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Abstract—The history of the alternating projection method for finding a common point of several con-
vex sets in Euclidean space goes back to the well-known Kaczmarz algorithm for solving systems of linear
equations, which was devised in the 1930s and later found wide applications in image processing
and computed tomography. An important role in the study of this method was played by I.I. Eremin’s,
L.M. Bregman’s, and B.T. Polyak’s works, which appeared nearly simultaneously and contained gen-
eral results concerning the convergence of alternating projections to a point in the intersection of sets, assuming
that this intersection is nonempty. In this paper, we consider a modification of the convex
set intersection problem that is related to the theory of multi-agent systems and is called the con-strained
consensus problem. Each convex set in this problem is associated with a certain agent and, generally speaking, is
inaccessible to the other agents. A group of agents is interested in finding a com-mon point of these sets, that is, a
point satisfying all the constraints. Distributed analogues of the alter-nating projection method proposed for
solving this problem lead to a rather complicated nonlinear system of equations, the convergence of which is
usually proved using special Lyapunov functions. A brief survey of these methods is given, and their relation to the
theorem ensuring consensus in a system
of averaging inequalities recently proved by the second author is shown (this theorem develops con-
vergence results for the usual method of iterative averaging as applied to the consensus problem).

Keywords: alternating projection method, convex programming, Fejér mappings, distributed algo-rithms,
consensus, multi-agent systems

DOI: 10.1134/S0965542524700155

1. INTRODUCTION

A number of problems in numerical analysis and optimization are reduced to finding a point in the
intersection of a family of closed convex sets in a finite-dimensional or Hilbert vector space (or to estab-
lishing the fact that this intersection is empty). A special case is verifying the consistency of a system of
linear equations with finding a possible solution, as well as verifying the consistency of constraints in linear
programming. An explosion of interest in fast algorithms for solving such problems was associated, in par-
ticular, with the advent of computed tomography and related algorithms for fast image reconstruction (see
[1]). The problem of finding a point in the intersection of half-spaces of an affine space arises in the sep-
aration of two sets of points in space, which is an important problem in machine learning (see [2, 3]) and
mathematical diagnostics (see [4—6]). Convex optimization leads to problems of more general form: at the
initial stage of a primal optimization method, it is necessary to find an (arbitrary) point satisfying a system
of convex constraints. Finally, intersections of convex sets arise in control theory in the context of estimat-
ing parameters and trajectories of systems under unknown disturbances (see [7]) as exemplified by systems
of recurrent target inequalities (see [8, 9]).

Most of the algorithms available in the literature for computing a common point of convex sets are
modifications and generalizations of the alternating projection method. This method is also known as
projection onto convex sets (POCS). Its history goes back to the works by Kaczmarz [10] and Cimmino
[11] concerning relaxation methods for solving systems of linear equations, and for the first time (in the
special case of two linear subspaces) it was presumably mentioned in von Neumann’s lectures on the
geometry of Hilbert spaces published in [12]. The subsequently developed theory of alternating projection
methods is based primarily on the results obtained by three outstanding specialists in optimization and
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numerical methods, namely, Eremin, Polyak, and Bregman, whose pioneering works [13—15] appeared
nearly simultaneously. On the one hand, the study of alternating iterative projections led to the develop-
ment of the theory of Fejér processes (see [ 16—19]). On the other hand, it motivated the study of the Breg-
man D-distance (divergence) (see [20]), which now plays an extremely important role in machine learn-
ing, optimization, and computational geometry.

At present, there are rather detailed surveys of the convex set intersection problem (SIP) and its gen-
eralizations (specifically, the convergence of Fejér approximations), among which particular mention
should be made of the monographs [21, 22], the earlier work [23], and a more specific survey of estimation
theory in [7]. Some generalizations of SIP to the nonconvex case (projection on manifolds) can be found
in [24], which also provides a fairly complete review of the literature on this topic. However, these surveys
do not cover multi-agent versions of SIP, which have been investigated in recent years under various
names, for example, the problem of constrained consensus (see [25]) or optimal consensus (see [26]). In
these problems, each convex set is possessed by a single agent and is inaccessible to the other agents (this
can be caused by privacy requirements or the complexity of describing the sets themselves, information
about which may be difficult to transmit through a network for some reason). As in the original problem,
the goal of a group of agents is to find a point in the intersection of all the sets so that each agent can share
information only with a certain set of neighbors. Neighborhood relations are described by a communica-
tion graph, which may change and may not be fully known. Distributed algorithms for solving the multi-
agent SIP were studied mainly in control theory, and they are little known to specialists from other fields,
while available topic reviews are mostly limited to special cases, such as solution algorithms for linear
equations (see [27]).

The present paper fills this gap and provides a brief overview of distributed algorithms for solving the
multi-agent SIP. We will show that

(i) in these algorithms (as in the centralized case) the projection operators can be replaced by arbitrary
Fejér (paracontracting) mappings;

(ii) convergence to a consensus in the proposed algorithms can be proved using a unified approach
within the framework of the theory of averaging inequalities on graphs. This theory was developed in the
first author’s dissertation [28] (see also [29, 30]). For the reader’s convenience, we also give proofs of the
main results, which have not been published previously in Russian.

The rest of this paper is organized as follows. In Section 2, we formulate the SIP problem and describe
alternating projection algorithms and their generalizations (Fejér processes). Additionally, we provide a
brief survey of the main results concerning the convergence of these algorithms, specifically, fundamental
results of Eremin, Bregman, and Gurin—Polyak—Raik. The basic material of this paper regarding the
multi-agent SIP formulation is given in Section 3, which also presents some convergence results for clas-
sical averaging consensus algorithms on variable graphs and for associated systems of averaging inequali-
ties. The paper is completed with Section 4. The main results on the convergence of multi-agent algo-
rithms are proved in the Appendix.

2. SIP AND ITS GENERALIZATIONS

In this paper, SIP is considered in a finite-dimensional Euclidean space, but a number of the results
presented below can be extended to Hilbert spaces (with some modifications related to the type of con-
vergence of iterative approximations). Projection methods were also studied on manifolds admitting effi-
cient computation of the projection operator (see [24]). This generalization goes beyond the scope of the
present paper.

2. 1. Formulation of the Problem and the Projection Operator

As a rule, the classical SIP (or the problem of consistency of convex constraints) is formulated as fol-
lows.

Problem A. Given a family of convex sets {Z,},.;- in R?, where % is a finite index set, which have a non-
empty intersection, i.e.,

[1]

2E =22, (1)

i€V
find at least one point &, € E,.

A more complicated problem is to additionally identify the situation where ZE, = .



[1]
N

Fig. 1. Examples of intersections of convex sets: (a) in the plane and (b) in space.

Problem B. Given a family of convex sets {Z,},.+, check the fulfillment of condition (1) and, if it holds,
find at least one point &, € E,.

Note that, in the case of a one-dimensional space, i.e., d = 1, Problems A and B are easy to solve, since
the only possible convex set in R is an interval (open, half-open, or closed). The intersection of a finite
family of intervals is trivially found by sorting their left and right endpoints. In this case, we can determine

the set Z,.. In the case d = 2, the set Z,, is usually easy to visualize on a computer, but completely describ-
ing its structure or analytically finding at least one of its points &, is a rather complicated problem. In the
case of three dimensions d = 3, even the visualization of Z,, is rather difficult (Fig. 1).

Algorithms for solving Problems A and B initially proposed in the literature were based on alternating
projections. We recall some fundamental result about projection onto a convex set and the definition of a

projection operator. For any closed convex set 2 ¢ R? and x e ]Rd, the projection operator Py, : R -5 Q

maps a point to the nearest element from Q, i.e.,! |x — Po(x)| = min, g |x — y|. The minimum of the dis-

tance is always attained, and the nearest point is unique. This statement holds in an arbitrary Hilbert space
(see [31], Theorem 1.4.1).

