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Abstract: We consider a distributed constrained optimisation problem where a group of distributed
agents are interconnected via a cloud center, and collaboratively minimise a network-wide objective
function subject to local and global constraints. This paper devotes to developing efficient distributed
algorithms that fully utilise the computation abilities of the cloud center and the agents, as well as
avoid extensive communications between the cloud center and the agents. We address these issues
by introducing two divide-and-conquer techniques, the alternating direction method of multipliers
(ADMM) and a primal-dual first-order (PDFO) method, which assign the local objective functions
and constraints to the agents while the global ones to the cloud center. Both algorithms are proved to be
convergent to the primal-dual optimal solution. Numerical experiments demonstrate the effectiveness
of the proposed distributed constrained optimisation algorithms.
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1 Introduction

This paper considers a distributed constrained optimisation
problem defined over a cloud-based multi-agent network.
A group of n distributed agents (also called as nodes)
are interconnected via a cloud center, and collaboratively
minimise a network-wide objective function subject to local
and global constraints. To be specific, every agent 7 has a
local objective function f;(x;) and a local constraint z; € A,
where z; € RP? is alocal optimisation variable. The network-
wide objective function is defined as Y ., fi(z;) + h(z),
with h(x) being the global objective function depending on
the stacked optimisation variable z £ [z1;--- ;2,] € X C
RP, X is the Cartesian product of X;,7=1,... ,nand p =
>, pi- The network is also subject to m global constraints
on the stacked optimisation variable x, denoted as gj(x) <
0, 5 =1,...,m. Therefore, the constrained optimisation
problem is in the form of

n
min Z fi(xs) + h(z),
= (1)
st. z e, i=1,...,n,
gj(z)go7j:]'7"'7m'

The form of equation (1) appears in a large number of network
applications. For example, every agent can be a robot and
the team of cooperative robots are coordinated via a cloud
center to monitor an interested area. In this setting, the local
optimisation variables z; stand for the positions of the robots.
The local objective functions and constraints determine the
expected positions of the individual robots, while the global
objective functions and constraints determine the relative
orientations of all the robots (Hale and Egerstedt, 2014; Hale
et al., 2015). Network resource allocation of a cloud network
can also be formulated as such a constrained optimisation
problem (Beck et al., 2014; Chen et al., 2017). More examples
include networks of smart portable devices (Armbrust et al.,
2010; Bonomi etal., 2012), smart grids (Giannakis et al., 2013;
Liand Scaglione, 2013), large-scale machine learning systems
(Boyd et al., 2011; Mokhtari et al., 2016), to name a few.
One naive approach to solving equation (1) is letting
the cloud center collect all the local objective functions and

constraints, and find an optimal solution in a centralised
manner. This centralised approach is costly in communication,
inflexible to changes of the network topology and the
optimisation task, and insecure due to the danger of leaking
local information. A favourable choice is designing distributed
algorithms that offload some computation tasks to the agents.
That is, every agent processes its own local objective function
and constraint while the cloud center processes the global
ones; the agents and the cloud center coordinate to guarantee
the optimality of solutions (Tsitsiklis et al., 1986; Bertsekas
and Tsitsiklis, 1997).

Classical divide-and-conquer methods to handle this
problem operate in the primal-dual domain. The dual
decomposition method considers a Lagrangian function that
dualises the inequality constraints and optimises along dual
(sub)gradient ascent directions. Recent works (Hale and
Egerstedt, 2014; Hale et al., 2015) propose dual decomposition
algorithms to solve equation (1). However, at every iteration
they require the cloud center to collect the primal variables
from all the agents, update the dual variables, and send all
the primal and dual variables to all the agents. Therefore,
they incur heavy communication load. In addition, the main
disadvantage of the dual decomposition method is its slow
convergence (Bertsekas, 1999; Chiang et al., 2007). To address
this issue, (Hale et al., 2015) appends Tikhnov regularisation
terms to the dual function so as to improve the convergence
speed. Nevertheless, this approach leads to an inexact solution
that resides in a neighbourhood of the optimum of equation (1).

Another remarkable primal-dual algorithm is the
alternating direction method of multipliers (ADMM) (Gabay
and Mercier, 1976; Eckstein and Bertsekas, 1992). Through
introducing local copies of the optimisation variable in both
the cloud center and the agents, imposing and dualising
consensus constraints on them, and optimising the augmented
Lagrangian in an alternating direction manner, ADMM
demonstrates fast convergence both in practice (Boyd et al.,
2011; Giannakis et al., 2016) and in theory (He and Yuan,
2012; Deng and Yin, 2016; Hong and Luo, 2017; Shi et al.,
2014). Since the alternating optimisations of the primal
variables often involve nontrivial subproblems, solving their
linear or quadratic approximations is able to reduce the
computation costs (Ng and Yuan, 2011; Ling et al., 2015;
Chang et al., 2015; Mokhtari et al., 2016).
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This paper devotes to developing efficient distributed
algorithms that fully utilise the computation abilities of the
cloud center and the agents, as well as avoid extensive
communications between the cloud center and the agents. We
address these issues by introducing two divide-and-conquer
techniques, both of which assign the local objective functions
and constraints to the agents while the global ones to the
cloud center. The first algorithm is based on ADMM and the
second one is a primal-dual first-order (PDFO) method. Both
algorithms naturally yield two layers, the agent layer and the
cloud center layer, which exchange intermediate variables so
as to collaboratively obtain a network-wide optimal solution.
However, the ADMM-based algorithm requires the cloud
center and the agents to solve optimisation subproblems at
every iteration, and hence brings high computation cost.
The PDFO method significantly reduces the iteration-wise
computation cost by replacing the optimisation subproblems
with simple first-order gradient descent and projection
operations.

The rest of the paper is organised as follows.
Section 2 develops the distributed constrained optimisation
algorithm based on ADMM. The PDFO method with lower
iteration-wise computation cost is proposed in Section 3.
Section 4 provides numerical experiments to demonstrate
the effectiveness of the two proposed algorithms. Section 5
concludes the paper and gives future research directions.

2 ADMM-based distributed constrained
optimisation

Section 2.1 solves equation (1) based on ADMM. The resultant
algorithm is outlined in Section 2.2 and implementation
issues are discussed in Section 2.3. Section 2.4 compares the
proposed algorithm with existing works.

2.1 Algorithm development

ADMM solves an optimisation problem in the form

min ¢(z) + d(y),
st. Az + By =0, 2)
reX,ye).

Here ¢(x) and d(y) are functions of optimisation variables
x and y, respectively; A and B are two matrices; X and )
are the extra constraint sets on x and y, respectively. The two
variables are entangled in the linear constraint Ax + By = 0,
which makes solving equation (2) a difficult task.

