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ABSTRACT. We extend the target map, together with the weighted barriers and
the notions of weighted analytic centers, from linear programming to general
convex conic programming. This extension is obtained from a novel geomet-
rical perspective of the weighted barriers, that views a weighted barrier as a
weighted sum of barriers for a strictly decreasing sequence of faces. Using the
Euclidean Jordan-algebraic structure of symmetric cones, we give an algebraic
characterization of a strictly decreasing sequence of its faces, and specialize
this target map to produce a computationally-tractable target-following algo-
rithm for symmetric cone programming. The analysis is made possible with
the use of triangular automorphisms of the cone, a new tool in the study of
symmetric cone programming. As an application of this algorithm, we demon-
strate that starting from any given any pair of primal-dual strictly feasible
solutions, the primal-dual central path of a symmetric cone program can be
efficiently approximated.
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1. INTRODUCTION

In this paper, we consider primal-dual interior point algorithms for linear op-
timization problems over symmetric cones (a.k.a. symmetric cone programming):

m m
(1.1a) sup ijyj : Zyjaj +x=c, xed),,

j=1 j=1
where € is a given (open) symmetric cone in a finite-dimensional real vector space
with inner product (-,-), ai,...,a,;,,c are given vectors, and by, ...,b,, are given
real numbers. Its dual problem is the symmetric cone program
(1.1b) inf{(c,x) : (a;,s) =b;, 1 <j<m, sec()}

Without any loss of generality, we assume that the vectors ay, . .., a,, are linearly

independent. With this assumption, (y1,...,%) is uniquely determined by each
x satisfying the equality constraints, and we thus view (y1,...,ym) as a function

of x. Henceforth, we shall use only the x-component when referring to a feasible
solution. For the purpose of studying interior point algorithms, we also assume
that the primal-dual symmetric cone programs have strictly feasible solutions; i.e.,
there exists x, s € ) satisfying the equality constraints in their respective problems.

Primal-dual interior-point algorithms—first designed for linear programming
(see, e.g., [27]), and subsequently extended to semidefinite programming (see, e.g.,
[26, Part IT]), symmetric cone programming (see, e.g., [19]) and, recently, homoge-
neous cone programming [6]—are the most widely used interior-point algorithms in
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practice. At the same time, they are able to achieve the best iteration complexity
bound known to date.

The development of primal-dual algorithms for symmetric cone programming
began from two very different perspectives. Yu. Nesterov and M. Todd [19] de-
scribed their algorithm in the context of self-concordant barriers (see the seminal
work of Yu. Nesterov and A. Nemirovski [18]) by specializing general logarithmi-
cally homogeneous self-concordant barriers to self-scaled barriers. L. Faybusovich
[8], on the other hand, obtained his algorithm by extending a primal-dual algorithm
for semidefinite programming via the theory of Euclidean Jordan algebras. This
Jordan-algebraic approach had been so successful that it is now the most commonly
used tool in designing interior-point algorithms for symmetric cone programming
1,2, 4, 21].

In the special case of linear programming, various primal-dual path-following al-
gorithms were simultaneously analyzed under the target-following framework by B.
Jansen, C. Roos, T. Terlaky and J.-Ph. Vial [12]. The target-following framework
was first introduced by S. Mizuno [15] for linear complementarity problems. It was
subsequently used by Jansen et al. as a unifying framework for various primal-dual
path-following algorithms for linear programming and algorithms that find analytic
centers of polyhedral sets. The essential ingredient of this framework is the target
map (x,8) — (X181,...,XpSy), defined for each pair of positive n-vectors (x,s).
An important feature of the target map is its bijectivity between the primal-dual
strictly feasible region and the cone of positive n-vectors R’} [12, 14], whence
identifying the primal-dual strictly feasible region with the relatively simple cone
R}, known as the target space (or v-space). Interior-point algorithms based on
the target map are known as target-following algorithms, which are conceptually
elegant when viewed as following a sequence of targets in the target space.

Various attempts were made to generalize the concept of target maps to semidef-
inite programming [16, 17, 22], symmetric cone programming [11, 23] and general
convex conic programming [24]. It is noted here that these extensions of the target
map do not result in target-following algorithms as they are generally not injective
on the whole primal-dual strictly feasible region; see Section 1.4.

In this paper, we present an extension of the target-following framework to sym-
metric cone programming. This extension is obtained from a novel geometrical
perspective of the weighted barriers, that views a weighted barrier as a weighted
sum of barriers for a strictly decreasing sequence of faces. Using the Euclidean
Jordan-algebraic structure of symmetric cones, we give an algebraic characteriza-
tion of a strictly decreasing sequence of its faces, and specialize this target map
to produce a computationally-tractable target-following algorithm for symmetric
cone programming. The analysis is made possible with the use of triangular auto-
morphisms of the cone, a new tool in the study of symmetric cone programming.
As an application of this algorithm, we demonstrate that starting from any given
any pair of primal-dual strictly feasible solutions, the primal-dual central path of a
symmetric cone program can be efficiently approximated.

1.1. Linear programming revisited. Let us begin by revisiting the special case
of linear programming, where 2 = R’ | = (0,00)". In this case, the minimizer of
the weighted barrier problem—which is the problem of minimizing the function

kA m
X €N —Zwilogxi + ijyj
i=1 j=1
over the primal strictly feasible region—and the unique set of Lagrange multipliers
satisfying the Lagrange optimality conditions form the pair of primal-dual weighted
analytic centers associated with the weights wq,...,w,. Under the target map, a
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pair of primal-dual strictly feasible solutions (x,s) is mapped to (w1, ...,w,) if and
only if it is the pair of primal-dual weighted analytic centers associated with the
weights w1, ...,w,. The weighted sum of logarithmic barriers

.
x €N —Zwilogxi
i=1
is called a weighted logarithmic barrier for R’ , associated with (wq,...,w,) (or
simply a weighted barrier for R, | ).

We now describe a generalization of the weighted barriers, and the notion of
weighted analytic centers, to symmetric cone programming, and generally to convex
conic programming—where €2 is an open convex cone.

First we select a sequence of faces of RY, satisfying R}, =Fy>--->F.>F. 1 =
{0}, where F> F means that F is a proper face of F. This choice of faces determines
a permutation 7 on the index set {1,...,r} such that F; = {x € R}, : %) ==
Xn(i—1) = 0} for i = 2,... 7,7 + 1. In analogy to flag manifolds, we use the term
flag when referring to such sequence of faces.

Definition 1 (Flag of faces). A flag of faces (or simply flag) of a convex cone K
is a strictly decreasing sequence of faces

d(K)y=Fi>--->F,>Fyy1 = {0}
A flag is said to be complete if it is not a subsequence of another flag of the same

cone.

Next, we consider the weighted sum of logarithmic barriers:

(1.2) fom XHZ i — wi—1) fr, (%),

where w = (wp,w1,...,w,) is a nondecreasing sequence 0 = wy < w1 < -+ < w,
of real numbers, f = (Fy,...,F,,F,11) is a complete flag of R, and fr, denotes
the (modified) Legendre-Fenchel conjugate’ of the logarithmic barrier of the face
Fi; ie., fr, is the barrier x — —logXy(;y — -+ — log Xz, for the open dual cone
int(F;)* = {x € R" : Xn(i)s -+ Xn(ry > 0} of the interior int(F;) of the face F;.
When the complete ﬂag f is paired with the nondecreasing sequence w, we call this
pair a weighted complete flag.

Definition 2 (Weighted complete flag). A weighted complete flag of a convex cone

K is a pair (w,f), with w = (wg,w1,...,w,) a nondecreasing sequence 0 = wy <
w1 < -+ < w, of real numbers, and f = (Fy,...,F,,F,+1) a complete flag of K. The
sequence w is called a weight sequence, and the numbers wq,...,w, are called its
weights.

Using partial summation, we can write this weighted sum logarithmic barriers
as

f(wf) sz fF fF1+1 szlogxﬂ() - Zw —1(4) IOgXl
This is premsely a weighted logarithmic barrier for R’, |, associated with the weights
(Wa=1(1), - - -»Wr—1(r)). Conversely, every weighted logarithmic barrier for R’ | can

IThe (modified) Legendre-Fenchel conjugate of a function f : S — R on a (nonempty) convex
set S in a Euclidean space with inner product (-,-) is the function f! : s s sup{— (s, x) — f(x) :
x € S} with domain {s: f#(s) < 400}. When f is closed (e.g., continuous f on open domain S),
we have f’i’j = f.
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be written as a weighted sum of the form (1.2) once the reordering 7 of the indices
that puts the weights in nondecreasing order is determined.

If we replace each logarithmic barrier fr, in this weighted sum by the image
er, of the vector of all ones 1 under the duality map —V fr,(-), we recover the
image of the primal-dual weighted analytic centers (x,s) under the target map: the
image e, is the 0-1 vector with nonzero entries precisely at positions (), ..., 7(r),
whence ef, — eF,,, is the m(i)’th unit vector, and subsequently

T T
(w,r71(1), cen ,wﬂpfl(r)) = Zwi(epi - eFHl) = Z(wl - wi_l)epi.
i=1 i=1

In summary, for a weighted complete flag (w,f) of R’ ,

(1) the nonnegative sum of barriers (1.2) is a weighted logarithmic barrier for
R?_,, which we call the weighted barrier associated with (w,f);

(2) the pair of primal-dual solutions (x,s) to the weighted barrier problem de-
termined by this weighted logarithmic barrier is a pair of weighted analytic
centers, which we call the pair of weighted centers associated with (w,f);
and

(3) the weighted sum — Y7, (w; — w;—1)V fr, (1) is the image of the weighted
analytic centers (x,s) under the target map, which we call the target vector
associated with (w,f).

When the weights are not pair-wise distinct, a weighted barrier for R, , is asso-
ciated with more than one weighted complete flags since the permutation 7 is not
uniquely determined. Thus we group the weighted complete flags into equivalence
classes according on the weighted barriers with which they associate.

Definition 3 (Equivalence of weighted complete flags). Two weighted complete
flags (w,f) and (@, f) of an open convex cone K are said to be equivalent if they
have the same weights wq,...,w,, and

Wi > Wi—1 —> Fz:Fl
fori=1,...,r.

It is straightforward to verify that two weighted complete flags of R’, are equiv-
alent if and only if they associate with the same target vector. Hence we have an
alternative definition for the target map (x,s) — (X181,...,X,S;):

T
(x,8) = — Y (wi — wi—1)V fr, (1),
i=1
where (w, f) is a weighted complete flag of R’, such that (x, s) is the pair of weighted
centers associated with (w,f).