It can be shown that? £L(y — Py(x),x — Py(x)) 2 /2 Vy € Q (Fig. 2) and

[x - y|2 > |x — PQ(X)|2 +|y - PQ(X)|2 Vye Q. Q)
In view of property (2), if y € Q (in other words, y is a fixed point of £,), then
|Pa(x) =y < |x = ;s

moreover, the inequality is strict if and only if |x - PQ(x)| >0,i.e., x g Q. A continuous mapping with this
property is called Fejér or (in the English-language literature) paracontracting. A formal definition will be
given later.

2.2. First Works: Systems of Linear Equations and Inequalities
3

The simplest (and historically the first) example of SIP is solving a system of linear equations
g &E=b Vie¥,
where & € R is the unknown vector and a; € Rd,bi € R are the coefficients of the ith equation. In this

case, 2, = {& : a,-Tﬁ = b} is an affine hyperplane of dimension d — 1, and the search for the solution of this

! Throughout this paper, the symbol |-| denotes the usual Euclidean norm in R?: \x\z = Zi x,-2 =x'x.

2 The symbol £ denotes the angle between vectors (in the range [0, T]).

3 Here and below, elements of RY are understood as column vectors; accordingly, aTﬁ is the inner product of two vectors, a
and &.
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Fig. 2. Projection of the point x onto a closed convex set €.
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Fig. 3. Iterative Kaczmarz method.

w

system (more precisely, one of the solutions) can be treated as finding the intersection of these convex sets.
It should be emphasized that the system of equations can be overdetermined (d < |°lf|) or underdetermined

d> |°V ), the equations can be linearly dependent, and the number of equations and variables can be very
large. Such systems of equations arise, for example, in computed tomography in the recovery of images
from projections (see [1]), in Leontief input—output models (see [32]), and in the computation of the Pag-
eRank vector (see [33, 34]) and similar characteristics in ranking and searching problems and in finding
eigenvectors. Two simple projection algorithms for solving linear equations were proposed nearly simul-
taneously in the 1930s by Kaczmarz and Cimmino.

2.2.1. Kaczmarz algorithm. According to the Kaczmarz algorithm4 (see [10, 35]), a point is iteratively
projected onto hyperplanes in cyclic order (in the case of two equations (i.e., °V| = 2) and two variables
(i.e., d = 2), the procedure is illustrated in Fig. 3).

It is easy to see that the projection operator onto the set Z = {§ : aTZ; = b} (where |a| # 0) is an affine
map:

§
Poxbs x+lzax, 3)

la”

Assume that the equations are somehow numbered from 1 to n, so that V" = {1,..., s}, and there is an arbi-
trary approximation &(0) to the solution. At the iteration with index ¢ = 0,1,..., the approximation &(7) is
replaced by

-
b, — a; &) a
2 (B

a
In the case of two sets, this algorithm was first mentioned in von Neumann’s lectures (1933) published

later as a monograph (see [12]); here, linear closed subspaces =,, 2, of a Hilbert space were considered.
Von Neumann proved that the sequence () converges in the norm to the projection of the initial point

where ¢+1=imodn.

&r+1)= P &) = &0 +

4 This algorithm is also known as the row action method, since a single row of the constraint matrix is used at every step.
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Fig. 4. Cimmino’s method (illustration for the two-dimensional case).

£(0) onto the space Z,, = £, N E, (see [12], Theorem 10.7). The convergence is exponential, and its rate

is determined by the squared cosine of the angle between =, and Z, (see [36]). This result, i.e., the expo-
nential convergence of &(f) to the projection PE*(ﬁ(O)) remains valid n > 2 subspaces, but only upper
bounds for the convergence rate are known in this case (see [22, 23, 36]), and, generally speaking, the con-
vergence rate is not determined only by the angles between all possible pairs of subspaces (Z,,Z ;). More
details on the history of the Kaczmarz algorithm and its generalizations obtained in recent years can be
found in [35].

2.2.2. Cimmino’s algorithm. Cimmino’s iterative algorithm was proposed in [11] and, in some sense, it
is the prototype of the distributed multi-agent algorithms considered in Section 3. In contrast to the
Kaczmarz algorithm, &(7) at the iteration is projected onto all hyperplanes simultaneously. Then the center
of mass &,(r) of the resulting projections is computed, which can be used as the next approximation
(¢ +1). More generally, the next approximation can be obtained as

&t +1) = &) + o€, (1) — &),
where o € (0,2) is a fixed step size (Fig. 4).

A great advantage of Cimmino’s algorithm is that the projection operations can be parallelized on sev-
eral processors. However, the number of iterations required for finding a solution with the prescribed
accuracy can be very large. There are accelerated versions of the algorithm, for example, the block Cim-
mino algorithm (see [37]) for sparse systems of equations; their consideration goes beyond the scope of
this paper.

2.2.3. The Agmon—Motzkin—Schoenberg (AMS) algorithm for intersection of half-spaces. An import-
ant stage in the study of SIP was the works by Agmon [38] and Motzkin and Schoenberg [39], which
appeared simultaneously. As was mentioned in [38], the idea underlying the algorithm was due to Motz-
kin. In contrast to Kaczmarz’s and Cimmino’s works, a system of linear inequalities is considered, i.e., a
point is sought in the intersection of the half-spaces

=, =R :q'E<ph).

The projector onto the half-space = = { : aTé < b} is easy to compute. However, it is no longer an affine
map:
b—a' T
WXt #a, a x> b,
P:xH x'= |a| 4)

T
x, a x<bh.

Obviously, the equality a,-T§ = b, can be written as a pair of inequalities, so solutions of an arbitrary system
of linear equations and inequalities can be found by applying the method from [38, 39] (assuming that
such a solution exists). Note that numerous “linear” problems of learning (e.g., algorithms for tuning per-
ceptron weights), classification, and mathematical diagnostics (see [2, 4—6]) are reduced to solving
inequalities. In these problems, the task is to find a hyperplane separating two groups of points in a mul-
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Fig. 5. Affine hyperplanes separating two sets of points in space.

tidimensional space (Fig. 5). If the hyperplane is defined by a linear equation, the separation condition is
a system of inequalities on the coefficients of this equation.

The implementation of the method from [38, 39] resembles the Kaczmarz algorithm (with the projec-
tor given by (4), rather than by (3)), but there is a substantial difference: at every iteration 7 = 0,1,..., the
projection is performed onto the most distant set. Formally, it is necessary to find the index’

m() = argmax d(&(),Z,), 5)

where d(§,Z) = min{|§ - x| : x € Z}. Projection is performed onto the half-space with index m(r), so that
the next approximation has the form

& +1) = P, (E0)).

In [38, 39] it was proved (assuming that the sets have a nonempty intersection) that this algorithm and its
relaxed version

e+ =(1-&O+ok (1), ae(0,2), (6)

Zm(t)
converge exponentially. Note that the convergence rate can be determined explicitly (see [38]) and
depends on the matrix A4, although its computation is nontrivial. In terms of complexity, an AMS iteration
is equivalent to a Cimmino iteration, since the distances to all half-spaces have to be computed before pro-
jection.

2.3. Alternating Projection Method for Arbitrary Sets

Alternating projection methods for finding a common point of arbitrary closed convex sets most fre-
quently rely on the idea of the Kaczmarz algorithm (iterative projections onto sets in cyclic order, see Fig.
6) and the AMS algorithm (in this case, the most distant set is chosen at every step).

Since this class of methods has been addressed in numerous publications (see, €.g., the surveys in [22,
23]), we mention only major works that led to a number of studies in constrained convex optimization.

Historically, the first was Eremin’s paper [40] (written and submitted in 1962), where the AMS method
(5), (6) was applied to arbitrary closed convex sets Z;. It was shown that the method converges if the sets
have a nonempty intersection, and, vice versa, if the sequence &(r) converges, then its limit automatically
belongs to the intersection E,, of all the sets.

