya(z, A*). O

4

The fact that (z*,\*) is a saddle point of Ly4(x, ),
however, is not sufficient for showing £* (or A*) being optimal
for solving the primal problem (7) (for solving the dual
problem (13)).

Example 1 (x* not optimal). Consider the following problem

agliggfl(xl)+f2($2) st xp—1x9 =0, (18)

.’El—]. xlzl

fi(z1) = fo(—z1) = { 0 otherwise

where

With this, the primal Lagrangian is given by L,(x,012) =
fi(x1) + fo(za) 4 612(x2 — x1), so that the dual function is
given by — f{(012) — f5(—0612), where

[i(012) = f3(=012) = { 02 0<d1p <1

400 otherwise
Hence, the optimal solution for the primal and dual problem is
ay =z} € [-1,1] and 6%y = 0, respectively. The primal-dual
Lagrangian in this case is given by

Lpa(z, ) =f1(z1) + fa(z2) — f1(Mj2) — f5(=A2p1)

— 121 + T2 2 (19)

One can show that every point (x},x}, )\’1|2, /\’2‘1) €
{(z1,22,0,0)| — 1 < z1,29 < 1} is a saddle point of
Lpq(x, X), which does not necessarily lead to x| = 5.

It is clear from Example 1 that finding a saddle point of L,
does not necessarily solve the primal problem (7). Similarly,

one can also build another example illustrating that a saddle
point of L4 does not necessarily solve the dual problem (13).

B. Augmented primal-dual Lagrangian

The problem that not every saddle point of L,q(x, X) leads
to an optimal point of the primal or dual problem can be solved
by adding two quadratic penalty terms to L,q(x, A) as

Lp (w, )\) :Lpd(fl:, A) + hpp (:B) — hp, (A), (20)

where hp, () and hp, () are defined as

1
hp,(®) = > 5 lAiz: + Ajiz; — cillp,,, @D

(i,4)€€
1 2
hp,(A) = ) 5 12 =Xl
(i,5)€€
where P =P, UP; and
Pp = {Piij =P, = 0|(i,j) € £}
Pa={Py,; = Pai; - 0|(i,j) € E}.

(22)

The 2|€| positive definite matrices in P remain to be specified.

Let X = {$|A”SC1 +Ajimj = C,‘j,V(Z.,j) S 8} and
A = {AXNy; = Ajji,V(i,j) € £} denote the primal and
dual feasible set, respectively. It is clear that hp, () > 0
(or —hp,(A) < 0 ) with equality if and only if z € X
(or A € A). The introduction of the two penalty functions
essentially prevents non-feasible & and/or A to correspond
to saddle points of Lp(x, ). As a consequence, we have
a saddle point theorem for Lp which states that x* solves
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the primal problem (7) if and only if there exits A* such that
(z*, ) is a saddle point of Lp(x, A). To prove this result,
we need the following lemma.

Lemma 3. Let (x*,\*) and (', \") be two saddle points of
Lp(x,\). Then

Lp(w/, A*) = L’p(iBl7 )\/) = Lp(w*, )\*) = Lp(:lt*, A/) (23)

Further, (x',X*) and (x*,\') are two saddle points of
Lp(x,\) as well.

Proof. Since (z*,A*) and (x’,\’) are two saddle points of
Lp(x,\), we have

Lp(w/, )\*) SLP(CB/, A/) < Lp(iL'*, )\/)
Lp(x*, X)) <Lp(z*,X\*) < Lp(z', A*).

Combining the above two inequality chains produces (23).
In order to show that (z’,A*) is a saddle point, we have
L”P(mlv)‘) < L”P(wlv)‘/) = L’/’(:Elv)‘*) = L”P(w*’)‘*) <
Lp(x,\*). The proof for (x*, ') is similar. O

We are ready to prove the saddle point theorem for
Lp (:B,)\)

Theorem 1. If x* solves the primal problem (7), there
exists A* such that (z*,X*) is a saddle point of Lp(x, ).
Conversely, if (', X') is a saddle point of Lp(x, ), then x'
and X' solves the primal and the dual problem, respectively.
Or equivalently, the following optimality conditions hold

> AN, €0z, fi(x]) VieV (24)

JEN;
AZJZBZ + AjiiL‘;» =0 V( ) e& 25)
X - jlz_o V(i,j)€&. (26)

Proof. If x* solves the primal problem, then there exists a
A* such that (z*, X*) is a saddle point of L, by Lemma 2.
Since z* € X and X* € A, we have hp, (z*) — hp,(A*) =0,
Ozhp, (x*) =0 and Oxhp,(X*) = 0, from which we conclude
that (x*, X\*) is a saddle point of Lp(x, A) as well.

Conversely, let (z',\’) be a saddle point of Lp(x,\).
We first show that &’ solves the primal problem. We have
from Lemma 3 that Lp(2’,A\*) = Lp(x*, A*), which can be
simplified as

Lp(2',0%) + La(6*, X", x") + hp, (2')

= Ly(x*,0%) + Lq(6", X", z*),
from which we conclude that hp (') = Ly(z*, ") —
Ly(x',6") < 0 and thus hp (') = 0 so that ' € X.

In addition, since (z’,A*) is a saddle point of Lp(x, ) by
Lemma 3, we have

D AL =

JEN;

Z A[ NS, € 0, fi()), Vi€V,
JEN;

and we conclude that &’ solves the primal problem as required.
Similarly, one can show that A" solves the dual problem.
Based on the above analysis, we conclude that the optimality
conditions for (z’,\’) being a saddle point of Lp are given
by (24)-(26). The set of optimality conditions {c;; fAjl-w; €

5

O, fi*(AZ-T)\;)} |[i, ] € €} is redundant and can be derived
from (24)-(26) (see (4)-(6) for the argument). O]

Theorem 1 states that instead of solving the primal problem
(7) or the dual problem (13), one can alternatively search for a
saddle point of Lp(x, A). To briefly summarize, we consider
solving the following min-max problem in the rest of the paper

(z*,X\*) = argmin max Lp(xz,A). (27)

We will explain in next section how to iteratively approach
the saddle point (z*, \*) in a distributed manner.

IV. PRIMAL-DUAL METHOD OF MULTIPLIERS
In this section, we present a new algorithm named primal-
dual method of multipliers (PDMM) to iteratively approach a
saddle point of Lp(x, X). We propose both the synchronous
and asynchronous PDMM for solving the problem.