ADMM operates on the augmented Lagrangian function
of equation (2), minimises the primal variables x and y
in an alternating manner, and updates the dual variable
corresponding to the linear constraint Az + By = 0 with dual
(sub)gradient ascent. The idea of ADMM can be traced back
to the 1970s (Gabay and Mercier, 1976). When the objective

functions ¢(z) and d(y) as well as the constraint sets X and Y
are convex, convergence of the iterate to the optimal primal-
dual pair is proved in Eckstein and Bertsekas (1992), while
its sublinear convergence rate is established in He and Yuan
(2012). When the objective functions are strongly convex,
ADMM has linear convergence rate (Deng and Yin, 2016;
Hong and Luo, 2017). The fast convergence speed and the
superior numerical stability have made ADMM a popular
choice for a large number of applications in recent years,
particularly for distributed optimisation; readers are referred
to the survey papers (Boyd et al., 2011; Giannakis et al., 2016).

Observe that in equation (1) there is only one group
optimisation variables x = [x1;- - - ; x,]. To apply ADMM to
equation (1), we introduce another group of auxiliary variables
Y= [y1;- -+ ;yn] € RP where y; € RPi for all i. Replacing
x in h(x) and all g;(x) by y and appending a consensus
constraint x = y, we have

min Y fi(w:) + h(y),
i=1

st. x—y=0, 3)
T, €X,i=1,...,n,

gj(y)goaj:]-v , M,

which is equivalent to equation (1). Now equation (3) is in the
form of equation (2) and ADMM is hence applicable.

Define the augmented Lagrangian function that dualises
the linear constraint x — y = 0 as

Lo(z,y,p) = Z fi(m) + h(y) + (p,x — y)

+ Llle -yl @
st. z e, i=1,...,n,
9;(y) <0,j=1,... ,m,

where . € RP? is the Lagrange multiplier and p is a positive
constant. At every iteration, ADMM first fixes the primal
variable y and the dual variable p, and minimises the
augmented Lagrangian function over the primal variable x.
Then it fixes  and p to minimise the augmented Lagrangian
function over y. Finally, the dual variable p is updated from
x and y through a dual (sub)gradient step. Therefore, at time
k + 1, the update of the primal variable z is

n k
- p
" = argmin z;fl(xl) + §||x —yF 4 %HQ,
i
st.x, € X, i=1,...,n.

Observe thaty = [y1;- -+ ;y,] € RPand pu = [jy; -+ 3 pin] €
RP where y; € RP¢ and p; € RP:. Therefore, equation (5) is
separable with respect to all x;. To be specific, the update of
x; 18
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k+1 P k Mk 2
b+l _ in fi(zs) + Slla; — oF + B2, 6
Ly arg mel)% fz(xz) + 2sz Yi + P H (6)

i

The update of the auxiliary variable y is

k+1 P k41 p* 2
g 1 h + — — _ ,
Y1 = argmin h(y) + 2y - @ [ -
st.ogi(y) <0,j=1,...,m.
The update of p is
Pt = b p(aF T — ), (8)

Notice that in this dual (sub)gradient step, the step size is the
same as the positive constant p in the augmented Lagrangian
function (4).

In the ADMM updates, equation (8) only involves
simple arithmetic operations. Given that X; is simple such
that projecting onto it is computationally efficient and f;
is convex, equation (6) can be solved by the projected
(sub)gradient method (Boyd and Vandenberghe, 2004).
However, equation (7) can be nontrivial if the objective
function h(y) and the inequality constraint functions g;(y)
are neither linear nor quadratic. Below we propose to solve
equation (7) with the dual decomposition method (Bertsekas,
1999; Chiang et al., 2007).

By introducing nonnegative Lagrange multipliers v; €
R4 to the inequality constraints g;(y) < 0in equation (7), we
have the Lagrangian function

k m
P 0
Ly, v) = hly) +Slly - AR ?II2 +3 vigiw). )
j=1

Denote v = |13+ ;1) € RT as a vector that stacks all
the Lagrange multipliers. Notice that the Lagrangian function
is not augmented, since appending the squares of nonlinear
inequality constraint functions makes the function nonconvex
in the primal variable y. At slot ¢+ 1 in the inner loop
of time k + 1, the dual decomposition method calculates
y with (sub)gradient descent, followed by the update of v
from projected (sub)gradient ascent. Denoting y**!(¢ + 1)
and v**1(t + 1) as the calculated values of y and p at slot
t + 1 in the inner loop of time &k + 1, respectively, we have

Yt +1)

10
=y HH(E) — eV LyPFH(2), v (1), "

where

vyk+1(t)£(yk+l(t),Z/k+1(t)) _ Vh(yk-H(t)) + pyk+1(t)

a3 Vg (54 (1),
j=1

In equation (10), c is a positive dual decomposition step size.
With a slight abuse of notations, V is the gradient if the

function is differentiable, or a subgradient if the function is
non-differentiable. For the update of v, we have

VR4 1)
k+1 k+1 k+1 (11)
= [V + Vi (o £+ 1), 04 (1)

+

where [-]+ denotes projection onto the nonnegative orthant.
Due to the separable structure of £(y, ) with respect to all
v;, for every constraint j the update of equation (11) yields

vt +1) = [T () + g (v (E+ 1)) (12)

+
Remark 1: Given that the objective functions and the
constraints in equation (3) — and equivalently in (1) — are
convex, and the subproblems (6) and (7) are accurately solved,
the sequence generated by the ADMM updates (6), (7) and (8)
guarantees to converge to an optimal solution of (3) for any
positive parameter p (Eckstein and Bertsekas, 1992; He and
Yuan, 2012). Suppose that equation (6) has been accurately
solved by the projected (sub)gradient method. Therefore,
convergence of the ADMM updates is determined by the
accuracy of solving equation (7). It is known that the dual
decomposition updates (10) and (11) also converge to an
optimal solution of the convex program (7) when the step size
c is sufficiently small (Bertsekas, 1999). The computational
stability of the dual decomposition method is favourable due
to the existence of the quadratic term in equation (7), which
makes the objective function strongly convex.

