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Abstract—Distributed algorithms for solving coupled semidef-
inite programs (SDPs) commonly require many iterations to
converge. They also put high computational demand on the
computational agents. In this paper we show that in case the
coupled problem has an inherent tree structure, it is possible
to devise an efficient distributed algorithm for solving such
problems. This algorithm can potentially enjoy the same effi-
ciency as centralized solvers that exploit sparsity. The proposed
algorithm relies on predictor-corrector primal-dual interior-point
methods, where we use a message-passing algorithm to compute
the search directions distributedly. Message-passing here is closely
related to dynamic programming over trees. This allows us
to compute the exact search directions in a finite number of
steps. Furthermore this number can be computed a priori and
only depends on the coupling structure of the problem. We use
the proposed algorithm for analyzing robustness of large-scale
uncertain systems distributedly. We test the performance of this
algorithm using numerical examples.

Keywords—SDPs, distributed algorithms, primal-dual methods,
robustness analysis, interconnected uncertain systems.

I. INTRODUCTION

Semidefinite programs are convex optimization problems
that include linear matrix inequalities (LMIs) or semidefinite
constraints. The computational complexity of solving such
problems commonly scales badly with the number of opti-
mization variables and/or the dimension of the semidefinite
constraints in the problem. This limits our ability to solve large
SDPs. Despite this, large SDPs are appearing more and more in
different engineering fields, e.g., in problems related to sensor
networks, smart grids and analysis of uncertain systems, e.g.,
see [2I, [4], [7], [29], [31]. This has been the driving force
for devising efficient and tailored centralized solvers for such
problems. These solvers exploit the structure in the problem
to reduce the computational burden of solving the problem
in a centralized manner, see e.g., [2[l, [19], [25], [40], [41].
Despite the success of such approaches for solving medium
to large-scale problems, there are still problems that cannot
be solved using centralized solvers, see e.g., [1], [8], [[14],
[36]. This can be due to limited available computational power
and/or memory that prohibits us from solving the problem.
Also it can be due to certain structural constraints, e.g.,
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privacy requirements, that obstructs us from even forming the
centralized problem.

For such instances, distributed algorithms may be used for
solving the problem. These algorithms facilitate solving the
problem using a network of computational agents, without the
need for a centralized unit. Due to this, the computational com-
plexity of these algorithms scales better, and they potentially
enable us to address structural constraints in the problem. The
main approach for designing distributed algorithms consists
of two major phases. First the structure in the problem is
exploited to decompose the problem or reformulate it as a
coupled problem. Then first-order splitting methods are used
for solving the resulting problem distributedly, see e.g., [27],
[37]. This approach has been used in many applications, e.g.,
see [14]f, [23], [36]. In [36] the authors consider a sensor
localization problem and use a so-called edge-based decompo-
sition for reformulating the underlying SDP as a coupled one.
They then employ alternating direction method of multipliers
(ADMM) to solve the problem distributedly. An optimal power
flow problem has been considered in [[14], where the authors
reformulate the problem as a coupled SDP using semidefinite
relaxation techniques. They then use ADMM to solve the
coupled problem distributedly. In [23|] the authors consider
robustness analysis of large-scale interconnected uncertain
systems. They exploit the sparsity in the interconnections
to decompose the underlying SDP and reformulate it as a
coupled problem. This problem is then solved distributedly
using algorithms that rely on proximal splitting methods.

The algorithms designed using the aforementioned ap-
proach, although effective, suffer from some issues. For in-
stance, since these algorithms rely on first-order splitting
methods, with convergence rates O(1/k) or O(1/k?) where
k is the number of iterations, they require many iterations
to converge to an accurate enough solution. Furthermore,
exploiting structure and decomposing problems is commonly
done through introduction of consensus constraints, which
describe the coupling structure in the problem. The number
of such constraints is commonly large for SDPs, which can
in turn adversely affect the computational and/or convergence
properties. Moreover the agents involved in these distributed
algorithms need to solve an SDP at every iteration of the algo-
rithm, which can potentially put a considerable computational
burden on the agents.

In this paper we propose a distributed algorithm for solving
coupled SDPs with a tree structure. These SDPs are defined
in Section This algorithm does not suffer from any of
the aforementioned issues. We achieve this by avoiding the



use of first-order splitting methods and instead rely on primal-
dual interior-point methods, which have superior convergence
properties. The proposed algorithm is produced by distributing
the computations conducted at each iteration of the primal-
dual method. Particularly, we use a message-passing algorithm
for computing the search directions. Message passing, here, is
closely related to non-serial dynamic programming, [S[], [22],
[26]. We also present a similar approach for distributing the
remaining computations at every iteration. As a consequence,
at each iteration of the primal-dual method, the computational
burden on each agent is very low. In fact during each iteration,
an agent is required to factorize a relatively small matrix once
and is required to communicate with its neighbors twelve
times.

The proposed algorithm in this paper is closely related to
that of [22]]. In fact, the authors in [22] use the same approach
for devising a distributed algorithm for solving coupled non-
conic problems. However, the computation of search directions
for SDPs is not as straightforward as for non-conic problems.
This is due to introduction of scaling matrices and their
inverses in the KKT system, which destroys the structure in
the problem. In order to circumvent this issue, we here put
forth a novel way for computing the search directions at each
iteration. This in turn enables us to use the message-passing
algorithm for computing the search directions.

Notice that by using this approach for computing the search
directions, we implicitly solve the so-called augmented system.
This is done by computing a block LDL” factorization of
its coefficient matrix using a fixed pivoting ordering, where
the ordering is enforced by the coupling structure in the
problem, [22]]. This is in contrast to existing methods that
commonly solve the so-called Schur complement system or
normal equations. As a result, the proposed algorithm provides
us with more stable and accurate implementation, [12f], [42].
Solving the augmented system is also considered in [30],
where the authors also compute the search directions through
solving the augmented system by computing an LDLT fac-
torization using fixed pivoting ordering. This is particularly
done by using regularization and iterative refinement. In this
paper, however, a block LD L” factorization is computed using
a fixed pivoting ordering without the use of regularization.
Hence, the augmented system is solved without the need for
iterative refinement.

We then use the proposed algorithm for analyzing large-
scale interconnected uncertain systems, distributedly. This is
made possible by exploiting the sparsity in the interconnec-
tions, as outlined in [2]. A similar approach was also used
in [23]. There, the authors utilized the so-called range-space
decomposition for reformulating the analysis problem as a
coupled feasibility problem. They then used algorithms that
rely on proximal splitting methods for solving it distributedly.
We here instead use the so-called domain-space decomposition
to reformulate the analysis problem as a coupled SDP. The
coupling structure of this coupled problem is less complicated
than that of in [23]], and has a tree structure. This then enables
us to use the presented distributed algorithm for solving
the problem efficiently and distributedly. We illustrate the
performance of the algorithm using numerical examples.