A. Synchronous updating scheme

The synchronous updating scheme refers to the operation
that at each iteration, all the variables over the graph update
their estimates by using the most recent estimates from their
neighbors from last iteration. Suppose (ﬁck, j\k) is the estimate
obtained from the k£ — 1th 1terat10n, where & > 1. We compute

~k+1 A
:|T

}T) icV. (28)

the new estimate (& ) at iteration k as

Skl gkt
(‘Bi s )

kT Ak, T
arg min maXLp([ &, :BT L3

T A

<k, T
{.. AT AL

By inserting the expression (20) for Lp(x, A) into (28), the
updating expression can be further simplified as

. . 1 . 2
.’BfJFl: arg mlnLZ 5 HAU:CZ + A]Z.’IZ;C —Cjj
N

( ZA’LJ j|z> +f1 ml)

JEN;

ok 1
A 1 arg n}\ivnl Z <2 ‘
JEN;

Ppij

1eV (29)

ok
i|j _Aj|7?

2
~k
+)‘z|JAjiwj
Py

i

Cm) +fi (AZ-TAZ-)l ieV. (30)

Eq. (29)-(30) suggest that at iteration k, every node ¢ per-
forms Earameter-updanng independently once the estimates
{:1: ' >‘] |z‘
addition, the computation of mkﬂ and )\ A can be carried out
in parallel since x; and A; are not dlrectly related in Lp (x, A).
We refer to (29)-(30) as node-oriented computation.

In order to run PDMM over the graph, each iteration should
consist of two steps. Firstly, every node ¢ computes (&;, 5\1)
by following (29)-(30), accounting for information-fusion.
Secondly, every node 7 sends (&;, 5\“ ;) to its neighboring node
7 for all neighbors, accounting for information-spread. We
take @; as the common message to all neighbors of node i
and \;; as a node-specific message only to neighbor j. In

J € N;} of its neighboring varlables are available. In

ilj
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some applications, it may be preferable to exploit broadcast
transmission rather than point-to-point transmission in order
to save energy. We will explain in Subsection IV-C that the
transmission of 5\“ j» J € N, can be replaced by broadcast
transmission of an intermediate quantity.

Finally, we consider terminating the iterates (29)-(30). One
can check if the estimate (&, 5\) becomes stable over consec-
utive iterates (see Corollary 1 for theoretical support).

B. Asynchronous updating scheme

The asynchronous updating scheme refers to the operation
that at each iteration, only the variables associated with one
node in the graph update their estimates while all other
variables keep their estimates fixed. Suppose node : is selected

L . k1
at iteration k. We then compute (&7, X;

) by optimizing
Lp based on the most recent estimates {:i jm j € Ni}
from its neighboring nodes. At the same time, the estimates
(:E;“,S\j), j # i, remain the same. By following the above

. . . ~ k41
computational instruction, (mkH, A

Ak Qk+1 ~k,T ~ kT T
(:Jc’?“‘l,/\- >_argm1nn§\axL7p([ xfﬁl,wT :cfﬂ, } ,
£

) can be obtained as

3 K2
3

{ AT AN }T) 31)

ch+1
JEV,j#i.

@A) = @4 A

j (32)

ckt1

Similarly to (29)-(30), :3:;”’1 and A; * can also be computed
separately in (31). Once the update at node ¢ is complete,
the node sends the common message as 1 and node-specific

messages {)\w ,j € N;} to its neighbors. We will explain
in next subsection how to exploit broadcast transmission to
replace point-to-point transmission.

In practice, the nodes in the graph can either be ran-
domly activated or follow a predefined order for asynchronous
parameter-updating. One scheme for realizing random node-
activation is that after a node finishes parameter-updating, it
randomly activates one of its neighbors for next iteration.
Another scheme is to introduce a clock at each node which
ticks at the times of a (random) Poisson process (see [5] for
detailed information). Each node is activated only when its
clock ticks. As for node-activation in a predefined order, cyclic
updating scheme is most straightforward. Once node ¢ finishes
parameter-updating, it informs node ¢ + 1 for next iteration.
For the case that node ¢ and ¢ 4 1 are not neighbors, the path
from node ¢ to i+ 1 can be pre-stored at node ¢ to facilitate the
process. In Subsection V-D, we provide convergence analysis
only for the cyclic updating scheme. We leave the analysis for
other asynchronous schemes for future investigation.

Remark 1. To briefly summarize, synchronous PDMM scheme
allows faster information-spread over the graph through par-
allel parameter-updating while asynchronous PDMM scheme
requires less effort from node-coordination in the graph. In
practice, the scheme-selection should depend on the graph
(e.g., wireless sensor networks) properties such as the fea-
sibility of parallel computation, the complexity of node-
coordination and the life time of nodes.

C. Simplifying node-based computations and transmissions

It is clear that for both the synchronous and asynchronous
schemes, each activated node ¢ has to perform two minimiza-
tions: one for &; and the other one for 5\1 In this subsection,
we show that the computations for the two minimizations
can be simplified. We will also study how the point-to-point
transmission can be replaced with broadcast transmission. To
do so, we will consider two scenarios:

1) Avoiding conjugate functions: In the first scenario, we
consider using f;(-) instead of f7(-) to update ;. Our goal is
to simplify computations by avoiding the derivation of f;*(-).

By using the definition of f; in (4), the computation (30)
for S\fﬂ (which also holds for asynchronous PDMM) can be
rewritten as

Qk+1
A\

T

—‘rA ‘ A]zilf

. 1 ok
=arg min — ‘)‘i\j_)‘

in| Y| 5| Jl
o~ 2 Py

i

D ey +ma_x(wiTAZT)\iff¢('wi)) . (33)

ilj

We denote the optimal solution for w; in (33) as 'war1 The

1
optimality conditions for by J , j € N;, and wi can then
be derived from (33) as

ck+1
0eATA "~y fl( b1y (34)

~k+1
cij:Pd,ij</\1;\j - m)+Aﬂw + AW e N, (39)

where (14) is used in deriving (35). Since Pg;; is a nonsin-
k1
gular matrix, (35) defines a mapping from wf“ le :

ck+1

Aijj —S\J‘l—kP;Zl-j(cij—Aﬂw — A jwith j eN;, (36)

With this mapping, (34) can then be reformulated as

ZA ( ili T

JEN;
€ O, fi(wF ).

