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Abstract

We consider distributed optimization problems where networked nodes
cooperatively minimize the sum of their locally known convex costs. A
popular class of methods to solve these problems are the distributed gra-
dient methods, which are attractive due to their inexpensive iterations,
but have a drawback of slow convergence rates. This motivates the incor-
poration of second order information in the distributed methods, but this
task is challenging: although the Hessians which arise in the algorithm
design respect the sparsity of the network, their inverses are dense, hence
rendering distributed implementations difficult. We overcome this chal-
lenge and propose a class of distributed Newton-like methods, which we
refer to as Distributed Quasi Newton (DQN). The DQN family approx-
imates the Hessian inverse by: 1) splitting the Hessian into its diagonal
and off-diagonal part, 2) inverting the diagonal part, and 3) approximat-
ing the inverse of the off-diagonal part through a weighted linear function.
The approximation is parameterized by the tuning variables which corre-
spond to different splittings of the Hessian and by different weightings of
the off-diagonal Hessian part. Specific choices of the tuning variables give
rise to different variants of the proposed general DQN method — dubbed
DQN-0, DQN-1 and DQN-2 — which mutually trade-off communication
and computational costs for convergence. Simulations demonstrate the
effectiveness of the proposed DQN methods.
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1 Introduction

We consider a connected network with n nodes, each of which has access to a
local cost function f; : RP — R, ¢ = 1,...,n. The objective for all nodes is to
minimize the aggregate cost function f : R? — R, defined by

f)=>_ fiw). (1)
i=1

Problems of this form arise in many emerging applications like big data
analytics, e.g., [7], distributed inference in sensor networks [33] 16} (211 [5], and
distributed control, [29].

Various methods for solving in a distributed manner are available in
the literature. A class of methods based on gradient descent at each node
and exchange of information between neighboring nodes is particularly popular,
see [30, B11 B2, 14, [15] [©, 40, 36, 20]. Assuming that the local costs f;’s are
strongly convex and have Lipschitz continuous gradients and that a constant
step size « is used, these methods converge linearly to a solution neighborhood.
With such methods, step size a controls the tradeoff between the convergence
speed towards a solution neighborhood and the distance of the limit point from
the actual solution, larger o means faster convergence but larger distance from
the solution in the limit; see, e.g., [I5], [22]. Distributed first order (gradient)
methods allow for a penalty interpretation, where the distributed method is
interpreted as a (centralized) gradient method applied on a carefully constructed
penalty reformulation of the original problem ; see [15], [22] for details.

Given the existence of well developed theory and efficient implementations
of higher order methods in centralized optimization in general, there is a clear
need to investigate the possibilities of employing higher order methods in dis-
tributed optimization as well. More specifically, for additive cost structures
we study here, a further motivation for developing distributed higher order
methods comes from their previous success when applied to similar problems in
the context of centralized optimization. For example, additive cost is typical
in machine learning applications where second order methods play an impor-
tant role, see, e.g., [2, B8, [4]. Another similar class of problems arise in stochastic
optimization, where the objective function is given in the form of mathematical
expectation. Again, second order methods are successfully applied in centralized
optimization, [12] 17, 18, 25 [26].

There have been several papers on distributed Newton-type methods. A
distributed second order methods for network utility maximization and net-
work flow optimization are developed in [37] and [41] but on problem formula-
tions different from . Network Newton method [22] aims at solving and
presents a family of distributed (approximate) Newton methods. The class of
Netwrok Newton method, refereed to as NN, is extensively analyzed in [23| 24].
The proposed methods are based on the penalty interpretation, [I5] 22], of the
distributed gradient method in [30], and they approximate the Newton step
through an ¢-th order Taylor approximation of the Hessian inverse, £ = 0,1, ...



This approximation gives rise to different variants of methods within the family,
dubbed NN-£. Different choices of ¢ exhibit inherent tradeoffs between the com-
munication cost and the number of iterations until convergence, while NN-0, 1,
and 2 are the most efficient in practice. The proposed methods converge linearly
to a solution neighborhood, exhibit a kind of quadratic convergence phase, and
show significantly better simulated performance when compared with the stan-
dard distributed gradient method in [30]. Reference [27] proposes a distributed
second order method which approximates the (possibly expensive) primal up-
dates with the distributed alternating direction of multipliers method in [35].
In [38], the authors propose a distributed Newton Raphson method based on
the consensus algorithm and separation of time-scales. Reference [28] proposes
distributed second order methods based on the proximal method of multipli-
ers (PMM). Specifically, the methods approximate the primal variable update
step through a second order approximation of the NN-type [22]. While the NN
methods in [22] converge to a solution neighborhood, the methods in [28], 27, [38]
converge to exact solutions.

In this paper, we extend [22 23] [24] and propose a different family of dis-
tributed Newton-like methods for solving . We refer to the proposed family
as Distributed Quasi Newton methods (DQN). The methods are designed to
exploit the specific structure of the penalty reformulation [I5, 22], as is done
n [22], but with a different Hessian inverse approximation, for which the idea
originates in [19]. Specifically, the Hessian matrix is approximated by its block
diagonal part, while the remaining part of the Hessian is used to correct the
right hand side of the quasi Newton equation. The methods exhibit linear con-
vergence to a solution neighborhood under a set of standard assumptions for the
functions f; and the network architecture — each f; is strongly convex and has
Lipschitz continuous gradient, and the underlying network is connected. Simu-
lation examples on (strongly convex) quadratic and logistic losses demonstrate
that DQN compares favorably with NN proposed in [22].

With the DQN family of methods, the approximation of the Newton step is
parameterized by diagonal matrix Lj at each iteration k, and different choices
of Ly give rise to different variants of DQN, which we refer to as DQN-0, 1,
and 2. Different variants of DQN, based on different matrices Ly, tradeoff the
number of iterations and computational cost. In particular, setting L, = 0
yields the DQN-0 method; a constant, diagonal matrix Ly = L corresponds to
DQN-1. Finally, Ly with DQN-2 is obtained through approximately fitting the
Newton equation using a first order Taylor approximation. The DQN-1
method utilizes the latter, DQN-2’s weight matrix at the first iteration, and
then it “freezes” it to this constant value throughout the iterations; that is, it
sets I = Ly, where ILy corresponds to the weight matrix of DQN-2 in the initial
iteration.

Let us further specify the main differences between the proposed DQN family
and NN methods in [22] as the NN methods are used as the benchmark in
the work presented here. First, the DQN methods introduce a different, more
general splitting of Hessians with respect to NN, parameterized with a scalar 6 >
0; in contrast, the splitting used in NN corresponds to setting 8§ = 1. Second,



with the proposed variants of DQN-0, 1, and 2, we utilize diagonal matrices
Ly, while the NN-£ methods use in general block-diagonal or neighbor-sparse
matrices. Third, DQN and NN utilize different inverse Hessian approximations;
the NN’s inverse Hessian approximation matrix is symmetric, while with DQN
it is not symmetric in general. Fourth, while NN approximates the inverse
Hessian directly (independently of the Newton equation), DQN actually aims
at approximating the Newton equation. Hence, unlike NN, the resulting DQN’s
inverse Hessian approximation (with DQN-2 in particular) explicitly depends
on the gradient at the current iterate, as it is the case with many Quasi-Newton
methods; see, e.g., [9]. Finally, the analysis here is very different from [22],
and the major reason comes from the fact that the Hessian approximation with
DQN is asymmetric in general. This fact also incurs the need for a safeguarding
step with DQN in general, as detailed in Section 3. We also point out that
results presented in [22] show that NN methods exhibit a quadratic convergence
phase. It is likely that similar results can be shown for certain variants of DQN
methods as well, but detailed analysis is left for future work. It may be very
challenging to rigorously compare the linear convergence rate factors of DQN
and NN methods and their respective inverse Hessian approximations. However,
we provide in Section 5 both certain analytical insights and extensive numerical
experiments to compare the two classes of methods.

As noted, DQN methods do not converge to the exact solution of (1), but
they converge to a solution neighborhood, as it is the case with other methods
(e.g., distributed gradient descent [30] and NN methods [22]) which are based
on the penalty interpretation of (1). Hence, for very high accuracies, they may
not be competitive with distributed second order methods which converge to the
exact solution [27], 28, 38]. However, following the framework of embedding dis-
tributed second order methods into PMM — developed in [28], we apply here the
DQN Newton direction approximations to the PMM methods; we refer to the
resulting methods as PMM-DQN-/¢, ¢ = 0, 1, 2. Simulation examples on strongly
convex quadratic costs demonstrate that the PMM-DQN methods compare fa-
vorably with the methods in [27], 28], [38]. Therefore, with respect to the existing
literature and in particular with respect to [22 28], this paper broadens the
possibilities for distributed approximations of relevant Newton directions, and
hence offers alternative distributed second order methods, which exhibit com-
petitive performance on the considered simulation examples. Analytical studies
of PMM-DQN are left for future work.