1.2. Extension to convex conic programming. We now extend this idea to
linear optimization over a general closed convex cone cl(K). In order to associate a
weighted complete flag (w, f) of the open dual cone K* with a weighted barrier, we
would need to fix, for each and every face F of cI(K*), an a priori logarithmically ho-
mogeneous self-concordant barrier f,g Since the Legendre-Fenchel conjugate fe;(ks)
is strictly convex, the weighted barrier problem it determines has a unique solution.
With these barriers, we then define the weighted barrier, pair of weighted centers,
and target vector associated with (w,f), respectively, as

(1) the nonnegative sum of barriers in (1.2),
(2) the pair of primal-dual solutions (x,s) to the weighted barrier problem
determined by the weighted barrier (1.2), and
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(3) the weighted sum — >/, (w; —w;—1)V fF, (e), where e € K is the fixed point
of the duality map —V foke)(+)-

Definition 4 (Target map). The target map for a linear optimization problem over
the closure ¢l(K) of an open convex cone is the map defined over its primal-dual
strictly feasible region by

(x,8) — Z —(wi —wi—1)V fr,(e),

where (w, f) is a weighted complete flag of K such that (x,s) is the pair of weighted
centers associated with (w,f), and e € K is the fixed point of the duality map

=V faks) ().

One of our main results generalizes the bijectivity of the target map for linear
programming over the set of primal-dual strictly feasible solutions.

Theorem 1 (Bijectivity of target map). The target map is a bijection between the
primal-dual strictly feasible region and the open dual cone K!.

Proof. We first demonstrate that the association of each pair of primal-dual strictly
feasible solutions (x,s) to a weighted barrier f(, s is a bijection. It suffices to show
that each pair of primal-dual strictly feasible solutions (x,s) solves the weighted
barrier problem determined by a unique weighted barrier f(, ).

To this end, we note that the pair of primal-dual strictly feasible solutions (x,s)
solves the weighted barrier problem determined by f, f) if and only if

T

s =— Z(wi —wi—1)Vfr, ().

=1

Since s € K¥ and —Vfr, (x) = =V /fyks)(x) € K C cl(KF), we can find some
positive d; such that the difference s — 6;(—V fr, (x)) is on the boundary of KF.
Let Fy < cl(K*) be the minimal face containing the difference s — d1(—V fr, (x)).
If the minimal face Fy is not the trivial cone {0}, we repeat this process with s
replaced by the difference s — 01 (—V fr, (x)) € int(F2), x replaced by the projection
Projg, g, x € int(Fg)ﬁ, and K replaced by the cone int(Fs).

After a finite number (at most the dimension of K) of iterations of this process,
we have a flag and a corresponding strictly increasing sequence of weights {d; +
oo+ 8}, satisfying s = — 3P | 6,V fr,(x). The weighted complete flag (w,f),
obtained by extending this flag and sequence of weights to a weighted complete
flag, then defines a weighted barrier f,, f) associated with (x,s).

In the above argument, we have in fact demonstrated a bijection between ele-
ments w € K and weighted logarithmic barriers via

T

W= — Z(wz —wi—1)fr; (e),

i=1

by taking (x,s) = (e,w). Composing these two bijections proves the theorem. O

1.3. Specialization to symmetric cone programming. In the special case of
symmetric cone programming, where {2 is a symmetric cone, we consider the Eu-
clidean Jordan algebra J of rank r associated with €2, and use the standard log-
determinant barriers

x — — log det(x)
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for all faces of cl(£2); see Section A.1. This results in the following weighted barrier
and target map associated with the weighted complete flag (w,f):

Jlwp 1 x> — Z i — w;—1) log det Proj, _g, (x),

and

XS#—)E —w21e|:

where ef, is the identity element in the Euclidean Jordan subalgebra Jf, of J
associated with the symmetric cone int(F;).

The association between weighted complete flags (w,f) and targeted pairs of
primal-dual strictly feasible solutions (x,s) is given by

T
s = Z(wz — wi—1)(Proje, _¢, (%)),
i=1
where the inverse is taken as an element of the Euclidean Jordan subalgebra Jr,. In
the unweighted case where w = 1, we get the familiar expression s = x~!, which we
readily express in terms of the Jordan product as the perturbed complementarity
condition
xXos=e

with e the identity element of the Euclidean Jordan algebra J. In the general
weighted case, however, we would introduce a partition of s into (w1 —wp)s; +-- -+

(wp — wp—1)s, with s; = (Projg, _g, (x)) "5 ie.,

Proje, _g,(x) 0s; = eF,.
This is done so that we can enjoy the benefit of applying well studied numerical
solution methods for the perturbed complementarity condition. In particular, we

choose to use the Nesterov-Todd method [19] when computing the search direction,
and measure progress via the function

1 -
(x,{si}) = NG ;(%‘ — Wi ) Pproj, ¢ or/28i — er, %,

where Py denotes the quadratic representation of x; see Section A. A weighted sum
is used here as the computed search directions are orthogonal under the induced
weighted inner product. The multiplicative factor of \/%7 scales the induced unit
ball centered at the targeted primal-dual solutions so that it just sits within the
primal-dual feasible region.

The Nesterov-Todd method applies scalings to the primal-dual variables to get

Ppi PrOJFi—Fi (X) 0 ,Pp;lsi = €F,;,

where p; € int(F;) is commonly known as a scaling point: it is chosen so that
after scaling, Pp, Projg, g, (x) = Pp-1si- This method is chosen for its simplicity
in the analysis of algorithm, as shall be evident in Section 3.1. One drawback of
partitioning s is that we now have a sequence of r dual variables (s1,...,s,) to
solve for; i.e., there is an increased in the size of the Newton system. This can be
circumvented by using triangular transformations A; (see Definition 7) instead of
quadratic representations, together with an appropriate choice of complete flag f;
see Section 3.1 for details.
We thus apply Newton’s method to solve

t Pro ~1
A; Proje. . (x) 0o A; 's; = eF,,
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where A; is a triangular automorphism of int(F;) satisfying Al Projg ¢ (x) =
AT 1si, and measure progress via the prorimity measure

r . o
dF(X, S; w) — wil Z ()\Z(,PXI/;S.) Wz)
i=1 [

)

which is obtained naturally from the measure for (x, {s;}). Here, A;(-) denotes the
7’th smallest eigenvalue; see Section A.1. In short, we prove the following quadratic
convergence result.

Proposition 1. If the target >._, (w; —w;_1)er, is selected in such a way that the
current primal-dual iterates (x,s) satisfy

s = Z d; Projg, _f, ()~
i=1

for some 61,...,6, >0, and dr(x,s;w) < @ < 1, then taking a full step along
the search directions (Ax, Ag) determined by the Nesterov-Todd method using a
suitable triangular automorphism keeps the iterates within the primal-dual strictly
feasible region, and satisfies

dr(x,8;w)?

d Axa As; < —
Pt Bost Asiw) 1 —dp(x,s;w)

The above inequality allows us to design a globally convergence target-following
algorithm (see Algorithm 2), with which we show that points on the primal-dual
central path can be efficiently approximated when given any primal-dual strictly
feasible solutions within a prescribed wide-neighborhood of the central path; i.e., in
the set {(x,s) € Q2 : A1 (Py1/28) > 7@} for some v € (0,1). This is summarized
in the following theorem.

Theorem 2. Suppose § € (0,1) is fized. Given any pair of primal-dual strictly
feasible solutions (X,8) for the primal-dual symmetric cone programming problems
(1.1), and any positive real number [i, there is a sequence of at most

(ot

weights such that Algorithm 2 finds a pair of primal-dual strictly feasible solutions
(X7S) Satzsfymg H,le/zs - ﬁeH < 5/7

1.4. Comparison with existing notions target maps. As earlier mentioned,
there were other attempts at extending the concept of target maps to semidefinite
programming [16, 17, 22], symmetric cone programming [11, 23] and general convex
conic programming [24].

In the works [16, 17], the authors consider various notions of target map, and
demonstrate that each of these target maps is injective on some neighborhood of the
primal-dual central path. However, it is not known if any of these target maps are
injective on the whole strictly feasible region. Thus, unlike our target map and the
target-following algorithms derived from it, any target-following algorithm based
on the target maps in [16, 17] requires all targets to stay within some neighborhood
of the central path.

In the work [22], the authors consider the mapping of primal-dual strictly feasible
solutions to the diagonal matrix of eigenvalues of their product as the target map.
This target map is only injective along the primal-dual central path, hence the
target-following algorithm based on it can only follow the central path.
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The target maps considered in [11, 23] and [24] are all generalizations of the target
map induced by the Nesterov-Todd method [17] to symmetric cone programming
and general convex conic programming. Hence, we expect that any target-following
algorithm based on these will again require all targets to stay within some neighbor-
hood of the central path. While our algorithm is also based on the Nesterov-Todd
approach, we do not use self-adjoint automorphisms P, for the primal-dual scal-
ings, but instead employ triangular scalings; this new tool enables our algorithm to
work beyond neighborhoods of the central path.

1.5. Organization of paper. This paper is organized as follows. In Section 2, we
use the Euclidean Jordan-algebraic characterization of symmetric cones to define
the notion of weighted analytic centers for symmetric cone programming. This
notion allows us to define the target map, with which we describe and analyze a
target-following algorithm in Section 3. Finally in Section 4, we apply the target-
following algorithm to the problem of finding the primal-dual central path of a
symmetric cone program.

2. TARGET MAP FOR SYMMETRIC CONE PROGRAMMING

Throughout this paper, € denotes a symmetric cone, and (J,0) denotes a Eu-
clidean Jordan algebra of rank r with identity element e such that the associated
symmetric cone 2(J) coincides with €; i.e., the interior of the cone of squares of J
is the symmetric cone §2. Here, and throughout, we equip J with the inner product
(,): (x,y) — tr(x oy). We refer the reader to the appendix for more details on
Euclidean Jordan algebras, including various notations used in this paper.

We shall denote the automorphism group of Q by G(2) and its connected com-
ponent containing the identity by G. We note that since 2 is self-adjoint, so is its
automorphism group G(Q); i.e. for each automorphism A € G(f), its adjoint A is
also an automorphism of 2.

2.1. Weighted barriers and target map. In order to have a Jordan-algebraic
description of the target map, we would first need a description of flags of faces of

c ().

2.1.1. Weighted flags and Jordan frames. We begin with an algebraic characteri-
zation of faces of Q given by L. Faybusovich [9, Theorem 2]: each face F <1 ¢l(2)
is the cone of squares cl(2(Jey+--+¢,,)) Of the subalgebra Je,...4¢, in the Peirce
decomposition J = Jeot-tcp D Jegt-tern,cr D Je; With respect to the idempotent
Co + -+ + Ck, where Ajc; + Aocy + - - - + Agcg is the type I spectral decomposition
of an arbitrary x € relint(F) with 0 = A1 < Ag < -+ - < Ag.

