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Abstract

In a predictor—corrector arc-search method, a point on the predictor arc is first selected and
a corrector is then computed at that point. Since the Karush-Kuhn-Tucker (KKT) matrix
changes with the selected point, this correction may require a second factorization in each itera-
tion. We propose a one-factorization arc-search method (OFAS) for semidefinite programming
(SDP) that avoids this second factorization, retains the corrector after the arc step, and uses
only one KKT factorization per iteration. The key is a three-term decomposition of the comple-
mentarity mismatch at the selected point on the arc, which allows the correction to be assembled
from linear-system solutions using the factorization at the current iterate. We also propose a
curvature-amplified variant (CA-OFAS) that amplifies the second-order arc term. The proposed
methods are formulated with a homogeneous self-dual embedding. For a wide long-step neigh-
borhood, we prove that both methods reduce the homogeneous complementarity and residuals
below € in O(nlog(1/¢)) iterations for an n-by-n SDP matrix variable. Numerical experiments
show that the one-factorization structure and the correction after the arc step are associated
with reductions in computation time. Compared with the Mehrotra-type method, CA-OFAS
reduces the geometric-mean computation time by 17% on SDPLIB and 13% on neural network
verification SDP problems.

Keywords: Semidefinite programming - Interior-point method - Arc-search - One-factorization -
Homogeneous self-dual embedding

1 Introduction

Semidefinite programs (SDPs) arise in control, combinatorial optimization, statistical modeling, and
convex relaxations for nonconvex problems [1, 2]. Primal-dual interior-point methods remain useful
when high-accuracy solutions are required, as illustrated by widely used implementations such as
SDPA, SDPT3, and SeDuMi [3-5]. Recent developments also include regularized SDP interior-
point algorithms and general conic solvers built around homogeneous embeddings [6, 7]. Their cost
is strongly influenced by the linear algebra for the Newton/Karush—-Kuhn—Tucker (KKT) equations.
For SDP in particular, a Schur-complement or KKT factorization can dominate an iteration. This
motivates algorithms that control the number of matrix factorizations as well as the iteration count
[8].

Homogeneous self-dual (HSD) embeddings let primal-dual interior-point iterations start without
first constructing a feasible primal-dual pair. Self-dual LP formulations go back to Goldman and
Tucker [9], and Ye-Todd-Mizuno later gave an HSD interior-point algorithm for LP [10]. The
embedding combines the primal and dual systems in an augmented formulation; after normalization,
a limiting solution yields either an optimizer of the original problem or an infeasibility certificate.
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Homogeneous embeddings also underlie modern conic solvers such as Clarabel [7], where symmetric
cones are handled with Nesterov—Todd (NT) scaling in a primal-dual interior-point framework
[11, 12].

Arc-search interior-point methods incorporate local curvature by replacing a straight predictor
with an arc when tracking the central path or an analogous path for infeasible iterates. At the
current iterate Wy, denote the first two derivatives of a local path by Wy, and Wj,. With « as the
arc angle, the predictor has the familiar form

Wi(a) = Wy, — Wy sina + Wi (1 — cos a).

Arc-search methods were first developed as polynomial-time algorithms for convex quadratic pro-
gramming and LP [13, 14], and were later extended to infeasible interior-point methods, symmetric-
cone optimization, and SDP [15-20]. Other studies include a computationally efficient arc-search
method for infeasible LP [21], an extension to general convex optimization [22], a method combined
with Nesterov’s restarting strategy [23], an extension to nonlinear constrained problems [24], and
a method that solves Newton systems inexactly [25]. See also Yang [26] for further developments
of arc-search methods. We are not aware of an earlier arc-search analysis carried out directly in an
HSD formulation.

Some predictor—corrector arc-search methods first select a point on the arc and then compute
a separate corrector at that point, whereas other methods do not perform this additional correc-
tion [15, 21, 23]. In the former case, the KKT coefficient matrix changes with the scaling at the
selected point and may require another factorization. In the latter case, the coefficient matrix at
the current iterate can be reused. A detailed comparison of these computational structures is given
in Section 2.4.

Motivated by this factorization cost, we construct a one-factorization arc-search method (OFAS).
It keeps the corrector applied after the arc point is selected, but factors the KKT matrix only at the
current iterate. The central device is an exact decomposition of the selected-point complementarity
mismatch into three terms in the current N'T coordinates. We solve for the associated correction
bases with the current KKT factorization and combine them only after the candidate values of the
arc angle a and the centering-recovery parameter p are fixed. Candidate changes therefore do not
trigger a new KKT factorization. In OFAS, the single factorization serves five algorithm-specific
right-hand sides. HSD and predictor—corrector methods commonly reuse a factorization across sev-
eral right-hand sides, as does Clarabel [7, 10]; here the three-term decomposition extends that reuse
to a post-arc corrector whose matrix would otherwise vary with the selected point.

We further introduce a curvature-amplified one-factorization arc-search method (CA-OFAS),
which selectively amplifies the arc term corresponding to the second-order direction. This modifica-
tion uses curvature information more aggressively while keeping the same one-factorization structure
as OFAS. The amplified candidates are constructed using the directions and correction bases al-
ready computed in OFAS and require no additional matrix factorization or linear-system solve. If
an amplified candidate is not accepted, the method uses an OFAS candidate. Thus, CA-OFAS
tests curvature-amplified candidates while retaining the worst-case iteration bound established for
OFAS.

The contributions are threefold.

(i) We develop OFAS for SDP, which retains a separate corrector after selecting the point on
the arc while requiring only one KKT matrix factorization per iteration. We also construct
CA-OFAS, a curvature-amplified method with the same one-factorization structure.

(ii) Using a wide long-step neighborhood, we establish the well-definedness of OFAS, finite ter-
mination of the candidate selection, and the existence of a uniform admissible window at
each iteration. The resulting iteration bound is O(vlog(1/¢)) for reducing the homogeneous
complementarity and residuals below ¢, where v = n 4 1 is the rank of the HSD cone. Under
Assumption 2.2, we also study the projectively normalized HSD sequence and prove that its
distance to the primal-dual optimal set tends to zero. Since CA-OFAS has an OFAS fallback
candidate, it inherits the same iteration bound.



(iii) We implement OFAS and CA-OFAS in the HSD framework of Clarabel.jl and evaluate
them on SDPLIB and neural network verification SDP (NNV-SDP) problems. First, we
compare OFAS with Two-factorization, which refactorizes the KKT coefficient matrix after
selecting the point on the arc, and Corrector-free, which omits the separate corrector at that
point. These comparisons examine the contributions of factorization reuse and the corrector.
Among matched problems reaching the high-accuracy termination criterion, OFAS reduced
the computation time relative to Two-factorization by about 44% on SDPLIB and about
38% on NNV-SDP, and relative to Corrector-free by about 37% and 42%, respectively. We
then compare CA-OFAS with OFAS and observe that curvature amplification reduced the
computation time by about 4% and 19%, respectively. Finally, we compare the methods with
a Mehrotra-type method and the Liu-type method based on Liu-Liu (2012) [27, 28]. Among
matched problems reaching the high-accuracy termination criterion, CA-OFAS reduced the
computation time relative to the Mehrotra-type method by about 17% on SDPLIB and about
13% on NNV-SDP, and relative to the Liu-type method by about 20% and 12%, respectively.

Section 2 develops the HSD-SDP setting, NT scaling, the wide long-step neighborhood, and
the arc equations used later. Section 3 then introduces OFAS and CA-OFAS, while Section 4
establishes candidate-search termination, the iteration bound, and projective normalization for the
solvable case. Numerical results are reported in Section 5, followed by the conclusions in Section 6.

2 SDP with an HSD Embedding and the Foundations of Long-
Step Arc-Search

2.1 SDP and the HSD Formulation

Let n,m € N. Write S™ for the space of real symmetric n x n matrices; its positive semidefinite and
positive definite cones are denoted by S} and S}, . For U,V € §", the relations U =V and U =V
mean U —V € S} and U —V € ST, respectively. The problem data are C' € S", b € R™, and a
linear map A : S"™ — R with adjoint A4*. We write U @ V := tr(UV) for the matrix inner product
and use I and O for the identity and zero matrices of order n. Unless a different norm is indicated,
vector norms are Euclidean and symmetric-matrix norms are Frobenius norms.

We consider the following primal SDP in equality standard form and its dual:

* = . — >_ k = T * _ >_ )
pr=min{Ce X [AX) =0, X =0}, di= max {0y | A(y)+5=C, 50}

Assumption 2.1 (Surjectivity). The map A is surjective.

Assumption 2.1 is equivalent to linear independence of the equality constraints. In the setting
considered here, linearly dependent equality constraints can be removed in preprocessing, and we
assume that this preprocessing has been applied.

We embed the original primal-dual SDP into a homogeneous self-dual (HSD) system. The
basic idea of the HSD formulation goes back to Ye et al. [10] for linear programming. Self-dual
skew-symmetric embeddings and homogeneous interior-point methods for semidefinite programming
were studied by de Klerk et al. [29], Potra and Sheng [30]. When the quadratic objective term is
absent, the homogeneous embedding used in Clarabel reduces to the standard homogeneous self-dual
embedding [7]. Let the HSD variable be W = (X, vy, S, 7, k). We use the following system:

AX)—=br=0, Ay +S—-Cr=0, CeX-bly+r=0,

1

X >0, S >0, T >0, k> 0. M)
Here, 7 € R homogenizes the primal-dual variables, and x € R is an auxiliary variable associated
with the primal-dual gap. We refer to this embedded system as the HSD-SDP formulation. The
pairs (X, 7) and (S, k) are primal and dual cone variables over S x R, , and their complementarity
is measured by X ¢ S + 7k. If 7 > 0, the original SDP variables are recovered by projective



normalization, (X,¥,5) := (X/7,y/7,5/7). For an exact HSD solution, the normalized point
satisfies the primal and dual equalities of the original SDP. At an exact HSD solution with 7 = 0 and
k>0, we have C @ X —bTy = —k < 0, so at least one of C'® X < 0 and b7y > 0 holds. The former
certifies dual infeasibility, while the latter certifies primal infeasibility. The present complexity
analysis focuses on the solvable case with 7 > 0; iteration bounds for certificate recovery are outside
its scope. An infeasible interior-point method need not satisfy the equality part of (1) exactly at
every iteration. We therefore define the residuals R, (W) := A(X) —br, Rq(W) := A*(y)+ S - C,
and Rg(W) := Ce X —bTy+k. Let the residual space be F := R™ xS" x R. We also let 0,, € R™ be
the zero vector and define the zero element of F by Ox := (0,,,0,0). We collect the three residuals
in the HSD residual map

Y(W) = (Bpy(W), Ra(W), Rg(W)) € F.

and equip F with the norm ||(u, V,x)|l7 := (|Jul® + [[V]% + [x|>)"/2. The map ¥ is linear, and
U (W) = O is equivalent to the three linear equalities in the HSD system. In the interior-point
iterations below, we call an HSD point W = (X, y, S, 7, k) strictly interior if X, S > O and 7,k > 0.

For the iteration-complexity analysis and Algorithms 1-2, we start from the standard HSD initial
point Wy := (1,0,1,1,1). This point lies in the interior of the cone, but in general does not satisfy
U(Wp) = Or. We call Wy the standard initial point.

The next assumption is needed only for the analysis of normalized approximate solutions of the
original SDP. Define the primal, dual, and joint optimal sets by

Pr={X>0: AX)=0b, CeX =p"},
D :={(y,S): A*(y)+S=0C, S=0, bly=d},
zZr={(X,y,5): X € P*, (y,S) € D*}.

Assumption 2.2 (Solvability and bounded optimal solution sets of the primal-dual problem).
Both problems attain finite optimal values and strong duality holds, so d* = p* € R. The sets P*
and D* are bounded.

This assumption is not used in the homogeneous long-step analysis itself. It is needed only
when an HSD point is quantitatively converted into a normalized approximate solution of the
original SDP. More specifically, Assumption 2.1 is needed for nonsingularity of the KKT operator
at the current iterate, whereas Assumption 2.2 is used in Section 4.5 to exclude nonzero directions
that would make the primal or dual optimal solution set unbounded and to control the projective
scale. Therefore, the homogeneous iteration bounds in Theorem 4.7 and Corollary 4.8 do not require
Assumption 2.2. For the projective normalization introduced immediately after (1), the residual
identities are A(X) —b = Rp,(W)/7 and A*(§) + S — C = Rq(W)/7 whenever 7 > 0. In Section 4.5,
under Assumption 2.2, we evaluate the relative scales of 7, and the homogeneous progress measure
along the sequence generated by Algorithms 1-2. We then show that the normalized primal residual,
dual residual, complementarity, and duality gap converge to zero.

2.2 NT Scaling and Complementarity Geometry

Throughout this subsection, let R := {t € R: ¢ > 0}, and let A(4) := (A (4),...,\.(A4)) denote
the eigenvalues of A € S”, ordered as A\j(A4) < --- < A\, (A). We use the direct-product Euclidean
Jordan algebra £ := S" x R for one positive semidefinite (PSD) block and the scalar HSD block.
For U = (Ux,u) and V = (Vx,v) in &, define the Jordan product by

UxVx +VxUx

UoV =
o ( !

uv), UoV =Vol.

The identity and zero elements of £ are I := (I,1) and O := (O,0), respectively, and the inner
product is (U, V)g := Ux @ Vx + wv. The induced norm is written as |U||¢ := /(U,U)s. When
the arguments clearly belong to £, we omit the subscript £ and write (-,-) and || - ||. We also define



Tre(U) = (I,U)e and Apin(U) := min{\;(Ux),u}. For simplicity, we describe the method for
a single PSD block. The same construction applies to multiple PSD blocks over a direct-product
cone, as briefly discussed in Remark 4.12.