This paper is organized as follows. In Section 2 we give the problem state-
ment and some preliminaries needed for the definition of the method and con-
vergence analysis. Section 3 contains the description of the proposed class of
Newton-like methods and convergence results. Specific choices of the diagonal
matrix that specifies the method completely are presented in Section 4. Some
simulation results are presented in Section 5 while Section 6 discusses extensions
of embedding DQN in the PMM framework. Finally, conclusions are drawn in
Section 7, while Appendix provides some auxiliary derivations.



2 Preliminaries

Let us first give some preliminaries about the problem , its penalty interpre-
tation in [I5] [22], as well as the decentralized gradient descent algorithm in [30]
that will be used later on.
The following assumption on the f;’s is imposed.
Assumption Al. The functions f; : RP — R, i = 1,...,n are twice contin-
uously differentiable, and there exist constants 0 < p < L < oo such that for
every x € RP
pl = V2 fi(x) < LI

Here, I denotes the p X p identity matrix, and notation M < N means that the
matrix NV — M is positive semi-definite.

This assumption implies that the functions f;, ¢« = 1,...,n are strongly
convex with modulus p > 0,

£i(2) 2 Fi(w) + VAW (2 =) + Sllz = ol vz € R, e
and the gradients are Lipschitz continuous with the constant L i.e.
IVfily) =V i) < Llly — 2l, y,z € R, i =1,...,n. (3)

Assume that the network of nodes is an undirected network G = (V, &),
where V is the set of nodes and & is the set of all edges, i.e., all pairs {4, j} of
nodes which can exchange information through a communication link.
Assumption A2. The network G = (V, £) is connected, undirected and simple
(no self-loops nor multiple links).

Let us denote by O; the set of nodes that are connected with the node ¢
(open neighborhood of node i) and let O; = O; |J{i} (closed neighborhood of
node 7). We associate with G a symmetric, (doubly) stochastic n x n matrix W.
The elements of W are all nonnegative and rows (and columns) sum up to one.
More precisely, we assume the following.

Assumption A3. The matrix W = W7 € R"*" is stochastic with elements
w;; such that

wi; > 0 {i,j} € &, wij =0if {i,j} ¢ £, i #j, andwy; =1 - > wj
J€O;

and there are constants w,,;, and wymq: such that for i =1,...,n
0< Wmin S Wi S Wmazr < 1.

Denote by A1 > ... > )\, the eigenvalues of W. Then it can be easily seen
that A; = 1. Furthermore, the null space of I — W is spanned by e := (1,...,1).

Following [15], [22], the auxiliary function ® : R"” — R, and the correspond-
ing penalty reformulation of (1)) is introduced as follows. Let @ = (21,...,2,) €
R" with x; € RP, and denote by Z € R™*"P the matrix obtained as the
Kronecker product of W and the identity I € RP*P|Z =W ® I.



The corresponding penalty reformulation of is given by

min &(z) := aZfi(xi) + %xT(]I —7Z)z. (4)
i=1

rER"P

Applying the standard gradient method to with the unit step size we get
o =2b Ve, k=0,1,..., (5)

which, denoting the i-th p x 1 block of z* by z¥, and after rearranging terms,

yields the Decentralized Gradient Descent (DGD) method [30]

:cfH: Zwijxffani(xf), i=1,...,n. (6)
j€0;

Clearly, the penalty parameter « influences the relation between and
— a smaller o means better agreement between the problems but also implies
smaller steps in @ and thus makes the convergence slower. It can be shown,
[22] that if § € RP is the solution of and z* = (§1,...,Un) € R is the
solution of ({d]) then, for all i,

17 = 9ll = O(a). (7)

The convergence of @ towards z* is linear, i.e., the following estimate holds
[40, [15],
O(a*) — @(a") < (1 =" (@(2°) — (")), (8)

where € € (0,1) is a constant depending on @, « and W.

The matrix and vector norms that will be frequently used in the sequel
are defined here. Let ||al|2 denote the Euclidean norm of vector a of arbitrary
dimension. Next, ||Al|2 denotes the spectral norm of matrix A of arbitrary
dimension. Further, for a matrix M € R"P*"? with blocks M;; € RP*P, we will
also use the following block norm:

n
M| = max > || M|,
j=1,....n =

where, as noted, ||M;;]|2 is the spectral norm of M;;. For a vector € R"? with
blocks x; € RP, the following block norm is also used:

n
lzll = llill2-
i=1

3 Distributed Quasi Newton method

In this section we introduce a class of Quasi Newton methods for solving .
The general Distributed Quasi Newton (DQN) method is proposed in Subsection



3.1. The method is characterized by a generic diagonal matrix L. Global linear
convergence rate for the class is established in Subsection 3.2, while local linear
convergence rate with the full step size ¢ = 1 is analyzed in Subsection 3.3.
Specific variants DQN-0, 1, and 2, which correspond to the specific choices of
Ly, are studied in Section 4. As we will see, algorithm DQN has certain tuning
parameters, including the step size €. Discussion on the tuning parameters
choice is relegated to Section 4.

3.1 The proposed general DQN method

The problem we consider from now on is , where we recall Z =W ® I and
W satisfies assumption A3.

The problem under consideration has a specific structure as the Hessian
is sparse if the underlying network is sparse. However its inverse is dense.
Furthermore, the matrix inversion (i.e. linear system solving) is not suitable
for decentralized computation. One possibility of exploiting the structure of
V2®(z) in a distributed environment is presented in [22] where the Newton
step is approximated through a number of inner iterations. We present here a
different possibility. Namely, we keep the diagonal part of V2®(x) as the Hessian
approximation but at the same time use the non-diagonal part of V2®(z) to
correct the right hand side vector in the (Quasi)-Newton equation. Let us define
the splitting

Wy =diag(W) and W, =W — Wy,

and Z = Zg4 + Z,, with
Zyg=WygxI = diag(Z) and Z, =W, ®I.

Here, diag(W) denotes the diagonal matrix with the same diagonal as the matrix
W. Hence, matrix Z, is a np X np diagonal matrix whose i-th p x p block is the
scalar matrix wy; I, Z, is a np X np block (symmetric) matrix such that (i, j)-
th p x p off-diagonal blocks are again scalar matrices w;;I, while the diagonal
blocks are all equal to zero.

Clearly, the gradient is

Vo(zr) =aVF(x)+ (I-7Z)x,

where I denotes the np x np identity matrix and
F(z) =Y fi(z:), VF(x)=(Vfi(21),...,Valza)),
i=1

while the Hessian is
V20(z) = aV?F(z) +1—-Z

where V2F(z) is the block diagonal matrix with the ith diagonal block V2 f;(z;).
The general Distributed Quasi Newton, DQN, algorithm is presented below.
Denote by k the iteration counter, k = 0,1, ..., and let 2% = (2%, ..., 2%) € R™



be the estimate of z* at iteration k. Consider the following splitting of the
Hessian
V2®(z*) = Ay, — G, (9)

with
Ay, = aV2AF (") + 1+ 0)(1 - Zqg) (10)

and
G=Z,+00—-2Zy)

for some 6 > 0. Hence, G is a np x np block (symmetric) matrix whose i-th
p x p diagonal block equals g;; I, with g;; := 0 (1 — w;;), while the (i, 7)-th p x p
off-diagonal block equals g;; I, with g;; := w;;. One can easily see that the
splitting above recovers the splitting for NN methods [22] taking 6 = 1. We
keep 6 unspecified for now and later on, we will demonstrate numerically that
taking # = 0 can be beneficial. Also, notice that Ay is block diagonal with the
1th diagonal block

A} = aV2 fi(a?) + (1 +0)(1 — w1

Let Ly € R™*™ he a diagonal matrix composed of diagonal p x p matrices
A%, i =1,...,n. In this paper, we adopt the following approximation of the
Newton direction sk = —(A;, — G)"1V®(z*):

sF = —(I - LyG)A, 'Vo(2*). (11)

The motivation for this approximation comes from [19] and the following rea-
soning. Keep the Hessian approximation on the left hand side of the Newton
equation (Ay — G)sk, = —V®(2*) diagonal, and correct the right hand side
through the off-diagonal Hessian part. In more detail, the Newton equation can
be equivalently written as:

Ay sk = —Vo(2*) + G sk, 12
N N

where the off-diagonal part 3% := G sk is moved to the right hand side. If we
pretended for a moment to know the value of 5¥, then the Newton direction is
obtained as:

sk = — (Ap) "1 (VO(aF) —3). (13)

This form is suitable for distributed implementation due to the need to invert
only the block diagonal matrix Aj. However, s* is clearly not known, and hence
we approximate it. To this end, note that, assuming that GV®(2*) is a vector
with all the entries being non-zero, without loss of generality, 5% can be written
as follows:

3 =Ly GV (zh), (14)

where Ly, is a diagonal matriz. Therefore, estimating 5% translates into estimat-
ing the diagonal matrix Ly, assuming that G V®(z*) is known. We follow [19]
and consider simple approximations of the “true” Lj. E.g., we will consider
Ly = 0 which discards the off-diagonal Hessian part. Also, as we will see ahead,



we adopt a Taylor approximation method for estimating L. Now, substituting
into , we obtain the following Newton direction approximation:

st =—(Ar) " (I—LiG) Vo (). (15)

Finally, we adopt as the definite form of the Newton direction approxima-
tion, i.e., we permute the matrices (I — Lj G) and (Ak)_l. The reason is that
both s* and s& have the same inner product with V®(x*), and hence they have
the same descent properties (for example, Theorem 3.2 ahead holds unchanged
for s* and sf), while a careful inspection shows that s* allows for a cheaper (in
terms of communications per iteration) distributed implementation.

