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Abstract—This paper studies the problem of data-adaptive
representations for big, distributed data. It is assumed that a
number of geographically-distributed, interconnected sites have
massive local data and they are interested in collaboratively
learning a low-dimensional geometric structure underlying these
data. In contrast to previous works on subspace-based data
representations, this paper focuses on the geometric structure of a
union of subspaces (UoS). In this regard, it proposes a distributed
algorithm—termed cloud K-SVD—for collaborative learning of
a UoS structure underlying distributed data of interest. The goal
of cloud K-SVD is to learn a common overcomplete dictionary
at each individual site such that every sample in the distributed
data can be represented through a small number of atoms of the
learned dictionary. Cloud K-SVD accomplishes this goal without
requiring exchange of individual samples between sites. This
makes it suitable for applications where sharing of raw data
is discouraged due to either privacy concerns or large volumes
of data. This paper also provides an analysis of cloud K-SVD
that gives insights into its properties as well as deviations of the
dictionaries learned at individual sites from a centralized solution
in terms of different measures of local/global data and topology
of interconnections. Finally, the paper numerically illustrates the
efficacy of cloud K-SVD on real and synthetic distributed data.

Index Terms—Consensus averaging, dictionary learning, dis-
tributed data, K-SVD, power method, sparse coding.

I. INTRODUCTION

Modern information processing is based on the axiom that
while real-world data may live in high-dimensional ambient
spaces, relevant information within them almost always lies
near low-dimensional geometric structures. Knowledge of
these (low-dimensional) geometric structures underlying data
of interest is central to the success of a multitude of infor-
mation processing tasks. But this knowledge is unavailable to
us in an overwhelmingly large number of applications and
a great deal of work has been done in the past to learn
geometric structure of data from the data themselves. Much
of that work, often studied under rubrics such as principal
component analysis (PCA) [3], generalized PCA [4], hybrid
linear modeling [5], and dictionary learning [6]-[8], has been
focused on centralized settings in which the entire data are
assumed available at a single location. In recent years, there
has been some effort to extend these works to distributed
settings; see, e.g., [9]-[20]. The setup considered in some of
these works is that each distributed entity is responsible for
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either some dimensions of the data [9]-[11] or some part of
the learned geometric structure [10], [11], [16]. Other works in
this direction also focus on learning under the assumption of
data lying near (linear) subspaces [9]-[13], require extensive
communications among the distributed entities [14], and ig-
nore some of the technical details associated with processing
among distributed entities having interconnections described
by graphs of arbitrary, unknown topologies [12]-[15].

In this paper, we are interested in a setting in which a
number of geographically-distributed sites have massive local
data and these sites are interested in collaboratively learning
a geometric structure underlying their data by communicat-
ing among themselves over public/private networks. The key
constraints in this problem that distinguish it from some of
the prior works are: (z) sites cannot communicate “raw” data
among themselves; (i7) interconnections among sites are not
described by a complete graph; and (i:¢) sites do not have
knowledge of the global network topology. All these con-
straints are reflective of the future of big, distributed data in the
world. In particular, the first constraint is justified because of
the size of local data compilations as well as privacy concerns
in the modern age. Similarly, the latter two constraints are
justified because linking geographically-distributed sites into
a complete graph can be cost prohibitive and since enterprises
tend to be protective of their internal network topologies.

A. Our Contributions

The first main contribution of this paper is formulation of
a distributed method, which we term as cloud K-SVD, that
enables data-adaptive representations in distributed settings.
In contrast to works that assume a linear geometric structure
for data [9]-[13], cloud K-SVD is based on the premise
that data lie near a union of low-dimensional subspaces. The
union-of-subspaces (UoS) model is a nonlinear generalization
of the subspace model [21] and has received widespread
acceptance in the community lately. The task of learning
the UoS underlying data of interest from data themselves is
often termed dictionary learning [6]-[8], which involves data-
driven learning of an overcomplete dictionary such that every
data sample can be approximated through a small number of
atoms of the dictionary. Dictionary learning—when compared
to linear data-adaptive representations such as the PCA and the
linear discriminant analysis [22]—has been shown to be highly
effective for tasks such as compression [6], denoising [23],
object recognition [24], and inpainting [25]. Cloud K-SVD,
as the name implies, is a distributed variant of the popular
dictionary learning algorithm K-SVD [7] and leverages a



classical iterative eigenvector estimation algorithm, termed the
power method [26, Ch. 8], and consensus averaging [27] for
collaborative dictionary learning.

The second main contribution of this paper is a rigorous
analysis of cloud K-SVD that gives insights into its properties
as well as deviations of the dictionaries learned at individ-
ual sites from the centralized K-SVD solution in terms of
different measures of local/global data and topology of the
interconnections. Using tools from linear algebra, convex op-
timization, matrix perturbation theory, etc., our analysis shows
that—under identical initializations—the dictionaries learned
by cloud K-SVD come arbitrarily close to the one learned
by (centralized) K-SVD as long as appropriate number of
power method and consensus iterations are performed in each
iteration of cloud K-SVD. Finally, the third main contribution
of this paper involves numerical experiments on synthetic and
real data that demonstrate both the efficacy of cloud K-SVD
and the usefulness of collaborative dictionary learning over
local dictionary learning.

B. Relationship to Previous Work

Some of the earliest works in distributed processing date
back nearly three decades [28], [29]. Since then a number
of distributed methods have been proposed for myriad tasks.
Some recent examples of this that do not involve a centralized
fusion center include distributed methods for classification
[30]-[32], localization [33], [34], linear regression [35], and
(multitask) estimation [19], [20], [36]. But relatively little at-
tention has been paid to the problem of data-driven distributed
learning of the geometric structure of data. Notable exceptions
to this include [11]-[18]. While our work as well as [11]-
[15] rely on consensus averaging for computing the underlying
geometric structure, we are explicit in our formulation that
perfect consensus under arbitrary, unknown topologies cannot
be achieved. In contrast, developments in [11]-[15] are car-
ried out under the assumption of infinite-precision consensus
averaging. Further, [11]-[13] assume a subspace data model,
while [14] advocates the use of consensus averaging for com-
puting sample covariance—an approach that requires extensive
communications among the distributed entities.

Our work is most closely related to that in [16]-[18],
which also study dictionary learning in distributed settings.
But [16] focuses only on learning parts of the dictionary at
each site as opposed to the setup of this paper in which
we are interested in learning a complete dictionary at each
site. While this paper and [17], [18] share the same setup,
our work as well as [18] are fundamentally different from
[17]. The method proposed in [17] involves learning local
dictionaries at different sites and then diffusing these local
dictionaries to obtain a global dictionary. In contrast, our work
and [18] are based on the centralized K-SVD algorithm, which
is known to be superior to other dictionary learning methods
[7], and involve updating each atom of the local dictionaries
in a collaborative fashion. The difference between this work
and [18] lies in the fact that cloud K-SVD uses a distributed
variant of the power method to update each atom, whereas
[18] relies on distributed optimization for this purpose. This

helps us rigorously analyze the performance of cloud K-SVD,
whereas no such analysis is provided in [18]. Note that while
we analyzed the distributed power method component of cloud
K-SVD in our earlier work [1], this paper extends that work
to provide a comprehensive analysis of the entire algorithm.
We conclude by noting that the distributed power method
component of cloud K-SVD has similarities with the work
in [12], [37]. However, unlike [12], [37], we do not assume
perfect consensus during iterations of the power method,
which leaves open the question of convergence of the dis-
tributed variant of the power method. While analyzing cloud
K-SVD, we in fact end up addressing this question also. That
part of our analysis is reminiscent of the one carried out in
[38] in the context of convergence behavior of distributed
eigenanalysis of a network using a power method-like iterative
algorithm. However, there are fundamental differences in the
analysis of [38] and our work because of the exact place where
consensus averaging is carried out in the two works, which is
dictated by the distinct nature of the two applications.

C. Notation and Paper Organization

We use lower-case letters to represent scalars and vectors,
while we use upper-case letters to represent matrices. The
operator sgn : R — {+1,—1} is defined as sgn(z) = z/|z|,
while supp(v) returns indices of the nonzero entries in vector
v. Superscript (-)T denotes the transpose operation, ||-||o counts
the number of nonzero entries in a vector, ||v||, denotes the
usual ¢, norm of vector v, and (u, v) denotes the inner product
between vectors u and v. Given a set Z, vz and Az denote
a subvector and a submatrix obtained by retaining entries
of vector v and columns of matrix A corresponding to the
indices in Z, respectively, while || A2, ||A|lr. and ||A||max
denote the operator norm, Frobenius norm, and max norm (i.e.,
maximum absolute value) of matrix A, respectively. Given
matrices {A; € R"*mi}N . diag{A;,..., Ax} denotes a
block-diagonal matrix A € R2"*2™: that has A;’s on its
diagonal. Finally, given a matrix A, a; and a;7 denote the
jt" column and the j** row of A, respectively.

The rest of this paper is organized as follows. In Sec. II,
we formulate the problem of collaborative dictionary learning
from big, distributed data. In Sec. III, we describe the cloud K-
SVD algorithm. In Sec. IV, we provide an analysis of cloud K-
SVD algorithm. We provide some numerical results in Sec. V
and concluding remarks in Sec. VI. Finally, proofs of main
theorems stated in Sec. IV are given in appendices.

II. PROBLEM FORMULATION

In this paper, we consider a collection of N geographically-
distributed sites that are interconnected to each other according
to a fixed topology. Here, we use “site” in the broadest
possible sense of the term, with a site corresponding to a single
computational system (e.g., sensor, drone, smartphone, tablet,
server, database), a collection of co-located computational
systems (e.g., data center, computer cluster, robot swarm),
etc. Mathematically, we represent this collection and their
interconnections through an undirected graph G = (N, €),
where N' = {1,2,---, N} denotes the sites and £ denotes



edges in G with (4,7) € £, while (7, j) € £ whenever there is
a connection between sites ¢ and j. The only assumption we
make about the topology of G is that it is a connected graph.

Next, we assume each site 7 has a collection of local data,
expressed as a matrix Y; € R™*% with S; representing the
number of data samples at the i*" site. We can express all this
distributed data into a single matrix ¥ = [Y1 Yn] €
R™ S, where S = Zfil S; denotes the total number of
data samples distributed across the N sites; see Fig. 1 for
a schematic representation of this. In this setting, the fun-
damental objective is for each site to collaboratively learn a
low-dimensional geometric structure that underlies the global
(distributed) data Y. The basic premises behind collaborative
structure learning of global data, as opposed to local structure
learning of local data, are manifold. First, since the number
of global samples is much larger than the number of local
samples, we expect that collaborative learning will outperform
local learning for data representations. Second, local learning
will be strictly suboptimal for some sites in cases where
sampling density, noise level, fraction of outliers, etc., are not
uniform across all sites. Collaborative learning, on the other
hand, will even out such nonuniformities within local data.