Since S x Ry is a symmetric cone, NT scaling applies to this product cone [11, 12]. We set
v := n + 1 and define the average complementarity by pu(W) := (X e S + 7x)/v. For an HSD
interior point W with X, S = O, 7 > 0, and s > 0, define A(X, S) := A(XY/25X/2) and h(W) :=
(MX,8),7r) € RY |, and denote the ith component of (W) by h;(W'). The componentwise average
of h(W) is u(W).

For the homogeneous analysis, we use the progress measure

QW) := max{p(W), | Rp(W)||, [[Ra(W)I|, | Rg(W)[}

which combines the average complementarity and the HSD residuals. When 7 > 0, we instead
measure the KKT accuracy for the original SDP by

Qspp(W) := max{ [Ry(W)|| |Ra(W)|| X oS |CeX —bly }

L R T

This quantity measures the primal residual, dual residual, complementarity, and duality gap of the
normalized point (X/7,y/7,S/7). To recover a solution of the original SDP, we use the stopping
condition Qgpp(W) < § for a tolerance 6 > 0. The quantity Q(W) is used for the homogeneous
progress analysis in Section 4. Section 4.5 shows that the normalized stopping condition is satisfied
after finitely many iterations.

For the PSD cone, we use the same NT scaling as in Clarabel.jl [7]. For an HSD interior point
W= ()? Y, S T, R), let M (W) denote the inverse scaling matrix maintained at that point. For the
PSD block, an explicit symmetric NT choice is

M(/W) _ [55—1/2 ()?1/252?1/2)1/2)?—1/2} 1/2 ’

where all matrix square roots are the principal positive definite square roots. Indeed, with G :
M (W)TM (W) this choice gives GXG = S. Multiplying this identity by M (W) T from the left
and by M (W) ! from the right gives the equality of the primal and dual variables in the scaled
coordinates in (2). Thus,

M(W))?M(W)T = MW) TSMW) ™ = QYT (W) = 0 (2)
holds. We also define 5 = /K/7. For a generic HSD vector V = (Vx, vy, Vs, v7,v,), define its

NT coordinates with respect to the reference interior point W by

P(V;TV) i= (M(W)Vx M ()" aﬂW)vT)v 3)
R(ViW) = (M(W) TVsM(W)™", €(W) ).

In particular, . o o .
QYT (W) := P(W; W) = ROW; W) = (QX" (W), VTR).
We represent complementarity in the NT coordinates of the same reference point by the quadratic

map

o(V; W) := P(V;W) o R(V; W).
At the current iterate Wy, we use the abbreviations
My :=M(Wy),  &:=E6Wr), Q)" =Q" (Wy).

Candidate points are evaluated in the NT coordinates determined by Wj. B
The standard initial point Wy satisfies u(Wy) = 1 and ®(Wo; Wy) = I. Let K := ST x Ry,
and denote the central-path parameter by p.. By the standard central-path theory for HSD-SDP



[11, 12, 30], under Assumption 2.1, for every 0 < p. < 1 there exists a unique interior point W¢(u.)
satisfying
YW (ue)) = pe ¥(Wo), PWe(pe); W (e)) = el

The second equation is the standard centrality condition based on the Jordan product on K. For
the PSD block, it is equivalent to S = u.X ~!, and for the scalar HSD block, to k = u./7. We call
{W(pe) : 0 < pe < 1} the HSD central path. Along this path, u(W°(ue)) = pe. We introduce
the central path only to describe the geometry behind the local tracking curve. Its use here does
not impose a solvability assumption for the original SDP on the homogeneous iteration bound in
Section 4. Projective normalization for the original SDP is treated in Section 4.5.

Since P(-; W) and R(+; I//I\/) are linear, ®(-; W) is quadratic. For an HSD interior point W and
HSD variables or directions V), V(2 define the associated cross term by

B(V(l), v, /W) = P(V(l); /W) o R(V(Q); W) + P(V(2)5 /W) ° R(V(l)i W)

—

The map B(-,-; W) is symmetric and bilinear, and

—

(VW + v W) =a(v D), W) + BV, VW) + o(vE; W),

For an HSD direction D, define the linearized HSD KKT operator at the reference interior point
W by - -
L(W)[D] = (¥(D), BW, D; W)). (4)

2.3 Current-Iterate KKT System, Predictor Arc, and Wide Long-Step Neigh-
borhood

A general infeasible interior point W} need not lie on the HSD central path. Following the infeasible
arc-search literature, we introduce a local path on which the HSD residual map and the NT-
coordinate complementarity are multiplied by the same scalar parameter [15, 23]. Its first two
derivatives determine the predictor arc.

Let an HSD direction be D = (Dx,dy, Dg,d;,d,). At the current iterate W, (3) becomes

P(D;Wy,) = (MDx M}, &d,),

5
R(D;Wy) = (M, "DsM; ", & 'dy). ®)
Since P(Wy; W) = R(Wy; W) = QYT at the current iterate, B(Wy, D; W) = QYT o {P(D; Wy,) +
R(D;Wy)}. Therefore, the specialization of (4) to W = Wy, is

A(Dx) — bd,
A*(dy) + Dg — Cd;
C’oDX—dey-i-d,.C
Qp" o {P(D; W) + R(D; Wy)}

L(W3)[D] = c FxE. (6)

Thus, (6) gives the matrix representation of (4) at the current iterate. By Lemma 3.3, L(W}) is
nonsingular under Assumption 2.1 and strict interiority of Wj. In this paper, “one factorization”
means that this matrix is factorized only once in each interior-point iteration and that the resulting
factorization is reused for multiple right-hand sides.

Using the NT scaling determined by W}, consider a local curve Wk(t) near t = 1 satisfying

Wi(1) = Wy, W(We(t) =t O(Wy),  ®(Wi(t); W) = t ®(Wy; Wy). (7)

The Jacobian with respect to W in (7) at (W,t) = (Wk, 1) is L(Wy). Since this operator is
nonsingular, the implicit function theorem gives a unique smooth curve locally around Wj. This
curve is distinct from the HSD central path. Along it, the parameter t scales both the residual map
and the NT-coordinate complementarity from their values at the current iterate.



Let Wy, and Wj, be the first and second derivatives at t = 1, respectively. We call them the
first-order and second-order directions. Differentiating (7) once and using the linearity of ¥ and
the quadratic structure of ® gives

LW3)[Wi] = (B(Wr), ®(Wy; Wy)). (8)

Differentiating twice, the right-hand side has zero second derivative, and only the quadratic term
of ® remains. Thus, ) ‘
LW)[Wi] = (OF, —20(Wi; Wy)). (9)

Hence, W, and W), are obtained from two right-hand sides with the same KKT coefficient matrix.
Using these directions, we define the predictor arc by

Wi(a) = Wy, — W sin o + Wi, (1 — cos a). (10)

We have Wi (0) = Wy, the tangent direction at o = 0 is —Wk, and the second derivative is Wj. The
minus sign reflects that the arc follows the local tracking curve as its parameter ¢ decreases from 1.
We write Wi (ax) for the point corresponding to an accepted angle ay.

For the long-step analysis, we use the wide long-step neighborhood

X=0,5~-0,7>0, k>0,
Mong(')/) = {W = (X’ Z/, S) T, K) Il'lil'li hl(W) > 'Y,LL(W) }, 0 < 'y < ].,

which is independent of the particular scaling representation. This complementarity neighborhood
does not require HSD feasibility and therefore contains infeasible interior points. We test candidate
points in the NT coordinates of the current iterate Wj. At the current iterate, Amin(®(Wy; Wy)) =
min; h;(Wy). For a general candidate W, Lemma 4.2 shows that Apin(®(W; Wy)) > yu(W) implies
W € Mong (7). Thus, the candidate search can be performed in the current iterate’s NT coordinates,
while the analysis uses a scaling-independent neighborhood.

2.4 Comparison of Corrector Structures in Existing Arc-Search Methods

To compare the computational structure of OFAS with existing methods, we first consider methods
that rebuild the NT scaling at the accepted point on the predictor arc and compute the corrector
there. In such methods, restoring centrality at the accepted point changes the coefficient matrix.
In Algorithm 3.1 of Yang and Yamashita [15] and Algorithm 1 of Iida and Yamashita [23], the
first-order and second-order directions are computed at the current iterate, whereas the corrector
system uses the selected point on the arc in its coefficient matrix. Below, we give an HSD-SDP
reference construction in NT coordinates that captures only this computational structure.

Assume that the accepted point Wy (ay) is strictly interior. Following the centering target used

ref

in these LP methods, set i := (1 —sin ay)u(Wy) and 75" := 12°'T. Define the centering deviation

in the NT coordinates of the accepted point by A := &(Wj(ay); Wi(aw)) — Trf. A corrector

Dzor’ref that linearly removes this mismatch without changing the HSD residuals is obtained from

V(D) = 0F,  B(Wi(ag), DP Wi(ar)) = —AF.

This corrector uses L(Wy(ay)), namely the KKT operator formed at the accepted point; in general
L(Wi(ag)) # L(Wy). Thus, with a direct linear solver, constructing the predictor arc requires
one factorization of L(W}), whereas the accepted-point corrector requires another factorization of
L(Wi(ag)).

Other methods incorporate centering information directly into the arc construction and do not
solve a separate corrector system at the accepted point. For example, Yang [21] uses the same
current-iterate coefficient matrix for the first-order and second-order directions, adds a centering
term to the right-hand side for the second-order direction, and directly updates to a point on
the resulting arc. Such a method can reuse the factorization at the current iterate for multiple
right-hand sides, but it does not apply a separate post-arc corrector based on the complementarity
mismatch at the accepted point. Reusing one coefficient-matrix factorization for several right-hand
sides is standard. The key distinction is that, when a method uses an accepted-point corrector,
updating the scaling at the accepted point changes the coefficient matrix.



3 Predictor—Corrector Arc-Search with Current-Iterate NT Scal-
ing and Curvature Amplification

In this section, we construct OFAS and CA-OFAS in the current-iterate NT coordinates introduced

in Section 2. We use ®, B, L(W}), the first-order direction Wi, the second-order direction Wy, and

the predictor arc Wy («) defined there. For a general candidate angle «, we write o := sina and

1 := 1 — cos a throughout this section.

The main idea of OFAS is to retain an explicit post-arc correction while expressing its candidate-
dependent complementarity mismatch as an exact sum of three components that depend only on
the current iterate Wj. We precompute the correction response to each component using the
same KKT factorization at Wy. The dependence on the candidate parameters then appears only
through scalar coefficients, so the correction can be reconstructed without refactorizing the KKT
matrix at the accepted point. We first derive this three-term decomposition and the corresponding

one-factorization correction basis. We then describe the corrected candidates, candidate selection,
OFAS, and CA-OFAS, which uses the same basis.

3.1 Three-Term Decomposition of the Complementarity Mismatch on the Pre-
dictor Arc

Fix iteration k and define Ug(a) := Wi(a) — Wi = o(=Wy) + W The complementarity rows of
(8) and (9), together with the predictor arc (10), give

B(Wy, —Wi; W) = —®(Wy; Wy,), B(Wi,, Wi; W) = —2&(—Wy; Wy). (11)

Together with the quadratic structure of ®(-; Wy), these identities give the following exact decom-
position.

Lemma 3.1 (Exact quadratic decomposition of complementarity on the predictor arc). For any «,

S(Wi(); W) = (1 — U)‘I)("Wk; W) + o ?(—Wk, Wi; W) (12)

+ V@ (Wi W) — (= Wi Wi)}.

Proof. A quadratic expansion of ®(W}, 4+ Uy («); Wy), together with (11), gives

D(Wi(a); W) = (1= 0)®(Wi; W) + (07 — 20) (= Wi Wi) + o B(— Wi, Wi; Wi,) + 4> ®(Wi; Wy).

Using 02 = 29 — % gives (12). O

For a centering-recovery parameter p € [0, 1], define the corrector complementarity target by

Ti(ev, p) = (1 = o){(1 = p)®(Wi; W) + ppu(Wi )T } (13)

and define the complementarity mismatch by

AP (o, p) = @(Wi(a); Wy) — Ti(a, p). (14)

Here, p specifies the fraction of the current centrality deviation to be corrected, while 1 — o gives
the complementarity reduction produced by the predictor arc.

Proposition 3.2 (Three-term decomposition of the complementarity mismatch). For any o« and
p€0,1], ,
AP0, p) = p(1 — o) AT+ GUAP 4 PPAP™, (15)

where B
AP = QWi W) — (W),

AP = B(=Wy, Wi; Wy), (16)
AP = O (Wi W) — ®(—Wi; Wy).

8



Proof. Rearranging (13) gives Ty (o, p) = (1 — )@ (Wi; W) — p(1 — o) {@(Wi; W) — u(Wi)T}.
Substituting this expression into (14) and applying Lemma 3.1 gives (15). O

The three components in (15) correspond to the centrality deviation at the current iterate, the
cross term between the first- and second-order directions, and the quadratic remainder, respectively.
Thus, once Wy, Wk, and W, are fixed, all three components are fixed. The candidate («, p) enters
only through the scalar coefficients p(1 — o), ot), and 2.

3.2 One-Factorization Correction Basis and Correction-Response Map

Lemma 3.3 (Unique solvability of the NT KKT operator). Under Assumption 2.1, the NT KKT
operator L(W) is nonsingular at any HSD interior point W.