The reasoning above justifies restriction to diagonal ILi’s, i.e., in view of ,
adopting diagonal ILi’s does not in principle, i.e., in structure sacrifice the qual-
ity of the Newton direction approximation, while it is computationally cheap.

Then, following a typical Quasi-Newton scheme, the next iteration is defined
by

= oF es (16)

for some step size ¢.

Clearly, the choice of Lj, is crucial in the approximation of (V2®(z*))~!.
The following general algorithm assumes only that Ly is diagonal and bounded.
Specific choices of Ly will be discussed in Section 4. Actually, all the proposed
variants DQN-0, 1, and 2 utilize diagonal matrices L. Parameter 0 affects
splitting @ and the search direction . For this moment we are assuming
only that 6 is nonnegative and fixed initially, while further details are presented
later on.

In summary, the proposed distributed algorithm for solving is given be-
low.

Algorithm 1: DQN in vector format
Given 2% € R™,g,p > 0. Set k = 0.

Step 1. Chose a diagonal matrix Ly € R™*"P guch that

L]l < p.

Step 2. Set
sF = (I - LyG)A, 'V (2F).

Step 3. Set
et =oF fesk k=k+1.

For the sake of clarity, the proposed algorithm, from the perspective of each
node 7 in the network, is presented in Algorithm 2.
Algorithm 2: DQN — distributed implementation
At each node i, require p,e > 0.

1 Initialization: Each node i sets k = 0 and z¥ € RP.



2 Each node 7 transmits xf to all its neighbors j € O; and receives x;’“ from
all j € O;.

3 Each node 7 calculates

df = (4D [ aViieh) + 3w (ot —af)
j€0;

4 Each node i transmits d¥ to all its neighbors j € O; and receives d? from
all j € 0.

5 Each node i chooses a diagonal p x p matrix A¥, such that ||A¥[]2 < p.

6 Each node 7 calculates:

sh=—dl + AP ) Gy dh

J€0;

7 Each node ¢ updates its solution estimate as:

k

k+1 _ .k
T =x; +ES;.

8 Set k =k + 1 and go to step 3.

Calculation of A¥ in step 6 will be specified in the next section, and, for
certain algorithm variants, will involve an additional inter-neighbor communi-
cation of a p-dimensional vector. Likewise, choices of tuning parameters ¢, p,
are discussed throughout the remaining of this section and Section 4.
Remark. It is useful to compare with the direction adopted in NN meth-
ods. Setting § = 1 and Ly = 0 recovers NN-0, # = 1 and Ly = —A;l recovers
NN-1, while NN-2 can not be recovered in a similar fashion. Hence, DQN in
a sense generalizes NN-0 and NN-1. An approximation Ly = L, that will be
considered later on, does not recover any of NN methods.

Observe that the approximation matrix (I — ]Lk(G)A];l is not symmetric in
general. This fact induces the need for a safeguarding step in Algorithm 1,
more precisely the elements of Ly are uniformly bounded as stated in Step 1
(Algorithm 1), ||L|| < p, and the resulting method requires an analysis different
from [22).

3.2 Global linear convergence rate

In this subsection, the global linear convergence rate of Algorithm DQN is estab-
lished. The convergence analysis consists of two parts. First, we demonstrate
that s* is a descent direction. Then we determine a suitable interval for the
step size € that ensures linear convergence of the iterative sequence.

The following Gershgorin type theorem for block matrices is needed for the
first part of convergence analysis.

10



Theorem 3.1. [11] For any C € R"*" partitioned into blocks Cj; of size
p X p, each eigenvalue u of C satisfies

1
A o S .
1(Csi — pd)= 2 — ; 1Ci;ll2 (17)

for at least one i € {1,...,n}.

Using the above theorem we can prove the following lower bound for all
eigenvalues of a symmetric block matrix.

Corollary 3.1. Let C € R"™*" be q symmetric matriz partitioned into blocks
Cy; of size p x p. Then each eigenvalue p of C satisfies

p= min $ Anin(Cii) = > 1032 ¢
i
where Amin(Cii) is the smallest eigenvalue of Cy;.

Proof.  Given that C is symmetric, all its eigenvalues are real. Also, Cy;
is symmetric and has only real eigenvalues. Now, fix one eigenvalue p of the
matrix C. By Theorem there exists ¢ € {1,...,n}, such that holds.
Next, we have
1

Cii — D) Yz = —
H( M ) ”2 min;_;__, |A](O“) _‘u|

where \;(Cy;) is the j-th eigenvalue of Cj;. Thus
in A (C) — pf < > Gl
IT JFi

We have just concluded that, for any eigenvalue p of C there exists i € {1,...,n}
and j € {1,...,p} such that u lies in the interval

M (Ci) = D ICall2s A (Cia) + D 1 Call2)-
il il
Hence, for each u for which holds for some fixed i, we have
B> Amin(Cis) — Z 1Citl|2
I#£i

and the statement follows. O
We are now ready to prove that the search direction is descent.

Theorem 3.2. Suppose that A1-A3 hold. Let

ap+ (14 6)(1 — wnaz) 1
o<ps s (v )

11



for some § € (0,1/(aL + (1 4+ 0)(1 — Wpmin))). Then s* defined by is a
descent direction and satisfies

Vo (zh)sh < —5||Ve(2F)|3.
Proof. Let us first show that s* is descent search direction. As
VI®(2")s* = —VTD(2") (1 - LyG)A; ' Vo (2"),

s¥ is descent if vT(I — LyG)A, 'v > 0 for arbitrary v € R"™*"P. Given that
(I-LyG)A, ! is not symmetric in general, we know the above is true if and only
if the matrix

1 _ _
Cck = 5((]1 ~LyG)A ' + A (I - GLy))

is positive definite. C* is symmetric and thus it should be positive definite if all
of its eigenvalues are positive. The matrix C* is partitioned in the blocks

Ch = (A5 = 2001~ wi) (A (AD ™ + (45D, =1,

1 3 - — . .
Ol = —Swig(AH AN + (4D TAL), i)

Corollary implies that

Amin(CF) = min (Amin(CE) = > CEl2)

i=1,...,
i
The definition of Ay implies
(ap+ (1+0)(1 —wi))I < AF < (aL + (1 +0)(1 — wy))I (19)
S0,
(app+ (14 0)(1 — winae)) I =< AF < (L + (14 0)(1 — wpnin))I
and therefore, for every i =1,...,n

(A7) 2 < ap+ (1+0)(1 — Whnae)”

Moreover, it follows

1 O(1 —wii)p
oL+ (1+0)(1 — wmin) o+ (1+60)(1 — Wimaz)

and

WijpP
ckl, < ’ :
H ’Lj||2 = ap+ (1 + 0)(1 — wmam)

12



Now,

) 1 0(1 —wy;)p
. k > _ (23
Amin(C7) 2, min (Zr— L+ 01 — wmin) o+ (L+0)(1 — Wrman)
p
- wy )
o, anT (14+6)(1 — wmaz)
_ : 1 p(1 —wi;)(1+0)
= i (07T 1+ 0) (1 — wmim) op+ (L+0)(1— wmm))
1 (1 — wpmin) (1 +0)
> —p
oL+ (14 0)(1 — wpin) ap+ (14 0)(1 — wmax)
> 4 (20)
Since § > 0 we conclude that CF is positive definite. Moreover, vT CFv =
o7 (I — L, G)A; Mv, for any v € R™PX" and
VIo@h)sd = —VvIe(@h) (- LiG)A, ' Vo (zr)
= —VTo@"Crvo (k)
< =8|Vt
(21)

0O

The next lemma corresponds to the standard property of descent direction
methods that establish the relationship between the search vector and the gra-
dient.