Our main assumption is that the low-dimensional geometric
structure underlying the global data corresponds to a union of
Ty-dimensional subspaces in R™, where Ty < n. One possible
means of learning such a structure is studied under the moniker
dictionary learning, which learns an overcomplete dictionary
D such that each data sample is well approximated by no
more than T columns (i.e., atoms) of D [6]-[8]. Assuming
the global data Y is available at a centralized location, this
problem of dictionary learning can be expressed as

(D,X) = arg min |V — DX ||% s.t. Vs, ||zsllo < Ty, (1)

where D € R X with K > n is an overcomplete dictionary
having unit f5-norm columns, X € RX*S corresponds to
representation coefficients of the data having no more than
To < n nonzero coefficients per sample, and x, denotes the
st" column in X. Note that (1) is non-convex in (D,X),
although it is convex in D alone. One of the most popular
approaches to solving (1) involves alternate minimization in
which one alternates between solving (1) for D using a fixed
X and then solving (1) for X using a fixed D [7], [39].
Unlike classical dictionary learning, however, we do not
have the global data Y available at a centralized location. Data
aggregation either at a centralized location or at any one of
the individual sites is also impractical due to communications
and storage costs of big data. Furthermore, privacy issues may
also preclude aggregation of data. Instead, our goal is to have
individual sites collaboratively learn dictionaries {D;};cnr
from global data Y such that these collaborative dictionaries
are close to a dictionary D that could have been learned
from Y in a centralized fashion. In the following section, we
present a distributed variant of a popular dictionary learning
algorithm that accomplishes this goal without exchanging raw
data between sites. This is followed by a rigorous analysis
of the proposed algorithm in Sec. IV, which establishes
that the collaborative dictionaries learned using our proposed
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Fig. 1. A schematic representing global data Y distributed across NN sites.
Here, n denotes the dimension of each data sample, while S; denotes the

total number of data samples available at the " site.

algorithm can indeed be made to come arbitrarily close to a
centralized dictionary.

III. CLouDp K-SVD

In this paper, we focus on the K-SVD algorithm [7] as the
basis for collaborative dictionary learning. We have chosen
to work with K-SVD because of its iterative nature and its
reliance on the singular value decomposition (SVD), both of
which enable its exploitation for distributed purposes. In the
following, we first provide a brief overview of K-SVD, which
is followed by presentation of our proposed algorithm—termed
cloud K-SVD—for collaborative dictionary learning.

A. Dictionary Learning Using K-SVD

The K-SVD algorithm initializes with a (often randomized)
dictionary D(©) and solves (1) by iterating between two stages:
a sparse coding stage and a dictionary update stage [7].
Specifically, for a fixed estimate of the dictionary D(~1) at
the start of iteration ¢ > 1, the sparse coding stage in K-SVD
involves solving (1) for X® as follows:

Vs, ) = arg rgﬂlkr}{ lys — DY V|2 s.t. ||zljo < To, ()

where y, denotes the st column of Y. While (2) in its stated
form has combinatorial complexity, it can be solved by either
convexifying (2) [40] or using greedy algorithms [41].

After the sparse coding stage, K-SVD fixes X (¥} and moves
to the dictionary update stage. The main novelty in K-SVD
lies in the manner in which it carries out dictionary update,
which involves iterating through the K atoms of D(*~1) and
individually updating the k*" atom, k € 1,..., K, as follows:

k-1 K
CED DU DU Y
j=1

¢ .
d;c) = arg min
deR”
j=kt1

2

2
t . t t
—dx,(c,) :arg;rel]% HE,S) _dxl(m)THF' 3)

Here, E,(:) is the representation error for Y using first £ — 1
atoms of D® and last k+1, ..., K atoms of D*~1)_ In order
to simplify computations, K-SVD in [7] further defines an
ordered set w,(:) ={s:1<s<S§ ac](f)T(s) # 0}, where

IEJ)T(S) denotes the s element of Ig)T, and an 5 x |w](€t)|

binary matrix ng) that has ones in (w,(f)(s),s) locations
and zeros everywhere else. Then, defining E,(f}% = E,@Qg)

and xff)R = x,(:)TQ](f), it is easy to see from (3) that



d;ct) = argmindeRn’

E,(:}% —dx (t) H Therefore, solving
(3) is equivalent to finding the best rank one approximation
of E,(C )R, which is grven by the Eckart—Young theorem as
dg) (t) = alulvl, where u; and v; denote the largest

left- and right-singular vectors of E,E%, respectively, while

o1 denotes the largest singular value of E(t) The k*" atom

of D® can now simply be updated as dgﬁ) = wup. It is
further advocated in [7] that the k" row of the “reduced”

coefficient matrix, .Z‘](:)R, should be simultaneously updated to

xgc)R = o1v]. The dictionary update stage in K-SVD involves

K such applications of the Eckart—Young theorem to update
the K atoms of D*~1) and the K “reduced” rows of X®),
The algorithm then moves to the sparse coding stage and
continues alternating between the two stages till a stopping
criterion (e.g., a prescribed representation error) is reached.

B. Collaborative Dictionary Learning Using Cloud K-SVD

We now present our collaborative dictionary learning al-
gorithm based on K-SVD. The key to distributing K-SVD is
understanding ways in which both the sparse coding and the
dictionary update stages can be distributed. To this end, we
assume collaborative dictionary learning is in iteration ¢t > 1
and each site 7 in this iteration has a local estimate f)f*” of
the desired dictionary from the previous iteration. In order for
the sparse coding stage to proceed, we propose that each site
computes representation coefficients of its local data without
collaborating with other sites by locally solving Step 3 of
Algorithm 1, i.e.,

Vs, () = arg min Iy, ~ DI Vel st flall < T, @)

where y; ¢ and Ez(tg denote the s™* sample and its coefficient

vector at site ¢, respectively. This “local” sparse coding for
collaborative dictionary learning simplifies the sparse coding
stage and is justified as long as the local dictionary estimates
BEFI) remain close to each other (established in Sec. IV).
The next challenge in collaborative dictionary learning
based on K-SVD arises during the dictionary update stage.
Recall that the dictionary update stage in K-SVD involves

computing the largest left- and right-singular vectors of the

“reduced” error matrix E,(f)R = E,gt)Q,(:), ke {1,...,K}.
However, unless the local dictionary estimates ﬁft_l) happen

to be identical, we end up with N such (reduced) error
matrices in a distributed setting due to N different local
dictionary estimates. To resolve this, we propose to use
the following definition of the reduced error matrix in a

P O L I = 0] ()
distributed setting: Ej % = [El ke - Eng R]
t At k—1 t) ~(t) t 1 t

Bl = Y~ (DI TR0 0 S 5750 )L
Here, xE?T denotes the ;" row of coefﬁc1ent matrix XZ.(t)
computed at site ¢ during the sparse coding step performed on
Y; usrng D( Y at the start of iteration ¢, while :c( )T denotes
the j*" row of the updated coefficient matrix X; o available at
site ¢ due to the update in coefficient matrix performed durln%
the dictionary update step. Furthermore, Ql(t,)C is similar to Q,(:

where

defined for K-SVD except that it is now defined for only local
coefficient matrix )Z'i(t) at site 1.

Next, in keeping with the K-SVD derivation in [7], we
propose that each of the N sites updates the A" atom
of its respective local dictionary and the k'* row of its
respective “reduced” coefficient matrix, xf g R= Aﬁt,l TQS,)C,
by collaboratively computing the dominant left and right-
singular vectors of the distributed error matrix Ek > denoted

by w1 and v, respectively.! In fact, since u E(% = o101

with o, being the largest singular value of E,(f }%, it follows

that if a site has access to the dominant left- srngular vector,

u1, of E,(C)R then it can simply update the k' row of its
respective “reduced” coefficient matrix by setting cl(,)c = u

and setting fz(flz R = c/im Ez(tg - Therefore,

worry about collaboratrve computation of uy
To this end, we define M® = E(t) E,EE
uy corresponds to tl the dominant eigenvector of M®. Now
express M) as M ZZ 1 M; M™ and notice that each
i(t) E(t) (thR is a matrix that is readily computable
at each local s1t_e\ Our goal now is computing the dominant
eigenvector of M) = Zfil Mi(t) in a collaborative manner
at each site. In order for this, we will make use of distributed
power method, which has been invoked previously in [12],
[13], [38] and which corresponds to a distributed variant of
the classical power method for eigenanalysis [26].
Distributed Power Method: Power method is an iterative
procedure for computing eigenvectors of a matrix. It is simple
to implement and, assuming that the largest eigenvalue \; of
a matrix is strictly greater than its second-largest eigenvalue
A2, it converges to the subspace spanned by the dominant
eigenvector at an exponential rate. We are interested in a dis-
tributed variant of the power method to compute the dominant
eigenvector of M® = Zf\;l Mi(t), where the Mi(t)’s are
distributed across N sites. To this end, we proceed as follows.
First, all sites initialize to the same (unit-norm) estimate
of the eigenvector 5(0) = ¢™"*2 Next, assuming that the
sites are carrying out iteration ¢ of the distributed power
method, each site computes M Azp locally, where q A(t b
denotes an estimate of the dom1nant eigenvector of M M at
the ' site after ¢, — 1 power method iterations. In the next
step, the sites collaboratively compute an approximation @QP)
of >, ]/\4\ (t)’@‘”*l) at each site. In the final step of the tth
iteration of the distributed power method, each site norrnahzes
its estimate of the dominant eigenvector of M M® locally:
4" =5 15" .
It is clear from the preceding discussion that the key in
distributed power method is the ability of the sites to collabora-
tively compute an approximation of )", M; M® A(t” b

we need only
in this setting.
and note that

in each it-

'An alternative is to compute an estimate of El(:l% at each site using

consensus averaging, after which individual sites can compute SVD of E(t)
locally. Despite its apparent simplicity, this approach will have s1gn1ﬁcantly
greater communication overhead compared to our proposed method.