A proof is given in Appendix A.1.
For an HSD interior point W and A € £, define the correction-response map G (A; W) by

—

LW)[GA; )] = (OF, -A). (17)

By Lemma 3.3, this map is well defined and G(:; W) is linear. If D = G(A; W), then ¥(D) = Or
and B(W,D; W) = —A. Below, we use it with W = W.
Define the unit-complementarity direction by

LWR)[D™] = (07, 1), (18)

and define D™ := G(AP™; Wy,), Di*™ := G(AF™; Wy), and D™ := G(AS™; Wy). Each of Dynit,
Dien, D}gﬂx, and D;™ is an HSD residual-invariant direction; equivalently, \D(D,tcerm) = OF for
term € {unit, cen, mix, rem}. For D™ and D™ the right-hand sides in (17) can be formed directly
from Wj, and W), using (16). The centering direction Dj*" can instead be recovered algebraically
by the following lemma, so it requires no additional linear-system solve.

Lemma 3.4 (Algebraic reconstruction of the centering correction).
D™ = =Wy + Wi, + (W) D™ (19)

Proof. Using (8) and L(Wy)[Wy] = (¥(W, ) 20(Wy; Wi)), we obtain G(®(Wy; Wy); W) = =W +
Wy, Equation (18) also gives DI = G(—I; Wy). The identity then follows from the linearity of G
and Acen = (Wk, Wk) (Wk) L]

For any (a, p), define
D (a, p) := p(1 — o) DE™ + g DI 4 2 D™,
By Proposition 3.2 and the linearity of G,
LWR)[Dy (e, p)] = (OF, =A™ (e, p)). (20)

Thus, D" (a, p) is also an HSD residual-invariant direction.

Once the KKT matrix has been factorized, solving systems with additional right-hand sides
by reusing the existing factors is much less expensive than performing another factorization. At
each iteration, we factorize the matrix representation of L(W}) only once and reuse its factors
for the five algorithm-specific right-hand sides associated with Wi, Wi, Dunlt Dm‘X, and D™,
The direction D™ is reconstructed from (19), and the amplification-specific dlrectlon used by CA—
OFAS below can also be reconstructed algebraically from Wj,. Therefore, changing the candidate
parameters or testing an amplification candidate requires neither an additional KKT factorization
nor an additional algorithm-specific linear-system solve. Evaluating a candidate then requires only
linear combinations of precomputed directions, computation of auxiliary scalars, and evaluation of
the acceptance conditions.



Remark 3.5 (Relation to the reduced KKT system in Clarabel.jl). The direct solver in Clarabel.jl
does not directly factorize the full matrix representation of (6). Instead, it eliminates the cone-
slack directions and the HSD scalar coupling, forms a reduced symmetric KKT system, and applies
a direct LDL factorization to the reduced matrix [7, Section 3]. Once the NT scaling at the
current iterate is fixed, the same reduced KKT matrix is used for Wk, Wk, D}gmit, Dg‘ix, and D;™;
only the right-hand side changes. Thus, the abstract one-factorization construction in (6) can be
implemented in Clarabel.jl by reusing the factors of one reduced KKT matrix for multiple right-hand
sides.

3.3 Corrected Candidates and Candidate Selection with Theoretical Guarantees

We add the correction D = D" («, p) in (20) to the point Wy (a) on the arc. Since the complemen-
tarity row gives B(Wy, D; Wj) = —A " (a, p), a quadratic expansion of ® with the above Uy(w)
gives

S(Wi(a) + D; W) — Ti(e, p) = B(Ug(ar), D; W) + (D; Wy) : (21)
—_———

arc—correction cross term  quadratic correction term

Thus, the current-iterate KK'T correction exactly removes the complementarity mismatch linearized
at the current iterate. The only remaining terms in (21) are the cross term between the arc increment
and the correction and the quadratic term of the correction.
For a candidate angle «, define the target average complementarity by piar 1= (1 — o) u(Wg).
For fixed («, p), if
p(Wi(a) + D (a, p) + CDR™) = pivar (22)

has a unique solution, denote it by (x(c, p). The scalar (j is not an independent candidate param-
eter; it is an auxiliary scalar for adjusting the average complementarity. Both Dj°" and D,‘Clnit are
HSD residual-invariant directions. Lemma 4.1(ii) directly shows the orthogonality of residual-zero
directions. Hence, both the quadratic complementarity term of each residual-invariant direction
and the cross complementarity term between two such directions vanish. Therefore, the average
complementarity 4 is exactly linear in (. With Vy := Wi (a) + D" (v, p), we can then compute

gk(a, P) _ Mtar — M(Vb)

= Vo + D) — (Vo) 2

directly when the denominator is nonzero. Section 4 verifies this linearity and uniqueness. We
further define Di*!!(a, p) := D" (v, p) + (i (e, p) DiMt and use

WH(a, p, B) :== Wi(a) + BDI (e, p),  0<B<1 (24)

as the corrected candidate. The choice § = 1 gives the full correction, while 0 < 8 < 1 gives a
damped correction. Thus, 8 controls only the amount of correction.

Candidate selection uses only quantities that can be evaluated directly from an actual candidate
point. First, set wp := 1 and wgy1 := (1 —sin ag)wy. For an HSD interior point W and w > 0, define
O(W,w) := u(W)/w and J(W,w) := max{w,w/0(W,w),w/0(W,w)?}. The quantity J is computed
directly from the candidate point and the known value of w. Section 4 also uses it to control the
scale of the projective normalization. For a candidate angle with o = sin«, set w™ := (1 — 0)wy.

Fix omax € (0,1), and let 0P € (0, 0max] be the minimum value of ¢ = sina allowed for
preliminary candidates. The threshold oP™ is a fixed positive constant, independent of v, used to
separate preliminary candidates from the successive-halving fallback search. The analysis requires
only that this threshold be positive, not any particular numerical value. We also set the centering-
recovery parameter used in the successive-halving fallback search to pg := 1/8, and define P, :=
{1,1/2,1/4,po} and Wasp = S x R™ x S} x Ry x Ry. A candidate triple (o, p, 3) is called
OFAS-admissible if all of the following four conditions hold.

(C1) Well-definedness: i, > 0, and (22) has a unique solution (x(c, p).
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(C2) Imteriority: W (a,p,3) € int Wysp and (W) > 0.
(C3) Neighborhood condition: Api, (®(W™T;Wy)) > yu(W).

(C4) Local progress:
oW < (1-7) e, JWFwh) < (1= ) TWiw).

Condition (C3), together with Lemma 4.2, guarantees that W1 € Mgug(7). Condition (C4) is a
local progress condition introduced to obtain a uniform contraction factor and an iteration bound.
The three-term decomposition, the current-iterate correction basis, and the candidate construction
in (24) do not depend on (C4). Moreover, the one-factorization reconstruction itself does not require
evaluation of J. The numerical implementation in Section 5 uses the same candidate formulas and
conditions (C1)—(C4), together with ordered preliminary candidates and a finite safeguarded version
of the fallback search. Section 5 lists the numerical search safeguards and fixed parameter values
used to make the candidate search more efficient. Since (C4) uses only quantities computed from
the candidate point, checking it requires neither an additional KKT factorization nor an additional
algorithm-specific linear-system solve.

Candidate selection has two stages. First, we evaluate at most NP*® = O(1) ordered preliminary
candidates satisfying oP™ < sina < opax, p € Py, and 0 < B < 1, and accept the first admissible
candidate. The preliminary rule is implementation-oriented; the worst-case analysis below uses only
that at most NP™ = O(1) preliminary candidates are tested before the fallback search. If no such
candidate is accepted, we fix p = pg and use the dyadic fallback grid

oj = Omax2 7, aj := arcsinoj, Be:=2"", 7,£=0,1,....

The fallback candidates are examined in stages as specified in Algorithm 1. In Section 4, we show
that this search reaches an admissible candidate with o = O(1/v), = ©(1/v), and p = pp.

3.4 The OFAS Algorithm

Algorithm 1 summarizes OFAS with the candidate-selection rule above. In Section 5, we implement
and evaluate this algorithm on the HSD interior-point framework of Clarabel.jl. For the original
SDP, termination is based on the accuracy test Qspp(Wx) < §. Under Assumption 2.2, Subsec-
tion 4.5 shows that this condition is satisfied after finitely many iterations. In contrast, neither the
HSD candidate selection nor the contraction analysis of the homogeneous progress measure Q uses
this assumption.

Algorithm 1 One-Factorization Arc-Search Method (OFAS)
Require: SDP data (A,b,C), tolerance § > 0, v € (0,1), 0 < 0P™ < opyax < 1, and a preliminary
candidate rule
Wy« (1,0,1,1,1), wo < 1, k<0
while QSDP(Wk) > ¢§ do

Compute the current-iterate N'T scaling and factorize the corresponding KKT matrix once

Reuse the same factorization for the five right-hand sides defining Wy, Wy, Dunlt Dmlx D™,
see (8)—(9), (18), and (17).

Reconstruct D" from (19)

Test the ordered preliminary candidates from Subsection 3.3

If none is admissible, set p = pg and, for m = 0,1, .. ., test the fallback pairs (7, ¢) satisfying
max{j, ¢} = m, in increasing order of j and then ¢, until an admissible candidate is found
8: Set the accepted triple to (ag, px, Bk) and Wiy < W (g, pr, Be)

wit1 ¢ (1 —sinag)wg, b« k+1

10: return W

@ «
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3.5 CA-OFAS: Curvature-Amplified Candidates

Fix an iteration k. For quantities specific to the OFAS and amplified candidates, we omit the
iteration index k when there is no risk of confusion. We retain k for directions computed at the
current iterate, complementarity targets, and quantities used to decide whether to evaluate the
amplification branch, so that their relation to the current iterate remains explicit.

At each iteration, CA-OFAS first obtains an OFAS candidate (aoras, poras, Boras) accepted
by the OFAS candidate-selection rule, together with the corresponding point WSF ag- 1t then evalu-
ates a different family of curvature-amplified arcs using the same current-iterate KK'T factorization
and correction basis. Here, appag is the accepted angle obtained from the OFAS candidate-selection
rule; it is not the maximum admissible angle on the regular arc Wy («). Therefore, the progress
guarantee of OFAS is preserved even if no amplified candidate is accepted.

Let ooras := sinappas. For a fixed amplification factor n > 1 and increment A, > 0, define

ocA = min{omax, 00FAS + Ao}, Qe = arcsinoca, Yoa =1 — cosaca.

The value ocpa is a trial value for testing an amplified candidate with greater progress than the
OFAS candidate. The amplified candidate does not simply extend aca farther along the regular
arc; instead, it uses a different arc family in which the second-order direction is amplified by n > 1.
We represent the decision to evaluate the amplification branch by e;. ™" € {0,1}. This quantity is
determined only from values already computed at the current iterate. The activation condition is
an implementation choice and does not enter the complexity analysis.

If e, = 1 and oca > ooras, define the amplified arc by

Ware,ca = Wi — occa Wy, + mboa W (25)

This curve is not obtained by simply extending the regular arc Wy («) beyond avopas. Since Wy, is an
HSD residual-invariant direction, this change requires no additional KKT linear-system solve. The
residual reduction factor of the candidate remains 1 — oca. For the centering-recovery parameter,
we use the OFAS value popas.

When n # 1, simply scaling the OFAS three-term decomposition by 7 is not sufficient because
an additional complementarity mismatch proportional to ®(—Wj; W},) appears. Define

Trca := (1 — oca){(1 — poras)®(Wi; Wi) 4+ porasu(Wy )1} (26)

and AGYT = ®(Ware,ca; Wi) — Thca. Also define ¢y’ == (n — L)vca{(n + 1)v)ca — 2}. The
following proposition gives the additional term caused by the amplification.

Proposition 3.6 (Exact decomposition of the amplified complementarity mismatch). Using A{™",
AP and AI™ defined in (16), we have

AEYY = poras(l — oca) AF™ + nocatea AR + *pEa AF™ + ALY, (27)
ALY = G e (= Wi W),

amp

Therefore, the only additional term beyond the OFAS three-term decomposition is Ac, . In par-
ticular, when n =1, we have c%rgp =0, and the expression reduces to the OFAS three-term decom-
position for the same (aca, POFAS)-

Proof. Expanding (25) quadratically and using (11) and (16) gives
D (Ware,ca; W) = (1 — 0ca) (Wi Wi) + nocatbca AR + Y AF™
+{0a — 2non + 1P EA I O(—Wis Wh).

Since 02, = 2thca — Y&, the last coefficient is (n — 1)ppca{(n + 1)1bca — 2} = ca’. On the other
hand, (26) can be written as Tp.ca = (1 — oca)®(Wi; Wi) — poras(l — oca)AF™". Taking the
difference gives (27). O
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By Proposition 3.6, the same directions D", Dg‘ix, and D™ can be reused for the amplified
correction. Thus, the only new algebraic quantity in CA-OFAS is the response to the amplification-
specific term A%ng. This response can also be reconstructed from the already computed direction

Wi.
Lemma 3.7 (Algebraic reconstruction of the amplification-specific correction).
amp

m m C .
DG = G(AER" W) = =5 Wi (28)

Therefore, no additional linear-system solve is required for DZ%"A.

Proof. Equation (9) gives L’(Wk)[Wk] = (Op, —2<I>(Wk; W4)). Using CID(—Wk; Wy) = @(Wk; Wp) and
the linearity of £L(W%), (9) gives

amp

£(Wi) [C(;/XW’“} = (OF, —cgP®(—Wi; W) = (OF, —AZRP).

