4246

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 5, MAY 2017 l - = E

Distributed Learning of Predictive Structures
From Multiple Tasks Over Networks
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Abstract—This paper is concerned with the problem of
distributed multitask learning over networks, which aims to
simultaneously infer multiple node-specific parameter vec-
tors in a collaborative manner. Most of the existing works
on the distributed multitask problem modeled the task re-
latedness by assuming some similarities of parameter vec-
tors in an explicit way. In this paper, we implicitly model
the similarity of parameter vectors by assuming that the
parameter vectors share a common low-dimensional pre-
dictive structure on hypothesis spaces, which is learned
using the available data in networks. A distributed structure
learning algorithm for the in-network cooperative estimation
problem is then derived based on the block coordinate de-
scent method integrated with the inexact alternating direc-
tion method of multipliers technique. Simulations on both
synthetic and real-world datasets are given to verify the ef-
fectiveness of the proposed algorithm. In the case that each
node shares a common predictive subspace, it is demon-
strated that the proposed multitask algorithm outperforms
the noncooperative learning algorithm. Moreover, the use
of the inexact approach can significantly reduce the com-
munication bandwidth and still provide the same optimal
solution as the corresponding centralized approach.

Index Terms—Alternating direction method of multipli-
ers (ADMM), data-driven, distributed estimation, multitask
learning, wireless sensor network.

|. INTRODUCTION

ENSOR networks are composed of a large number of
S small low-power drives (nodes) distributedly deployed in
resource-limited environments to execute some tasks, such as
detection, tracking, and object classification [1], [2]. In recent
years, the problem of distributed estimation over sensor net-
works, where the nodes cooperatively estimate some parame-
ter of interest using local noisy measurements and information
obtained from one-hop neighbors, has attracted significant at-
tention [3]-[6]. Compared with the centralized estimation, the
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distributed estimation scheme does not need a powerful fu-
sion center, so it is more flexible and provides robustness to
node and/or link failures. In the fully distributed scheme, each
node only communicates with its one-hop neighbors, which
will help save energy and bandwidth. Due to these merits, dis-
tributed estimation has been used in a wide range of fields,
including environmental monitoring [7], industrial automation
[8], and military surveillance [9]. A plenty of algorithms have
been proposed for distributed estimation over networks, such as
consensus-based [10], diffusion-based [3], and alternating di-
rection method of multipliers (ADMM)-based algorithms [11].

The previous studies on distributed estimation problems have
intensively focused on the scenarios where all nodes in a net-
work collaboratively estimate a single parameter vector [12]-
[14]. The problems of this type are referred to as single-task
problems. Recently, a handful of studies extend this setting to
the multitask problems [15]-[17]. In this setting, multiple op-
timum parameter vectors to be inferred simultaneously by the
network are different but related. In fact, in many important
real-world in-network applications including pattern classifica-
tion and regression, the tasks among nodes may be different
and the number of available measurements for each task is quite
limited. If the network learns each task independently, the es-
timation performance of the resulting predictors may be very
poor. Alternatively, by learning these multiple tasks simultane-
ously, the relatedness of tasks among nodes can be exploited to
improve estimation accuracy.

Previous works [15], [16] on distributed multitask estima-
tion have modeled the task relatedness through assuming that
the optimum parameters at two connected nodes are close to
each other in an Euclidean norm. However, this assumption
cannot be always satisfied in practical applications. In machine
learning community, a plenty of works focus on learning a low-
dimensional feature representation from multiple tasks [18]-
[21]. This framework has been successfully applied in several
machine learning applications, such as natural language tag-
ging [18], optical character recognition [20], and automated
images annotation [21]. In this paper, we focus on developing a
distributed multitask learning (dAMTL) algorithm based on this
framework for sensor networks.

Specifically, we model the task relatedness by assuming that
multiple tasks among all nodes share a low-dimensional predic-
tive structure on hypothesis spaces [18], [21]. This assumption
works in many practical applications. For example, suppose that
each node in a network has its own image classification task,
although the natural scene images obtained from different nodes
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may belong to different categories, the underlying image pat-
terns for all nodes may have similar feature representations in
the form of a linear combination of certain bases. With this as-
sumption, we expect that by cooperatively learning these tasks
over a network, we can find some shared low-dimensional struc-
tures with highest predictive power to improve estimation and
generalization performance of each single task. In the distributed
estimation context, structure learning from multiple tasks has
not been well studied yet. One relevant study [17] considers the
online multitask learning where the node hypothesis spaces par-
tially overlap. However, it assumes that the overlap of hypothesis
subspaces is known in advance, which limits its applicability.

In this paper, we consider the situation where the shared pre-
dictive structure is unknown, and we learn it only using the
available data from all nodes. The aim of this paper is to en-
hance estimation performance in a multitask network by learn-
ing the common predictive structure with distributed strategies
based on local data and information exchange between one-hop
neighboring nodes. Specifically, we formulate a distributed es-
timation framework for learning common predictive structures
from multiple tasks in a sensor network, and then derive a com-
putationally inexpensive and energy-saving dMTL algorithm for
this framework based on the block coordinate descent (BCD)
method integrating with the inexact ADMM iterations.

The rest of this paper is organized as follows. In Section II,
we formulate the problem of distributed multitask estimation
over networks. In Sections IIT and IV, we propose the dMTL al-
gorithm, and present the detailed computations of subproblems,
respectively. In Section V, numerical simulations are presented
to illustrate the effectiveness and advantages of the proposed
algorithm. Finally, conclusion is drawn in Section VI.

Il. PROBLEM FORMULATION
A. Network Model

We consider a connected sensor network consisting of N
nodes distributed over a geographic region. We use graphs
to represent networks. The considered undirected graph with-
out a self-loop G = (V, &) consists of a set of nodes V =
{1,2,..., N} and a set of edges &, where each edge (k,l) € £
connects an unordered pair of distinct nodes. For each node
k eV, let N, = {l|(k,l) € £,k # [} be the set of its neighbor-
ing nodes (excluding node k itself). Each node k collects/stores
a small number (N;) of measurements {(mkl,yk,)}f\gl -
R? x R with x;, ; denoting an input vector and ¥, ; denoting
corresponding scalar output.

