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Abstract. We consider the problem of solving a smooth
convex optimization problem with equality and inequal-
ity constraints in a distributed fashion. Assuming that
we have a group of agents available capable of commu-
nicating over a communication network described by
a time-invariant directed graph, we derive distributed
continuous-time agent dynamics that ensure convergence
to a neighborhood of the optimal solution of the opti-
mization problem. Following the ideas introduced in our
previous work, we combine saddle-point dynamics with
Lie bracket approximation techniques. While the method-
ology was previously limited to linear constraints and
objective functions given by a sum of strictly convex sepa-
rable functions, we extend these result here and show that
it applies to a very general class of optimization problems
under mild assumptions on the communication topology.

1 INTRODUCTION

Over the last decades, distributed optimization has been
an active area of research with high practical relevance,
see, e.g., [2, 3, 4] for applications. In these type of prob-
lems, the goal is to cooperatively solve an optimization
problem using a group of agents communicating over a
network. While discrete-time algorithms for distributed
optimization constitute the majority in the existing litera-
ture, we focus on continuous-time algorithms which have
regained interest in the last decades, [5, 6,7, 8,9, 10]. These
algorithms require strong assumptions either on the struc-
ture of the optimization problem or on the communication
network. Recently, a novel approach to continuous-time
distributed optimization based on Lie bracket approxima-
tions has been proposed in [11], [12] that has the potential

* This article is an extended version of [1] additionally including proofs
for all results, a discussion of the choice of vector fields after Remark 1
and the overview in Table 1.

to relax these assumptions.

In the present work we want to extend these results
and show that the approach can be applied to a large
class of optimization problems under mild assumptions
on the communication network. While in [11], [12], [13]
only optimization problems with linear constraints and
objective functions in the form of a sum of separable func-
tions were considered, in the present work we enhance
the methodology to general convex optimization prob-
lems. The main idea of the approach is to use Lie bracket
approximation techniques to find distributed approxima-
tions of non-distributed saddle-point dynamics. While in
the previous works only certain Lie bracket approxima-
tions were used, we further show here that a whole class
is applicable.

2 PRELIMINARIES

2.1 Notation

We denote by R” the set of n-dimensional real vectors and
further write C¥, p € N, for the set of p-times continuously
differentiable real-valued functions. The gradient of a
function f : R" — R, f € C!, with respect to its argument
x € R", will be denoted by V,f : R" — R"; we often omit
the subscript, if it is clear from the context. We denote the
(i,j)th entry of a matrix A € R"*™ by a;;, and sometimes
denote A by A = [a;j]. We use ¢; to denote the vector with
the ith entry equal to 1 and all other entries equal to 0. We
do not specify the dimension of e; but expect it to be clear
from the context. For a vector A € R"” we let diag(A) €
R™" denote the diagonal matrix whose diagonal entries
are the entries of A. Given two continuously differentiable
vector fields f; : R — R" and f, : R" — R", the Lie



bracket of f1 and f; evaluated at x is defined to be

d 0
A0 = Lwhm - Dwpe. o
With a slight abuse of notation we sometimes also write
[f1(x x)]. For a vector x = [xq,%a,...,%,] ' € R"and
a f1n1te set S C{1,2,...,n}, we denote by x5 € RIS the
ordered stacked vector of all x; with i € S. For example, if
n=>5and S = {2,4}, then x5 = [xp,x4] .

2.2 Basics on graph theory

We recall some basic notions on graph theory, and refer
the reader to [14] or other standard references for more
information. A directed graph (or simply digraph) is an
ordered pair G = (V,€), where V = {v1,vp,...,0,} is
the set of nodes and £ C V x V is the set of edges, i.e.
(vi,vj) € & if there is an edge from node v; to v;. In our
setup the edges encode to which other agents some agent
has access to, i.e. (v;,v;) € £ means that node v; receives
information from node v;. We say that node v; is an out-
neighbor of node v; if there is an edge from node v; to node
v;. The adjacency matrix A = [a;;] € R"*" associated to
G is defined as

ifi # jand (v,

1 Z)]) S 5,
ajj = .
0 otherwise.

2

We also define the out-degree matrix D =
to G as

[d;;] associated

ifi=j

djj = {22—1 ik 3)

0 otherwise.

Finally, we call G = D — A = [g;;] € R"*" the Laplacian of
G. A directed path in G is a sequence of nodes connected
by edges and we write p;,; = (v, |v,|...|v;,) for a path
from node v;, to node v;,. We say that a path is simple if
the sequence contains no node more than once.