Outline

Next we first define some notations that are used throughout
the paper. In Section [[I] we put forth a definition of coupled
and loosely coupled SDPs. We review a predictor-corrector
primal-dual interior-point method in Section and briefly
discuss how the structure in coupled problems is reflected in
the computations conducted at every iteration of this method.
Section expresses coupled problems with a tree structure
and discusses the use of message-passing algorithm for solving
coupled problems with a tree structure. This is then used in
Section [V]where we present the proposed distributed algorithm
for solving coupled SDPs with tree structure. In Section [V]|
we discuss a decomposition approach for sparse SDPs. This
approach is used in Section for reformulating the problem
of robustness analysis of large-scale interconnected uncertain
systems as coupled SDPs with a tree structure. We test the per-
formance of the proposed distributed algorithm when applied
to this problem using numerical experiments in Section [VIII
Finally we finish the paper with some concluding remarks in
Section

Notation

We denote the set of real and complex numbers with R and
C, and the set of m x n real and complex matrices with R™*"™
and C™*"™, respectively. The transpose and conjugate trans-
pose of a matrix X is denoted by X7 and X*, respectively.
The null space of a matrix X is denoted by N (X). With S"
and H™ we denote the set of n x n symmetric and Hermitian
matrices. The set of integer numbers {1,...,n} is denoted
by N,,. Given a set of positive integers J C N,,, the matrix
Ej; € RYI*" is a 0—1 matrix obtained from an n x n identity
matrix with rows indexed by N, \ J removed, where |J]|
denotes the number of elements in J. This means that F;x is a
| J|-dimensional vector that contains the elements of x indexed
by J. We denote this vector by X ;. By x;’(k) and X,Z,’L(Tlf) we
denote the Ith element of vector 2" and the element at row m
and column n of matrix X° at the kth iteration, respectively.
Given matrices X* for k =1,..., N, blk diag(X?!,..., X%)
denotes a block-diagonal matrix with blocks specified by
the given matrices. Similarly diag(zi,...,zy) is a diagonal
matrix with diagonal elements z1, ...,z y. Given vectors z*
for k = 1,..., N, the column vector (z!,...,z") is all of
the given vectors stacked. The generalized matrix inequality
G < H (G X H) means that G — H is negative (semi)definite.
Given a matrix X € R™*", vec(X) is an mn-dimensional
vector that is obtained by stacking all columns of X on top
of each other. Given two matrices X,Y € R™*" X oY :=
vec(X)T vec(Y). For a symmetric matrix X € S

SVGC(X) = (X11» \/§X21, ey \/§an, XQQ,
\/§X327 crt \/EXTL27 e 7Xnn)

Operators mat and smat are defined as inverses of vec and
svec, respectively. Given two matrices X and Y by X ® YV
we denote the standard Kronecker product. Given X € S™,
define U as an n(n+ 1)/2 x n? matrix such that U vec(X) =



svec(X). Then for two matrices X,Y € R"*", ®, denotes
the symmetrized Kronecker product that is defined as

1
X®Y = §U(X®Y—|—Y®X)UT.

For properties of the symmetrized Kronecker product refer to
[38]. Given two sets J; and Js5, J; X Jo denotes the standard
cartesian product and by J; X4 J; we denote the symmetrized
cartesian product defined as

J1 Xs Jp = {(],k’) e Ji x Jp |]Sk‘}

For these two sets Ji \ Jo denotes the standard set minus.
By min we denote the minimum value and with arg min we
denote the minimizing argument of a function. By LI we
denote the set of n-dimensional square integrable signals, and
RHI*™ represents the set of real, rational m x n transfer
function matrices with no poles in the closed right half plane.
A graph is denoted by Q(V,&) where V = {vy,...,v,} is
its set of vertices or nodes and £ C V' x V denotes its set of
edges. An induced graph by V/ C V on Q(V, &), is a graph
Qr(V', &) where &' =EN (V' x V).

II. COUPLED AND LOOSELY COUPLED SDPS
Let us consider a coupled SDP given as

N
mini(mize Z W'e X0 (la)
i=1
subject to Q; ° X, = b;, i=1,...,my,
i=1,...,N, (b
b 20, i=1,. N, (10)
where Q%, W' € SI:l such that [sve svec(Qh,,)]

sve

has full column rank for all ¢ 1 N with the ordered
sets J; C N,, such that Ufil J; = Nn, and X, , =Ey XET
with X € S" such that X, = 0 if (j,k) ¢ J and
J = U?]:lji := J; X4 J;. This problem can be seen as
a combination of NN coupled subproblems, each of which
defined by the objective function W* e X, , and constraints
Qe X,, =10 forj=1,. om; and X, , = 0. Let us
now define Z; ;) = {k | (4, j) € Ji}, which’ denotes the set
of subproblems that are coupled in that they all depend on the
variable X;;. Notice that agents a and b are members of Z; ;)
if and only if {i,j} C J,NJp. It is possible to provide a more
explicit description of the coupling among the subproblems by
decomposing (T)) as

N
ml}r;lg(mze ;W o X* (2a)
subject to QjoX’:b;-, i=1,...,N, (2b)
X'>0, i=1,...,N, (20)
X'=E;,,XE], i=1,...,N. (2d)

Notice that in (), the objective function terms and constraints
in (2a)-(2¢) are decoupled and the coupling in the problem
is descrlbed using the consensus constraints in LIt s
also possible to provide a graphical representation of the
coupling using undirected graphs. Particularly let Q(J, &)

be a graph with Vertex set J as defined above and edge
set & = {((4,5), (v, 1)) | Ziijy N Lwp) # 0}. We refer to
this graph as the spars1ty graph of the problem. Let us now
illustrate the definitions above using an example given as

mini}gﬂize W'e X{1,2,4}{1,2,4} T
W2 e X1 gay1,80) + W’ e Xpagypasy (3a)
11 x12 x13 O 0
Ti2 T2z 0 xz2ga O
subject to 13 0 33 T34 0| >0. (3b)
0 24 X34 Taa Tas
0 0 0 ®45 w55

Notice that the constraint in (3b) can be rewritten as

11 z12 x13 O 0
Ti2 22 0 x2a O
13 0 w33 w34 O

0 @24 34 Taa Tas

0 0 0 245 x55
5oz 0
T
Ej, |T12 ™22 T24| By
0 g, T

Z
T3a R

+Ej, |z13 w33 3| Ey,
0

L gy
+EY {% m] Eyy = 0.

with J; = {1,2,4}, J» = {1,3,4} and J3 = {4,5}. Then the
optimal objective value of

mingnize W' e X104y(1,24)+

W? e X134101,34) + W e X(as10a5 (“a)

>  Ti2 T4
subject to Ti2 X22 24| =0, x14=0, (4b)
T4 T2 R
— ZTi3 T4
13 x33 x34| =0, x14=0, (40)

x
Tia Tza gt

3 ”45} -0, (4d)
| T45  T55

defines an upperbound for the optimal objective value of (3).
The problem in (4)) is a coupled SDP with smaller semidefinite
constraints. This method for reformulating the problem is
commonly used for cases when the original problem is either
impossible or very difficult to solve. Notice that this problem
is in the same format as (). The sparsity graph of this problem
is illustrated in Figure [T} where for instance there is an edge
between the nodes (1,1) and (1,2) since the intersection
between the sets Z; 1y = {1,2} and Z(; 5) = {2} is nonempty.