Lemma 3.1. Suppose that A1-A8 hold. Then

8%l < BIIV®(2F)|2,

where
14+ p(1+0)(1 — wiin)

= . 22
B au+(1+9)(1_wma1) ( )

Proof. For matrix Ay, there holds that:
1AL 2 < (23)

o+ (1 + 9)(1 - wmar) -

This can be shown similarly as the upper bound on ||(A¥)~!|]2 below (19).
Furthermore,

IGllz < (1 +0)(1 — winin)- (24)

This is true as

1Gll2 1Zy + 01— Za) |2 < [|Zul|2 + 0|1 — Zg]|2

T = Zallz + 0l = Zall2 < (1 +6)(1 = wmin),

A

13



where we used Z,, =Z — Zq <1 — Zgq = (1 — wpin)L. Therefore, we have:

I < 0 - Li@)AL o V()2
< (14 LGl A7 o[ VE(Et)]a
14+ p(1+0)(1 — wpyn,
< 1rpllr o) L9 ()]

ap+ (1+6)(1 — wnax)

O

Let us now show that there exists a step size € > 0 such that the sequence
{z*} generated by Algorithm DQN converges to the solution of . Notice
that has a unique solution, say x*. Assumption Al implies that V®(z) is
Lipschitz continuous as well, i.e., with L := aL + 2(1 — wp,), there holds

IVe(z) = VO()l2 < Liiz — yl2, z,y € R"™. (25)

Furthermore,

Ble a1 < B(a) — 2(a*) < ]|V (26)

= =

for it = ap and all x € R™. The main convergence statement is given below.
Theorem 3.3. Assume that the conditions of Theorem[3.9 are satisfied. Define

0

=7 1)
with B given by (@ Then Algorithm DQN generates a sequence {z*} such
that

k

lim 2" = z*

k—o0

and the convergence is at least linear with
52
2132

@(x’f+1>—<1>(w*><<1‘ >(‘P<w’“>—<1><x*>), =01

Proof. The Mean Value Theorem, Lipschitz property of V@, Theorem

14



and Lemma [3.1] yield
d(2MH) —d(2*) = (2" +esh) — B(z¥)

1
(z*) + / VI®(z* + tesh)eshdt — ®(z*) £ VI D(2F)s"
0

IA

1
B (2*) —<I>(x*)+s/ VT ®(zF + test) — VT D(2%)||2]|s* || 2dt
0

+ eVTP(2h)s”

1
< ®(zk) — d(z*) + 5/ Lite||s*|3dt + eV ®(2*)s*
0
= d(2F) - d(z*) + %s2i||s’“||§ + eVTd(2F)sk
i
< 0(af) - @) + B 5|V - e Ve )3
2L
= ok - @)+ <ﬁ252 - 65) V2@ (zF)]|3. (28)
Define -
L
o(e) = %52 — &d.

Then ¢(0) =0, ¢'(e) = Lep? — 6 and ¢”(g) > 0. Thus, the minimizer of ¢ is
e* =§/(B%L) and
o 0
o) = =5 (29)

Now, and give
52

() = (") < B(a') - (") — o VR

From 7 we also have

®(z") = (a") < —[[VE(2")|3

=i =

and

52 ) .
557 IV < - (2 - ("))

SO

Bt o) < (1= 25 ) (0t) - 0(a7).

Given that i = apu < oL < L, we have ji/L < 1. Moreover,

1 1
oL + (14 0)(1—wmn) = ap+ (L1 0)(1— wman)
1+ p(1+0)(1 — wnin) _ 5

o+ (1 + 9)(1 - wmaa:)
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and o
gi=1- L c(0,1).

2321

We conclude with

O(zM) - o(x*) <€ (D(aF) — @(2"))

and
lim ®(2*) = ®&(a*).

k—o0

As @ € C%(R"), the above limit also implies

lim z* = z*.

k—oco
O
The proof of the above theorem clearly shows that for any ¢ € (0,5/(5%L)]
algorithm DQN converges. However, taking ¢ as large as possible implies larger
steps and thus faster convergence.

3.3 Local linear convergence

We have proved global linear convergence for the specific step length e given
in Theorem However, local linear convergence can be obtained for the full
step size, using the theory developed for Inexact Newton methods [8]. The step
s* can be considered as an Inexact Newton step and we are able to estimate the

residual in Newton equation as follows.

Theorem 3.4. Suppose that A1-A3 hold. Let z* be such that V®(z*) # 0.
Assume that s* is generated in Step 2 of Algorithm 1 with

ap
(14 0)(1 — wmin) (L + 2(1 + 0)(1 — wpin))

Then there exists t € (0,1) such that
IVO(z*) + V2D(2*)s"|| < t]|Ve(z")]].

Proof. First, notice that the interval for p is well defined. The definition of
the search direction and the splitting of the Hessian @D yield

VO(2")+ V2P (2F)s% = (GA; ' +ALLGA, ' —GLLGA ) V(") := Q, VP (2*).

0<p<

Therefore,
1Qxll < IGALH I + IGAL IILe Akl + IGAL H IIL& G-
Moreover,

IGAL]

max(0(1 — w;)[[ (A5 + D wi (AN 1)
J iEOj

o S~ Wig) 1wy
i ap+ (1+0)(1—wj;)

IN
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Recalling and the fact that the expression above is decreasing with respect
to wj;, we get

(14 6)(1 — wmin)
ap+ (14 60)(1 — win
and there holds || 4|l < oL + (14 6)(1 — wpp). Furthermore, (23), and
L[l < p imply

IGAL <

7 (30)

IQull < 7 +7p(1 +)(L = wnin) + (L + (14 0)(L = winin)
= v+ py(aL +2(1+0)(1 — wpin)) (81
< y+l-y=1

Thus, the statements is true with
t=7+py(al +2(1+0)(1 = wmin)). (32)

O

Theorem 3.4 introduces an upper bound on the safeguard parameter p dif-
ferent than the one considered in Theorem 3.2. The relation between the two
bounds depends on the choice of § in Theorem 3.2. Taking a sufficiently small
4 in Theorem 3.2, we obtain that p in Theorem 3.2 is larger. However, taking
6 < aL+(1+9)1(17w1,Li”) sufficiently close to aL+(1+9)1(17wmm), p in Theorem 3.4
eventually becomes larger.

One way to interpret the relation between Theorems 3.2 and 3.3 on one
hand, and Theorem 3.4 on the other hand, as far as p is concerned, is as follows.
Taking a very small §, Theorem 3.3 allows for a quite large p but on the other
hand it significantly decreases the admissible step size €. At the same time,
Theorem 3.4 corresponds in a sense to an opposite situation where ¢ is allowed
to be quite large (in fact, equal to one), while p is quite restricted. Therefore,
the two results exploit the allowed “degrees of freedom” in a different way.

For the sake of completeness we list here the conditions for local convergence
of Inexact Newton methods.

Theorem 3.5. [§] Assume that A1 holds and that s* satisfies the inequality
|V®(zF) + V20(zF)s|| < t]|VB(a®)|, k=0,1,...

for some t < 1. Furthermore, assume that x**' = z¥ +s* k =10,1,.... Then
there exists n > 0 such that for all ||2° — x*|| <0, the sequence {x*} converges
to x*. The convergence is linear,

||:Ekle - lL'*H* S t”xk - Z*H*, k= 07 ]-7 RN}

where ||yl = IV*®(z*)y|.

The two previous theorems imply the following Corollary.
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Corollary 3.2. Assume that the conditions of Theorem[3.4 hold. Then there
exists 1 > 0 such that for every x° satisfying ||z° — x*|| <7, the sequence {x*}
generated by Algorithm DQN and € = 1 converges linearly to x* and

[V2@(a*) (@ — 2| < tl|V2R(a) (" —a™)]l, k=0,1,...
holds with t € (0,1).

For (strongly convex) quadratic functions f;, i =1,...,n we can also claim
global linear convergence as follows.

Theorem 3.6. Assume that all loss functions f; are strongly convex quadratic
and that the conditions of Theorem are satisfied. Let {z*} be a sequence
generated by Algorithm DQN with € = 1. Then limg_,oc z* = 2* and

2F T — ¥, <t|2® —2*|., k=0,1,...

for t defined in Theorem[3.7)

Proof. Given that the penalty term in is convex quadratic, if all local
cost functions f; are strongly convex quadratic, then the objective function ®
is also strongly convex quadratic, i.e., it can be written as

O(x) = %(m — 2" B(z — %), (33)

for some fixed, symmetric positive definite matrix B € R"P*"P_ Recall that z*
is the global minimizer of ®. Then

Vo(r) = B(z — 2*) and V2®(z) = B.

Starting from
sF = —(V20(2%)) "IV (2F) + e,
we get
[V2@(h)e"| = [IV2@(a") (5" + (V2@ (a)) "' Ve (a")) |
= [[Vo(a®) + V2 (2")s"|| < t]| Ve (z")|
by Theorem [3.4] Next,
2P = P R =2k (V2R(2h) TV (2F) 4 eF
= 2" —B7'Vo(zh) + ¥,

and

af gt =aF 2 —BTIVE(2) + ek
Therefore,

Bzt — %) = B(z" — 2*) — VO(2F) 4 BeP.
Now,
B[l = V2@ (z")e"|| < t|Ve(z")|| = t]|B(a* — z*)]I,

and

Bzt — 2% = [Be®|| < ¢|B(a* —27)].
O
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4 Variants of the general DQN

Let us now discuss the possible alternatives for the choice of L. Subsection
4.1 presents three different variants of the general DQN algorithm which mutu-
ally differ in the choice of matrix L. We refer to the three choices as DQN-0,
DQN-1, and DQN-2. All results established in Section 3 hold for these three al-
ternatives. Subsection 4.1 also provides local linear convergence rates for DQN-2
without safeguarding. Subsection 4.2 gives a discussion on the algorithms’ tun-
ing parameters, as well as on how the required global knowledge by all nodes
can be acquired in a distributed way.