Bregman [14] investigated the convergence of algorithms with iterative projections in cyclic order (as
in the Kaczmarz algorithm) and with projections onto the most distant convex set, as in the AMS algo-

5 In the case of nongeneric position, when a point is equidistant from several sets and arg max is defined ambiguously, it is pos-
sible to choose an arbitrary value; the smallest index is usually picked (see [13]).
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Fig. 6. Projections in cyclic order (illustration for two sets).

rithm. The convergence was analyzed in a Hilbert space, but it was understood only in the weak sense (in
the case of a finite-dimensional space, it is equivalent to norm convergence) and was proved assuming that
the sets have a nonempty intersection. Moreover, the convergence of the modified AMS algorithm in the

case of half-spaces Z, = {& : ;' < b} was studied. In this modified method, projection is performed not

onto the most distant half-space =;, but rather onto the set for which the constraint a,-T € < b, at the step ¢
is violated to the highest degree; in other words, (5) is replaced by the condition

m(r) = argmax|a; (1) — b1,
while the projection rule (6) remains unchanged.

A further generalization of Eremin’s and Bregman’s results was obtained by Gurin,6 Polyak, and Raik
[15]. Following [14], they investigated alternating projection algorithms of two types (in cyclic order and
onto the most distant set) for closed convex sets in an arbitrary Hilbert space. Conditions for exponential
convergence (in the norm of the Hilbert space) of both algorithms were obtained in the case when each of

the sets Z; has a nonempty intersection with the interiors of the other sets:

E,n()intZ, 0 Vie¥.
J#i
This condition can be dropped if Z; are half-spaces (thus, the result of [38] was generalized to the infinite-
dimensional case). Additionally, a convergence condition in the norm (“uniform convexity” of Z,) was

presented. In all these results, the exact projection operator can be replaced by its “relaxed” version, as in
algorithm (6) (moreover, the step size oo can be different at every iteration of the algorithm). In the case

of an empty intersection of the sets Z,, it was shown that the cyclic projection algorithm converges expo-
nentially to a periodic trajectory. An accelerated version of the AMS method was also proposed (projec-
tion onto the most distant set). A number of interesting applications of the alternating projection method,
specifically, to polynomial approximation of a function on an interval and to a special optimal control
problem were described in [15].

Further development: Fejér operators and optimization. The above-considered algorithms for finding a
common point of convex sets are based on the implicit assumption that the projection operator onto each
of the sets can be effectively computed. In the case of linear hyperplanes and half-spaces, this operator has
an analytical representation, while for more complicated sets (e.g., defined by a nonlinear convex inequal-
ity £(§) < 0) the projection can be computed only numerically and, generally speaking, the computation
is reduced to a convex optimization problem. However, even in the first works (see [10, 13, 38, 39]) it was
noted that the projection operator can be replaced by the relaxed projection (6), and, moreover, the basic

6 Unfortunately, when the translation of the original version of [15] was digitized, the first author’s surname was erroneously
written as Gubin. This spelling mistake is still present in ScienceDirect and is contained in the majority of surveys of algo-
rithms for SIP.
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property used in the proof is that it has a weak contraction property and any point outside the chosen set
=2 approaches this set. This observation led to the development of the theory of Fejér processes, the foun-
dations of which were laid by Eremin in his pioneering works [13, 16, 41—43]. The most complete descrip-
tion of this theory can be found in [21]. As will be shown in Section 3, the convergence results for iterative
procedures with Fejér operators can be generalized to the multi-agent case (see Theorem 1). In the next
subsection, we consider Fejér mappings in more detail and give some examples.

Frequently, it is of interest to find not an arbitrary point in the intersection of convex sets, but rather a
point that optimizes some functional (possibly nonsmooth). The possibility of solving linear program-
ming problems with the help of the alternating projection method was noted by Bregman (see [14]), who
later considered iterative “projection” methods (see [20, 44]) in the sense of some “pseudometric” on a
linear space, which was called the D-distance. The most frequently used type of D-distances is known as
the Bregman divergence and is given by the formula

Dy(x,y) = 9(x) = 9(y) = VO(y)(x — y)

for some convex differentiable function ¢. Bregman showed (see [20]) that projection methods are able to
solve convex programming problems with equality and inequality constraints in the sense of a suitably
constructed D-distance. An alternative approach proposed by Eremin (see [42]) leads to Fejér shifted
mappings. Note that optimization algorithms of this type have been poorly studied in the multi-agent case.
As arule, alternative algorithms obtained by decentralizing gradient projection methods are used (see [25,
45, 46]). Frequently, constraints are also replaced by barrier functions. The study of optimization algo-
rithms with constraints goes beyond the scope of this paper. A fairly complete exposition of modern meth-
ods can be found, for example, in [47].

2.4. Fejér (Paracontracting) Mappings

Throughout this subsection, we assume that P : R? - R%isa given operator (generally speaking, non-

linear) and || . || is a given norm on R (not necessarily Euclidean). Recall that, in a finite-dimensional
space, all norms are equivalent and generate the same topology. Accordingly, the concepts of openness,
closedness, and continuity in various norms are also equivalent.

Definition 1. An operator P is called Feje’r7 with respectto a set M c Rd, or M - Fejér if the following
three conditions are satisfied:

(a) P is a continuous mapping on the entire space;

(b) the set M is fixed with respect to P;

(c) the operator satisfies the contraction condition with respect to M, i.e.,

1PE) =& = [|PE) = PEI| <6 =& VEZ M, & e M. (7
Obviously, it follows from (7) that P has the property
[P@ - P& <6 -8l VEeR!, &e M. (8)

In the English-language literature, Fejér operators are often called paracontracting (see [49]); there are
also other terms, for example, an operator attracting to the set M (see [23]). Obviously, if
||x — y|| < ||P(x) — ), then x # P(x); thus, M in Definition 1 coincides with the set of all of fixed points of
the M-Fejér operator F(P) = {€ . P(C) = {}; therefore, if no explicit specification of this set is required,
for brevity, we call the operator Fejér. It is also easy to see that the set M is automatically closed and con-
vex. The first property follows from the continuity of the operator P: if a sequence {x,} of elements of M

converges to some limit xe Rd, then, obviously, for an arbitrary element ae M, we have
||x - a|| = lim,_,., ||xn - a|| = lim,,_,., ||P(x”) - a|| = ||P(x) — d||, which is possible only if x € M . The second
property is also easy to prove: if z is an arbitrary element of the segment joining points x,y € M , then
|x =y = |x — 2|+ ]z - ¥| = |x — P@)| +|Pz) — ¥| = |x — ¥|- This inequality holds only if z € M (other-

7 The term “M -Fejér operator” introduced by I.I. Eremin was motivated by the concept of a Fejér monotone (with respect to

M) sequence introduced in [39]. A sequence {x,}  R?\M is called so if x,,; # x,, for all n and [%: = ¥| 2 |%441 — ¥| forall n
and y € M. This concept, in turn, goes back to Fejér's work [48] on the location of roots of polynomials.



PROSKURNIKOV, ZABARIANSKA

wise, |x — P(z)| < |x — z|and |y — P(z)| < |v — 2|)). Therefore, together with two points, M contains a seg-
ment joining them. A Fejér mapping is a natural generalization of a contraction mapping P (in terms of

Banach), for which||P(x) — P(y)| < ¢|x - J|| Vx,» € R? with some constant g € (0,1). A fundamental dif-
ference between contraction and Fejér mappings is that the former have exactly one fixed point (by the
well-known Banach theorem), while a Fejér mapping can have an arbitrary closed convex set of fixed
points. Examples of Fejér operators are given in the next subsection.

2.4.1. Examples of Fejér operators.

Example 1. As was shown above, the projector £, onto a closed convex set is a Fejér operator (in the
standard Euclidean norm). More generally, it can be shown that for any coefficient a € (0,2) the operator

(1 —a)ld + aP,, where Id is the identity map, is also a Fejér operator in the Euclidean norm (see, for
example, Lemma 2 in [40] and Corollary 2.5 in [23]).

Example 2. A convex combination of several Fejér mappings is a Fejér mapping. Let B,..., P, be Fejér
operators with fixed point sets M,,..., M,, respectively, and let a,,...,a, > 0 be coefficients such that

D) no
ZLI a; = 1. Then it is easy to see that P = Z_a,-P,- is a Fejér operator with respectto M = M, n---N M,
(assuming that M is nonempty). By combining this example with Example 1, we can show that the approx-

imation &(# + 1) in Cimmino’s algorithm described in Subsection 2.1 is obtained from &(¢) by applying a
Fejér operator.