By inspection of (37), it can be shown that (37) is in fact an
optimality condition for the following optimization problem

Lk k+1
P, (c” Ajiz; — Ajjw; ))

(37)

: 1 .
wht! = arg min [fz(wz) + chij—Aji:cé? —A;jw;

- wTZA” J\]

JEN;

[
d,ij
(38)
. ck+1
The above analysis suggests that A,

computed through an intermediate quantity w;
marize the result in a proposition below.

can be alternatively
k41 We sum-

Proposition 1. Considering a node v € V at iteration k,
s

f0r each j € N can be obtained by
k+1

the new estimate )\

following (36), where w,; " is computed by (38).

. . ckt1
Proposition 1 suggests that the estimate A\, can be
easily computed from wf“. We argue in the following that

k+
the point-to-point transmission of {)\ TRy eN; } can be

replaced with broadcast transmission of w’“‘1
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TABLE I

SYNCHRONOUS PDMM WHERE FOR EACHi € V, Py ;; = P’ 1

pyij "

Initialization: {z;} and {X;;}

Repeat
forall ¢ € ¥V do
ﬁ:?-’-l =argming, [fZ(CL'Z)—wLT(ZjeN A” J| )
+E]€N 2||Azﬂ’ +Agzﬂ’3 Cij”}:pﬂ.].
end for
foralliGVandjeM do
ck+l o Tk o
iy = )‘m + Ppij(cij — Aju&; — Ay )
end for
k+—k+1

Until some stopping criterion is met

We see from (36) that the computation of the node-specific

Jk+1 . . .
message A, ; (from node ¢ to node j) only consists of the

and 2. Since )\ and ﬁzf are available

gl J i
at node j, the message )\1| ; can therefore be computed at
node j once the common message wk+1 is received. In other

words, it is sufficient for node 7 to broadcast both :c and
wht!
’L

quantities w; k1 )\

to all its neighbors. Every node-specific message /\
j € N, can then be computed at node j alone.

Finally, in order for the broadcast transmission to work, we
assume there is no transmission failure between neighboring
nodes. The assumption ensures that there is no estimate in-
consistency between neighboring nodes, making the broadcast
transmission reliable.

2) Reducing two minimizations to one: In the second sce-
nario, we study under what conditions the two minimizations
(29)-(30) (which also hold for asynchronous PDMM) reduce
to one minimization.

ZIJ ’

Proposition 2. Considering a node i € V at iteration k, if
the matrix P g ;; for every neighbor j € N is chosen to be

Py, = Pljzlj, then there is :L'k+1 = wif”'l. As a result,
Nl k AT
Ny =Nt Pyjlen - Apdh — Ayatth) e N (39)

Proof. The proof is trivial. By inspection of (29) and (38)

under Pyg; =P, 1., j €N, we obtain & ™" =wi*'. O
Similarly to the first scenario, broadcast transmission is also
applicable for the second scenario. Since :ka wk“ node

~k+1

1 only has to broadcast the estimate ;" to all its neighbors.

+1
Each message /\ from node 7 to node j can then be
computed at node j directly by applying (39). See Table I
for the procedure of synchronous PDMM.

V. CONVERGENCE ANALYSIS

In this section, we analyze the convergence rates of PDMM
for both the synchronous and asynchronous schemes. Inspired
by the convergence analysis of ADMM [27], [28], we con-
struct a special inequality (presented in V-B) for Lp(x, A) and
then exploit it to analyze both synchronous PDMM (presented
in V-C) and asynchronous PDMM (presented in V-D).

Before constructing the inequality, we first study how to
properly choose the matrices in the set P (presented in V-A)
in order to enable convergence analysis.

A. Parameter setting

In order to analyze the algorithm convergence later on, we
first have to select the matrix set P properly. We impose a
condition on each pair of matrices (P,;; = 0,P4;; = 0),
(i,7) € €, in Lp:

Condition 1. In the function Lp, each matrix Pg;; can be
represented in terms of Pp ij as

Pd,ij p 7,] + APd ,17 V(Z,]) € ga (40)

where APg;; > 0.

Eq. (40) implies that P, ;; and Pg4;; can not be chosen
arbitrarily for our convergence analysis. If P, ;; is small,
then Pg;; has to be chosen big enough to make (40) hold,
and vice versa One special setup for (P, ;;, Pq,;) is to let
Py = Pp ij» OF equivalently, AP ;; = 0. This leads to the
application of Proposition 2, which reduces two minimizations
to one minimization for each activated node.

One simple setup in Condition 1 is to let all the matrices in
P take scalar form. That is setting (P, i;, Pa.j), (i,7) € &,
to be identity matrices multiplied by positive parameters:

(Pp,ij: Pa,ij) =

where v, > 0, 7455 > 0 and 7yg4;7p,:; = 1. It is worth
noting that matrix form of (P, ;;, P4 ;;) might lead to faster
convergence for some optimization problems.

(’Yp,ijInijv ’yd,ijInij) (41)

B. Constructing an inequality

Before introducing the inequality, we first define a new
function which involves {f;,7 € V} and their conjugates:

N 1

pa@ A =Y {fi(a:i)-i-fi VIPOEEDD cz;-)\“j}. (42)
i€V JEN;

By studying (7) and (13) at a saddle point (x*

one can show that p(z*, \*) = 0.
With p(x, ), the inequality for Lp can be described as:

5 A*) of Lp,

Lemma 4. Let (x*,\*) be a saddle point of Lp. Then for

any (x, \), there is
C;j
0<% [ i ZU)T<Ajiwj - 7])
i€V jEN;
("Bz — )TAl] j|1i| +p($7 >‘)a (43)
where equality holds if and only if (x,\) satisfies
0 € O, fila})— Y AT VieV  (44)
JEN;
0 € 0z, filmi)— Y _ATNY, Viev. (45
JEN;
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Proof. Given a saddle point (x*, A*) of Lp, the right hand
side of the inequality (43) can be reformulated as

S| 3 (- )+

v * TA
i€V jE./V'i

17 ]|Z
_Aﬁjcij) + film:) + 7 (AT A)

> (-

JEN;

D)

%

AJ*,";TFAZ»J»:EZ' + (Ajixj — Cz‘j)TAz‘u)

+ filzs)+ £ ( AT}\

Ecuv

JEN

;AL )+ filw:)

>

%

*T
Z( T A~
JEN;

jEN

(AT (46)

where the last equality is obtained by using (z*, X*) € (X, A).
Using Fenchel’s inequalities (12), we conclude that for any
i € V), the following two inequalities hold

FHATN) =2 (AT N) > —fi(x))
filx) — 2l (AT X)) > —f7(ATXY).