We now extend this algebraic characterization to one for flag of faces of .

Theorem 3. Given a flagf = (F1,...,Fp, Fpi1) of Q, there exists a unique complete
system of orthogonal idempotents C = (c1,...,c,p) such that

Fi=cl(QJci4-ve,)) fori=1,....p.

Proof. We shall prove by induction on the rank r of the Euclidean Jordan algebra
J. When r = 1, the theorem trivially holds with ¢; = e.

Suppose that the theorem holds for every Euclidean Jordan algebra of rank no
more than some r > 2. Consider a Euclidean Jordan algebra J of rank r+1. If p = 1,
then the theorem trivially holds with ¢; = e. Otherwise, by the preceding facial
characterization, there is an idempotent ¢ # e such that Fs is the cone of squares of
Je. This idempotent is the identity element in the subalgebra Jz, and is thus unique.
The Euclidean Jordan algebra J¢ has rank at most r. By the inductive hypothesis,
there is a unique system of orthogonal idempotents (cz, ..., c,) with co+---+¢c, =¢€
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such that F; is the cone of squares of the subalgebra J¢, +...4c, fori = 2,...,p. With
cy =e—¢, Fy = cl(Q) is the cone of squares of J¢,1...4¢c, = Je = J- O

The above description of flags leads to the following definition of weighted Jor-
dan frame and its equivalent classes: there is a natural correspondence between
(equivalent) weighted Jordan frames and (equivalent) weighted complete flags of Q.

Definition 5 (Weighted Jordan frame). A weighted Jordan frame of a Euclidean
Jordan algebra J is a pair (w,C), with w = (wp,wr,...,w,) is a nondecreasing
sequence 0 = wy < wy < -+ < w, of real numbers, and C a Jordan frame of J. The
sequence w is called a weight sequence, and the real numbers w1, ...,w, are called
its weights.

Definition 6 (Equivalence of weighted Jordan frame). Two weighted Jordan frames

(w,C) and (w, C) of a Euclidean Jordan algebra J are said to be equivalent if they
have the same weights (wg, w1, - . .,w;), and

Wi >wi—] = ¢;+--+c,=¢+---+¢C,

for i =1,...,r. In other words, two weighted Jordan frames are equivalent if the
weighted complete flags they determined are equivalent.

2.1.2. Triangular automorphisms. In our target-following algorithm, we will employ
special automorphisms of €2 that respect the structure of flags of faces. These are
called triangular automorphisms.

Definition 7 (Triangular transformation). Given a Jordan frame C = (cy,...,c,),
a linear transformation A € L[J,J] is said to be C-triangular if, for each i €
{1,...,r}, the subalgebra Jc,+...4c, is an invariant subspace of A, and the restric-
tion of A to each subspace in the Peirce decomposition of J with respect to C is
some multiple of the identity transformation.

In matrix theory, the Gauss decomposition of a square matrix A is its decompo-
sition into the product LU of a lower triangular matrix with an upper triangular
matrix. This decomposition is obtained as a consequence of the Gaussian elimi-
nation process. For a symmetric positive definite matrix, we often further require
that the two triangular matrices have positive diagonal entries, and are transposes
of each other. This symmetric Gauss decomposition A = LL” is commonly known
as the Cholesky decomposition. The Cholesky decomposition produces the linear
transformation X +— LXL7T that is representable by a triangular matrix under a
suitable choice of basis. This triangular transformation is in fact an automorphism
of the cone of positive definite matrices, and we recover the original matrix X by
applying this triangular automorphism to the identity matrix.

We shall briefly see that this C-triangular automorphisms of the identity compo-
nent of G(§2) generalizes the triangular automorphisms to the setting of Euclidean
Jordan algebra. Moreover, these triangular automorphisms can be used in place of
quadratic representation for the primal-dual scalings in the Nesterov-Todd method.

Proposition 2 (Symmetric Gauss decomposition, cf. Theorem VI1.3.6 of [7]). For
each Jordan frame C of J,
(1) each x € Q can be uniquely expressed as x = Ae = .Zte, where .A,.Z eG
are C-triangular; s B
(2) each A € G can be uniquely decomposed into A = BQ = OB, where B,B € G
are C-triangular and Q, Q € G are orthogonal;
Proof. All statements, except the last expression in each item, are proved in The-

orem VI.3.6 of [7]. To prove these last expressions, we reverse the ordering of
primitive idempotents in C before applying Theorem VI1.3.6 of [7]. O
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Example 1. For the Jordan algebra of r x r real symmetric matrices, a Jordan
frame C is the r-tuple (quq?,...,q,qr) with the vectors qi,...,q, taken from
the columns of an orthogonal matriz Q, and a C-triangular automorphism A € G
takes the form X — QLQTXQLTQT for some lower triangular matriz L with
positive diagonal entries, and an orthogonal automorphism Q € G takes the form
X — PXPT for some orthogonal matriz P. Thus the first item in the above
corollary gives the Cholesky and inverse Cholesky decompositions, and the second
item is the QR-decomposition.

Theorem 4 (Triangular Nesterov-Todd scaling). For each pair (x,s) € Q% and
each Jordan frame C of J, there exists a unique C-triangular automorphism A € G
satisfying Alx = A~ !s.

Proof. By the preceding proposition, there exists a unique C-triangular automor-
phism A € G satisfying Ate = x, and a unique C-triangular automorphism B € G
satisfying Be = (As)'/2. The theorem follows from

Alx = A7ls = (AA)'e = (AA) " (As) = (AA) TP 4o 2€

(Lemma A.2)

= (AA)(AA)'e = Pye BP.B'e = BB'e

(Femma i Ade)? = (Be)? «= Ade=Be "2 J4=8. O

Finally, we show that we can always find a Jordan frame C = (cy,...,c,) for
which the unique C-triangular automorphism in the above proposition scales a given
primal-dual pair in Q2 to a “diagonal” element; i.e., an element d with de;c; =0
for all i < j in its Peirce decomposition d = >"/_, dcl + > i<j de,c;- This will be
subsequently used to give an algebraic proof of bijectivity of the target map.

Theorem 5. For each pair (x,s) € Q2, there exists a Jordan frame C = (cy,...,c;)
of J and a unique C-triangular automorphism A € G satisfying

.AtX = ‘Ails = Z vV /\i(quzS)Ci
i=1

Proof. Take any spectral decomposition Pyi/2s = >.._; Aj(Py1/28)¢;. By Propo-
sition 2, there is a C-triangular automorphism B € G and an orthogonal auto-
morphism @ € G such that P,12 = BQ. We take A to be the automorphism
P;ll/zp(pxl/2s)1/4g = Q"B 'P(p_, 092 Q € G, and C = (c1,...,¢;) to be the r-

tuple (Qtalﬂ RER) Qta‘); so that A~ 's = Qtp(;’l 1/25)1/47Dx1/2S = Qt(Px1/25)1/2 and

AtX = QtP(pxl/zs)1/4”P;11/2X = Qtp(p 1/25)1/46 = Qt(Px1/2S)1/2, with

Q (P 1/2S 1/2 Qt Z \/ x1/zs Z \/)\i('quzS)Ci. O
i=1

It remains to check that C is a Jordan frame and A is a C-triangular transforma-
tion. The former holds since orthogonal automorphisms in G are automorphisms
of J that stabilizes the identity element e; see Theorem A.7. The latter follows
from A = QtB”lP(pxms)lmQ and the fact that both B~! and P(px1/25)1/4 are

E—triangular.

2.1.3. Weighted analytic centers. In defining weighted barriers for {2, we use the
log-determinant barriers for faces F of cl(Q2): s € int(F) — —logdetr(s), where
detg(s) denotes the determinant of s as an element of the Jordan subalgebra Jg
that is the linear span of the face F (so that int(F) = Q(Jr)). Its Legendre-Fenchel
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conjugate is then the composition of the orthogonal projection onto this subalgebra,
and the log-determinant barrier of the associated symmetric cone.

Remark 1. While the choice of barriers is irrelevant to the bijectivity of the target
map, this choice is taken here for the convenience of designing and analyzing the
target-following algorithm based on it. In fact, it gives an algebraic means of finding
a weighted Jordan frame that associates with a given pair of weighted centers; see
proof of Theorem 6.

The one-to-one correspondence between weighted complete flags and weighted
Jordan frames results in the following definition of weighted barriers.

Definition 8 (Weighted log-determinant barrier for symmetric cone). The weighted
log-determinant barrier for Q associated with the weighted Jordan frame (w, C) of
the Euclidean Jordan algebra J (or simply weighted barrier) is the function
o i X€EQ— — Z(wl — w;—1)log dete,,. (X¢,,, ),
i=1
where ¢;., denotes the idempotent ¢; + - - - + ¢,, and det.,  (x) denotes the deter-
minant of x as an element of the Jordan subalgebra Je,., -

Up to equivalence of weighted Jordan frame, there is a one-to-one correspondence
between the weighted barriers for 2 and the weighted Jordan frames of J.

The log-determinant barrier x — — log det(x) for the symmetric cone € is strictly
convex, and all barriers x — — log dete,,, (Xc;,,) are convex. Therefore the weighted
barrier f,, c) is strictly convex, and hence the weighted barrier problem

P m
inf f(wyc)(x) + ijyj : Zyjaj +x=c, xeN

Jj=1 Jj=1

has a unique solution. We call this the primal weighted analytic center associated
with the weighted Jordan frame (w,C) for the symmetric cone program.

We now consider the Lagrange optimality conditions for this weighted barrier
problem. The gradient of the log-determinant barrier at the element x is the nega-
tion of its inverse x~!. Therefore the gradient of the weighted barrier at x is
— > i1 (wi —wi—1)xg! , and the Lagrange optimality conditions are

i

m
Zyjaj +x=c¢, x€Q,
j=1

(WCE(,,¢)) (aj,s) =b;, 1<j<m,
s =D (Wi —wi)xe
i=1

We shall call these conditions the weighted center equations given by the weighted
Jordan frame (w,C), and the unique s satisfying the above conditions the dual
weighted analytic center associated with the weighted Jordan frame (w, C).

By following the proof of Thereom 1, we can show that every pair of primal-dual
strictly feasible solutions to the symmetric cone programs (1.1) is a pair of weighted
analytic centers.