Example 3. Similarly, it is easy to verify that the composition of Fejér operators P, o --- o B is also Fejér

with respect to the intersection of the fixed pointsets M = M, N --- N M, (assuming that M is nonempty).
Thus, n successive operations (where # is the number of sets) in the Kaczmarz algorithm are equivalent to
the application of a Fejér operator.

Example 4. Let P be a nonexpanding operator in some strongly convex norm® || 1Py = Py <1

for all x,y e ]Rd) with a nonempty fixed point set M = %(P). Then the operator (1 — a)ld + aP with
a € (0,1) is also nonexpanding and M-Fejér. The first property is verified straightforwardly. Additionally,
if ye M and x ¢ M, then P(x)—-y # x —y; therefore, one of the following three cases holds:
[P(x) — || < |x — ||, the vectors P(x)—y and x — y are noncollinear, or P(x)—y = y—x. In all the
cases,

[(1-a)x +aP(x) - y|| = (1 - a)(x — y) + a(P(x) — y)| < |x — )]

In view of the remark made above, we obtain a well-known fact, namely, the set of fixed points of a non-
expanding (with respect to a strongly convex norm) mapping is always convex (see [23]).

Examples 2—4 are interesting in that, although the projection onto the set M can be difficult to calcu-
late explicitly, a Fejér operator can be known under which a point not lying in M approaches this set.
Actually, there are numerous examples of this type. The following one is concerned with the widespread
case when a convex set is defined by a scalar convex inequality.

Example 5. Consider a continuously differentiable convex function f : R? — R and assume that the

set M, 2 {x : f(x) < 0} is nonempty (obviously, it is convex and closed). Given a constant o € (0,2),
consider the mapping

x—af ) LX) ry >0,

Pixsx2 \Zc .
x, f(x)<0.

Note that the gradient Vf, in view of the convexity, can vanish only at (global) minimizers of f, and all
minimizers (if they exist) must belong to M ;. In view of this, £, ,(x) is well defined for f(x) > 0. It is also
easy to show that P, , is a continuous (but, generally speaking, nondifferentiable) mapping with the fixed
point set M ,. An important observation made in [13] is that B, , is a Fejér operator with respect to the

Euclidean norm. This construction extends trivially to nondifferentiable convex mappings for which the
subdifferential has a continuous branch. More precisely, if there exists a continuous mapping

8 A norm is strictly convex if the strict triangle inequality |x + ¥|| < || + [|¥| holds for any linearly independent vectors x, y.
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g: R? — R such that g(x) € df (x) for all x, then the gradient Vf(x) in the definition of P, ; can be
replaced by g(x) (see [13]).

Other examples of Fejér mappings are proximal operators and gradient descent operators correspond-
ing to strongly convex functions (see [49]).

2.4.2. Iterations of Fejér operators. The following simple lemma shows that iterations of a Fejér oper-
ator, like iterations of a contracting (in the sense of Banach) mapping, converge to a fixed point.

Lemma 1. Let P: R - R? be a Fejér operator with a nonempty fixed point set M = F(P). Then the

sequence (&(1)),~, defined by the recurrence relation
&r+1) = PE®), t=0.1,...,

with an arbitrary initial point £(0) converges to an element of M.

Lemma 1 is proved in the Appendix. In view of Examples 2 and 3, it follows from Lemma 1 that the
Kaczmarz and Cimmino algorithms converge (for projectors onto arbitrary sets whose structure is not
necessarily linear). The concept of a Fejér operator and Lemma 1 can be generalized to set-valued
mappings (arising, for example, in the AMS algorithm if the index m(r) in (5) is allowed to take several
values). The most general results on the convergence and divergence of Fejér processes can be found in
[17, 21, 23, 50].

3. MULTI-AGENT ALGORITHMS FOR THE INTERSECTION OF SETS

Now we consider the multi—agent9 formulation of SIP. In this problem, each closed convex set &, R?
is associated with its own agent (which can be a software module, robot, or living being with some auton-
omy in decision making). Frequently, this set is treated as a constraint imposed by agent /. We assume that

agent / has sufficient information on its set =, RY. Specifically, agent i can compute the projection

Ps,@) of an arbitrary point § € R? onto the set = ; or, more generally, the value of some Fejér operator P(§)
with the fixed point set Z;. However, agent i has no access to information about the other agents’ sets =,

j # i. This can be caused by the complex structure of the sets, so that information about them is difficult
to transmit through a network, or by privacy requirements (the sets can depend on confidential informa-

tion). The goal of the agents is to find a point &, € =, £ ﬂ , &, satisfying all the constraints.
e

Assuming that the agents can communicate unlimitedly, a common point can theoretically be found
by applying the usual alternating projection method (generalized Kaczmarz algorithm). For this purpose,
the agents have to be somehow indexed and, after each projection operation, the resulting approximation
E(?) to the point has to be transmitted to the next agent (in cyclic order). Agent 1 projects the initial point
£(0) onto the set Z,; or, more generally, calculates some Fejér operator B(£(0)) and transmits the result to
agent 2, who applies some operator P, and so on; agent » applies an operator P, and transmits the result
to agent 1. However, this procedure is unsatisfactory for a number of reasons. First, being formally inde-
pendent, the agents cannot carry out their operations in parallel: each of them is idle for n — 1 out of n suc-
cessive iterations. Second, according to the paradigm of multi-agent systems, the agents generally have to
be equivalent and they should not have distinctive features such as a unique index. Accordingly, a special
procedure is required to obtain an ordering of the agents from 1 to n. Finally, as was mentioned above, at
step ¢, there should be the possibility of communication between the agents with indices 1 + ( mod ») and
1+ (r + 1mod n). In practice, this is not always guaranteed: it is possible that the communication graph is
incomplete, changes with time, or unknown in advance (e.g., some communication lines may be switched
off due to failures or the necessity of transmitting more important information).

From the point of view of a multi-agent implementation, it is more convenient to use the generalized
Cimmino method (projection onto all sets and computation of the barycenter) and the generalized AMS
method (finding the most distant set). However, they assume that the agents can communicate with some

central node, which collects the values P(E(7)) and then computes their barycenter (or the most distant

9 In this survey. we do not consider the general philosophy of the theory of multi-agent systems and do not give a rigorous defi-
nition of agents, which differs in control theory and computer sciences. The historical background and the main problems in
the theory of multi-agent systems (also known as network systems) can be found, for example, in [51—57].
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projection) to find &(7 + 1). Such a central node in a network is not always possible; moreover, the com-
plexity of such a centralized system increases with the number of agents.

In view of what was said above, alternative algorithms were proposed for solving the multi-agent SIP.
Their underlying idea is similar to Cimmino’s algorithm, but they are based on the concept of a consensus
reached by computing iterative averages (a short introduction to consensus algorithmes is given in the next

subsection). In contrast to usual projection algorithms, each agent i has its own state &'(¢) € Rd, which is
available at every step to its neighbors (in terms of the communication graph), is updated depending on
the neighbors' states, and eventually converges to a point in the intersection of the sets; moreover, this
steady state is identical for all the agents.

The rest of this section is organized as follows. A brief description of consensus algorithms and a con-
dition for reaching a consensus in a multi-agent network with a variable directed graph is given in Subsec-
tion 3.1. We will use this result in a somewhat stronger form (robustness of a consensus to vanishingly small
perturbations). Another important result—a lemma about a consensus guaranteed by averaging inequali-
ties—is presented in Subsection 3.2. In Subsection 3.3, we describe several classes of algorithms proposed
in the literature for solving the multi-agent SIP and formulate the main result of this paper, which is
proved in the Appendix.

3.1. Classical Consensus Algorithms and Preliminaries from Graph Theory

Averaging algorithms have a long story going back, on the one hand, to the dynamics of Markov pro-
cesses (see [58]) and, on the other hand, to multi-agent (microscopic) models of opinion dynamics (see
[59, 60]). In this subsection, we briefly describe linear averaging algorithms and present the basic (to date)
condition for reaching a consensus.