(47)
(48)

Finally, combining (46)-(48) and the fact that p(z*, A*) = 0
produces the inequality (43). The equality holds if and only
if (47)-(48) hold, of which the optimality conditions are given
by (44)-(45) (see (4)-(6) for the argument). O

Lemma 4 shows that the quantity on the right hand side
of (43) is always lower-bounded by zero. In the next two
subsections, we will construct proper upper bounds for the
quantity by replacing (x, A) with real estimate of PDMM. The
algorithmic convergence will be established by showing that
the upper bounds approach to zero when iteration increases.

The conditions (44)-(45) in Lemma 4 are not sufficient for
showing that (a, ) is a saddle point of Lp. The primal and
dual feasibilities * € X and A € A are also required to
complete the argument, as shown in Lemma 5, 6 and 7 below.
Lemma 5 and 6 are preliminary to show that (2, A) is a saddle
point of Lp as presented in Lemma 7. These three lemmas will
be used in the next two subsections for convergence analysis.

Lemma 5. Let (x*, \*) be a saddle point of Lp. Given x =
&' which satisfies (45) and ' € X, then (x',X*) is a saddle
point of Lp.

Proof. By using (45) and the fact that ' € X and A\* € A,
it is immediate from (24)-(26) that (', A*) is a saddle point
of L'p. O

Lemma 6. Let (x*,\*) be a saddle point of Lp. Given XA =
X' which satisfies (44) and X' € A, then (x*, X' is a saddle
point of Lp.

Proof. The proof is similar to that for Lemma 5. O

8

Lemma 7. Let (x*,X*) be a saddle point of Lp. Given
(x,A) = (', X') which satisfy (44)-(45) and (z',\') €
(X, A), then (x',\) is a saddle point of Lyp.

Proof. Tt is known from Lemma 5 and 6 that in addition to
(x*, ), (', ") and (x*, ") are also the saddle points of
Lp. By using a similar argument as the one for Lemma 3, one
can show that (z’, \’) is a saddle point of Lyp. O

C. Synchronous PDMM

In this subsection, we show that the synchronous PDMM
converges with the sub-linear rate O(K ~1). In order to obtain
the result, we need the following two lemmas.

Lemma 8. Let (x*,\*) be a saddle point of Lp. The
k1
estimate (&, X - ) is obtained by performing (29)-(30)

under Condition 1. Then there is

pIPY LHERTALPIEES

Cij Akl T
B) >_(wz —z;)
i€EVIEN;

. ck+1
AT @t AT <O d @)
i€EVJEN;
where d’?‘ﬂ is given by
a1 == (|| P2 P, =3l
i|j p,ij (:c )+ ng( Gli j|i)
E+1 ’C+1
HPZ”] ji(&; )+Pmy 7\% Ajli H
kel ~k+1 ok |2
HPp ij l] 1Jr +Aﬂm cl])+Pp z]()‘z\j >‘]|1)
k1
+||APd”( il m)llz HAPd”( SN IP
< k+1 A
1 1
where P, ;; = P; Z]P; ;; and APg;; = APiijAPiij.
Proof. See the proof in Appendix A. O
Lemma 9. Every pair of estimates (&;" ", )‘zlg ) i€

jE€N;, k>0, in Lemma 8 is upper bounded by a constant
M under a squared error criterion:

Dyt J

HP (@ @)+ P B (A - Af,jl)Hng. (51)

Proof. One can first prove (51) for ¥ = 0 by performing
algebra on (49)-(50). The inequality (51) for £ > 0 can then
be proved recursively. [

Upon obtaining the results in Lemma 8§ and 9, we are ready
to present the convergence rate of synchronous PDMM.

ok
Theorem 2. Let (", X)), k = 1,...,K, be obtained by
performing (29)-(30) under Condition 1. The average estimate

kK K K 3
@, A7) = (LZk:l wkv % dop=1 A

0 <3 Y A=A (A -5 ) - @ —a)”

1EVIEN;

) satisfies

AT AM (&K (52)

2373-776X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSIPN.2017.2672403, IEEE

Transactions on Signal and Information Processing over Networks

Klgnoo[ P,iJ (Azjw + AJ’L:E cij)

Proof. Summing (49) over k£ and simplifying the expression
yields

S (ZXlo o (e 3)

k=0 \i€VjeN;
. . okt

@ T AL e AT S
ieVjeN

k1 . ~k+1 k]2
{HP;D'L] ij L i+ +Ajiw Cij)+PpZJ(Az\j _)‘J\z)‘ })

_sz\:/ (H s ”w T )+PPZ]()‘1\7 ’\7IZ)‘

eVje
<0

FIAPS (N~ A1) (54)

Finally, since the left hand side of (54) is a convex function

f (xz,\), applying Jensen’s inequality to (54) and using
the inequality of Lemma 4 yields (52). Similarly, applying
Jensen’s inequality to (54) and using the upper-bound result
of Lemma 9 yields the asymptotic result (53). O

Finally, we use the results of Theorem 2 to show that as K
. . . Kk 1K
goes to infinity, the average estimate (:cK ,A) converges to
a saddle point of Lp.

Theorem 3. The average estimate (2% ,S\K) of Theorem 2
converges to a saddle point (x*,X*) of Lp as K increases.
Proof. The basic idea of the proof is to investigate if
(%, X" satisfies all the conditions of Lemma 7. By in-
vestigation of Lemma 4 and (52), it is clear that the aver-
age estimate (%€, XK) asymptotically satisfies the conditions
(44)-(45) by letting (z,\) = (&%, X ).

Next we show that as K increases, £ asymptotically
converges to an element of the primal feasible set X and so
does A to an element of the dual feasible set A. To do do,
we reconsider (53) for each pair of directed edges [i,j] and
[4,7], which can be expressed as

. K K
K‘lgnoo[ pZJ(AZJm +A]z$ czj)+Pp 1](Az|]_Aj|z):| =0

. K (K
Klgnoo[ pZJ(AZJm +AJ1$ CZJ)+Pp zj()‘ﬂl Ai\j)} =0.

Combining the above two expressions produces

lim AU@ZK + AJZiJK = Cjj V(Zaj) €&

K .
hl'Il A]I'L = A,L‘j V(Za

K—o0

J)€€.

