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Abstract—In this work, we propose a continuous-time
distributed optimization algorithm with guaranteed zero
coupling constraint violation and apply it to safe distributed
control in the presence of multiple control barrier functions
(CBFs). The optimization problem is defined over a net-
work that collectively minimizes a separable cost function
with coupled linear constraints. An equivalent optimization
problem with auxiliary decision variables and a decoupling
structure is proposed. A sensitivity analysis demonstrates
that the subgradient information can be computed using lo-
cal information. This then leads to a subgradient algorithm
for updating the auxiliary variables. A case with sparse cou-
pling constraints is further considered, and it is shown to
have better memory and communication efficiency. For the
specific case of a CBF-induced time-varying quadratic pro-
gram (QP), an update law is proposed that achieves finite-
time convergence. Numerical results involving a static re-
source allocation problem and a safe coordination problem
for a multiagent system demonstrate the efficiency and ef-
fectiveness of our proposed algorithms.

Index Terms—Control barrier functions, constrained con-
trol, decentralized control, optimization algorithms.

[. INTRODUCTION

ISTRIBUTED optimization has received increasing atten-
D tion in the last few decades thanks to increasing com-
putational power availability. Depending on how the problem
is formulated, distributed optimization can be categorized into
the cost-coupled and constraint-coupled optimization [1]. In the
former case, the cost function to be minimized is a summation
of local cost functions, each of which depends on a common
decision variable & subject to a common constraint, that is

min -y fi(=z) (1)

X
ie{1,2,...N}

Received 2 February 2024; revised 18 September 2024; accepted
24 January 2025. Date of publication 6 February 2025; date of current
version 30 July 2025. This work was supported in part by Swedish
Research Council, in part by ERC CoG LEAFHOUND, in part by EU
CANOPIES Project, in part by Knut and Alice Wallenberg Foundation,
and in part by an NSERC Postdoctoral Fellowship. Recommended by
Associate Editor Giuseppe Notarstefano. (Corresponding author: Xiao
Tan.)

The authors are with the School of EECS, KTH Royal Institute
of Technology, 100 44 Stockholm, Sweden (e-mail: xiaotan@kth.se;
changxin@kth.se; kallej@kth.se; dimos@kth.se).

Digital Object Identifier 10.1109/TAC.2025.3539332

, Member, IEEE, Karl H. Johansson

, Fellow, IEEE,
, Fellow, IEEE

where the local cost function f; and global constraint set X are
known to agent ¢. One such example is the training process
of learning algorithms, where the decision variables are the
parameters in the learning model and the local cost function is
associated with data accessible only to local computational units.
Much attention has been focused on this case in the distributed
optimization community (see [2] and [3] for overviews).

In the constraint-coupled case, each node has its own local
decision variable, and the cost function is a summation of local
cost functions that depend on the local decision variables only.
The constraints in this case are coupled and involve all or parts
of the local variables. The problem setup is then given by

> film) )

i€{1,2,...N}

min
(z1,..,xn)EX

where the local cost function f; and parts of the constraint set X
are known to agent ¢. Conceptually, we can refer to the stack of all
local variables as the global variable. One example of this setup
is the economic dispatch problem in power systems, where the
local decision variables are constrained by the shared resource
limit, and the size of the global decision variable increases with
the size of the power grid.

Albeit its wide outreach in real-time decision-making and
profound practical implications, the constraint-coupled opti-
mization problem (2) was less attended to compared to the
vast literature on the cost-coupled optimization problem (1).
One viable approach to (2) involves solving its dual problem.
Assuming that the optimization problem (2) has zero duality
gap and the constraint functions are separable, then the dual
problem of (2) has a separable objective function with a com-
mon decision variable (the dual variable), aligning the problem
with the formulation of (1). Thanks to this observation, many
distributed optimization algorithms for (1) can be readily applied
to solve (2) by tackling its dual problem [4], [5], [6], [7]. One
major drawback of these duality-based approaches is that, primal
convergence is not easily retrieved from dual solutions, known as
the primal recovery problem [8]. The remedy usually involves a
running average scheme, which leads to a slow convergence rate.
Recent works in [9] and [10] have proposed various methods to
avoid the recovery procedure. Another issue is that, in order to
solve for the local primal variable, each node has to solve for a
consensus on the dual variable, causing efficiency concerns.
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In order to avoid the primal recovery problem as well as
enhance efficiency, recently, primal decomposition approach has
been pursued as a general distributed solution to the constraint-
coupled problem [1]. Instead of looking at the dual problem,
primal decomposition approach splits the coupling but separa-
ble constraints into local ones using auxiliary variables. The
algorithm usually comprises two parts: 1) solving/updating the
local primal variables based on local problems; and 2) updating
the auxiliary variables. This approach has its roots in large-
scale optimization, where the global variable is too large for
one computational node to process and a central coordinat-
ing node is required for updating the auxiliary variables. See,
for example, [11] for more details. It is only until recently
that [1] proposes a distributed auxiliary update and provides
an asymptotic convergence guarantee. Wang et al. [12] fur-
ther extended this approach and provided a convergence rate
analysis.

One issue that has been largely overlooked in the existing
distributed optimization literature is primal feasibility through-
out solution iterations. Most algorithms mentioned above or
surveyed in [2] and [3] at best provide an asymptotic conver-
gence guarantee and asymptotic primal feasibility guarantee.
This might not be desirable when applying optimization-based
algorithms in real-time safe-critical scenarios, i.e., when tran-
sient behavior becomes a crucial safety concern and constraint
violation could lead to catastrophic consequences. Conceptu-
ally, the problem is challenging since the feasible set is de-
fined over the global decision variable and cannot be evalu-
ated for satisfaction using only local information, which voids
the usual practice of projecting the solution onto the feasible
set [13].

There are only a few distributed violation-free algorithms
for constraint-coupled optimization problems. Recently, Wu
et al. [14] proposed a right-hand primal decomposition scheme,
yet it only achieved an approximate optimal solution. Abey-
nanda et al. [15] considered primal feasibility in dual decom-
position methods, where the solution still only converged to
a neighborhood of the optimal solution. Tan and Dimarogo-
nas [16] proposed a violation-free algorithm with optimality
guarantee, but only for a single constraint. A highly relevant
work [17] adopted a similar primal decomposition scheme as in
this article, and used a cascaded law based on projected saddle-
point dynamics and safe gradient flow for updating the auxiliary
and primal variables. However, only practical convergence can
be established due to a regularization step. The violation-free
Laplacian-based gradient algorithm in [18] instead focuses on
the special case of the economic dispatch problem. In summary,
the existing violation-free results either give inexact solutions
or are tailored to specific problems. One exception is our recent
work [19], where the focus is on designing a discrete-time,
violation-free, distributed and accelerated optimization algo-
rithm. We note that technicality concerns differ significantly
depending on whether the dynamics is continuous-time or
discrete-time.

In this work, we propose a distributed, continuous-time op-
timization algorithm for problem (2) with coupling linear con-
straints. Our contributions are summarized as follows.

1) The coupling constraints hold during the solution evolu-
tion, and the iterated variable is shown to converge to the
optimal solution under a few mild assumptions.

2) The proposed algorithm is more efficient in memory and
communication compared to existing results. Each node
only needs to store a variable of size d; + M and transmit
a variable of size 2M to its neighbors, where d; is the
size of the local primal variable and M the number of
coupling constraints. This is notably smaller compared
to, e.g., primal decomposition algorithms [1] and dual
decomposition algorithms [4].

3) We apply the distributed optimization algorithm to the
control barrier function (CBF)-induced quadratic pro-
gram (QP) as feedback in safe distributed control. To
accommodate the slowly time-varying parameters in QP,
we further strengthen our proposed algorithm such that
finite-time convergence is achieved.

The rest of this article is organized as follows. We first present
problem formulation in Section II as well as some leading
assumptions. The proposed primal decomposition scheme and
the corresponding updates of auxiliary variables are detailed in
Sections IIT and IV, respectively. The overall algorithm and the
convergence analysis are discussed in Section V. Two special
cases are further considered in the following sections, focusing
on the sparely coupled case and the CBF-induced QP case.
Numerical results are shown in Section VIII to demonstrate
the effectiveness and the favorable properties of our proposed
algorithms. Finally, Section IX concludes this article.