In case for a coupled problem

o |JinJ;| < nforalli,je Ny;

° |I(i,j) mI(v,t)l < N for all (i,j), (U,t) ceJ,
then we call this problem loosely coupled. As we will see
later, it is possible to devise efficient distributed solvers based



Fig. 1. Sparsity graph for the coupled SDP in ().

on primal-dual interior-point methods for solving coupled and
loosely coupled SDPs. To this end, let us first briefly review
primal-dual interior-point methods for solving SDPs.

III. PRIMAL-DUAL INTERIOR-POINT METHODS FOR
SOLVING SDPs

It is possible to iteratively solve a standard-form SDP,
given as

CeX

Ai.X:bi,
X =0,

minimize
X

subject to i=1,...,m, )]

where b € R™ and X,A4;,C € S™ such that
[svec(A;) svec(A,,)] has full column rank, using
primal-dual interior-point methods. Particularly, given the it-
erates (X®) = 0,S%) = 0,0(), a primal-dual interior-point
method generates the next iterates (X (F+1), §(k+1) 4 (k+1)) py
taking a single Newton step applied to the perturbed KKT
conditions

AieX =b;, i=1,...,m, (6a)
> vidi+S=cC, (6b)
=1

XS =61, (6¢)

together with S > 0 and X > 0 where J > 0. Specifically this
Newton step can be computed by solving the following linear
system of equations

Ao AX =b;— Ao X i=1,... m, (Ta)
ST Avidi+AS=C-85® 304, (7b)

i=1 =1
Hp(AXS™ + X®AS) =61 — Hp(Xx® s™), (Tc)

where Hp(M) = 1/2(DM D=t + D=TMDT), § = op is
the perturbation parameter with 1 = X*) ¢ S(*) /p denoting
the surrogate duality gap and o € [0, 1], and where is a
modified linearization of that ensures that the computed
directions AS and AX are symmetric. There are different
choices for the scaling matrix D in (7d), e.g., see [38]] and
references therein. For the sake of brevity, we limit our

discussion to the choices presented in [32], [33]], that is we
choose D = G~ with W = GGT where

W= (x®)2 ((X(’”)%s““)(x““))%) 2 (X2

®)

Nl=

(5%} ((Sw))%X(m(sm)%)% (5%)~4.

This scaling is referred to as the Nesterov-Todd or NT scaling.
In order to make the notation less complicated, from now on
we drop the iteration index k, and we use lowercase notation
for denoting vectorized variables or residuals, e.g., we use
Az as svec(AX) or rgua as svec(Rguy). Using symmetrized
Kronecker product we can then rewrite (7) more compactly as

0 A 0 Av Tprimal
AT 0 I Az| = [ Tdual ‘| 5 &)
0 U F| |As Tcent

where A = [svec(4;) svec(Am)]", U =D ®, DTS,

F=DX®; DT and
Tprimal = b— Az
Ryt = C — 5 =Y vid, (10)

i=1

Rcent =01 — HD(XS)v
see [38]]. One way of solving (), is to first solve for As as in
As=F " (reen — UAT), (11)

and then solve

—F7lU AT| |Ax T
e 1 i U BT

for AX and Av, where 7 = gy — F'~ 1 7cent. Notice that since
F~U is positive definite, |38, Thm. 3.2], also describes
the optimality condition for the following convex optimization
problem

minimize
Az

subject to

1 ra T
QAx FTUAz +7" Ax (13)

AAx = rprimal .

So it is possible to compute AX and Awv by either solving
the system of equations in (I2) or the problem in (I3). In this
paper we focus on predictor-corrector primal-dual methods that
rely on modified Newton directions. In order to compute these
directions, at each iteration, we need to solve @]) or (IBI) twice
with different choices of r. We lay out a predictor-corrector
primal-dual interior-point method in Algorithm I} based on the
work in [38]].

Remark 1: Algorithm |l|can detect infeasibility of the prob-
lem if either the primal or dual iterates diverge. This means
that this algorithm is unable to detect weak infeasibility, [15],
[28], and generally in such cases converges to a near-feasible
solution, [39]].

The major computational burden of each iteration of this
primal-dual method concerns the computation of the predictor
and corrector directions. Next we will investigate how the



Algorithm 1 Predictor-corrector Primal-dual Interior-point
Method, [38]
1: Given k =0, 7 € (0,1), a € {1,2,3}, € > 0, €feas > 0, initial
iterates (X(©, 5 4©)) such that X© 0 and S » 0 and
p=X0 o5 /n

2: repeat

3: Compute D.

4: Predictor step: Set ¢ = 0 and compute the search direc-
tions A Xpred, Avprea by either solving (I2) or (13) and ASpreq
using (T1).

5: Compute primal and dual step sizes as

i (1 -7
ap :=min | 1, ,
P Amin ((X(k))_lAXpred)
agq :=min (1 T
4= ’ Amin ((S(k))_lASpred) '
(XM 4y AXpe) (™) £y ASper) )
6: Set o = d X“(lf).s(k) 4= pred) )
7: Corrector step: Having computed o compute the search

directions AXcorr, AUCUH by either SO]Ving @ or @]) with
P = B ()1
(F®) " svec(Hp (AXpmeaASpea))s
and AScor using
Aseorr = (FH) 7 (Tc(ekn)r_

svec(Hp (A XpreaASpred)) — U(k)Axcm) .

8: Compute primal and dual step sizes as above, though using
AXcorr and AScor-
9: Update

X = XM 4, Ao,
SEHD = 60 4 0y ASeor,
p*TD — (k) + ag Aveorr-

10: Set k =k + 1.

11: p=X" o 5® /n,

0 |* , Hsvec (Rél’;)l)

primal

2
< €feas and p < €.

12: until ’r

structure in coupled problems is reflected in (13) and how
this structure can be used to our advantage.

Let us apply the primal-dual method in Algorithm |1 to the
coupled SDP in 2). The perturbed KKT optimality conditions
for this problem can be written as

Qe X' =bi, j=1,...,m; (l4a)
my
D vjQ) — smat(v') + §' = W, (149
j=1
X9t — 61, (14¢)
X-X,, =0, (14d)

JiJg

fori=1,..., N, together with

N
> (Ej, @, E;,) 0" =0, (15)
i=1
and X*S" = 0 for i = 1,...,N. Define Q' =
[svec(Q}) svec(Qfm)}T. Similar to {), given iterates

X and X" > 0 such that they satisfy @]) S% > 0, v* and ¥
such that S (Ej;, @, E;,)To* =0 forall i =1,..., N, the
Newton step corresponding to the above system of equations
can be computed by solving

QAT =b — Q'F, (16a)

> AviQ) — smat(AD') + AS' =
j=1
Wi — ZU;Q; + smat(7°) — S%, (16b)
Jj=1
Hpi(AX'S" + X'AS") = 61 — Hp:(X'S"),
AX'—AX, , =0,

(16¢)
(16d)

fori=1,..., N, together with Ef\il(EJi ®s Ey,)TAv =0,
where the scaling matrices D’ are computed as discussed
above and in (8), though based on the given local iterates
X%®*) and S§*(F) This system of equations can be rewritten
in a more compact manner as