2.2 Algorithm outline

The proposed ADMM-based distributed constrained
optimisation algorithm is outlined in Algorithm 1. At time
k = 0, the cloud center and the agents initialise the variables
asy? € X, 1% =0,0° =0and 2¥ € X;. Attime k + 1, every
agent ¢ updates xf“ from equation (6), using the values of y*
and p¥ that are known after the communication step in Line
12. Then the cloud center collects all 27! from the agents
and solves y**! from equation (7) by an inner loop with T’
slots. The initial values of the inner loop are y**1(0) = 3"
and v*+1(0) = v*. The primal update of y**1(t + 1) from
equation (10) requires local variables 3"+ (¢) and p* as well
as variables zF*! available from the communication step
in Line 3. The dual update of v**1(¢ 4 1) in equation (11)
requires only local variables y**1(¢ 4 1) and v**1(¢). When
the inner loop terminates after 7" slots, the outer-loop primal
variable is set as y**! = y¥+1(T) and the inner-loop dual
variable is set as v**1 = y*T1(T). Both y**+! and ¥+ are
used in calculating the dual variable ;**! from equation (8).
Finally, yf“ and uf“ are disseminated to every agent ¢ by
the cloud center. Figure 1 shows a schematic diagram on the
computation and communication of cloud center and agents.

2.3 Implementation issues

As we have discussed in Section 2.1, the ADMM-based
distributed constrained optimisation algorithm converges to
the optimal solution of equation (3) when the subproblems (6)
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and (7) are exactly solved. If computing the projection onto the
set A& is affordable in agent ¢, equation (6) can be efficiently
solved by the projected (sub)gradient method. Indeed, it is
possible to run the projected (sub)gradient method for only
several steps to obtain an approximate solution, while still
guaranteeing convergence, as we have observed in the inexact
ADMM approaches (Ng and Yuan, 2011; Ling et al., 2015;
Chang et al., 2015; Mokhtari et al., 2016). Further, if the local
constraint x; € X; is absent and the local objective function
fi(x;) has a special form (for example, the ¢; and {5 norms),
the resultant problem has an explicit solution.

Figure 1 Computation and communication of cloud center and

agents (see online version for colours)

(@) Agent i updates x¥**

‘ﬁ' Agent

(@) Agent i sends x[**

@) Center sends y¥*t
to center

and u*! to agent i

@) Center updates y**1,
VI and gkt

Therefore, the main computational bottleneck of the
algorithm resides in the inner loops of solving equation (7).
Theoretically, the dual decomposition subroutine converges to
the optimal solution of equation (7) only when the number of
inner iterations 7' goes to infinity. Though the cloud center is
often supposed to have strong computation power, spending a
large number of iterations in the inner loops is still inefficient.
Therefore, in implementing the algorithm, we set 1" to be
a fixed small number. Numerical experiments in Section 4
show that the solutions of the inner loops will be more and
more accurate as the outer loops evolve. With particular
note, since the dual decomposition subroutine works on the
primal-dual domain, theoretically analysing the difference
between the inexact solution and the optimum to equation (7)
is challenging. For this reason, the existing convergence
guarantee for inexact ADMM no longer holds. We leave the
analysis of this inexact version of the proposed algorithm to
future research.

2.4 Comparisons with existing works

The main feature of the proposed ADMM-based distributed
constrained optimisation algorithm is to utilise the divide-
and-conquer technique for assigning the computation to two
layers, the cloud center layer and the distributed agent layer.
The two layers conduct their computing tasks respectively,
while collaborate to obtain the global optimal solution through
information exchange. To be specific, the cloud center sends
the intermediate primal variable y**! € RP and the dual
variable p**1 € RP to the agents, while the agents send the
intermediate primal variables xf 1 € RPi to the cloud center.
Notice that y**1 is an estimate of = [x1; - - ; 2,,] from the
cloud center’s perspective. The two primal variables %! and

k1 _ [pktl,

x [27Th; -+ ; 28+ shall converge to the same optimal
argument as k goes to infinity, and the role of the dual variable
p*+1is to punish the gap between the two vectors. This setting
results in affordable communication costs between the two
layers.

A naive approach to solving the constrained optimisation
problem (1) is to let the cloud center collect all the
local objective functions and local constraints from the
agents. Apparently, this approach is costly in communication,
inflexible to the changes of the network topology and the
optimisation task, and insecure due to the danger of leaking
local information. Contrarily, the proposed algorithm has
the advantages of lightweight communication, flexibility to
uncertainties, and privacy preservation.

Two notable approaches to solving the constrained
optimisation problem (1) are the dual decomposition
algorithm proposed in Hale and Egerstedt (2014) and the
Tikhonov regularised dual decomposition algorithm proposed
in Hale et al. (2015). The two algorithms both work in the
primal-dual domain of (1) — instead, our algorithm works in
the primal-dual domain of the equivalent form (3). The dual
decomposition algorithm in Hale and Egerstedt (2014) suffers
from computational instability when the objective function
is not strongly convex or non-differentiable. This issue is
addressed in Hale et al. (2015) by introducing Tikhonov
regularisation to both the primal and dual variables, at the
cost of yielding a non-optimal solution. Note that at every
iteration these two algorithms require the cloud center to
collect the primal variables from all the agents, update the dual
variables, and send both the primal and dual variables to all the
agents. Therefore, at every iteration the cloud center collects
a p-dimensional primal variable, while sends to every agent
an m-dimensional dual variable and a p-dimensional primal
variable. In comparison, at every iteration in Algorithm 1,
the cloud center collects p-dimensional primal variables x =
[€1;- - ;x,), while sends to agent i a p;-dimensional dual
variable p; and a p;-dimensional primal variable y;. In
summary, at every iteration of Hale and Egerstedt (2014)
and Hale et al. (2015), the communication load of the cloud
center is p in collecting information, and p + m in sending
information in a broadcast mode. In a unicast mode, the
communication load of sending increases to n(m + p), which
is proportional to the number of agents n. In our algorithm,
the communication load of the cloud center is 2p in sending
and p in collecting, both irrelevant with the network size.
Similarly, for agent ¢ the communication loads of sending are
both p; in the two algorithms, but those of collecting are p + m
in Hale and Egerstedt (2014); Hale et al. (2015), while 2p;
in Algorithm 1. Therefore, the proposed algorithm is more
communication-efficient than those in Hale and Egerstedt
(2014); Hale et al. (2015).

3 PDFO method for distributed constrained
optimisation

To reduce the iteration-wise computational cost of ADMM,
Section 3.1 proposes a PDFO method for solving equation (1)
such that the cloud center and the agents do not need to
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run inner loops to solve optimisation subproblems. Instead,
at every iteration the cloud center only uses one projected
(sub)gradient step to update its primal variable; the same every
agent does. The resultant algorithm is outlined in Section 3.2.
Its convergence is analysed in Section 3.3.

Algorithm 1 ADMM-Based Algorithm

Require: Cloud center initializes ° € X, u° = 0,° = 0.
Require: Every agent i initializes 29 = X;.

1: for times k = 1,2,... do

Every agent ¢ updates :cf“ from (6).