Il. PRELIMINARIES AND PROBLEM SETUP

Notations: R is the set of real numbers, and R = R U
{—00,00}. R™ denotes the n dimensional Euclidean vector
space. Each vector a = (a1, aq, .. .,a,) € R™ is interpreted as
a column vector if not stated otherwise. diag(-) is a function that
only keeps the diagonal entries and sets the off-diagonal entries
to zero. blkdiag(g4,gs,- - ., g,,) denotes a block diagonal ma-
trix with diagonal blocks g4, g5, ..., g,. where g;,i =1,..,n,
can be either a vector or a matrix. For = € R, sign(z) :=

1, x>0
0, x=0; For any = = (z1,..
-1, z<0.
(sign(zq), sign(xs), . . .,sign(x, )). Vector inequalities are to be
interpreted elementwise. 0 and 1 refer to vectors of proper di-
mensions with all entries to be 0 or 1, respectively. Given a func-
tion f : R — R, df(x), the subdifferential of f at x, is defined
as the set of vectors s such that f(z') > f(x) + s' (z' — x) for
all ' € R™. Such a vector s is called a subgradient of f at .
When f(x) is differentiable, the gradient of f is denoted V f
and the partial derivative % For two matrices A and B of

L Ty) € R™, sign(x) :=

proper dimensions, we use the convention that {A, B] denotes

the horizontal stacking, and {A; B} the vertical stacking. Let

A € R™" be a matrix and I C {1,2,...,m} be an index set.
Then, A® denotes a matrix composed of the rows indexed in
I. Note that A' = I'A where [ is an identity matrix of proper
dimension.
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A. Problem Setup

Consider the following multiagent optimization problem:

i€

Yier@; i +b; <0
s.t. Doier a;”—rwi +0" <0 3)

Yiera @i+ 01 <0

where 7 ={1,2,...,N}, and there are M linear cou-
pling constraints indexed by M ={1,2,...,M}. Here,
a™ x; € R% d; e N, b € R Vi€ I, m € M. For brevity,

denote = = [x1;x2;..52N], a™ = [al;al;. . al,
b = (b7, ...,b%), me M, a; = [a}l;a?;.. ;aM],
b; = (b},...,bM),i € T.Only a;, b;, f; are known to agent i.

The N computational nodes communicate over a connected
and undirected graph G = (Z, E). (i, j) € E represents that the
agents ¢,j can communicate with each other. The associated
Laplacian matrix [20] is denoted L, and I; is its ith row. We
make the following assumptions.

Assumption I1: Forall i € Z, each function f;(x;) is convex.

Assumption 2: The optimal value of (3) is finite.

Stacking {al}iczmem and  {b"}iczmem Dby the
order of the agents, we obtain aj = [ai;as;...;an],
ba = [by;be;...;by]. Similarly, stacking {a!"}iezmem
and {b)" }icz.mem by the order of the constraints, we obtain
ac = [a';a?;..;aM], be = [b':b% .. ;bM]. There exists
a constant permutation matrix' J such that bo = Jb,. Note
that J only depends on N and M and is independent of the
communication graph G.

In this work, we aim to find a continuous-time distributed
algorithm that solves (3) while satisfying all coupling constraints
for all time. In [16], a special case of (3) with quadratic cost
and a single coupling constraint is investigated. However, the
approach in [16] is difficult to generalize to convex programs
with multiple coupling constraints, as studied in this work.

Our proposed approach is based on two key observations.
1) By introducing a set of auxiliary variables as decision vari-
ables, an equivalent optimization problem can be constructed
with separable costs and constraints. 2) When viewing these
auxiliary variables as independent variables, the subgradient of
the optimal value with respect to these variables can be computed
using local information. The first fact motivates the primal de-
composition scheme. The second fact motivates the distributed
updated law for these variables leveraging subgradient algo-
rithms. The convergence and optimality of this approach are later
shown using tools from nonsmooth analysis. Two special cases
with sparse coupling constraints or quadratic cost functions are
also discussed in the sequel.

1" A permutation matrix J is a square binary matrix that has exactly one entry
of 1 in each row and each column and zeros elsewhere. A permutation matrix is
orthogonal, i.e., JIT=J"J=1.

Coupling constraint

T
1
1
aj z1 + by 1+ + ayzy + by S 0
1
L
Decomposition for a given y = (y1,Y2, ..., yn)
Tor+b | i ajay+b
ay Ty 1 1 | anTN N < 0
+ B
e -w) | N
Decoupled local constraints
] SRR
I a; o1 1 1 < | anTN N 1
v VA ey = 0 o Y eny (v — ) :S 0

Decomposition
process

Fig. 1. lllustration of the constraint decomposition scheme. Here, only
one coupling constraint is considered and the superscript is neglected
for simplicity. By introducing an auxiliary variable y, one coupling con-
straint becomes N local constraints. Proposition 1 shows that when
y is a decision variable, the two class of constraints represent the
same feasible region in x. Our proposed algorithm locally updates
y; to obtain an “optimal” constraint decomposition in the sense that
aj@} +bi+ 3. (yi —y;) < 0forallic T, where a; is the optimal
solution to the original optimization problem.

IIl. EQUIVALENT PROBLEM

In this section, we present a new optimization problem that
is equivalent to (3) but with a separable structure. Similar de-
composition schemes were also discussed in [16, Proposition 1]
and [17, Proposition 4.1]. Introduce auxiliary decision variables

{y" }iez,mem where y* € R. Denote y™ = (y7",...,y}) €
RN, m € M,and y = [y';9?;...; y*]. Consider
min i(x;
L min %ijl( i)
AV'z+Ly'+b' <0
s.t. : “)

AMTe + LyM + M <0
where recall that L is the graph Laplacian matrix, A™ =
blkdiag(al’, . ..,aR) € RGoidi)xN,

When organizing the constraints by the order of agents, the
problem can be rewritten as

minyM Z filx;)

z,yl,.., el

Al + (I @1L)y+b <0
s.t. A;riL'l + (I]u ® ll>y +b;, <0 ®))

Ajey + (In @ Un)y +by <0
where recall that I; is the ith row of the graph Laplacian, A; =
al,a?,....aM } € R%*M _One verifies that the optimization
problems in (4) and (5) are the same up to a permutation of
constraints. An illustration of the decomposition approach in

shown in Fig. 1.

Proposition 1 (Equivalence): The two optimization prob-

lems in (3) and (4) are equivalent, in the sense that
1) for any feasible solution (2’,y’) to (4), @’ is a feasible

solution to (3);

Authorized licensed use limited to: KTH Royal Institute of Technology. Downloaded on December 05,2025 at 12:54:17 UTC from IEEE Xplore. Restrictions apply.



TAN et al.: CONTINUOUS-TIME VIOLATION-FREE MULTIAGENT OPTIMIZATION ALGORITHM

5117

2) for any feasible solution x’ to (3), there exists a y’' €
RNM gsuch that (', y') is a feasible solution to (4);
3) the two problems have the same cost function.
Proof: See Appendix. ]
If y™, m € M, are viewed as independent variables instead
of decision variables, then the problem (5) has a natural separable
structure for a given y. In the following, we consider a distributed
solution to (3), composed of the local optimization problems for
agent? € 7:

rgi_n filx:)

alTxi+ Y on (Ul —yj) +bi <0
s, : 6)
aM e+ 3 WM =y} + 6} <0

and some local update law for the variable y*,i € Z,m € M,
that will be detailed in the next section. We note that this
local optimization problem will give an optimal x; if and only
if y™,m € M is optimal to the problem in (4) in view of
Proposition 1. Nevertheless, for any given y, we have the fol-
lowing result.

Proposition 2 (Constraint satisfaction): For a given y, if ;,
1 € Z, is feasible to the local optimization problem in (6), then
the stacked vector [x1; @2; . . .; & ] is a feasible solution to (3).