3 PROBLEM SETUP

Consider the following convex optimization problem

min F(x)
st aj(x) =0, i€ZeqC{1,2...,n}, (4)
ci(x) <0, i€ Tineq {1,2,...,n},

where F : R* — R, aq; : R* — R4, ¢; : R" — Rinea;,
Neqjs Mineq; >1,FeC?is strictly convex, the functions
aj,i € Leq, are affine and the ¢; € C%ic Tineq, are convex.
We assume further that F, a;, ¢; are such that the feasible

set of (4) is non-empty and that the problem has a unique
solution.

Our goal is to design continuous-time optimization al-
gorithms that converge to an arbitrarily small neighbor-
hood of the unique global optimizer of (4) and that can be
implemented in a distributed fashion. More precisely, we
assume that we have a group of n agents available, each ca-
pable of interchanging information over a communication
network described by a directed graph G = (V, £) with
graph Laplacian G = [gl-j], where V = {v1,0p,...,0,} is
a set of n nodes and £ C V x V is the edge set between
the nodes. In the present setup, each node v; represents
an agent and the edges define the existing communica-
tion links between the agents, i.e., if there is an edge from
node 7 to node j then agent i has access to the information
provided by agent j. We then say that an algorithm is
distributed if each agent only uses its own information as
well as that provided by its out-neighboring agents.

Let L : R" x R"a x R"irea — R, neq = Yiie T,y Meq;r
Nineq = ZiEImeq Nineq;/ denote the Lagrangian associated
to (4),i.e.,

L(x,v,A) =

wherea = [ai]iezeq,c

F(x) 4+ v a(x)+ATc(x), ()
= [Ci]iGI-meq are the stacked vectors of
all a; and ¢;, respectively, and v € R"1, A € R"inq are the
associated Lagrange multipliers. In the sequel, we assume
that the state of the ith agent comprises of x; as well as
the dual variables associated to the constraints a;, c;, given

they exist. Without loss of generality we then put the
following assumption on the indexing of the constraints:

Assumption 1. For any i € Zeq and any j € Zineq, there

existsan x = [xl,xz,. .. ] € R" such that aa, ( ) #0

and g—z(x) # 0.

In a nutshell, this assumption Newguarantees that the
ith constraints a;, c¢; are both functions of x;.

It is well-known that if the Lagrangian has Newa saddle
point (x*,v*,A*), then x* is an optimizer of (4). We say
that a point (x*,v*, A*) is a saddle point if for all x € R",
veER"S, A€ Riﬁneq, we have

L(x*,v,A) < L(x*,v*,A") < L(x, v, A%). (6)

The following saddle-point dynamics adapted from [15]
is known to converge to a saddle point of the Lagrangian
(see [13] for a proof), thus providing a solution to (4)

¥ =—=ViL(x,v,A)

— VP - &) v - ()72 7a)
v=V,L(x,v,A)

=a(x) (7b)
A = diag(A) V) L(x,v,A)

= diag(A)c(x). (7c)



However, (7) is in general not distributed in the afore-
mentioned sense, since the right-hand side of (7) is not
composed only of admissible vector fields, i.e., vector fields
that can be computed locally by the nodes. For example,
if 12 # 0 and g13 = 0, then the vector field [elT x2,0,0] " is
admissible for (7), while [elT x3,0,0] " is not.

Recently, a novel approach to distributed optimization
has been proposed that employs Lie bracket approxi-
mation techniques to derive distributed approximations
of (7). The idea is to write the right-hand side of (7) by
means of Lie brackets of admissible vector fields. If we
have achieved to rewrite (7) in this form, i.e., we have

z= Y vpB(z), (8)
BeB
where z = [xT,v",AT]T, vp € R and B is a set of

Lie brackets of admissible vector fields {¢1,¢2, ..., dm},
¢; : R eatineg _y R Heqtline then we can employ Lie
bracket approximation techniques from [16], [17] to derive
distributed approximations of (8). More precisely, we can
find a family of functions u{ : R — R parametrized by
o > 0 such that the trajectories of

M
27 =) ¢i(z)ui (1) )

uniformly converge to those of (8) as ¢ increases, given (8)
and (9) are initialized equally. A general algorithm to
compute suitable functions u{ is presented in [16] and
we will present a modified version thereof tailored to the
problem at hand in [13]. In the present paper we do not
discuss the second step of how to design these functions
uf but focus on rewriting the right-hand side of (7) in

terms of Lie brackets of admissible vector fields.