Therefore, the uniqueness of the correction-response map gives (28). ]

Combining the correction directions corresponding to the components of the amplified comple-
mentarity mismatch with the same coefficients gives the amplified corrector direction

amp

. C .
D§%ta = poras(1 — oca) Di™ + nocavca D™ + P g o Dif™ + 02A Wr. (29)

By linearity and Lemma 3.7, L’(Wk)[sz’é Al = (O]:7 —A(:C‘):lp). Therefore, the amplification branch
reuses the current-iterate KKT factorization and the five linear-system solves already performed for
OFAS.

The average complementarity is adjusted in the same way as in OFAS. First, define fiar,ca :=
(1 — oca)u(Wy). If the equation in the scalar ¢

1t (Ware,ca + D5Sea + CDR™) = figar,cA (30)

has a unique solution, denote it by (ca. The scalar (ca can also be computed directly by the same
two-point linear formula as in (23), with no additional KKT linear-system solve. If the solution is
not unique, we do not construct the amplified candidate. Next, for a damping factor Sca € (0, 1],
define the corrected amplified candidate by

WgA(ﬁCA) = Ware,ca + Bca (Di?éA + CCAD}Cmit) '

For the amplification branch, conditions (C1)—(C4) are evaluated by replacing the corresponding
OFAS quantities with fiar,ca, Cca, Wé“A(BCA), and wéA ;= (1 — oca)wi. We evaluate, in a
prescribed order, at most N*™P = O(1) damping values fixed in advance, and accept the first Sca
for which the amplified candidate satisfies conditions (C1)—(C4). If no such Sca exists, we use the
already accepted OFAS point WSFAS.

In summary, CA-OFAS first obtains the guaranteed OFAS candidate of Algorithm 1 and then
tests the amplification branch before updating WCJ)“FAS. An amplified candidate is accepted only
if it also satisfies conditions (C1)—(C4); otherwise, the method uses the OFAS candidate. There-
fore, Section 4 can establish the same invariant conditions and iteration bound as for OFAS. The
numerical implementation in Section 5 combines the same amplified-candidate construction with
implementation-oriented search rules and safeguards. Rather than repeating the complete proce-
dure, Algorithm 2 lists only the changes from OFAS.
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Algorithm 2 CA-OFAS: Changes from OFAS

Require: The inputs of Algorithm 1, an amplification factor n > 1, an increment A, > 0, an activation condition,
and at most N*™P = O(1) prescribed damping values for amplification
1: Run the current OFAS iteration until an admissible OFAS candidate (aoras, poras, Boras) and Wi, are
obtained, and postpone the update
2: Set oowas  sin aoras and oca < min{omax, coras + As }, and evaluate the amplification activation condition

3: if amplification is activated and oca > coras then

4: Construct Ware,ca and D;°Ga from the directions already computed in the OFAS iteration using (25), (28),
and (29)

5: If (30) has a unique solution (ca, evaluate the prescribed amplification damping values Sca in order

6: If any W, (Bca) satisfies (C1)-(C4), accept the first such candidate as W41

7: If no amplified candidate is accepted, set W41 < Wlipag

8: If an amplified candidate was accepted, set wi41 < (1 —oca )ws; otherwise set wrt1 < (1—0ooras)wsk, and proceed

to the next iteration

4 Long-Step Analysis of OFAS and CA-OFAS

In this section, we give a long-step analysis of OFAS and CA-OFAS using the candidate-selection
rule defined in Algorithms 1 and 2 of Section 3. Throughout this section, £ > 0 denotes the target
accuracy for the homogeneous progress measure, and é > 0 denotes the normalized KKT accuracy
for the original SDP. Our goal is to preserve strict interiority, membership in the wide long-step
neighborhood, and uniform progress without solving a new corrector system at the accepted point.
The candidate-dependent correction is instead reconstructed in the NT coordinates of the current
iterate. The homogeneous analysis has four parts. We first derive exact identities for the OFAS
update and a certificate in the current-iterate NT coordinates. We then establish NT direction
estimates in the wide long-step neighborhood. Next, we construct a uniform admissible window
with sina = ©(1/v) and § = O(1/v). Finally, we prove finite termination of the candidate search
and an iteration bound of O(vlog(1/e)). We then use projective normalization to evaluate the
accuracy for the original SDP.

We use the notation of Sections 2-3. Assumption 2.1 is used for unique solvability of the KKT
operator at the current iterate. Assumption 2.2, however, is not used until Subsection 4.5; it is
imposed only when recovering a solution of the original SDP by projective normalization. For the
standard initial point Wy, let Qy := Q(Wy). The condition Q(W) < ¢ measures the accuracy of
the homogeneous HSD quantities and is distinguished from the stopping condition Qgpp(W) < §
for the original SDP.

To construct the uniformly guaranteed window, we use pg = 1/8 defined in Subsection 3.3.
If all preliminary candidates are rejected, the method fixes p = pp and moves to the successive-
halving fallback search in the angle and damping. The particular outcomes for the preliminary
values p € P, = {1,1/2,1/4,po} therefore do not affect the worst-case argument. Therefore, for
the worst-case analysis, it is enough to show that this successive-halving fallback search contains an
admissible candidate with sinaw = ©(1/v) and 8 = ©(1/v).

Below, we analyze the number of outer iterations and use the results of Section 3 for the numbers
of matrix factorizations and linear-system solves per iteration. As in Yang and Yamashita [15], the
basic proof structure consists of bounds on products of directions, the existence of an O(1/v) step,
and a uniform cumulative decrease rate.

4.1 Exact Identities for the OFAS Update and a Current-Iterate Certificate

In the following local calculations, we focus on iteration k£ and write W = Wk and W := Wk for
brevity. We also set ¢ := sina and @ := 1 — cosa. The HSD residual map ¥ is linear. The
first- and second-order directions satisfy W (W) = (W) and ¥(W) = 0, respectively. Define the
total complementarity, combining the PSD block and the scalar HSD block, by C(W) := X ¢ S +
7k = vpu(W). For HSD variations U = (Ux, uy, Us, ur,u,) and V = (Vx, vy, Vg, vr,v,), define the
polarization of C by

DU, V):=Ux e Vg + Vx ¢ Ug + u v + vrty.
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Then C(U +V) =C(U)+T'(U, V) 4+ C(V). Here, I is the cross term of the scaling-independent
scalar complementarity C. This is different from the Jordan-product cross term B(,-; Wj) in the
current-iterate N'T coordinates; see Section 2.

Lemma 4.1 (Exact identities for the OFAS update). The following statements hold.

(i) The predictor arc Wi(a) = W — oW + W satisfies U(Wy(a)) = (1 — o) @ (W). This identity
is unchanged if the second-order direction is multiplied by any scalar.

(it) For any residual-invariant direction D = (Dx,dy, Dg,d;,dy) satisfying ¥(D) =0, Dx eDg+
d.d, = 0. Moreover, for any two residual-invariant directions D1, Dy, we have I'(Dy, Da) = 0.
Here D denotes an arbitrary residual-invariant direction.

(iii) Suppose that D" (av, p) and D™ are residual-invariant directions, and define
= (1 — o)u(W),
D¢ =T (W(a), DE™),
N¢ = vpar — C(Wi(a)) = T(Wi(a), Di? (e, p)).-

If D¢ # 0, then ¢ = g—z 1s the unique scalar for which the fully corrected point corresponding to
B =11n (24), Wi(a) + D (o, p) + CDF™, satisfies (Wi (@) + D™ (a, p) + CDR™™) = pigar.
(iv) Let
Dil(a, p) = D (o p) + CDP™,  WH(B) i= Wila) + BDfNa,p),  0<B<1.

Then

Proof. For (i), linearity of ¥ gives

U(Wila)) = B(W) — o (W) + $2 () = (1 — o) U(W).

Multiplying W by any scalar does not change this identity because U(W) = 0.

For (ii), the orthogonality relation follows from the skew-adjoint structure of the HSD constraint
system. The same structure appears in the HSD formulation for LP [10], but we derive it directly
here from the SDP-HSD residual equations used in this paper. The condition ¥(D) = 0 means
A(Dx) = bd,, A*(dy) + Ds = Cd,, and C e Dx — dey + d, = 0. Taking the inner product of the
second equation with Dx and using the first equation gives

Dx e Dg = d.(C e Dx —b'd,) = —d,d,.

Hence, C(D) = 0. Since the residual-invariance equations are linear, D; 4+ Dy is also residual-
invariant. Therefore, 0 = C(Dy + D2) = C(D1) + I'(D1, D2) + C(D2), which gives I'(Dy, D2) = 0.
This proof uses only the matrix inner product and adjoint relations; it is not specific to LP.

For (iii), both D§°"(a, p) and D™ are residual-invariant. Part (ii) therefore gives

C(DE" (o, p)) = C(DR™) =0, T(DF"(a, p), DE™) = 0.

Thus, for any scalar ¢, )
C(D§™ (r, p) + CDR™) = 0.

Moreover, the same quadratic expansion gives

C(Wi(a) + D™ (a, p) + CDR™)
= C(Wi(a)) + T (Wi(e), DE (ev, p)) + ¢ Dy
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Hence, the average complementarity after the full correction is exactly affine in (. Equating it to
Vtgar gives ¢ = N¢/De.
For (iv), write D! := Diull(, p). By part (ii), C(D™!) = 0. Hence, for every 0 < 8 < 1,

C(Wi(a) + BD™) = C(Wi(@)) + BT (Wi(a), D).

At B =1, part (iii) gives
C(Wi(a)) + T (Wi(a), D) = vjugar.

Eliminating the cross term between these two identities yields
C(Wi(a) + BD™) = (1 = B)C(Wi(a)) + Brissar.

Dividing by v gives (32). Likewise, linearity of ¥ and ¥(D™"!) = 0 give ¥(Wy(a) + D) =
U (Wy(«)), which is (31) by part (i). O

This lemma does not require strict interiority of the predictor arc, so the same algebra also
applies to the amplified arc of CA-OFAS. However, positivity and membership in the wide long-
step neighborhood for an amplified candidate are checked separately by the acceptance conditions.
Also, when 8 < 1, in general u(W™*) # (1 — o)u(W). The iteration analysis below therefore does
not rely on this equality.

The next lemma connects the current-iterate NT certificate in acceptance condition (C3) of
Section 3 with the scaling-independent wide long-step neighborhood.

Lemma 4.2 (Wide Long-Step Neighborhood Certificate in the Current-Iterate NT Coordinates).
For a strictly interior candidate Weang, if )\mm(@(Wcand; Wk)) > Yu(Weand), then Weand € Niong (7).

Proof. Write Weand = (Xcand, Yeands Scands Teands Kcand)- Apply the current-iterate NT coordinates
in (3) to Weana and define the PSD blocks by Py = MyXcanaMl and Rx = M, " Seana M, *.
Then PxRx = MkXcandScandMl;l, so Px Rx is similar to XclﬁdScanchlﬁd and therefore has the
same positive real eigenvalues. Symmetrization of the noncommutative complementarity product is
standard in the analysis of Monteiro—Zhang-type search directions for SDP, and the N'T' direction is
also treated in this framework [31, 32]. Let A\, be the smallest eigenvalue of Px Ry, and let v be a
corresponding real unit eigenvector. Since Px and Rx are symmetric, v’ (PxoRx)v = vl PxRxv =
A«. The Rayleigh quotient therefore gives
1/2 1/2
)\min(PX o RX) <A = Amin(X / ScandX / )

cand cand

For the scalar HSD block, (ngcand)(‘f;;lficand) = TcandKcand- Lherefore, the lower bound in (C3) also
holds for the true complementarity spectrum of both the PSD block and the scalar block of Weang-
Hence, Weana € Mong (7)- O

This certificate is sufficient but not necessary. For a general candidate, Px and Rx need not
commute, and the smallest eigenvalue of Px o Ry can be smaller than the smallest value in the
true complementarity spectrum. Thus, the test can be performed entirely in the current-iterate NT
coordinates, although it can be conservative.

4.2 NT Direction Estimates in the Wide Long-Step Neighborhood

This subsection collects the direction estimates needed later for the arc remainder and the guar-
anteed candidate. We use the product Euclidean Jordan algebra £ = S™ x R defined in Section 2,
whose rank is v = n + 1. Fix an iteration and write W := Wj, € Njong(y). We use the following
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local NT notation:

Q:QNT( ),  H:=QoQ=0W;W), pu:
Lo(U

(W),

)=
(P,R):= ( (W W), R(W: W),
(P, R) := (P(W; W), R(W; W),
(P erm Rterm) ( (Dterm Wk) R(D’tgerm;wk»’

term € {cen, mix, rem, unit}.

(33)

By (3), the spectrum of the PSD block of H is A(X,S), while the scalar HSD block is 7. Since
W € Niong(7), every spectral value of H is at least yu, and their sum is X o S + 75 = vp.

We use the standard theory of NT scaling on self-scaled cones [11, 12] and derive the esti-
mates needed here in the present notation. Similar estimates for scaled directions are also used
in arc-search methods for SDP [17, 18]. We also need their relation to the orthogonality of HSD
residual-invariant directions. The NT congruence transformation preserves the primal-dual cross
inner product. Thus, for a direction D with NT components (PP, RP), (PP, RP) = Dx eDg+d.d,.
Hence, by Lemma 4.1(ii), (P?, RP) = 0 for every HSD residual-invariant direction.

Proposition 4.3 (NT-scaled direction estimates for OFAS). Let W € Niong(y). Then the NT
components of the first- and second-order directions satisfy

Vi

P12 + 121 = v 1o R <2, en
IBIR+ 1A < 2 [Poitr Pol] <o
+ S o + ° — Fs
v val
.. .. 2
P <
I1Bo Rl < &

For the centering right-hand side,

ILG (H = uD)|? < v(y™ = g,

Let (Pa,RA) be the NT components of the residual-invariant solution D = G(A; W) whose only
complementarity right-hand side is —A. Then

LQ<PA+RA) :_A7 <PA7RA> :O7

and therefore

VIIPAl? +[IRal? = [IL5! (A)])-

Moreover, for any two pairs (P, R) and (]3, E),
[PoR+PoR|<VI[P>+I[R[*\IPI*+IR]?,  [[PoR| < (||P||2 + || R|I?).