2This can be accomplished, for example, through the use of (local) random
number generators initialized with the same seed. Also, note that a key
requirement in power method is that (u1, qi"“) # 0, which is ensured with
very high probability in the case of a random initialization.



eration. In order for this, we make use of the popular consensus
averaging method [42]. To perform consensus averaging, we
first design a doubly-stochastic weight matrix IV that adheres
to the topology of the underlying graph §G. In particular,
we have that w; ; = 0 whenever (¢,j) ¢ £. We refer the
reader to [42]-[44] for designing appropriate weight matrices
in a distributed manner without relying on knowledge of the
global network topology. In order to compute >, M; (t)A(f -1

1,
0
using consensus averaglng, each site is initialized with ZZ( ) =

MOG ™ Next, let N; = {j : (4,5) € &} be the
neighborhood of site 4, define Z(®) = [zio) o 29 Land

assume we are in /" iteration of consensus averaging. Then
consensus works by having each site carry out the following
updates in each consensus iteration through communications
with its neighbors: z( = Zje/\f wwzﬁt . The dynamics
of the overall system in this case evolve as Z(te) = Wt Z(0),
It then follows that Z.'5) = 17Z()/N [42], where Z.%)
denotes the it" row of Z(*<) and 1 € RY denotes a (column)
vector of all ones. This in particular implies that each site
achie¥es perfect consensus averaging as t. — oo and obtains
Zi(Z?) =N Z] 1 J(O) = %2511 M;t)‘/étp 1)-

But one can not perform infinite consensus iterations in
practice within each iteration of the distributed power method.
Instead, we assume a finite number of consensus iterations,
denoted by T, in each power method iteration and make use
of the modification of standard consensus averaging proposed

in [38] to obtain Agt”) = Z(T) /[Wi];, where Wi i
the first column of WZe and [] denotes the i entry of a

vector. Note that this leads to an error e(t”) w1thin ﬁ(t”) at
~(tp) _
(2

each site for any finite 7, i.e., ¥ Z(T) /Wi =

Z =1 M;q; Mgt 4 e(t” ). After finishing consensus iterations,
each site 4 in iteration t, of power method normalizes this
) 1o get an estimate of the dominant eigenvector of
M® Flnally, we carry out enough iterations of the distributed
power method at each site that the error between successive
estimates of the eigenvector falls below a prescribed threshold.

We have now motivated and described the key components
of our proposed algorithm and the full collaborative dictionary
learning algorithm, termed cloud K-SVD, is detailed in Algo-
rithm 1. Notice the initialization of cloud K-SVD differs from
K-SVD in the sense that each site also generates a common
(random) reference vector d"¢/ € R™ and stores it locally. The
purpose of d"¢/ is to ensure that the eigenvectors computed by
different sites using the distributed power method all point in
the same quadrant, rather than in antipodal quadrants (Step 18
in Algorithm 1). While this plays a role in analysis, it does not
have an effect on the workings of cloud K-SVD. Notice also
that we have not defined any stopping rules in Algorithm 1.
One set of rules could be to run the algorithm for fixed
dictionary learning iterations 7T}, power method iterations 7,
and consensus iterations 7. It is worth noting here that
algorithms such as cloud K-SVD are often referred to as
two time-scale algorithms in the literature. Nonetheless, cloud
K-SVD with the stopping rules of finite (Ty,7),,T,) can be
considered a quasi one time-scale algorithm. Accordingly, our

vector v;

Algorithm 1: Cloud K-SVD for dictionary learning
Input: Local data Y7,Y5, ..., Yy, problem parameters K
and Ty, and doubly-stochastic matrix W.

Initialize: Generate d"¢/ € R™ and D™ ¢ R**K
randomly, set ¢ < 0 and D( )« Dt j=1,... N.

1: while stopping rule do
t+—t+1
(Sparse Coding) The i*" site solves
Vs, T, ) + arg rnln llvi,s D(t_l)xH% s.t.lz]lo < Th
ERK
for k(: )— 1to K ((D)lctlonary Up(d)atzz)) do ©
t E—1 5(t) (1) S
E; R<_Ysz Zj:ld,lj(xz,], E() kl) @ a0
t t t
- Z] =k+1 d €, 3Js TQ
W« E® _por
: i L R kR
7: (Initialize Distributed Power Method) Generate

g™t randomly, set t, + 0 and g.'") + it
8: while stopping rule do
: ty 1, +1
10 (Initialize Consensus Averaging) Set t. < 0 and
ZZ(tC) “ Z\//Eijftfl)
11: while stopping rule do
12: te < t.+1
13: A Y wi gt
14 end while
15: o) z(t o) J[wite ]
16 “‘f R R
17: end whlle
18: (igt’z + sgn (<d'ref’ ?jftp)>) E]\gtp)
19: A(tli R ng,kTEi(,tlg,R

20:  end for
21: end while

Return: ﬁgt),z’ =1,2,...,N.

analysis of cloud K-SVD assumes these stopping rules.

Remark 1. A careful reading of Algorithm 1 reveals that
normalization by [W/]; in Step 15 is redundant due to the
normalization in Step 16. We retain the current form of Step 15
however to facilitate the forthcoming analysis.

IV. ANALYSIS OF CLOUD K-SVD

Since power method and consensus averaging in Algo-
rithm 1 cannot be performed for an infinite number of it-
erations, in practice this results in residual errors in each
iteration of the algorithm. It is therefore important to un-
derstand whether the dictionaries {D } returned by cloud K-
SVD approach the dictionary that could have been obtained
by centralized K-SVD [7]. In order to address this question,
we need to understand the behavior of major components of
cloud K-SVD, which include sparse coding, dictionary update,
and distributed power method within dictionary update. In
addition, one also expects that the closeness of D;’s to the
centralized solution will be a function of certain properties of
local/global data. We begin our analysis of cloud K-SVD by
first stating some of these properties in terms of the centralized
K-SVD solution.



A. Preliminaries

The first thing needed to quantify deviations of the cloud
K-SVD dictionaries from the centralized K-SVD dictionary is
algorithmic specification of the sparse coding steps in both
algorithms. While the sparse coding steps as stated in (2) and
(4) have combinatorial complexity, various low-complexity
computational approaches can be used to solve these steps in
practice. Our analysis in the following will be focused on the
case when sparse coding in both cloud K-SVD and centralized
K-SVD is carried out using the lasso [45]. Specifically, we
assume sparse coding is carried out by solving

zio = arg min Sy = Dalf+ 7zl ()
with the regularization parameter 7 > 0 selected in a way that
|z sllo < To < n. This can be accomplished, for example,
by making use of the least angle regression algorithm [47].
Note that the lasso also has a dual, constrained form, given by

_ i1 2
Ti,s = arg min glly;, — Dafly st fali<n, (©)
and (5) & (6) are identical for an appropriate 7, = n(7) [48].
Remark 2. While extension of our analysis to other sparse cod-
ing methods such as orthogonal matching pursuit (OMP) [41]
is beyond the scope of this work, such extensions would
mainly rely on perturbation analyses of different sparse coding
methods. In the case of OMP, for instance, such perturbation
analysis is given in [46], which can then be leveraged to extend
our lasso-based cloud K-SVD result to OMP-based result.

Our analysis in the following is also based on the assump-
tion that cloud K-SVD and centralized K-SVD are identically
initialized, i.c., D\¥ = D© i =1,... N, where D) t >0,
in the following denotes the centralized K-SVD dictionary
estimate in the #*" iteration. While both cloud K-SVD and
centralized K-SVD start from the same initial estimates, the
cloud K-SVD dictionaries get perturbed in each iteration
due to imperfect power method and consensus averaging. In
order to ensure these perturbations do not cause the cloud
K-SVD dictionaries to diverge from the centralized solution
after T} iterations, we need the dictionary estimates returned
by centralized K-SVD in each iteration to satisfy certain
properties. Below, we present and motivate these properties.

[P1] Let x§‘2 denote the solution of the lasso (i.e., (5)) for
D = DtY and + = 7 ¢ = 1,...,T,. Then there
exists some C > 0 such that the following holds:

min O |<d§t),yz _ pt-1 (t)>| > .

t.is,5¢supp(x!'))

In our analysis in the following, we will also make

use of the smallest regularization parameter among the

collection {T(t)} , defined as Ty, = mlnT(”, and

the largest dual Jgarameter among the (dual) collection
{777 =n(r™M)},” . defined as 17 max = maxng).

[P2] Define X7, = {Z C {1 LK} I = TO} Then there

exists some C} > Cllggg“ such that the following holds:
: (t— 1)) /
min D > /C.
t=1,.4.,Td,IEZT ( ‘I - 2

where o7, (-) denotes the T¢" (ordered) singular value of
a matrix. In our analysis, we will be using the parameter

! c'127—min 2
CQ = (\/ C - T)
[P3] Let A, > A{) > ...
.
ues of the centralized “reduced” matrix E,%%E,(f%, ke
{1,..., K}, in the ' iteration, t € {1,...,T;}. Then
there exists some C% < 1 such that the following holds:
)\(t)

ERENO) A(t)

)\gf )k > 0 denote the eigenval-

<Ch

Now define C3 = max {1, +
ming )\l’k(lfc_g)

will use in our forthcoming analysis.

}, which we

We now comment on the rationale behind these three prop-
erties. Properties P1 and P2 correspond to sufficient conditions
for xgtz to be a unique solution of (5) [49] and guarantee that
the centralized K-SVD generates a unique collection of sparse
codes in each dictionary learning iteration. Property P3, on the
other hand, ensures that algorithms such as the power method

can be used to compute the dominant eigenvector of E,(ﬁt%E,(:};
in each dictionary learning iteration [26]. In particular, P3 %s
a statement about the worst-case spectral gap of E,(C%E,(C%
In addition to these properties, our final analytical result for
cloud K-SVD will also be a function of a certain parameter
of the centralized error matrices { E,(f)}f:1 generated by the
centralized K-SVD in each iteration. We define this parameter

in the following for later use. Let Ez(t,z,z =1,..., N, denote
part of the centralized error matrix E,(Ct) associated with
B =
T,. Then

the data of the it" site in the #*" iteration, i.e.,
[Eft,l E](\f)k},kzl,...,K,tzl,...,

Cy —max{l max||E kH } @)

t,i,k

B. Main Result

We are now ready to state the main result of this paper. This
result is given in terms of the ||-||2 norm mixing time, 7};,;,., of
the Markov chain associated with the doubly-stochastic weight
matrix W, defined as

Tyt 14T 1
_ H{f}?nggg{ le; W8 — F1 2 < 2}. (8)
Here, ¢; € RY denotes the i'" column of the identity matrix
I . Note that the mixing time 7;,;, can be upper bounded in
terms of inverse of the absolute spectral gap of W, defined
as 1 — [A2(W)| with Ay(WV) denoting the second largest (in
modulus) eigenvalue of W [50]. As a general rule, better-
connected networks can be made to have smaller mixing times
compared to sparsely connected networks. We refer the reader
to [51] and [50, Chap. 15] for further details on the relationship
between 7,,;, and the underlying network topology.