Theorem 6 (Completeness of weighted log-determinant barriers). Given any pair
of primal-dual strictly feasible solutions (x,s) to the symmetric cone programs (1.1),
there exist a weighted Jordan frame (w,C) such that (x,s) is the unique solution
to the weighed central equations (WCE(, c)). Moreover, up to equivalence, the
weighted Jordan frame (w,C) is uniquely determined by the pair (x,s).
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Proof. While this follows from the constructive proof of Theorem 1 as a special case,
we can instead use the proof Theorem 5 to find the weighted Jordan frame (w, C).
Indeed in the proof of Theorem 5, we construct a Jordan frame C = (cy, ..., c,) such

that there is unique a C-triangular automorphism A € G satisfying Alx = A~ !s =

> VAi(Pygi28)c;.? From Lemma 1, we deduce (xc,.,)"' = (A7 (A'%)e,.. )7},
where A; denotes the restriction of A to the subalgebra Jc,.. From Lemma A.2,
we see that this expression is equivalent to A;((A'x)c,. )~!. Therefore, for any
weight sequence w, we have

D (Wi —wi1)(%ep)TH =) (Wi —wis1) A (A, )

=1 =1

(Lemma 1) —AZ i —wi1) (A'X)e,,, ) 7!

=A — wi_
;( 1 Z \/ xl/2S
In particular, for the weight sequence w = (0, )\1(Px1/2S), ce )\T(le/zs)), the above
expression simplifies to AY ;| \/Ai(Py1/28)c; =s. O

2.1.4. Target map. For each pair of primal-dual strictly feasible solutions (x,s) of
the symmetric programs (1.1), Theorem 6 states that, up to equivalence, there
exists a unique weighted Jordan frame (w, C) satisfying s = >0 (w; — wi—1)xg ",

where c;.,- denotes the idempotent c; + - - - + c¢,.. With this weighted Jordan frame
(w, C), we define the target map as

T:(x,s)»—)i( i — Wi—1)Cip = Z%Cz
i=1

We note here that the idempotent c;., = e, = V(log dete,..)(ec,..), where the
identity element e is the fixed point of the duality map y — —V(—logdet(y)) =
—1
y
The following theorem is a special case of Theorem 1, and has a constructive alge-
braic proof, obtained by replacing the geometric argument in the proof of Theorem
1 with the algebraic version in the proof of Theorem 6.

Theorem 7 (Bijectivity of target map for symmetric cone programming). The
target map for the symmetric cone programs (1.1) is a bijection between the primal-
dual strictly feasible region and the symmetric cone §2.

3. TARGET-FOLLOWING ALGORITHMS FOR SYMMETRIC CONE PROGRAMMING

Using the target map 7 defined in the previous section, we propose the following
target-following framework.

Algorithm 1. (Target-following framework for symmetric cone programming)
Given a pair of primal-dual strictly feasible solutions (x™™,s™) and a target w°Ut €
Q.
(1) Set (x*,sT) = (x",s), and wt = T (x*,s1).
(2) Repeat the following steps until w* is close to w
(a) Select the next target wT leading towards w°
(b) Compute an approzimation (x™,s*) of the pre-image T (wtT).
(c) Update (xt,s1) « (xTT,sTF) and wt + wtT.
(3) Output (x°1*,s°") = (xT,sT).

out
)

ut

2This involves a QR-~decomposition in the case of semidefinite programming.
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The two main steps in this framework are the selection of the next target wt+
and the computation of the next pair of iterates (xTF,sTT). In the next section,
we consider the problem of computing the next pair of iterates.

3.1. Approximating weighted analytic centers. We consider the problem of
approximating the weighted analytic centers determined by the weighted center
equations (WCE, c)), given a weighted Jordan frame (w, C) that defines the next
target wTT and a pair of current iterates (x*,s™). For simplicity of notations, we
shall denote by c;.,. the idempotent ¢; + -+ - + ¢, by J; and €;, respectively, the
Jordan subalgebra J.,.. and its associated symmetric cone Q(Je,.,), and by G; the
identity component of G(J;).

3.1.1. Nesterov-Todd scaling. We begin by writing the last equation in the weighted
center equations (WCE, c)) as
(318,) S — Z(wl — wi_l)si =0
i=1
(3.1b) X, —X; =0, i=1,...,r
(3.1¢c) X; 0S; = Cj.rr, t=1,...,7.

For the moment, we cast aside the first two equations and consider the application
of a primal-dual Nesterov-Todd-type scaling in (3.1¢):

({xi}, {si}) = ({Alx}, (A Tsi})
where A; is some automorphism in G; such that Alx; = A ls, for each i. The
bilinear equations (3.1c) are invariant under this transformation since x; os; = ¢;.,.
if and only if Alx; o Ai_lsi = ¢;., for any A; € G;; see Lemma A.5. The advantage
of using the Nesterov-Todd-type scaling is that We can simplify the linearization of
Alx; o A,L._lsi = ¢;., by scaling with E;@ to get

J— J_A 1
ALAL, + AT A, = (.Aﬁxi)’ — Alx;.
As we turn out attention to the first two equations in (3.1), we quickly realize

that the automorphisms A; used in the primal-dual scalings of the bilinear equations
(3.1¢) should be chosen so that for some automorphism A € G,

(3.2) (A'x)e,, = Alxe,, Vxe€J Vie{l,...,r},
and
r
(33) -1 Z — Wi— 1 = Z(wi — wi_1).Ai_1$i Vs; € J;-
i=1

The next lemma shows that these conditions do hold if we take A € G to be
C-triangular, and take 4; to be its restriction to the subalgebra J;.

Lemma 1. If A; is the restriction of a nonsingular C-triangular transformation
A, then both (3.2) and (3.3) hold.

Proof. By definition of A;, we have As; = A;s; for all s; € J. Therefore for all
s; €J; withi e {1,...,7},
ks T
AZ — Wi— 1 _151' = Z(wz — wi_l)A.Ai_lsi = Z(wl — wi_l)si.
i=1 i=1
Since J; is invariant under A and the subspaces in a Peirce decomposition are
pairwise orthogonal, we have for all s; € J;

(Alxe,,8:) = (Xe;, Aisi) = (x, As;) = (A'x,8;) = ((A'X)c,,8i) . O
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In summary, we will transform the primal-dual variables by (x,s) € J% —
(A'x, A™1s) and (x;,s;) € J? — (Alx;, A™1s;), where A € G is C-triangular and
A; € G; is the restriction of A to J;. We further require that Alx; = A;lsi for

each i € {1,...,7} at the current primal-dual iterates (x*,s™), where x; = (x*)e,
and s; € J; is such that st =371 (w; — wi—1)s;.
From x; = (x)e,, Alx; = A 's; and sT = Y7 (w;i — w;_1)s;, we arrive at

st = Z(wl —wi 1) AAL(x T, = Z(wi —w;i 1) AAX )., = AMA'xT,

i=1 i=1

where M : x — >°'_, (w; — wij—1)Xc;. Since M is not an automorphism of 2, we
cannot expect AMAxT € ) in general, thence the above equation may not be
satisfied with any choice of A € G. On the other hand, if (A'xT)e, o, = 0 for all
i < j, then we can replace M with the automorphism D = Psr_ e, € G. This
happens whenever the next target w+ is selected in such a way that the current
primal-dual iterates (x*,s™) satisfy

T
(3.4) st=> (@ - @) (x")a!

i=1

for some weight sequence w; i.e., we select f to be some complete flag f such that
(xT,sT) is the pair of weighted analytlc centers associated with the weighted com-
plete flag (@, f) We note that this complete flag f can be obtained from the con-
struction in the proof of Theorem 6.

Remark 2. This assumption means that we only need to (and, in fact, only allowed
to) choose the weight sequence w when selecting the next target. Thus the analysis
in this paper only allow the algorithm to target at the collection of targets with
specific weight sequence, but non-specific complete flag; i.e., targets that share the
same set of eigenvalues. This is not an issue if the final target is a multiple of the
identity element e; i.e., if the algorithm aims to locate points on the central path.
For all other purposes, we would need to resort to another approach described in
[5], which unfortunately has a more involved analysis.

Under the above assumption, the following lemma shows that with the choice
D = Py | Jae: € G, we are able to find C-triangular automorphism A € G
satisfying s = ADA'x™T.

Lemma 2. There exists a unique C-triangular automorphism A € G satisfying
Alxt = D' A~ s, where D € G is the automorphism Ps>r_ jzre,. Moreover, if
the next target wt+ is selected in such a way that the current primal-dual iterates
(xt,sT) satisfy (3.4) for some weight sequence @, then A'xt = D7 1A st =

Y e VWiwici

Proof. By Theorem 4, there is a unique C-triangular automorphism A € G satis-
fying Atxt = A=1sT. We can then take A to be the C-triangular automorphism
AD=Y2 € G, and check that A'x* = D~1/2A!x+ = D~1/247 st = D1 A s

Uniqueness of A follows from that of A. Moreover, if (3.4) holds, we see from
the proof of Theorem 6 that A can be chosen such that Alxt = A-lst =
ST Vae;; subsequently, DA st = D 12 f-1g+ = Dp-1/2 Y Vwie; =

Z;=1 \/@i/wici. D

Let A € G be the C-triangular automorphism in the lemma, and denote its
restriction to J; by A;. We then choose s; = A;Alx; € J;, and check that st =
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S (w; —wi—1)s;: using lemma 1, we deduce x; = (A7!d)c,.,. = A; ‘de,.,., where
d denotes the element Z:zl /W; /wic;, whence s; = A;dc,..; we then have

T T s

> wi—wiin)si =Y (Wi —wii1)Aide,, = Y (w; —wi—1)Ade,, = ADd =s"

i=1 =1 i=1

With the primal-dual scaling (x, s, {x;}, {s;}) = (A'x, A7 's, {A!x;}, {A4; 's;}), the
linearization of the rewritten last equation (3.1) of the weighted center equations at
the current iterate (xT,s*, {x; = (x")e,.. }, {8;i = AiAlx;}), after scaling by E;clv ,
becomes

(353 A Z — Wi— 1 51 = 0)

(3.5b) (Ax)e; —Ax, =0, i=1,...,7,
(3.5¢) AAy + ATA, =dSt —d., Z Wi =G i1,
T ij]
The weighted sum of these equations, with weights (w; — w;—1)
S — ) A B e+ A A = 3 Vol e
=1 =1 j=t
Thus the search directions (Ax, Ag) are obtained by solving
Zijaj —+ Ax = 0,
j=1
(36) Z <aj7 AS> = 07 1 S j S m,
i=1
r r F N
Z(wi —wi 1) (A'A)e,, +A A = Z = (W — @))c;
=1 j=i wj

Since the linear operator x € J — >.._;(w; — wi—1)Xe,,, is positive definite, the
search directions are uniquely determined.