4.1 Algorithms DQN-0, 1, and 2

The analysis presented so far implies only that the diagonal matrix Ly has to
be bounded. Let us now look closer at different possibilities for defining Ly,
keeping the restrictions stated in Theorem [3.2] and

DQN-0. We first present the method DQN-0 which sets Ly = 0. Clearly, for
DQN-0, Theorems 3.2 and 3.4 hold, and thus we get linear convergence with the
proper choice of €, and local linear convergence with € = 1. The approximation
of the Hessian inverse in this case equals A;l, i.e., the Hessian is approximated
by its block diagonal part only. The method DQN-0 corresponds to Algorithm 1
with only steps 1-4 and 7-9 executed, with A¥ = 0 in step 7. Clearly, choice
Ly = 0 is the cheapest possibility among the choices of Ly if we consider the
computational cost per iteration k. The same holds for communication cost
per k, as each node needs to transmit only x¥ per each iteration, i.e., one
p-dimensional vector per node, per iteration is communicated. We note that
DQN-0 resembles NN-0, but the difference in general is that DQN-0 uses a
different splitting, parameterized with 6 > 0; actually, NN-0O represents the
special case with 6 = 1.

DQN-1. Algorithm DQN-1 corresponds to setting Ly = L,k = 0,1,...,
where L is a constant diagonal matrix. Assuming that L is chosen such that
IIL|| < p, with p specified in Theorem m global linear convergence for a proper
step size € and local linear convergence for the full step size € = 1 again hold.
Algorithm DQN-1 is given by Algorithm 1, where each node utilizes a constant,
diagonal matrix A;. There are several possible ways of choosing the A;’s. In this
paper, we focus on the following choice. In the first iteration £ = 0, each node i
sets matrix AY through algorithm DQN-2, stated in the sequel, and then it keeps
the same matrix A? throughout the whole algorithm. The computational cost
per iteration of DQN-1 is higher than the cost of DQN-0. At each iteration, each
node ¢ needs to compute the corresponding inverse of i-th block of Ay and then
to multiply it by the constant diagonal matrix A;. Regarding the communication
cost, each node transmits two p-dimensional vectors per iteration — x¥ and d¥
(except in the first iteration k = 0 when it also transmits an additional vector
uY; see ahead Algorithm 3). Although the focus of this paper is on the diagonal
Ly’s, we remark that setting 6 = 1 and Ly = —A,;l recovers the NN-1 method.

DQN-2. Algorithm DQN-2 corresponds to an iteration-varying, diagonal
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matrix L. Ideally, one would like to choose matrix ILx such that search direction

s* resembles the Newton step as much as possible, with the restriction that Ly

is diagonal. The Newton direction s; satisfies the equation
V20 (2*)sh, + Vo (2*) = 0. (34)

We seek Ly such that it makes residual M (L) small, where M (Ly) is defined
as follows:
M(Ly) = |V2®(a*)s" + Vo (2¥)|. (35)

Notice that
ML) = ||[V2®(z*)sk + V()|
= || - V202" (I — LyG)A ' VO (2F) + VO ()|
| — V2 (2F)AL ' VO (2F) + V2B (2F)LiGA; ' V() + Vo (2F)||
= || = (A — G)A'VO(2F) + V2B (2" Ly GA VO (2F) + VO ()|
= ||GA,'V®(a*) + V20(2")L,GA, ' V().
Therefore,
V20 (2%)s* + Vo (2F) = uF + V2®(2*)Lyu”, (36)

where
ub = GA'VO(2").

The minimizer of M (ILy) is clearly achieved if Ly satisfies the equation
Lyu® = —(V2®(2")) P, (37)

but involves the inverse Hessian. Thus we approximate (V2®(x*))~! by
the Taylor expansion as follows. Clearly,

(V20(2*) ™t = (aVPF(@E") +1-2)" =1 - V)™, Vi =7Z—aViF(zh).
(38)
Assume that o < (1+ \,)/L, with A, being the smallest eigenvalue of W. Then

Vi = (An —a L)T = —I.

Similarly,
Vi (l—ap)l=<1.

Hence,
p(Vi) < [[Vil2 < 1.

Therefore, I — V}, is nonsingular,

oo
([—-Vi) =T+ Ve + ) Vi,
1=2

and the approximation

(V2®(z*) P =1 -Vi) L =14V, (39)
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is well defined. So, we can take L which satisfies the following equation
Lyu® = —(1+ Vy)ub. (40)

Obviously, Ly can be computed in a distributed manner. We refer to the method
which corresponds to this choice of Ly as DQN-2. The algorithm is given by
Algorithm 2 where step 6, the choice of Ly = diag(A1, ..., A,,), involves the steps
presented below in Algorithm 3. Denote by u¥ the i-th p x 1 block of u* — the
block which corresponds to node 1.

Algorithm 3: Choosing LL; with DQN-2

uf = Z Gij d;c

j€0;

6.1 Each node i calculates

6.2 Each node i transmits u; to all its neighbors j € O; and receives u} from
all j € O,

6.3 Each node i calculates A¥ — the solution to the following system of equa-
tions (where the only unknown is the p x p diagonal matrix A¥):

Afuf = = [(L+wi) —a VP fi(af) ] uf = ) wijuj.
JEO;

6.4 Each node i projects each diagonal entry of Af onto the interval [—p, p].

Note that step 6 with algorithm DQN-2 requires an additional p-dimensional
communication per each node, per each k (the communication of the u¥’s.)
Hence, overall, with algorithm DQN-2 each node transmits three p-dimensional
vectors per k — ¥, d¥, and uf.

We next show that algorithm DQN-2 exhibits local linear convergence even
when safeguarding (Step 6.4 in Algorithm 3) is not used.

Theorem 4.1. Suppose that A1-A3 hold and let 2* be an arbitrary point such
that V®(x*) # 0. Assume that

o < min ,

and s* is generated by and Algorithm 2, Steps 6.1 -6.3. Then there exists
t € (0,1) such that
IV@(a®) + V2@(a®)s®|| < t| Ve ().
Proof. Using and we obtain
V20 (2%)s* + VO k)| = |Ju* + V2o (aF)LyuF|
= |lu* = V2P T + Vi)u”||
= (I - V2®(z*) (14 Z — aV2F(aF)u|
= [P, (42)
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where
P* = 1-V?®(z")(I+Z-aV?F(z"))
= I- (I+aV?F(z*) - Z) (I+Z— aV?F(z"))
= 72— a(ZV2F(z*) + V2F(2")Z) + (aV2F ("))’

Since ||V2f;(z;)|| < L, there follows |[V2F(z*)|| < L and the previous equality
implies

|P*|| < 122 — (ZV?F (z%) + V2F(2*)Z)|| + o*L? = |U*|| + o®L%.  (43)
Now,

k=1

Furthermore, the assumption o < wyy;y, /(2L) implies

n
E WikWhj = WiWij > WijWmin = Wij2aLl > w20,
k=1

Moreover, V2 f;(x%) = pl and

n
U5z < Zwikwkj — 20 pw;;.

k=1
Therefore,
k
U7 < Jfllaan(Z WikWi; — 200wi;)
i=1 k=1
n n n
= ]=nl17ax7n Z wkj Z Wik — QQMZ wij
k=1 =1 i=1
= 1-2apu.
So,
[P*|| < h(a), (44)

where h(a) = 1 — 2au + o?L?. This function is convex and nonnegative since
@ < L and therefore

2

minh(a)zh(%):l—%>0.

Moreover, h(0) = h (24) = 1 and we conclude that for all a € (0,2u/L?) there
holds h(a) € (0,1). As
ub = GA 'V (2F),
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we have

Il < IGA IV ()] (45)

Now,

IGA| max(0(1 — w;)[[(A5) 7+ D wy[[(AH) 1)
J i€O;
01 —wj;) +1 —wyj
i+ (1+ 0)(1 — wj,)
_ (1 + 9)(1 — wmm) <1
ap+ (14 60)(1 — wpin) )

IN

Therefore,
[u*]| < [IV@(a®)]. (46)

Putting together —, for 8 > 0 and « satisfying we obtain
IV (") + V20 (2")s"|| < h(a)llu®|| < h(a)[|VO("),
i.e. the statement holds with
t=h(a)=1-2au+a’L? (47)

O
Applying Theorem once again, we get the local linear convergence as
stated in the following corollary.