Theorem 1 (Stability of Cloud K-SVD Dictionaries).
Suppose cloud K-SVD (Algorithm 1) and (centralized)
K-SVD are identically initialized and both of them carry
out Ty dictionary learning iterations. In addition, assume



cloud K-SVD carries out T, power method iterations
during the update of each atom and T, consensus
iterations during each power method iteration. Finally,

assume the K-SVD algorithm satlsﬁes properties PI1—
P3. Next, define o = maxtkzz 1\|El(tk REZ(f,27R||2,
B = maxe ¢, k BEO (t)T p) ||’ v -
H REL R,k
t 7 X0
mase |/ 1B R B sl} v = max g
(t) ginit
(/9‘;) € [0,7/2] as 5,?) = arccos(le o f>|‘ )
) 2 qL’Vll 2
max {1, maxkttan(ag))}, and (¢

K\/QSHHX (6V Ko 4y, max), where Spax = max;.S;, ugi

TminC'

)\Y/k and )\2 . are
T

first and second largest eigenvalues of Ek %%E,(C )R respectively,

(t p)

and ot denotes the iterates of a centralized power method
mmallzed szth g™ for estimation of the dominant eigenvector
5t ot
of B\ R B\,
fixing any € € (0 min { (10a242)~1/3Tr, (%)1/3}) and

is the dominant eigenvector of E,(;‘%%E,(C R,

Then, assuming min j, |<u§t3€, q™"| > 0, and

dq € (0 mln{f 44\;"‘;“}) we have
Jmax A0 - a0 d | <6 o)
k=1, K

as long as the number of power method iterations T, >

2(T4K —2) log(8C3CIN+5)+(Ty—1) log(1+¢) +log(8C5CapuN /s, Y)
log[(v+4€%)~1] ] .

and the number of consensus iterations T, =

Q(Tmezz IOg (20556_1) + Tmza: 10g (a_lfy\/ﬁ))'

The proof of this theorem is given in Appendix C. We now
comment on the major implications of Theorem 1. First, the
theorem establishes that the distributed dictionaries {ﬁETd)}
can indeed remain arbitrarily close to the centralized dictionary
D) after T, dictionary learning iterations (cf. 9). Second,
the theorem shows that this can happen as long as the number
of distributed power method iterations 7}, scale in a certain
manner. In particular, Theorem 1 calls for this scaling to
be at least linear in T;K (modulo the log N multiplication
factor), which is the total number of SVDs that K-SVD
needs to perform in 7} dictionary learning iterations. On the
other hand, T}, need only scale logarithmically with Spax,
which is significant in the context of big data problems. Other
main problem parameters that affect the scaling of T}, include
To, n, and 6;1, all of which enter the scaling relation in
a logarithmic fashion. Finally, Theorem 1 dictates that the
number of consensus iterations 7. should also scale at least
linearly with 7T}, T, (modulo some log factors) for the main
result to hold. Notice that the effect of network topology on
the number of consensus iterations is captured through the
dependence of 7. on the mixing time 7;,;,. In summary,
Theorem 1 guarantees that the distributed dictionaries learned
by cloud K-SVD can remain close to the centralized dictionary
without requiring excessive numbers of power method and
consensus averaging iterations.

We now provide a brief heuristic understanding of the
roadmap needed to prove Theorem 1. In the first dictionary

learning iteration (¢t = 1), we have {D(t U = pt- D} due
to identical initializations. While this means both K-SVD and
cloud K-SVD result in identical sparse codes for ¢ = 1, the
distributed dictionaries begin to deviate from the centralized
dictionary after this step. The perturbations in {ciflk)} happen
due to the finite numbers of power method and consensus
averaging iterations for k¥ = 1, whereas they happen for k£ > 1
due to this reason as well as due to the earlier perturbations
in {dl y ,ASIJ)T}, j < k. In subsequent dictionary learning
iterations (¢ > 1), therefore, cloud K-SVD starts with already
perturbed distributed dictionaries {f)EH)}. This in turn also
results in deviations of the sparse codes computed by K-
SVD and cloud K-SVD, which then adds another source of
perturbations in {cz(t,l} during the dictionary update steps. To
summarize, imperfeét power method and consensus averaging
in cloud K-SVD introduce errors in the top eigenvector es-
timates of (centralized) E (1) E(l) at individual sites, which
then accumulate for (k, t) ;é (1 1) to alsoT cause errors
in estimate E,(C%E,(f}% of the matrix E,Et)RE,(f)R available to
cloud K-SVD. Collectively, these two sources of errors cause
deviations of the distributed dictionaries from the centralized
dictionary and the proof of Theorem 1 mainly relies on our
ability to control these two sources of errors.

C. Roadmap to Theorem 1

The first main result needed for the proof of Theorem 1
looks at the errors in the estimates of the dominant eigen-
vector u; of an arbitrary symmetric matrix M = Zfil M;
obtained at individual sites using imperfect power method and
consensus averaging when the M;’s are distributed across the
N sites (cf. Sec. III-B). The following result effectively helps
us control the errors in cloud K-SVD dictionaries due to Steps
7-17 in Algorithm 1.

Theorem 2 (Stability of Distributed Power Method). Con-
sider any symmetric matrix M = vazl M; with dominant
eigenvector uy and eigenvalues |A1| > |Aa| > -+ > |\,
Suppose each M;,i = 1,...,N, is only available at the
ith site in our network and let §; denote an estimate of
uy obtained at site i after T, iterations of the distributed
power method (Steps 7-17 in Algorithm 1). Next define
a, = ZZ M2, By = maxy,—1 . and

Vo = \/Zizl | M;]|%, where qt(, v) denotes the iterates of a

centralized power method initialized with ¢""*. Then, fixing
any € € (0, (10a252)_1/3TP), we have

t
T HMqé 2y’

T 4€3T ’

N Huml qqu ‘ < tan (0 ‘ (10)

as long as |(u1,¢™*)| > 0 and the number of con-

sensus iterations within each iteration of the distributed
power method (Steps 10—14 in Algorithm 1) satisfies T, =
Q(Tmem log (20, Bp€ 1) + Toia log (q;lfyp\/ﬁ)). Here, 0
denotes the angle between w; and ¢, defined as 0 =
arccos([(u1, @) |/ (llutll2lg™*[|2)).

The proof of this theorem is given in Appendix A. Theo-

~ T . .
rem 2 states that ¢; —» u; geometrically at each site as long



as enough consensus iterations are performed in each iteration
of the distributed power method. In the case of a finite number
of distributed power method iterations, (10) in Theorem 2
tells us that the maximum error in estimates of the dominant
eigenvector is bounded by the sum of two terms, with the first
term due to finite number of power method iterations and the
second term due to finite number of consensus iterations.
The second main result needed to prove Theorem 1 looks at
the errors between individual blocks of the reduced distributed

error matrix E( ) [Eitll Rt Ejé w.r| and the reduced
centralized error matrix E,it}% = [Eit% Ry ,E](\f)k R} for
ke{l,---,K} and t € {1,---,T,;}. This result helps us

control the error in step 5 of Algorithm 1 and, together with
Theorem 2, characterizes the major sources of errors in cloud
K-SVD in relation to centralized K-SVD. The following
theorem provides a bound on error in Ez(tlz R

Theorem 3 (Perturbation in the matrix £\ ). Recall the
definitions of Qg) and ﬁ% from Sec. III-A and Sec. IlI-B,

(®)
QN kD
where Q(tlz corresponds to the data samples associated with
the i*" site, and define B(t) kR = El(tlz R El(t,gR Finally, let (,
I, v, € and 04 be as in Theorem 1, define ¢ = v + 437,

04
and assume ¢ < SN\/EC;;(l—&-()Td*lCf?SCgNCf-&-S)?(TdK*?)'
Then, if we perform T, power method iterations and T, =

QT Tniz log (2aBe™) + Tz log (oflfy\/ﬁ)) consensus
iterations in cloud K-SVD and assume PI-P3 hold, we have
forie{l,...,N}, te{l,--- Ty}, and k€ {1,--- K}

0,
IBE pll2 < {

respectively. Next, express Qg) = diag{QY}C,---

fort=1Fk=1,

Proof of Theorem 3 along with the proofs of supporting
lemmas is given 1n Appendix B. Theorem 3 tells us that the
error in matrix F, ]2 r, can be made arbitrarily small through a
suitable choice of T and e as long as all of the assumptions
of Theorem 1 are satlsﬁed The proof of Theorem 1, given in
Appendix C, relies on these two aforementioned theorems. In
particular, the proof of Theorem 1 shows that the assumption
on ¢ in Theorem 3 is satisfied as long as we are performing
power method iterations and consensus iterations as required
by Theorem 1.

V. NUMERICAL EXPERIMENTS

We present numerical results in this section for demon-
strating the usefulness of cloud K-SVD and also validating
some of our theoretical results. In the first set of experiments,
synthetic data is used to demonstrate efficacy of cloud K-SVD
for data representation. Furthermore, behavior of distributed
power method (Steps 7-17 in Algorithm 1) as a function of
the number of consensus iterations and deviations in cloud K-
SVD dictionaries from centralized dictionary as a function of
number of power method iterations are also shown with the
help of simulations. In the second set of experiments, MNIST
dataset is used to motivate an application of cloud K-SVD
that can benefit from collaboration between distributed sites.

e(1 4+ Q) 1C4(8C3NCG 4 5)E-DE+R=2" 4y,

A. Experiments Using Synthetic Data

These experiments correspond to a total of N = 100 sites,
with each site having S; = 500 local samples in R?° (i.e.,
n = 20). Interconnections between the sites are randomly gen-
erated using an Erd6s—Rényi graph with parameter p = 0.5.
In order to generate synthetic data at individual sites, we first
generate a dictionary with K = 50 atoms, D € R20x30,
with columns uniformly distributed on the unit sphere in
R?°, Next, we randomly select a 45-column subdictionary
of D for each site and then generate samples for that site
using a linear combination of 7 = 3 randomly selected
atoms of this subdictionary, followed by addition of white
Gaussian noise with variance o2 = 0.01. All data samples in
our experiments are also normalized to have unit {5 norms.
Sparse coding in these experiments is performed using an
implementation of OMP provided in [52]. Finally, in order
to carry out distributed consensus averaging, we generate a
doubly-stochastic weight matrix W according to the local-
degree weights method described in [42, Sec. 4.2].