3:  Cloud center collects all 25" from agents.

4:  Cloud center solves (7) by the following inner loop.

5: Initializes y*** (0) = y* and v**1(0) = v".
6

7

8

fort=0,1,---, 7T —1do

Updates primal variable y***(t + 1) from (10);

Updates dual variable v*** (¢ + 1) from (11).
9: end for
10:  Lets y" " = ¢*t1(T) and ! = L*+H1(T).
11:  Cloud center calculates dual variable k+1 from (8).
12:  Cloud center sends yi ! and i k+1 to every agent .
13: end for

3.1 Algorithm development

The proposed PDFO algorithm considers another equivalent
form of equation (1), which is

min Z filz) + h(y),

i=1
st. z—y=0, (13)
r, € X, i=1,...,n,

g](y) Sov .721, ) 1, yEX

Again, y £ [y1;--- ;yn] € RP is an auxiliary variable, where
y; € RP?. Observe that equation (13) is slightly different to
equation (3) by adding the constraint y € X', where X is
defined as the Cartesian product of &;, ¢ = 1,... ,n. This
slight modification is important to the development of the
PDFO algorithm. Dualising the equality constraint x — y =
0 and the inequality constraints g;(y) < 0 yields a partially
augmented Lagrangian function

Zfz xz +h

+ (x —y) +
st. z;eX,i=1,...,

)+ ZVJQJ

5wwﬁ

Lo,y p,v
(14)

n, Yy eX,

where 1 € RP is the Lagrange multiplier attached to x —
y =0, v; € Ry are the Lagrange multipliers attached to
gi(y) <0,j=1,...,n, and pis a positive constant. Notice
that equation (14) is different to equation (4) since g;(y) <
0 are also dualised. To avoid introducing nonconvex terms,
these inequality constraints are not quadratically augmented
to equation (14).

Atevery iteration, the proposed PDFO algorithm first fixes
Y, i, and v to inexactly minimise £, over z, then fixes z, x,
and v to inexactly minimise L » over y, and finally updates 11
and v. At time k + 1, the update of z; is

zy = P, | [

i _avwfzp(xk7ykvuk7yk)]
=Pux, |z

(15)
— a(V fi(a}) + pf + paf — pyl)].

k
i
k
€T

Here a is a positive step size and P, denotes projection onto
the set X;. The update of the auxiliary variable y is

= PX [yk - bvykZp(xk+lvykvﬂka Vk)]
_ ko ky ok k+1 k
fo[y b{Vh(y) W= px"T + py a6)
DIAINE
j=1

Again, b is a positive step size and Py denotes projection onto
the set X'. Then the update of y is

#k+1 — Hk +pvukﬁ~p(xk+1,yk+1

= 1P+ p(a™t =y

k k
NN (17)

i

where the dual ascent step size p is the same as the positive
constant used in the augmented Lagrangian £,. Denote v =
[1:- - ;vm] € R The update of v is

T = Pp [VF + 0V, L, (a5 yF T T R, (18)
and thus for every v; we have

yhtl — Pp[

: Vi +bg; (y* ). (19)

Here the dual ascent step size b is the same as the one we used
in the update of y, and Pp denotes projection onto the set
D £ [0, Vmay]- The value of the positive constant v, will be
given in equation (28) of Theorem 1.

Remark 2: Comparing the PDFO method with the ADMM-
based algorithm, we can observe that their major differences
are three-fold. First, the update of x; in equation (15) is a
simple projected (sub)gradient step; while in the ADMM-
based algorithm, the update of x; in equation (6) solves
an optimisation problem, which requires running multiple
projected (sub)gradient steps. Second, at every iteration,
the PDFO method updates y and v; only once, but the
ADMM-based algorithm uses inner loops and updates them
multiple times. Third, the update of y in equation (10) is a
(sub)gradient descent step and that in equation (16) projects
onto A" after (sub)gradient descent. Meanwhile, the update
of v; in equation (12) projects onto the nonnegative orthant,
but that in equation (19) has an additional upper bound. The
first two differences enable the PDFO method to achieve
much better iteration-wise computational efficiency than the
ADMM-based algorithm. The third difference compensates
the lack of inner loops to update y and v;, and guarantees
the computational stability of the PDFO method. We also
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emphasise that the PDFO method has the same iteration-wise
communication cost as that of the ADMM-based algorithm,
and is hence advantageous over the existing works (Hale and
Egerstedt, 2014; Hale et al., 2015) as we have discussed in
Section 2.4.

3.2 Algorithm Outline

The proposed PDFO method that solves the distributed
constrained optimisation problem (1) is outlined in
Algorithm 2. At time k =0, the cloud center and the
agents initialise the variables as y° € X, pu® =0, 19 =0
and z¥ € X;. At time k + 1, every agent i updates xf“
from equation (15), using the values of y* and u/ that are
known after the communication step in Line 7. Then the cloud
center collects all xf“ from the agents, while updates *+1
from equation (16), u**! from equation (17), and v**! from
equation (18). The updates of y**! and p/*** require variables
2+ available from the communication step in Line 3. The
update of v**! in equation (11) requires only local variables.
Finally, yf“ and uf“ are disseminated to every agent @
by the cloud center. Notice that PDFO and ADMM, though
totally different in algorithmic details, have the same flow
of computation and communication, as we have shown in

Figure 1.

Algorithm 2 PDFO Method

Require: Cloud center initializes y0 e X, uo =0,2=0.
Require: Every agent i initializes =¥ = X;.

1: for times k = 1,2,... do

2:  Every agent ¢ updates mf"‘l from (15).

3. Cloud center collects all z*** from agents.

4:  Cloud center updates primal variable y**! from (16);
5:  Cloud center calculates dual variable pk“ from (17).
6

7

8

Cloud center calculates dual variable v**! from (18).
Cloud center sends yf’“ and ,uf“ to every agent .

: end for

3.3 Convergence analysis

To prove convergence of the PDFO method, we make
the following assumptions on the distributed constrained
optimisation problem (1).