3.1.2. Proxzimity measure. Proximity of the iterates to the weighted analytic centers
is measured in terms of ({x;}, {s;}) via the backward error

r

1
\/wT Z(wz - Wifl)H,Pyiﬂwi - Ci:r||2
i=1

defined on Q(J1 X -+ X J) X (J1 X -+ x J-). This error is induced by the inner
product (-, ) : ({w;}, {vi}) — w% >y (wi—w;—1) (u;, v;) on the Cartesian product
J1 X -+ x J, of Euclidean Jordan algebras, which is chosen because the search
directions ({Ax, }, {As, }) satisfy ({Ax, }, {As,}), = 0. The factor 1/,/wy is the
greatest factor so that

(3.7) dr({yi} Awi}: (@, Q) &

F({¥e.. ), {wi}; (w, Q) <1 = Z i —wi—1)w; € Q,

i=1

which is a consequence of the following lemma.
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Lemma 3. Forw = Z;l(wi — Wi_1)W;,

. i 12W) — w;)2
dr({ye,., }{wi}; (w, Q) > wil Z; (Ai(Pyr/2w) ) -

(2

Wy

Proof. By Lemma A.3, P 12 Wi and A,,w; shares the same spectrum for any au-

tomorphism Ay, € G(£;) Satlsfymg At Ci.r = yi. In particular, we may use a C-
triangular transformation Ay Satlsfymg At e =y (see Proposition 2) and take Ay,
to be the restriction of Ay to J;; this results in ||73y1/2 Wi —Cipl| = | Ay, Wi —Cip|| =

| Ayw; — €z ||, whence widp ({yi}, {Wi}: (w, ©)) = S0 (wi —wimy) [ Aywi — i |
In terms of the Pierce decomposition with respect to C,

widr({yi}, {wiki (0, 0))?

= Z — w1 Z((-Aywi)cj 1P 2wi—wicn) Y 1Ay Wide e ll?

i=1 i<j<k
v
Y o Ay, — 17 233 — Ayl
j=11i=1 J<ki=1

Using Cauchy’s inequality and the triangle inequality, we get

. 2
T 1 J
widp({yi}, {wi}; (w, C))2 > Z o <Z(wz —wi—1)(AyWi)e; — wj>
ji=1 7 \i=1
’ 2
+ 2 Z Z - wi—l)(Aywi)c_j,ck
j<k i=1
:Z;((Ayw) —wj) +QZ*H Ayw)e, .|
j=1"7 i<k

where w = 22:1 (wi—w;—1)w;. The lemma then follows from the next theorem. [

Theorem 8 (cf. Lemma 3 of [3]; c¢f. Hoffman-Wielandt Inequality). For any
0<w; < <wp, any x €J and any Jordan frame C,

Zi(xci* +22—||xc767 ZZ%KH)%(x)fwiHQ.
i=1 ' 1<j i=1 ¢

Proof. By expanding both bides of the desired mequahty, it is clear that 1t suffices
to bound the sum 77 =x2 +237, ;- [|[Xeie, || from below by >°7_; £ Xi(x)2.
Let x = 3" \;(x)¢; be a spectral decomposition. From x? = 3 \;(x)2¢;, we get

(Xz)q (€1)e; o+ (€)ey /\1(X)2

o] |@er - @er] [Pal?

where the matrix on the right side of the equation is doubly-stochastic. By the
Hardy-Littlewood-Pélya Theorem [10], we have >\, (x%)c, < > i, Ai(x)? for any
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ke {1,...,r}. Consequently

=1 i<j
1 — r 1 ) - .
- Ei;1||XCl CJH 7;:2 (wkl a Wk> i;kHXC“CJH
1 r r 1 1 T
o Z(Xz)c, - — > Z(X2)C7
“rio iy \Wk—1 Wi/ —
r

IV
=
(-
&
0
N
!
5
7 N
[a—y
!
£~
N———
&
—~
X
[

proves the lemma. O

We note that for x; = (x1)e,.. and s; = A;Alx;,

dr({xi}, {si}; (w,C)) = - i(“i‘wi—”i(m)g

. 1 i ((7.)2 — wi)z
o w1 “ Wi '

=1

This suggest the following proximity measure for (x,s):

s

X def 1 (/\i(le/zs) — wi)Q
(3.8) dp(x,s;w) = o ; o .

From this definition, it is straightforward to deduce that
)\i (le/z S)

€ [1—-dp(x,s;w),1 4+ dp(x,s;w)].
w;

Lemma 4. For all a € [0,1],

012 " (wi—@i)Q
dr({x; + alx }, {si + @A }; (w,C)) < (1 — )y + o > Y
i=1 i
2
<(1—Oé)’}/+0521_ )

where v denotes dp({x;},{s:}; (w, Q).

Proof. Denote by X;, 8;, Az, and Ag, the scaled elements Alx;, A; 's;, A!Ay, and
A7TA,, respectively.

We first show that dp is invariant under the primal-dual scaling ({y;}, {w;}) —
({Aly;}, {A7'w;}). From Lemma A.2, we have Paty, = APy, Ai. We can then
follow the method of F. Alizadeh and S.H. Schmieta [1, Proposition 21] to show that
,Py;/2Wi and P Aty;)1/2 A 'w; share the same set of eigenvalues by demonstrating
that their quadratic representations are similar to each other. This shows that each
summand in dg, and hence dp, is invariant under the primal-dual scaling.
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From the first two sets of equations (3.5a) and (3.5b) of the linearization, we see
that the search directions ({Ax,}, {As,}) are orthogonal under the inner product
(-s), Thus

{Ax,} |3; +[{As} |E; = [{Ax, + As;}

b

=1 j=t w]W]
7 ~ 2 T ~ \2
(Wi —wz) (wi — @;)
= E Wi — = =
i—1 Wil i—1 :

where we have used the scaled third set of equations (3.5¢) in the second equal-
ity. Therefore [|[{Ax, Hlw, [{As, Hlw < v/, &% For each i € {1,...,r},

— =1 w;

we have [|Ax, | = [(Aden, | < 1Ax]l = [Ax, [, and hence Ay, || < [Ax || <

L {Ax e <
From the third set of equations (3.5¢) of the linearization, we have

(X + alg,) o (S; + alg,) — Cior

=X;08; + a(Ag, 08, +X;0Ag,) + a2A,~ci o Ag, — Cjiy

= (1 - a)(X;08; — i) + a(X; 08; + Ag, 08; + X; 0 Ag, — ¢i.p) + a*Ag, 0 Ag,

=1 —-a)(X;08; —ciy) + a2A,~ci o Ag,.

Therefore, by Lemma 30 of [1],

1P +ang,)12 (i + als,) = Cirl| < [[(Xi + @lg,) o (i + alg,) — cir|
< (1= )[R 08 — cin | + 0? Ag | As,
= (1= a)l[P1/28: — cinrl| + 0”[|Ag,[|]| As,

= (1= Q)|[Passi — civl| + ®[|Ax, [[[| Az [,
where the first equality follows from the fact that x; ='s;. Consequently,
dp({xi + alx }, {si + alAs }; (w, Q)
=dr({X; + alg,}, {8; + alg, }; (w, Q)
- — i(wi —wi-) P, +ang, /2 (8i + Ag,) — cir |
VWL i -
—L i(w' —wi—1)|[Paszsi — ciwr|* + o i(w' —wi-1)[|Ag 1?1 Ag,[12
> \/CTl . 7 7 x; 7 i \/w—l — 7 i X4 S;
a2 i (wi — 61)2
< (1—a)dr{xi}, {si}; (@, Q) + — > ~——=——
w1 P ws
proves the lemma. O

With this lemma, we prove the following quadratic convergence result.

Proposition 3. If next target wt+ = Z:=1 wjc; s selected in such a way that the
current primal-dual iterates (xT,s1) satisfy

r
S+ = Z (51 (X+)(;:1T
i=1
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for some 81y...,0,. >0, and dr(xt,sTw) < % < 1, then taking a full step along
the directions (Ax, As), determined by the linear system (3.6) with A € G a C-
triangular automorphism satisfying Py \/chiAtx+ = A~1sT, keeps the iterates
within the primal-dual strictly feasible region, and
dF(X+ + Ay, st + Ag; W) < dF({Xi + Axi}? {Si + AS«L}; (wa C))
dp(x*t, s w)?

T 1—dp(xt,stw)
where x; = (x1)e,.., 8i = AiAlx;, Ay, = (Ax)e.., As, = X; " —5; — LLALA,,,
and A; is the restriction of A to Je,.,..
Proof. Recall that Ax, = (Ax)e,., and Ag =Y (w; —w;—1)As,, whence dp(x+
Ay, s+ Agiw) <dp({x; + Ax, }, {si + Ag, }; (w, C)) by Lemma 3. Thus it suffices
to show that x; + alAy,,s; + @Ay, € Q; for @ € [0, 1], and that

<1,

dr(x,8;w)?

dr({xi + Ax;}, {si + Ag, }; (w, C)) < T dp(x,s0)

By Lemma 3, if x; + Ay, € cl(Q;)\Q; for any a € [0,1], then dp ({x; +alx, }, {si+
alAg, }; (w, Q) > 1. Assuming v := dp(X,s;w) < 1, the previous lemma states that

2
dr({xi + aBx}, {si + 0Bs}i (@.0) < (1- )y + o>

<1,

for all @ € [0,1], whence x; + aAx, € Q; for all a € [0,1] by the continuity of
o — X; + aAy,. We then apply Lemma 3 once again, together with the above
inequality, to conclude that s; + alg, € §; for all « € [0,1]. O

3.2. Choice of targets. The analysis in the preceding section requires the as-
sumption that the next target wT is selected in such a way that the current
primal-dual iterates (x*,s™) satisfy

r
S+ = Z 5Z(X+);1T
=1

for some 31, e ,8} > 0. This, in general, decides the choice of the complete flag
f. Thus, we now only need to decide the values of the weights w; see Remark 2.
In light of the proximity measure dp(:,-;w), we shall use the following proximity
measure on the set of weights:

T

e 1 Wi — w;)?
(3.9) dp(@w) | L3 Bz’
w1 im1 W

With this choice of targets and proximity measure, the target-following framework
is now specialized to the following:

Algorithm 2. (Target-following algorithm for symmetric cone programming)
Given a pair of primal-dual strictly feasible solutions (x™,s™) and target weights
wout'
(1) Pick some § € (0,1) and a sequence of weights {w*}Y_ such that
0 0 -
st =D @ — )k,
i=1
for some Jordan frame (cy,...,c,), dp(wF;w*=1) < § fork =1,...,N,
and wh = wout,
(2) Set (xt,sT) = (x",s™).
(3) Fork=1,...,N,



20 C. B. CHUA

(a) Solve the linear system (3.6) with (c1,...,¢;) a Jordan frame from
Theorem 6 for (xT,s1), with (w1,...,w,) the weights in w*, and with
A € G the automorphism from Lemma 2.
(b) Update (xt,sT) + (xT + Ax,sT + Ag).
(4) Output (x°"¢,s°") = (xT,sT).