4 MAIN RESULTS

Consider the saddle-point dynamics (7) and observe
that the right-hand side is a sum of vector fields of the
form e;ip(x) and eizjlp(x), L,j =1,2,...,n+ Neq + Nineq,
¢ : R" — R, where

Z= [xT/ VT/ AT]T € RN/ N=n+ feq + Mineq/ (10)
is the complete state and ¢; € RN is the ith unit vec-
tor. These vector fields might either be admissible or not,
depending on the communication graph as well as the
problem structure. In the following, we wish to discuss

how to write vector fields of this form by means of Lie
brackets of admissible vector fields. For the purpose of

notation, foreachi = 1,2, ..., n, we define the index set

i—1
Z(i):={i}U{j=n+ ) neq+6L=1,2,...,1nq}
k=1
i—1
U{j=n+neq+ Z Mineq + 4 € =1,2,... Mineq;}  (11)
k=1

associating the components of the complete state z to the
ith agent meaning that z; is part of the state of agent i for
all j € Z(i). Hence, the state vector of the ith agent is given
by Z7(i)- Based on this, forall j = 1,2,..., N, we define

Z(j) = Z(i) (12)

for some i such that j € Z(i), i.e., Z(j) is the set of all
indices which are associated to the same agent as the jth
index. Note that Z(j) = Z(j), forallj = 1,2,...,n.

4.1 Lie brackets of admissible vector fields

In the following, we first want to discuss which kind of
vector fields can be written in terms of Lie brackets of
admissible vector fields. Fori,j =1,2,..., N, define

hij(z) = eifi(zz(), 2z(i))- (13)

where f; : RIZOI x RGO — R, f;j € C1. Observe that h; ;
is admissible if and only if there exist £,k € {1,2,...,n}
such thati € Z(¢), j € Z(k) and gx¢ # 0. In the next
Newresult we consider Lie brackets of admissible vector
fields of the form (13).

Lemma 1. Consider a graph G of n nodes and let
Piyi, = (vi]vs,] ... |v;,) denote a simple path in G from
v;, to vj,. Then, for any ji € Z(ix), k=1,2,...,r, we have

[hjnjrl’ |:hjr—1/jr72’ [ T [h]'ssz'hjzfjl] s ]H <Z) (14)
- r—2 afjk
= & fj (i, 2260) T 3z~ oy 226

k=1 +1

and the left-hand side is a Lie bracket of admissible vector
fields. °

A proof is given in Section 7.1. By the above Lemma,
each non-admissible vector field that takes the same form
as the right-hand side of (14) can be written in terms of a
Lie bracket of admissible vector fields. It is worth mention-
ing that this does not classify the whole set of vector fields
that can be written as a Lie bracket of admissible vector
fields since we limited ourselves to a single path. We next
discuss a special case that is of particular importance for
the application at hand.



Proposition 1. Consider a graph G of n nodes and let p; ;, =

(vi, |03, - - - |vi,) denote a simple path in G from v;, to v; . Let

jk € Z(ix),k = 1,2,...,r, be any set of indices and suppose
that
— M (2)

B2y 22Ges) = i o) i G giy) - (19)

with
1 o
£ ) gt 2y = 1 (16)

forall zz,y € RIZU|, k =2,3,...,r — 1. Then

[hfr,jrlf i ar Lo o ]H (2)
_, @)
= ¢ufy, (22, (22i)

forall z € RN and the left-hand side is a Lie bracket of admissi-
ble vector fields. .

(17)

A proof is given in Section 7.2. In view of (14), the
constraint (16) ensures that all terms depending on zz;,),
k=2,3,...,r—1, cancel out. Equation (17) is of particular
interest since the non-admissible vector fields often take
the form as its right-hand side. According to (16), there
exists a whole class of vector fields &, ; |, or equivalently,
functions f;,, such that (17) holds. A particularly simple
choice that has been utilized in the previous works [11],

[12] is to take

1
£ (ez) =1, k=23,...,r—1,  (18a)
@) _ B _
£ C1G0) = %y k=12...,7=2;  (18b)
hence leading to h;, i (ZZ(]k)’ZZ(]kH)) €. Zj,.,- How-

ever, in view of (9) where the ¢; are given by admissible
vector fields of the form (13), it is often desired that the
admissible vector fields have certain properties such as
boundedness in order to simplify the calculation of the ap-
proximating inputs u{ and improve the transient behavior
of (9). However, as we see next, it is not possible to render
all vector fields bounded.

Lemma 2. Suppose that all assumptions from Proposi-
tion 1 are fulfilled. Then there exists no set of bounded
vector fields h; € C! such that (17) holds. °

Jrdk—1

Proof. Suppose there exists a set of bounded vector fields
such that (17) holds. Then f; is a bounded function for

allk = 1,2,...,r. By (15), f}g{l) is also bounded for all

k =1,2,...,rsince Z(ji) and Z(j,1) are disjunct. How-
ever, by (16),

of?