0 0 Q 07 0 Av Iprimal
0 0 I —-& 0] |Av 0
of I 0 0 I||A%| = raa (17)
0 T 0 0 o0f|Ax 0
0 0 U 0 F As Teent

where Q, U and F are block-diagonal with diagonal blocks
Q" and

Ui — Dl ®s (Di)—T5i7
Fi _ Dle ®s (Di)_T,

and 7 = [(E-h R EJl)T (E,]N Rs EJN)T]. Also
here Av, Av, Ax and As denote all the corresponding
variables stacked, e.g., Av = (Avl,...,AvN). Similarly
Tprimal> Tdual aNd Teepe denote all the primal, dual and centering
residuals stacked, where each of the stacked terms in the
residual vectors are based on

r}irimal =b' - Qixia (18a)

Riyy = W' =Y 0iQ} + smat(v') — 5, (18b)
j=1

Rigy = 61 — Hpi (X'S"). (18¢)

Similar to before, we compute the primal-dual directions by
first solving for As as
As' = (F') ! (rien — U'AT') (19)

i —
cent



or equivalently as

As' = (F')" (rley — U'svec(E] AXEy,)), (20)
for i =1,...,N. Then we solve
-F7'U o0 QF L] ax r
& 0 0 o |[av] T et @
I £ 0 0 Av 0
where v = (r!,...,7N) with 7¢ = ri, — (F) i,

Notice that the system of equations in (ZI)) also describes the
optimality conditions for

N
e . 1 =i\T iN—1l77% A S0 iNT A 71
mininize Zl 2(Agc) (F")T'U'AZ + (r')" AZ" (22a)
subject to Q'AZ' = rhipy, i=1,...,N, (22b)
AX'—AX,, =0, i=1,...,N.  (220)

where (F*)~"1U* = 0 for i = 1,..., N. So the predictor and
corrector directions can also be computed by solving (22)). To
be more precise, for the predictor directions, we solve @),
with ¢ = 0, for AXpred; AZpred, AVprea and AVpreq, and com-
pute Asprq using QT_%D For the corrector directions, using the
updated o, we compute the directions AXcom, AZcor; AVeor
and AV, by solving (22)) with

Ti = Téual
- (Fi)_l (Tzenl - SveC(HDi (AXgredAS;red)) (23)

and compute Asgo as

Asion’ = (Fi)_l (Tzent_
SveC(HDi (AX;redAS;red)) - UZAjzorr) ) (24)

for + = 1,...,N. As a result having computed predictor
or corrector versions of the directions Ax, Az, Av and Av,
computing As/ ., and Asl,, can be done independently by
N computing agents in parallel. Also notice that the coupling
structure in (22) is the same as in (2)). This allows us to employ
distributed computational algorithms to distributedly solve for
the search directions using IV collaborating agents. To illustrate
this, note that the problem in (22) can be written as
minimize F}(Z)
e (25)
subject to AT + Bx =c,

with # = (Az!,...,Az") and * = Az. This problem
can be solved distributedly using proximal splitting methods,
e.g., ADMM, [6], [10]], [34]. The use of proximal splitting
methods for computing the primal-dual directions has been
considered in [3]], [21]. Devising distributed algorithms for
solving coupled SDPs that also rely on this approach can be
seen as an extension of the use of the algorithm proposed
in [3] to SDPs. Even though distributed algorithms based
on proximal splitting are effective for non-conic problems,
they suffer from certain issues when used for solving SDPs.
Particularly, notice that the computed search directions using

Fig. 2. Clustered sparsity graph.

K ={(1,1),(1,2),(1,4),(2,2),(2,4), (4,4)}

Ky ={(1,1),(1,3),(1,4),3,3), 3,4),(4,4)} Kz ={(4,4),(4,5),(5,5)}

Fig. 3. Tree representation of the sparsity graph .

this approach are inexact and first-order splitting methods
generally require many iterations to compute accurate enough
search directions. Furthermore, the number of consensus con-
straints in are generally large for coupled SDPs which
can in turn adversely affect the performance and numerical
properties of such splitting methods. Also notice that for a
predictor-corrector primal-dual method the search directions
are computed through solving a system of the form 22) twice.
This means that the iterative scheme for solving (22) needs
to be run twice at each iteration of the primal-dual method.
Hence, distributed algorithms that rely on proximal or first-
order splitting for computing the search directions, potentially,
require many iterations to converge to the solution. Despite all
such issues, in many cases such splitting methods are among
the only resorts for distributedly solving coupled or loosely
coupled SDPs. However for coupled problems that have an
inherent tree structure, which is common in loosely coupled
SDPs, we can devise an efficient algorithm for solving coupled
SDPs. This is the focus of the upcoming sections. But first we
express what we mean by the tree structure.

IV. TREE STRUCTURE IN COUPLED PROBLEMS AND
MESSAGE PASSING

Let us reconsider the coupled SDP in (). Notice that for this
problem it is possible to cluster the variables or the nodes in
its sparsity graph as shown in Figure 2] As can be seen from
the figure, each of the clusters induce a complete subgraph
on the sparsity graph. We can then provide a more compact
representation of the sparsity graph using the tree in Figure [3]
Each node in this tree corresponds to each of the clusters of
variables denoted by K. Furthermore, for this problem, the
tree is such that for every two nodes ¢ and j in the tree, K;NK;;



is contained in all the clusters in the path connecting the two
nodes in the tree. We refer to problems that enjoy this inherent
structure as coupled with a tree structure. Next we lay out an
approach for exploiting this structure in coupled problems.

Let us start by describing some definitions relating to graphs.
Consider a graph Q(V,E). A clique C; of this graph is a
maximal subset of V' that induces a complete subgraph on
Q, i.e., no clique is properly contained in another clique, [9].
Assume that all cycles of length at least four of Q(V, £) have a
chord, where a chord is an edge between two non-consecutive
vertices in a cycle. This graph is then called chordal [17}
Ch. 4]. It is possible to make a non-chordal graph chordal by
adding edges to the graph. The resulting graph is then referred
to as a chordal embedding. Let Cg = {C4,...,Cy} denote
the set of its cliques, where ¢ is the number of cliques of the
graph. Then there exists a tree defined on Cg such that for
every C;,C; € Cg where ¢ # j, C; N C}; is contained in all
the cliques in the path connecting the two cliques in the tree.
This property is called the clique intersection property, [9],
and trees with this property are referred to as clique trees. As
a result it is possible to represent chordal graphs using clique
trees. This means that in case the sparsity graph is chordal,
it is possible to use algorithms for generating clique trees for
chordal graphs, to extract the aforementioned tree structure
in the problem. In fact this has been used for the coupled
example in ([@). Notice that the sparsity graph for this example
is chordal, and the clusters marked in Figure 2] are its cliques.
Their corresponding clique tree is depicted in Figure 3] Also
notice that in case the sparsity graph is not chordal, the same
procedure can be used on its chordal embedding for extracting
the tree structure. Coupled problems with a tree structure can
be solved using a message-passing algorithm. Consider the
following coupled convex optimization problem

miniwmize f1(@) + fa(z) + - + fn(2), (26)

where f; : R® — R for ¢ = 1,..., N. This problem can be
seen as a combination of N subproblems, each of which is
defined by a term in the cost function and depends only on a
few elements of x. Let us describe the coupling structure in
this problem in a similar manner as we did for the coupled
SDP in (). That is we denote the ordered set of indices of z
that each subproblem ¢ depends on by .J;, and we denote the
ordered set of indices of functions that depend on x; by Z;.
We can equivalently rewrite this problem as