The task of each node k is to seek a predictor f; that maps
each input vector x; ; to the corresponding output ¥ ;. For
simplicity, we employ linear prediction models for all tasks. At
each node k, a linear predictor is defined as

fie(x) = ugw (1

where u;, € R? is a weight vector. Thus, the task of each node
k becomes to seek the optimum parameter vector wy using the
input and output data {(xx ;, Yx.i) }-

B. Formulation of dMTL

As discussed in Section I, previous works on distributed esti-
mation intensively studied the problem of the single task learn-

ing, in which all nodes in a network collaboratively estimate
a common parameter vector, i.e., uy = u*Vk. In contrast, the
problem considered here assumes that the tasks across all nodes
are different, i.e., u; # w;Vk,j € V, but related to some ex-
tent. We learn these tasks simultaneously and exploit the task
relatedness to enhance the estimation performance of each node.

In [18], the researchers proposed the alternating structure op-
timization algorithm for learning predictive functional struc-
tures from multiple related tasks. It learns all N predictors
{fi,..., fv} simultaneously by exploiting a shared feature
space in a simple linear form of low-dimensional feature map
O across the NV tasks. Following this approach, we express the
prediction function f; as

fi(x) =ui & = wlxz+ v} 0z = (w, +0"v) 'z (2)

where w;, € R?, v;, € R" (h < p) are weight vectors specific
foreach node, and © € R"*? is the common structure parameter
with orthonormal constraint

e’ =1,. (3)

To find predictors {fi, ..., fx } simultaneously, we could min-
imize a joint empirical risk function using the measurements
{(=., yk¢7,¢)}f\i‘"1 ,k € V. Formally, we define a local empirical
loss function at node k as

Ny

1
Ly (uy) = N, ZL(Ufﬁﬂk,nyk,z) 4
i—1

where the loss function L(-) is assumed to be convex and smooth
for simplicity. The regularization method is then applied to en-
code our belief on what values the structure parameter © and
model parameter vectors {uy } are. There are many possible
choices of regularization functions, such as ly-norm [18], I3 1 -
norm [19], and elastic net [22]. We use the regularization func-
tion proposed in [21] for our formulation. Mathematically, the
optimization for the multitask learning problem is formulated
as

N
min Z (Lk (ur) + gi (ur, vi, 9))

{up,v; },0 P

S.t. @@T =1, 5)
where the regularization function gy, (uy, vy, ©) is defined as
gi (g, i, 0) = agljuy — O v ||* + Blue . (6)

The first component ||u; — ©7 v ||? = ||wy]||? represents the
task relatedness among N tasks, and the second component
||ug]|? controls the complexity of the predictor function f;.
The prespecified coefficients ay, O indicate the importance of
the corresponding regularization components, respectively. For
simplicity, we use the same =3y =--- =y >0 and a =
ap = -+ = ay > 0 for all tasks.

C. Convex Relaxation

Note that the formulation (5) is nonconvex due to its orthonor-
mal constraint and the regularization term. Following [21], we
convert the nonconvex formulation (5) into a relaxed convex
one, which admits a globally optimal solution.
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We first consider the orthonormal constraint in (5), which
is nonconvex. We define M, = {M € R**?|M = 070,007
=1,,0 € R"»}. Tt is known that the convex hull of M, can
be precisely expressed as the convex set [23]

M= {MeRP|tr(M)=h,0 <M <L}.  (7)

Each element in M, is referred to as an extreme point of M,
and M is the smallest convex set that contain M,.

We next transform the regularization term. With fixed u, and
©, it can be verified that the optimal value v in the problem
(5) is achieved at

v}, = Ouy = arg min g (ug, vy, O). (3)
Vi

By eliminating v, we rewrite the regularization term (6) as
G (uy,0) = g(up,v},0)
= aup (1+n)L, -0"0)u; )

where n := 3/a > 0.

Moreover, using the fact that (1+ 7))L, — 076 =n(1 +
n)(nL, + ©7©)~!, which can be verified using the matrix in-
version lemma [24] and the orthonormal constraint in (5), we
first reformulate GY (uy,, ©) into an equivalent form given by

G (ug,©) = an(1 +n)uf (nL, + ©70) up.  (10)

We then make a relaxation by replacing ©7© in (10) with
M € M in (7) and get a new regularization function

Gy (up, M) == an(1 +n)uf (gL, + M) 'ug.  (11)

It follows from [25, Th. 3.1] that Gy, (uy,, M) is jointly convex
in w; and M.

Thus, the nonconvex problem (5) is converted into a relaxed
convex optimization problem

i R M 12
g in | R({ud, M) (12)
where the objective function R : RP*V x St — Ris
N
R({wih, M) = Y (L) + Gilur, M) (13)

k=1

The optimization problem (12) has a larger feasible domain
set compared to the problem (5), since the construction M =
©7 O is guaranteed to be feasible in (12), while a specific M
may not be decomposed to ©7 @ such that © is feasible in (5).
Nevertheless, the optimal © of (5) can be approximated using
the first h eigenvectors of the optimal M computed from the
problem (12).

In the next section, we use the BCD method to minimize
the objective function, whose convergence is guaranteed by the
condition that the objective function is jointly strictly convex in
{uy. } and M. We present a further modification of the objective
function (13) by introducing a small perturbation, which is sim-
ilar with that in [19] and [25]. The perturbed objective function
Re : RPN xS — R is given by

N

Re({ur}, M) = Li(wp) + Ge({ur }, M)

k=1

(14)

where the regularization term is defined as

N

an(1 4 n)tr((eI, + Z upul)
k=1

G ({ur}, M) :=

x (nL, + M)™") (15)

and the small parameter € > 0. The objective function R, ap-
proaches R as ¢ — 0. The function f(M) = tr((nL, + M)~!)
is strictly convex, since nl, + M is positive definite and
f(X) = tr(X 1) is strictly convex on positive definite matrices
[24]. Based on this and following the fact that Gy (-, ) is jointly
convex in uy, and M and strictly convex in uy, we conclude that
the perturbed function G, is jointly strictly convex in {uy, } and
M. Therefore, for any convex smooth loss function Ly (-), the
objective function R, (-, -) has a unique minimizer.