Proof: Consider the mth constraint in (3). By summing up
the mth constraint of (6) for each agent, wehave ) . _; a;"Ta:i +
Dier by + Ve b = ier @ @i + 5" <0, consider-
ing that Y, ; l;y™ = 1T Ly™ = 0. O

IV. SENSITIVITY ANALYSIS OF LOCAL AND GLOBAL
OPTIMIZATION PROBLEMS

In this section, we will investigate how y affects the optimal
value of the local optimization problems. We will propose an
updating scheme for y such that the sum of the optimal values
of the local problems always decreases until reaching the optimal
value of the centralized problem.

Assumption 3: For any y € RVM  Slater’s conditions hold
for all local optimization problems, i.e., there exists x; that is
strictly feasible to (6).

One sufficient condition for this assumption to hold is
that Rank(A;) = M,Vi € Z. In the following, we assume
Assumption 3 holds. For a given y, consider the local problem

(6)
¢i(y) == min f;(z;)

Under Assumption 3, ¢;(y) is well defined for all y € RV,
Given y € RVM  define

d(y) = ¢i(y). ®)
icT
In general, ¢(y) is not differentiable. In the following, we use
tools from nonsmooth analysis [21]. Let the subdifferential, i.e.,
the set of all subgradients, of ¢(y) be d¢(y). We have the
following results characterizing the subdifferential of ¢(y).

Proposition 3 (Subdifferential): Let Assumptions 1-3
hold. Denote by ¢; = (c},...,cM) € RM a Lagrange multi-
plier to (6) for i € Z. Define (" =3, y.(cj" — '), ¢ =
(GG CR, € = [¢15¢%5 5 ¢M ] Then

1) ¢; € RM not necessarily unique, always exist;

2) ¢(-) is convex, but not strongly convex;

3) ¢ € 96(y).

Proof: From Assumptions 1-3, the strong duality theorem
for convex inequality constraints [22, Proposition 3.5.1] applies,
and thus, the strong duality holds and at least one Lagrange
multiplier exists. This proves Point 1).

We show the convexity of ¢, (y) by definition. For any v/, y”,
denote x’, " the corresponding optimal solution of (7). It
is clear that ¢;(Ay" + (1 —A)y") < fi(rx’ + (1 — A)x”) <
M) + (1= 2) (@) = 2da(y) + (1 — 2)ily"),  where
the inequalities hold thanks to the linearity of the constraints
and the convexity of f;(), respectively. Thus, ¢(y) is also
convex. ¢(y) not being strongly convex is evident since
o(y + s1) = ¢(y) for any s € R.

Now consider a perturbed version of (7) with y’ and denote its
optimal value ¢;(y’). From sensitivity analysis [23, Eq. 5.57],
we know

0i(y) > ¢i(y) + ¢l I @ L) (Y — ) )

for all y'. This means (Ip; ® 1, )c; is a subgradient of ¢;(y).
Since ¢(y) is convex, ¢ is nonempty and takes compact and
convex values [24, Proposition 9]. Based on the calculus of
subdifferentials: d(f1 + f2)(x) 2 df1(x) + df2(x), we know

Y I @l)e € 94(y). (10)
i€l
Note that
i 0 0] [et et}
0 1 0 2 217
(IM ® lj)cl _ . C'L _ Cz 7
0 0 .. 0 . R
0 0 i) Ml LMy
and that
Sl =i 1 | em=LTem = Lem
i€l

with ¢™ = (¢", &5, . .., c%r). We thus obtain

> Iy ®1])e; = [Le's Le?;. . Le]
i€l

Y

where cc = [c!; ¢ (ordered by constraints). Equiva-
lently, we have ¢ € J¢(y). This proves Point 3). |

Remark 1: Recall that c; can be calculated solely based on the
local problem at node 7. Proposition 3 reveals that although each
computational node does not have the full information about the
subgradient of ¢(y), each computational node has access to the
subgradient of ¢(y) withrespect to the local auxiliary variable y,
by communicating local Lagrange multipliers to its neighbors.

= (In ® L)ec € 0¢(y)

2 5 eM)
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Algorithm 1: Distributed Optimization Algorithm.
1: Locally stored state: x;, y,
2: Initialization: choose arbitrary y,.
3: loop
4:  Send y, to and gather y,; from neighbors j € NN;
5:  Compute (x;, ¢;) as the primal-dual optimizer of (6)
6
7
8

Send c¢; to and gather ¢; from neighbors j € N;
Update y, according to (13)
: end loop

Specifically, we have that

9¢(y)

W:C?:Z(cf—c}”) Ym e M

JEN;

12)

whenever ¢(y) is differentiable.

V. PROPOSED ALGORITHM

In this section, we give details about the proposed continuous-
time distributed optimization algorithm. A pseudocode for com-
putational node ¢ is given in Algorithm 1. Note that since
the analysis is done in continuous time, we are assuming that
the four steps in the loop block are executed at the same
time instant, i.e., y,,Y,, ¢;, ¢; in Steps 4 and 6 are computed
and transmitted simultaneously. For digital implementation, all
agents synchronously communicate y; and ¢; in Steps 4 and
6. We also choose a small sampling time to approximate the
continuous-time update of y; in Step 7.

Theorem 1: Let Assumptions 1-3 hold. Denote by ¢;(y) the
Lagrange multiplier of (6) given y. If y, is updated according
to

¥, = —ko Z (ci(y) — ¢;(y)) for almost all ¢
JeN;

13)

where ko > 0 is a constant gain and a Caratheodory solution?
exists, then the following holds:

1) the Caratheodory solution is unique and converges to the
set of optimal y of the equivalent problem (4);

2) the solution to the local problem (6) asymptotically con-
verges to (one of) the optimal solution(s) of the centralized
problem in (3);

3) and the coupling constraints in (3) hold during the solution
evolution.

Proof: From Proposition 3, ¢; is well defined for all y, but it
is not necessarily unique. From the right-hand side of (13), one
derives

D jen, (¢ — C}) lic!
22 L2

yi _ _k,o Z]GNi (C’L C]) _ _k() iC (14)
ZjeNi(Cz]‘V[ —c]M) licM

2 A Caratheodory solution of a differential equation @(t) = X ((t)) or
a differential inclusion &(t) € X ((t)) is an absolutely continuous function
x(t) : [0,00) — R™ that satisfies the differential equation or the differential
inclusion for almost all ¢, respectively [24].

for almost all ¢. Reorder {—kol;¢™}icz.mer by the order of

constraints, we obtain § = |¢'; 9% .. .; yM] where

ym = —ko[llcm; lgcm; ce lNCm] = —kOLCm~

Thus, ¥ = —ko(Ips @ L)ce for almost all ¢, where we re-
call cc = [¢!; c?;. . .; cM] (ordered by constraints). Denote the
Caratheodory solution of this differential equation to be y(t).

Now consider Caratheodory solutions of the differential in-
clusion y € —ko0¢(y) = —0kod(y) in view of Proposition 3,
where ¢(y) is defined in (8). From [24, gradient differential
inclusion of a convex function], we know such a solution exists
and is unique. Recall that §(t) € —0ko@(y(t)) for almost all ¢,
thus y(¢) is also unique.

In order to investigate how ¢(y(t)) evolves with respect to
time, we check the set-valued lower Lie derivative along the
differential inclusion

L_ppop(y)9(y) = {a€R : there exists & € Ip(y)

min
ve—0kood(y

such that a = ){T'u}. (15)

Forany € € 0¢(y), thereexists v = —ko& € —0koo(y) such
that € v = —ko|€]|? < 0. Hence, SUp L_gpy () @(y) < 0 for
all y, and the equality holds if and only if 0 € d¢(y). Follow-
ing [24, Proposition 13] and the uniqueness of the solutions, we
know ¢(y(t)) is nonincreasing. In particular, when 0 ¢ 0¢(y),
SUp L_gpy () ?(y) < 0,and thus ¢(y(t)) is strictly decreasing.

Denote h(t) = sup L_pp, ¢(y(1) Py (1)),
limsup,_,,, (). Such a limit exists and is bounded since
h(t) is upper bounded by 0. Assume « < 0, then, 37 > 0 and
€= —a/2 such that h(t) <a+e=a/2<0 forall t >1T.
This implies that ¢(y(t)) < ¢(y(T)) +a(t —T)/2 for all
t > T, which contradicts with Assumption 2. Thus, we have
limsup,_, ., h(t) = 0. This means that a subsequence of h(¢)
converges to 0 asymptotically, which leads to the conclusion that
a subsequence of y(t) converges to the set {y : 0 € o (y)}.
This proves Point 1).