In particular, the four correction-basis directions defined in Section 3 satisfy

VP2 + [[Rgen 2

IN

vyt =D,
3/2
1%
—VH,
gt Vi

1+7v 5
2’)/3/21/ Vi

1%

TH

P2 4 | Ry 2

IN

VIEEm 2 + e <

VIBE R+ g2

IN
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Proof. For NT scaling on self-scaled cones, we use the standard Jordan-product bound ||U o V|| <
IU||||V]| and the inverse-operator estimate obtained from the spectral decomposition [11, 12]. Since
every spectral value of H = @ o Q is at least yu, every spectral value of @) is at least |/yu. If the
spectral values of () on the PSD block are denoted by g;, the eigenvalues of Ly are (g; + ¢;)/2; on
the scalar HSD block, L is multiplication by the scalar component of (). These are eigenvalues
of the linear operator Lg : S® — S", not the ordinary matrix eigenvalues of ()x. Indeed, if
Qx = U Diag(qi,...,q,)U T then in the induced symmetric-matrix basis the mode associated with
indices (7, ) is multiplied by (¢; + ¢;)/2 (with value ¢; when i = j). Therefore, for every U € €&,

e L
Lo (D) < \/WHUII- (35)

ThAe guandard Jordan-product bound and Cauchy—Schwarz also give, for any two pairs (P, R)
and (P, R),

|PoR+PoR|<VIPIP+[RIPVIPI+ B2 |[PoR| < (HP||2+ IRII?).

We first establish orthogonality of the first-order direction, which does not follow directly from
residual invariance. For U = (Ux,uy,Us, ur,u.) and V = (Vx, vy, Vg, vr,v,), direct substitution
into the HSD residual equations gives

I'(U,V) = Ux  Ra(V) — u} Rp(V) + ur Rg(V)
+ Vx @ Rqy(U) — v} Ry(U) + v, Rg(U).

Since (W) = (W), we obtain I'(W, W) = C(W) + C(W) On the other hand, taking the inner
product of the first-order complementarity equation Lo(P 4+ R) = H with T gives T(W, W) =
(Q,P+R) = (I,H) =C(W). Thus, C(W ) = 0, and preservation of the cross inner product under
the NT congruence transformation gives (P, R) = 0. Also, Lo(P + R) = Lo(Q) implies P+ R = Q.
Therefore, ‘ ‘

IP)? + R = QI* =

Using |[U o V| < |U|||V|| and 2ab < a? + b2, we obtain

v
1P o R < |IP[|IR] < (||P||2+ I1R]%) = =

which is the product bound in (34). ) o
The second-order direction satisfies W(W) = Oz. Hence, Lemma 4.1(ii) gives (P, ) =
Moreover, Lo(P + R) = —2(P o R). Using (35) and (34),

1P+ Rl < iHPoRH Vi
Ve

7

By orthogonality, the square of the left-hand side equals ||P||? + ||R||?, which gives the stated
second-order bound. The standard Jordan-product bound and Cauchy—Schwarz then give

. .. : ; - 3/2
1P o i+ Po Rl < \JIIPIE+ |RI2IPI2 + |22 < e

2
— .

1P o Rl < (HP|!2+HRH) >

We next estimate the centering right-hand side. Let the spectral decomposition of H be H =
i tici, where {¢;}7_; is a Jordan frame of mutually orthogonal primitive idempotents. Then

I=Y,ciand Q= VI Vi, with t; > and ). t; = v. Hence,

Lo (H = pI)| —uz —u(Ztl V> v(v ' = Dp
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Finally, for the residual-invariant solution D = G(A; W), Lo(Pa+Ra) = —A and (Pa, Ra) = 0.
Therefore,
IPAl® + IRal? = | Pa + Rall? = 1L (A)]1*.
By the definitions in Section 3 and the product bounds above,
3/2
val
[AL I < 1P o Rl + [P o R

2
v v 1 1\ , I+7v 4
_QWHJFQM_(?VJF?)VH 271/”

AR < —=n,

The last inequality uses v > 1. Applying (35) to this estimate gives the factor (1 4+ v)/(2y%/2) in
Proposition 4.3. Combining these estimates with (35), and applying the centering estimate above
to A¢" = H — pl, gives the stated bounds for D{", D,rcnix, and D;*™. The bound for D/,‘cmit follows
from DMt = G(—I; W) and ||I|| = /v. O

These are the scaled estimates needed later for the arc remainder and the OFAS correction. The
detailed constants are collected in Appendix A.2 and are used only where needed.

4.3 Uniformly Guaranteed Candidates and Candidate Selection

Throughout this subsection, let o := sina and ¥ := 1 — cos . At iteration k, the current iterate W
has primal and dual factors P = R = @ in NT coordinates. Using the same current-iterate scaling,
write the primal and dual factors at a point on the predictor arc as

P(a) =Q — 0P 4¢P, R(a) =Q — R+ ¢R.

Thus, P(a) — @ and R(«a) — @ are the NT-coordinate displacements from W to the predictor-arc
point. Combining 1) < o with Proposition 4.3 yields the next arc estimate.

Lemma 4.4 (Wide-neighborhood arc displacement and remainder). Let AP(a) := P(a) — Q and
AR(a) := R(a) — Q. If 0 < o < min{l,c/v}, then

aP@)+ 18R] < by a0 = vaer e

v
Moreover,
P(a) o R(a) = (1 = 0)H + Euel(a), (36)
where
Earc(a) = =) (Po R) —oy(Po R+ Po R) +¢?*(Po R),
and

S &
|€are(a)]] < T‘W(C)MV(?’V/Z), ry(c) = ﬁ + 5} + —. (37)

For the average complementarity, we also have

pW)

2

[n(Wi(a)) = (1 = o)u(W)] < ry(c) (38)

Proof. Throughout this proof, y denotes u(W), consistently with the local notation in (33). From
) < o and Proposition 4.3,

|AP(@)]| + |AR()]| < 0y/20m + 0v/2/7 v /B < dy (/).
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Expanding P(a) = Q — oP + ¢P and R(a) = Q — oR + ¥R, and using Qo (P + R) = H,
Qo (P+ R) = —2Po R, and 0% — 2¢p = —?, gives (36). Therefore, using the three product
estimates in Proposition 4.3, together with 1 < 0% and o < ¢/v, we obtain
3/2 2
2V v 2V p

[[Earc ()] < ¥ o UT/JWM + v 2 M < m(c)m,
which proves (37). Finally, from (36), C(Wi(a)) = (I, P(a) o R(a))¢e, and C(W) = (I, H)¢ = vpu,
we have

1 -
p(Wi(a)) = (1 = o)u(W) = —(I, Earc())¢-

v
Since || ]| = /v, the Cauchy-Schwarz inequality and (37) give
1

I
v’

[n(Wi(a)) = (1 = o)u(W)] [€arc(a)]| < 7y(c)

< —
=7
which proves (38). O

To preserve strict interiority and the wide long-step neighborhood, the correction damping
parameter S must be sufficiently small. At the same time, this damping must not destroy HSD
progress if we are to obtain a long-step iteration bound. We first show that the arc itself gives
O(1/v) progress and that a damped correction preserves this uniform decrease.

We first establish uniform progress for a small angle. Let W € Mng(7), and let 0 < ¢ < 1/2
satisfy 7(c) < ¢/4 and ¢/(2v) < 0 < ¢/v. Choose ¢ so that the fully corrected point has average
complementarity (1—o)u(W). Combining Lemma 4.4 with the damping interpolation in Lemma 4.1,
we obtain, for every 0 < g <1,

a6 < (104 D)) < (1= ) i) (39)

The last inequality uses ¢ > ¢/(2v), ry(c) < ¢/4, and v > 1. Combining the exact residual
identity (31) with the average complementarity bound (39) gives Q(W*(3)) < (1 — ¢/(4v))Q(W).
This estimate does not use a positive lower bound on 3. Later, we impose 8 = ©(1/v) for the
neighborhood argument, not for progress. The upper bound on 3 preserves strict interiority, while
the positive lower bound provides enough correction to recover the wide long-step neighborhood.

We next collect the constants required for a uniformly guaranteed candidate. For the fixed
branch p = py = 1/8, Appendix A.2 explicitly constructs positive constants b,,c, > 0 that depend
only on v, po, and omax, and not on v or the problem data. They are chosen so that, for o =
O(1/v) and = ©(1/v), the well-definedness of ¢, strict interiority, recovery of the wide long-step
neighborhood, and the local progress condition below all hold. The appendix gives the explicit
constants and verifies the required estimates. Here, we use only the resulting uniform admissible
window.

Combining these results, every candidate triple with ¢ and g in suitable intervals of width
proportional to 1/v satisfies (C1)—(C3). It also gives a uniform decrease in both Q and the projective
scale measure J. The next proposition gives an admissible window of positive width that the
successive-halving fallback search is guaranteed to reach.

Proposition 4.5 (Uniform admissible window for OFAS candidate selection). Let W € Nigng(7y)
and w > 0, and use the notation of Section 3. Let by and cy be the positive constants constructed in
Appendiz A.2, specifically in (54)—(55); in particular, 0 < ¢y < min{omax, 1/2}. For any candidate

satisfying

%<a§%, p:po=é, %SBS%,
we have pigar > 0 and D¢ > v/2 > 0, so ( is well-defined. The corrected point W is strictly interior
and satisfies Amin(P(WT; W) > yu(W), and hence W € Mong(7y). Moreover, if wt := (1 —o0)w,
then the local progress condition (C4) of Section 3 holds. Therefore, every candidate triple (o, p, 3)
in the three ranges above satisfies conditions (C1)-(C4).
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Proof. Since ¢y < 1/2, we have pigar = (1 — o)u(W) > 0. The bound D¢ > v/2, strict interiority,
and the current-iterate NT certificate follow from Lemma A.1, Lemma A.2, Lemma A.3, and the
choices of ¢, and b, used there. Thus, (C1)-(C3) hold.

For (C4), the small-angle progress estimate above gives Q(W™1) < (1 — ¢,/(4r))Q(W). Since
o < c¢,/v, we have 1 — ¢, /(4v) <1 — o /4, which gives (C4) for Q.

Next, let ay :=ry(cy)/(1 — Omax). By the definition of ¢, in Appendix A.2, specifically (55),

1 — omax

3 2
ry(cy) < Tyl - <
\Cy) = TyCys v = -

64r.,

Hence .
_ ry(cy) «c MG &
1 —0max = 1 — Omax ~ 64

Ay

Using the average complementarity estimate in Lemma A.3 and w™ = (1 — o)w, set 6 := pu(W)/w
and 07 := u(W+)/wt. Then

i —1| < ol &y
0 — 2T 64?
Hence 0%/0 > 1 — a,/v?. Using also o > ¢,/(2v), the three ratios that define J satisfy

+ ot/6t wt/(61)2 —
max wfﬂw /6 ’w /(07) < L=/ (2v) Sl—&ﬁl_g‘
w' wl o w/e? (1—ay/v?)? v 4

The middle inequality follows from

(1-2) (-3 -(-g)2 g -3 >
Thus, (C4) also holds for J. O

From now on, let oy be the angle of the candidate accepted by OFAS, and write o := sin ay.
Define the positive constant
cgb =5 min{cy, Omaxby }-
Theorem 4.6 (Well-definedness of the OFAS search and a lower bound on the accepted angle).
Suppose that Wi, € Niong(v). Even if none of the preliminary candidates is admissible, the search
of Section 3 finds a candidate satisfying (C1)—(C4) after finitely many candidate tests. Moreover,

if a candidate is accepted by this search, then op > cgb/y.

Proof. Let J, be the smallest nonnegative integer satisfying o, < ¢, /v, and let L, be the smallest
nonnegative integer satisfying 8, < b, /v. Since 0; = omax2™/ — 0 and 8, = 27¢ 0, both indices
are finite. Moreover, ¢y < omax by Proposition 4.5. The defining inequality gives o;, < ¢,/v. If
Jy, > 0, minimality and the halving rule give 05, > ¢,/(2v). If J, = 0, the same lower bound follows
from o¢ > c,. Hence

c c
i<O'JD§i.
2v v

Similarly, b, <1 = By implies that L, is finite and
b by

L < B, <.
2v v

In particular, 51, > by/(4v), and therefore Proposition 4.5 shows that (o, , po, 8z, satisfies (C1)-
(C4).

Set M, := max{J,, L,}. By construction, the staged fallback search has tested every pair (7, /)
with 0 < 5,4 < M, by the end of stage M,. Hence it must accept a candidate no later than the test
of (J,,L,). If (j,£) is the accepted fallback pair, then j < M, and therefore o}, = 0; > opy,. If
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M, = J,, then oy, = 0, > ¢/(2v). If M, = Ly, then oy, = 0max2™ X = 0maxBL, > Tmaxb/(20).
Thus, in either case,

. c,fyb
o) > oM, > Zmln{cﬂ/,omaxbv} =
Finally,
Jl, S ’VIOgZ O'maxy-‘ ’ Ly S ’VIOgQ V-‘ .
Cy b,
Hence M, = O(logv), and at most (M, + 1)*> = O((logv)?) fallback pairs are tested before
termination. 0

4.4 Iteration Complexity of OFAS and CA-OFAS

For the homogeneous progress analysis, we temporarily omit the stopping test based on Qgpp in
Algorithms 1-2. We consider the theoretical sequence obtained by continuing the same update rule.
If the actual algorithm terminates earlier, the theoretical sequence need not be continued beyond
that point. In Subsection 4.5, we use this sequence to derive an iteration bound for the actual
algorithm by showing that the condition Qgpp < 9§ is satisfied after finitely many iterations.