Assumption 1: There exists a slater point (Bertsekas et al.,
2003) (z,7) of equation (13) such thatx € X,y € X, T = g,
and g;(7) <0,j=1,... ,m

Assumption 2: The cost function f(z) £ Y1, fi(x;) has
Lipschitz continuous gradient with constant Ly and is convex.
That is, for any two arbitrary points x and X in the domain of
f(x), we have

2

(@) < J@) + (V@2 — 8+ Ll — 37 Q0)
@) + (Vi) o — &), @

The cost function h(x) has Lipschitz continuous gradient with
constant Ly, and is strongly convex with constant M},. That

is, for any arbitrary points x and & in the domain of h(x), we
have

h(z) < h(E) +(Vh(@), 2~ 3) + e~ 3% @)

h(z) > h(F) + (Vh(E), 2 — &) + %Hx —#% @3

Assumption 3: The constraint set X is convex and bounded.
The constraint functions g;(x), j = 1,... ,m have Lipschitz
continuous gradients with constants Ly, and are convex. That
is, for any arbitrary points x and & in the domain of g;(z), we
have

L.
9i(®) < g;(2) + (Vg3 (2), 2 = 7) + o = 3%, 24

gi(x) > g;(T) + (Vg;(2),r — Z). (25)

For future usage, collect all the Lipschitz continuity constants
Ly, into a vector L = [Lg,;-++ 5 Ly, ] € R™. Also define
G(x) £ [91(2); -+ ; gm(x)] € R™. For any two points x and
T in X, there is a positive constant § such that it holds

|G(z) — G(@)|]* < é|lz — Z|>. (26)

Assumptions 1 and 2 are common in the convergence analysis
of convex optimisation algorithms. Recall the definition of
f(z) =", fi(z;), we know that f(x) being convex is
equivalent to all f;(x;) being convex, and the sufficient
condition of f(x) having Lipschitz continuous gradient with
constant Ly is that all V f;(x;) have Lipschitz continuous
gradient with constant Ly. Also notice that the strong
convexity of h(z) guarantees that the objective function in
equation (1) is also strongly convex, which is important to the
computational stability the PDFO method since it only utilises
first-order information in the primal-dual domain. Assumption
3 is reasonable because the local decision variables x; are
often bounded, such that X, the Cartesian product of the local
constraints X}, is also bounded. In addition, the inequality (26)
naturally satisfies given that all g; () are differentiable and X
is bounded.

An immediate conclusion from Assumptions 1-3 is that
any optimal primal-dual solution of equation (13) is bounded
as shown by Lemma 1, whose is given in Appendix B.

Lemma 1: Under Assumptions 1-3, any optimal primal-
dual solution (x*,y*, u*,v*) of equation (13) is bounded.

The following theorem shows convergence of the PDFO
method. Its proof is given in Appendix A.

Theorem 1: Under Assumptions -3 and given that the
PDFO parameters a, b and p are chosen such that

1
a < ,
Li+p o
b < i { 1 1 Mh }
min ™ y —=, ,
- Vmax Zj:l ng + Lh + 14 \/3 (5
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and

* * b *
s =107 (19 =74 (2=t ) =P

X L 9)
+u#®m°fW+pnﬂmP) 7

then the sequence (z*,y* uF,v*¥) generated by the
PDFO recursion (15), (16), (17) and (19) converges to
(z*,y*, u*,v*), which is an optimal primal-dual solution of
equation (13), as k — oo.

Observe the lower bound of the parameter vy,,x given in
equation (28) is not necessarily easy to calculate. In practice,
we simply use a sufficiently large value to replace this
theoretical bound. Nevertheless, the theoretical bound in
equation (28) is critical to the convergence analysis of the
PDFO algorithm.

4 Numerical experiments

In the numerical experiments, we adopt the same benchmark
problem as given in Hale et al. (2015). There are eight
distributed agents connected via the cloud center. Every agent
i has a local decision variable z; = [z, 1;7; 2] € R?, which
represents the position of the agent in a two-dimensional plane.
The summation of the local objective functions is

8
Zfl Z; —x11+x12+($21+ ) +(.’I/‘2)2_1)2
i=1

+ (23,1 — 0.2)% + (w32 + 0.6)% + (w41 + 1.4)?
+ (242 — 1.4)% + (251 + 0.1)* + (252 — 0.5)*
+ (z61 +0.7)% + (262 — 0.7)% + (271 — 0.5)?
+x72— 114 (g1 + 0.3)% + a:é 9

The global objective function is

1
200

The agents are subject to five global distance constraints

h(z) =

(llz1 — zall® + llo1 — zsl* + ||z — 2s]1?) .

||$1—.133|| —04<0

= |24 — 26]|* — 0.9 < 0.
The variables are also subject to local box constraints, which
are z; € X; = [~1.5,1.5] x [~1,1.5] for all the agents i.
We compare the proposed distributed constrained
optimisation algorithms ADMM and PDFO with the Tikhonov
regularised dual decomposition (TRDD) algorithm in Hale
et al. (2015). The parameters of TRDD are the same as those
in Hale et al. (2015): the primal regularisation constant is 0.1,
the dual regularisation constant is 0.1, the primal step size is

2.804 x 1072, and the dual step size is 9.835 x 10~%. The
ADMM-based algorithm has three parameters: the augmented
Lagrangian constant is p = 1.5, the inner loop gradient step
size is ¢ = 0.3, and the number of inner loop slots 7" is set to
be 1, 3 and 10. To distinguish the algorithms with different
T, we denote them as ADMM-1, ADMM-3 and ADMM-10,
respectively. The PDFO method also has three parameters: the
augmented Lagrangian constant is p = 1.5, the gradient step
size of x update is @ = 0.4 and that of y update is b = 0.3.

Convergence properties of all the algorithms are shown in
Figure 2. The performance metric is relative error, which is
defined as the distance between z* and the optimal solution
x*. The proposed algorithms quickly to the optimal solution
with an accuracy of 10~3, ADMM-3 and ADMM-10 within
20 iterations while ADMM-1 and PDFO within 50 iterations.
As acomparison, TRDD converges slowly to a neighbourhood
of the optimal solution. The slow convergence is due to the
small step size that is used to guarantee the computational
stability of the dual decomposition method. Meanwhile, the
Tikhonov regularisation essentially yields a new problem,
whose optimal solution is different to that of equation (1), so
that the convergence is inaccurate.

Figure 2 Relative errors of the proposed distributed constrained
optimisation algorithms ADMM-T" and PDFO, as well
as the Tikhonov regularised dual decomposition (TRDD)
algorithm. Here I" denotes the number of inner loops of
ADMM and its value is set to be 1, 3 and 10 (see online
version for colours)
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Comparing ADMM-1 and PDFO, we see that both of them
do not use inner loops to update y. ADMM-1 is slightly faster
than PDFO, because the former exactly updates x while the
latter only runs one projected gradient step. For the ADMM-
based algorithm with different numbers of inner loops 7',
apparently larger 7" yields more accurate y update, and leads to
faster convergence of the outer loop iterations. Nevertheless,
the side effect is higher computation cost. Our suggestion is
that, if the computation cost is not an issue, we can let the
cloud center accurately update x and y so as to achieve fast
convergence; otherwise, PDFO and ADMM-T" with small 7'
are better approaches. Again, we emphasise that there is no
convergence guarantee for ADMM-T as long as 7' is finite,
as we have discussed in Section 2.3. PDFO converges to
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the optimal solution of equation (1) as we have theoretically
established in Section 3.3.