Jk—1

\) = —— 19
oz (zz(j,)) fj(kl)(zlfﬂ (19)

2@

Jk—1

fork = 2,...,r —1; hence T

zero, i.e., there exists some constant B > 0 such that for all
z7(j,) € RIZUi)| we have

is bounded away from

(2>

]k 1
| aZ]k (

z1(i,))| = B (20)

Note that h; € C! if and only if f(1 sz) e CL

ko1 k—1

Thus, f]i_)l is strictly monotone in z;, which contradicts the
boundedness assumption, thus concluding the proof. [

Remark 1. The same holds true if we do not assume the
structure (15). In fact, the structure is required for all other
variables except of zz;,), z7(j,) to cancel out in (17). .

As we see from the proof, each bounded vector field
in (17) leads to another unbounded vector field. Hence,
at most half of the vector fields &;, ; , in (17) can be
bounded. In particular, we can choose the functions fjk’

k =1,2,...,r =1, as follows to guarantee that (16) holds:
1y, Jcos(a(x —d)) ifkiseven,

fi () = {M fkisodd k21, 1Y
@), |sin(a(x—d)) ifkisevenk #r—1,

ffk (x) = {f mdx ifkisodd, k #r — (21b)

where &« # 0, d € R. However, this choice will lead to
functions f;, that are not globally continuous but only
well-defined in the interval (d — 7., d + 7 ); hence we
need to choose d appropriately and « sufficiently small.
By that choice, all functions f;, with even k are bounded
while all functions f;, with odd k are unbounded.

We next discuss how we can make use of the previ-
ous results to rewrite more general vector fields. While
Lemma 1 enables us to write products of functions of vari-
ables of nodes which lie on the same path as Lie brackets
of admissible vector fields, we cannot directly use this re-
sult to rewrite functions which do not fulfill this property.
To make this clearer, consider the following example:

Example 1. Consider the graph shown in Fig. 1 and as-
sume for the sake of simplicity that Z(j) = jforj=1,...,5
and z € R’. By (14) we can write non-admissible vector
fields of the form e; ¢ (z2) @2(z3) as well as e1¢3(z4) pa(z5)
and sums thereof in terms of Lie brackets of admissible
vector fields as long as @1, ¢3 admit an analytic expression
of their antiderivatives [ ¢1(z2)dzs, [ ¢3(z4)dzs. In fact,
with

hy1(z) = e1 [ p1(z2)dzy,
hy3(z) = e1 [ @3(z4)dzy,

(22a)
(22b)

h32(z) = exa(z3),
h54(z) = eapa(zs),
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Figure 1. The graph considered in Example 1 where the ith agent
has an associated state z;.

we have for all z € R®

(23a)
(23b)

e191(22)@2(z3) = [h3p2, h2,1](z)
e193(24) p4(z5) = [h5.4,h132](2).

However, we cannot directly use (14) to rewrite a non-
admissible vector field of the form ej ¢, (z3) 94 (z5). .

In the next result, we wish to overcome this limitation
and show how to not only write sums of the vector fields
in the form of the right-hand side of (14) in terms of Lie
brackets of admissible vector fields, but also products
thereof.

Proposition 2. Let i : R — R, i € CL k= 1,2,...,m,
m > 2, and define

¥1(2) = eim(z;,) [ no(zi)dzi, (24a)
W(z) = eizimk(z,), k=2,...,m—1, (24b)
PYm(z) = ei’?M(ij)/ (24¢)

ijx € N, ¢ : RN — RN, Then, for any j, # i,
k = 1,...,m,wehaveforallz€RN

| S A

5 (25)

= eino(zi) [ [ne(zj,)-
k=1

A proof is given in Section 7.3. The vector fields
defined by (24) are in general non-admissible; thus, the
left-hand side of (25) is not a Lie bracket of admissible
vector fields. However, observing that the vector fields
Py take the same form as the right-hand side of (17), we
can make use of Proposition 1 to write the left-hand side
of (25) as a Lie bracket of admissible vector fields as long
as, forany k € {1,..., m}, there exists a path from the ith
node to the node that is associated to state z;, . We illustrate
that by means of Example 1.