Set 5% 1= min{apre,cgb}, Cy 1= c5f°/4, and ¢, := 1 — ¢, /v, where 0P > 0 is the lower bound
for the preliminary candidates in Section 3. By construction, 0 < ¢, < v, so ¢, € (0,1).

If a preliminary candidate is accepted, then o5 > oP™. Otherwise, Theorem 4.6 gives o > c,fyb Jv.

Thus, in both cases,
CaCC

> 1 40
oz (10)
Together with condition (C4), this bound gives a uniform contraction estimate.

Theorem 4.7 (Well-definedness and iteration complexity of OFAS). Consider the theoretical se-
quence obtained by continuing the update rule of Algorithm 1 from the standard initial point. Fvery
iteration is well defined, and, for all k >0,

Wi € Mong(7), QW) < ¢¥Qo, T (Wi,wi) < ¢b.

For 0 < e < Qq, define
1
—log g, Cy €
Then Q(Wk.) < e. Since 7y, 0P, omax, and the initial scale Qg are independent of €, we obtain
K. =0(vlog(1/e)) ase | 0.

Proof. At k = 0, all complementarity eigenvalues of the standard initial point Wy = (1,0,1,1,1)
are equal to 1. Thus Wy € Niong(7y) and u(Wp) = 1. Since wy = 1, we also have §(Wy,wp) = 1 and
J(Wo,wo) = 1.

Suppose that W), € Mong('y) at iteration k. If an admissible preliminary candidate exists, the
algorithm accepts one. Otherwise, Theorem 4.6 guarantees that the successive-halving fallback
search produces an admissible candidate. Hence every iteration is well defined. The accepted
candidate satisfies (C1)-(C4). Condition (C3) and Lemma 4.2 imply Wiy1 € Niong(7y), while
condition (C4) and (40) give

QWi < (1= ) QW) < 4, Q(Wh).

T (Wi, wpt1) < (1 — %) T Wi, wi) < ¢4 T (Wi, wi,).

Induction then gives Q(W}) < q’jQO and J (W, wi) < q’j for all k.
Finally, ¢y =1 —¢,/v and —log(1 — z) > z give

lo > Ei 71 <2
8y = 0 —loggy — ¢
This proves the bound on K. O
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Corollary 4.8 (Iteration-bound inheritance for CA-OFAS). Consider the theoretical sequence ob-
tained by continuing the update rule of Algorithm 2 from the standard initial point. Every iteration

is well defined, and, for all k >0,
Wi € Nong(7), Q(Wi) < 5 Qo, T (Wi, wi) < qb.

Hence the iteration bound in Theorem 4.7 also holds for CA-OFAS, and K. = O(vlog(1/e)) as
el 0.

Proof. At each iteration, CA-OFAS first applies the OFAS candidate-selection rule and obtains
an OFAS candidate Wii,g satisfying (C1)-(C4). If a preliminary candidate is accepted, then
ooFAs > oP™®; otherwise, Theorem 4.6 gives ooras > cgb /v. Thus the OFAS candidate satisfies
the same uniform lower bound as in (40) and preserves the three inductive invariants used in
Theorem 4.7.

An amplified candidate is accepted by Algorithm 2 only if it also satisfies (C1)—(C4). The
amplification branch evaluates such a candidate only when oca > ooras. Hence the uniform lower
bound (40) for the OFAS candidate also gives oca > ¢5°°/v. Hence Lemma 4.2 and condition (C4)
show that the amplified candidate preserves the same three invariants and the same contraction
factor ¢,. If no amplified candidate is accepted, CA-OFAS uses the OFAS candidate WgFAS.
Therefore the induction in Theorem 4.7 applies in either branch and gives the same iteration bound.
No additional guarantee is required concerning the admissibility of an amplified candidate, its
maximum admissible angle, or the existence of an amplified angle larger than the OFAS angle. O

4.5 Projective Normalization and Recovery of a Solution to the Original SDP

For an HSD point with 7 > 0, the standard normalization for homogeneous embeddings of SDP and
general conic programs recovers the primal-dual variables of the original problem as (X/7,y/7, S/T)
[7, 29]. Here we derive the control of 7 needed to translate the homogeneous progress measure
Q(W) into a bound on the normalized KKT accuracy.

Proposition 4.9 (Finite-accuracy HSD normaliza&ion). Suppose that W = (X,y,S,7,Kk) is an
interior HSD point with 7 >0 and Q(W) <e. Let X = X/7, y=y/7, and S = S/7. Then

_ IS5 w/_ — €
JAX) 0] < &, 4@ +5 - ) < =, (41)
Xes<Z, CoXx—bgl< =+ 2. (42)

Consequently, Qspp(W) < e/7 + ve/72.

Proof. Since Q(W) < g, each of the three HSD residual norms is at most . Dividing the primal
and dual residual equations by 7 gives (41). Also, X @ S + 7k = vu(W) < ve, so X e S < ve/72.
Finally, the gap residual satisfies

- CeX —bly Ry(W)—r

C [ ] X — ng = =
T T
Therefore,
Cox -ty < Bl n e Tn e ve
T T T T T T
which proves the second inequality in (42). O

For wy defined in Section 3, the predictor arc multiplies all three HSD residuals by 1 — oy,
whereas the correction directions leave them unchanged. Hence

k—1

U(Wi) = weT(Wo),  wi = [J(1—00). (43)
=0
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For the remainder of this subsection, write

n(Wh max
Qui= Q). oi= P Rl By (W) L [ Ra W) | (7)1
At the standard initial point, u(Wy) = 1. Thus the initial progress scale is Qy = Q(Wy) =
max{1, R§***}. Therefore,

Qk = WE max(ﬁk, RronaX).

By the definition of J and R{*** < Qy,

Fix Z* = (X*,y*,5%) € Z* and define

(44)

buc(Z%) = inf {HA(DXM + A" (dy) + Ds|| + 5" @ Dx + X" ¢ Ds } |

Dx,Dg= O, dyeR™ trDx+trDg=1
Appendix A.3 shows that dyec(Z*) > 0. Define also

3+ Nyl + [1X~|
1= 4+ 1+ |ly*l + 1X*.

6l + 111l

«: =1 ,
D= 1455

Both are positive constants depending only on the fixed problem and Z*. The next lemma gives
two scale estimates used to establish boundedness and accuracy after normalization.

Lemma 4.10 (Projective scale estimates). Under Assumptions 2.1-2.2, for every k,

(ol + D7 + B + lly™Il + [1X*1) Lx

X < 4
tr Xp +tr S < Srec(Z7) , (45)
VO — 9.9k Ok v v
> — < — > . 4
Tk = D, s 9]9 = 29, Tk =2 29, ( 6)
Proof. See Appendix A.3. O

For a primal-dual triple Z = (X,y, S), define the product-space norm || Z||pa := (| X%+ ||y]|* +
|S]|2)1/2. The distance from Z to the optimal solution set Z* is

distpa(Z, 27) = inf [Z = Z"||pa.

Theorem 4.11 (Recovery of an original SDP solution and iteration bound after normalization).
Under Assumptions 2.1-2.2, consider the theoretical sequence of OFAS or CA-OFAS defined in

the preceding subsection. Then
Ok 9k k
max <0k, @ < Qogy- (47)
Let X := X /T, Uk = Y/Tks Sk := STk, and Z, = (Xk, Ur, Sk). Then {Zy} is bounded and

diStpd(Zk, Z*) — 0. (48)

. v dv v
A= mln{Qm E’E’ 8@3}

The four terms in Ags have separate roles. The first keeps the threshold no larger than the initial
envelope Qy. For the remaining three, if Qoqu < Ay, then (47) gives Qp/0r < As and Qk/Q% <

Moreover, for 6 > 0, define
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As. The bound As < v/(29) permits the second estimate in (46), namely 7, > v0;/(2D.).
Consequently,

2
Qe 20, Q42
Tk v i v

The bounds As < dv/(4D.) and As < dv/(8D2) make these two quantities at most §/2, respectively;
Proposition 4.9 then gives Qspp(Wx) < . Then, with

_ [108(Q0/85)] _ [, Qo
fo= [ —log g, —‘ : [/C\'y o Aé—‘ 7 49)

the theoretical sequence satisfies Qspp(Wy) < 6 for every k > Ks. Therefore, unless they terminate
earlier, Algorithms 1 and 2 satisfy their stopping criterion no later than iteration Kgs. Since Qy,
D, and H. are independent of §, as § | 0,

Ks=0 <y log (15) . (50)

In addition, C e X, — p* and b g, — d* = p*. If Z* is a singleton, the normalized iterates converge
to that point.

Proof. Equation (47) implies Q. /60 — 0 and Q /0% — 0. Thus (46) applies for all sufficiently large
k, and

o 2.0
T v O
< =k
()2 = v 607

— 0,

— 0.

Proposition 4.9 then shows that the primal residual, dual residual, complementarity, and duality
gap of the normalized point all converge to zero.
Next, dividing (45) by 7% gives

ol +1IC1 | 3+ [yl + X" Qw
6rec(Z*) 5rec(Z*) Tk .

tr Xp +tr Sy, <

Hence {X}} and {Si} are bounded. Moreover, A*(jx) = C — Sk + Rq(W},) /7 has a bounded right-
hand side. Assumption 2.1 makes A* injective, so {gx} is also bounded. Thus {Zy} is bounded.
By closedness of the PSD cone and convergence of the KKT residuals, every accumulation point
is primal-dual feasible and has zero duality gap. Hence every accumulation point belongs to Z*. A
standard subsequence argument for bounded sequences then gives (48).
Now suppose that Qoqu < As. Equation (47) and As < v/(2$.) allow us to apply (46), giving

2
N 9 o B
Tk v 2 (11)? v

Proposition 4.9 then gives Qspp(Wj) < 0. The definition of K in (49) guarantees Qoqu < Ay for
every k > Ks. The upper bound in the same equation follows from ¢, = 1-¢, /v and —log(1—z) > x.
For a fixed problem, As = O(9) as ¢ | 0, which proves (50).

Finally, by (48) and compactness of Z*, choose a nearest point Z; € Z* to Z;. Then | Z; —
Z}|lpa — 0, which gives convergence of the objective values. If Z* is a singleton, the normalized
iterates converge to its unique point. [

Remark 4.12 (Multiple PSD blocks). For simplicity, this paper uses a single PSD block, but the
same analysis extends to multiple PSD blocks through the standard product-cone treatment. NT
scaling and the Jordan-algebra operations are applied blockwise [11, 12]. If the J PSD blocks have
sizes nq,...,ny, the rank of the product cone is v = 1+ ijl n;. Hence the analysis in this section
and the iteration bound O(vlog(1/¢)) extend directly to the multiple-block case.
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5 Numerical Experiments

The numerical experiments address two questions. First, we examine the computational effects
of the post-arc corrector, the one-factorization structure, and curvature amplification. Second, we
compare the resulting CA-OFAS method with the standard Mehrotra-type predictor—corrector
method in Clarabel.jl [7, 27] and a Liu-type method, namely, our HSD/NT implementation based
on the wide-neighborhood second-order corrector method of Liu-Liu (2012) [28]. We use 54 test
problems in total: 18 SDPLIB problems and 36 NNV-SDP problems. We report the number
of successful problems including Low Accuracy, the number reaching Full Accuracy, computation
times, outer iteration counts, and performance profiles.

5.1 Experimental Setting and Compared Methods

Our implementation is built on the HSD interior-point framework of Clarabel.jl. We compare
six methods: OFAS, CA-OFAS, Two-factorization, Corrector-free, Mehrotra, and the Liu-type
method. Two-factorization follows essentially the same arc-search rule as OFAS, but after selecting
the OFAS arc point, it updates the NT scaling and refactorizes the KKT coefficient matrix at
that point before computing the post-arc corrector. Corrector-free is a one-factorization reference
method without an independent post-arc corrector, and its centering parameter is fixed at 0.10.
For the overall comparison, we use Mehrotra, the standard method in Clarabel.jl, and an HSD/NT
adaptation of the wide-neighborhood second-order corrector method of Liu-Liu (2012). We refer to
the latter as the Liu-type method throughout this section.

The experiments were run with Julia 1.12.6 on a Linux node equipped with two 2.90 GHz Intel
Xeon Gold 6226R processors and 192 GB RAM. Julia itself ran with one thread, whereas BLAS and
OpenMP each used eight threads. We used CHOLMOD for direct linear solves and disabled chordal
decomposition. The six methods shared the same high-accuracy gap and feasibility tolerances of
108 and a 3600-second limit per instance.

The computational experiments are designed to isolate the effect of the proposed step-selection
strategy within a common implementation framework. All Clarabel-based methods therefore use the
same linear-algebra backend and solver settings, and the reported computation times are intended
for relative comparison among these methods.

We use MathOptInterface (MOI) termination statuses. Following the terminology used in the
numerical evaluation of Clarabel [7], we classify OPTIMAL as Full Accuracy and ALMOST_OPTIMAL
as Low Accuracy. Low Accuracy or better is regarded as success, while pairwise comparisons of
computation time and outer iterations use only problems for which both methods reached Full
Accuracy. Detailed termination criteria are given in Appendix B.