[ll. DISTRIBUTED MULTITASK LEARNING

Before presenting the distributed algorithm for the problem
(12) in the considered network, we would like to first present the
centralized algorithm, in which the data from every node can be
gathered in a fusion center, and the computation is performed
in the fusion center. After that, we propose the distributed algo-
rithm of the multitask learning problem over networks.

A. Centralized Multitask Algorithm

Based on the BCD method [26], we alternatively minimize
the perturbed objective function R, with respect to {uy, } and
M, and the algorithm can be written as the following two steps

wh, = argmin R, ({u}, M'"™ ') VkeV
u

= argmin Ly (uy) + Gy (up, M) VE €V  (16a)
g

— : t
arg min Re({uy }, M)

— : t
= arg min G ({u;}, M)

N
. t,T -1
= argﬂ;ifrlelﬁtr((ﬁlp +k§_1u;uk )(nI, + M)~") (16b)

where t = 1,2, ... is an iteration step.

We now present some convergence properties of (16). First,
by construction, we observed that the values of the objective are
nonincreasing, that is,

Re({u '} MY = Re({u ), M) = Re({u }, M").

These values are bounded, since Ly (-) is bounded from below,
and thus, the iterates of the objective function converge. More-
over, the sequences {({u} }, M")} also converge as stated in the
following theorem.

Theorem 1: For every € > 0, let {({u}}, M")} be the se-
quence generated by (16a) and (16b). Then, the whole sequence
{({ul}, M")} converges to a unique global minimizer of R,
subject to the constraints M € M.

Based on [26, Proposition 2.7.1] and the joint strictly convex
property of the objective function R, Theorem 1 can be easily
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proved. From the definition of R., it is clear that the minimal
value of R, decreases with the decreasing of € and converges
to the minimal value of R as ¢ — 0. Moreover, since R, is
continuous in ¢, {uy } and M, the minimizer {({u}}, M*)} of
R converges to the set of the minimizers of R as € — 0. To
ensure the joint strict convexity of R., meanwhile, keeping the
minimizer of R, close to that of R, we set € to an extremely
small value in the following.

B. dMTL Framework

In this section, we extend the centralized algorithm (16) to the
distributed scenario where every node in the network only com-
municates with its one-hop neighboring nodes. The main diffi-
culty in doing this is that the updating of the common structure
parameter M in (16b) needs all parameter vectors {uy }, which
is nontrivial in a fully distributed network. Consider replacing
the common structure parameter M in (14) with auxiliary per-
node variables { M}, }7_,, thus we need to make an agreement
on the parameters { M} } among all nodes.

We propose a computationally inexpensive and energy saving
strategy to deal with this problem. The key observation is that the
computation of (16b) only depends on an intermediate quantity

N
- 1
7Z = N};ukuf € R

a7)

which is an average of all local quantities {uju] }i_,. If a
cyclic path through all the nodes could be found, then an incre-
mental algorithm can be derived by collecting all local quantities
through the path. However, it is not practical in a low-cost net-
worked system, since the communication resources are limited
and exploring the network topology is hard and expensive. Note
that the optimal value of the following optimization problem is
equal to Z in (17):

N
7% — : _ T2
arngmZHZ wpuy, |7 (18)
k=1
where || - ||z is the Frobenius norm. This can be reformulated

to an equivalent distributed form. Let us define a set of per-node
intermediate quantities { Z;, }1_, , and add consensus constraints
to force these variables to agree across neighboring nodes. Thus,
the optimization problem in (18) is recast as the consensus-based
distributed problem

N
> 1% — weuf |7
k=1

st. Zy =Wy, Wij = Z;

min
{Zy AW}

VkeV,jeN, (19)

where the auxiliary variables W},; € RP*? decouple local vari-
ables Zj, at node k from those of their neighbors Z;, j € N;.
This formulation is equivalent with (18) as stated in the follow-
ing lemma [27], [29].

Lemma 1: 1f the graph G is connected, the problem (18) and
(19) are equivalent, that is, Z; = Z*,Vk € V, where {Z; } is
the solution of (19) and Z* is the solution of (18).

Proof: Consider any two nodes ky, k; € V. Since the net-

work is connected, there exists a path {koky,...,k_1k } con-
necting nodes kg and k;. Because k; 1 € Ny, fori =0,1,...,1
— 1, we have {Z,, = Wik s Whikion = Ziis }. It is imme-
diate that Z, = Zy, = --- = Zy,. Since ko, k; are arbitrary,
it follows that Z; = Zs = --- = Zy . As any feasible solution
of (19) satisfies Z1 = Zy = --- = Zy = Z, problem (19) be-
comes (18). |

Based on the distributed formulation (19), we now present
a distributed algorithm in replace of the centralized one (16)
to minimize the perturbed objective function R.. The proposed
distributed BCD algorithm executes the following three steps
iteratively until convergence:

ul = argmin Ly (uy,) + Gy (uy, MJ™') Yk €V (20a)
w

N
Z!Y = arg  min Zy —ululT|]?
{ k} g{Zk}ﬂ{Wm}; H k | Uy HF
s.t. 2, = ij,ij = Zj VkeV,j eN; (20b)
M| = argr{l{intr((dp + Z1)(n, + ]\/[k)_l)
M,
s.t. tr(My) = h,0 <M, <1, VkeV. (20c¢)

Note that (20a) and (20c) are carried out locally at each node,
and the computation of (20b) needs the collaborations among
neighboring nodes and hence costs communication resources.
In detail, at step (20a), every node k learns its parameter vector
uy. based on its own structure parameter M. After that, each
node k collaboratively computes its own intermediate quantity
Z. by exchanging information with its neighboring nodes. If the
solution of (20b) is exact, all intermediate quantities {Z}, } are
equal to Z in (17) as stated in Lemma 1. Thus, the optimums of
{Mj.} at step (20c) among all nodes are also equal. Therefore,
we can obtain the minimizer of R, via the distributed procedure
(20).

However, at every BCD round, if we compute the solution of
(20b) exactly, it may lead to communication overhead, since it
may need many iterations to reach the exact one. Therefore, to
save energy and bandwidth, we would like to compute the inex-
act but good enough solution of (20b), which will be presented
and discussed in the next section.