Example 1. [continued] Reconsider Example 1 and sup-
pose we want to rewrite the non-admissible vector field
e1¢2(z3) @4 (zs5). Following Proposition 2 we let

¥1(z) = e1z192(z3),  ¥2(z) = e1p3(z5),  (26)

and observe that for all z € RN we have
(2, ¥1](z) = e192(23) Pa(z5). (27)
Further, following Proposition 1 and choosing

(28a)
(28b)

h32(z) = ex¢a(z3),
h54(z) = es4(z5),

ho1(z) = e1z1,
hy3(z) = ey,

we have for all z € RN

P1(z) = [h32,121](2),  $2(2) = [h54,ha3)(2).  (29)

Using this in (27) we finally managed to rewrite
e1¢2(2z3)@a(z5) in terms of admissible vector fields. o

Remark 2. Instead of realizing the multiplication by
means of Lie brackets another way is to augment the agent
state by estimates of the respective state of the other agent.
More precisely, in Example 1, we augment the state of
agent 1 by ¢3 and 5 that are estimates of z3 and zs, respec-
tively, and let

Z"l ZU(le 22,24, 3, §5)
G3| = —HG3
Cs

= + epz5 + e3zs, (30)
—ués

where w : R> — Rand p > 0 is sufficiently large, hence
¢3(t) =~ z3(t), &5(t) =~ z5(t). The resulting non-admissible
vector fields in the complete augmented system can then
be written in terms of Lie brackets of admissible vector
fields using Proposition 1. However, in the application
at hand this alters the saddle-point dynamics (7) which
necessitates a stability analysis of the augmented system.

Hence, under suitable assumptions on the communi-
cation graph, this allows us to write vector fields whose
components are sums of products of arbitrary functions
in terms of Lie brackets of admissible vector fields. This
observation gives rise to the next Lemma.

Lemma 3. Consider a strongly connected graph G of n
nodes and let ¢ : RN — R be an analytic function. Then
any vector field ¢(z) = e;p(z), ¢; € RN, i=1,2,...,N,
can be written as a possibly infinite sum of Lie brackets of
admissible vector fields. .

Proof. Since ¢ is analytic, by a series expansion it can be
written as a possibly infinite sum of monomials of the
components z; ofz,j=1,2,...,N. Using Proposition 2,
all these monomials can be written in terms of Lie brackets
of vector fields of the form (24). By strong connectivity
of G, all these vector fields can be written in terms of Lie
brackets of admissible vector fields, thus concluding the
proof. O

While the result might be more of a theoretical nature
for the application at hand, it nevertheless shows that the
proposed approach in principle applies to a large class of
problems.



Vector field

Admissible if... Rewritable if...

(0) =
oF; (£) 5—1,2,...,111:
€ix; (x;) H(/)F] <x]) 1=1,2...,n
jeJp
j#i
_ ke T
iV i 1,e§ s n
act) ¢ k€ Tpeo, L=1,2,...,10
i () T1 c,((’j)(x]-) =12, m ’
]E;ch(g) 74, s
]
kel
Cn+kAkiXi 1= 1,e§1. ..,n
) k € I,
en+neq+k}\k I1 Cl(c,j) (xj) ! = 111129,(]. - Mg

jegs)

8ij #0forallje JF(K) Jpij in Gforallje JP(Z)

Qik #Oforallk:a,; #0 dpyinGforallk:ay #0

Elpl-]- inGforallje \7(2)

Ck

gij # 0forallj € gL

Ck

Assumption 2 holds dpiiin G for all ay; # 0

Jpyjin G forallj € J(g)

Ck

Assumption 2 holds

Table 1. An overview of all vector fields appearing in (31).

4.2 Distributed optimization via Lie brackets

In the sequel we apply the results from the last section
to the problem at hand and rewrite the saddle-point dy-
namics (7) by means of Lie brackets of admissible vector
fields. For the sake of a simpler notation we assume in the
following that neq; = 1 for all i € Zeq and Mineq; = 1
for all i € Zineq. We further assume that each agent
has an associated equality and inequality constraint, i.e.,
Teq = {1,2,...,n}, Tineq = {1,2,...,n}. This can
always be achieved by augmenting the optimization prob-
lem (4) by constraints that do not alter the feasible set. We
emphasize that this is not necessary for the methodology
to apply as we will illustrate in the example in Section 5.
We can then write the saddle-point dynamics (7) equiva-
lently as

. _ 0
==Y e,»(g—;(x) + Y apue+ Y e (0)A)  (Bla)
i=1 k€Zeq k€Tineq
7
V= Z ek( Z Agix; + bk) (31b)
kelog i1
A=Y edick(x), (310)
keIineq
where a;(x) = a;x + l_?i, a; = lan,ap,..., 4, € Rlxn,

b; € R. Motivated by our previous discussions, we assume
in the following that the objective function as well as the
inequality constraints are sums of products of separable

functions, i.e.,

F) =Y TT £, (32)
nck
c(x) = Z H c]((i.)(xj), (33)

where the P]w R —- R, j € jF“)g {1,2,...,n},

¢=1,2,...,np, np > 0, are strictly convex functions
l . Y4

and the Cl(@j) R = Rk € Tineq, j € jc(k)g {1,2,...,n},

¢ =1,2,...,nq, ng > 0, are convex. Observe that,

(0)

if np and n,, are infinite and Fj(e), Crj are monomials,
this includes all analytic functions F, c¢;. If J, F(Z) = {¢},