Below we consider consensus constraint violation, which
is defined as the distance between z* and y*. In Figure 3 we
only compare the proposed ADMM and PDFO algorithms,
since TRDD does not involve the consensus constraint. The
consensus constraint is quickly satisfied in both ADMM-3 and
ADMM-10, while the violations vanish slower for ADMM-
1 and PDFO. Combining Figures 2 and 3, we can conclude
that in ADMM and PDFO, the primal variables « and y both
converges to the optimal solution of equation (1).

Figure 3 Consensus constraint violations of the proposed
distributed constrained optimisation algorithms
ADMM-T" and PDFO. Here 7" denotes the number of
inner loops of ADMM and its value is set to be 1, 3 and
10 (see online version for colours)
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Figure 4 Inner loop errors vs. the evolution of outer loop iterations
in ADMM-T', with different numbers of inner loop slots
T =1, 3 and 10 (see online version for colours)
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We further investigate the impact of the number of inner loop
slots T" on the convergence of ADMM. Letting all the other
parameters unaltered, we vary the value of 7" as 1, 3 and 10.
Figure 4 shows the inner loop error, which is defined as the
distance between the solved result and the optimal solution
of equation (7). Apparently, when we spend more slots in
the inner loops, the error shall become smaller. However,
for any particular value of T, the error decays to zero along
with the evolution of the outer loop, which explains the

exact convergence of the outer loop iterations demonstrated in
Figure 2. This observation implies that it is possible to prove
the convergence of ADMM-T' even when T is finite.

5 Conclusions

This paper considers a distributed constrained optimisation
problem where a group of distributed agents are
interconnected via a cloud center, and collaboratively
minimise a network-wide objective function subject to
local and global constraints. We introduce divide-and-
conquer techniques that assign the local objective functions
and constraints to the agents while the global ones to the
cloud center. This yields two fully distributed constrained
optimisation algorithms, one is an ADMM-based algorithm
and another is a primal-dual first-order method, with an agent
layer and a cloud center layer. The two layers exchange
their intermediate variables so as to collaboratively obtain a
network-wide optimal solution. Effectiveness of the proposed
algorithms is validated by numerical experiments.

One of our future research direction is to analyse the
convergence properties of ADMM when the number of inner
loops is finite. Of particular interest to us is the effect of the
inexact inner loops on the convergence rate and accuracy.
Another topic is to consider the impact of communication
delays, which are inevitable in the information exchange
between the agents and the cloud center, on the performance
of the proposed algorithms.
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Appendix A: Bound of optimal primal-dual solution

By Assumption 3, & is bounded. Therefore, z* € X and y* €
X must be bounded. _

Consider the augmented Lagrangian £, (x, y, 41, v) defined
in equation (14) and let p = 0 so that it becomes a Lagrangian
function

m

Lo(x,y,u,v) = f(x) + h’(y) + Zng](y) + <,U,,.73 - y>a

where x,y € X. Given any dual variables j1 € RP and v €
", define

q(i,7) = min Lo(x,y, i, 7).

z,yeX

It is easy to verify that for any optimal primal-dual solution
(x*,y*, p*,v*), we have

4(5,7) < Lo(z*,y", 1, 7) (AD)
< Lola*, y*, u*,v*)
< Lo(&, g, 1",v"),
where (Z,y) is chosen as any pair of slater point of

equation (13). Applying the definition of slater point to the
right hand side of equation (A1) yields

q(i,7) < f(x) + h(m) + > v} g;(®)- (A2)
j=1
Changing the order of equation (A2), we have

S i (—g;(@) < (@) + h(g) - a(.D). (A3)

Jj=1
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Observing that v; >0 and —g;(y) >0, j=1,... ,m, we
obtain

Sastmn

Letting i = 0 and 7 = 0 in equation (A4), it holds
jij;y; < f@) + 1) m(llflljl(ni;eé/~){;“ (z) +h(y)}) A5)
Since v} > 0,forall j = 1,... ,m, equation (AS) implies that

Vi< J(2) + h(g) — (ive yex { /(@) +hB)})  5q)

min; (—g;(7))

To bound p*, define a sign vector s,~ € R” whose element
is +1 if the corresponding element of p* is positive, —1 if
the corresponding element of ;* is negative, and 0 otherwise.
Apparently, (p*,s,-) = ||*||1. Consider any pair of slater
point of equation (13) (Z, ). Due to the definition of slater
point, we know that Z satisfies T € X' and ¢;(Z) < Oforall j =
1,...,m.By the continuity of g;(x), there exists a sufficiently
small positive constant x such that £ — ks, € X and g;(T —
kS,+) < 0. Therefore, similar to equation (A1), we have

q(ﬂalj) SZO(‘%*KJS#*,@,ILL*,I/*L (A7)

Expanding the right hand side of equation (A1) yields

q(1.9) < f(Z — Kspe) +h(@) + Y v g5(5) — w1, 5,0)
j=1 (A8)

< f(@ = rspe) + h(y) = wllpll,

where the second inequality is because v} > 0 and g;(¥) < 0.
Letting ;1 = 0 and 7 = 0 in equation (AS), it holds

[l

1

< {5 — o) + 1)~ (min () +hD L

Appendix B: Proof of Theorem 1

We give a key lemma before proving Theorem 1.

Lemma 2: Under Assumptions 1-3, for any (x*, y*, u*, v*)
that is an optimal primal-dual solution of equation (13), the

sequence (x* y*, u* v*) generated by the PDFO recursion
(15)-(17) and (19) satisfies

1/1
3 (5-1r-p) ettt -t

]' ]' - k+1 k2
+§ gfymaxZngthfp ||y -y ||
Jj=1
1, 1
+ I =)+ A =)
e e I
= (B1)
-t — )
2'% Yy Yy Yy Yy
1 *
= 5 (M), ~ bo)|[y* — y*|?
1 * *
+ (" = ] = [ = )

2p

1
o (I = v P = A = w)?).

Proof of Lemma 2: The proof contains five steps.