IV. COMPUTATION OF SUBPROBLEMS OF DISTRIBUTED
MULTITASK ALGORITHM

We now present the detailed algorithms to solve the min-
imization subproblems (20a), (20b), and (20c). Note that we
have used the subscript ¢ to denote the iteration step (outer iter-
ation) of the BCD iterations. If iterative methods are applied to
solving the subproblems at iteration ¢, we use the subscript [ to
denote the /th iteration (inner iteration) and omit ¢ for notational
simplicity.

Using previous estimates { M, ,ﬁ’l }, the computation of (20a)
is carried out locally at every node. We apply accelerated
gradient descent (AGD) methods [28] to solving (20a). For
any convex smooth loss function Lj(-), the objective func-
tion in (20a) is strictly convex, and hence, the corresponding
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Algorithm 1: Solving (20a) via the APG Method.

Input: Given M} ! and u,(:)) = uéﬁl) =0.
cfori=1,2,....do
7; is a fixed step size or determined by line search.
(== -1 - -1 1-2
wp = R T ),

1
2
3

L 1
4 u) = 2na((L 4+ )L, - M
5
6
7

TV, Lk(uk)‘

if the stopping criterion is satisfied then

(-%)-
‘U,k

: exit the loop
8: end if
9: end for
Output: u}, = u,(gl).

optimization problem admits a unique minimizer. The detailed
AGD algorithm for (20a) at node k is given by Algorithm 1.

A. Distributed Computation of Z. in (20b)

We could use a dual-decomposition method for the separated
objective function (20b). However, using the augmented La-
grangian can bring robustness to the dual ascent method [11],
so we use this method below. Let €21 (€2;52) denotes the La-
grange multiplier corresponding to the constraint Z; = Wj;
(respectively Wy,; = Z;), and we construct the augmented La-
grangian function for the problem (20b) as follows:

£,({Z} AWis b A% ) = > (120 - w13

k=1

+0 > 1120 = Wij + Qo /ol
JEN;

0 Y Wiy = Z; + Qs /ol
JEN;

where p > 0 is a penalty parameter. The ADMM [11] is then
applied to solving the problem (20b) in a cyclic fashion by
minimizing £, with respect to the local variables {Z;} and
auxiliary variables {W}; }, followed by a gradient ascent step
over the dual variables {1, {2 }. Following similar proce-
dure as [29], we obtain the iterations required per node k for
solving (20b)

(27} = avgmin £,(Ze ) (W5 V1AQG ) el
I 1 I - -

ngj) = ?p(QEC_/l Qiﬂl )+ 5(2;5 Y ZJ(‘ 1>) (21b)

ol = oV izl -w) 2lc)

o, = ol Vo) =2y vEev,jen. @l

The convergence of the ADMM method ensures the conver-
gence of the distributed iterations (21a)—(21d) to the optimal
value of (20b). Moreover, iterations (21a)—(21d) can be further

simplified, as stated in the following lemma.

Lemma 2: Initializing all the Lagrange multipliers to zeros
at every node, iterations (21a)—(21d) reduce to

Z(z):“};“k *QQllJF P jen. (Z 11+le)
: 1+ 2p|Ni|
(22a)
o = o V4 p2 3 (20 -2") vkev (2b)

JENE
where || is the number of neighboring nodes of node k,
and Q,(J) = Zj N, Q,glJ)l ,Vk €V are the scaled local aggregate
Lagrange multipliers.
Proof: All the Lagrange multipliers are initialized to zeros,
ie, Q) =%, = 0,.,. Substituting (21b) into (21c) and
(21d), we have

(I-1)

n _ 1 P I
Q) =940 = 5@ + R + 52 - 2. @)
By mathematical induction, we know that Qg])l = —Qy,gl,Vk S
V, j € Nj. Therefore, the auxiliary variables Wk(;) can be ex-
pressed as
wy) =z +z") /2. (24)

By substituting (24) into (23), we obtain the iteration (22b)
for the scaled local aggregate Lagrange multiplier €2;. Taking
the derivative of the Lagrangian £, with respect to Z;, setting
the derivative to zero, and substituting (24) into the resulting
equation, we obtain the closed-form solution (22a) for the opti-
mization problem (21a). |

Note that the proposed distributed algorithm has a double-
loop structure, including the outer BCD iteration (20) and the
inner ADMM iteration (22). At every inner loop [/, the com-
putation of (22) at each node k requires quantities {Z; };en;,
of its neighboring nodes and hence the communication among
neighbors is needed. However, at every outer loop ¢, if the inner
loop iterations run multiple times till convergence, it may lead
to excessive communication overhead.

An inexact approach: To save energy resources and reduce
communication costs, alternatively, we introduce an inexact ap-
proach for computing (20b). First, the number of the inner iter-
ation is restricted to be a fixed small number L > 0. Second, the
initial states of variables at current inner iteration are set equal
to the last states at the previous inner iteration, i.e.,

7O = 7L b0 — L0y ey (25)

Third, the iterative result Z,Z’(L) after L iterations is projected
onto a positive semidefinite cone for feasibility. For clarity, the
proposed inexact approach for solving (20b) is summarized in
Algorithm 2.

Remark 1: We can treat this approach as an online setting
of the ADMM, in which {Z} } are reevaluated after new “data
points” {u} } are revealed in every BCD round. We will show
that the inexact intermediate quantities {Z} } obtained after a
small number of iterations can also result in good enough esti-
mates of { M} } and {u”l} and hence it saves communication
resources greatly compared with that using exact minimization.



HUA et al.: DISTRIBUTED LEARNING OF PREDICTIVE STRUCTURES FROM MULTIPLE TASKS OVER NETWORKS

4251

Algorithm 2: Solving (20b) via the Inexact ADMM
Method.

Input: Node k has computed the local parameter u},.
Setting 20" = ZI7 ) and @1 — ol ke v,
1: Set the penalty parameter p appropriately.

2: forl—1,2,...,Ldo

3: forallk=1,...,N do

4. Compute Z;"(” via (22a).

5: Broadcast Z|'") to all neighbors in A
6: end for

7 forallk=1,...,N do

8: Compute Q;’C’(l) via (22b).