Jc(ké) = {{}, we obtain the particularly important special
case that both the objective function and the constraints
are a sum of separable functions; hence also the case of
linear constraints considered in [11], [12] is covered here.
Under this assumption the vector fields appearing in (31)
are summed up in Table 1. Depending on the commu-
nication graph as well as the structure of the constraints
and the objective function, these vector fields can either be
admissible or not. In particular, the vector fields in (31b),
(31c) are admissible if the constraints are compatible with
the communication topology defined by the graph G, i.e.,
if the following assumption holds:

Assumption 2. Foralli,j = 1,2,...,n with g;; = 0 we
have %(x) =0aswellas g—;;(x) =0. o

We point out that all non-admissible vector fields in (31)
can be written in terms of Lie brackets of admissible vector



Vector field Corresponding path  Lie bracket representation

esin ps2 = (vs|v1|v2) ejz6, €52 j€Z(1)

0 e erxoAq pa1 = (v2|vs|o1) ejz7, e2222] jeZ(5)

e1A3 p13 = (v1]v2|v3) [ejA3, e12)] JEZ(2)

/ \ e4X1A4 pa1 = (v4vs|or) [ejx1, e4Mazj] j€Z(5)
e e e1X4A4 p14 = (v1|v2|v3|v4) lej,Aax, [e,2), e12;,]] 1 €Z(2),j» € Z(3)
\ / e1x1M4 pia = (v1lvalvsfo)  [ejA4, [ejyz),, e1212;]] h1€Z(2),j2 € Z(3)
e egA3xy p31 = (vslvglvs|or)  [e,x1, [ef2),, 8422, ]] i €Z(4),jpeI(5)

e9AaXxaXq pa1 = (v4vs|or) [ejx1, e92jX4A4]] j€Z(5)

e9Agx% pa1 = (v4lvs|o1) [ejx%, e9A4z)] j€Z(5)

Figure 2. The communication
graph for the example consid-
ered in Section 5.

1(5) = {5}.

fields under appropriate assumptions on the communica-
tion graph, see also the last column of Table 1. Specifically,
if the graph is strongly connected, then all non-admissible
vector fields can be rewritten independent of the objective
function as well as the constraints, given that they admit
the structure (32), (33). In most cases, however, much less
restrictive requirements on the communication graph are
sufficient. We do not explicitly discuss how to rewrite
the non-admissible vector fields using Proposition 1 and
Proposition 2 in general but illustrate this by means of an
example in Section 5.

EXAMPLE

In this section we illustrate the previous results by means
of an example. Consider the following optimization prob-
lem

5
min F(x) = ;Fi(xi)

x€RS
st. ap(x) =2x—x5=0
) ) (34)
ci(x) =x7+x3—4<0
c3(x) =x1+x3—-2<0
cs(x) = x7 — x4x1 + 23 — 100 <0,
) — (v — )2 4 — T 5
where Fi(x;) = (x; — )%, x = [x1,x2,%3,%4,%5] € R.

We assume that the communication topology is described
by the graph in Fig. 2. Observe that the constraints c3
and c4 are not compatible with the graph topology, hence
Assumption 2 is not fulfilled. The corresponding saddle-

Table 2. An overview of the non-admissible vector fields in (35) and their Lie bracket represen-
tations. Here, the index sets are Z(1) = {1,7}, Z(2) = {2,6}, Z(3) = {3,8}, Z(4) = {4,9},

point dynamics (7) are then given by

¥ = — VF(x) — (2ep — e5)vp — 2(x161 + x2¢2)A1  (35a)
— (ZX4 — X1)€4)t4 — (23(1 — X4)€1/\4 — (61 + 63)/\3
Uy = 2Xp — X5 (35b)
A= Alel(x% + x5 —4) + Azep(x1 + x3 —2)
+ Age3(x3 — xgx1 + %3 —100), (35¢)
where x € R%, 1, € R, and A = [Aq, A3, A4)7 € R3.