To reduce timing variability, all six methods were run three times on each eligible problem,
and we report the median computation time and outer iteration count. Repetition was used only
when all six methods succeeded in the first run, all computation times exceeded one second, and
the maximum computation time was below 120 seconds; otherwise, only one run was used. We
also prespecified that a problem would be excluded from the computation-time comparison if any
successful method finished in one second or less. None of the final 54 problems met this exclusion
condition.

The computation times and outer iteration counts in Tables 3 and 4 are geometric means over
the problems successfully solved by each method, including Low Accuracy results. These values
summarize the overall behavior on each problem set. For pairwise speed comparisons without mixing
different accuracy levels, we instead use geometric means of paired ratios over problems for which
both methods reached Full Accuracy. In the following, ¢4/tp and ka/kp denote the geometric
means of the computation-time ratio and outer-iteration ratio, respectively, over these matched
Full Accuracy problems. In mathematical subscripts, CA denotes CA-OFAS. Problem-by-problem
computation times, outer iteration counts, and termination states are given in Appendix B.

For OFAS and CA-OFAS, we set the wide long-step neighborhood parameter to v = 0.01.
For CA-OFAS, we additionally used n = 1.75 and A, = 0.10 for all benchmark problems. The
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CA-OFAS amplification parameters were selected using a 12-problem NNV-SDP core set and then
kept unchanged for the other reported problems.

The OFAS and CA-OFAS implementations use the same candidate formulas and acceptance
conditions (C1)—-(C4) as in Section 3. The theoretical algorithms use the successive-halving fallback
search without an a priori limit in order to obtain the worst-case guarantee, whereas the numerical
code uses a finite safeguarded version. The implementation details of this search are given in
Appendix B.

5.2 Test Problem Sets

We use two types of semidefinite programming test problems. The first consists of 18 standard
benchmark problems from SDPLIB [33]. These 18 problems were fixed before the reported bench-
mark runs by selecting problems whose preliminary computation times were between 1 and 3600
seconds.

The second consists of 36 NNV-SDP problems arising from neural network verification. The SDP
construction and the ellipsoid and rectangle input sets are taken from Azuma-Kim—Yamashita [34].
Let r = ng = n1 denote the network width used to generate each problem. The order of the main
PSD block is npsp = 14-2r. In SDPA standard form, the number of equality constraints is m = 3r+2
for the ellipsoid family and m = 4r + 1 for the rectangle family. We use both dense and identity
settings for the weight matrices. The ranges of (npsp,m) are (81,122)—(113,170) for ellipsoid/dense,
(65,129)—(97,193) for rectangle/dense, and (81, 161)—(129, 257) for rectangle/identity. Problem-by-
problem specifications and results are reported in Appendix B.

5.3 Numerical Comparison of Algorithmic Components

Table 1 compares computation time and outer iterations on the instances where both methods
attained Full Accuracy in each component experiment. On these identical instance sets, we ad-
ditionally record KKT factorization counts, linear-solve counts, and the time used by those two
linear-algebra operations.

We first compare OFAS with Corrector-free to examine the role of the post-arc corrector. The
corrector requires an additional linear-system solve in each outer iteration. On both problem sets,
OFAS consequently used more linear-system solves than Corrector-free, but required fewer outer
iterations and KKT factorizations.

For the matched Full Accuracy problems, these reductions were accompanied by lower total
computation times. The geometric-mean computation time of OFAS was about 37% lower on
SDPLIB and about 42% lower on NNV-SDP; OFAS was faster on 10 of the 11 matched SDPLIB
problems and on all 25 matched NNV-SDP problems. Thus, on the tested problems, the additional
solve per outer iteration did not increase the overall computational cost, while the number of outer
iterations was reduced.

We next compare OFAS with Two-factorization to evaluate the one-factorization structure.
Although OFAS required slightly more outer iterations on SDPLIB and more outer iterations on
NNV-SDP, it was faster on every matched problem in both problem sets. The geometric-mean
computation time was reduced by about 44% on SDPLIB and about 38% on NNV-SDP.

This difference is also reflected in the linear-algebra operations. Relative to Two-factorization,
OFAS reduced the number of KKT factorizations and the factorization time by about 48% on
SDPLIB and about 40% on NNV-SDP. The number of linear-system solves was about 13% smaller
on SDPLIB and nearly unchanged on NNV-SDP. These results support the computational benefit
of reusing a single KKT factorization for the post-arc corrector.

Finally, we compare CA-OFAS with OFAS to assess the additional effect of curvature ampli-
fication. On SDPLIB, the change was modest: the geometric-mean ratios for outer iterations and
computation time were 0.964 and 0.963, respectively. On NNV-SDP, the corresponding ratios were
0.808 and 0.811, showing reductions of about 19% in both measures. CA-OFAS was faster on 7 of
the 11 matched SDPLIB problems and on 28 of the 31 matched NNV-SDP problems. The similar
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Table 1: Paired comparisons on problems solved to Full Accuracy by both methods

Problem set ~ Comparison A/B Matched ta/tp ka/kp
SDPLIB 18 OFAS/Corrector-free 11 0.629  0.597
OFAS/Two-factorization 11 0.557  1.048
CA-OFAS/OFAS 11 0.963 0.964
NNV-SDP 36 OFAS/Corrector-free 25  0.575  0.548
OFAS/Two-factorization 26 0.623  1.202
CA-OFAS/OFAS 31 0.811 0.808

Matched gives the number of problems for which both methods reached Full Accuracy. ta/tp and ka/kp are
the geometric means of the computation-time ratio and iteration-count ratio, respectively, over these problems.
A ratio below one favors the method in the numerator.

iteration and time ratios on NNV-SDP suggest that most of the observed reduction in computation
time came from fewer outer iterations, while the average cost per outer iteration remained similar.

5.4 Comparison with Existing Methods

We next compare CA-OFAS with Mehrotra and the Liu-type method to assess its overall perfor-
mance relative to these methods. Table 2 reports the paired computation-time and outer-iteration
ratios on problems for which both methods reached Full Accuracy.

Table 2: Paired comparisons of CA-OFAS with Mehrotra and the Liu-type method on problems
for which both methods reached Full Accuracy

Problem set Comparison A/B Matched ta/tp ka/kp
SDPLIB 18 CA-OFAS/Mehrotra 14 0.830 0.804
CA-OFAS/Liu-type 14 0.797 0.766
NNV-SDP 36 CA-OFAS/Mehrotra 31  0.869 0.848
CA-OFAS/Liu-type 33 0.882  0.864

Matched gives the number of problems for which both methods reached Full Accuracy. ta/tp and ka/kp are

the geometric means of the computation-time ratio and iteration-count ratio, respectively, over these problems.
A ratio below one favors CA-OFAS.

5.4.1 SDPLIB

Table 3 summarizes the results for CA-OFAS, Mehrotra, and the Liu-type method. All three
methods succeeded on all 18 SDPLIB problems, so their geometric means of computation time and
outer iteration count are based on the same problem set. CA-OFAS reached Full Accuracy on
16 problems, while Mehrotra and the Liu-type method each reached Full Accuracy on 15. The
geometric-mean computation time was 151.6 seconds for CA-OFAS, compared with 178.7 seconds
for Mehrotra and 249.9 seconds for the Liu-type method. On the matched Full Accuracy problems,
CA-OFAS reduced the geometric-mean outer iteration count by about 20% relative to Mehrotra
and about 23% relative to the Liu-type method, with corresponding computation-time reductions
of about 17% and 20%, respectively. It was also faster than the Liu-type method on all 14 matched
problems. Thus, for these SDPLIB problems, the lower computation times of CA-OFAS are
accompanied by fewer outer iterations.

5.4.2 NNV-SDP

Table 4 summarizes the results for the 36 NNV-SDP problems. The Liu-type method succeeded on
35 of the 36 problems, compared with 34 for both CA-OFAS and Mehrotra. The geometric-mean
computation time over each method’s successful problems was 605.7 seconds for CA-OFAS, 734.7
seconds for Mehrotra, and 709.9 seconds for the Liu-type method; because the success sets are not
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Table 3: Aggregated results for 18 SDPLIB problems

Method Success Full Accuracy Time (s) Iterations
CA-OFAS 18/18 16/18 151.6 16.21
Mehrotra 18/18 15/18 178.7 20.06
Liu-type 18/18 15/18 249.9 28.44

Success includes Low Accuracy, and Full Accuracy gives the number of problems with status OPTIMAL. Time
and Iterations are geometric means over the problems successfully solved by each method, including Low
Accuracy results. For SDPLIB, the three methods have the same success set, so these geometric means are
based on the same 18 problems.

Table 4: Aggregated results for 36 NNV-SDP problems

Method Success  Full Accuracy Time (s) Iterations
CA-OFAS 34/36 33/36 605.7 27.37
Mehrotra 34/36 33/36 734.7 32.50
Liu-type 35/36 35/36 709.9 32.15

Success includes Low Accuracy, and Full Accuracy gives the number of problems with status OPTIMAL. Time
and Iterations are geometric means over the problems successfully solved by each method, including Low
Accuracy results. Pairwise comparisons with Mehrotra and the Liu-type method use the matched Full
Accuracy ratios in Table 2.

identical, these aggregate times are descriptive and are not used for direct pairwise comparison.
On the matched Full Accuracy problems, CA-OFAS reduced the geometric-mean outer iteration
count by about 15% relative to Mehrotra and about 14% relative to the Liu-type method. The
corresponding computation-time reductions were about 13% and 12%, and CA-OFAS was faster
on every matched problem in both comparisons. The similar reductions in iteration count and
computation time indicate that the time advantage on the matched NNV-SDP problems is closely
associated with the smaller number of outer iterations.

5.5 Performance Profiles for Iteration Count and Computation Time

We complement the paired tables with performance profiles in the sense of Dolan—Moré [35]. An
earlier ratio-to-best display of Tits and Yang [36, pp. 1442-1443] plotted cumulative counts against a
logarithmic performance-ratio axis. Dividing those counts by the number of test instances yields the
same empirical cumulative form as a performance profile. The paired tables compare identical Full
Accuracy instance sets directly; the profiles instead summarize iteration and time ratios across the
entire test set and also incorporate Low Accuracy successes. All six implementations are included.
Let Z be the problem set, and let S, be the set of methods that reached Low Accuracy or better on
problem p € Z. Let k, s and t,, ; denote the outer iteration count and computation time, respectively,
for method s. When S, # @, define

tp,s

kpas —
iter piime — J minges, t)

Tps = MiNgres, kp,s’
+00, s ¢Sy, +o0, s ¢Sp.

) SESpa , SES,

If all methods fail on a problem, we set all performance ratios to +o0o and still include that problem
in |Z|. For g € {iter, time}, the performance profile is

_ 1

ol(0) = ‘I“{pelzrgsgﬂ}‘, v >1.
Hence o1(1) gives the share of instances where method s attains the best observed value of measure
q- As 9 becomes large, the profile approaches the success fraction of that method.

Figure 1 shows the profiles for the 18 SDPLIB problems. For CA-OFAS, the time profile is more

concentrated near a performance ratio of one than the iteration profile, indicating that differences
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in outer iteration count do not translate directly into the same differences in total computation
time. CA-OFAS was fastest on 9 of the 18 problems and required no more than 1.11 times the best
time on every problem. Thus, the profile complements the paired comparisons by showing that its
computation time remains close to the best observed performance throughout the SDPLIB set.
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Figure 1: Performance profiles for the six implementations on 18 SDPLIB problems (success includes
Low Accuracy; left: outer iteration count; right: computation time; the performance ratio is +oo
for unsuccessful problems; logarithmic horizontal axis)

Figure 2 shows the profiles for the 36 NNV-SDP problems. CA-OFAS was fastest on 31 prob-
lems and required no more than 1.03 times the best time on all 34 problems that it successfully
solved; its iteration profile is likewise concentrated near one. The Liu-type method succeeded on
35 problems, compared with 34 for CA-OFAS, and therefore has a slightly higher limiting profile
value. These profiles complement the aggregate results by showing that CA-OFAS remains close
to the best observed performance on its successful problems, while the Liu-type method succeeds
on one additional problem.
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Figure 2: Performance profiles for the six implementations on 36 NNV-SDP problems (success
includes Low Accuracy; left: outer iteration count; right: computation time; the performance ratio
is +o0o for unsuccessful problems; logarithmic horizontal axis)

The paired comparisons clarify the contributions of the proposed design. OFAS already provides
substantial reductions in computation time over the structural reference methods: 44% and 38%
relative to Two-factorization, and 37% and 42% relative to Corrector-free, on SDPLIB and NNV-
SDP, respectively. Furthermore, CA-OFAS reduces computation time relative to OFAS by an
additional 4% on SDPLIB and 19% on NNV-SDP through curvature amplification. CA-OFAS
also improves on the Mehrotra-type and Liu-type methods: its computation time is reduced by
17% and 13% relative to Mehrotra, and by 20% and 12% relative to Liu, on SDPLIB and NNV-
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SDP, respectively. These results show substantial gains from the one-factorization structure and
post-arc correction, while curvature amplification provides a further improvement, particularly on

NNV-SDP.

6 Conclusion

This work introduced OFAS, a one-factorization arc-search method that keeps both the post-arc
correction and flexible candidate selection without refactorizing the KKT matrix at the accepted
point. The method and its analysis are formulated within an HSD embedding. We also introduced
CA-OFAS, which selectively amplifies the arc term associated with the second-order direction while
keeping the same one-factorization structure. If an amplified candidate is not accepted, CA-OFAS
falls back to an OFAS candidate and therefore inherits the same theoretical guarantees as OFAS.