Step 1. Define an auxiliary function

$x) = fl@) + (2,1 + oy =)

+g”x o xk+1H2'

Taking the gradient of ¢(x) at x = z* yields

V¢($k) _ Vf(l‘k) + ’uk-‘rl + p(yk+1 _ yk + xk _ J}k+1)
= Vf(a®) +u" +pa® — "),

where the second equality is due to the update p*t! = pF +
p(z**t1 — y*+1) in equation (17). Thus, it is easy to verify
that the updates of x; in equation (15) are equivalent to

2t =Py [ﬂck - av¢($k>}
B . ok k)12
= arg min |z — " + aVe(z")||
:argnéi;l o(2*) + (x — 2%, Vo (a)) (52)
1 k2
b ol — 24

Consider the function ¢(z) £ ¢(z*) + (& — zF, Vo (z*)) +
|z — 2¥(|?/(2a) that is strongly convex with constant 1/a.
Since zFt1 is its minimum point within the set X, thus for
any x € A&, it must hold

o(x) 2¢(a" 1) + (@ — 2", V("))

1 k+1)2
+ g llz — 2" (B3)

~ 1
> (Rt il — kL2
20(aM ) 4+ 5o — ot

Here the first inequality comes from the strong convexity
of ¢(x), while the second inequality comes from the
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first-order optimality condition (x — z**1, VgZ)(kari)} > 0.
Substituting 2 = x* € A into equation (B3) yields ¢(z*) >
(xR 1) 4+ ||z*+t — 2%(|2/(2a) and consequently

1
") + (@ = 2b, Ve(ah) + ot = 2F|?

<¢(a¥) + (2 — 2%, Vo (")) (B4)

1
Sl — o2

1 k * (|2
+ o lle® =277 = o

Now we look for an upper bound for the right hand side of
equation (B4) and a lower bound for the left hand side. Since
f(x) is convex and has Lipschitz continuous gradient with
constant Ly, ¢(x) is strongly convex with constant p and has
Lipschitz continuous gradient with constant L ¢ + p. From the
strong convexity of ¢(x) we know

¢(z") — (2% — 2, V(")) < ¢a”) — T lla* — 27|,

From the Lipschitz continuity of V¢ (z) we know
¢(a) + (@ —2*, Vo (a"))
L
Z¢(xk+1) _ f2+ p ||$k+1 _ kaQ

Substituting this inequality into the two sides of equation (B4)
yields

1 L p
¢($k+1) + (2a _ 7}” _ 2) ka+l —xk||2
(B5)

1 1

* P * *
<o) - (§ - 50 ) It =o'l = elleh ™ — P

Applying the definition of ¢(x), from equation (B5) we have

(30~ - 5) I+ =2 4 £+ - 1)

2a 2 2

1 p k |12 k+1 (12 (B6)
< (55 - §) Uk =" = o+t = o7J?)

(@M — 2, M (T = oF))

Step 2. Define another auxiliary function
: P
U(y) = hy) =y, ) +(G)v) + Slly = o2

Similar to what we have done for ¢(x) above, we are able to
obtain

<1 _ ﬂ _Pr_ <LG’Vk>> ||yk+l _ yk”Q

% 2 2 2
+ h(y*th) — h(y*)
1 »p k 2 k1 2
<=L — % = — B7)
< (2b 2) (ly* = y*II> = lly v %)
My, k *((2
5 ly" -y

+ W =yl (G = G, R,

Step 3. Observe that f(z**1) — f(z*) and h(y**1!) — h(y*)
appear in the left hand sides of equation (B6) and (B7),
respectively. They denote the gaps between the current primal
iterate ("1 y**1) to the optimal point (z*,y*) measured
by function values. Below we bound these function values.
Consider the augmented Lagrangian £, (z, y, 11, ) defined in
equation (14) and let p = 0 so that it becomes a Lagrangian
function. Apparently, for any z¥*+1, y*+1 € X, it holds

EO(SU*) y*7 M*a V*) S Z:\/O(‘rEk—"_17 yk+17 M*) V*)'
Expanding the inequality yields

@) +h(y") +(Gy"), v") + (2" —y", 1)
Sf($k+1) + h(yk—i-l) + <G(yk+1)7u*> (B8)
+ <M*amk+1 _ yk+1>.

Using the facts * = y* and (G(y*), v*) = 0, we reorganize
the terms of equation (B8) and obtain

f(x*l — f&*th) + h(iﬁ) — h(y*th) 59)

§<G(y +1)—G(y*),V* +<u*,xk+1—yk+1>.

Step 4. Consider the terms (G(y*)— G(y**!),v*) and
(G(y*+1) — G(y*),v*) appearing at the right hand sides of
equation (B7) and (B9), respectively. We shall bound their
values. Due to the v; update (19) we have V]]»H'l ="Pp [1/]’c +
bg;(y**1)]. Meanwhile, for the optimal primal variable 1*
it must hold v} = Pp [1/]* +bg;(y*)]. The non-expansive
property of the projection Pp implies

(Wit =) < (v — v +blg;(v") = 95())%,
and consequently
R = U < ok — ot B(G ) — Gl

Expanding the inequality and changing the order, we have

(Gly*) = Gy ), vF —v)
1 . )
<gplF =77 = [l =) (B10)

b X
+ QIIG(yk“) - Gy

By equation (26) in Assumption 3, it holds [|G(y**1) —
G(y")|? < 68|lyFtt —y*|2. Substituting it into
equation (B10) yields

(Gly") = Gy, vF —v7)
1 * *
SgplF =77 = [l =) (B11)
b .
+ 5y =y
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Step 5. Summing up the inequalities (B6), (B7), (B9)and (B11)
that are results of the above four steps and noticing that z* =
y*, we have

(1 _ ﬂ _ P _ <LG’l/k>) Hyk-i-l _kaZ

2b 2 2 2
L Ly »p k+1 k2
(g -2 -5l
1 * *
< (2() - > (" =yl = g™ = "))
Mh k * (|2
My
. (B12)
P * *
+ (50— 8) (et o = ot — o)
1
AU Rl et 7
S
+ By e
+ <‘u* o ‘Ltk+1, xk:Jrl o yk+1>
+ pyF Tt — gt — 2P,
Now we go to handle the terms (u* — pF+1, gkt — ¢F+1)

and p(yF*tt —yF o* — 2FT1) at the right hand side of
equation (B12). For (u* — pF*1 okt — yk+1) "using the
update p*tt = p¥ + p(zFt — y* 1) in equation (17), we
have
(u" — L bl ity
L,
:;<N - Nk+laﬂk+1 - Nk> (B13)
1 * *
=;p(Hu’“ S e Tl [ T T [

For p(y*+! —y* 2% — 2F*+1), since z* = y* we can write
x* — zF*+1 as the summation of y* — y*+1 and y#+1 — gh+1,
and hence obtain

ookl kxRl
ply Yyt =y 14

+ oyttt =yt = k),

p<yk+1 _ yk,x* _ $k+l>

Similar to what we have had in equation (B13), the first term
at the right hand side of equation (B14) is