Corollary 4.1. Assume that the conditions of Theorem [[.1] hold. Then there
exists n such that for every x° satisfying ||x° — 2*|| < n the sequence {z*}, gen-
erated by DQN-2 method with Steps 6.1-6.3 of Algorithm 8 and € = 1, converges
linearly to x* and

[V2®(z*) (2 — 2*)|| < t|| V2D (a*) (2 —2*)|, k=0,1,... (48)

holds with t given by .

We remark that, for strongly convex quadratic f;’s, the result analogous to

Theorem holds in the sense of global linear convergence, i.e., inequality
holds for all k£ and arbitrary initial point z°.
Remark. ***An interesting future research direction is to adapt and analyze
convergence of the DQN methods in asynchronous environments, as it has been
already numerically studied recently in [I0]. Therein, it is shown that the stud-
ied second order methods still converge in an asynchronous setting, though with
a lower convergence speed.
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4.2 Discussion on the tuning parameters

Let us now comment on the choice of the involved parameters — matrix W
and scalars «, p,e,6, and §. We first consider the general DQN method in
Algorithm 1, i.e., our comments apply to all DQN-¢ variants, £ = 0,1, and 2.

Matrix W only needs to satisfy that: 1) the underlying support network is
connected and 2) all diagonal entries w;; lie between w,,q, and wyq., where
0 < Wmin < Wmae < 1. Regarding the latter condition, it is standard and
rather mild; it is only required for (7)) to hold, i.e., to ensure that solving
gives an approximate solution to the desired problem . Regarding the second
condition, it can be easily fulfilled through simple weight assignments, e.g.,
through the Metropolis weights choice; see, e.g., [39].

We now discuss the choice of the parameters «, p, 0, e, and §. First, o defines
the penalty reformulation (4), and therefore, it determines the asymptotic error
that the algorithm achieves. The smaller «;, the smaller the limiting (saturation)
error of the algorithm is, but the slower the convergence rate is. Thus, the pa-
rameter should be set a priori according to a given target accuracy; see also [40].
A practical guidance, as considered in [13], is to set « = 1/(K L), where L is the
Lipschitz gradient constant as in the paper, and K = 10-100. Next, parameter
0 > 0 determines the splitting of the Hessian. It can simply be taken as 6 = 0,
and a justification for this choice can be found in Section 5. Next, the role of
4 is mainly theoretical. Namely, Theorems 3.2 and 3.3 consider generic choices
of L;’s, and they are worst-case type results. Therein, § essentially trades off
the guaranteed worst-case (global linear) convergence factor with the size of
admissible range of the Ly’s (size of the maximal allowed p). As per , a
reasonable choice to balance the two effects is § = m Having
set 0, the remaining two parameters, ¢ and p, can be set according to
and , respectively. As noted, the described choice of the triple (4, p, €) is a
consequence of the worst case, conservative analysis with Theorems 3.2 and 3.3
(which still have a theoretical significance, though). In practice, we recommend
setting § = 0, e = 1, and p as the upper bound in with § = 0.

Discussion on distributed implementation. The algorithm’s tuning
parameters need to be set beforehand in a distributed way. Regarding weight
matrix W, each node 7 needs to store beforehand the weights w;; and w;j,
j € Oy, for all its neighbors. The weights can be set according to the Metropolis
rule, e.g., [39], where each node i needs to know only the degrees of its im-
mediate neighbors. Such weight choice, as noted before, satisfies the imposed
assumptions.

In order to set the scalar tuning parameters «, 6, ¢, and p, each node i
needs to know beforehand global quantities Wi, Wmaez, ¢ and L. Each of
these parameters represent either a maximum or a minimum of nodes’ local
quantities. For example, w4, is the maximum of the w;;’s over i = 1,...,n,
where node i holds quantity w;;. Hence, each node can obtain w4, by running
a distributed algorithm for maximum computation beforehand; for example,
nodes can utilize the algorithm in [34].
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5 Simulations

This section shows numerical performance of the proposed methods on two
examples, namely the strongly convex quadratic cost functions and the logistic
loss functions.

Simulation setup. Two simulation scenarios with different types of nodes’cost
functions f;’s: 1) strongly convex quadratic costs and 2) logistic (convex) loss
functions are considered. Very similar scenarios have been considered in [22] 23]
24]. With the quadratic costs scenario, f; : R? — R is given by

fila) = g — ) Bile — ),

where B; € RP*P ig a positive definite (symmetric matrix), and a; € R? is a
vector. Matrices B;, i = 1,...,n are generated mutually independently, and so
are the vectors a;’s; also, B;’s are generated independently from the a;’s. Each
matrix B; is generated as follows. First, we generate a matrix B; whose entries
are drawn mutually independently from the standard normal distribution, and
then we extract the eigenvector matrix Q@ € RP*P of matrix %(B + BT). We
finally set B; = @Diag(/c\i)@—r, where ¢; € RP has the entries generated mutually
independently from the interval [1,101]. Each vector a; € RP has mutually inde-
pendently generated entries from the interval [1, 11]. Note that a;—the minimizer
of f;—is clearly known beforehand to node ¢, but the desired global minimizer of
f is not known by any node 1.

The logistic loss scenario corresponds to distributed learning of a linear clas-
sifier; see, e.g., [I] for details. Each node i possesses J = 2 data samples
{aij7bij}‘}-]:1. Here, a;; € R? is a feature vector, and b;; € {—1,+1} is its class
label. We want to learn a vector x = (z{,20)", 1 € RP~! and 79 € R, p > 2,
such that the total logistic loss with l5 regularization is minimized:

n J
Z Z Jrogis (bij(%Ta +z0)) + 7|lz|?,
i=1 j=1

Here, Jiogis(+) is the logistic loss
Jiogis(2) = log(1 +€77),

and 7 is a positive regularization parameter. Note that, in this example, we
have

J
fi(@) = Y Fiogss (big (@] a+ 20)) + Z .
j=1

f(z) =31, fi(z). The a;;’s are generated independently over i and j, where
each entry of a;; is drawn independently from the standard normal distribu-
tion. The “true” vector z* = ((z%)",x§)" is obtained by drawing its entries
independently from standard normal distribution. Then, the class labels are
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b;; = sign (( ) ai; + g + 5”) where €;;’s are drawn independently from nor-
mal distribution with zero mean and standard deviation 0.1.

The network instances are generated from the random geometric graph
model: nodes are placed uniformly at random over a unit square, and the node

pairs within distance r = ln(”) are connected with edges. All instances of

networks used in the experiments are connected. The weight matrix W is set as
follows. For a pair of nodes ¢ and j connected with an edge, w;; = Wli,dj}ﬂ’
where d; is the degree of the node ¢; for a pair of nodes not connected by an
edge, we have w;; = 0; and w;; = 1 — Zj;éi wy;, for all 4. For the case of reg-
ular graphs, considered in [22] 23] [24], this weight choice coincides with that
in [22, 23, 24].

The proposed methods DQN are compared with the methods NN-0, NN-1,
and NN-2 proposed in [22]. The methods NN-/, with ¢ > 3 are not numerically
tested in [22] and require a large communication cost per iteration. Recall
that the method proposed in this paper are denoted DQN-/ with Ly = 0 as
DQN-0; it has the same communication cost per iteration k& as NN-0, where
each node transmits one (p-dimensional) vector per iteration. Similarly, DQN-1
corresponds to NN-1, where two per-node vector communications are utilized,
while DQN-2 corresponds to NN-2 (3 vector communications per node).

With both the proposed methods and the methods in [22], the step size ¢ = 1
is used. Step size ¢ = 1 has also been used in [22] 23] 24]. Note that both
classes of methods — NN and DQN — guarantee global convergence with ¢ = 1
for quadratic costs, while neither of the two groups of methods have guaranteed
global convergence with logistic losses. For the proposed methods, safeguarding
is not used with quadratic costs. With logistic costs, the safeguarding is not
used with DQN-0 and 2 but it is used with DQN-1, which diverges without the
safeguard on the logistic costs. The safeguard parameter p defined as the upper
bound in (18) with 6 = 0 is employed. Further, with all DQNs, 6 = 0 is used.
With all the algorithms, each node’s solution estimate is initialized by a zero
vector.

The following error metric

T, — T
bl

is used and refered to as the relative error at iteration k.

Figure [1] (left) plots the relative error versus the number of iterations k for
a network with n = 30 nodes, and the quadratic costs with the variable dimen-
sion p = 4. First, we can see that the proposed DQN-¢ methods perform better
than their corresponding counterparts NN-¢, £ = 0, 1,2. Also, note that the per-
formance of DQN-1 and DQN-2 in terms of iterations match in this example.
Figure 1| (right) plots the relative error versus total number of communications.
We can see that, for this example, DQN-0 is the most efficient among all meth-
ods in terms of the communication cost. Further, interestingly, the performance
of NN-0, NN-1, and NN-2 is practically the same in terms of communication
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cost on this example. The clustering of the performance of NN-0, NN-1, and
NN-2 (although not so pronounced as in our examples) emerges also in Simu-
lations in [22] 23] 24]. Also, the performance of DQN-0 and NN-1 practically
matches. In summary, method DQN-0 shows the best performance in terms of
communication cost on this example, while DQN-1 and 2 are the best in terms
of the number of iterations k.