It is straightforward from Lemma 7 that (2%, X") converges
to a saddle point of Lp as K increases. [

Further we have the following result from Theorem 3:

Corollary 1. If for certain i € V), the estimate :icf in
Theorem 2 converges to a fixed point x); (limy_, o if = x}),
we have x;, = x} which is the ith component of the optimal

9

<k
solution x* in Theorem 3. Similarly, if the estimate Ailj

!/
converges to a point )\1‘], we have A;|; = )\f‘j.

D. Asynchronous PDMM

In this subsection, we characterize the convergence rate of
asynchronous PDMM. In order to facilitate the analysis, we
consider a predefined node-activation strategy (no random-
ness is involved). We suppose at each iteration k, the node
i = mod(k, m) + 1 is activated for parameter-updating, where
m = |V| and mod(-, -) stands for the modulus operation. Then
naturally, after a segment of m consecutive iterations, all the
nodes will be activated sequentially, one node at each iteration.

To be able to derive the convergence rate, we consider
segments of iterations, i.e., k € {Im,Im+1,...({+1)m—1},
where [ > 0. Each segment [ consists of m iterations. With
the mapping ¢ = mod(k, m) + 1, it is immediate that k = ml
activates node 1 and k = (I+1)m—1 activates node m. Based
on the above analysis, we have the following result.

Lemma 10. Ler kq,ky be two iteration indices within a
segment {Im,Im + 1,...,(l+ 1)m — 1}. If k1 < ko, then
11 < 19, where the node-index i, = mod(kq7 m)+1, ¢g=1,2

Upon introducing Lemma 10, we are ready to perform
convergence analysis.

Lemma 11. Let (z*, \*) be a saddle point of Lp. A segment
. Skl gkt

of estimates {(z""" X )|k = S+ 1)m =1}, is

obtained by performing (31)-(32) under Condition 1. Then

there is

(l+1)m 7 ~(H)m__ Cij m s\
23 [y (Al )~ (@ )

iEVIEN;
(I+1)m < (I+1)m =
A’LjAjll i|+p (i(l-"l)ﬂL’A ) S Z d’lu—t)l’ (55)
(u,w)EE
where d'tY is given by
1 1 .
dl+1:,(||p;,w,4w<xg x1) + Prin(Ny — Al
m_ (I+1)m
*”Pp uvAvu( (1) )+Pp 7“1( vlu >‘U|u )H2
PR (A& AL e
—1 < (4+1)m s (+1)m
- Ppa’li’U(Auw - >‘v|u )H2
P (A @I 4 AL — )
D N (l+1)m ~
+PZ7A,12W(Au\v v|u)||2+||APd u'u( ulv v|u)||2
S Hm S Hm
7||APd uv( ulv v\u )”27HAPd uv( ulv v\u)”2
SHDm )
7||APd uv( ulv 1)\u m)” ) u <w. (56)

Proof. See the proof in Appendix B. Lemma 10 will be used
in the proof to simplify mathematic derivations. O

Remark 2. We note that Lemma 11 corresponds to Lemma 8
which is for synchronous PDMM. The right hand side of (55)
consists of |E| quantities {d.}1} (one for each edge (u,v) € &)
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as opposed to that of (49) which consists of |5 | quantities
{dkﬂ} (one for each directed edge [i, j] € &).

1+1
Lemma 12. Every pair of estimates (&)™ )\E)|u )m),
(u,v) € & uw < v, I >0, in Lemma 11 is upper bounded
by a constant M under a squared error criterion:

(H41)m
v|u

| P (@™ —a3) 4 Py (X, M P<M.

Theorem 4. Let the K > 1 segments of estimates

<k
{@" A +1)\k = 0,...,Km — 1} be obtained by per-
forming (31)-(32) under Condition 1. The average estimates

@, X)) = (2 @™, L A
033 [ (M- b) (Al =5 ) - (e at)

ieVieN;
AT+ (2.3) < 0()

1
OS Hpﬁ,uv(Auvif +Avu3i:{;< -

m .
) satisfies

Cuv)

(K (K

_1 2 1
—Ppiv(Ay,—A SC’)(—) Y(u,v) €€, u<v (58)

v\u)

1
lim [Pﬁ,uv(Auvw + Auuw cuv)
K—oo

+P;éu(;\5v—;\£{|u)} =0VY(u,v) €€ u<w. (59)
Proof. The proof is similar to that for Theorem 2. O

Similarly to synchrounous PDMM, by using the results of
Theorem 4, we can conclude that:

K
Theorem 5. The average estimate (&, X)) of Theorem 4
converges to a saddle point (x*,X*) of Lp as K increases.

Corollary 2. If for certain w € V, the estimate :EZ" in

Theorem 4 converges to a fixed point @, (limy_,oc ™ = x’,),
we have x., = x} which is the uth component of the optimal

Jlm
solution x* in Theorem 5. Similarly, if the estimate X,

/
converges to a point )\u‘v, we hvae A, Z‘U.

VI. APPLICATION TO DISTRIBUTED AVERAGING

In this section, we consider solving the problem of dis-
tributed averaging by using PDMM. Distributed averaging
is one of the basic and important operations for advanced
distributed signal processing [5], [15].

A. Problem formulation

Suppose every node ¢ in a graph G = (V,€) carries a
scalar parameter, denoted as ¢;. ¢; may represent a mea-
surement of the environment, such as temperature, humidity
or darkness. The problem is to compute the average value
tove = % > icyp ti iteratively only through message-passing
between neighboring nodes in the graph.

The above averaging problem can be formulated as a
quadratic optimization over the graph as
i —t)? (60)

min » —(z
2

st.x;—x; =0 VY(i,j) €€.
(S ey

10

The optimal solution equals to 7 = ... = tave, Which

is the same as the averaging value.
The quadratic problem (60) is inline with (7) by letting

1
filzs) = =(x; —t)> Vi€V
(AwAchij) =(1

2
y T 1a 0)
In next subsection, we apply PDMM for distributed averaging.

— *
_.’L‘m

(61)

V(i,j) €Ei<j.  (62)

B. Parameter computations and transmissions

Before deriving the updating expressions for PDMM, we
first configure the set P in Lp. For distributed averaging, all
the matrices in P become scalars. For simplicity, we set the
value of the primal scalars and the dual scalars as

Ppij=7 V(,j)e&
Pyij =71 V(i,j)€E,
where the two parameters v, > 0 and 4 > 0.