3.3. Analysis of algorithm. Consider one iteration of Algorithm 2. Recall from
Proposition 3 that we can take a full step when dp(x+,s%) < (v/5—1)/2. This can
be enforced during the update of weights via the following lemma.

Lemma 5. If dp(x,s;w) < 8 and dp(0;w) < « for some a, 5 € (0,1), then

<6+a.
T 1l-«o

dF (Xa S; &)

Proof. We have

~ 1 i (Pyi/28) — w;)? 1 w; — w;)?
drlxsid) < || -3 QilPeslmeln | Lsm e e)
15 i iz ¢
< (dp(x,5w) + dp(@;w)) max =
k3 wi

If dp(W;w) < a, then

r

1 (@ —wi)? (@ 2
2>7§ At VAN 1
@ T wq W; - ’

i=1 i=1
whence min; 2+ > 1 — a. O
i

We now give the main theorem of this section, which states that for all « > 0 suf-
ficiently small, say o < %, then Algorithm 2 terminates with a good approximation

of T71(> I, wic;) for some Jordan frame C = (cy,...,c;).
Theorem 9. In Algorithm 2, if a € (0,1) is such that there exists some 8 €
(0, ‘/52*1) satisfying
(B+a)
3.10 ———— <0,
(310 a-A-a)

then (x*,sT) is well-defined and strictly feasible in each iteration, and the algorithm
terminates with dp(x°", s wOU) < B 51, where Buin is the least B satisfying the
inequality.

Proof. We shall prove the theorem by induction that the iterates (x*,s') are
strictly feasible and dp(x,s%;w*) < B, at the beginning of each iteration. This
is certainly true for the first iteration. By Lemma 5, we have dp(xT,st;wFt!) <
(Bmin + @)/(1 — «). If the hypothesis (3.10) holds, then we may apply Proposition
3 to deduce that the iterates (xT + Ay, s™ + Ag) are strictly feasible with
+ + ((Buin +@)/1=a))*  (Buin + @)° ‘
dF(X + AX7S + As) S 1_ (ﬁmin T Oé)/(l — Oé) (1 — ﬂmin)(l — Oé) S Bmm-

This completes the induction. O

4. FINDING ANALYTIC CENTERS

In this section, we consider an algorithm that finds the analytic center 71 (Jie)
for any given i > 0. This algorithm can be used to find analytic centers of compact
sets described by linear matrix inequalities and convex quadratic constraints. It
can also be combined with a path-following algorithm to solve the symmetric cone
program (1.1).
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Given a pair of primal-dual strictly feasible solutions (X, ), we shall construct a
finite sequence of targets {w*}1_, such that

0 0 _
st = (@ w2 xH ke,

i=1
for some Jordan frame (cy,...,c,),
1 < (wF —wh 12
(4.1) dp(Wh;wh=1) = = Z (s l:ill ) <a forl<k<N\,
Wy i=1 wz

and w = i1, with « satisfying the hypothesis of Theorem 9, thus allowing us to
apply Algorithm 2 to approximate 7 ~*(fie).

Any sequence {w*}Y_ satisfying (4.1) is called a a-sequence, and N is called its
length; see [15]. In [3], the author gave an upper bound on the length of a shortest
a-sequence from any weight sequence w® to the ray {ul : u > 0}. For the sake of
completeness, we repeat the argument here.

Consider the local metric defined by the inner product

T
(), (0, v) ER" X R" iz

w
" i=1

u;v;

w;
at each weight sequence w. We denote by ||-||,, the norm induced by the above inner
product. In terms of this local metric, an a-sequence {w*}I¥_, is one that satisfies
||wk —wk_lH 1 <a forl<k<N.
w

The length of a piecewise smooth curve ¢ : [0,1] = W, where W C R’ | denotes
the set of weight sequences, is defined to be

N s P

dt
and denoted by I(§). The next lemma gives an upper bound on a shortest a-
sequence between any two weight sequences in terms of the length of a piecewise
smooth curve joining them. Its proof can be obtained by adapting the proof of a
similar result in [20], and is thus omitted here.

Lemma 6 (c.f. Lemma 3.3 of [20]). For every piecewise smooth curve £ : [0,1] — W
and every a € (0,1), there exists an a-sequence {w*}1_, with w® = £(0), w! = £(1)

and length
ve[ 0]
o — EOZ

Next we show the existence of a piecewise smooth curve from a given weight
sequence w to the ray {ul : p > 0} with length O(log(% S wi))-

Lemma 7. For each weight sequence w, there exists a piecewise smooth curve

€:10,1] — W with £(0) = w, £(1) = pl, and length
1(§) < Vrlog (4N> ;
w1

where p denotes the average weight % i wi

Proof. The lemma is trivially true when w = pl. Otherwise, w1 = -+ = w, <
wpy1 < -+ <w, for some p € {1,...,r —1}.

Consider the straight line segment E : 10, ] — W starting from w, along which the
weights of least value increases at the same rate, with the other weights decreasing
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at rates proportional to their values, while maintain the average weight throughout,
and ending when the weights of least value coincide with the next higher value; i.e.,
¢ is defined by

(4.2)
t)y = :g(t)p:wl p BT Et)i =w; —tw; fori=p+1,....r
p
where £ € (0,1) is such that £(f); = - - = ~(f)p = E(E)pH; as required £(t); + -+ +
&(t), = rp is independent of ¢. Its length is
£ P (THopen) 1/
i TU—Ppwi r 2
1 ? w}
e | D et Y, —— dt
A wp PR (e R O Wi~ T
- 1/2
_ /t mpe [ T pw N z’: wi U
- pw pw
0 w—;m Tt m—plm +i i=p+1 1-¢
_ 1/2
\f/t ( ! ( L >> dt
=P Dw pw
0 \Fimpar Tt \ g H1 1
F T
\/ TH—pw1
= p/ = dt
VP 0 (Wp_ﬁ“rt)\/l—t
T [ /1 _ F
= /plog ri—por T 1 ~ Jplog \/ rh—pw: tvl-t
w w7
Tp—puwi TH—pw1 1-%

From the definition of £(¢)1, we can simplify

T Vi—1 /(1 — 7)r—pw [ rn—p&(H): N
ra—pwr T _ 1+4/(1=19) T 1+ TH _ R(pf(f)l)
T _ — 7 TU—pw
oy — V1t 1—,/(1—7?)7””iJ 1

1 J—pg@r e
Ty

R RN = ~
m _ + T :R(m):R(M)
Nermariuy o=l
TH—Ppwi TH

where R : (0,1] — [1, 00) is the decreasing function u — (1++/1 —u)/(1—+/1—u)
satisfying R(u) < (1+1)/(1 — (1 — $u)) = 4/u. This gives

and

UE) = Vplog R(EEE) = yplog R(EEE).

As long as £(t) # pl, we repeat this process to construct another straight line

segment starting from £(f). Eventually, we get a piecewise linear curve £ joining w
to pul with ¢ < r straight line segments, and total length

1) =Y (viilog R(2H) — Vpilog R(24))

=1

where w’ is the weight sequence at the start of the i’th straight segment, w9t!
denotes the weights 1, and p; is the number of weights of least value in w’. We
claim that for any a > 1, the function v € (0,1/a] — log R(u) — log R(au) is
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increasing®. Thus, since both {wi}e_ | increasing by construction, we have the
upper bound

1) < 3 v (log R(22L) — log R(™2))
i=1

< V'Y (tog A(2)  log R(4))
i=1

= V/r(log R(%) —log R(1)) < v/rlog 2.
U

From the above two lemmas, we deduce the following upper bound on the length
of a shortest a-sequence from a given weight sequence w to the ray {ul : u > 0}.

Theorem 10. For every weight sequence w°® and every o € (0,1), there exists an
a-sequence {WFIN_ with w™ = pl, where p =3 ;_, w?/r, and length

(5]
a—za? wy

Corollary 1. Suppose 8 € (0, \/52_1) is fized. Let o € (0,1) be a number satisfying
the inequality (3.10) in Theorem 9. Given any pair of primal-dual strictly feasible
solutions (X,8) for the primal-dual symmetric cone programming problems (1.1),

there is a sequence of at most

NG 4(%,3)
N < 1 .
- ’704 — %Oéz 8 T)\l(ngl/z/S\)

weights such that Algorithm 2 finds a pair of primal-dual strictly feasible solutions
(x,s) satisfying || Pxis2s — pel| = pdp(x,s;ul) < Bu, where p =+ (X,8).

Combining the corollary with an a-sequence on the central path, we have the
following theorem.

Theorem 11. Suppose 5 € (0,1) is fired. Given any pair of primal-dual strictly
feasible solutions (X,8) for the primal-dual symmetric cone programming problems
(1.1), and any positive real number fi, there is a sequence of at most

(%,3) (x,5) ))

© (ﬁ (log 7”)\1 (’Pgl/Q/S\) + Tﬁ

weights such that Algorithm 2 finds a pair of primal-dual strictly feasible solutions
(x,8) satisfying ||[Px1/28 — pie|| = pdp(x,s; 1) < .

As an immediate corollary, we have the following worst-case iteration bound on
solving symmetric cone problems using Algorithm 2.

log

Corollary 2. Given any pair of primal-dual strictly feasible solutions (X,8) and
any € > 0, there is a sequence of at most

(x,5) 1
0] log—————+ |1
<\/’F < 08 r)\r(”Pgl/zs) + | 0ge ’
targets such that Algorithm 2 find a pair of primal-dual strictly feasible solutions
(x,8) satisfying (x,8) < £ (X,8).
Proof. 1f (x,s) € Q? satisfies ||Py1/28 — pe| < Bu for some B € (0,1) and some
>0, then (x,8) —ru = (e, Py1/28 — pe) < /rBu. Apply the preceding theorem
with i = € (X,8) /(BT + 7). O

2
3We have }5(2”12) =a ( 11:' Y f:;u) , and it is straightforward to check that u + 11;" ﬁvll:;; is

increasing when a > 1.
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5. CONCLUSION

We extend the target map (x,s) — (X181, ..,XpSy), together with the weighted
barriers x — — Y., w; log x; and the notions of weighted analytic centers, from lin-
ear programming to general convex conic programming. This extension is obtained
from a geometrical perspective of the weighted barriers, via the facial structure of
the nonnegative orthant, that views a weighted barrier as a weighted sum of barriers
for a strictly decreasing sequence of faces. When we replace decreasing sequences of
faces of the nonnegative orthant with decreasing sequences of faces of an arbitrary
closed convex cone, we arrive at weighted barriers for the convex cone; provided
that we have made a priori choices of barriers for all faces of the convex cone. This
potentially opens the door to efficient target-following algorithms for general convex
conic programming, once we know how to design and analyze efficient primal-dual
algorithms for general convex conic programming.
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APPENDIX A. EUCLIDEAN JORDAN ALGEBRAS

In this section, we give a very brief introduction to Euclidean Jordan algebras,
stating various known results and proving some new ones that are necessary for
the development of this paper. For a comprehensive discussion on symmetric cones
and Jordan algebras, we refer the reader to the excellent exposition by J. Faraut
and A. Korédnyi [7].