Since y(t) converges to the optimal set {y : 0 € 0¢(y)}
asymptotically, and in view of the equivalence between (3) and
(4) from Proposition 1, we know the optimal solution to (3) is
obtained asymptotically. This shows Point 2). Point 3) follows
from Assumption 3 and Proposition 2. U

Remark 2: Convergence of the subgradient differential in-
clusion of a convex function was investigated in [21] and [24,
Gradient differential inclusion of a convex function], where the
convergence property has been established. However, we note
thathere ¢(y) has infinitely many local minima and they may not
be bounded. Proofs in [21] and [24] rely on nonsmooth Lyapunov
function analysis (with an assumption on the uniqueness of
the local minima) or LaSalle’s principle (with an assumption
on the boundedness of the local minima), both of which are
not applicable here. Instead, we did not prove the convergence
of y(t) to a particular optimal point, but to an optimal set
{y:0€0o(y)}-

Remark 3 (Caratheodory solution): One may wonder why
a Caratheodory solution is considered in Theorem 1 and how
to guarantee/verify its existence. In Proposition 3, we have

o =
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established that, for a given y, the Lagrange multiplier ¢; always
exists but may not be unique under Assumptions 1-3. If ¢;(y),
as a function of y, is continuous, then classic solutions to
the ODE in (13) exist, and of course a Caratheodory solution
exists. We introduce the Caratheodory solution so that we can
neglect discontinuities of ¢;(y(t)) for a duration of measure
zero. Theoretically, for the local optimization problem (7) pa-
rameterized by y, when the cost function is smooth and the
strong second order sufficient condition (SSOSC) holds at v/,
there exists a neighborhood of y’ such that a unique primal-
dual optimizer (x;(y), c;(y)), when viewed as a function of
y, exists and is locally Lipschitz continuous in y [25]. Other
conditions exist for ensuring continuous primal-dual pairs of
perturbed optimization problems. See a recent survey [26] and
references therein. Numerically, if there are multiple eligible
local Lagrange multipliers, one can choose c¢; that is close to
c; , where c; denotes the variable ¢; calculated one step before.

Remark 4 (Differentiability): [27, Corollary 7.3.1] states that
the perturbed optimal value function is locally differentiable
if and only if the Lagrange multiplier is unique. Thus, one
sufficient condition for local differentiability of ¢;(y) is that
the optimization problem in (7) fulfills the linearly independent
constraint qualification (LICQ), which ensures the existence and
uniqueness of the Lagrange multiplier [28]. When ¢;(y)’s are
differentiable, the subgradient then becomes the usual gradient,
ie., 0¢;(y) = {V;(y)}. In this case, the adaptive law in (13)
becomes the well-established gradient flow. This will be dis-
cussed in detail for one special case, namely, the control barrier
function-induced QPs, in Section VII.

Remark 5 (Memory, computation, and communication effi-
ciency): In Algorithm 1, each computational node 7 stores
variables x; and y,; of dimension d; + M, while broadcasting
y, and c; of dimension 2M to neighbors. Compared to the
primal decomposition scheme in [1], our approach requires
smaller storage (d; + M versus d; + D; M) and communication
(2M versus 2D; M) variables, where D; is the degree of the
communication graph at node ¢ [20]. Mestres and Cortes [17]
adopted the same decomposition scheme as in this work, but
requires each local node to store 2d; + 2M variables. Addi-
tionally, the proposed algorithm requires less computation for
local nodes at each iteration, as they only need to solve a single
optimization problem with the size of decision variable d;, unlike
the dual decomposition scheme in [4], which involves solving
two optimizations with sizes d; and M.

VI. SPARSE CASE

What has been discussed so far deals with the most general
case, and is applicable in a densely coupled scenario, i.e., every
computational node is involved in every coupling constraint. In
many cases, the constraint coupling is sparse and, usually, is
consistent with the communication topology. For example, in
multirobot applications [29], [30], [31], collision avoidance is a
pairwise constraint between two robots, and they need to have
some information exchange between them in order to work out
a safe path. Exploiting the sparsity of the constraint coupling
would help us relax conservative conditions, reduce the size

Fig. 2. lllustration of a communication graph satisfying Assumption 4.
In this scenario, the agent index sets for each constraint are 7; =
{1,2,3},Zo = {1,2,4}, the constraint index sets for each agent are
My =My ={1,2}, M3 = {1}, My = {2}, and the sets of neighbor-
ing nodes with relevant constraint involvement are N} = {2,3}, N2 =
{2}, N3 ={1,3}, N2 = {1,4}, N5 = {1,2}, N? = {2}, respectively.

of optimization problems on each computational node, and im-
prove communication efficiency with the neighbors. To formally
characterize sparsity, we first define the following notations.

Define Z,,, C 7 as the index set of the computational nodes
involved in the mth constraint, i.e., ¢ € Z,, ifand onlyifa]* # 0
or b" # 0. Similarly, define M; C M as the index set of the
coupling constraints involving node 7, i.e.,m € M, if and only if
a™ # 0or b # 0. Define the set of neighboring nodes of node
i involved in the mth constraintas N/” = {j € Z: j € N, and
j € I, }. Inthe sparse setting, we assume that each agent knows
which neighbors are involved in which relevant constraints, i.e.,
N™ ¥m € M, is known to agent .

We call the communication graph G = (Z, E) is consistent
with the mth constraint if the induced subgraph [20] G,, :=
(Zin, Eyy) is connected, where (4, j) € E,, if and only if 4,5 €
T, and (i,j) € E. Define G, := (Z, E,,).

Assumption 4: The communication graph G is consistent
with all constraints.

Fig. 2 illustrates a scenario where there are 4 computational
nodes and 2 coupling constraints. Note that both G; (the sub-
graph in pink) and G, (the subgraph in blue) are connected, then
G is consistent with these two constraints.

Under Assumption 4, we know at most |M;| columns of A4;
are nonzero. One sufficient condition that fulfills Assumption 3
in this case is thus Rank(A;) = |M;| for all 4

A. Egquivalent Optimization Problems

Now we show that the original problem in (3) is equivalent to
the following optimization problems in a sparse setting:

min Zfl x;)

Ti,y; i€l
mTw1 + Z m m +bm <0
JEN
VieZ,me M,. (16)
Proposition 4 (Equivalence in a sparse setting): Under

Assumptions 3 and 4, the two problems in (3) and (16) are
equivalent, in the sense that
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1) for any feasible solution (x’,y’) to (16), &’ is a feasible
solution to (3);

2) for any feasible solution &’ to (3), there exists a variable
y' such that (', y’) is a feasible solution to (16);

3) the two problems have the same cost function.

The proof follows similar steps as in that of Proposition 1
except that now we need to use the Laplacian matrices of the
induced subgraphs G,,,, m € M, which are assumed to be con-
nected under Assumption 4. Details are omitted here for brevity.
Similar to Section III, the reformulated problem in (16) has
a separable structure, and only local information yi", j € N;™
is needed to determine the constraints concerning each nodelt
is obvious from (16) that ", m € M\ M, is not involved
in the local optimization problem. Thus, we can preset those
components in y to be constant zero. The sparse formulation
in (16) also accounts for local constraints that involve only one
node. Denoting the node by 7, we have a’*, b* = 0 for any j )
and we preset ;" = 0 forany k € Z.

B. Local Optimization Problems

Following a similar analysis procedure, in the following, we
will treat y; as an independent variable and design a distributed
updating law so that y; converges to the optimal y7 to (16). For
node ¢ and a given y, a local optimization problem is given by

bi(y) == H;l?ﬂ fi(z:)

stoaf @+ Y (Wt -y bt <0 Vme M, (17)
jeN™

Define ¢; = (c},...,c™,...,cM), where " is the Lagrange
multiplier of (17) if m € M;, and is equal to O otherwise.

Similar to previous discussions, we have the constraint satis-
faction property as follows. The proof is omitted for brevity.

Proposition 5 (Constraint satisfaction): For any given y, if
x;,1 € 7T is feasible to the local optimization problem in (17),
then [@1; @2; . . .; & ] is a feasible solution to (3).