In our first set of experiments we illustrate the convergence
behavior of the distributed power method component within
cloud K-SVD (Steps 7-17 in Algorithm 1) as a function
of the number of consensus iterations. The results of these
experiments, which are reported in Fig. 2(a), correspond to
five different values of the number of consensus iterations (3,
4, 5, 10, 15) within each iteration of the distributed power
method. Spemﬁcally, let ¢ denote the principal eigenvector
of the matrix Z im1 M in Algorithm 1 (Step 6) computed

using Matlab (ver. 2014a) and g, %) denote an estimate of q

obtained at site ¢ after the t;h iteration of the distributed power

method. Then Fig. 2(a) plots Egg), which is the average of

llaq" — E]ftp)fjgtp)THQ over all sites ¢ € {1,..., N}, dictionary
update steps k € {1,...,K}, dictionary learning iterations
T4, and 100 Monte-Carlo trials, as a function of the number
of distributed power method iterations ¢,,. It can be seen from
this figure that the distributed power method of Algorithm 1
hits an error floor with increasing number of distributed power
method iterations, where the floor is fundamentally determined
by the number of consensus iterations within each power
method iteration, as predicted by Theorem 2.

Using the same setup our second set of experiments demon-
strate the effectiveness of collaboratively learning a dictionary
using cloud K-SVD, as opposed to each site learning a local
dictionary from its local data using the canonical K-SVD
algorithm (referred to as local K-SVD in the following).
Moreover, these experiments also demonstrate the variations
in cloud K-SVD results when we change the number of
power method iterations (7},) and consensus iterations (7¢).
In Fig. 2(c), we plot average representation error, defined as
L Zf\il Zf;l llyi,j — Dx; j||2, as a function of the number
of dictionary learning iterations for three dictionary learning
methods, namely, centralized (canonical) K-SVD, cloud K-
SVD, and local K-SVD. It can be seen from this figure, which
corresponds to an average of 100 Monte-Carlo trials, that cloud
K-SVD and centralized K-SVD have similar performance and
both of them perform better than local K-SVD. In particular,
the local K-SVD error is ~ 0.06 after 40 iterations, while
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Fig. 2. Performance of cloud K-SVD on synthetic data. (a) Average error in eigenvector estimates of distributed power method. (b) Average error in dictionary
atoms returned by cloud K-SVD. (c) Average representation error of cloud K-SVD. (d) Average representation error and average deviation per dictionary
atom (from centralized dictionary learned in a full-batch setting) of K-SVD in an online setting as a function of dictionary learning iterations.

it is ~ 0.03 for cloud K-SVD and centralized K-SVD.
Notice that changes in the number of power method iterations
induce relatively minor changes in the representation error of
cloud K-SVD. Next, Fig. 2(b) highlights the average error in
dictionary atoms learned using cloud K-SVD as compared to
centralized K-SVD. For this experiment, number of consensus
iterations are either 7., = 1 or T, = 10, and for each of
these values, the number of power method iterations used
are T, = 2,3,4,5. These experiments show the effect of
changing 7}, and T, on the error in collaborative dictionaries.
This error is averaged over all dictionary atoms and sites in
each iteration for 100 Monte-Carlo trials, defined as E;Eégrage =
o Sy S dd — a1 Results in Fig. 2(b)
show that this error in dictionary atoms increases sharply at the
start, but it stabilizes after some iterations. Important point to
note here is that as we increase the number of power method
iterations and consensus iterations we get smaller average error
in dictionary atoms as predicted by our analysis.

Next, we discuss the usage of cloud K-SVD in online
settings. Since it has already been demonstrated that cloud
K-SVD achieves performance similar to that of K-SVD, we
focus here on the representation error of centralized K-SVD
in online settings. The setup corresponds to a mini-batch of
500 training samples being periodically generated at each site
and the assumption that each site has a buffer limit of 1000
samples. Thus only samples from the last two periods can be
used for dictionary learning. After arrival of each new mini-
batch of training samples, we use the dictionary learned in
the last period to warm-start (centralized) K-SVD and carry
out 60 dictionary learning iterations. Fig. 2(d) shows the
representation error of the learned dictionary in this case, along
with the deviation per dictionary atom when compared to a
dictionary learned using full-batch centralized K-SVD. These
results are plotted as a function of dictionary learning iterations
for six periods, where the ending of a period is marked by a
circle. The representation error curve in this figure shows that
K-SVD takes more time to converge, but it (and thus cloud
K-SVD) is a viable option for online settings. Similarly, the
deviation curve shows that while the dictionary error initially
increases with the arrival of more data, it stabilizes afterward.
Note that further improvements in these results can be obtained
by using methods like [53] for active sample selection.

Finally, we perform experiments to report actual values
of the parameters C1—Cy. To this end, we generate samples
belonging to R'7, where each sample is a linear combination

of Ty = 3 atoms of a dictionary D € R'7*40 We perform
sparse coding in these experiments using the lasso package
in Matlab 2014a, while we perform dictionary learning using
K-SVD. Average values obtained for parameters C1—C over
100 Monte-Carlo trials in this case are 0.0586, 0.1633, 4.544,
and 1.5947, respectively. Using cloud K-SVD, average values
of 1 and v are 9000 and 0.3242, respectively. Based on these
values, we get T}, =~ 16,000. This suggests that the constants
in our bounds are rather loose, and our analysis should mainly
be used to provide scaling guidelines.

B. Classification of MNIST Images

For evaluation of cloud K-SVD on real dataset, we perform
classification of digits {0, 3,5, 8,9} from MNIST dataset [54].
For each digit 6000 samples are used, where 5000 samples
are used for training purposes and remaining 1000 for testing
purposes. The data are five-times randomly split into training
and test samples. For cloud K-SVD, Erdés—Rényi graph with
parameter p = 0.5 is used to generate a network with 10
sites and data is equally distributed among them. Before
performing dictionary learning, data is down sampled from
R84 to R?%6. After downsampling, a separate dictionary is
learned for each digit using centralized K-SVD, cloud K-
SVD, and K-SVD using only local data. Each dictionary has
dimensions R2%6%490 je K = 400, and sparsity level of
To = 10 is used. Minimum residue based rule [55, Sec.ll-A]
is used for classification, more details on which are given in
the following paragraph.

Let {D.}3_, be the set of dictionaries for 5 classes and let
D = [Dl Dy D3 Dy D5} be the complete dictionary.
For any test sample y,, we perform sparse coding using
dictionary D with sparsity constraint of 7, = 10 to get coef-
ficients z, € R2%%, Then we partition z, into five segment
{@s }3_,, where x, . are the coefficients corresponding to
dictionary D, of class c. Next we define residue for class c as
re = ||ys — Des c||2- Finally, the detected class is given by
c* = argmin.r.. Performance of each method (centralized
K-SVD, cloud K-SVD, and local K-SVD) is measured in

terms of average detection rate on the test samples, which is

__Number of samples in class ¢ detected correctly
defined as RC - Total number of samples of class ¢ - Results

of this experiment are given in Fig. 3. We see that centralized
and cloud K-SVD have comparable performance. But in the
case of local K-SVD where we only use the local data for
learning representations, classification rate deteriorates consid-
erably. The bars in local K-SVD show the highest and lowest
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Fig. 3. Average detection rate for five classes of MNIST dataset using
centralized K-SVD, cloud K-SVD, and local K-SVD.

detection rates achieved among the 10 sites, which highlights
the variation in effectiveness of models learned across different
sites when using only the local data.

VI. CONCLUSION

In this paper, we have proposed a new dictionary learning
algorithm, termed cloud K-SVD, that facilitates collaborative
learning of a dictionary that best approximates massive data
distributed across geographical regions. Mathematical analysis
of proposed method is also provided, which under certain as-
sumptions shows that if we perform enough number of power
method and consensus iterations then the proposed algorithm
converges to the centralized K-SVD solution. Furthermore, the
efficacy of the proposed algorithm is demonstrated through
extensive simulations on synthetic and real data.

APPENDIX A
PROOF OF THEOREM 2

The proof of this theorem relies on a lemma that guarantees
that if the estimates obtained at different sites using the
distributed power method are close to the estimate obtained
using the centralized power method at the start of a power
method iteration then the distributed estimates remain close to
the centralized estimate at the end of that iteration. To prove
such a lemma, we first need a result from the literature that
characterizes the convergence behavior of vector consensus
averaging as a function of the number of consensus iterations.

Proposition 1. [38, Theorem 5] Consider the nx1 vector sum
z = vazl z;’ and suppose each vector zi(o),i =1,...,N,
is only available at the i'" site in our network. Let b be a
vector whose entries are the sum of absolute values of the

initial vectors z ) (ie., §t entry of b is b; = ZZ 11z (O)\)
(te)

and z,*’ be the n x 1 vector obtained at the i'" site after

t. consensus iterations. Then, fixing any 6 > 0, we have that
(te)

‘ U;;“] —ZH < 4l|b||2 Vi as long as the number of consensus

iterations satisfies t. = Q(Tynip logd~1).

We use Proposition 1 to state and prove the desired lemma.

Lemma 1. Suppose we are at the start of (t, +1) < T,
power method iteration. Let qc and q; g denote the outputs of

centralized power method and distributed power method at i

site after t,, iterations, respectively. Similarly, let qj, and ql d
denote the outputs of centralized power method and distributed
power method at it" site after t, + 1 iterations, respectively.