A Jordan algebra (J,0,4+) is a commutative algebra whose multiplication oper-
ator o satisfies the Jordan identity xo (x?oy) = x2o(xoy) for all x,y € J, where
x? denotes x o x. The multiplication operator o is often called the Jordan product
of the Jordan algebra. We use Ly to denote the Lyapunov operator y € J+— xoYy.

A Jordan algebra (J, o) is said to be formally real if

(x*+y’=0 = x=y=0) Vx,ycJ.

A formally real Jordan algebra has a identity element e: an element that satisfies
eox = x; see [13]. Tt is also noted in [13] that a formally real Jordan algebra
is power associative®: if we recursively define, for each element x € J, the k’th
power by x° = e and x* = x*lox for k = 1,2,..., then x** = x* o x! for
all nonnegative integers k and [ (i.e., the collection of all powers of an element x
forms a semigroup). This important fact results in the existence of the minimal
polynomial for each element x € J: the monic polynomial in R[X] that generates
the principle ideal {p € R[X] : p(x) = 0}. The maximum degree of all minimal
polynomials is called the rank of the Jordan algebra. An element x € J is said to
be regular if the degree of its minimal polynomial coincides with the rank of J.

Henceforth, r shall denote the rank of J.

The minimal polynomials also give us two important functions. For a regular
element x, its trace is the coefficient of the second highest power in its minimal
polynomial, and its determinant is the constant term in its minimal polynomial.
As the set of regular elements is dense in J, and both functions are continuously
extendable to J as polynomials, we can define the trace and determinant of all
elements of J; see [7, Proposition 11.2.1].

4This is actually true in general for all Jordan algebras; see (7, Proposition II.1.2].
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Example A.1. The space of r x r real symmetric matrices S equipped with the
symmetrized product %(AB + BA) is a formally real Jordan algebra with identity
I. The notions of minimal polynomial, trace and determinant are as we commonly

defined.

It is known (see, e.g., [7, Proposition VIII.4.2]) that a Jordan algebra with iden-
tity is formally real if and only if it is a Fuclidean Jordan algebra; i.e., there is a
symmetric positive definite bilinear functional B : J? ~— R that is associative; i.e.,
B(xoy,z) = B(y,xoz) for all x,y,z € J. Equivalently, a Euclidean Jordan algebra
is a Jordan algebra with identity such that the bilinear function (x,y) +— tr(xoy) is
positive definite; see [7, Proposition III.1.5]. Thus a Euclidean Jordan algebra can
be given a Euclidean structure with the inner product (-,-) : (x,y) € 3% — tr(xoy)
in such a way that Ly is self-adjoint.

It is known that if (J,0) is a Euclidean Jordan algebra, then the interior of its
cone of squares {xox : x € J} is a symmetric cone in the Euclidean space (J, (-, -)).
We denote this interior by 2(J). Moreover, this symmetric cone coincides with the
set of elements with positive definite Lyapunov operators; see [7, Theorem I11.2.1].
A key ingredient in showing the homogeneity of the cone of squares is the quadratic
representation of J: Py : X € J +— 2£,2{ — L. The collection of quadratic repre-
sentations at all x € (J) gives a transitive subset of automorphisms of (J). In
particular, to each x € Q(J) is associated a unique y € Q(J) such that Pye = x.
We denote such y by x'/2, and called it the square root of x.

Conversely, given any symmetric cone {2, there is an Euclidean Jordan-algebraic
structure such that the symmetric cone coincides with the interior of the cone of
squares. Moreover the closure ¢l(€) of the symmetric cone coincides with the cone
of squares; see [7, Theorem II1.3.1].

Alternatively, the symmetric cone Q(J) can be defined as the connected com-
ponent of the set of invertible elements containing the identity element; see [7,
Theorem III.2.1]. An element x is said to be invertible if there exists a linear com-
bination of powers of x whose Jordan product with x is the identity element. This
linear combination of powers is called the inverse of x, and denoted by x~!. It is
unique since the subalgebra generated by x and the identity element e is associative.
An element x is invertible if and only if its quadratic representation is nonsingular,
and in this case, P! = Py-1; see [7, Theorem I11.3.1].

Example A.2. For the Jordan algebra of v X r real symmetric matrices, the cone
of squares is the cone of all positive semidefinite matrices. The quadratic represen-
tation of a matriz X is Y — XYX. The notions of square root and inverse are as
we commonly defined.

A.1. Spectral decompositions. A key ingredient in the study of formally real
Jordan algebra by P. Jordan et al. [13] is the set of idempotents. An idempotent of
J is a nonzero element ¢ € J satisfying coc = c. Amongst the idempotents are the
primitive ones: idempotents that cannot be written as the sum of two idempotents.
Two idempotents ¢ and d are said to be orthogonal if c od = 0. Orthogonal
idempotents are indeed orthogonal with respect to the inner product (-, -) since

(c,d) = (coe,d) =(e,cod).

From its definition, it is straightforward to check that the sum of two orthogonal
idempotents is an idempotent, and that an element c is an idempotent if and only if
the element e — ¢ is an idempotent. A complete system of orthogonal idempotents is
a set of idempotents that are pair-wise orthogonal and sum to the identity element
e. A Jordan frame is a complete system of orthogonal primitive idempotents. The
number of elements in any Jordan frame always coincide with the rank of J; see
paragraph immediately after Theorem III.1.2 of [7].
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Example A.3. For the Jordan algebra of v X r real symmetric matrices, an idem-
potent is a product PPT where the matriz P has orthogonal columns of unit length.
It is primitive if and only if it is of rank one. A complete system of orthogonal
idempotents is a p-tuple (P;PT,... ,PpPg) with the columns of P1,...,P, taken
from the columns of an orthogonal matriz. A Jordan frame C is then a complete
system of v orthogonal idempotents with each P; a column-matriz.

For each x € J, there exists numbers Ay < --- < A, and a Jordan frame
{c1,...,¢,} such that x = Ajc; + -+ + A.c,. This is known as a spectral de-
composition of type II of x; see Theorem II1.1.2 of [7]. Moreover, the set of values
of \;’s (with their multiplicities) remain unchanged over all such Jordan frames.

When the primitive idempotents corresponding to the same eigenvalues are com-
bined, we have the spectral decomposition of type I: x = p1¢1 + - -+ + uxCp, where
uy < --- < py are the distinct eigenvalues of x, and ¢; is the sum of the primitive
idempotents corresponding to the eigenvalue p;; see also Theorems IT1.1.1 [7]. This
spectral decomposition is unique.

The values \; in a type II spectral decomposition are called the eigenvalues
of x, and are denoted by A;(x), with \(x) < -+ < A.(x). In terms of the
spectral decompositions, the inverse of an invertible element x is the element
x = X\N(x)"te; + - + M\ (x)"te,, and the square oot of an element x in the
symmetric cone (J) is the element x'/2 = Ay (x)"/2¢c; + - - - + A\ (x)?c,..

For an element x with the type I spectral decomposition x = pycy + - - - + pgcy,
the orthogonality of the idempotents implies that a polynomial p € R[X] is in
the principle ideal generated by the minimal polynomial if and only if p(u;) =

- = p(pr) = 0. Thus the minimal polynomial of an element x is ¢ +— (¢t —
u1) -+ (t — pg). Consequently, an element is regular if and only if it has distinct
eigenvalues. Moreover, the trace of x is the sum Aj(x) + --- + A\ (%), and its
determinant is the product A(x) x -+ X A.(x). The norm of an element x is then
VA1(x)2 + -+ + A\ (x)2. In particular, the square of the norm of an idempotent is
the number of pairwise orthogonal primitive idempotents summing up to it.

The logarithm of the determinant plays an important role in interior-point meth-
ods for symmetric cone programming: its negation serves as a barrier (called the
log-determinant barrier) for the symmetric cone Q2. We note that the gradient of
this log-determinant barrier at x € Q is —x !, and its Hessian is Pz! = Py1; see
[7, Proposition I1.3.3 and Proposition 111.4.2]°.

A.2. Peirce decomposition. For any idempotent c, its Lyapunov operator L.
can only have eigenvalues 0, 1/2 or 1; see [7, p. 62]. We denote by J(c,0), J(c,1/2)
and J(c, 1) the (possibly empty) eigenspaces associated with the eigenvalues 0, 1/2
and 1, respectively. Since L, is the identity map, the eigenspaces of the orthogonal
idempotents ¢ and e — ¢ satisfy J(c,0) = J(e — ¢, 1), J(c,1/2) = J(e — ¢, 1/2) and
J(c,1) = J(e — ¢,0). Recall that L, is self-adjoint. Thus we have the orthogonal
decomposition

J=3(c,1) +3(c, 1/2) + (¢, 0)
=J(c,1) 4+ J(c,1/2) N J(e — ¢,1/2) + J(e — c, 1).

This is known as the Peirce decomposition of J with respect to c.

S5Part (ii) of [7, Proposition II1.4.2], while stated only for simple Euclidean Jordan algebras,
is in fact true for general Euclidean Jordan algebras. This follows from the fact that when a
Euclidean Jordan algebra is written as the direct sum J1 ®- - - @ Jx of simple Euclidean Jordan al-
gebras, the determinant det(x1, . .., x()) decomposes into the product detq(x1) - det(”>(x(“)) of
determinants on each component, and the quadratic representation 'P(x1 x(m)) is block diagonal

.....

with the quadratic representations Px,, ..., P, (») as the diagonal blocks.
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For simplicity of notation, we shall use J. to denote the (nonempty) eigenspace
J(c,1), and for each pair of orthogonal idempotents (c,c’), we shall use Jeor to
denote the (nonempty) common eigenspace J(c,1/2)NJ(c’,1/2). The above Peirce
decomposition J = J¢ + Je,e—c + Je—c With respect to ¢ can be generalized to one
with respect to a collection of pairwise orthogonal idempotents that sums up to the
identity element.