The improvements of DQN over NN are mainly due to the different splitting
parameter 6 = 0. Actually, our numerical experience suggests that NN-¢ may
perform better than DQN-¢ with § = 1 for / = 1,2. We provide an intuitive
explanation for the advantages of choice § = 0, focusing on the comparison
between NN-0 and DQN-0. Namely, the adopted descent directions with both
of these methods correspond to the quality of the zeroth order Taylor expansion
of the following matrix:

(I— (Ax(6))7'G) ' ~ L (49)

In ([49), with NN-0, we have Aj(#) = Ag( = 1), while with DQN-0, we have
that: Ax(6) = Ax(6 = 0); note that these two matrices are different. Now, the
error (remainder) of the Taylor approximation is roughly of size ||(Ax(0))~1G|.
In view of the upper bound in , we have with NN-0 that the remainder is
of size:

(A6l = 1= 5 (50)

for small o u. On the other hand, we have that the DQN-0’s remainder is:

103 A A

(O 16~ 1 - T
Therefore, the remainder is (observed through this rough, but indicative, es-
timate) larger with NN-0, and that is why DQN-0 performs better. We can
similarly compare NN-1 (which corresponds to the first order Taylor approxi-
mation of the matrix in (49)) with DQN-0. The remainder with NN-1 is roughly
[(Ax(1))7'G]?> &~ 1 — =3~ which equals to the remainder estimate of DQN-
0. This explains why the two methods perform very similarly. Finally, note
that the upper bound on ||[GA'| in is an increasing function of § > 0 (the
lower the 6, the better the bound), which justifies the choice § = 0 adopted here
for DQN.

Figure [2| (left and right) repeats the plots for the network with n = 400
nodes, quadratic costs, and the variable dimension p = 3. One can see that
again the proposed methods outperform their respective NN-£ counterparts. In
terms of communication cost, DQN-0 and DQN-1 perform practically the same
and are the most efficient among all methods.

Figure [3| plots the relative error versus number of iterations (left) and num-
ber of per-node communications (right) for the logistic losses with variable di-
mension p = 4 and the network with n = 30 nodes. One can see that again
the proposed methods perform better than the NN-¢ counterparts. In terms of
the communication cost, DQN-0 is the most efficient among all methods, while

27



10

—DQN-2
--DON-1 k
--DQN-0 ‘e\\
—NN-2 "\ o
§ —NNAL § 107 \_‘:\ kNN-O,NN-LNN-Z - ]
2 --NN-0 G \.:\1 \
° ° )
— - \‘\

‘\\'“- .‘\}: \\
0 500 1000 1500 2000 0 500 1000 1500 2000
number of iterations, k number of per-node communications

Figure 1: Relative error versus number of iterations k (left) and versus number
of communications (right) for quadratic costs and n = 30-node network.
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Figure 2: Relative error versus number of iterations k (left) and versus number
of communications (right) for quadratic costs and n = 400-node network.
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DQN-2 is fastest in terms of the number of iterations. Finally, Figure [4] repeats
the plots for variable dimension p = 4 and the network with n = 200 nodes,
and it shows similar conclusions: among all DQN and NN methods, DQN-0 is
the most efficient in terms of communications, while DQN-2 is fastest in terms
of the number of iterations.
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Figure 3: Relative error versus number of iterations & (left) and versus number
of communications (right) for logistic costs and n = 30-node network.

6 Extensions

As noted before, DQN methods do not converge to the exact solution of (1)
but to a solution neighborhood controlled by the step size «. As such, for
high solution accuracies required, they may not be competitive with distributed
second order methods which converge to the exact solution [28], B8] 27].

However, we can exploit the results of [28] and “embed” the DQN algorithms
in the framework of proximal multiplier methods (PMMs), just like [28] embeds
the NN methods into the PMM framework. We refer to the resulting algorithms
as PMM-DQN-¢, ¢ = 0,1,2. (Here, PMM-DQN-¢ parallels DQN-{ in terms of
complexity of approximating Hessians, and in terms of the communication cost
per iteration.) It is worth noting that the contribution to embed distributed sec-
ond order methods into the PMM framework is due [28]. Here we extend [28] to
demonstrate (by simulation) that the DQN-type Hessian approximations within
the PMM framework yield efficient distributed second order methods.

We now briefly describe a general PMM-DQN method; for the methodology
to devise distributed second order PMM methods, we refer to [28]. See also the
Appendix for further details. We denote by 2% = (Elk, o Th ) € R™P the current
iterate, where Z} € R? is node i’s estimate of the solution to (1) at iteration k.
Besides 7% (the primal variable), the PMM-DQN method also maintains a dual
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Figure 4: Relative error versus number of iterations k (left) and versus number
of communications (right) for logistic costs and n = 200-node network.

variable g% = (Zjlk, ,é\,’f) € R"?, where g* € RP is node i’s dual variable at
iteration k. Quantities Hy, Ay, G and g defined below play a role in the PMM-

DQN method and are, respectively, the counterparts of V2®(z*), A, G and
V&(z*) with DQN:

He = V2FE")4+B80-2Z)+ cpmml=A,—G
A = VPF@EM) + 8 (I1—Za) + cpmm I+ B0 (I — Zy)
G = BZu+B6 (1-Zy)
Gk VE@EY) +B8(1-2)z" +g*.
Here, 6 > 0 is the splitting parameter as with DQN, 8 > 0 is the dual step size
and €pmm > 0 relates to the proximal term of the corresponding augmented La-
grangian; see [28] for details. We now present the general PMM-DQN algorithm.
Note from Step 2 the analogous form of the Hessian inverse approximation as
with DQN; the approximation is again parameterized with a (np) x (np) diagonal
matrix Ly.

Algorithm 4: PMM-DQN in vector format
Given 2° = 0, 8, €pmm, p > 0, 6 > 0. Set k = 0.

Step 1. Chose a diagonal matrix Itk € R"*"P guch that

1Ll < p.

Step 2. Set o
sk = —(I-LiG)A, " G
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Step 3.

Step 4.

Set

A

Set
G =g+ (1-2)2" k=k+ 1L

The same algorithm is presented below from the distributed implementation
perspective. (Note that here we adopt the notation similar to DQN, i.e., the
(4,4)-th p x p block of G is denoted by Glj, the i-th 1p X p diagonal block of Ly
is denoted by A ; and i-th p x p diagonal block of Ak is denoted by A’C )

Algorithm 5: PMM-DQN — Distributed implementation
At each node i, require 3, p, epmm > 0, 6 > 0.

1

2

Initialization: Each node i sets k = 0 and 2?9 = g? = 0.
Each node ¢ calculates

af = (A5) 7 | VaGhH +8 Y wy @ -0+t

J€O0;
Each node ¢ transmits @’“ to all its neighbors j € O; and receives @“ from
all j € O;.
Each node i chooses a diagonal p X p matrix Kf, such that ||sz|| < p.
Each node ¢ calculates:

=—df +A}F )" Gijdf.

j€0;

Each node ¢ updates its solution estimate as:

~k+l _ ko ok
x; =x; +S;.

Each node ¢ transmits Ef“ to all its neighbors j € O; and receives ZF1

J
from all j € O;.

Each node i updates the dual variable g¥ as follows:

Ak+1 2 : k+1 ~k+1
= ql —+ w” .’Ej ) .
JEO;

Set k =k + 1 and go to Step 2.
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Note that, at Step 2, each node i needs the neighbors’ estimates a; , 7€ 0;.
For k > 1, the availability of such information is ensured through Step 7 of the
previous iteration k — 1; at £ = 0, Step 2 is also realizable as it is assumed that
9 =0, for all i = 1,...,n. As with the DQN methods, different variants PMM-
DQN-£ mutually dlffer in the choice of matrix Lk With PMM-DQN-0, we set
Lk = 0; with PMM-DQN-2, Lk is set as described below; with PMM-DQN-1,
we set Lk — 1L = const to ]Lo, i.e., to the value of ]Lk from the first iteration of
PMM-DQN-2. R

We now detail how Lj is chosen with PMM-DQN-2. The methodology is
completely analogous to DQN-2: the idea is to approximate the exact Newton
direction §§V which obeys the following Newton-type equation:

Hy, 8% + g = 0, (55)

through Taylor expansions. Using and completely analogous steps as with
DQN-2, it follows that Ly is obtained through solving the following system of
linear equations with respect to Ly:

. 1 3B 1

]Lak:—< I+ Z— V2F§?’“)ﬂk
g B+epmm  (B+emm)®  (B+ pmm)? &)

where @F =G A G (56)

The overall algorithm for setting L, with PMM-DQN-2 (step 4 of Algorithm 5)
is presented below.