Define the summation of the optimal values of the local
optimization problems as

dy) = di(y).

ieT
Proposition 6 (Subdifferential): Let Assumptions 1-4 hold.
Let ¢; = (c},...,cM) € R™ be defined below (17). Define

R ]
Cm_
i

ZjeNim(c}" —cl')if m € M; and (" = 0if m ¢ M,.
Let ¢™ = (¢, G2y, (B, € = [cl;@;...;gM]Then

1) ¢; € R™, not necessarily unique, always exists;
2) ¢(y) is convex;

(18)

Algorithm 2: Sparse Distributed Optimization Algorithm.
1: Local stored state: x;, y,
2: Initialization: Choose arbitrary y,, and let y;" = 0 if
: loop
Send y;" to and gather y" from j € N;™  Vm € M;
Compute (x;, ¢;) from (17)
Send ¢;" to and gather ¢ from j € N;™
Update y, according to (21)
: end loop

Ym € M;

A A

3) ¢ € 99(y).

Proof: The first two claims follow from a similar argument
to that of Proposition 3 and are omitted here. We will show Point
3) in the following. From sensitivity analysis, for any y, vy, we
know (19), shown at the bottom of this page, holds, where Zi’gm
is the ith row of the Laplacian matrix of G/, = (Z, E.,,). The first
inequality in (19) is from [23, Equation 5.57], and the last two
equalities follow from the definition of graph Laplacian matrices
and noting that whenm ¢ M, 1; g, = 0.Equation (19) implies
that L] ¢; is a subgradient of ¢;(y).

Following the calculus rule for subdifferential, Zi Z;rci isa
subgradient of ¢(y). With a few linear algebraic operations, we
know:

= =T
li791 TO N 0 C% Clllzligl
- 5 0%
iTe,=| 0 lig 0 1] cilig,
' 0 0 0 || .
=T =T
0 0 Lig,| L'l e,
Thus, the entry in ) _, [N/Zci that corresponds to y;" is
T =T
[Z C?lk,gml => [lk:,gm} '
kel i kel ¢
_ ZjeN;n(c;” =) ifmeM; 20)
0 ifm¢ M,

The second equality comes from the fact that [l;:g]l =

[Lg: ]k,i» the (k,i)th element of the Laplacian of the graph
G, = (Z,Ey). Thus [I}; ]; is equal to 0 if m ¢ M, or
k#i A k¢ N™ —1if k€ N™; and |[N/™| if k = i. Thus
we conclude (¢ is a subgradient of ¢(y). O

The distributed optimization algorithm for node 7 in the sparse
case is given as follows.

The main difference compared to Algorithm 1 is that 1) now
node i receives y ;, ¢; from and send y;, ¢; to neighboring nodes

6i(Y) 2 0i(y) + X ent, I S jene (W7 —y;™) — (Wi —yj")

= 6i(Y) + Lmem, g, (¥ —y™)
T2, G lig,, (Y —y™)

= ¢i(y) + c?ii(y’ -y).

liggc O 0
, where L; := 0 lig 0
0 0 0

0 0 Ligu

19)
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that are relevant, as in set V" in Steps 4 and 7; and 2) only
relevant components in Y; and c; are taken into account, as in
(17) and (21) in Steps 5 and 6. This leads to fewer variables
to communicate among the network and smaller size local
optimization problems to solve.

The following theorem states the convergence property.

Theorem 2: Let Assumptions 1—4 hold and c¢; as defined
below (17). If y, (¢) is updated according to

= —ko X jenm (G — '), ifme M,
N ifm ¢ M,

for almost all ¢, where kg > 0 is a constant gain and a
Caratheodory solution exists, then the properties in Theorem 1
hold.

Proof: In view of (20), we observe that ¢/ (¢) given in (21)
is exactly the product of (20) together with a constant negative
gain. Stacking y;" by the order of constraints, we obtain that
Yy € —0kop(y) for almost all ¢ from Proposition 6. Thus, the
analyses in the proof of Theorem 1 are also applicable here and
are neglected. ]

2L

VII. SPECIAL CASE: CONTROL BARRIER
FUNCTIONS-INDUCED QUADRATIC PROGRAMS

A. Control Barrier Functions and Safe
Distributed Control

In this section, we consider the application of our proposed
algorithms in the context of control barrier function-induced safe
distributed control. CBF approaches [29], [30], [31] have already
been applied to multirobot safe coordination with pairwise
constraints, for example, collision avoidance and connectivity
maintenance. In the following, we introduce a more general
formulation that further includes collective constraints.

Consider a multiagent system with p; the state vector of agent
1,7 € Z. The dynamics of each agent is given by

p; = fi(p;) + 9i(ps) i
where {;, g; are locally Lipschitz vector fields, x; is the control
input to agent ¢ that is yet to be designed. Suppose that this

multiagent system is subject to M coupling state constraints,
that is, along the system trajectory, it has to maintain

hm(pla'“va) 2 Oam € M

and h™ is a smooth function. The constraint h™ is a collective
constraint since it restricts the states of all agents. We call the
following inequality a CBF condition associated with the mth
constraint

Z a @+ <0 (22)
i€l
where a"" = -V, h™g(p;), b",i €Z are such that
Dier b ==kl (py, - PN) = Yier qu,hmTfi@i)’ and
constant k > 0. Here, we use linear functions instead of the
extended class /C functions for simplicity. Results from CBF
literature [32] state that, if a locally Lipschitz control input
x;,© € Z, is chosen such that (22) holds for all time, then

the set {(p17p2>"'apN):hm(p17"'7pN)207mEM}

is forward invariant and the mth state constraint is always
satisfied, provided that it is initially satisfied. In the following
analysis, we will neglect the explicit state constraints
h™(py,Ds,...,Py) >0 and instead focus on enforcing
the CBF conditions for all time.
In CBF literature [16], [32], a commonly used formulation to
enforce the CBF conditions is expressed as a QP as follows:
) 1
mlr,nl,IiN Z §||mz - CCnom,i”2
i€l
Sipall@ 4Bl <0
s.t. : (23)
Yiera @i+ <0

The quadratic program in (23) aims at minimally modifying
nominal local controllers ®om,;, Which relate to the underlying
system tasks, while always respecting M CBF conditions, here-
after referred to as coupling constraints, which relate to system
safety.

One challenging problem that naturally arises from this for-
mulation is, for multiagent systems where agents only have
local information, how to solve this optimization problem in
a distributed way with guaranteed safety assurance.

We assume that a;, b;, ©nom,; only depend on locally obtain-
able information from the neighbors of the ith agent, and that
the quadratic program is always feasible. These are referred
to as the local obtainability and compatibility properties of the
CBF conditions as discussed in [16] and [33]. One illustrative
application of coordinating a multiagent system with multiple
state constraints is shown later in the simulation section.

What sets apart the CBF-induced QP in (23) from the pre-
viously discussed distributed optimization formulation is that,
since the solution to (23) is applied as feedback to a dynam-
ical system and ®nom,a;",b;" are state-dependent, they are
time-varying in nature rather than static and evolve along the
closed-loop system trajectory. In the following, we will first take
alook at a time-invariant instance of (23), i.e., when Tpom i, @l
and 0" are constant, and then analyze the performance of our
proposed algorithm in a time-varying setting. We note that
the results in this section are also applicable to the sparsely
coupled case. This extension is straightforward and neglected
for notation simplicity.

Following the previous analysis, with the help of an auxiliary
variable y € RV, we have ¢(y) = 3,7 ¢i(y) with ¢;(y)
given by the local optimization problems:

o1
¢i(y) = min [|z; — fcnom,i”Q
T 2

Proposition 7: Consider the local QP in (24) with constant
Tnom,i, Ai, Y, bi. Assume that Assumption 3 holds. Then the
Lagrange multiplierc; = (c}, c? cM) exists and satisfies the

algebraic equation
A;c; = max (AiTmnom,i + (IM ® ll)y
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where A; = diag(A; A;), and the primal-dual optimizer to (24)
iS (Tnom,i — Ai€;, ¢;). The optimal cost is %HAchHQ

The proof follows from analyzing the Karush—-Kuhn—Tucker
(KKT) condition of the Lagrangian and is given in Appendix for
the sake of completeness. A similar result was reported in [34,
Thm. 5]. There, however, A;, A; are assumed to be nonsingular.