Next, fix an ¢ € (0,1), define § = )STP

ap €
and
YpVN ( 20 Bp ’

. 6'yp\/> < 1
assume that Vi, ||qc — ¢; dll2 + S SanBE@ay o)
Then, assumzng QTizlogd~ ) consensus iterations, we

have that
GV dhals < 20)* (o, e = ol +
i=1,....N »

Proof: Define v = M ¢, and v = Zi\il M;q; 4. Next, fix
any i € {1,..., N} and let 7; be the vector obtained at the *"
site in Step 15 of Algorithm 1 during the (¢, + 1) iteration of
distributed power method. Notice that ©; can be expressed as
U; = U+ € ., where ¢; . denotes the error introduced in ¥ at
the 3t site due to finite number of consensus iterations. Next,
define r = ||v||2 and 7; = ||ﬁ1||2 and notice that g; — q; 4 =
v(r~' =771 + (v — 9;)7; . Tt therefore follows from the
triangle inequality that

YY),

lge < follolr™ =77+ o =Bl . AD
We now need to bound ||v]|a, [r~* — 7!, || — |2, and
7; 1. To this end, notice that v —; = {ZZV:I M;i(gec — ¢id)

€;,c- It also follows from Proposition 1 and some manipulations
that ||e; |l2 < 6vpv N. We therefore obtain
N
o =Billa <> IMill2llge — giallz + 7VN.  (12)
i=1
Next, notice |r~! — 7, | = |r — 7|~ 7, ! and further it can
be shown that |r — 7;| < 77172 — r?|. Now, |7“ r?| =
[070; — vTo| <[5 = v]l2(|[Bil]2 + [|v]l2). Since B =T + €; .,
it can also be shown that ||7;||2 < oy + dv, vV N. In addition,
we have ||v]2 < ¢y,. Combining these facts with (12), we get

e
N
< (2ay + 53V (z 1Ml e = avalla wﬁ) |

i=1

< 20y + 67 VN) (ap max lge = gigllz + 5% VN) . (13)

We can now use this inequality to obtain \ril ﬁ1| <
ﬂlﬂg(%‘p + 5’Yp\/ﬁ)(0‘p max; [|ge — VN).
The only remaining quantity we need to bound is ﬁl. To
this end, notice that |r — 7;| > (r=')~' — (7, ')~ Since
|r — 7| < r~17r? — r2|, we obtain from (13) that
(r )7t = (ﬁ1)71 <apr™ (20, + 5711\/N)
5’Yp\/ﬁ

p

max llge — qiall2 +
It then follows from the lemma’s assumptions along with
some algebraic manipulations that fl < 20,. Finally, plug-
ging the bounds on 7; *, |[r~! — 7/*1| |lv||2, and ||v — T;]|2 in
(11), we obtain
lgc = d.all2

< 20,83 (ap max g — grall> + 67, V)

(20 + (S'Yp\/ﬁ) +283, (ap m?x llge — \/N)

) 3 307 VN
_ 33 3,397p
= 4ozp5p+2apﬂpr+2apﬂp
0vpVIN
max||ge — gigll2 + 2V
v P



Finally, 22 < (5)""" < 1 since (i) 6 = VN (i)
(17) € < 1, and (z1%) oz,,rfl > 1, which implies a3, >
1. Plugging this into the above expression and noting that
apfp < aiﬁ?’, we obtain the claimed result. [ |
Lemma 1 provides an understanding of the error accumu-
lation in the distributed power method due to finite number
of consensus iterations in each power method iteration. And
while the factor of (2c,3,)% in the lemma statement might
seem discouraging, the fact that the distributed power method
starts with a zero error helps keep the total error in control.
We now formally argue this in the proof of Theorem 2 below.
Proof of Theorem 2: We begin by defining g as the
estimate of u; obtained using 7}, iterations of the centralized
power method that is initialized with the same ¢ as the
distributed power method. Next, fix an ¢ € {1,..., N} and
notice that

bl

5yp VN
P

e = @al | < Jurad = aealls + llacad ~ @l - (14)
The convergence rate of the centralized power method is well
studied and can be expressed as [26]
TP

15)

A2
Juru] ~ gegd 1> < tan (6) \A
1

In order to bound ||geqd — @i} ||2, we make use of Lemma 1.
To invoke this lemma, we first need to show that the main
assumption of the lemma holds for all iterations ¢, < (T,,—1).

We start with ¢, = 0 for this purpose and note that qéo) =

67?0) A(O)”Q_’_(;'Yi;\p/ﬁ <

init

=q
(5)*"», where 6 is as defined in Lemma 1. Further, under
the assumptions of the theorem, it can be shown through

elementary algebra that (g)ST” < 5o F (2ai+§% 7 We
P

now invoke mathematical induction and claim that the main
assumption of Lemma 1 is satisfied for all £, < m < T},. Then
we obtain from a recursive application of the statement of the
lemma that for ¢, = (m + 1), we have

, which trivially implies ||qé0) -G

m m 5 N
g — g 4 TRV
Qp
57,V N = ;@ 5y /N .
< VTS 2ay)" £ 20 TN 20, 5,)°
4 i=0 P
3m (b)
_ 2 . €3TP (QQPBP) < ]‘ (16)

(20083)%Tr = 20,8220, + 57,V N)’

where (a) follows from the geometric sum and the fact that
(2a,8,) > 2, while (b) follows from the theorem assump-
tions and the fact that m < T;,. We have now proved that the
main assumption of Lemma 1 holds for all ¢, < (7, — 1). In
order to compute ||gcqd —;q; ||2, therefore, we can recursively
apply the result of this lemma up to the T;h iteration to obtain

T,
. 57 VN & . ©
g = Gille < 22— 37 (20,8,)" < 26, (D)
P =0

where (c) follows from the same arguments as in (16). The

proof of the theorem now follows by noting the fact that

lgead — @il 2 < (lacll2 + 1@ l12)llge — Gill2 < 47>, m

APPENDIX B
PROOF OF THEOREM 3

Notice from Algorithm 1 that sparse coding is always
performed before update of the first dictionary atom. However,
we do not perform sparse coding before updating any other
dictionary atom. Due to this distinction, we answer how
error is accumulated in matrix Ez(t,z p for first dictionary
atom differently than for any other dictionary atom. In the
following, we first provide an overview of how to bound
||Bi(2+1’RH2 when we know a bound on ||Bl(t,3R||2 Then we

will talk about bounding HBfT_ }1%)||2 when we know bounds

on {IIB;} pll2}s

Recall from Step. 5 in Algorithm 1 that Eft]g R= Y;ﬁft; —
S AR, 00 - S, 35050, 60 Now, it one
assumes that ) ,:) = Q,(f), which we will argue is true, then the
error in Eftﬁg is due to errors in {xftJ)TR &, and {dgt)}le.

Infact, we will show that ||BZ-(2+1,R||2 can be bounded by

knowing bounds on errors in c/iftlz and xff,iT r only. Next,

~ T
recall from Step. 19 in Algorithm 1 that El(tll R= ggt,)cEl(tlz I

which means we only need to know a bound on d,(:) to bound

||Bl(t,2 11,2 Another challenge for us will be to bound error

in d;ct) from a given bound on HBftg rll2- We will accomplish

this by noting that there are two sources of error in Jg). The
~ ~ T
first source is the difference in eigenvectors of E,(:%%E,(: g and

;
E,gt)RE,(:}% We will bound this difference using Proposition 3
in Appendix D. In order to use this Eroposition, we will need

~ ~ T
a bound on ||E,(C%E,(f}% - E,E%E,(:)RHF, which we will also
prove using a given bound on ||B1(t,3 rll2 (Lemma 2). The

second source of error in ESJ) is the error in eigenvector
computation, which in our case is due to the distributed
power method. It follows from Theorem 2 and statement
of Theorem 3 that this error is bounded by e. Combining
these two sources of error, we will first bound the error in
67;:) (Lemma 3), and then using this we will finally bound
IB(), 1 gll2 (Lemma 5).

t+1
B§ 1+ R)H2 when we know bounds on

In order to bound ||
{||Bftj) RHQ}f:l, the difference from previous case is that
A(t+1

now we can not write sparse code {mi,j,T)}szl in terms of
dictionary atoms {Jﬁtj }<,. Therefore, in addition to bounding
errors in dictionary atoms {c@(tj) fil, we also need to bound
errors in sparse codes due to perturbations in dictionaries
after iteration ¢. Since we know {||B£f,2’R\|2}]I-{:1, we can use
the bounds on {&Etj) }5{:1 derived earlier (Lemma 3). Next,
using error bounds on {Jﬁ? le, we can use Proposition 2 in
Appendix D to bound errors in {ffgt;r%) szl. Finally, using

T K S+ K :
these error bounds on {d;;};L; and {z; ;' };L, we will

bound ||Bi(t1+}1%)||2 (Lemma 4). This will be followed by the
remaining f)foof of Theorem 3.

Our first result in support of Theorem 3 shows that the
assumption of Proposition 3 in Appendix D is satisfied under
certain conditions, which will make it possible for us to bound



the difference in the principal eigenvector of E,(:%%E,(:);

o) o7
Ey rEy k-

and

Lemma 2. Let Qgt,)f, ()Et,l € and ( be as defined

in Theorem 3. Fix 0q as in Theorem 1, and suppose

(i) PI-P3 are satisfied, (ii) Q) = O and (iii)
5a ’ ’ .

€ =< 8Nﬁ03(1+<)Td*1c§?sc3Ncg+5)2<TdK*2>' Then Vi €

{1,...,N} and for any t € {1,--- Tyt and k € {1, , K}, if

HB@ t=1,k=1,

T o~ o~ T
then AM,gt) = E,(C%EI(:}% — E,itin,%% is bounded as

1AM ||p < g

Proof: Since our starting dictionaries are same, therefore,
for (t,k) = (1,1) we have Eﬁ)% = E‘%ll)%, which means
AM);, = 0. Hence, claim is true for (¢,k) = (1,1). In the
following, proof is provided for the claim for case (¢, k) # 1.

Substituting B (tlz  in the definition of AM, (t), we get

(t) _ (t) (t) (t) @7 (t) @7
AM, ZEsz wr Bk rEi i rt By rBik g

Simple algebraic manipulations, along with submultiplicativity
of matrix 2-norm, result in

N
1AMl <27 (1B allaIBY, gll2 + 1B £15)
i=1

< 2Nmax (C4||B(t) rll2 + ||B(t) RH ) (18)

where the last inequality 1s due to (7). Now, using the
assumptions on bound of HBL r.rll2 and €, we get

|AM
<2Ne(1+¢) (CE(SCBNCE 4 5)(—DE+h—2
+e(1+ )" 1CF(8CNCE + 5)2(t—1)K+2k—4)

< 2Ne(1+ ()t (05(803,ch 4 5)-DE+R=2

RN nCs

(a)
S 2N€(1+C)t71 (042(803]\[02 +5)(t71)K+k72 +

(1+ )T+~ 1C2(8C3NC? + 5)2TaK-2)K

< ANe(1+ Q) 1O (8C3NC2 + 5)t-DE+k=2

where true because

(2) is
(14+¢) "1 C2(8C5 NC2 +5)2(t- DK +2k—45, . .
(1+¢)Ta-1C2 (8C3 NC2+5)>(TakK —2) < 1 Elnally, uSIng
once again the assumption on &, performing algebraic

manipulations and using the fact that 64 < 1, we get
8C-NC? +5 (t—-1)K+k—2
|anr, < S \SCaNC+ D)
2y/nC5(8C3NC3 + 5)2(Tak=2)
< 1 < !
~ V/n(8C3NC? + 5)Tak=2) = /n(5C3)"
Now using the fact that rank(AM(t)) < n, we get ||AM,§”HF <
rank(AM{|AMP [l < al|AMP |2 < 55

0,
<
,k,RHQ = {€<1 +C)t7104(803NC42 _’_5)(t71)K+k727 o.w,

1 (149" 'C}8CsNCE + 5)2<t1>K+2k45d)

We are now ready to prove that if we know a bound on
||Bft,2 rll2 then we can bound the error in dictionary atom

C/l;(- ,)C This result is given in the following lemma.