We start with the synchronous PDMM. By inserting (61)-
(63) into (29), (36) and (38), the updating expression for

. Jk+1 . . .
("1 X" at iteration k can be derived as

ti+ 2 sen: (w5 + Ay,

(63a)
(63b)

“k+1 )
€T, = Viey 64
' 1+ |-/\/i|7p ©4)
1 -
\E+1 — A~k okl .
Aily )‘J\l va (Aﬂxj +Aijw; ) v[i,j] €€, (65)
where
i = Zoea8 +naks S ey e
NG| + va

For the case that v4 = Y L it is immediate from (64) and
(66) that x Ak+1 f“, which coincides with Proposition 2.

The asynchronous PDMM only activates one node per
iteration. Suppose node i is activated at iteration k. Node
then updates Z; and 5\i|j, j € N, by following (64)-(65) while
all other nodes remain silent. After computation, node ¢ then
sends (Z;, 5\” ;) to its neighboring node j for all neighbors.

As described in Subsection IV-C, if no transmission fails in
the graph, the transmission of 5\i| j» J € N, can be replaced
by broadcast transmission of w; as given by (66). Once w; is
received by a neighboring node 7, 5\i| ;j can be easily computed
by node j alone using w;, £; and 5\j|i (see Eq. (65)). If instead
the transmission is not reliable, we have to return to point-to-
point transmission.

C. Experimental results

We conducted three experiments for PDMM applied to
distributed averaging. In the first experiment, we evaluated
how different parameter-settings w.r.t. (7,,7q) affect the con-
vergence rates of PDMM. In the second experiment, we tested
the non-perfect channels for PDMM, which lacks theoretical
analysis at the moment. Finally, we evaluated the convergence
rates of PDMM, ADMM and two gossip algorithms.

The tested graph in the three experiments was a 10 x 10
two-dimensional grid (corresponding to m = 100), implying
that each node may have two, three or four neighbors. The
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(a): synchronous (b): asynchronous

Fig. 2. Performance of PDMM for different parameter settings. Each
value in subplot (a) represents the number of iterations required for
the synchronous PDMM. On the other hand, each value in subplot (b)
represents the number of segments of iterations for the asynchronous
PDMM, where each segment consists of 100 iterations. The convex
curve in each subplot corresponds to y,vq = 1.

mean squared error (MSE) -1 ||& — tq,c1]|3 was employed as
performance measurement.

1) performance for different parameter settings: In this
experiment, we evaluated the performance of PDMM by test-
ing different parameter-settings for (vy,,vq). Both synchronous
and asynchronous updating schemes were investigated.

At each iteration, the synchronous PDMM activated all
the nodes for parameter-updating. As for the asynchronous
PDMM, the nodes were activated sequentially by following the
mapping ¢ = mod(k, m) + 1, where the iteration k£ > 0 (See
Subsection V-D). As a result, after every segment of m = 100
iterations, all the nodes were activated once. In the experiment,
we counted the number of iterations for the synchronous
PDMM and the number of segments (each segment consists
of m iterations) for the asynchronous PDMM.

For each parameter-setting, we initialized (29, 5\?) = (t;,0)
for every ¢ € V. The algorithm stops when the squared error
is below 107

Fig. 2 displays the numbers of iterations (or segments)
of PDMM under different parameter-settings. Each o or o
symbol represents a particular setting for (vy,,v4). The settings
denoted by o are for the case that «y,v4 < 1 while the ones
by o are for the case that v,v4 > 1.

It is seen from the figure that large -y, or 4 can only make
the algorithm converge slowly. The optimal parameter-setting
that leads to the fastest convergence lies on the curve 47, =
1 for both the synchronous and the asynchronous updating
schemes. Further, it appears that the two optimal settings for
the two updating schemes are in a neighborhood.

Finally, we note that the settings denoted by o correspond to
the situation that 7,74 < 1. The experiment for those settings
demonstrates that Condition 1 is only sufficient for algorithmic
convergence. We also tested the setting v, = 74 = 0.5.
We found that the above setting led to divergence for both
synchronous and synchronous schemes. This phenomenon
suggests that -y, and 4 cannot be chosen arbitrarily in practice.

(a): asynchronous

—trans. loss 0%
= = =trans. loss 20%
== trans. loss 40%

(b): synchronous

trans. loss 0%

- = =trans. loss 20%
- = trans. loss 40%
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Fig. 3. Performance of synchronous/asynchronous PDMM under

different transmission losses (%).

2) performance with transmission failure: In this experi-
ment, we studied how transmission failure affects the perfor-
mance of PDMM given the fact that no convergence guaranty
is derived at the moment. As discussed in Subsection IV-C, we
could not use broadcast transmission in the case of transmis-
sion loss. Instead, each activated node ¢ has to perform point-
to-point transmission for 5\i| ; from node 7 to node j € N;.

Due to transmission failure, PDMM was initialized differ-
ently from the first experiment. Each time the algorithm was

. . .0 {0
tested, the initial estimate (:1:07 ) was set as

@, A") = (0,0), 67)

which guarantees that every node in the graph has access to the
initial estimates of neighboring nodes without transmission.

Fig. 3 demonstrates the performance of PDMM under three
transmission losses: 0%, 20% and 40%. Subplot (a) and (b) are
for the asynchronous and synchronous schemes, respectively.
Each curve in the two subplots was obtained by averaging over
100 simulations to mitigate the effect of random transmission
losses. It is seen that transmission failure only slows down
the convergence speed of the algorithm. The above property
is highly desirable in real applications because transmission
losses might be inevitable in some networks (e.g., see [29] for
investigation of packet-loss over wireless sensor networks in
different environments).

Finally, it is observed that for each transmission-loss in
subplot (a), the error goes up in the first few hundred of
iterations before deceasing. This may because of the special
initialization (67). We have tested the initialization {29 = ¢;}
for 0% transmission loss, where the MSE decreases along with
the iterations monotonically.

3) performance comparison: In this experiment, we inves-
tigated the convergence speeds of four algorithms under the
condition of no transmission failure. Besides PDMM, we also
implemented the broadcast-based algorithm in [14] (referred to
as broadcast), the randomized gossip algorithm in [5] (referred
to as gossip) and ADMM. Unlike PDMM and ADMM that can
work either synchronously or asynchronously, both broadcast
and gossip algorithms can only work asynchronously. While
broadcast algorithm randomly activates one node per iteration,
gossip algorithm randomly activates one edge per iteration for
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(a): asynchronous

(b): synchronous

—— PDMM
- - -ADMM

—— one-node PDMM
—&—two-node PDMM

N - - =ADMM 10°
++ broadcast
= ='gossip

MSE
MSE

.
0 500 1000 1500 2000 0 20 40 60 80 100
iteration number iteration number

Fig. 4. Performance comparison under perfect channel. The two
curves in subplot (b) at iteration 1 have a noticeable gap compared
to subplot (a). This is because under the synchronous scheme, all
the parameters of each method are updated per iteration, leading to
a relatively big performance difference in the beginning.