minimmize fi (xh) 4+ ,]?N(Z'JN), 27)

where the functions f; : RIil — R are lower dimensional
descriptions of f;s such that f;(x) = f;(E;,x) for all z € R"
andi = 1,...,N. Let us assume that the sparsity graph of this
problem, Q,(Vs, &), has an inherent tree structure with a set of
cliques Co, = {C1,...,Cy} and a clique tree, T'(V;, &). This
problem can be solved distributedly using the message-passing
algorithm that utilizes the clique tree as its computational
graph. This means that the nodes V; = {1,...,¢} act as
computational agents that communicate or collaborate with
their neighbors defined by the edge set &;. In order to describe
the message-passing algorithm, we first need to assign each

subproblem in to each of the agents. We can assign a
subproblem or function f; to an agent j if J; C Cj. Let us
denote the set of indices of the subproblems assigned to agent
J by ¢;. Then we can rewrite as

q
minimize Z Fi(z.,), (28)

i=1

where F; (xc) Zje@ fJ (x,) The message-passing
algorithm, much the same as dynamic programming, solves
(28) by performing an upward-downward pass through the
clique tree, see e.g., [22, Sec. 4], [26] and references therein.
Next we show how the message-passing algorithm can be used
for devising distributed solvers for coupled SDPs with a tree
structure.

V. DISTRIBUTED PRIMAL-DUAL INTERIOR-POINT
METHODS FOR COUPLED SDPs

Let us reconsider the coupled SDP in (I, and assume that
the sparsity graph of this problem, Q(V;, &;), has an inherent
tree structure with clique set Co, = {C1,...,C,} and clique
tree T'(V;, &;). Here we propose a method that allows us to
solve this problem distributedly over the clique tree. To this
end, we first need to assign the constituent subproblems of
to each of the agents in the tree. Firstly define C; C N,
such that C; x, C; = C;. Then we can assign a subproblem
1 to agent j if J; C Cj. As in Section let us denote
the set of indices of subproblems assigned to agent j by
¢;. The proposed algorithm in this section relies on primal-
dual interior-point methods. As was discussed in Section
the most computationally demanding stage within the primal-
dual method in Algorithm [I] concerns the computation of the
predictor and corrector directions. Hence the first step for
devising a distributed algorithm for solving coupled SDPs
is to distribute the computation of these directions, which is
discussed next.

A. Distributed Computation of Primal-dual Directions Using
Message-passing

Recall that we can compute the predictor and corrector
directions by solving the problem in for different choices

of 7%(¥), Firstly notice that the problem in 22) is equivalent
to the problem

N
o 1 INT ( vin—1p7i A i NT A

minimize 2_1 E(Aa: ) (F*) " U'Az* + (r')” Az (29a)

subject to  Q"Az’ = rhuma, i =1,..., N, (29b)

with Az® := svec(AX, , ), that is achieved by eliminating
the constraints in (2Z2Zc). It is then possible to compute the
search directions by solving the problem in (29). Particularly,
by solving this problem we compute primal variables direction
svec(AX) and dual variables directions Av. Then we can
construct the remaining primal and dual directions as
AX'=AX, ,,
A o . ‘ . (30)
AT = (Fz)fleQlAi,z 4ot (Q’L)TA,UZ.



for i =1,..., N. Next theorem shows that these directions in
fact satisfy the system of equations in ZI).
Theorem 1: The primal-dual directions computed by solv-

ing and using satisfy the system of equations in 21).
Proof: Notice that any solution of (29) satisfies

ET (F'UEAz — QTAvV) = —€™,
QEAJ; = Tprimal -

(31a)
(31b)

By choosing AX? = AX, , ., the primal directions, Az and
Ax, will satisfy the third and fourth block equations in I).
Furthermore, notice that by (31a) we have that

FlUAx — QTAv +r e N(ET).
So if we set

A = (F)TIWUIQ'AZ + 7' — ()T AV, (32)

for ¢ = 1,..., N, not only the primal-dual iterates satisfy the
first block equation in (21, but also we have £ Av = 0. This
completes the proof. ]

Consequently, we can construct the primal-dual solutions for
the problem in (22) by first solving the problem in (29) and
constructing the remainder of the solution as outlined in (30).
Notice that the coupling structure of is the same as that
of (I). This means that both problems have the same sparsity
graph and tree representation of the coupling structure. We can
equivalently rewrite (29) as

N
minimize Z fi (Awi) , (33)
i=1

where f; (Az?) := f; (Az?) + ¢, (Az'), with
fi (Aa') = (Aa)T(F) U At + ()T A, (34)

fori =1,..., N, and functions Z¢, for ¢ = 1,..., N, are the
indicator functions for the constraints in (29b), i.e.,
0 Qzsz = r;i)rimal

1
Te, (Aa') = {oo Otherwise
This problem is in the same format as (27), and due to its
coupling structure, can be solved distributedly using message
passing, see [22] Sec. 6.2].

So far we have described how to distribute the computation
of the search directions using message passing. However, it
remains to discuss how to distributedly compute the primal and
dual step sizes, update the perturbation parameter and decide
on terminating the algorithm. We discuss these next.

B. Distributed Step-size Computation and Termination Check

The clique tree used for computing the search directions
can also be used for performing the remaining computations
in Algorithm [I| distributedly. Notice that the computations
described in this section are different than that of presented
in [22]. This is because here we rely on a predictor-corrector
method and we are concerned with SDPs. Let us first focus
on step size computation. Similar to the message-passing

algorithm, in order to compute the primal and dual step sizes
we need to perform an upward-downward pass over the clique
tree. We start the computation from the agents at the leaves of
the tree, where every such agent first computes

A, = min (Awin (X)) AX00)) (352)
Xy = min (Amin ((5)*A80a) ) (35b)

and communicates them to its corresponding parent. Each
agent ¢ that has received these quantities from their children,
will then compute

P

Ai = min < min (/\;) , min ()\rnin ((Xj)_lAXgred))> )

jé€ch(i) JEP:
(36a)
= min (i, (3) g (o (15177 25) ).
(36b)

and will communicate them to its parent. This procedure is
then continued until we arrive at the root of the tree. At this
point, the agent at the root computes the primal and dual step

sizes as
Qy, 1= min (1, ;Z) , Qg := min (1, ;;) , 37

where \; and ); are calculated as in (36). These quantities
are then communicated downwards through the tree until they
reach the agent at the leaves. At this point, all agents will know
the primal and dual step sizes. So the step sizes computation
can be done by an upward-downward pass over the tree.
Notice that the need for computing primal and dual step sizes
also appear in Step 7 of Algorithm [l We can use the same
procedure for computing the step sizes at this step by simply
replacing the predictor directions with corrector ones.