Lemma 3. Let Qgt,)v ﬁ% € and ( be as defined in
Theorem 3, also pe;form Tc consensus iterations as given
in Theorem 3. Now fix d4 as in Theorem 1, and sup-
pose (i) PI-P3 are satisfied, (ii) Q(t) = th,)g, and (iii)
€ = 8N\/ﬁcg(1+4)Td—102?803Ncg+5)2<T4K—2> Then for all
1 € {l,...,N} and for any t € {1,2,--- Ty} and k €
{1,2,--- , K} if we know

g ’R 2 = (14 ) 1CL(8C3NC? 4 5)E-DE+E=2 "y

T T
then, [d)d) —dPd"" |2 < e(14¢)*~1 (8C5NCF 4+ 5)(t—DE+h=1,

Proof: To prove this lemma we first need to decompose
error in dictionary atom into two different components i.e.,
?
error in principal eigenvector due to perturbation in E (f) E (f)

and error due to distributed power method. Let dk be the
updated k' atom of centralized dictionary at iteration ¢,
which is the principal eigenvector of E,(C%E( y . In cloud K-
SVD, E(t,)e corresponds to the principal eigenvector estimate
of E(t) E(tR obtained at the i'" site. Let us denote the

£ @] 7(t) 7(t)
true principal eigenvector of Ej 3 E; % by d;” and let d; ;
computed using distributed

; HONSON
be the eigenvector of Ek’ rEL R

power method at the ‘" site. Usmg this notation, notice that
Hd (t) d(t) A(t)(,l\(t) Iy < Hd(t)d(t) g(t)gl(t)TH Jr”gl(t)g(t)T,

J@Eﬁtk |l2, where the first term is due to perturbation in

E,gt}%El(f}% and the second term is due to imperfect power
method and consensus iterations. We can now use Theorem 2
to obtain

1aPdd" — d)dy) |l
OO OF O Y v
<||d,’d,’ —d, d;’ ||2+ tan(6,’) )\(t) + 437>
1k

(a) T T .
< ||d,(:)d;(f) 7&5:)&}:) ||2+/WTP + 463Tv

- (b) T T
8N¢ﬁcg> 2 dd —dPdY |+ e

where (a) is due to definition of parameters p and v in
Theorem 1, and (b) is due to deﬁnition of € in Theorem 3.

Next, for symmetric matrices M =3, Ez(t,z RE(t) &g and
M = ¥, B EQ such that MY = VCEWNYICH
we can use Lemma 2 and Proposition 3 to find a bound on
deviation in principal eigenvector of M, ) due to perturbation

AM( ). Since we have from Lemma 2 that ||AM(t) lr < 50 ,
it follows from Proposition 3 that

d" —dnd) |, <4C3||AM(t)||2+a

< 8C3 N max (C4||B(t) rll2+ ||B RH ) +¢,

|y
19)



where the last inequality is due to (18). Now using the bound
on ||Bft,2 rll2 in the lemma statement, it can be shown using
some algebraic manipulations that

T T
a5 — di i |l
<e(1+0)1Cy (gcchz(chch 4 5= DE+k=2

+82(1 4 ()L C4C3 N (8C5NC? + 5)2(- DK +2k—1 1) .

The claim in the lemma now follows by replacing the bound
on ¢ in the parentheses of the above inequality, followed by
some manipulations. [ ]

The next lemma shows that if we know bounds on errors in

{El kR K| for any ¢ then we can bound the error in El(ti 11%)
Lemma 4. Let Q%, ﬁgt,)c € and C be as defined in Theorem 3,
also perform T, consensus iterations as given in Theorem 3.
Now fix 04 as in Theorem 1 and suppose (i) PI-P3 are
satisfied, (ii) Q(tH = Q(t+1) (iii) Qz(t,i = Qgt,i , and (iv)

54
€= 8N\/EC3(1+C)Td*1C§?SC3NC§+5)2(T4K*2>’ then_for any
t € {1,~~ ,Tg — 1}, and for all k € {1,--- K} and
i€ {1 N if [ BY) glls < e(1+ Q)1 Cu(8C,CEN +

5)(t= 1>K+’f 2 then, HBf?}gug < e(14¢) Ca(8C5CIN+5) 1K1,

Proof: The error in El(fl+ R) is due to error in dictionary

in the previous iteration ¢ and nga.rse codlng at the start of
iteration (¢ + 1). Specifically, B t+1) t+1) Ez(tﬂ) _

Y - ZJ ngt) Etj%) Y + Z 5 Jgt) Etj_l) It then follow

t+1) (t t+1 t t+1)
that BVl < X, |d FOE GNP GRS

O =(+1) ) (i) Pt~ T
t) ~(t+1 t) (t+1
Z] 5@ 7 —di xS 2. In reality  we

interested in finding a bound on ||thfr Ilg)HQ

Ql(.t,jl QZ(.t,jl) we can define Bft;r}%)

are

But since
s B(t+1)

It can be seen from this definition that BZ.(T R) is a submatrix
of B which implies

t+1 t4+1 t)~(t+1
1B Rz < 1BV <Z||*“ )

() ,(t+1)
i,1,R ] ’LjT d H

’LjT

(20)
Now, defining J( )- = d(t) + e(t) where e( ) denotes the error
in dictionary atom d( ), and substltutlng thls in (20) we get

t+1
1B R 1

m <||d(t)~§tj+% d(t (t+1) ~(t+

P2+ llew 75 12

| /\

~(t+1) t+1) t) t) ~(t+1
<K%ﬂ@3% o504 141 - a7 alF 7 2
~(t+1) t+1)
= K max (|7 — {7l
£)) 1~(t+1 t+1 (t+1
+d) = dP olF 5 + 2l - 2P llz)

t+1 t+1 t t
< Kmas (@77 - 57 o0+ 107 - )72

) = a7 2P 1z) @n

(505, (3 - 290) — SIS, (i 0l ol

Now, let X+ = [x{#D  x{H+y x#0] e gExS
be the sparse coding matrix associated with the centralized K-

SVD (see, e.g, Sec III-A). Notice that :c( H) is the j*"
of Xi(tH). It then follows that

2520 < VB s < V/EIX)

We therefore obtain under P1 that ||x£tjJr %) ll2 < v/ Smaxr max-
Next, using the bound on ||Bz(t,2 rll2 and applying Lemma 3,
we get [[d9dY) —dPdD" 5 < (1 + ) LC1(8CsNCE +
5)(t=DE+k= 1 Now, under the assumption that both cloud K-
SV]T) and centralized K-SVD use the same d,.r, we have
d

it,)g d](f) > 0 and therefore it follows from Lemma 7 in

Appendix D that

14 — diP 2 < eV2(1 + €)' Ca(8CsNCF + 5) (= DE+k—1

(@)
<f5d<1

(22)
where (a) follows from the assumption on € and (b) is true
for any fixed 4 as defined in Theorem 1. Using this bound
we can write

ID® = D2 < D@ = D =

§]u? |3

< VK _max }uaz-—dynb

Jje{1, K

<V2K(1+ Q) 'eCy(8C3NCE 4 5)1 51 (23)

Furthermore, using lemma assumption on € we get

~ 2 i
|ID® — DE”HZ < V2K6, = min{\/l?, Clﬁfln} (24)

We can now use (24) and Proposition 2 in Appendix D to
bound ||:z:§t;_71~) WEtj%)HQ in (21). Notice that Proposition 2

2
1 Tmin

assumes the error in dictionary to be smaller than o
which is satisfied by (24). Other assumptions of Proposition 2
are satisfied due to Pl and P2. Therefore, we get V i €
{1,...,N}and j € {1,...,5;},

VT
TninCa

mln

(t+1)

— 3, <
%,

|2 ID® — DV,

(25)

Now defining Xi(tH) and )N(i(tﬂ) as before, we note that

||(E(t+1) ~(t+1) ”
i,5,T Ty 3,7
t+1 t+1
</ S | X — XV e
< VSmax _max_ |z~ F D,

je{l,...s:3

3 Vv 2KSII)axTO

TminCQ

e(1+ )04 (8C3NC? 4+ 5)HK =1 (26)



where the last inequalit
using bounds on ||:c§tj+%

from (21):

t+1
1B 12

follows from (25) and (23). Now
|l and (26) we get the following

(t+1)

(©)
< 2Kmax||xltj%) AT

3 \ SmaxTO \/7

TmlnC2

+ ef(l + )T CL(8CNC? + 5)HE 1

(t
o+ max ) = a5 ) 1

Ke(1+¢)" ' Ca(8CsNCE +5)
Smax)r,max

< e(1+¢)'Cy(8C3NCE + 5)1K 1

Here, (c)—(d) follow by application of (22) and (23), and (e)
is by definition of (. ]

The last lemma that we need bounds ||Bft,z +1.gll2 when we

have a bound on ||Bz k, RH2

Lemma 5. Let Qgtlz Qgtll e and C be as defined in The-
orem 3, also perform T. consensus iterations as given in
Theorem 3. Now fix 64 as in Theorem 1, and suppose

(i) PI-P3 are satisfied, (ii) Q) = Q) and (iii) ¢ <

[
SN\/EC';:,(1+C)Td_1C2LESC3NC§+5)2(TdK—2)' For any ﬁxed k €
JKY, t € {1,--- Ty}, and all i € {1,--- ,N}, if

|\Bif,27R||2 < e(1 + O 104 (8C3OIN + 5)EDE+E=2 fpop
1B 1 pllz < e(1+¢)' " Ca(8C5CEN + ) DK +k-—1,

—_
— =

Proof: Recall once again that we can write
(t)
- Ei,k+1,R
K
(t=1),.(t) Jt=1)=(t)
Z (d7 TijR di)] T, R)

J=k+2
- () ~(t) ®) . (®)
t t t
Z (dz iVig,R d Tij, R)
2 _ g(t)TE(t)

Jj=1
now using relation Tig R =
rearrangements we get,

3030 50

t ~(t
Bz'(,lz+1,R = Ei(,lzﬂ,R

r,r and doing some

R d(t)d(t)TE(t)

t
B() i,k,R

zk+1R_

- (dl(cf+11)xz(',tl)c+1,R - E{Etk_-:imglz+lR) + Bz‘(,tlz,R'
It then follows that
1B 41 llo
< 1B alle + [ A8 (BD n + BY ) — dPdd" BY 4
+ Hdgﬂl)mgtlzﬂ ggtkﬂfgtiﬂ RH2
< 201BY all + 1494 - a0 ac
+ Hdl(ct-&-ll)xgtli+l R~ jtkiiNEtl)eﬂ RH

(b)
<eCa(1+0)"" ((8C3NC4 +5) T DEFR2 85 NCT + 3)
+€803NC§(1 + C)t_1(803NCZ + 5)2(t—1)K+2k_4

Here (a) is due to the fact that El(tlz R 1S a submatrix of
E") and the definition of Cy in (7), (b) is obtained by

applying (19), using assumption on ||B(2 rll2 and finally
usmg the same procedure as in Lemma 4 after (20) to bound

:1 Hdg»t 2 EgﬂR &“ 1)~(th T RH The proof of the
lemma now follows by using the assumption on € and some
algebraic manipulations. [ ]

The proof of Theorem 3 now can be given by combining
Lemmas 2— 5. Since these lemmas require the supports of both
centralized and distributed problems to be the same, the main
challenge in proving Theorem 3 lies in showing this fact.