9: end for

10: end for

Output: Z} = Projg (7;'"), 0 = 0" vk e V.

As data points {u} } getting stabilized with the BCD procedure,
the inexact quantities {Z] } among all nodes will gradually ap-
proach the exact one and the optimal minimizer can be obtained
asymptotically.

B. Local Computation of My, in (20c)

Since €I, + Z} and (I, + M;) ! are positive definite, the
objective function in (20c) is strictly convex, and hence it ad-
mits a unique minimizer, which can be obtained via solving
an eigenvalue optimization problem summarized in Theorem 2
(subscript k is omit for notational simplicity).

Theorem 2: Given an arbitrary symmetric matrix Z € RP*?
in (20c), let Z = PXPT be its eigendecomposition, where
P e RP*P is orthogonal, and ¥ = diag(7y,...,7,) € RP*?
is diagonal with the eigenvalues on its main diagonal. Let
¥ = diag(o7,...,0,) € RP*?, where {o;}}_, is the optimal
solution to the following convex optimization problem:

R
min

{Uv}

P
s.t. Za =h,0<0; <1. (26)

i=1
Then, the global minimizer to (20c) is given by M* = PX.PT,
and the objective value in (26) is equal to that in (20c).

The proof of Theorem 2 is omitted since it is an existing
result in [21]. The problem (26) can be solved using a linear
time algorithm [21].

For clarity, the main steps for distributed learning of pre-
dictive structures from multiple tasks over sensor networks are
presented in Algorithm 3. Due to space limitations, we do not
provide the theoretical analysis.

C. Communication Complexity Analysis

We provide an analysis of the communication complex-
ity of the distributed algorithm. In each outer iteration, each
node transmits local estimates to its neighbors L times. Let 7'

Algorithm 3: The Distributed Multitask Learning (dAMTL).

Input: Each node k£ has a small number (/N},) of the
labelled data (x;., y1.).

1: fort —1,2,...do

2: forallk=1,...,N do

3: Compute u}, in (20a) via Algorithm 1.

4: end for

5: Distributedly compute {Z/} in (20b) via Algorithm?2.
6: forallk=1,...,N do

7: Compute M} in (20c) using Theorem 2.

8: end for

9: end for

Fig. 1.

Network connection.

denote the total number of the outer iteration, then node k£ needs
to transmit O(T'L|N},|) messages in total, where |[N}| is the
number of its neighbors. Note that the less the inner iteration
is, the more the outer iteration is needed to get convergence. In
other words, the small value of L will lead to the large value of
T. From Algorithm 3, we see that a large number of the outer
iteration will lead to a large computational cost. In the following
simulations, we experimentally study the communication cost
with different number of the inner iteration L.

V. SIMULATIONS

In this section, the performance of the proposed dMTL algo-
rithm is evaluated via numerical simulations on both synthetic
and real-world datasets.

We first examine kinds of properties of the dMTL on the
synthetic data. We consider the case of regression and a ran-
domly generated sensor network with 20 nodes. The nodes
are randomly placed in a 2.5 x 2.5 square, and the commu-
nication distance is taken as 0.8, as shown in Fig. 1. The
parameter uj of the node (task) %k is selected from an r-
dimensional zero-mean Gaussian distribution N (0, X)), where
the covariance matrix X is drawn from an 7 X r dimensional
Wishart distribution W(r, rI) with r degrees of freedom. To
these r-dimensional uy’s, we add p — r irrelevant dimensions
which are exactly zero, i.e., u; = [u;{,OZ,T]T. By construc-
tion, the multiple tasks among all nodes share an r-dimensional
predictive subspace. Note that we regenerate the covariance
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matrix ¥ and the corresponding parameters {wy, } for each inde-
pendent simulation. The outputs y,, ; are computed from a noisy
linear function, yy, ; = uf & ; +v,i=1,2,..., N}, where v
is zero-mean Gaussian noise with standard deviation equal to
0.05. The input data {xj ;} is randomly generated uniformly
from [0, 1]?. For simplicity, we assume that the numbers of
training samples among all nodes are equal. Unless otherwise
specified, the relevant dimension is set as r = 5, and the fea-
ture dimension is set as p = 20 in the following simulations.
Moreover, the mean-square-error loss function is used in this
regression problem.

For comparison, we also simulate the centralized multitask
learning (¢cMTL) algorithm, which alternately performs (16a)
and (16b), the corresponding noncooperative (non-coop) learn-
ing algorithm, which estimates each of tasks at each node in-
dependently using standard ridge regression, and the diffusion
LMS for multitask networks (MT-LMS) proposed in [15], which
promotes the similarity of parameter vectors via their distance
among neighboring nodes. Note that the ridge regression is
equivalent to (5) with a = 0, and its tradeoff parameter 3 is
determined via the cross validation.

All results below are averaged over 100 independent Monte
Carlo simulations with randomly generated samples. We employ
the mean-square deviation (MSD) of estimated parameter errors
as the performance measure.

A. Convergence Study

We first check the convergence of the IMTL with the inexact
approach, in which the number of inner iterations L is fixed
at 3, 6, and 9, respectively. For the dMTL and the cMTL, we
heuristically set the dimension of subspace h as 5 and then de-
termined the parameters o = 1072 and 7 = 1072, We set the
step size of the MT-LMS as 0.2 and set its regularization param-
eter as 1072, We evaluated the MSD performance of the dMTL
with different number of training samples per node, and two
of them (N, = 20, 40) are shown in Fig. 2, compared with the
c¢MTL, the noncooperative, and the MT-LMS algorithms. The
MSD learning curves are obtained by averaging all local MSDs
among nodes. Since the MT-LMS is an online algorithm, whose
iteration procedure is not the same as the BCD of the dMTL,
we draw a line to represent its steady-state MSD obtained after
10000 iterations. Since the noncooperative algorithm has no
iteration procedure, we also draw a line to represent its steady-
state MSD. We observed that in all cases, the MSD of the IMTL
can converge to that of the cMTL even with a very few times
of inner iterations. We also observe that the dMTL gets con-
verged faster as the number of inner iterations L increases or
the number of the training samples per node increases.