For the time-invariant optimization problem, if the local
optimization problem in (24) always fulfills the LICQ? by,
for example, A; being full column rank, then [27, Corollary
7.3.1] states that ¢, (y) in (24) is differentiable as discussed in
Remark 4. In this case, the subgradient reduces to the gradient
in the normal sense, and the adaptive law in (13) becomes a
gradient flow. Under Assumptions 2 and 3 and the convexity
of ¢(y), the convergence guarantee of ¢(y(t)) is well es-
tablished in view that it is lower bounded and monotonically
decreasing.

B. Finite-Time Convergence for
Time-Varying Optimizations

In this section, we will strengthen our proposed algorithms
of the previous sections to compensate for the time-varying
parameters in the QP. Under LICQ, since the update law in (13)
is a gradient flow, one could modify it to a scaled normalized
gradient flow as in [35, (6b)], that is

. .0 .
Y; = —l<:gs1gna o(y) = —kﬁlganeNi (¢; —¢j). (20)

?

Cortes [35] showed that the normalized gradient flow achieved
finite-time convergence for static strongly convex functions.
However, this result is not directly applicable here since ¢(y) is
not strongly convex. Moreover, for the CBF-induced QP in (23),
Tnom,i> @', 0" depend on the states of the multiagent system
and are time-varying. Before presenting the main result, we
introduce the following Lemma that will simplify the analysis
later on.

Lemma 1: Let we be the vector of {w! }iez mer, Wi €
R ordered by constraints. Define ve := Iy ® Lwe, v =
[Ty @1y Ing o5 Iy @ Uy]we, where 1 is the ith row of
the Laplacian L. Then, ve = Jv 4, where J is the permutation
matrix defined in Section II-A.

Proof: Define w™ = (wi",...,w}}). Let v]" = [Lw™];.
Then it is clear that v¢ is the vector of {v]" }icz men ordered
by constraints, and v 4 is the vector of {v"};cz mea ordered
by agents. Thus vg = Jva. 0

The main result is summarized in the theorem below with
slowly time-varying @nom,; (t), @l (t), b (¢). Here, we note that
LICQ is imposed as an easy-to-check sufficient condition for
guaranteeing the differentiability of ¢;(y). Depending on the
problem at hand, other conditions may also be applicable.

Theorem 3: Consider the centralized QP in (23). Assume the
LICQ holds for every local optimization problem in (24) at every
time instant. Let ¢; be the Lagrange multiplier of the local QP for
agent i. Assume further that 0., ; (t), @l (t), b (t) are slowly

3 We say that the LICQ is satisfied at 22* for an optimization problem, if the
gradients of all active constraints are linearly independent.

time-varying in the sense that there exists a constant D > 0 such
that ||dY (t)|| < D for all i € Z and all index sets I; € M with

da] AT g . ,
e AT B s BT,

dhi(t) = —
(o) -

(27)
Denote A = ming, je7 Amin((AiT’I"AiT’I“T)’l), A=
MAXI, je7 Amax (AiT’IiAZ.T’I’“T)’l). If ko is chosen such
that

lioh — NDVMA||L| — € > 0 (28)

for some € > 0, then the Filippov solution of the scaled normal-
ized gradient flow in (26) converges to a critical point of ¢(y) in
finite time ¢, < >\, [|Lc™(0)||1 /€. Moreover, the coupling
constraints in (23) are always satisfied.

Proof: Consider the nonsmooth Lyapunov function

V) = HW N ® Declh = 3 [12e™.

1 meM

Denote at the time ¢ the index set of strictly active constraints of
agent i to be I;(t) and its complement I;(¢) = M \ I;(t).

In the following, we will show that for any constant I;(t), i €
Z, V (y) decreases monotonically for a system Xy, ;c7 given by
(26) together with the algebraic equation

A?IiA;r,IhTClI‘i = A;ﬂlimnom,i + (IL’ ® lz)y + bgl

il

c.' =0.

3

(29)

for all 7 € Z. This equation is obtained by considering only the
constraints indexed in I; in (25) and noting cf > 0. When
viewing I;,7 € T as the index of such systems, since V' (y)
decreases monotonically for all Yy, ;c7 as will be shown later,
V(y) effectively acts as a common Lyapunov function [36].
Thus, it suffices to consider a system X1, ;c7, and the time index
is dropped to ease the notation.
For arbitrary constant I;,7 € Z, from (29), we know
el dt = (AP AT (1Y @ Lidy dt + d¥)

K2

deli /dt = 0.

Here d is defined in (27). A" A" is invertible since
(A.T’IiA,T’Ii’T)*l 0
0 0

and Jy, the permutation matrix such that [¢}'; ¢}] = Jy, ¢;. Thus
[IYi; Y] = Jp, Ip;. We can write the time derivative of ¢; in a

compact form as

LICQ is assumed. Denote by I", = (

& = Ji [det /dt; del Jdi]
= J{ (T, (Inr © Ly + Jy.[d; 0))
=TIy ® Ly + dY) (30)

where I; = J{ T Jg,, di' .= J{ [d}';0].
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Let z = Ipy ® Lee. Then V(y) = ||z|[1. The generalized
time derivative is given by

d
SV e > sign(z)% + Y SIGN(z)z (1)

iel* 1€1=
where ZI=={icT:2,=0}, I7={icT:z#0}
1, z > 0;
SIGN(z) := ¢ [-1,1], z=0; Since we are dealing with
-1, z < 0.

Filippov solutions, we can disregard the case which z; =0
holds for isolated time instants of measure zero. If z; =0
holds along an interval of time of positive measure, then,
in the sense of Filippov, Z; exists at those time instants and
z; = 0. Based on this fact, we have that for almost all ¢,

%V(z) = ier= sign(z)Z; + D, c7= sign(z;)Z;, that is

d
—V(y) =signz' 2 =signz' (In; ® L)Jéa.

7 (32)

Define o = (I ® L)signz. After some calculations, one
finds o = [LsignLc!; LsignLc?;. . .; LsignLcM]. Denote by
o" = [LsignLc™];. Then o can be seen as {0} }iczmem

ordered by constraints. Let o; = (0},02,...,0M),and 04 =
Jlo=lo;09;..

O
;o] be the vector of {07 }ier mem Or-
dered by agents. From Lemma 1, we have

O'A:[I]W@ll;fjw ®l2;...;I]\/j®lN]SigIlZ. (33)

Furthermore, from (26), 9y, = —kosign([Iy @ l1;1 ®
los.. Iy ®@lnlec), thus g = —kesign(Iy ® Lee) =
—kosign(z) in view of Lemma 1 and the definition of z.
Further considering (33), we have Iy @ l1; Iy @ lo; .. Ty @
IN]y = —koo 4. Following (30), we thus obtain:

CA = [Cl; CQ; «e CN]
= bikdiag(T'y, ..., Tn)(—kooa + [d; .. ;dV)).
(34)
From (32), the generalized time derivative is
d .
$V(y) =o4ca
= Z ol Ti(—kooi +di*). (35)
i€l
Consider the following two cases.
1) L™ = 0 for all m € M. In this case, V(y) = 0, and

thus from the first-order optimality condition one critical
point of ¢(y) has been reached.

2) Le¢™ #0 for some m € M. This implies that
||LsignLe™|| > 1 [37, Proposition 2.1]. Without loss of
generality, assume that |of| > 1 and Iy = {1,2,.., M'}.
These assumptions are not restrictive as they can be
fulfilled by permuting the numbering of the agents and
constraints. This leads to

AT,IlAT,Il,T ~1
1—\1 _ <( 1 1 ) 0 (36)

0 0

and ||o1|| > 1. The generalized time derivative becomes
d T T L,/
icz
S _]’CO)‘-min(("4—{711 AI7II7T)71)

L,
+ > llollITillles”

i€l

| (37

for almost all ¢. The first inequality comes from
the positive semidefiniteness of I';, and the second
inequality follows from the positive definiteness of
(A]1 A1 and ol > 1. Note that o, €
RM (0], = [LsignLe™];, then |lo]| < VM| L
HdZIJi’/ = ||d£ < D. Thus, from (28)

[l

iV(y) < —koh + NDVMRA||L|| < —e.