As can be seen from Algorithm [T} in order to compute the
corrector directions we first need to update the parameter o
in Step 6 of the algorithm. We can use a similar approach to
perform this update distributedly over the clique tree. Let us
start the computations from the leaves of the tree. Every agent
¢ at the leaves will then compute and communicate

of =) (X7 + apAXT ) o (8 + agASS ), (38a)
JEDi

oh=Y Xies, (38b)
JEDi

to its corresponding parent. Then every agent ¢ that has
received these quantities from its children computes and com-
municates

ol = E af

j€Ech(z)
+ Y (X + apAXT ) @ (87 + aaASD,),  (39%)
JEP;
o=y o+ > X es (39b)
j€ch(4) J€di



to its parent. This procedure is then continued until we reach
the agent at the root. Then this agent also computes the
quantities o7 and ¢} as in (39) and calculates the update for

g as
o= (ﬂ{) . (40)
)

This quantity is then communicated downwards through the
tree until it reaches the leaves of the tree. Hence, at every
iteration of the primal-dual method all agents will have an
update of o after an upward-downward pass over the clique
tree.

It now remains to discuss distributed computation of terms in
the stopping criteria. This concerns the computation of primal
and dual residuals norms together with the surrogate duality
gap. These quantities can also be computed distributedly over
the clique tree using an analogous approach as above. Similarly
as before let us start the computations from the leaves of the
tree where every such agent computes

. . 2 . . 2
7'(11 = Z Hréﬂﬂl ? T;’ = Z Hrgrimal ’ (413)
J€P; JEP;
p=3 X'es (41b)

JE€EPi
based on the updated iterates, and communicates them to its

parent. Then every agent ¢ that has received the necessary
information from its children will compute

v = v+ S Hrdual : (42a)
JGch(l) JE€Pi

=3 ey Hrg’rimal : (42b)
jEch(i) JE€P;

p= >+ Xes, (42¢)
j€Ech(i) JjE€EPi

based on the updated iterates, and communicates them to the
respective parent. This procedure is then continued until we
reach the agent at the root, which will compute the primal and
dual residuals as

2

(k) —
’ primal - TP + Z H Tporimal || (432)
Jech(r) JE€EPr
Iraall® = > 73 Tﬁual ; (43b)
jech(r) JjE€Ebr
and the surrogate duality gap as
1 ) _ .
p=—r—— | D W+ > X'es|. (44)
L= i\ jéatn j€¢r

This agent will then check the stopping criteria as in Step 12 of
Algorithm [T] If these criteria are satisfied, then the agent at the
root will communicate the decision to terminate the algorithm
downwards through the tree. Otherwise, this agent will instead
communicate the surrogate duality gap. Agents will need this
parameter for updating the perturbation parameter for the next
iteration of the primal-dual method.

So far we have expressed how to distribute the computa-
tions in every iteration of the primal-dual method. Next we
summarize the outlined distributed algorithm in this section.

C. Summary of the Algorithm and Its Computational Proper-
ties

Let us reconsider the coupled SDP in (I). Given such
a problem and its corresponding sparsity graph, Qs(Vs,E;),
we extract its tree structure based on clique set Cg, =
{C1,...,C,}. Having done so we have the computatlonal
graph for our algorithm and it is possible to assign the con-
stituent subproblems to each of the agents using the guidelines
in Section or at the beginning of Section [V| We can now
summarize our proposed distributed algorithm as below.

Given k =0, 7 € (0,1), a € {1,2,3}, € > 0, €feas > 0,
initial iterates X (©, X%(0) —X(O) =0, S¥0 = 0, 40,

740 such that ZZ (Ey, @ Ey, )T 540 = 0, for

i=1,...,N,and p =N X0 ¢ 50:0)/ (Zj:l |Jj|)
repeat
fori=1,...,q do
Agent i, given X7(F) | §3:(k)  55.(k) )3:(K) " — (),
and 77 ) = = 7! (k) (F] (k)) ! geg]:)’ form
fi (Az?) asmforje@
end for

Perform an upward-downward pass and compute the
predictor directions using message-passing, and (I9)

and (30).

Compute the primal and dual step sizes, by performing
an upward-downward pass through the tree as
discussed in Section

Update o by performing an upward-downward pass
through the tree as discussed in Section

fori=1,...,q do _
Agent i reforms their subproblems with r7-(¥) as
in 23) for j € ¢;.

end for

Perform an upward-downward pass and compute the
corrector directions using message-passing, and (24)

and (30).

Compute the primal and dual step sizes, by performing
an upward-downward pass through the tree as
discussed in Section

fori=1,...,qdo
Agent ¢ updates

Xy = X (A, e,
Xk L 5. (R) +apAXcom

Sj,(k+1) = Sj’(k> —+ OédASgorn

i\ (k+1 i\ (k j
D = 3 (B Al

1.}j,(k+1) = 79 (k) + OédAT/garn
for j € ¢;.
end for
k=k+1.

Evaluate ;o and the termination criteria by performing



an upward-downward pass through the tree and
decide whether to terminate the algorithm.

until the algorithm is terminated

From the outlined algorithm, we can observe that each iteration
of the primal-dual method is accomplished within six upward-
downward passes through the tree. Namely, two passes for
computing the predictor and corrector directions, two for
computing primal and dual step sizes, one for updating o
and one for evaluating the stopping criteria and computing
the surrogate duality gap. Let the height of the tree, that is
the maximum number of edges in a path from the root to
a leaf, be h. As a result, each iteration of the primal-dual
method is accomplished in 6 x 2 x h steps. Furthermore, among
these passes the ones required for computing the predictor
and corrector directions are by far the most computationally
demanding ones. This is mainly because during the upward
message-passing for these passes, every agent ¢ needs to fac-
torize a matrix, see [22| Sec. 6.2]. However, notice that at every
iteration of the primal-dual method, this matrix is the same
for the predictor and corrector directions computations. This
means that if each agent pre-caches the factorization of this
matrix during predictor directions computations, it can reuse
it for corrector directions computation, see [22, Remark 8].
This significantly reduces the computational burden of the
upward-downward pass for computing corrector directions. Let
us assume that the primal-dual method converges within p
iterations. Then the major computational burden for each agent
concerns the computation of p factorizations of a matrix, that
is commonly of comparatively small size for loosely coupled
problems. This is in stark contrast to distributed algorithms
that purely rely on first-order splitting methods, as at every
iteration of such algorithms each agent is required to solve an
SDP.

Remark 2: The algorithm presented in this section, can

distributedly detect infeasibility in the sense discussed in
Remark |1} by monitoring their local primal and dual variables.
In case any agent detects divergence of these variables, it can
then communicate the occurrence through the tree to terminate
the algorithm.
Next we discuss a class of sparse SDPs, that appear in robust-
ness analysis of large-scale interconnected uncertain systems,
and we will describe how such problems can be reformulated
as coupled SDPs with an inherent tree structure.

VI. CHORDAL SPARSITY AND DOMAIN-SPACE
DECOMPOSITION

In order to describe sparsity in SDPs, we first briefly discuss
the use of graphs for expressing sparsity patterns of symmetric
matrices.

A. Sparsity and Semidefinite Matrices

Consider a symmetric matrix X € S", and an undirected
graph H(V,E) with V. = {1,...,n} and € = {(i,j) €
(V xV) | X;; # 0,i # j}. We refer to this graph as
the sparsity pattern graph of X. It is also possible to use
undirected graphs to describe partial symmetric matrices. A

partial symmetric matrix is a symmetric matrix where only a
subset of its elements are specified and the rest are free. For
the symmetric matrix X this structure can be expressed using
H(V,E) with V ={1,...,n} and £ C (V x V). Particularly,
the edge set is such that we can express the set of indices of
specified elements using I, = £ U {(i,i) | i =1,...,n}. We
denote the set of partial symmetric matrices over H(V, ) by
S%. A matrix X € S} is then said to be positive semidefinite
completable if by choosing its free elements, i.e., elements
with indices in Iy = (V' x V) \ I, it is possible to produce
a positive semidefinite matrix. Such matrices play a central
role in the upcoming discussions. Let us review a fundamental
result concerning semidefinite completable matrices.