TABLE II
AVERAGE EXECUTION TIMES (PER ITERATION) AND THEIR
STANDARD DEVIATIONS FOR THE FOUR METHODS.

one-node | two-node . PDMM | ADMM
PDMM | PDMM ADMM | broadcast | gossip (syn) (syn)
ave. (us) 5.46 8.92 6.54 2.10 0.24 380 384
std (1079) 5.04 8.58 8.09 4.55 1.73 216 285

parameter-updating.

Similarly to the first experiment, we also evaluated PDMM
for both the synchronous and asynchronous schemes. For
the asynchronous scheme, we tested all the four algorithms
introduced above while for the synchronous scheme, we
focused on PDMM and ADMM. The implementation of the
synchronous/asynchronous ADMM follows from [10] and
[17], respectively. The asynchronous ADMM [17] is similar to
the gossip algorithm in the sense that both algorithms activates
one edge per iteration.

We note that the asynchronous ADMM essentially activates
two neighboring nodes per iteration. To make a fair com-
parison between PDMM and ADMM, we implemented two
versions of PDMM for the asynchronous scheme. The first
version follows Subsection IV-B where each iteration ran-
domly activates one node as the gossip algorithm, referred to
as one-node PDMM. The second version of PDMM randomly
activates two neighboring nodes per iteration as the broadcast
algorithm, referred to as two-node PDMM.

Both PDMM and ADMM have some parameters to be
specified. To simplify the implementation, we let v, = 74 = 1
in PDMM (which is not the optimal setting from Fig. 2).
Similarly, we set the parameter in ADMM to be 1.

In the experiment, the gossip and broadcast algorithms were
initialized according to [5] and [14], respectively. The initial-
ization for PDMM was the same as in the first experiment. The
estimates of ADMM were initialized similarly as for PDMM.

Fig. 4 displays the MSE trajectories for the four methods
while Table II lists the average execution times (per iteration)
and their standard deviations. Similarly to the second experi-
ment, the performance of each method for the asynchronous
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scheme was obtained by averaging over 100 simulations to
mitigate the effect of randomness introduced in node or edge-
activation. We now focus on the asynchronous scheme. It is
seen that the two-node PDMM converges the fastest in terms
of number of iterations while the gossip algorithm requires the
least execution time on average. The above results suggest that
for applications where signal transmission is more expensive
than local computation (w.r.t. energy consumption), PDMM
might be a good candidate as it may save number of iterations.
Fig. 4 (b) demonstrates the MSE performance of PDMM
and ADMM for the synchronous scheme. Both algorithms
appear to have linear convergence rates. This may be because
the objective functions in (60) are strongly convex and have
gradients which are Lipschitz continuous. It is seen from
Table II that both methods take roughly the same execution
time. By combining the above results, we conclude that under
synchronous scheme, PDMM converges faster than ADMM
w.r.t. the execution time, which may be due to the fact that
PDMM avoids the auxiliary variable z used in ADMM.

VII. CONCLUSION

In this paper, we have proposed PDMM for iterative
optimization over a general graph. The augmented primal-
dual Lagrangian function is constructed of which a saddle
point provides an optimal solution of the original problem,
which leads to the design of PDMM. PDMM performs broad-
cast transmission under perfect channel and point-to-point
transmission under non-perfect channel. We have shown that
both the synchronous and asynchronous PDMMs possess a
convergence rate of O(1/K) for general closed, proper and
convex functions defined over the graph. As an example, we
have applied PDMM for distributed averaging, through which
properties of PDMM such as proper parameter-selection and
resilience against transmission failure are further investigated.

We note that PDMM is natural when performing node-
oriented optimization over a graph as compared to ADMM
which involves computing the edge variable z introduced in
(3). A few applications in [21], [22] and [23] suggest that
PDMM is practically promising. While convergence properties
of ADMM under different conditions (e.g., strong convexity
and/or the gradients being Lipschitz continuous) are well
understood, the convergence properties of PDMM for those
conditions remain to be discovered. .

APPENDIX A
PROOF FOR LEMMA 8

Before presenting the proof, we first introduce a basic
inequality, which is described in a lemma below:

Lemma 13. Let f1(x) and fa(x) be two arbitrary closed,
proper and convex functions. ©* minimizes the sum of the two
functions, i.e., ** = arg ming (f1(x) + fo(x)). Then, there is
fi(x) = fi(z*) > (z* —x)Tr(z*) Ve, (68)

where T(x*) € Oy fo(x™).
The above inequality is wildly exploited for the convergence

analysis of ADMM and its variants [27], [28], [10]. We will
also use the inequality in our proof.
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Applying (68) to the updating equations (29)-(30) for

<kl
(& X - ), we obtain a set of inequalities for all (x, ) €
(REZm R2Z ™) as

k ck+1 T ~k+1
Z{Pdwo‘m Ailj )+Cij—Az‘iwﬂ (A=A )
JeN
w0 AT T{kt1 )
<FAT )= fi (AT N ) VieVv (69)
T
> [(Pp,ij(cij — Azt - Ay, )+>\J|z) Aij

JEN;
(wz—:;:k“)} < filz:) — fi(@) viev. 0

Adding (69)-(70) over all ¢ € V, and substituting (x,A) =
(z*, "), the saddle point of Lp, yields

At ~k+1_ Cij N R
Z Z[ il T(A]le+ 2])_(:Ei+ —x;)"
i€V jeEN;
ckt1 . ckt1 .
CATN ] e AT = e \)
<ZZK prig(€Cij — Aij“’i:C Ajlw )+)‘g\z
i€EVIEN;
~k+1 ck+1 *
= Ajji )Am(wkH z;)+ (A — z‘\j)T
I as .
'(Pd,z-jw A+ A —ak)
k+1 e ST
—ZZK pijA &)+ Aj)i— )W)
i€EViEN;
A * LA *
'Aij(merl*mi)Jr()‘iU - i|j)T
ok k4l .
'(Pdviﬂ'@ju—*ﬂi )+ Az (@ "’f)”

k ~k+1
=3 (ley— Ayl A3,

(i,4)€€
k+1
]\1 ||Pd “)

where the last equality follows from the two optimality con-
ditions (25)-(26).