7 (38)

Based on these discussions, we know %V < —e¢ for almost
all t aslong as Le™ # 0 for some m € M for arbitrary systems
Y1, ,iez. Hence, leveraging the theory of common Lyapunov
functions, it gives a trivial upper estimate of the convergence
time as ), [[ILc™(0)||1/e. From Proposition 2, we further
conclude that the coupling constraints are fulfilled for all time.lJ

Theorem 3 shows that the solution optimal to the slowly
time-varying QP (23) is obtained in a violation-free, finite-time,
and distributed manner. These properties are favorable for im-
plementing the CBF-induced QPs as in (23) in a safe, (pointwise)
optimal, and distributed way.

One could easily recognize that the update law in (26) and
the analysis in Theorem 3 are similar to those in [16], where
a simple case with a single coupling constraint is considered.
We note that this extension is not trivial due to the nonlinear
relations between c¢; and y in (25). Compared to [16], here
we distinguish active constraints from inactive ones in order to
obtain an analytical relation between changes in ¢; and y, and
show that the Lyapunov function monotonically decreases for
any active constraints, i.e., it is a common Lyapunov function.

VIIl. SIMULATIONS

In this section, we demonstrate the effectiveness of the
proposed algorithms in a static optimization problem and a
multiagent safe coordination application. All the simulations
are conducted in Matlab R2022b on an Intel Core 17-1365 U
Windows laptop, and the primal-dual pairs are solved by the
built-in quadprog function with default parameters. We apply
forward Euler integration for simulating the continuous-time
dynamics with a sampling time 0.01 s.

A. Static Online Optimization Problem

In this section, we consider an optimization problem that
involves N =9 agents indexed in Z = {1,2,..,9} with the
communication graph shown in Fig. 3. Here each agent ¢ has 6
decision variables x; = (2, 1,...,%;6), where (;1,%; 2, %; 3)
represents the demands of 3 products, and (z; 4, ;. 5, ;) the

Authorized licensed use limited to: KTH Royal Institute of Technology. Downloaded on December 05,2025 at 12:54:17 UTC from IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 70, NO. 8, AUGUST 2025

5124
1 8
2 6—
4= T~71
5—" T~
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supplies of 3 resources. The optimization problem is given by

- T
L D (@] Qi Y50 hig i)
ez
D ier 2Tiz +Ti3 — 234 <0
s.t. D ier 2T+ i3 — x5 <0 (39)

dier il T T2 — T <0

i1 > hi1, o2 > i, x50 > hyg Vi€

where h; ; = ceil(10sin(ij) +20),i € Z,j = 1,2,...,6,Q is
symmetric and x| Qx; = (2xi2 + 253 — i4)? + (2251 +
T3 — LL'Z"{,)Q + (xi,l + 0 — LL'Z"G)Q. The first three inequality
constraints represent that the total supply for the resources needs
to exceed the total demand of producing three different products;
the last three inequality constraints represent the local produc-
tion output requirements. In the cost function, we penalize the
derivation between the local supply and local demand, which can
be interpreted as the cost of transporting or storing the deficient
or surplus resources, and take into account the local cost of
obtaining those resources. We assume that the local production
output requirement h; ;, 7 = 1,2, 3 and the local cost coefficient
hij,j = 4,5, 6 are only known to agent i.

It is clear that the local cost function fi(x;) = ] Qx; +
> j—45.6 Nijvij is convex but not strongly convex, and the
local coefficient matrix per the definition in (6)

0 2 1 -1 0 0
2 0 1 0 -1 0
o1t 0o 0 0 -1
i=|l-1 0 0 0 0 0
0 -1 0 0 0 0

0 0 -1 0 0 0

is of full rank. This fulfills Assumption 3 on Slater’s condition.

From the structure of the problem, since the last three con-
straints only involve its own decision variable, the algorithms for
the sparse case apply here and that the related y™ equals zero.
Our proposed approach introduces 27 auxiliary scalar variables,
with each node needing to communicate 6 scalar variables
with its neighbors. In comparison, the primal decomposition
approach in [1] requires 48 auxiliary scalar variables and 24
scalar variables to be communicated by node 3. By choosing
y™(0) =0,Vi € Z,m € M, ko = 1 with sampling-time 0.01s,
we obtain the results shown in Fig. 4. One observes that 1) the to-
tal cost error is monotonically decreasing; 2) the local Lagrange
multipliers corresponding to each coupling constraint converge
to a common value; 3) the three coupling constraints are al-
ways fulfilled during the solution iterations. This violation-free
behavior could be desirable in this scenario because one does not
need to wait for the convergence of the optimization algorithm
before applying the solutions, and the intermediate solution,

though suboptimal, still guarantees that the supply-demand re-
quirement is respected.

B. Application to Safe Distributed Control for MAS

In the second example, we show one application of the
proposed algorithm for safe distributed control of a multiagent
system. Denote by p; = (pi1,pi2) € R? the state and
Pia € R? the desired state of agent i. We assume that the
dynamics of each agent is given by p, = x;, where x; is
the velocity command to agent i. The coordination task is
to transform the formation of the multiagent system from
the initial formation Py = [Py (0);ps(0); .. 5Py (0)] =
(4,6,2,8,0,10,—2,8,—4,6,2,12, -2,12, 4,14, —4,14)
(shown in red in Fig. 5) to the target formation
Dfinal = [pl,d;pQ,d; c ';pQ,d] = (607 167 607 137 601 ]-07 607 7u
60,4,63,13,63,7,66, 16,66,4). The communication graph is
in Fig. 3. Assume that agent ¢,7 € Z has access to the desired
relative position p;; g = P; 4 — Pi,4,J € N; and its absolute
position p;, and agent 3, referred to as the leader, knows
its target position p3 4. An intuitive distributed protocol for
fulfilling this task is given by

Tnom,i (s {Pj}jeNi) = Z Pija — Pij T 6i(pi,d - Dp;)
JEN;
where p;; = p; — p;, 6; = 1 if agent i is the leader and 6; = 0
otherwise.
Suppose that the multiagent team needs to satisfy 2 coupling
state constraints during the formation transition, given by

I (t,prs- - Pg) =30+t — 0.1 (pi1 +pi2) >0 (40a)

i€l

ha(t, Py, - Pg) = 1041 —0.1> (pi1 —pi2) > 0. (40b)
i€

These two inequalities impose time-varying upper bounds on
the collective summation of all coordinates as in (40a) and the
collective difference between the first and the second coordinates
as in (40b), respectively. When viewing the two coordinates
of p, as two different local sources and the overall task as
transitioning from one resource allocation scheme to another,
one may interpret the first constraint as a gradual relaxation on
the source limit, and the second one as the gradual relaxation on
the difference limit between the resources.

Following the control barrier function-induced control design
procedures [38], the centralized safety-assuring controller is
given by

. 1 2
ml,ggl,l.n..,mg ; 2 ||-771 mnom,z|

.Y (0101 — ha(t,py,....pg) —1<0
i€l

D01 = 01]@; — ha(t,py, ..., pg) — 1 < 0.
i€l

(41)

Here, we choose the extended class C function to be an identity
function for simplicity. Itis clear that (41) is a special case of (23)
with 2 coupling inequality constraints. Denote the corresponding
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Numerical results involving nine agents solving a static optimization problem. (a) Time evolution of the total cost minus the optimal cost.

(b) Time evolution of the local Lagrange multipliers corresponding to the three coupling constraints. (c) Time evolution of the value of the first three

coupling constraints.
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Naive distributed case.

auxiliary variables by y', y2. Based on previous analysis, the
local QP-based controller is given by

1
it 2@ = oo

s.t.[0.10.1]z; +pig +piz+ Lyt —31/9<0

0.1 —01]@; +pi1 —pio+Liy* —11/9<0.  (42)
where [; is the ith row of the Laplacian matrix. These auxiliary
variables are updated locally according to (26). In this case
we know A =0.1 1 _11> is of full column rank and the
LICQ of the local optimization problem is always fulfilled.
Moreover, recall that @©,om (p(t)) and y™(t),m = 1,2 are
locally Lipschitz in time, we know the control input from this
local optimization problem is also locally Lipschitz in time [39,

70

70

Trajectories for different control schemes when coordinating nine agents. (a) Nominal case. (b) Centralized case. (c) Distributed case. (d)

Theorem 3.1]. Together with the violation-free property from
Theorem 3, our proposed algorithm guarantees system safety.