Theorem 12 (Peirce decomposition, cf. Theorem IV.2.1 of [7]). For each complete
system of orthogonal idempotents C = {c1,...,¢c,}, the space J decomposes into the

orthogonal direct sum
P
3 = @3(:1 5> @3@,@
i=1 i<j
in such a way that
(1) Je, is a Jordan subalgebra of J with identity element c;;
(2) the orthogonal projector onto Je, is Pe,, and that onto Je, c, is 4Lc, Le;;

and
(3) for each 1 <i,5,k,1 <p with {i,j}N{k,1} =0,
3c,i,cj o Jci,cj C Sci + ch'a Sci o Sci,ck - Gci,ckv
Jci,cj O:‘cj,ck, - 3ci,ck7 3c,i,cj o 3ck,cl = {O}

Proof. This theorem follows from Theorems 8 and 9 of [13], and their proofs. [

For each x € J, its decomposition into x = > %, xc, + D icjXeje; With Xe, =
2P, (x) and X, c; = 4L, (Le,;(x)) is called its Peirce decomposition with respect
to the complete system of idempotents {c1,...,cp}.

Example A.4. For the Jordan algebra of v X r real symmetric matrices, the Peirce
decomposition of a matriz X with respect to a complete system of orthogonal idem-
potents (P1PT,... . P,PT) is X = 37  PPIXP,PI + Y, . PPIXP,PT +
PijXPiPiT.

i<j

The Peirce decomposition allows us to express the eigenvalues and eigenspaces
of the Lyapunov operator L in terms of the spectral decomposition of x: if x =
picy + - -+ 4+ prck is the type I spectral decomposition of x, then the subspace
Jei e, » if nonempty, is an eigenspace of Ly associated with the eigenvalue %(ul + ).
Subsequently, the eigenvalues and eigenspaces of the quadratic representation Py
can be similarly obtained: the subspace Jc,,c,, if nonempty, is an eigenspace of
Py associated with the eigenvalue ;. These observations leads to the following
lemma.

Lemma A.1 (cf. Lemma 12 of [1]). If Lx (resp., Px) and Ly (resp., Py) are
similar to each other, then x and 'y have the same set of eigenvalues.

Proof. In the Peirce decomposition with respect to a complete system of orthogo-
nal idempotents (ci,. .., cp), the subspace J¢, is generated by any set of orthogonal
idempotents summing up to ¢;, and has dimension |c;||>. Thus if two Lyapunov
operators (or quadratic representations) are similar to each other, then the corre-
sponding elements share the same eigenvalues, and each eigenvalue occurs the same
number of times in each type II spectral decomposition. O

A.3. Some new results.

Lemma A.2. For each automorphism A in the identity component G of the auto-
morphism group G(2) of Q and all x € Q,

—logdet(Ax) = —logdet(x) + c4, (A'x)"P=A"x"1 and Payx = A"PLA.
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Proof. When A is a quadratic representation, the first equation follows from [7,
Proposition II1.4.2]. In general, we decompose A into the product P,Q of the
quadratic representation of some p € ) and some orthogonal automorphism Q
in the identity component of G(€2) (see [7, Theorem IIL.5.1]), and note that the
determinant is invariant under automorphisms of J (see [7, Theorem 11.4.2]), whence
invariant under Q (see Theorem A.7). Differentiating the first equation twice gives
—AN(Ax)™! = —x~! and AP LA = Pt Since Q is self-dual implies that G(Q)! =
G(Q), the other two equations follows. O

Lemma A.3. For each x € Q and each A € G satisfying Ax = e, the elements
z € J and AP,1/22Z always have the same set of eigenvalues.

Proof. We shall show that the quadratic representations of z and AP,1/2z are
similar to each other, whence by Lemma A.1, both elements have the same set of
eigenvalues. By the choice of A, AP,1/2e = Ax = e. Therefore Q := AP,1/2 € G
is orthogonal by Theorem A.7. By Lemma A.2, Pap = 9P, QT is similar to

x1/2%2
P O
Lemma A.4. For each A € G, AA'e = (Ae)?.
Proof. By Lemma A.2, AA'e = AP Ale = Pyce = (Ae)?. O

Lemma A.5. For any A € G, and any x,s € Q2, xos = e if and only if A'x o
A ls =e.

Proof. Since every automorphism A decomposes into A = Pp Q" for some orthog-
onal automorphism Q in the identity component of G(2) and some p € Q (see [7,
Theorem II1.5.1]), we can write A’x 0 A™!'s = QPpx 0 QP,-1s.

From the fact that the orthogonal subgroup of G(2) coincides with both the
automorphism group G(J) and the stabilizer subgroup G(Q2)c,, of the unit c;, in
G(9) (see Theorem A.7), we have A'xo A™!s = QPyx0QP,-18 = Q(Ppx0oPp-18),
and subsequently, A'x o A~™!s = ¢, if and only if Ppx o Pp-1s = e. The lemma
then follows from Lemma 28 of [1] (cf. Theorem 3.1 (i) of [19]). O

Example A.5. For the Jordan algebra of v X r real symmetric matrices, an au-
tomorphism of the cone of positive definite matrices takes the form X — PXP7T
for some invertible matriz P. It is in the identity component G if and only if
det(P) > 0. The first lemma specializes to the well-known facts —log det(PXPT) =
—log det(X)—logdet(P)?, (PTXP)! = P !X !PT, and (PTXP)Y(PTXP) =
PT(X(PYPT)X)P. The second lemma follows easily from XS + SX = 21 <=
XS =1

A 4. Automorphisms of Euclidean Jordan algebras. In Section II.1 of [25],
it was stated without proof that if (J,0) is a Euclidean Jordan algebra and ) is
its associated symmetric cone, then the stabilizer subgroup G(Q)e of the unit e in
G(Q) coincide with the group of automorphisms G(J) of J. Here we give a proof of
this fact.

Theorem A.6. Given a Euclidean Jordan algebra (J,0) with unit e and associated
symmetric cone §), the stabilizer subgroup G(Q)e of the unit e in G(Q) coincide with
the group of automorphisms G(J) of J.

Proof. Consider the inner product (-,-) : (x,y) + trace Loy, Where Ly denotes
the linear map y — xoy. Let O(J) denote the orthogonal group of the Euclidean
space (J, (-,-)); i.e., O(F) ={A € GL(J) : (Ax, Ay) = (x,y) Vx,y € J}.

Let ¢ be the characteristic function of €2; i.e.,

p:x€EN— e~ Yy,
Qt
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where dy denotes the Euclidean measure on (J, (-,-)). Let x* denote the negative
gradient of the logarithmic derivative of ¢ at x. We deduce from Propositions
I1.3.4 and II1.2.2 of [7] that exp Lx € G(€2). Thus by Proposition 1.3.1 of [7], we
have log ¢(exp Lx o €) = logp(e) — logdetexp Lx = log p(e) — trace L. Differ-
entiating this at 0 gives trace L, = —Dlogp(e)[h]. Since trace £, = (h,e) and
—Dlog p(e)[h] = (e*, h), it follows that e is a fixed point of the map x €  +— x*.
Proposition 1.4.3 of [7] then states that G(2) N O(J) = G(Q)e.

We now show that G(J) coincides with G(Q2) N O(J) = G(NQ)e. It is straightfor-
ward to check that every automorphism of J is an automorphism of Q (which is
the interior of the cone of squares) that stabilizes the unit e. For the other direc-
tion, it suffices to show that every linear map A € G(2) N O(J) = G(Q)e preserves
orthogonality of idempotents and maps every primitive idempotent to some prim-
itive idempotent, for if x = > A;c; is the spectral decomposition, then we have
A(x?) = A (X Me;) = X N A(c) = (2 NiA(c))? = (Ax)2, whence A € G(J) by
polarization. Suppose A € G(2)NO(J) = G(N)e. Two idempotents are ¢ and d are
orthogonal if and only if (c,d) = 0. One direction of this statement follows from the
definition of (-, -). For the other direction, suppose that ¢ and d are two idempotents
satisfying (c,d) = 0. Since the inner product (-,-) is associative (see Proposition
I1.4.3 of [7]), L. is self-adjoint. Proposition II1.1.3 of [7] then implies that L. is
positive semidefinite. Thus it has a self-adjoint, positive semidefinite square root

£Y?. Hence 0 = (¢,d) = (c,d?) = (cod,d) = (Led, d) = <,c}/ 2d, Li/2d> shows

that ﬁi/Qd = 0, whence cod = ﬁiﬂﬁiﬂd = 0; i.e., c and d are orthogonal.
Since A is orthogonal, it follows that orthogonal idempotents remain orthogonal
under A. Proposition IV.3.2 of [7] states c is a primitive idempotent if and only if
{Ac : A > 0} is an extreme ray of Q. Since A € G(2), it maps each extreme ray
to some extreme ray of €2. Thus it maps each primitive idempotent ¢ to a positive
multiple Ad of some primitive idempotent d. In fact, A must be unit since

0<(d,d) =(d*e) = (d,e) = (d, Ade) = A" (Ac, Ae)
=A""{c,e)=A""(c* e) =A""(c,c) = A" (Ac, Ac) = A (d,d)
Hence A maps each primitive idempotent to some primitive idempotent. O

The proof of the theorem shows that both G(2)e and G(J) coincide with certain
orthogonal subgroup of G(€2). The next theorem gives a similar result.

Theorem A.7. Given a Euclidean Jordan algebra (J,0) with unit e and associated
symmetric cone §2, the groups G(Q)e and G(J) are both equivalent to the orthogonal
subgroup of G(Q2) under the inner product (-,-) : (x,y) — tr(xoy).

Proof. Let O(2) denote the orthogonal subgroup of G(2) under (-,-). By Propo-
sition I1.4.2 of [7], if A € G(J), then tr(Ax o Ay) = tr A(xoy) = tr(x oy) for all
x,y € J, whence A is orthogonal. Therefore G(J) = G(Q)e € O(€2). According to
Proposition 1.1.8 of [7] and the paragraph following it, G(€)e is a maximal compact
subgroup of G(€2). Hence O(2) C G(Q)e. O

Example A.6. For the Jordan algebra of v X r real symmetric matrices, an auto-
morphism of the Jordan algebra takes the form X — QXQT for some orthogonal
matriz Q, which clearly stabilizes the identity I. It is also orthogonal under the
trace inner product: tr(QXQT)(QYQT) = tr XY.
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