To further simplify (71), one can first insert the alternative
expression (40) for every Pg,; into (71). After that, the
expression (49) can be obtained by simplifying the new
expression using (25)-(26) and the following identity

~k+1
+ ||>\1-,|j (71)

(y1 — )" (y3 — y)

(lyy+ysl® = llyy +yall? = llyo +ysl* +llya +val%).

N | =

APPENDIX B
PROOF OF LEMMA 11

The basic idea for the proof is similar to that for Lemma 8
as presented in Appendix A. However, since asynchronous
PDMM activates one node ¢ € V per iteration, it is difficult
to tell which neighbors of ¢ have been recently activated
and which have not yet. The above difficulty requires careful
treatment in the convergence analysis. We sketch the proof in
the following for reference.

We focus on the parameter-updating for a particular segment
of iterations k € {ml,ml+1,...,ml+m—1}, where [ > 0.
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For simplicity, we denote the activated node ¢ at iteration k as
i(k). To start with, we apply (68) to the updating equation (31)
k1
for the estimate (:i:f(z)l, )‘i(Z) ) of node (k). In order to do so,
we first have to consider the estimates of its neighbors. It may
happen that some neighbors have already been activated within
the segment while others are still waiting to be activated. If a
ok
neighbor j € /\/;-(k) is still waiting, we then have (:if, )\j) =
slm
(ﬁcém, A; ). Conversely, if a neighbor j € N has already
ok I+1)m
been activated, we then have (:ch,/\j) (z §l+1) ,)\( = ).
From Lemma 10, it is clear that if j < i(k) (or j > i(k)),
then the neighbor j has been activated (not yet activated). For
simplicity, we use a function s(k, j) to denote the value lm
or (I + 1)m for a neighbor j € N, at iteration k
N [ Im J > i(k)
s(k,j) = { U+ 1)m j<i(k) 72
. . Akl kL
As for the activated node i(k), we have (&;;,,Aix)) =

L (141
(ﬁziéz)l)m AE(:) " ). As a result, the two inequalities for &; (Z)l

k1
and )‘i(JI;) are given by

is(kg) L (4+)m ~s(k,j)
> [Pd,uk)j()‘ju(k)—)‘z‘(k)u )= A &5
JEN (k)
T S (+1)m
+Ci<k>a} (Mw—)\‘( Mlj )
\ . L (+D)m
Sfi(k)<AgEk)>‘i(k))_fi(k)< P s ) (73)
(I+1)m As(k, )
> [Pp,m)j(—Ai(k)j%(k) —Ajin ;"
JEN; (k)
j\s(ky) A GUt+Dm
+Cz(k>a)+ Juk)} i(k)i (wdk) Tik) )
< Figw (i) = Fion (27" (74)

where Im <k < (I4+1)m

Next adding (73)-(74) over all Im < k < (I + 1)m and
substituting (x, A) = (x*, A¥) yields

l+1)m A L (l—‘,—l)m Cij (H+1)m *T
203 [y (sl - )~ (@ )

1EVIEN;

(I+1)m R m R {+)m -
AZJ)\]\Z :|+p (w(l+1) 7>‘ ) —p(:l: aA )
Hym— P §oka) g0 m

Z Z { dyi( ( gli(k) — Ni(k)|J )
k=lm jeN;u)

+ Ajik) (iglﬂ)m a ijwj)) } T(}‘Eé:;\;m - )‘:(k)lj)

(I+1)m ~s(k,j)
+ [Pp,ak)j (Ci(k)j — Ay = Ay )

(stkd)  U+1)mT (1+1)m
T Ajlick) ~ Ajlick) } Al(k)g( T ﬂ%))

(H41)m—1
X(lJrl)m s (H1)m
=2 2 (|
k=lm jEN; 1) (i,5)€E 4
+ ey - Al - A8 ) (75)
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where the function g(k, i(k),
g(k,i(k), )
As(kxj)
= [P a,i(k);j (Aj\i(k) -

j) is defined as

LU+1)m
liCk) )

. T
(HD)m _ 4s(k.j) L (+1)m
+ Asige (& =2 0) | (Mo = Al )
~+1)m ~s(k,g
+ [Pm(k)jAji(k) (“’5 T ﬂ)
cskg) L +nm) T - (I+1)m N
FAjlik) ~ Ajlick) } Ay (wi(m _wi(k))’

where Im < k < (I 4+ 1)m and j € Njq).

Now we are in a position to analyze the right hand side
of (75). By using the fact that each node i has |N;| differ-
ent functions g(k,i(k),j), we can conclude that each edge
(u,v) € & is associated with two functions g(k1,u(ky),v)
and g(k2,v(k2),w), where iteration k1 and ko activate v and v,
respectively. From (75), it is clear that each edge (u,v) is also

associated with the other two functions Hcm, — ALz J’Ll)m

A @3 and A0 = A, L We show
in the following ‘that the combination of the above four func-
tions for every edge (u,v) € £ is independent of ki and k.
In order to do so, we assume k; < ko (or equivalently, u < v
from Lemma 10). From (72), we know that s(k1,v) = Im and
$(ko,u) = (I4+1)m. Based on the above information, the four

functions for (u,v) € £ can be simplified as

g(k1,u(kr),
||Cuv - Auv

) - ||>‘U|u

= g(kla U(kl),
~(1+1)m

- ||cuv - Auvw pouv

_ |:Pd,uv (le _5\(1+1)m)+AW< ’E]H-l)m

(I+1)
V) +g(ka,vlka),u) —[Agp Ay

l+1)m7A ﬁ}(l+1)m 2

1P, ...

(l+1)m
||Pd uv

(I+)m < (+1)m

Au\v ||Pd wo
B Avuﬁ:g—i_l)mnz

m T
w'u")i|

v|u v|uw
~(l+1)m " & m Jlm
'(Ailv ) _)‘u\v) + [Pp uvAUu< (I41)m ! ) +>\y|u
«(H1)ym] T N " (I+)m < (+1)m
v|u :| Auv (gcq(j+1) ) - ||)‘v\u Au|v ||%Dd,uv
- ”cuv - Auv A;H_l)m - Avui’g+1)m||2 p,uv (76)
—dH <o, (77)

where df! is given by (56), of which the derivation is similar
to that for dflj’l in (50). The term u(k1) in (76) is simplified
as u since we already assume that at iteration k;, node u is
activated. The quantity d’t! is a function of m and I instead
of k;. Finally, combining (75) and (77) produces (55).
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