Furthermore, by learning multiple tasks simultaneously
through cooperating with neighboring nodes in a multitask net-
work, the dMTL improves the estimation accuracy of each task
compared with the noncooperative algorithm, and this improve-
ment is quite big when the number of the training samples
per node is small. To further verify this point, we evaluated
the steady-state MSD performance of the IMTL with different
training sample sizes. As shown in Fig. 3, the steady-state MSD
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Fig. 2. Transient network MSDs of the dMTL with different number of

inner iterations (L = 3, 6, 9), compared with the cMTL, the non-coop, and
the MT-LMS algorithms. (a) N, = 20, (b) N;, = 40.

"N —e— dMTL

SN e cMTL
ol —+— non-coop
—8— MT-LMS

Steady-state network MSDs (dB)

20 40 60 80
The number of training samples

Fig. 3. Steady-state network MSDs versus the number of training
samples, compared with the cMTL, the non-coop, and the MT-LMS
algorithms.

of the dMTL gradually decreases as the training sample size in-
creases, and the dMTL can always achieve better performance
than the noncooperative and the MT-LMS algorithms. Espe-
cially when the training sample size is small, the IMTL makes
use of the relationship among multiple tasks and achieves much
better performance. We fixed the sample size as N, = 20 in the
following simulations. From the above results, we see that the
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Fig. 4. Communication costs versus the network MSDs with different
number of inner iteration L.

MT-LMS algorithm performs even worse than the noncoopera-
tive algorithm. Note that the MT-LMS is an online algorithm so
it has extra misadjustment error, and it is designed for estimation
problem with parameter similarity characterized by clusters and
distances, so it is not suitable for this experiment. Moreover,
since the cMTL has the same steady-state performance as the
dMTL, we omit both the MT-LMS and cMTL in the following
steady-state simulations.

B. Communication Cost of the dMTL

We have analyzed the communication complexity of the
dMTL in the previous section. In this section, we experimen-
tally study the communication cost of the dMTL with different
number of inner iteration L. We use the same parameter settings
as previous experiment (N, = 20). At node k, the communi-
cation cost after ¢ outer iteration is tL|N}|. We compute the
network communication cost by averaging all costs among all
nodes over networks. As shown in Fig. 4, to achieve the same
network MSD, the dMTL with the small value of L costs less
communication resources than those with the large values of L.
Thus, in practical applications, we can choose an appropriate
value of L to balance the communication cost and computation
time. We fixed L = 6 in the following simulations.

C. Subspace Selection

In this section, we study the effect of the dimension of the
shared feature subspace h on the estimation performance of the
dMTL. We fixed the dimension of feature space p = 20, and
test two cases that the value of the relevant dimension r is taken
as 5 and 10, respectively. We set the parameters o = 1072, and
n = 1072. For each case, we record the obtained steady-state
MSDs of estimated parameter errors with different dimensions
of the subspace (h < p). The result is presented in Fig. 5. In
both cases, we observe that when h gets close to the relevant
dimension r = 5 (or r = 10), the dMTL has a relatively lower
MSD. It is reasonable since the relevant dimension 7 is exactly
the dimension of the subspace by construction. In practice, it
is good enough to choose h = [5,8] when r = 5, and choose
h = [10,12] when r = 10. We also observe that when h gets
close to the feature dimension p = 20, the AMTL has the similar

Steady-state network MSDs (dB)

— — = non-coop

0 5 10 15 20
The dimension of subspace, h

Fig. 5. Steady-state MSDs versus the dimension of subspace h, as
the number of relevant variables r simultaneously changes.

performance with the noncooperative algorithm. The reason is
that when h = p, the common subspace becomes the original
predictive space, and no extra information can be extracted from
the multitask learning framework. We set » =5 and h = 5 in
the following simulations.

D. Sensitivity Study

In this section, we study the effect of the parameters « and 7 on
the estimation performance of the dMTL. Recall that n = 3/,
where the regularization parameters « and /3 are used to tradeoff
the importance of two regularization components in (6). We first
set n = 1073,1072, 107!, respectively; meanwhile, we vary a
in the range [107%,10°]. As shown in Fig. 6 (top), the dMTL
can achieve relatively better performance if « is set to some
value close to 10~2 no matter what value of 7 is. Too small or
too large value of « will result in relatively bad performance.
Nevertheless, we can choose an appropriate value of « via the
simple cross validation.

In the second experiment of this part, we set o=
1073,1072,107!, respectively; meanwhile, we vary 7 in the
range [10~%, 10%]. As shown in Fig. 6 (bottom), the dMTL is not
very sensitive to the parameter 7. The dMTL can achieve better
performance when 7 is taken a relatively small value (over a
very wide range [10~®,1072]) no matter what value of « is. We
observe similar results on other simulations. Note that 7 is the
ratio of /3 to «v, a small value of 7 is corresponding to a small pro-
portion of the second component of the regularization function
(6). In the case that the number of training samples is limited
(Nj, = 20 in this experiment), the multitask framework works
and the first component of the regularization (6) plays a major
role. Empirically, we set 7 = 1072 in the following simulation.

E. Impact of the Number of Tasks (Nodes)

To test the effect of the number of jointly learned tasks,
we used the dMTL with N = 10,20, 100 nodes (tasks). The
density of networks remains unchanged. To ensure this, the
communication distance still remains 0.8 and the square, in
which the nodes are randomly placed, is proportionally zoomed
in and out. In this experiment, we setr =5, h =5, a = 1072,
and n = 10~2; meanwhile, we vary the feature dimension p in
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Fig. 7. Steady-state MSDs versus the dimension of feature space p
with the fixed » = 5, as the number of tasks N simultaneously changes.

the range [5, 25]. For N = 10 and 20, the performance metrics
of the dMTL are averaged over randomly selected subsets of the
100 tasks, so that our estimates have comparable variance. Fig. 7
shows experimental results. With the increase of the number
of tasks, the performance of the dMTL improves. The reason
is that by learning more tasks simultaneously, more structure
information of the parameter space can be extracted from mul-
tiple tasks and the common subspace can be estimated more
accurately. Furthermore, as the number of irrelevant dimension
(p — r = [0, 20)) increases, the performance of the dMTL gets
a bit worse but its advantage over the noncooperative algorithm

(b)

Fig. 8.  Sample images from (a) ORL face database and (b) Extended
Yale-B face database.

becomes more and more obvious. To explain this, note that with
the increasing of the number of irrelevant variables, the non-
cooperative algorithm needs more training samples per node to
obtain an acceptable estimate. Meanwhile, the IMTL makes use
of the structure information from multiple tasks and can cover
the shortage of training samples in some extent.