Pyt — ok gt =y ©15)
p ) . B
=5y =y P = ™ =l = ™ = o)1),
Again, applying the p update p*+1 = pF + p(xF+! — ¢F+1)

in equation (17) to the second term at the right hand side of
equation (B14) yields

Pyl — P gk
=— (Pt — gk = k)
1
=l = R S = (B16)
O -+ B - .
2°\/p

Substituting equations (B15) and (B16) into equation (B14)
and then combining with equation (B13), we have

(u* — Mk+17$k+1 _ yk+1>
+ p<yk+1 _ yk’yk—i-l _ $k+1>
_ 1 k * |12 k+1 * |12
2p(llu = =l o) EB17
p * *
+5(ly" - yEI2 = Nyt = yF %)

1 I 1
2 p
Substituting equation (B17) into equation (B12), noticing the

fact that 1/;4f € [0, Umax)» 5 = 1,... ,n, and reorganizing the
terms, we obtain the main result (B1) and complete the proof.

(WFT = ) + T — M)

O
Now we are ready to prove Theorem 1.
Proof of Theorem 1: By equation (27), we have
1
E—Lf—p>0 ymaXZLgJ L, —p>0,
(B18)
1
——p>0, -—00 >0, M —bs > 0.
a

Such values of a, b and p guarantee all other coefficients in
equation (B1) to be positive, except that — (M}, — bd)/2 is
negative.

Summing up equation (B1) from time £ =0to k = K

yields
1 k+1 k|2
S Ly—p) et -k

Nk
——

— N N
S =

1
+§ VmaxZLqJ _Lh_p ||yk-"_1 _kaQ
Jj=1
o= = ) B )P
2°\/p
1 1 0 * |12 K+1 * |12
<5 (5-0) U =0 =15 =) )
1 l_b(s 0 *(2 _ K+1 | *(|2
+ (ly” = v*I* = lly y*[I)
2\ b
1 * *
;(I\u — P = e = )P
1
+ %(HV —V*|P = R =)

(M, = b8)|ly" — y*|I.

|
Wk
N =

=
Il
=]

Throwing away some terms in equation (B19) and only
keeping those of |20 — z u® — |2, |0 —
v*||? and ||[pE+ — v*||2, we have

0 _ V*HQ

1
i e

-2

1 1
5 (50) e —ap?
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1 1 0 * (12
5 (5-0) 1P =)

1 0 * (12
++2pllu J7

It is easy to verify that for every j and K, we have

N b
<l (100 =P (2= ) e - o

. b .o\ (B20)
HU= B o P+ D — )

L
= Vupp-

With particular note, equation (B20) implies that, if the
parameters of the PDFO algorithm is properly chosen, the dual
variables 1/;4g shall not exceed the upper bound 4,,. Recall

the v; update I/;-H—l =Pp [ij + bg; (yk“)] in equation (19),
where D £ [0, Umax]. Therefore, if we choose Viax to be
strictly larger than vy, as in equation (28), the projection on
the boundary of v/,,,, will never happen and the v; update can
be written as Vf“ = [ij + by, (yk+1)]+. This is critical to
the following proof.

Now we manipulate equation (B19) again. Throwing away
the nonpositive terms at the right hand side of equation (B19),

we have

M-

-~ N N =
—_

1
(3= 2= ) I+t ot

1 Em: k+1 k12
+§ E_Vmaxj:Ing —Lh_P ||y -y ||
1 1 k+1 k k+1 ky|i2 (B21)
+ ol o =)+ VB = P
1/1 1/1
<-(Z_ 0 _ %2 (2 ps 0 _ ,*2
5 (5012 =P+ 5 (5 - 08) 152 -]

1 1
T G A
Observe that the right hand side of equation (B21) is
a nonnegative constant determined by the initial point
(°,9°, 1% 1) and the optimal solution (z*,y*,u*,v*).
Letting K — oo and noticing that all the coefficients in
equation (B21) are positive, we know that in the limit (namely,
k — o0) the following equalities must hold

(B22)

The fact of y**1 =¢* when k — oo and the continuity
of g;(y) guarantee that g;(y**') = g;(y*) when k — cc.

According to V],-H_l =Pp [ij + bgj(yk“)] in equation (19),
we have V]]-H_l =vF when k — oo for all j=1,...,m.

Consequently, it holds in the limit that
R =k, (B23)

Combining equations (B22) and (B23), we conclude that the
PDFO iterate (z*, y*, u*, v*) converges to a stationary point

oo, ,00

lim (xkvyka/ikvl/k) = (@™, y>, 1>, v>).

k—oc0

(B24)

To prove Theorem 1, it remains to show that the stationary
point (z°°,y°°, u>°,v>°) satisfies the KKT conditions of
equation (13). Below we check its primal feasibility, dual
feasibility, complimentarity slackness and stationarity (Boyd
and Vandenberghe, 2004).

Primal feasibility. The projections onto X" in the x update in
equation (15) and the y update in equation (16) guarantee that
x>,y € X. Consider the ;1 update in equation (17) at its
limit form pu® = p> + p(z> — y°), itholds z>° = y>°. We
show g, (y>°) < Oby contradiction. If g;(y>°) > 0, then by the
v update /! = Pp [UF + bg;(y*)] in equation (19), v5°
must arrive at v,,x, Which is the upper bound of D. However,
since V;?O < vypp as we have proved in equation (B20) and
Vupp < Vmax as We have assumed in equation (28), there exists
contradiction and g;(y°°) < 0 must hold.

Dual feasibility. This is trivial because by the projection
operator of the v update Z/;H_l = Pp [V} 4 bg;(y*1)] in
equation (19), where D £ [0, Ymax], it holds v3® >0, for all
j=1... ,m.

Complimentarity slackness. If g;(y>°) <0, the update
VJ]»H_l = Pp [VF + bg;(y**1)] in equation (19) drives v° to
0. Because g;(y>°) <0, g;(y>)vs° =0 holds for all j =
1,...,m.

Stationarity. When k — oo, the x update in equation (15) and
the y update in equation (16) are equivalent to

x> = PX [xoo - avzwzp(xoo’yoo"uoo’ VOO)];

Y™ = Pa[y™ — bV L (2,5, n>, v>)].
Therefore, for any x,y € X', we have

<.,E_xoo7vzoo£p(xoo7yoo”uoo7yoo)>

<y_y007vyoo£p(l.oo7yoo,uw7yoo)>

Thus, the stationary point (2°°,y>, u®,v>°) of the PDFO
algorithm satisfies the KKT conditions of equation (13), which
completes the proof. m|

>0,
> 0.