Theorem 2: [18, Thm. 7] Let H(V, &) be a chordal graph
with clique set Cy = {C4,...,C;} such that clique inter-
section property holds. Then X &€ S% is positive semidefinite
completable, if and only if

Xéiéi =0, i=1,...,L 45)

We will next discuss how this theorem can be used for
reformulating sparse SDPs.

B. Domain-space Decomposition
Consider the following inequality-form SDP

(46a)

minimize ¢’y
y
g ‘ g ‘
subject to > E}Q'Ejyi+ Y EJM'E; <0 (46b)
i=1 i=1

where y € RY, Q\,M* e Sl and J; ¢ N, for i =
1,...,g. Let us denote the sparsity pattern graph for the matrix
7 Ef E;, with H(V, E). Assume that this graph is chordal,
or that we can produce a chordal embedding by adding a few
edges, with clique set Cy = {C1,...,C;}. The dual problem

for is given as
g
miniZmize - Zl Z,, oM (47a)
subject to Z, , e Q'=—c¢, i=1,....g, (47b)
Z = 0. (47¢c)

We can observe that the only elements that affect the equality
constraints and the cost function are the ones specified by I;.
The rest are only used in the semidefinite constraint. This in
turn implies that Z € S%;, and using Theorem [2] allows us to
equivalently rewrite (47)) as

g

minimize _ 7 o M "
Zélél"“’zélél ; JiJ; ( )
SubjeCt to ZJiJi ® QZ =—c¢, t=1,... » 9, (48b)
Ze o =0, i=1,...,1 (48¢)

This method of reformulating as (@g) is referred to as the
domain-space decomposition [16]], [24]. Notice that for every
J; there exists a C; such that J; C C;. This is because every



set J; induces a complete subgraphs on H(V, &), and hence
based on the definitions of cliques, it is either a subset of a
clique or a clique itself. Let us denote the set of indices of
sets J; that are a subset of C; by ¢;. We can then group the
equality constraints in (@8b) and rewrite the problem in {8} as

g
minimize — Z, . oM (49a)
G Gy 4E, 6, ; Titi
subject to ZJJJJ () = —cj, jE ¢, i=1,...,1,
(49b)
Zéiéito7 i=1,...,1L (49¢)

which is in the same format as (I). This problem comprises
l subproblems. Furthermore, due to its construction has a
chordal sparsity graph with ¢ cliques and a clique tree that has
the same structure as the clique tree for H(V, £), where instead
of Cj;, the cliques are given as C; x ; C;. In fact the chordality
of the sparsity graph follows, since the ordering defined by
the clique tree is also a perfect elimination ordering for this
graph, see [17] for more details.

Remark 3: Notice that the discussion in this section also

extends to matrices in positive semidefinite Hermitian cones,
[18]]. This means that the decomposition scheme described
here, can also be used for problems with complex data matri-
ces.
Next we will discuss robustness analysis of interconnected
uncertain systems and will show how the approach described
here can be used for reformulating this problem as a coupled
SDP.

VII. ROBUSTNESS ANALYSIS OF INTERCONNECTED
UNCERTAIN SYSTEMS

In this section, we discuss robustness analysis of intercon-
nected uncertain systems using integral quadratic constraints
(IQCs). We start this discussion by first reviewing the 1QC
analysis framework.

A. Robustness Analysis using IQCs
Consider the following uncertain system

p=Gq, q=A(p), (50)

where G € RHZ™ is the system transfer function matrix,
and A : R™ — R™ is a bounded and causal operator
representing the uncertainty in the system. We can characterize
the uncertainty in the system using IQCs. Particularly it is said
that A satisfies the IQC defined by II, i.e., A € IQC(II), if

/OOO {Az(’v)rn [Al()v)} dt >0, Yvecrd, (51)

where II is a bounded and self-adjoint operator. This constraint
can also be written in frequency domain as

/. [A%ZLJ G [z;\(?ffw)] w20, (5

—

where ¥ and A(v) are the Fourier transforms of the signals
[20], [31]]. The uncertain system is then said to be robustly
stable if the interconnection between GG and A remains stable
for all A € IQC(II). This can be established using the
following theorem.

Theorem 3: The uncertain system in (30) is robustly sta-
ble, if

1) for all 7 € [0, 1] the interconnection described in (30),

with 7A, is well-posed;
2) forall 7 € [0,1], TA € IQC(II);
3) there exists € > 0 such that

[G(}'w)rﬂ(jw) {G(frw)] =eh e [07001(53)

Proof: See [20]], [31]. ]
Satisfaction of the conditions in this theorem is a sufficient
condition for robustness of the uncertain system. As a result,
for robustness analysis of this system it is required to find
a multiplier IT such that A € IQC(II) and that it satisfies
the semi-infinite LMI in (33). The condition A € IQC(II)
commonly imposes structural constraints on 1I, and hence the
analysis problem is then to find II with a particular structure
such that it satisfies (33). It is possible to do this using
either the KYP lemma, [20], [35], or approximately using
frequency-gridding, which establishes satisfaction of (53)) over
a finite frequencies. We utilize the latter approach later as
it preserves the structure in the problem. Next we describe
how this framework can be used for analyzing interconnected
uncertain systems.

B. Robustness Analysis of Interconnected Uncertain Systems
using 1QCs

An interconnected uncertain system can be viewed as a
network of NV uncertain subsystems. We describe each of these
subsystems as

p = G;qqi + G;,wwi
=Gl + Gl (54)
q' = A'p),
where Gi, € RHL Y, Gi € RHL ™, GL, € RHLX™,
Gi, € RHL™, and A" : R% — R%. It is possible to

describe the interconnection among the subsystems using a
0-1 matrix I' as

w! Iy T -0 Ting 2
w? Ioy Top --- Ton 22
=1 . ) B N )]
w™ IF'ni I'no Innl L2V
r

where each I';; describes which components of 2 is connected
to which components of w’. Let us define p = (p',...,p"),
N

qg=(¢"....¢"), w= (wh...,wN)and z = (2},...,2



Then we can compactly describe the entire interconnected
uncertain system as

P = Gpeq + Gpypw
z2=G4eq + Gpw

(56)
q=A(p)
w =TIz,
where G,, = diag(Gl,,...,GY) and A =

diag(A',...,AN). Let us assume that the interconnected
system is nominally or internally stable, i.e.,
(I — TGuyp) ™t € RHL™ with m = Zi\il m;. It was
then shown in [2] that the system is robustly stable if there

exist
A ;1
Im= |5 =
[Hm H22]
with I, = diag(ILl,,..., 1Y) and A’ €
IQC({HZ11 HP}), and a diagonal matrix X > 0
I, II5
such that
qu Gpw : ljll 1j12 qu Gpw _
I 0 Moy Tlpo| | 1 0
-G I’
2 — - < —el.
{IijI‘T]X[ I'G,y I-TG.y) = —€l. (57)

It is possible to rewrite this problem in the following standard
form

find y (58a)
subject to > 5;Q" + W =0 (58b)
=1
where Q% € H™* for all 4 = 1,...,m and W € S™7 with

d= Zil d;. We can equivalently rewrite the problem in (58]
as below

find y (59a)
subject to Z;% B?Ielggzg Rléné)’;)] * [Vg V(I)/] =0
i= (59b)

where all the data matrices are real, [[11]. In case I is sparse,
then this SDP is also sparse and can be written in the same
format as in with ¢ = 0. As a result we can use
the approach presented in Section for reformulating this
problem as a coupled problem, and employ the algorithm
presented in Section [V] for solving it.