3.1.1. Dynamics of iterative averaging. Consensus. Consider a set V" of agents, each described by a sca-

lar variable x;(¢), i € V', called the agent’s state, which varies in discrete time # = 0,1,.... At every step ¢,
each of the agents calculates the weighted average of its own state and the other agents' states. However, the

agent has information not about all states, but rather about agents from some subset V" ,(r) < V', which we
call the neighbor set of agent i at the time ¢. Throughout this paper, we assume that i € V" ,(¢). At every time
t € N, agent i assigns averaging weights a;(f) to all its neighbors. The weights of each agent / satisfy the con-
straints

a0 VeV, Y an=1 9)
JeV (1)
Then the agent updates its value as follows:

X+ = > a;Ox, (1), t=0,1,... (10)

JeVi(0)

Setting a;(r) 20forjegV :(1) yields a stochastic matrix of averaging weights A(f) = (a;); jeor- It is conve-
nient to rewrite (10) in compact matrix form as

x@+1)= A@)x@), t=0,1,..., an

where x(#) denotes the column vector made up of the agents’ states x;().
In the case of a constant matrix A4, the behavior of system (11) is obviously determined by the structure

of the matrix 4’, which has been well studied in the theory of Markov chains. In applications, however, it
is utterly important to have the possibility of working with a variable matrix, since communication chan-
nels between the agents can open and close, resulting in changed neighborhood relations (sets V°;) and, as
a consequence, in the necessity to redistribute the weights. In the general case, the behavior of systems
with a variable matrix, or infinite matrix products, remains poorly studied. The main results can be found
in [61, 58] and in more recent works [62—64]. Below, we present only one result, which will be used in
what follows.

At every step, the agent’s state approaches its neighbors’ states, so it can be expected that all states
eventually become identical; in other words, a consensus is reached:

X, =..=X, where X = limx(n) Vie¥. (12)
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Sometimes a consensus is defined in a formally weaker sense, for example, as asymptotic synchronization
of the agents' values:
lim max |x;(r) - x,(t)| = 0. (13)
t—oo f,jeV
Note that, in our case, the last requirement is equivalent to a “strong” consensus for algorithm (11). This
fact is well known in the theory of Markov chains (see [61], Theorem 4.17) (in this case, synchronization
is weak ergodicity of the inverse matrix product, which is equivalent to strong ergodicity, thus implying a
consensus). This is associated with the fact that, in view of Egs. (10), the maximum (minimum) element
of the vector x(¢) does not increase (does not decrease, respectively) with growing ¢ and converges to a
finite limit. Therefore, it is easy to see that
lim max |x () — xi(t)| = lim max x;(¢) — lim min x;(z);
t—eo i, jeV t—eo | t—eo |
hence, (13) is equivalent to lim,_,,, max; x;(f) = lim,_,,, min; x,(?), i.e., all the elements of x(¢) converge to
the same finite value.

In what follows, (10) (or (11)) is referred to as the iterative averaging algorithm defined by the sequence
of stochastic matrices A(f). Although the matrices A(¢) “hide” the structure of the original sets V",(¢)
(“neighborhood” relations), in fact, it is these sets that are primary, since they determine the information
structure of the multi-agent algorithm (which agents send their states to which agents), while the weights
of the averaging are significantly less important in the consensus problem considered below, although they
cannot be chosen completely arbitrarily. Instead of the matrix, one often speaks of the (weighted) influ-
ence graph between the agents. In the following subsection, we give definitions from graph theory.

3.1.2. Influence graphs and related concepts.

Definition 2. A graph (formally, a directed or oriented graph) 6 = (V,€) is a pair of two finite sets V'
and € — V' x ¥ (which can be arbitrary). Elements of V" are vertices of the graph, and elements of ¢ are
its edges. It is usually assumed that the vertices are indexed from 1 to n, so that¥’ = [1 : n]. The edge (i, j)
joins vertex i to vertex j (denoted asi — ;). In all graphs considered below, each vertex has a loop, i.e., an
edge (i,7).

The following two concepts refer to types of connectivity of (directed) graphs.

Definition 3. A sequence of edgesv, — v, = v, — -+ — v, is called a route joining the vertex v, to the
vertex v, and the number of edges in the route s is called its length. A graph is said to be strongly connected
if each pair of its distinct vertices is joined by a route. A graph is called quasi-strongly connected if there are
routes from some vertex (called the root) to the other vertices.

Note that a quasi-strongly connected graph has an outgoing spanning tree (see [65]) and, vice versa, the
existence of an outgoing spanning tree in a graph implies that the graph is quasi-strongly connected.
Accordingly, quasi-strong connectivity in consensus criteria is often formulated as the existence of a span-
ning tree in the corresponding graph (see [66, 67]).

As is customary in the theory of multi-agent systems, we consider graphs whose vertices are associated
with agents and the edge j — i is associated with the influence of agent j on agent i at a given time. Con-
cerning algorithm (10), the influence means that the state of agent j participates in the formation of the
next state of agent /, i.e., a;(¢) # 0. Accordingly, the weight g;(¢) can be treated as the degree of influence
or the weight of the corresponding edge in the graph. This motivates the following definition.

Definition 4. Given a square matrix A = (a;); ;.y-, We define an associated graph (7', €[ A]) whose ver-
tices are in one-to-one correspondence with the index set " and €[A4] = (j,i) : a; # 0. In what follows,
the triple G[A] = (V', €[ A], A) is called the weighted graph determined by the matrix A.

3.1.3. Assumptions about influence weights. Although the choice of the weight matrix is, in fact, signifi-
cantly less important than the structure of the influence graph, a consensus cannot be reached with an
arbitrary choice of weights. For example, the cyclic algorithm

x(t+1)=x0), x@+1)=x0), ..., x,t+1)=x(0)

not only fails to reach a consensus, but also does not converge at all in the case of pairwise distinct initial

states x;(0), since the vector x(¢ +1) is obtained from x(¢) by a cyclic permutation. To eliminate such
behavior, we need some conditions similar to aperiodicity of Markov chains. The most widespread con-
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dition imposed on matrices in most works is that the diagonal elements of the stochastic matrix are uni-
formly positive:

a;)z2n>0 VieV Vi (14)
Additionally, it is clear that, to reach a consensus, we need that the relation between the agents should
not be broken completely; moreover, the influence weights cannot become extremely small over time.

This can easily be illustrated by an example of two agents and matrices: a,,(f) = a,,(f) = 1— a(f) and
a,(t) = ay(t) = a(?). It is easy to see that

x(t 4+ 1) = X1 + 1) = (1= 2a(0)(xi(1) = ;1)) = -+ = (x,(0) = x,(ON[ [ (1 = 2(s)).
s=0

If |a(t)| #1/2 forall f and Zr>0 a(t) < oo, then the product on the right-hand side converges to a nonzero
value; accordingly, no consensus is reached.

In this context, a “stronger” connectivity of the influence graph is usually introduced, which has to be
preserved when too weak relations between the agents are discarded. We consider only the most wide-
spread property of uniform (or recurring) connectivity.

VXV

Definition 5. Given a nonnegative matrix A€ R ™' | its e -skeleton is the matrix A° obtained by setting

all elements smaller than € to zero, i.e.,

Sé{aij if  a; >,

7710 otherwise.

The weighted graph 9[A°] is called the ¢-skeleton of the weighted graph 9[A]. We say that a weighted
graph is (quasi-)strongly €-connected if its € -skeleton is (quasi-)strongly connected. 10

Definition 6. Given a sequence of matrices A(f) € R

ing graphs over [¢, : ,] is defined as the graph

U OIER {Z A(t)} )

1=t t=t,

,where t € [t, : 1], the union of the correspond-

The graphs G[A(t)], t € I, where I = [t, : t,], are called jointly (quasi-)strongly €-connected on the
interval I if their union on J is (quasi-)strongly € -connected.

Definition 7. A time-varying graph 9[A(-)] is uniformly (quasi-)strongly connected if there are con-
stants € > 0 and T > 0 such that the graphs %[ A(¢)] are jointly (quasi-)strongly € -connected at each time
4y : 4, +T], % = 0.