In Fig. 5, we present the trajectories of four different cases:
1) the nominal case, where the controller x,om ; is applied;
2) the centralized case, where we assume a central node exists
that computes the safe controller from (41) and sends the control
signal to each agent; 3) the distributed case, where our proposed
safe controller in (42) is implemented; 4) the naive distributed
case, where the controller from (42) is used with all y!, y? zero.
The last case is often used in CBF literature when system design-
ers focus on guaranteeing safety and would sacrifice pointwise
optimality.

In the simulation, we choose kg = 1 and replace sign(-) with a
saturation function sat(v) = 1,if v > 0.1; 10v,if — 0.1 < v <
0.1; —1,if v < —0.1 for eliminating the numerical chattering.
One observes that the formation task is fulfilled by all four
control schemes. In Fig. 6, it becomes clear that the two coupling
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Fig. 7. Time evolution of the cost )., 5[ — @nom,||* along the
state trajectory when the proposed algorithm is applied.

state constraints are violated in the nominal case, and respected
in the other three cases. Moreover, the distributed case with the
proposed algorithm shows to be less conservative compared to
the naive distributed scheme as the trajectory approaches closer
to the safety boundary. To better quantify the performance of
the proposed algorithm, we further compare the pointwise cost
D oier % |€; — Tpom,qi||* in Fig. 7 along the state trajectory when
our proposed algorithm is applied, i.e., the trajectory in Fig. 5(c).
At any time t, one could view the curves corresponding to the
naive distributed case and the centralized case in Fig. 7 as the
initial cost and the optimal cost of the frozen-time optimization
problem, respectively. Compared to the naive implementation,
our proposed algorithm achieves safe distributed control with
much less pointwise cost.

One key prerequisite that can restrict applicability of the
proposed approach is Assumption 3. Even though we provide
sufficient conditions for it to hold in dense and sparse cases,
it can still be limiting. We will explore how to online monitor
local feasibility and adapt the local parameter y; with feasibility
guarantees in our future work.

IX. CONCLUSION

In this work, we propose a continuous-time violation-free,
distributed algorithm for constraint-coupled optimization prob-
lems and demonstrate its applicability for CBF-induced safe
distributed control design. To decompose the global constraint
coupled optimization problem into equivalent local ones, aux-
iliary variables are introduced, whose differences indicate the
allocation of the constraints among all agents. Moreover, the sub-
gradient information with respect to the auxiliary variables can
be obtained using local information, which leads to a subgradient
algorithmlike update law design with asymptotic optimality and
all-time constraint satisfaction guarantee. For safe distributed
control design, we further strengthen our algorithms to achieve

finite-time convergence to cope with slowly time-varying pa-
rameters, leading to a safety-assured and pointwise optimal
controller. Two numerical examples are provided to illustrate the
favorable properties of the proposed algorithms: a static resource
allocation optimization example and a multiagent coordination
example with two coupling state constraints.

APPENDIX

Proof of Proposition 1: To prove Point 1), given any feasible
solution (x’,y’) to (4), for an arbitrary mth constraint in (3),
we know 17 (A" a' + Ly™ +b™) =Y, ;a @) + b <
0 thanks to the fact that 1" = 0 for L being the Laplacian
matrix of any connected and undirected graph G [20]. Thus, =’
also satisfies the mth constraint in (3).

For Point 2), given any feasible solution &’ to (3), for an
arbitrary mth constraint in (3), define v™ = A"z’ + b™,

mo— lfTV]:,’ "1 ~. Thus, w™ < 0 is obtained from the fact that
w™ has the same value in each entry and 1 w™ = 1 v™ =
Siera @, + b < 0. We further know that there exists a
y™ € RN such that Ly™ 4 v™ = w™ thanks to the fact that
Range(L) = {z € RY : 1z = 0} for a connected undirected
graph [20]. Thus, such a (z',y*, .. ., y™) is also feasible to the
problem in (4).

Point 3) is obvious in view of the two problems. Based on
the previous analysis, (3) and (4) share the same set of feasible
solutions with respect to x. Noting that they also share the
same cost function, we conclude that the two problems are
equivalent. U

Proof of Proposition 7: For problem (24), we consider its
Lagrangian

w

1
L(x;, Ci)ziuxi — Zoomi||> + ¢ (Al i+ (I @ 1)y + b;)

where ¢; = (c},c2,...,cM) € RM is the Lagrange multiplier.
Since Slater’s condition holds and the problem (24) is a linearly
constrained convex optimization problem, x; is an optimal
solution if and only if ¢; exists and satisfies the following

Karush—Kuhn-Tucker (KKT) conditions [40, Theorem 10.6]:

i — Tnom,i + Aic; =0 (43a)
Al + (I @)y +b; <0 (43b)
¢, >0 (43c)
cio(Alzmi+ Iy @L)Yy+b;)=0 (43d)
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where o denotes Hadamard Product, i.e., pointwise multiplica-
tion. To solve the KKT system, we obtain from (43a) that

M
Lj = Lnom,i — Aic; = Lnom,i — Z CZ"GJ”- (44)
m=1
Substituting it to (43b) and (43d), we know
Al Toomi — A Ajei + (Inr @ 1)y +b; <0 (45a)
o (A;rilfnomyi — A:AZCZ + (I]u & lz)’y + bz) =0. (45b)

Next, we consider two disjoint cases for the mth coupled
inequality. Before proceeding, we denote C,, := {1,...,m —
1,m+1,...,M}. We assume that the Lagrangian variables
corresponding to the index set C,, are known, i.e., d.pe
Cm are known. Define @[, ; = Tnomi — 2. pec,, € A5 b =
(Iny @1;)y + b;. Thenx; = a:r’l’(ﬁm c'al™ from (44). Deﬁne
A= Diag(ATA ) € RM*M _Consider the following cases.
) [A T o+ bl],, < 0. Itis clear from (43d) that

"= 0. (46)

Then ¢ = 0 together with ¢/, p € C,,
multiplier

2) [AmT nom i J’» b/]
thenx; = [ ; yetitfails the constraint AP T + b, <

0.By contradlctlon, wehave ¢i* > 0. Therefore, to satisfy
(43d), there must hold

is the Lagrange

> 0. Suppose ¢;* = 0 in this case,

(AT ; + b, — Al al"],, =0 (47)
Thus

arTar e = (AT £ bl (49)
Recall [Ai]mm = a*"a]", xii i = Unomi — Aici +

7ra;". Thus
[Ai]'rn,mcgn = [A: ('U}nom,i -

Summarizing the two cases in (46) and (49), we obtain
™ m € M satisfies

Aici) + b; + Aici]'rn- (49)

— Alcz) =+ b; + Aici]m, 0) .
Stacking it together, we conclude that

AiCi (Az — AlTAl)CZ, 0) .

[Ai]im,me = max ([A?(wnom’i

= max (A; Tnom,; + b} + (50)

Up to now, we have shown that if (x;,c;) satisfies the
KKT condition, then c; satisfies (50). In the following we
show that whenever ¢; solves (50), the pair (x;,c¢;) with
Xj = Tnom,i — Aic; fulfills the KKT conditions. One verifies
that (43a) and (43c) are trivially satisfied. What remains to
show is (43b) and (43d). Denote by ¢, p € C,, as part of the
solution to (50). Now ¢, p € C,,, are not assumed to be the

correct multipliers but W111 be proved so later. Recall 3 ; =
Tnom,i — Yopee,, O a8 I[A; @i o + ], < 0, weknow (50)
dictates ¢* = 0. If [AT i+ b’] > 0, then (50) dictates
al" alrct = [Al @l + bi]m. In both cases, the parts in
(43b) and (43d) correspondlng to the mth constraint are fulfilled.

This analysis holds for all m € M. This concludes the proof.[]
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