Remark 4: As was discussed in Remark (3| the decomposi-
tion can be conducted directly on or (58). However, we
here choose to reformulate the problem in (@]), with real data
matrices, for ease of notation and ease of use of the algorithm
described in Section [V

Next we illustrate this approach and study the performance
of the algorithm using numerical experiments.

5t 52 oN
pl ql p2 q2 pN N
1 2 —1
Gls) [——f G2(s) 2o 2 GN(s)
zi 23 2V

Fig. 4. A chain of IV uncertain subsystem.
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Fig. 5. Convergence behavior of the algorithm for analysis of a chain
of uncertain systems. The figure on the left shows the sum of primal
and dual residuals and the figure on the right depicts the surrogate
duality gap.

VIII. NUMERICAL EXPERIMENTS

In this section we consider two examples, namely a chain
of uncertain systems and an interconnected uncertain system
over a so-called scale-free network. These examples are taken
from [2f]. Let us start with the analysis of a chain of uncertain
systems, as illustrated in Figure 4| As can be seen from the
figure, for subsystems 1 < i < N, PR R2 and for
subsystems i = 1, N, z,w' € R. The uncertainty in each
subsystem i is represented using &%, which is assumed to
be an unknown gain in the normalized interval [—1,1]. We
can hence describe the uncertainties as 6° € IQC(II?) with
M = ”({)w) —n-(zjw)}’ and r;(jw) > 0, [31]. The inter-
connection matrix for this interconnected system is described
by the nonzero blocks I'; ;1 = ', for i = 2,...,N,

i—1,1

where Fi,i—l = lel,i = 8 é 5 T = 3,...,N -1,
and F21 = P,{Q = (1,0)7 FNfl,N = F%’N71 = (0,1)
We considered the analysis problem for this system with
N = 100 subsystems in the chain, at a single frequency
w = 1 rad/s. We solved 10 instances of this problem with
different transfer function matrices for the subsystems. The
transfer function matrices for each instance were randomly
generated using the approach presented in [2]. This guar-
antees that the interconnected system is robustly stable for
all instances. Furthermore, for this problem the multiplier X



was chosen as X = diag(z1,...,2an—2). This resulted in a
problem in the same format as in @ with m = 298 and
W e §%9%,

Forming (59) for this analysis problem, resulted in an LMI
with a chordal sparsity pattern, with 198 cliques where the
largest clique was of size 8. The clique tree over these cliques
had a height of 99. In order to establish chordality of the
sparsity pattern graph and generate its cliques a greedy search
algorithm with min degree criterion was used, [13]. If we
now form the problem in (@9), this problem will comprise
198 subproblems and can be solved distributedly over the
clique tree. The parameters within the primal-dual method
were chosen to be the same for all instances and are chosen as
a=1,7=0.98 €= e = 10712, 5% =0 and v>®) =0
forall i = 1,...,N, and X© and S»© fori =1,...,N
were chosen to be diagonal matrices with positive diagonal
entries generated randomly with a uniform distribution in the
interval (0.1,2). In the worst case the primal-dual method
converged after 12 iterations. The convergence behavior of this
instance is illustrated in Figure [5] and as can be seen mimics
that of a standard primal-dual method, i.e., convergence within
10 to 50 iterations with a quadratic convergence phase, [11].
Considering the height of the tree, this algorithm then, in the
worst case, converged after 6 x 2 x 99 x 12 = 14256 steps.
During the run of the algorithm, each agent was required to
compute a factorization 12 times and needed to communicate
with its neighbors 144 times. The computations in the remain-
ing steps were trivial.

We further tested the performance of the algorithm on
a larger example with a more complicated interconnection
description. Particularly we used the same scale-free net-
work as in [2, Sec. 5.2] for describing the interconnections
among the subsystems. This resulted in an extremely sparse
interconnection matrix. The transfer function matrices for the
subsystems were also generated using the approach presented
in [2]. Forming (39) for this analysis problem resulted in an
LMI that is sparse with m = 1498 and W € S'498. The
chordal embedding for the sparsity pattern graph of this LMI
was generated by introducing 2.4% fill-in, also using a greedy
search algorithm, with 579 cliques. The largest of these cliques
had a size of 261. The corresponding clique tree for this
problem was of height 35. This means that the corresponding
problem in will comprise of 579 subproblems and can
be solved distributedly over this clique tree. We tested the
performance of the proposed algorithm over 10 instances of
this problem. The parameters of the primal-dual method were
chosen to be the same as above. In the worst case the algorithm
converged after 14 iterations. The convergence behavior of this
instance is illustrated in Figure [} As a result, in the worst
case, the algorithm converged after 6 x 2 x 35 x 14 = 5880
steps. During the run of the algorithm, each agent needed to
compute a factorization only 14 times and were required to
communicate with its neighbors 168 times.

IX. CONCLUSIONS

In this paper we put forth a distributed algorithm for solving
coupled SDPs with a tree structure. The proposed algorithm,
unlike the existing ones, does not use first-order splitting
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Fig. 6. Convergence behavior of the algorithm for analysis of an
interconnected system over a scale-free network. The figure on the
left shows the sum of primal and dual residuals and the figure on the
right depicts the surrogate duality gap.

methods but instead uses primal-dual interior-point methods.
Particularly, this algorithm utilizes the inherent tree structure
in the problem as its computational graph, and distributes
the computations at each iteration of the primal-dual method
among the computational agents. In order to compute the
search directions at every iteration, we employ a message-
passing algorithm. This enables us to compute the exact search
directions in a finite number of iterations. Furthermore, we
showed that this number can be computed a priori and only
depends on the height of the tree. We applied the proposed
algorithm for solving robustness analysis of large-scale inter-
connected uncertain systems, and illustrated the performance
of the algorithm using numerical experiments.

As was discussed in the introduction, designing distributed
algorithms are commonly conducted in two phases. Namely,
a decomposition or reformulation phase and a splitting phase.
In this paper, we mainly focused on the second phase of this
procedure, that is design of efficient methods to distribute
the computations of solving a given coupled SDP. However,
it is possible to further improve the computational and/or
implementation properties of the devised algorithm, by using
the available flexibilities in decomposition or reformulation
phase. We will explore such possibilities as future line of
research. This will mainly concern devising heuristics for
clique or cluster merging to reduce the overall computational
cost of the algorithm and/or to better represent the intuitive
properties of the problem, such as physical structure in the
problem.
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