Note that the weights of the average are often subjected to an additional constraint, which usually holds
in practice. Specifically, it is assumed that the nonzero elements of the weight matrix cannot be too small:

a;(e {0} ulgl] Vi=0,1,.... (15)
Then uniform connectivity means that the union of the graphs over a sufficiently long period T is con-

nected (in the strong or quasi-strong sense).

3.1.4. Sufficient condition for a robust consensus. In the study of multi-agent algorithms for the inter-
section of sets, we will use the following condition for a consensus, which actually guarantees that the con-
sensus is robust to perturbations vanishing at infinity. Along with (11), we consider the perturbed system

x@t+1)=AOx@®)+ f(r), t=0,1,.... (16)

Lemma 2 Let A(¢t) be stochastic matrices with uniformly positive diagonal elements (14). Then algorithm
(11) establishes consensus (12) if the variable graph G| A(-)] is uniformly quasi-strongly connected. Moreover,
if the perturbation f(-) vanishes at infinity, i.e., f(f) ——> 0, then

max x(f) — min x(¢) — 0 (17)

0In other words, a graph is (quasi-)strongly €-connected if it remains (quasi-)strongly connected after deleting all arcs with a
weight smaller than €.
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for any solution of (16).

Lemma 2 is usually proved under the additional assumption (15); in this form, it can be found in [45].
As was shown in [28], this condition can be dropped, but the proof then becomes much more complicated.
Furthermore, the argument from [68], which proves the continuous analogue of Lemma 2 (along with
more general criteria for a robust consensus), can be extended to discrete-time systems. However, all these
proofs are rather complicated technically, so they are omitted.

3.2. Consensus in Averaging Inequalities

In this subsection, we introduce an important tool for proving the main result of this paper. Specifi-
cally, along with Egs. (11), we consider recurrent averaging inequalities of the form

x(t+1) < A@)x(t), te N (18)

Here, the inequality between vectors is understood componentwise.

It should be noted that a recurrent inequality cannot be treated as a control algorithm for a group of
agents, since its solution is not uniquely determined. However, such inequalities provide a convenient tool
for analyzing multi-agent algorithms (see [30, 60, 69]). It may seem surprising that such a weak constraint
on the state vector of the system of agents makes it possible to establish some properties, but it will be
shown later that, as in the case of equations, consensus (12) can be proved, assuming that the graph is uni-
formly strongly connected. In contrast to Egs. (11), whose solutions are bounded, solutions of the
inequalities are only semibounded from above. Specifically, some components can converge to —eo as

t — oo. For example, a consensus in the case of unbounded solutions means that X; = —e V. In applica-
tions, however, an a priori lower bound for the solution is often known; thus, there is no consensus at
infinity.

As will be seen later, in the study of solutions to inequalities, it is frequently important to know the
behavior of the residual vector between the right- and left-hand sides:

A £ a,(0x,(1) = x,(t +1) 2 0, (19)
J

in particular, the convergence of these residuals to zero:

The following key lemma guarantees that a consensus is reached and the residual converges to zero for
any bounded solution of (18).

Lemma 3. Assume that the sequence of stochastic matrices A(t) has uniformly positive diagonal elements
a;(t) =M > 0 and the variable graph Y A(-)] is uniformly strongly connected. Then consensus (12) is reached
Jor any solution of inequality (18) and, if the solution is bounded below, then (20) holds for any i € V.

The proof of Lemma 3 is given in the Appendix. Special cases of this lemma (assuming that all nonzero
matrix elements, rather than only diagonal ones, are uniformly positive) were proved in [30, 69]. Note that

the uniform strong connectivity requirement can be significantly weakened. The most general result is
given in [28].

3.3. Consensus Algorithms for the Intersection of Convex Sets

In this subsection, we consider several classes of algorithms proposed in the literature for solving the
multi-agent SIP. It will be shown that, in each of the indicated algorithms, the convergence of the states
of all agents to a consensus point lying in the intersection of the sets can fairly easily be proved by applying
the technique of averaging inequalities.

Specifically, assume that a convex closed set =, R associated with agent i € V' is the set of fixed
points of a Fejér mapping P, with respect to some norm |- | (in the most widespread case, P, is the projec-
tor onto the set Z; and the norm is Euclidean). Assume that agent / is capable of computing the value of
P(&) at an arbitrary given point &.
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3.3.1. Classes of consensus algorithms. We will show that, under certain constraints imposed on the
graph, a point belonging to Z,, can be computed using one of the following algorithms based on iterative
averaging with simultaneous application of Fejér operators:

E+1)= P,»{Za,-j(t)é’(t)}, ieV, (1)
jer
gu+1)= P{Z af,(t)l’,(ﬁj(t))} ieV, (22)
jeV
Eu+1) =Y a,(OPE ®), ie¥, (23)
JjevV
E+1)=a,ORE )+ a;0E @), ieV. (24)

J#i
In all these algorithms, as before, A(f) = (a;(¢)) are stochastic matrices. Note that, in the degenerate

case when the agents have no constraints (£, = R? and P, = 1d) algorithms (21)—(24) turn into the stan-
dard iterative averaging procedure for reaching a consensus (see [53, 58, 70]) (with the only difference
being that the agent’s state is a multidimensional vector, rather than a scalar; obviously, this in no way
changes the convergence conditions for the algorithm). However, in the general case, the convergence
condition is much more restrictive, namely, we need uniform strong connectivity, rather than quasi-
strong connectivity, as in Lemma 2. This constraint on the graph is imposed in all works known to the
authors. The method for proving convergence described in this paper reduces each of the algorithms to a
system of averaging inequalities; strong connectivity is required for applying Lemma 3.

Origin and features of algorithms (21)—(24). Algorithm (21) was proposed for the case of projection
operators P in the seminal paper [25] on distributed optimization and was further developed in [45],
where some assumptions (in particular, the symmetry of the matrix a;) were weakened and the robustness
of the algorithm from [25] to delays was examined.!! Later, algorithm (21) was used in [49] to find a com-
mon point of Fejér12 mappings P.. A substantial feature of this algorithm is that an agent first receives the
states of neighbors and then computes P. using the averaged value. Note that, if P, is the projection onto
Z,, then the state of agent / does not leave the set =, for # > 0. In this case, the agent’s state tends to
approach the neighbors' states without violating the agent’s own constraint.

Algorithm (24) was initially proposed in [71] for solving systems of linear equations, but it also works
for a more general case, namely, when &, are linear hyperplanes and the projection operators P, can be
computed analytically. As in algorithm (21), the agents communicate their states to each other. However,
there are two fundamental differences. First, an agent can compute P without waiting for neighboring
measurements (in practice, this can speed up the computations). Second, the state of agent i, as a rule,
does not belong to &, at any step.

Algorithm (23) is similar in structure to Cimmino’s algorithm with the only difference being that each

agent, first, has its own approximation to the point &' from the intersection of the sets, and second, the
computation of the barycenter of all projections is replaced by computing a convex combination of the
projections of neighboring agents. Distributed algorithms with a similar structure were studied in [17], but
agents were not introduced explicitly and the case of a variable graph was not considered. Note that, in
this algorithm, the agents do not share information about their own sets with their neighbors; moreover,
they do not share their states (this can be important for data protection).

Finally, algorithm (22) was proposed in [72] also as applied to algebraic equations. As in algorithm
(23), the agents share their values £, but then agent / repeatedly computes P. In the case of projections,

Tt follows from the results of [28, 30] that all algorithms (21)—(24) are actually robust to communication delays, since such
delays do not violate the properties of averaging algorithms and inequalities. In this survey, we do not consider robustness
issues, which are mainly studied in control theory for multi-agent systems and are of interest if the agents are limited in their
ability to communicate quickly (e.g., they are linked via the Internet).

2Note that [49] imposes a number of constraints; in particular, the Fejér property has to hold with respect to the £, norm on

R?. As will be seen later, this constraint can be removed.
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as was discussed above, this guarantees that the state of agent i does not leave the desired set. It will be
shown below that this technique also allows us to avoid some pathological equilibrium points arising in

system (23) (when the intersection of the sets is empty: 2, # ).