F. Classification of Real Data

In this section, we examine the dMTL on the two real-world
datasets. In many practical image processing applications in a
sensor network, the sensor node equipped with tiny cameras
often has a small number of image samples. Thus, the image
classification task executed at a single node may has a poor
performance. In this case, a multitask network can be used to
improve the performance of the classifier at each node. To sim-
ulate the above scenario, we use the proposed dMTL algorithm
for cooperatively performing the image classification tasks in
a multitask network using two real-world datasets: Olivetti Re-
search Laboratory (ORL) database' and Extended Yale Face-B
database.> The ORL database of Faces contains ten different
images of each of 40 distinct subjects. For some subjects, the
images were taken at different times, varying the lighting, fa-
cial expressions, and facial details. The extended Yale-B face
database contains 16 128 images of 38 human subjects under
9 poses and 64 illumination conditions. We choose the frontal
pose and use all the images under different illuminations, thus
we get 64 images per individual. Some sample images are shown
in Fig. 8. All images were manually aligned, cropped, and then
resized to 32 x 32 pixels, with 256 gray levels per pixel. Each
image is represented by a 1024-dimensional vector in the image
space. We employ the misclassification rate (test error rate) as
the performance measure. Moreover, the modified Huber loss
function is used in this classification problem.

We examine the dMTL with different number of nodes (tasks)
at N = 10, 20, 40, 60, 80, 100, respectively. The density of net-
works is kept the same as the previous experiment. We set
L=6,h=4,17=1073, and o = 1073 for the ORL database
(ov = 1072 for the Extended Yale-B database). For each simula-
tion, each node performs a two-class image classification task,

Uhttp://www.cl.cam.ac.uk/research/dtg/attarchive/facedatabase.html
Zhttp://vision.ucsd.edu/~leekc/Ext YaleDatabase/ExtYaleB.html
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TABLE |
PERFORMANCE COMPARISONS ON TWO REAL-WORLD DATASETS WITH
DIFFERENCE NUMBER OF NODES (TASKS)

Error Rates (mean =+ std-dev%)

ORL face database Extended Yale-B face
N non-coop dMTL non-coop dMTL
10 15.13 £5.86 14.39 +£5.81 8.10 £1.82 6.37 £1.82
20 15.27 £4.69 14.55 +4.67 7.89 £1.28 6.41 +1.16
40 15.04 +£3.12 14.30 +3.08 7.96 £0.87 6.30 +0.86
60 15.02 £2.41 14.25+2.37 8.02+0.71 6.47+£0.61
80 15.15 +2.24 14.41 +2.23 8.04 £0.71 6.39 +£0.58
100 15.31 +£2.12 14.59 +2.11 8.01 +£0.64 6.39 +£0.47

in which two subjects are randomly selected from 40 (or 38)
distinct subjects. We set the training and test ratio at 2:8 and
record the averaged test error rate of the dMTL over all nodes
(tasks). The final test error rate is averaged over 100 indepen-
dent simulations. We compare the AIMTL with the corresponding
noncooperative (non-coop) learning algorithm, which performs
each of tasks at each node independently using a linear classifier
with modified Huber loss function and /5-norm regularization.
As shown in Table I, no matter how many tasks (nodes) are per-
formed, the AMTL always has a relatively lower test error rate
than the corresponding noncooperative algorithm on both of the
two face databases. Especially on the Extended Yale-B database,
the improvement is remarkable. Note that the classified subjects
among all nodes are different, and, hence, the decision hyper-
planes of the tasks are also different from each other. Thus, the
overlap of hypothesis subspaces among all nodes may be quite
small. Nevertheless, our proposed dMTL can still make use of
the structure information to cover the shortage of the training
samples and improves the generalization performance of the
linear classifier at each node.

VI. CONCLUSION

Consider the case that each node in a network has different
estimation task, and assuming all tasks share a common feature
subspace, we formulated the dMTL framework. Based on the
BCD method and the inexact ADMM technique, we derived
a dMTL algorithm, which is computationally inexpensive and
energy saving owing to the use of the inexact approach. Numeri-
cal simulations demonstrated that the proposed dMTL algorithm
can converge to its centralized counterpart and outperforms the
corresponding noncooperative learning algorithm.

REFERENCES

[1] I. E Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “A survey
on sensor networks,” IEEE Commun. Mag., vol. 40, no. 8, pp. 102-114,
Aug. 2002.

[2] R. Olfati-Saber, “Distributed Kalman filtering for sensor networks,”
in Proc. 46th IEEE Conf. Decision Control, New Orleans, LA, USA,
Dec. 2007, pp. 5492-5498.

[3] C.G.Lopesand A. H. Sayed, “Diffusion least-mean squares over adaptive
networks: Formulation and performance analysis,” IEEE Trans. Signal
Process., vol. 56, no. 7, pp. 3122-3136, Jul. 2008.

[4] 1. D. Schizas, G. Mateos, and G. B. Giannakis, “Distributed LMS for
consensus-based in-network adaptive processing,” IEEE Trans. Signal
Process., vol. 57, no. 6, pp. 2365-2382, Jun. 2009.

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

C. Li, P. Shen, Y. Liu, and Z. Zhang, “Diffusion information theoretic
learning for distributed estimation over network,” IEEE Trans. Signal
Process., vol. 61, no. 16, pp. 40114024, Aug. 2013.

Y. Liu, C. Li, and Z. Zhang, “Diffusion sparse least-mean squares over
networks,” IEEE Trans. Signal Process., vol. 60, no. 8, pp. 4480-4485,
Aug. 2012.