We next rewrite all non-admissible vector fields in (35)
using Proposition 1. We will thereby follow the choice (18)
to make sure that (16) holds. We do not discuss how to
rewrite each non-admissible vector field in detail, but limit
ourselves to the vector field ejx4A4 from (35a) Comparing

with (17), we have j; = 1, j, = 4, and f (ZI i) =1

(2)
'fjrfl( I
a path from node 1 to node 4 that is here given by p14 =
(v1|v2|v3]vy); thus r = 4. We then obtain

(j)) = XaAs. Following Proposition 1, we require

e1X4\y = [ejz/\4X4, [6]'12]'2, 6’12]'1]], (36)

where j; € Z(2) = {2,6}, j» € Z(3) = {3,8}, and the
right-hand 51de 1s a Lie bracket of admissible vector fields.
All other non-admissible vector fields in (35) can be treated
similarly and we sum up the resulting Lie brackets in Ta-
ble 2. For the simulation we let each j, jj, j» be the largest
index in its respective index set. By that choice, we inject
less perturbation in the primal and more in the dual vari-
ables New which is also visible in the simulation results
depicted in Fig. 3. As to be seen, the distributed algo-
rithm approximates the trajectories of the non-distributed
saddle-point dynamics (35) and converges to a neighbor-
hood of the optimizer x* = [0,2,2,4,4]". NewWe also
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Figure 3. Simulation results of the example from Section 5. The
upper plot shows the primal variable x(t), the lower left one
the dual variable 1, (t) and the lower right one the dual vari-
able A(t). NewlIn each plot, the dotted black lines marked with
squares depict the trajectories of the non-distributed saddle-
point dynamics (35) while the thinner oscillating ones depict the
trajectories of the distributed approximation. The corresponding
thick lines depict the distributed approximation with additional
low-pass filters. The dashed black lines indicate the desired
equilbrium of (35).

included simulation results with additional low-pass fil-
ters in the distributed x-, v- and A-dynamics. While the
effect on the primal variables is small since we already
reduced the oscillations by our design choice, the dual
variables show significantly less oscillations and better
approximate the non-distributed trajectories. A rigorous
stability analysis of the augmented distributed dynamics
and a performance-oriented design of the filters is up to
future work.

6 CONCLUSIONS AND OUTLOOK

We considered a convex optimization problem and
showed how distributed optimization algorithms can be
designed for a quite general class of problems with little
structural requirements under mild assumptions on the
communication network. We therefore extended the Lie

bracket approximation approach to distributed optimiza-
tion proposed in [11], [12] and discussed which kind of
vector fields can in principle be written in terms of Lie
brackets of admissible vector fields. We did not discuss
the construction of approximating inputs but postpone
this to [13] where we will present a modified version of
the general algorithm from [16] that exploits the structure
of the problem at hand.

References

[1] S. Michalowsky, B. Gharesifard, and C. Ebenbauer,
“On the Lie bracket approximation approach to dis-
tributed optimization: Extensions and limitations,”
in 2018 European Control Conference (ECC), accepted,
2018.

[2] S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eck-
stein, “Distributed optimization and statistical learn-
ing via the alternating direction method of multi-
pliers,” Foundations and Trends in Machine Learning,
vol. 3, no. 1, pp. 1-122, 2011.

[3] E Bullo,]. Cortés, and S. Martinez, Distributed Control
of Robotic Networks, ser. Applied Mathematics Series.
Princeton University Press, 2009.

[4] J.Zhao and E. Dorfler, “Distributed control and opti-
mization in DC microgrids,” Automatica, vol. 61, no.
Supplement C, pp. 18 — 26, 2015.

[5] D. Feijer and F. Paganini, “Stability of primal-dual
gradient dynamics and applications to network opti-
mization,” Automatica, vol. 46, no. 12, pp. 1974 - 1981,
2010.

[6] J. Wang and N. Elia, “A control perspective for cen-
tralized and distributed convex optimization,” in
2011 IEEE 50th Conference on Decision and Control
and European Control Conference (CDC-ECC), 2011, pp.
3800-3805.

[7] H.-B. Diirr, C. Zeng, and C. Ebenbauer, “Saddle point
seeking for convex optimization problems,” IFAC Pro-
ceedings Volumes, vol. 46, no. 23, pp. 540-545, 2013.

[8] B. Gharesifard and J. Cortés, “Distributed
continuous-time convex optimization on weight-
balanced digraphs,” IEEE Transactions on Automatic
Control, vol. 59, no. 3, pp. 781-786, 2014.

[9] S. K. Niederldander and J. Cortés, “Distributed co-
ordination for separable convex optimization with
coupling constraints,” in 2015 54th IEEE Conference
on Decision and Control (CDC), Dec 2015, pp. 694-699.



[10] B. Touri and B. Gharesifard, “Saddle-point dynam-
ics for distributed convex optimization on general
directed graphs,” in 2016 IEEE 55th Conference on De-
cision and Control (CDC), 2016, pp. 862-866.