3.3.2. Constrained consensus theorem. Assume that =, = ﬂ B, = ﬂ F(P) is nonempty. We say that a

constrained consensus (see [25]) is established if, for arbitrary initial states of the agents, the following
limits exist and equal each other:

limE'(r) = -+ = lim&"(1) € &, (25)

An analysis of algorithms (21)—(24) relies on the convergence properties of the averaging inequali-
ties (18) and on Lemma 2 about the robustness of a consensus. Below is the main result, which will be
proved in the Appendix.

Theorem 1. Assume that the mappings P, : RY - R? are Fejér with respect to some common norm || . || and

have at least one common fixed point, i.e., &, = ﬂ %/%(P") # . Assume that the sequence of stochastic
e

matrices A(t) has uniformly positive diagonal elements a;(t) > 1 > 0 and the variable graph 4G A(-)] corre-
sponding to A(t) is uniformly strongly connected. Then each of the algorithms (21)—(24) finds a common fixed

point of { P}, i.e., the agents’ states éi converge to consensus (25).

Note that it is the first time that Theorem 1 has been published in its complete generality. The conver-
gence of algorithms (21), (22), and (24) was first proved in [30] with the help of recurrent averaging
inequalities under the additional assumption (15), which was later dropped in [28]. However,
algorithm (23) was not examined.

3.3.3. Remarks on Theorem 1. If the sets =; have no common points, the convergence of the vectors

&i(t) to a common value &, as f — oo in algorithms (21), (22), and (24) is obviously impossible. For algo-

rithms (21) and (22), this is explained by the fact that &i(t) € E, for any i € V', so the common limit is
automatically a common point of all Z,. For algorithm (24), this conclusion follows from the continuity

of P: assuming that &'(¢) —=> &, we would have

a,(OPEO) -EO1=E@+1)= Y a0 () —= 0,

1—>o0
JjeV

which, in view of the uniform positivity of a;, means once again that &, = P(E,) forall i, i.e., &, isa com-

mon fixed point of the family of operators. However, algorithm (23) is an exception: a consensus in this
algorithm is theoretically possible even if the intersection of the sets Z; is empty. Consider, for example, a
system of two agents with constraint sets Z, ={-1}, =, ={1} and weighting coefficients

a, = a, = a,, = a, = 1/2. Obviously, &'(f) = &*(r) = 0 is an equilibrium point of system (23) that
belongs to none of the sets 5.

However, in the case of no consensus reached, the behavior of trajectories of the system remains, to
our knowledge, an open question. Specifically, even in the case of a constant weight matrix, it is unknown
whether convergence to a periodic or quasi-periodic trajectory always holds. Moreover, as can be seen
from the proof given in the Appendix, even the boundedness of solutions is based on the nonemptiness of

e = | |E ; and, except for special cases (e.g., P, is a projector onto a bounded set Z;), is generally not an
]
obvious property.

It should also be noted that the convergence rate of algorithms (21)—(24) is rather difficult to estimate
explicitly even in the case of a constant graph. In the case of a variable graph, even the exact convergence

rate of usual consensus algorithms (£ = I1d) has not been fully investigated. Some convergence rate esti-
mates can be found in [73]. As was shown in [74], the estimation of the convergence rate of consensus
algorithms is reduced to calculating the largest ergodicity coefficient for some compact set of stochastic
matrices. There are “accelerated” modifications of algorithm (21) for solving systems of linear equations
(see [27, 72]) for which exponential convergence to a consensus has been proved. These algorithms were
not studied in the case of arbitrary Fejér operators, and their analysis requires a technique going beyond
the scope of this survey.
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In this paper, we do not consider stochastic versions of algorithms for convex set intersection, for
example, the randomized version of algorithm (24) from [75] or randomized modifications of the
Kaczmarz algorithm (see, e.g., the literature review in [76]). It should be noted that some of the above-
considered algorithms have continuous-time analogues. For example, the following analogue of algo-
rithm (24) was presented in [26]:

E0 =2 a,0E 0O-E0)+PE®)-E0. (26)
jev
This algorithm can be analyzed using the theory of averaging inequalities in continuous time (see [28,
291]). The corresponding results are not presented, since they are entirely similar to discrete-time conver-
gence criteria.

4. CONCLUSIONS

We are grateful to the editors of the special issue dedicated to B.T. Polyak for the opportunity of pre-
senting this survey, which is an expanded lecture given by the first author at the Polyak Traditional Sum-
mer School on control and optimization in 2023. The survey describes the history of the SIP in a space
and covers the first author’s recent results concerning the multi-agent SIP formulation and decentralized
algorithms for its solution. Polyak regarded article [15] as one of the most important of his works, which
contributed a number of important results on the exponential convergence of projection algorithms. In
particular, he talked about this article at the seminar of the Trapeznikov Institute of Control Sciences of

the Russian Academy of Sciences organized in honor of awarding him the Khachiyan Prize. 13 According
to the Google Scholar database, the English version of this article has been cited more than 1000 times.

It should be noted that, although 90 years have passed since the proof of the von Neumann’s first the-
orem, which establishes the convergence of the alternating projection method for two linear subspaces,
the theory of projection algorithms is far from being complete. This is concerned with both the classical
(centralized) version of the problem and its multi-agent (decentralized) formulation. As was mentioned
above, numerous questions related to the convergence rate of algorithms remain open. In particular, there
is no exact convergence estimate even for the Kaczmarz algorithm. When projection operators are
replaced by Fejér mappings associated with sets, convergence estimates can be obtained only in special
cases (see [43]). For decentralized algorithms, the estimation of the convergence rate of agent’s states to a
consensus value is a nontrivial problem even for an unconstrained consensus (when all sets coincide with
the entire space) (see [73]).

Another open question is finding minimum (necessary and sufficient) conditions for the graph to be
connected. As was shown in [28], uniform connectivity in Lemmas 2 and 3 can be significantly relaxed.
However, the given condition is still only sufficient, but not necessary, and is difficult to verify for an arbi-
trary variable graph.

A promising research direction is to extend projection methods for manifolds (see [24]) to the multi-
agent case. This task is associated with the convergence of consensus algorithms on manifolds (see [77]).

APPENDIX
Proof of Lemma 3

Assume that all the conditions of Lemma 3 are satisfied, in particular, a;(f) = 1. First, consider the sit-
uation when the uniform connectivity condition holds with 7' = 1, i.e., all graphs 9[A(¢)] are strongly € -
connected. Let the number of agents be denoted by n = |°V| Foreacht = 0,1,..., the elements of V" are
indexed in ascending order of the components x(¢):

OV = {Gl(t)a . -5GN(t)}5
MO 2 X6,0(0) £ Y3() 2 Xo,p (1) S 2+ S 3, (0) 2 Xo,0(D).
We will prove the auxiliary inequality

YVent+1) < (1=g)y, () + ey () Vk=0,1,....,n-1, (27)

BVideo of the seminar is available at https://www.youtube.com/watch?v=_6p5qQ15fpw.
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where £, = min(e,n). Indeed, define 7 = {5,,,(¢),...,0,(¢)}. Since Y[A(f)] is a strongly €-connected
graph, there exist i € I and me J = ¥\ such that a,,(t) > € > ¢,. Therefore,

Xt +1) < @, () X, (1) + Y ay(B)x,(0) < (1= €0y, (1) + €y (0.
o FETNm gy
On the other hand, using the inequality a;(¢) =2 1 = €, for each j € J we have
X+ D) <ax0+ Y a0 x,0) < (1-€)y, () + €y (1)
€N\ <)

Therefore, all components x with indices from the set J U {i} are no greater than the right-hand side of
(27). To prove (27), it remains to be noted that the cardinality of the last setis k + 1.

Since y,(f) = max x(¢) does not increase, there exists a limit y, = lim,_,_, y,(f) = —oo. If y, = —oo,
then, obviously, x;(f) —=—> —ec. Otherwise, we can use (27) to prove that y, () ——> yx > —e°, using
backward induction on £k = n,n —1,...,1; in other words, consensus (12) is reached.