X. Cao, J. Chen, Y. Xiao, and Y. Sun, “Building-environment con-
trol with wireless sensor and actuator networks: Centralized versus dis-
tributed,” IEEE Trans. Ind. Electron., vol. 57, no. 11, pp. 3596-3605,
Nov. 2010.

J. Chen, X. Cao, P. Cheng, Y. Xiao, and Y. Sun, “Distributed collabora-
tive control for industrial automation with wireless sensor and actuator
networks,” IEEE Trans. Ind. Electron., vol. 57, no. 12, pp. 4219-4230,
Dec. 2010.

J. C. Chen, K. Yao, and R. E. Hudson, “Source localization and
beamforming,” IEEE Signal Process. Mag., vol. 19, no. 2, pp. 30-39,
Mar. 2002.

R. Olfati-Saber, A. Fax, and R. M. Murray, “Consensus and cooperation in
networked multi-agent systems,” Proc. IEEE, vol. 95, no. 1, pp. 215-233,
Jan. 2007.

S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed
optimization and statistical learning via the alternating direction method
of multipliers,” Found. Trends Mach. Learn., vol. 3, no. 1, pp. 1-122,
Jul. 2011.

A. G. Dimakis, S. Kar, J. M. Moura, M. G. Rabbat, and A. Scaglione,
“Gossip algorithms for distributed signal processing,” Proc. IEEE, vol. 98,
no. 11, pp. 1847-1864, Nov. 2010.

Z. Liu, Y. Liu, and C. Li, “Distributed sparse recursive least-squares over
networks,” IEEE Trans. Signal Process., vol. 62, no. 6, pp. 1386—1395,
Mar. 2014.

P. Shen and C. Li, “Distributed information theoretic clustering,” IEEE
Trans. Signal Process., vol. 62, no. 13, pp. 3442-3453, Jul. 2014.

J. Chen, C. Richard, and A. H. Sayed, “Multitask diffusion adaptation over
networks,” IEEE Trans. Signal Process., vol. 62, no. 16, pp. 4129-4144,
Aug. 2014.

J. Chen, C. Richard, and A. H. Sayed, “Diffusion LMS over multitask
networks,” IEEE Trans. Signal Process., vol. 63, no. 11, pp. 2733-2748,
Jun. 2015.

J. Chen, C. Richard, A. O. Hero, and A. H. Sayed, “Diffusion LMS for
multitask problems with overlapping hypothesis subspaces,” in Proc. IEEE
Int. Workshop Mach. Learn. Signal Process., Reims, France, Sep. 2014,
pp. 1-6.

R. K. Ando and T. Zhang, “A framework for learning predictive structures
from multiple tasks and unlabeled data,” J. Mach. Learn. Res., vol. 6,
pp. 1817-1853, Nov. 2005.

A. Argyriou, T. Evgeniou, and M. Pontil, “Convex multi-task feature
learning,” Mach. Learn., vol. 73, no. 3, pp. 243-272, Dec. 2008.

G. Obozinski, B. Taskar, and M. 1. Jordan, “Joint covariate selection and
joint subspace selection for multiple classification problems,” J. Statist.
Comput., vol. 20, no. 2, pp. 231-252, Apr. 2010.

J. Chen, L. Tang, J. Liu, and J. Ye, “A convex formulation for learning
a shared predictive structure from multiple tasks,” IEEE Trans. Pattern
Anal. Mach. Intell., vol. 35, no. 5, pp. 1025-1038, May 2013.

H. Zou and T. Hastie, “Regularization and variable selection via the
elastic net,” J. Roy. Statist. Soc. B, vol. 67, no. 2, pp. 301-320,
Mar. 2005.

M. L. Overton and R. S. Womersley, “Optimality conditions and dual-
ity theory for minimizing sums of the largest eigenvalues of symmetric
matrices,” Math. Program., vol. 62, nos. 1-3, pp. 321-357, Feb. 1993.

R. A. Horn and C. R. Johnson, Matrix Analysis. New York, NY, USA:
Cambridge Univ. Press, Oct. 2012.

A. Argyriou, M. Pontil, Y. Ying, and C. A. Micchelli, “A spectral regular-
ization framework for multi-task structure learning,” in Proc. Adv. Neural
Inf. Process. Syst., Vancouver, BC, Canada, Dec. 2007, pp. 25-32.

D. P. Bertsekas, Nonlinear Programming. Nashua, NH, USA: Athena
Scientific, Apr. 2004.

J. Hua and C. Li, “Distributed variational Bayesian algorithms over sensor
networks,” IEEE Trans. Signal Process., vol. 64, no. 3, pp. 783-798,
Feb. 2016.

Y. Nesterov, Introductory Lectures on Convex Optimization: A Basic
Course, vol. 87. New York, NY, USA: Springer Science & Business Me-
dia, 2004.

P. A. Forero, A. Cano, and G. B. Giannakis, “Consensus-based distributed
support vector machines,” J. Mach. Learn. Res., vol. 11, pp. 1663-1707,
May 2010.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 5, MAY 2017

Junhao Hua received B.S. degrees in com-
puter science and automation from Zhejiang
University of Technology, Hangzhou, China, in
2013. He is currently working toward the Ph.D.
degree in the College of Information Science
and Electronic Engineering, Zhejiang University,
Hangzhou.

His current research interests include statis-
tical signal processing, Bayesian learning, and
wireless sensor networks.

Chunguang Li (M’14-SM’14) received the M.S.
degree in pattern recognition and intelligent sys-
tems and the Ph.D. degree in circuits and sys-
tems from the University of Electronic Science
and Technology of China, Chengdu, China, in
2002 and 2004, respectively.

He is currently a Professor in the College of
Information Science and Electronic Engineering,
Zhejiang University, Hangzhou, China. His cur-
rent research interests include statistical signal
processing and wireless sensor networks.

Hui-Liang Shen received the B.Eng. and Ph.D.
degrees in electronic engineering from Zhejiang
University, Hangzhou, China, in 1996 and 2002,
respectively.

He was a Research Associate and a Re-
search Fellow with The Hong Kong Poly-
technic University from 2001 to 2005. He is
currently a Full Professor in the College of
Information Science and Electronic Engineer-
ing, Zhejiang University. His research interests
include color imaging, image processing, and

three-dimensional computer vision.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