Algorithm 6: Computing ]Ek with PMM-DQN-2

=2 Gydf.

j€0;

4.1 Each node 7 calculates

4.2 Each node i transmits @} to all its neighbors j € O; and receives @} from
all j € O;.

4.3 Each node ¢ calculates JAXZ-’“ — the solution to the following system of equa-
tions (where the only unknown is the p x p diagonal matrix A;):
+ 0 Q)I o 2
B + 6pmm (6 + 6pmm) (5 + 6pmm)

AaF=—|( V2 fi(@f)

4.4 Each node i projects each diagonal entry of Kf onto the interval [—p, p].

Simulations. We now compare by simulation the PMM-DQN-/ methods
with the ESOM-{ algorithms proposed in [28], the DQM algorithm in [27], and
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different variants of the Newton Raphson Consensus (NRC) algorithm proposed
in [38].

The simulation setup is as follows. The network is an instance of the
random geometric graph with n = 30 nodes and 166 links. The optimiza-
tion variable dimension is p = 4, and the local nodes costs are strongly con-
vex quadratic, generated at random in the same way as with the quadratic
costs examples in Section 5. With all methods which involve weighted av-
eraging (ESOM-¢, PMM-DQN-/, and NRC), we use the Metropolis weights.
We consider the ESOM-¢ and PMM-DQN-¢ methods for ¢ = 0,1,2. With the
methods ESOM-{ and PMM-DQN-/, we set the proximal constant €yym = 10
(see [28] for details). Further, we tune the dual step size 3 separately for each
of these methods to the best by considering the following candidate values:
B e {1074,10732,1073,...,1035,10%}, i.e., a grid of points equidistant on the
log;, scale with the half-decade spacing. The algorithm DQM has the tuning
step size parameter ¢ > 0 (see [27] for details) which we also tune to the best us-
ing the same grid of candidate values. Regrading the methods proposed in [3§],
we consider both the standard (NRC) and the accelerated (FNRC) algorithm
variant. These methods have a communication cost per node, per iteration
which is quadratic in p, due to exchanging local Hessian estimates. (Specifi-
cally, as it is sufficient to transmit the upper-triangular part of a local Hessian
(due to the matrix symmetry), each node per iteration transmits p x (p + 1)/2
scalars for the Hessian exchange.) This is different from the ESOM, DQM, and
PMM-DQN methods which have a cost linear in p. We also consider the Jacobi
variants in [38] (both the standard — JC and the accelerated — FJC variant)
which approximate local Hessians through diagonal matrices and hence their
communication cost per node, per iteration reduces to a cost linear in p. With
NRC, FNRC, JC, and FJC, we set their step size € to unity (see [38] for de-
tails), as this (maximal possible) step size value yielded fastest convergence.
We observed that JC and FJC converged with a non-zero limiting error, while
decreasing the value of € did not improve the limiting error of the method while
slowing down the methods. Hence, with all the methods considered, we tune
their step sizes to the best (up to the finite candidate grid points resolution).
With FNRC and FJC, we set the acceleration parameter ¢ in the same way
as in [38] (see page 10 of [38].) With all PMM-DQN methods, we do not use
safeguarding (p = 4+00), and we set § = 0. With all the methods considered, the
primal variables — solution estimates (and dual variables, if exist) are initialized
with zero vectors. The error metric is the same as with the quadratic example
in Section 5.

Figure 5 compares the PMM-DQN-/ algorithms and the ESOM-/ algorithms
in [28] in terms of the number of iterations (left) and the number of per-node
communications (right). We can see that, in terms of iterations, for each fixed ¢,
the corresponding PMM-DQN method performs better than the corresponding
ESOM method. The exception is the case ¢ = 0 where the two methods are
comparable. The same conclusions hold for the number of communications also.
Further, in terms of the number of iterations, PMM-DQN-1 and PMM-DQN-2
are the best among all methods; in terms of communications, PMM-DQN-1 is
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the best method among all PMM-DQN and ESOM method considered.

In Figure 6, we compare the best among the PMM-DQN-¢ methods, the best
among the ESOM-¢ methods (in terms of iterations, the best are PMM-DQN-1
and ESOM-2, while in terms of communications, the best are PMM-DQN-1 and
ESOM-0), DQM, and the NRC methods group (NRC, FNRC, JC, and FJC). We
can see that the PMM-DQN-1 method converges faster than all other methods,
both in terms of iterations and communications.
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Figure 5: Comparison between the PMM-DQN-/ algorithms and the ESOM-¢
algorithms in [28]. The figures plot relative error versus number of iterations k
(left) and versus number of communications (right) for quadratic costs and
n = 30-node network.

7 Conclusions

The problem under consideration is defined by an aggregate, network-wide sum
cost function across nodes in a connected network. It is assumed that the cost
functions are convex and differentiable, while the network is characterized by
a symmetric, stochastic matrix W that fulfils standard assumptions. The pro-
posed methods are designed by exploiting a penalty reformulation of the original
problem and rely heavily on the sparsity structure of the Hessian. The general
method is tailored as a Newton-like method, taking the block diagonal part of
the Hessian as an approximate Hessian and then correcting this approximation
by a diagonal matrix Ly. The key point in the proposed class of methods is to
exploit the structure of Hessian and replace the dense part of the inverse Hessian
by an inexpensive linear approximation, determined by matrix L. Depending
on the choice of L, one can define different methods, and three of such choices
are analyzed in this work. An important characteristic of the whole class of
DQN methods is global linear convergence with a proper choice of the step size.
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Figure 6: Comparison between the DQM algorithm in [27], the NRC algorithm
n [38], the best among the PMM-DQN-{ algorithms, and the best among the
ESOM-/ algorithms. The Figures plot relative error versus number of itera-

tions k (left) and versus number of communications (right) for quadratic costs
and n = 30-node network.

Furthermore, we have shown local linear convergence for the full step size using
the convergence theory of Inexact Newton methods as well as global conver-
gence with the full step size for the special case of strictly convex quadratic loss
functions.

The three specific methods are analyzed in detail, termed DQN-0, DQN-1
and DQN-2. They are defined by the three different choices of matrix Lj — the
zero matrix, a constant matrix, and the iteration-varying matrix that defines a
search direction which mimics the Newton direction as much as possible under
the imposed restrictions of inexpensive distributed implementation. For the last
choice of the time varying matrix, we have shown local linear convergence for
the full step size without safeguarding.

The cost in terms of computational effort and communication of these three
methods correspond to the costs of the state-of-the-art Network Newton meth-
ods, NN-0, NN-1 and NN-2, which are used as the benchmark class in this paper.
The simulation results on two relevant problems, the quadratic loss and the lo-
gistic loss, demonstrate the efficiency of the proposed methods and compare
favorably with the benchmark methods. Finally, applying the recent contri-
butions of [28], the proposed distributed second order methods were extended
to the framework of proximal multiplier methods. Unlike DQN, the modified
methods converge to the exact solution and further enhance the performance
when high solution accuracies are required.
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Appendix

Following [28], we briefly explain how we derive the PMM-DQN methods. The
starting point for PMM-DQN is the quadratically approximated PMM method,
which takes the following form (see [28] for details and derivations):

gL = FF_HY(VFEY) +§F + 81 - 2)3") (57)
ij-‘rl — ak +5(H—Z>§7\k+1, (58)

Here, 8 > 0 is the (dual) step size, ﬁlk is given in , and 2F € R™ and
q" € R™ are respectively the primal and dual variables at iteration k = 0,1, ...,
initialized by 7° = g% = 0.

The challenge for distributed implementation of 7 is that the inverse
of ﬁk does not respect the sparsity pattern of the network. The ESOM methods,
proposed in [28], approximate the inverse of Hy following the NN-type approx-
imations [22]. Here, we extend such possibilities and approximate the inverse
of ]ﬁlk through the DQN-type approximations. This is defined in 7 and
Algorithm PMM-DQN in Section 6.

As noted, the matrix Ly = 0 with PMM-DQN-0, and it is Ly = Ly = const
with PMM-DQN-1, where Lg is the matrix from the first iteration of the DQN-2
method. It remains to derive Ly for PMM-DQN-2, as it is given in Section 6.
As noted in Section 6, we approximate the Newton equation in . The
derivation steps are the same as with DQN-2, with the following identification:
V2®(2%) in is replaced with Hj in (55), and V@(2*) with g* in (5F).
Then, equation with DQN-2 transforms into the following equation with
PMM-DQN-2: R R

Lya® = —H,; 'ak, (59)

where @ is given in . Finally, it remains to approximate ]ﬁlk_ ! through a
first order Taylor approximation, as follows:

. B 1 -1
kal |:(B+€pmm) (H_(ﬂ+€pmmz_ﬂ+€pmmV2F(§k))) :l

1 B 1 9 ke }
I Z — V*F .
5 + €pmm |: * ﬂ + €pmm ﬂ + €pmm (x )
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The above Taylor approximation is well defined if the spectral radius of matrix

(3+immZ — B+;mm V2F(§k)) is strictly less than one. It is easy to verify

that this will be the case if the (positive) parameters f and epmm satisfy 8 >
2 max{0, L — €pmm }-
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