The case of an arbitrary period 7 > 1 is reduced to the previously considered case: it suffices to note
that in view of uniform positivity of diagonal elements the graphs of the matrices

A(k) = AkT)AKT +1)--- AT +T —1)

are strongly €-connected for some & = &(e,n) > 0. Therefore, convergence to consensus takes place for a
subsequence X(k) = x(kT) satisfying the recurrent inequality

#k +1) < A(k)Z(k).
Since the inequalities
#k+1)=x(kT +T)< AKT +T —1)--- AkT + O)x(kT + ?),
x(kT +0) = AT + 0 —1)--- A(kT)%(k),

hold for any ¢ =1,2,...,T —1, it follows from the convergence X(k) S ¢l, (where ¢e R and 1,
denotes the all-one column vector of dimension #) and the stochasticity of the matrices A(r) that
x(kT + 0) - ¢l,forany ¢ =1,2,...,T —1; therefore, a consensus is reached among the agents.

Finally, property (20) for bounded solutions follows from the fact that the matrices A(¢) are stochastic
(and, in particular, uniformly bounded): if x(¢) - cl, (for some c € R), then A(r)1, = 1,; therefore,

A@)x(t) = A@)(x(t) —cl,) + 1, - cl,.

Proofs of Lemma 1 and Theorem 1

Lemma on a Fejér mapping. The proofs of the theorem and the lemma rely on the following technical
result.

Lemma 4. Let P be a Fejér operator in some norm || : || and &0 be its fixed point. Define
dE) = H& _ éOH _ H PE — E_f)” > 0 and consider a bounded sequence of vectors &(t) such that d(&(t)) —=0.
hen

[PE®) — &) ——= O.

t—o0

Proof. Assume the opposite: ||PE(7,) — &(7,)|| = € forany r € N, any € > 0, and any sequence 7, — oo. By
passing to a smaller subsequence, it is possible to assume without loss of generality that the vectors &(,)

converge to a limit &, R“. Since P is a continuous mapping, we have HPE..* — &, = efordE&,) =0.We

have obtained a contradiction to (7), since &, g F(P), while H PE, — &OH =

Ee — §0H Lemma 4 is proved.
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Proof of Lemma 1. Obviously, the sequence &(7) from Lemma 1 is bounded, since the distances from

E(#) to any point from M do not increase. For an arbitrary element E,O € M, the nonincreasing sequence
a(n) £ [ew - &'z 0
has a finite limit as # — o. Specifically, since PE(r) = E(r + 1), we have
a(n) - a(t +1) = [e) - & - [ Pey - &°
By Lemma 4, we prove that | PE(r) — &(f)| —— 0.

1—00

= dE@) —— 0.

t—o0
Note that, in view of the boundedness, there exists a subsequence (#,) converging to some element
&, € R?. Obviously,
|PE0 - = lim [PE@)) - &e)] = 0,
ie., &, € M. Since &0 in the above argument is arbitrary, we can choose &0 = g*. Since for ¢ > 1,

b

0< e -&.

< e - &.

where the right-hand side can be made arbitrarily small for large k£, we have H&(t) - &,
is proved.

—— 0. Lemma 1

=

Proof of Theorem 1. First, we introduce some auxiliary notation. Given an arbitrary point éo € Z,,we
define §,(€) = || — E'\OH - HP@ - éo“ >0. Let {'(r) = ija,-j(t)&j(t). The central idea of the proof is to
E(r) — gOH are the dis-

A

examine the properties of the vectors x(¢) = (x;(¥)),c.q- whose components x;(¥)

tances from the agents' states &i(t) to the chosen fixed point.

Step 1. First, we show that, for each of the algorithms indicated in the theorem, the vectors x(z) satisfy
the recurrent averaging inequality (18).

In the case of algorithm (21), we have

s+ 1) = [PCn -2 < oo -& = ”Z 0 (OE D — )

< > a0e' 0 -] = X a,0x,0). 28)

The case of (22) is considered in a similar manner. Introducing Ci(t) = Z - a[j(t)Pj(&j (7)), we have
Jje

x(t+1) = [p@an -2 < [t - - HZ a,(0) (P (1) - &)

<> a,0|pE ) -¢)
(8) . j 29)
< 2 a0e/ 08| = X a,0x,0).

In the case of algorithm (23), it is easy to see that

x(t+1) = D a;()(PE ) - &)

< X a0|pE o -& < > @060 =& = X ay0x,0). (30)

For algorithm (24), we have

Xt +1) = la;(O(PE ) - €N+ D a;(OE ) - &)

J#i

<a,0)|RE ) - &)+ X a0t -¢
®) ” (31)
< a0 -+ La,0x0 =3 a/0x,0).

J#
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Note that x;(¢) are nonnegative by definition. By Theorem 3, the averaging inequality (18) establishes a
consensus, i.e., x;(¥) —cz2 0 Vi, where ¢ depends on the particular solution. Theorem 3 also implies
that

A(t) —==0 Vie ¥, (32)

where the residuals A,(¢) are given by formula (19).

Step 2. Investigating the structure of the residuals A;, we show that

lee+n-to|—=>0 v (33)
|pE oy -] =0 Vi (34)

The vectors Ef (?) (and, hence, Ci(t)) are bounded, since the distances x;(¢) from them to éo are bounded
above in view of (18). For algorithm (21), it follows from inequality (28) that

A0 =G0 - - |pC e - &) = 8o, (35)

[—o0

Applying Lemma 4 to P = P, from (32), we obtain “E(Q'(t)) - C’(t)” —— 0, which is equivalent to (33),
since Ef(t +1)= E(Ci(t)). To derive (34), we note that
0<|pEe+1)-Ee+1) <[rC®) -0 +[¢o -+ 1] —=0.

In the case of algorithm (24), we note that (31) yields

A0 2 a,0)(jg'0 - €| - [BE @) - &) 2 nd.E @), (36)
where 1 > 0 is the constant from the assumption of the theorem. Applying Lemma 4, we can prove (34),
which implies (33), since

g +1) =0 +a;(0BE ) -E0).

In the case of algorithm (22), the proof combines two estimates mentioned above. First, (29) leads to
the inequality

A0 2T -8~ ®) - = 8,Cwp, (37)
which is similar to (35) and, since P(C'(r)) = &'(z + 1), it implies that
lee+D-Te| —=0o. (38)
Second, (29) also implies (36), which, in turn, implies (34). Thus,
[To-go|—=0. (39)

This proves (33), since ”é’(r +1)— g"(t)H < Ha"(r +1)— Z"(r)” + HE"(t) - Ci(t)H.
The proof for algorithm (23) is similar to the proof for algorithm (22). In this case, (38) holds by the
definition of Z[ (the left-hand side is zero), and inequality (36) easily follows from (30), since

a0 (Je'0 -8 -|PEen-¢) 20 vi=i
The fulfillment of Egs. (34) and (33) can be checked by analogy with algorithm (22).

Thus, we have proved that, for all algorithms mentioned in the theorem, the solutions have the prop-
erty

SO2EC+D) -0y =Et+1) - a;(0E (1) —== 0.

jev
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By the definition of f i(t) , we note that the states of the agents E_,i can be treated as trajectories of the per-
turbed averaging system

E+1) = a0 )+ f0),
J

4

where f i(t) converges to zero. By Lemma 2, the presence of perturbations1 vanishing at infinity does not

t—00

violate the synchronization between the agents: ”&’(r) -& (t)” — 0.

Step 3. Consider the state of the agent with index /i € V. Since the vectors Ef(t) are bounded, there
exists a sequence ¢, — oo such that ﬁi(tr) — Ex € R?. In view of the synchronization, we have
E(t) ———> &, foreach j e V. Property (34) implies that P(§,) = &, Vi, whence &, € E,. It remains to
show that &i(t) —= &, Note that at Step 1 we did not specify the choice of é';o, which can be an arbitrary
point of Z,. We proved that, for any such point, the distance x;(r) = H&’(t) - Ef)“ converges to some value ¢

depending on &0 and the initial conditions. Specifically, substituting &0 = &,, we find that there are limits

x(0) = lim[0) - & = Vi

Recalling that x;(z.) — 0, we have ¢, = 0, which proves that consensus (25) is reached; moreover,

the common limit of the agents' states in (25) is equal to &, € Z,.
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