[11] C. Ebenbauer, S. Michalowsky, V. Grushkovskaya,
and B. Gharesifard, “Distributed optimization over
directed graphs with the help of Lie brackets,” in Proc.
20th IFAC World Congress, 2017, pp. 15908-15913.

[12] S. Michalowsky, B. Gharesifard, and C. Eben-
bauer, “Distributed extremum seeking over directed
graphs,” in 2017 IEEE 56th Conference on Decision and
Control (CDC), 2017, pp. 2095-2101.

[13] ——, “A Lie bracket approximation approach to dis-
tributed optimization over directed graphs,” ArXiv
e-prints arXiv:1711.05486 [math.OC], 2017, https://
arxiv.org/abs/1711.05486.

[14] N. Biggs, Algebraic graph theory. Cambridge univer-
sity press, 1993.

[15] H.-B. Diirr and C. Ebenbauer, “On a class of smooth
optimization algorithms with applications in con-
trol,” IFAC Proceedings Volumes, vol. 45, no. 17, pp.
291 — 298, 2012, 4th IFAC Conference on Nonlinear
Model Predictive Control.

[16] W. Liu, “An approximation algorithm for nonholo-
nomic systems,” SIAM Journal on Control and Opti-
mization, vol. 35, no. 4, pp. 1328-1365, 1997.

[17] H. J. Sussmann and W. Liu, “Limits of highly os-
cillatory controls and the approximation of general
paths by admissible trajectories,” in 1991 IEEE 30th
Conference on Decision and Control (CDC), 1991, pp.
437-442.

7 APPENDIX

7.1 Proof of Lemma 1

Proof. We prove this result by induction. First, forr =1,
(14) is trivially true by definition (13). Suppose now that
the claim holds for allr < 7,7 > 1 and considerr = 7 + 1.
Define

ﬁ?/jl (z) =
i (37)

f]'i—l (ZI(fi—l)’ Zz(j?)) aZJk+1 (ZI(fk)’ ZI(ij) )
k=

By the induction hypothesis we then have

{hj”l/j"' {hﬁ’j?—l’ [ g o B ] - ]” (2)
= [hff+1/f?’ eflfji,h] (Z>
— 5. ul aff?:h 7
= Zl oz ()i fin (22() 221 )
i=
) ~
~ il L ¢ aj; (22(50), 22(jr40))) i i (2)
i€Z(jr)
UI(jr+1)

3
=ej E)]z 2L (z 2) fi (z2(;,) 22

(jr+1) )’ (38)

where ej, € R"""ea*"ineq js the j;th unit vector. Here, we
used that p; ;. , is a simple path; hence, since Z(i, ) and
T (ix,) are disjunct for any k; # ko, also ji, # jk, for any
ki,kp =1,2,...,7+1, ky # ky. Using definition (37), we
obtain (14). Finally, since jx € Z(i) and g;;,,, # 0 for
allk=1,2,...,r—1,all hj_ ; are admissible; hence the
left-hand side of (14) is a Lie bracket of admissible vector
fields. O

7.2 Proof of Proposition 1

Proof. Observe first that

of;
fir- 1(ZI(]7 1)’ ZI(]r)) Bz-]k

_ £(2) (1)
e (ZI(fr))jrjr 1(Z Z(jr 1))

XHf]k ZZ(jr) H az (zz(,))

(Z2(j)r 2 (jisr))

r—1
“Z(jr) ]1 kﬂfJ

(1) af

=2 ( ZI Jk)

i Ty (i)

Then, using (16) and applying Lemma 1, the result imme-
diately follows. O

7.3 Proof of Proposition 2

Proof. We first show by induction that

H A Yl P2l - } /le} (z) = e ﬁ M (2j,)-
k=2
(39)

For m = 2 it s clear that (39) holds. Suppose now that (39)
holds for all m < 1, m > 2. For m = m + 1 we then have


https://arxiv.org/abs/1711.05486
https://arxiv.org/abs/1711.05486

with a slight abuse of notation

[ Wasa vl o)) ] @
m+1
= lei [ T me(z;,), eizina(z,)]
k=2
3 m—+1
= e;(e 12(z,) +Ziej2%(zjz))ei 1T (=)
k=2
+ei( ) ejk%(zjk) [ Tne(z),))eizina(z,)
=2 1=
7k
m+1

— o [ ne(z3), (40)
k=2

where we used thati # jy forany k = 1,...,m in the last
step. This proves (39). Finally, using (39), we obtain

[[- [ ) 2l -},wl} (2)

= [e; IH 1k(z;,), eimi(zj,) [ 1o(zi)dz]
=
= eino(zi) ﬁ Mk (2j,)- (41)

k=1

This finishes the proof.
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