Proof of Theorem 3: We will prove this theorem by
mathematical induction over ¢. To be specific, we will prove
the following two cases:

1) For base case, we will show that the claim holds for
| Bi rll2 Y € {12, K}

2) For induction step we assume that for any ¢ €
{1,2,---,T4 — 1} the claim is true for ||B£?,€)’RH2 vk €
{1,2,--- ,K} and ngk) = quk) Then we need to
show that Q(qﬂ) AR
1B R 2 vk € (1,2, K},

Base case: t =1V ke {1,2,--- ,K} To prove the base
case, we will do mathematical induction over k by fixing
t = 1. Hence, the first thing we need to prove is that the bound

is true for ||Bi(711)’ rll2. Since both cloud K-SVD and Central-
ized K-SVD start with the same initial dictionary, we have

and claim holds for

d(O) = AEOJ), Vje{l,2,---,K}. Therefore, we get Q
lea)’ vVijed{L2. - K} It then follows that Bfl)R =

1 1 K-1(,0) (1 1
Ez(l)R Ez(l)R:Z (d( : 1(])TQ£ )
0, thereby proving the cla1m

Next, for induction argument we fix k =p € {1,..., K —
1} for t = 1. Then we need to show that it holds for

0)~(1) (1)
(i( ) l])TQ’L,j) -

k = p + 1. Using the induction assumption we have
1B R||2 < eC4(8C3NC3 + 5)P=2. Since Q) = OV, we
have BZ( PR = Ef?ﬂ R EZ.(;?H’R. This results in
1
1B ,ZH rll2
1 0)~(1
= Z (@720 = d070) )
J=p+2
- () ~ (1),.(1)
7Z(d1sz]R d] Z]R)H2
j=1
@ ) NC (020 gm0
:H_Z(dLJA’L]R dJ zgR)HQ
j=1
1)1 1) (1 1) ~(1 1)
= 70 — e ”R+Z( d)a) = dVal!) )l
= |30 R — 7)) g + B“)RHQ, @
where (a) is true because d() (1; J(%) (OJ)R = 0.
T : 3,
Substituting x( )R = g(lp El(;?R, we get
1
1B 41 2
T T
< 2B allz + 1didl) — diVdi 2| B g ll2



1)T
1p ;i p

(b) T
< 2||B{Y) pll2 + ||} — dyds" [|2Cl

< 2||B

o allz + Ca (scaNmax (1B 2ll2Cs + 1B, all3) +

(d)
< 0y ((8C3NC3 +5)" *(8C3NC; +2)
+e8C5NC3(8C5NC; +5)77* +1).

Here, (b) is true since E(lz R 1s a submatrix of E( ,3 and due
to the definition of C}y in (7) (c) is due to (19) and (d) follows
from using the bound on ||BZ( p) rll2 and some mampulatlons

Now using the assumption on &, we get ||BZ pHRHQ
eCy(8C3NC? + 5)P~L,

Induction step: Bound on HBZ(qk) R||2 holds for
t=qe{l,...,Ty—1}and VEk e {1,2,--- | K}.
We need to show the bound holds for HBﬁf; lo V k €

{1,..., K}. To show this, we will be using induction argument
over k by fixing ¢ = g+ 1. As base case we bound ||B1(ql+é) Il2-

To bound ||Bl(ql+é l2, we will be using Lemma 4, which

Sla+1) _ Q(q+1)

assumes 2,7 Using the induction assumptions,

we get the followmg bound on error in dictionary ng)
using Lemma 3 and performing same steps as we carried
out in Lemma 4 to get (22) and (23): |[D@ — D\9|, <
eV2KC4(8C3NC} + 5)(@~DE+E=2_ Using the assumption
on e, we then have |[D@ — D\?|, < §;v2K. It then
follows from arguments similar to the ones made in Lemma 4
that Qﬁjg“) = ﬁf.?l“). We can now use Lemma 4 to bound
|\qul+é 2 < e(14¢)?C4(8NC3C3 +5)%% 1. Having proved
the base case, we now suppose that the claim is true for some
k=pe{l,...,K —1}. We then need to show it holds
for ||B(q+1) rll2. That claim, however, simply follows from

i,p+1,
Lemma 5. This concludes the proof of theorem. ]

APPENDIX C
PROOF OF THEOREM 1

To prove Theorem 1 we need an upper bound on error
in matrices El(tlz p» Which is given by Theorem 3. Applying
Theorem 3 to get a bound on the error in dictionary atom
Egt,)c is a trivial task. But before using Theorem 3, we need
to show that our assumption on ¢ is indeed satisfied. In the
following, we will prove that the assumption on ¢ is satisfied
if we perform T}, power method and 7. consensus iterations
that are given according to the statement of Theorem 1.

Proof of Theorem 1: After T, iterations of cloud K-SVD,

error in any k'" dictionary atom 35 k”) at site ¢ is a function

of the error in E‘fi‘% Specifically, notice from (19) that we
can write

T, Tq) Ta) T
”dl(c d)d§C @) C’i( ) d) H

< 8NCy m?X(\\Bf,i‘fR||2C4 +IBOIRIR) +e. @8)
We can now upper bound ||Bl(€d3%H2 in (28) using Theorem 3,
but we first need to show that the statement of Theorem 1
implies the assumption on ¢ in Theorem 3 is satisfied. That is,
we need to show € < 0

d
8N /nCs(14+¢)Ta—1C4(8C3NC2+5)2(TaK=2)

‘)

Recall that by definition ¢ = pvT» + 4€37». Substituting this,
we must show that

0d
= 8N/nCs(1 + () Ta—1C4(8C5NC? + 5)2(TaK-2)"

Since v > 0 and € > 0, therefore, uv’r + 4e3Tr < p(v +
4e2)Te Tt is therefore sufficient to show that p(v + 4€3)Tr <
8N\/7LCg(1+()Td*1Ci(z803NCf+5)2(TdK*2) for our selected val-
ues of T}, and T¢.. Showing that, however, is a simple exercise
and is left out for brevity. It therefore follows from Theorem 3
that |0 d(7" — @7 G|y < e(1+ )T~ (8C;NC3 +
5)(Ta—DE+k=1, Substltutmg the upper bound on ¢, we get

T T
[al"aT)" — E;Td)&‘ﬁ) o < 6a. -

3Ty

,LWTP + 4e

APPENDIX D
OTHER RESULTS

In this appendix, we collect some supporting results that are
used in the proofs of our main results.

Lemma 6 (Perturbation of singular values). Let Dy be a
perturbed version of dictionary Dy such that || D1 — Ds||a <
€2 and let X1, be as defined in Section IV-A. Then as-
suming minIeETO oT, (Dl‘z) > /CL > €, we have
minIeZTO 0T, (DQ‘I) Z \/Cé — €9.

Proof: Using [56, Theorem 1], perturbation in Tgh
singular value of Dj, can be bounded as |og, (Di,) —
or, (D2;) | < ID1y; = Dalla < [[D1 — Dalla < €a. Using
reverse triangular inequality, we therefor get VZ € X7, €3 >
o1, (D1;) | = lom, (D22) | = \/Ch = |om, (D2,;) |, which
leads to the claimed result. |

Proposition 2 (Stability of sparse coding). [57, Theorem 1]
Let Dy be a perturbed version of dictionary D1 such that
ID1 — Dsll2 < €. Given any sample y € R", suppose
sparse codes x € RX and © € RE are computed by
solving the lasso problem (5) using D1 and D, respectively.
Next, let min;ggp() T — [{d1,j,y — Dix| > C1, where dy
denotes the j* atom of2 D1, and suppose D satisfies P2.

Then, as long as €3 < %, we have that supp(x) = supp(Z)

< 3||D1— D2||2\/ 0
= 7Cs

, where Ty = |supp(x)|.

Note that [57, Theorem 1] also requires D, to satisfy
P2. Proposition 2 in its current form, however, is a simple
consequence of [57, Theorem 1] and Lemma 6.

Proposition 3 (Perturbation of principal eigenvector). [26,
Chap. 8] Let A € R™™" be a symmetric matrix and define
A = A+ FE to be a perturbed, but symmetric version of
A. Define Q = [ql | QQ] to be an orthogonal matrix
comprising eigenvectors of A, where q denotes the prin-

cipal eigenvector of A. Next, define QTAQ = [3 1? ]
2
-
and Q'EQ = € 5 . Then, using eig(Ay) to denote
22

the (n — 1) smallest eigenvalues of A, it follows that if
g = Milyeeiga,) [N — 0| >0, and ||E||p < £ then there exists
p € R satisfying ||pll2 < §||e 9, such that G = utep

V1+pTp

is a unit 2-norm principal eigenvector for A. Moreover;
Il = @alllz < 4llel.




Lemma 7 (Errors in vectors and their outerproducts). For two
unit {y-norm vectors w and v if |uu’ —vv'||y < e and uTv > 0
then ||[u — v||s < V2e.

Proof: Let = /(u,v) and notice that |uu’ — vvT|s =

sin §. This implies 1 — cos? § = sin? § = |luu" — v ||3 < €2

Since w and v are unit norm and u y
cos® = u'v. It then follows that 1 — uTv < —¢

To > 0, we can write

< €2, The

14+uTv

claim follows by noting that ||u — vz = /2(1 —uTv). ™
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