For the theoretical analysis, we derived direction and centering estimates in a wide long-step
neighborhood. Based on these estimates, we showed that the guaranteed candidate-selection rule
finds an admissible candidate after finitely many halvings of the angle and damping parameter.
We also established an iteration bound of O(vlog(1/e)) for both OFAS and CA-OFAS. Under
Assumption 2.2, the distance from the projectively normalized HSD sequence to the primal-dual
optimal set was also shown to converge to zero. This analysis also gave a relative lower bound on
the HSD scaling variable 7 with respect to the homogeneous scale 0.

In the numerical experiments, we compared six methods on SDPLIB and NNV-SDP. Relative
to Two-factorization, OFAS reduced both the KKT factorization count and factorization time by
about 48% on SDPLIB and 40% on NNV-SDP. CA-OFAS further improved upon OFAS for many
of the tested problems. These results indicate practical benefits from factorization reuse, post-arc
correction, and curvature amplification.

Future work includes adaptive curvature amplification based on local curvature information,
sparse SDP processing based on chordal decomposition and positive definite matrix completion, and
evaluation of these ideas in high-performance implementations [37-39]. Another direction is to study
the relationship between the conditioning of the HSD KKT systems and practical computational
performance.

A Proofs of Technical Lemmas

A.1 Nonsingularity of the Current-Iterate KK'T Operator

We prove Lemma 3.3.

Proof. Fix an arbitrary interior HSD point and denote it by Wj. We show that the homogeneous
system L(W})[D] = (Ox, O), D = (Dx,dy, Dg,d-,d,) has only the zero solution D = 0. For
brevity, set P := P(D;Wy), R := R(D;Wy,). Since P(Wy; Wg) = R(Wy; Wy) = QNT, the
complementarity row is B(Wy, D; W) = QNT o(P+R) = 0. Since QNT € S, xRy, the Jordan
multiplication operator Lont : U +— Q o U is invertible. Indeed, let ¢1,...,q, > 0 be the
eigenvalues of the PSD blogli Q x,k- After an orthogonal diagonalization of Q x k., LQNT multiplies

each matrix component by the positive scalar (¢; + ¢;)/2. On the scalar block, it also acts by
multiplication with a positive scalar. Therefore,

P+R=0. (51)
The three HSD residual rows give

A(Dy) — bd, =0,
A*(d,) + Dg — Cdy =0,
CeDx —b'dy+d, =0.
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The second equation gives Dg = Cd,; — A*(dy,). Hence, using the first equation and the adjoint
relation,

Dx e Dg =d.C e Dx — Dx e A*(d,) = d.C e Dx — A(Dx)"d,
=d.{CeDx —b'd,} = —d.d,.

Thus, Dx e Dg + dd,, = 0. Moreover, by the definition of the NT coordinates in (5) and cyclicity
of the trace,

(P,R)¢ = tr(MkDXMgMETDSMEI) + (‘szdﬂ')(gk_ldﬂ)
:DX.DS+deH :O

Equation (51) gives R = —P, so 0 = (P,R)¢ = —||P||%. Hence, P = R = O. Since M}, and
& are invertible, we obtain Dx = Dg = O and d; = d, = 0. The dual residual row then gives
A*(dy) = O. By Assumption 2.1, A* is injective, and therefore d, = 0. Thus, ker £L(WW}) = {0}. The
current-iterate KK'T system is finite-dimensional and square. Hence, injectivity implies bijectivity,
and L(W},) is nonsingular. O

A.2 Technical Estimates for Uniformly Guaranteed OFAS Candidates

This subsection gives the technical estimates for the fixed choice py = 1/8 used in Proposition 4.5.
We separate the constant estimates from the main argument and verify three facts: (i) D¢ is
uniformly bounded away from zero, (ii) strict interiority is preserved for § = ©(1/v), and (iii) the
wide long-step neighborhood is recovered on the same damping scale. The constants below depend
only on 7, the fixed value pg, and the prescribed upper bound on the angle. They are independent
of v and the problem data.

The candidate set in Algorithm 1 contains p € {1,1/2,1/4,1/8}. The choice py = 1/8 is used
only to construct a theoretical guarantee and does not exclude the other values of p. For the finite-
termination proof, we fix the smallest value pg and show that the successive-halving fallback search
reaches an admissible candidate when (3 is on the O(1/v) scale, while retaining an O(1/v) angle.
This search requires no additional KKT solve. It uses only linear combinations of the correction
directions already constructed and the unit-complementarity direction.

Throughout this subsection, fix iteration k& and use the abbreviations

Wo=Wi, o= (W), Q="  H:=Qo0Q,
o:=sinwo, ©:=1—cosa, Ut :=(1—0)u.

In the NT coordinates defined by the current iterate Wy, write the predictor-arc factors and their
displacements as

P(Od) = P(Wk(a); Wk), R(a) = R(Wk(a), Wk),
AP(a) := P(a) — Q, AR(a) :== R(a) — Q.

We also write Agre(a) := Wi(a) — Wy, and Hare(r) := P(a) o R(a). The quantities D¢, N¢, and ¢
are defined as in Lemma 4.1(iii) with p = py. We use the notation d(c), ry(c), and Eurc(cr) from
Lemma 4.4.

Let 0 < ¢ < 1/2 and assume o < ¢/v. For the correction direction D{°"(c, po), define its NT

components by
(P, ") := (P(DR™ (a, po); W), R(DE (cv, po); Wi)) -

By the definition in Section 3, this correction direction is
D™ (at, po) = po(1 — o) D™ + o D™ + > D™,

Therefore, using the three squared-norm bounds in Proposition 4.3,
VPRI + 1B < Vol T =D,
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and the inequality ||P|| + || R|| < v2+/||P||2 + || R||, we obtain

cor cor \f _ —1 _ iﬂ 21+7 2
1P+ R < V2 { po(l = o) vwly™ = Dt o=+ ¢ Vi -

273/2
Since 0 < ¢ =1—cosa < sina =02, 0 < ¢/v, and v > 1, it follows that
[P + [[RE]] < Ay(e)y/va,

where

31
Ay (c) ::\/§<p0\/7_1—1+c+ —:,YC4> .
vy 2932

This gives the required bound for the correction direction D" (e, po).

Let (Ppnit, Runit) be the NT components of the unit-complementarity direction DMt Define
also the complementarity-row target for D" (av, po) by To(a) := (1 — o)((1 — po)H + popd). This
is exactly Tj(a, p) from Section 3 with p = pg. The following exact cancellations show that D,
remains close to v and that ¢ is small.

Lemma A.1 (Cancellation in ¢ for the fixed-py corrector). For D{°"(c, po), the following identities
hold exactly:

D¢ = v+ (AP(a), ™) + (P, AR(a)),

N¢e = —(AP(a), R*") — (P*", AR(a)).
Proof. For the scalar denominator D¢ defined in Lemma 4.1(iii), the unit-complementarity direc-
tion gives I in the complementarity row in the current-iterate NT coordinates. Hence, its cross
complementarity with Wy, is T'(W, D) = Trg(I) = v. Using the arc displacement A,y.(c) defined
above and bilinearity, we obtain

D¢ = D(Wi(), D™) = (W, D™) + T (Aare(r), D)
= v+ (AP(a), Rg™) + (P™, AR(a)).

Thus, only the two arc-displacement cross terms perturb the denominator from v.
By (17), the linearity of G(-; W), and (15),

B(W, Di?* (@, po); W) = =27 (v, po)
= To(a) — P(Wi(a); W).
Taking Trg and using Trg(®(V; W) = C(V), Trg(B(U,V;W)) =T'(U, V), and Tre(To(a)) = vittar

gives

(W, D (e, po)) = vitsar — C(Wi(a)).

On the other hand, the exact numerator of ( is

N¢ = vpisar = C(Wi(e)) = T(Wi(a), Dy (e, po))
= Vitrar — C(Wi(a)) = T(W, D (a; po)) — T'(Aarc(a), Dy (@, po))-

The first three terms cancel exactly by the identity above, and hence Ny = —I'(Aarc (), D3 (v, po))-
Expanding this cross complementarity in the current-iterate NT coordinates gives

I'(Aarc(@), D% (e, po)) = (AP(a), R®") + (P°", AR(v)).

Therefore,
Ne = —(AP(a), R*") — (P", AR(w)).
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We now use the following bounds for the arc displacement and the unit-complementarity direc-

tion:
unit unil 2V
[AP(a)[| + [[AR(a)]| < dw(C)\/i [P+ | R < Vw

Applying Cauchy-Schwarz to D¢ —v = (AP(a), R{™M) + (Pt AR(a)) gives | D¢ —v| < dy(c)\/2/7.
Hence, if d,(c)y/2/y < 1/2, then v > 1 implies D¢ > v — 1/2 > v/2.

Similarly, using the full-corrector bound || P°"|| + || R*"|| < A, (c)\/V1, and the arc-displacement
bound above to Ny = —(AP(a), R®") — (P°", AR(«)) gives |N¢| < dy(c)A,(c)p. Therefore,

NIRS

¢l < 2d7(c)A7(c)g.

Let Dl .= D" (v, po) + ¢ D};nit be the full composite correction, and define its NT components by
(Pfull’ Rfull) = (P(Dfull; Wk); R(Dfull; Wk)) Then,

1P|+ IR < By (e) vom, (52)

By(c) == A (c) (1 +2d.(c) ﬁ) . (53)

For use in Lemmas A.2 and A.3, define

where

d, = V2 + 2/~ o ap 14T
v = , Ty =7 + 5 ,
_ ]_—|-f}/ _ _ _
A, =2 (pov/r T =1+ o + e B, =4, (1+24,V2/).
Moreover, set
1—
by ;= min q 1, ﬁ, Lﬂv) > 0, (54)
8By 64B]

and

o e mind o L VT pol =) (bypo(l — ) 3 N o 1 55)
i "2 4d, 384d, B, \ 1287, \ear, 27,

These constants depend only on ~, the fixed value pg, and opmax, and are independent of v and the
problem data. For d(c) = v2c+ /2/vc? and ry(c) = 3/ /7 + c*/2+ 04/(27) from Lemma 4.4, if
0 < ¢ < 1/2, then dy(c) < dyc and 7, (c) < 7yc®. Also, ¢3 < 1/8 and ¢! < 1/16 imply A,(c) < A,,.
Substituting d,(c) < dyc < dy into By(c) = A, (c)(1 + 2d,(c)\/2/7) gives B,(c) < B,. The
three bounds in (54) control, respectively, the damping range, strict interiority, and the quadratic
correction term in neighborhood recovery. The seven bounds in (55) control, in order, the angle
limit, the condition ¢ < 1/2, D and strict interiority, the mixed-correction error, the cubic arc

remainder, the projective quantity J, and small-angle progress. In particular, this choice gives
ry(ey) < ¢y /4.

Lemma A.2 (Strict interiority under fixed py and O(1/v) damping). Let W € Niong(7), let 0 <
o < ¢, /v, and set p = py. Assume further that

b b,

<pg<—.
v

<l
N

Then the uncorrected arc and the damped corrected point W+(B) = Wi(a) + DM are strictly
interior.

34



Proof. The current-iterate NT factors of the uncorrected arc are P(a) = Q + AP(«a), R(a) =
Q@+ AR(«). We use the arc-displacement estimate ||[AP ()| + [[AR(a)| < dv(cv)\/g for o < ¢, /v.
For the full composite correction D! = D (q, pg) + (DU, (52) and (53) give

PO+ (|RM| < B, (ey) ol < Byy/Vh.

Therefore, the two NT factors of the damped corrected point W+ (8) = Wy.(a) + 8D, P+(B) =
P(a) + gptall, R*(B) = R(a) + BRM satisfy, using 8 < b, /v,

1P (8) = QI < [IAP(a)]| + BI| P

< (dy(cy) + b, B5) \/Ev

IB(8) = QI < |AR()] + B B™]|
< (dy(ey) + by B5) \/E

Since dy(c) < dyc and ¢y < \/7/(4d,), we have d,(cy) < @. Also, by < \/7/(8B5) gives byB, <
Using v > 1, each factor perturbation is therefore bounded by

=\ JE 3T k3 1
(dy(ey) + bva)\/: = gf\[ S SV < SV

Since W € Niong(7y), the current complementarity product H = Q o @ satisfies Ain(H) > yp.
Hence, the current-iterate N'T factor satisfies Amin(Q) > /7. Applying the spectral perturbation
inequality Amin(Q+A) > Anin(@)— A to P*(8) = Q+(P+(8)~Q) and R*(8) = Q+(R*(8)~Q)
gives Amin(P(8)), Amin(RT(8)) > /71 > 0. Thus, W () is strictly interior. The same argument
with 8 = 0 shows that P(«) and R(«) are positive definite. Hence, the uncorrected arc is also strictly
interior. O

“S

Let H*(B) denote the complementarity product of the damped point in the current-iterate NT
coordinates. To prove neighborhood recovery, we decompose H™(3) into a leading centering term
and higher-order error terms. The full-corrector equation gives

HY(B) = (1= B)Hare(er) + B(To(a) + ¢I) + B(AP(cr) o M + PM o AR(a)) + g2P™ o ™, (56)

where Tp(a) = (1 — 0)((1 — po)H + popl). Define T(B) := (1 — o)((1 = Bpo)H + Bpopd). This
is the leading target after damping reduces the centering strength from pg to Bpg. Substituting
Hyre(a) = (1 — 0)H + Eqre(ar) from Lemma 4.4 into (56), we define the remaining error by

Edamp(B) := HY(B) — T(B).

The next lemma shows that this error is smaller than the positive spectral margin of T (B).

Lemma A.3 (Damped neighborhood recovery with fixed pg). Let W € Niong(7), and suppose that

0<o§ci, pzpozl, biﬁﬁébi.
v 8 4v v
Then
= o 1lo=2\pu
[€aamp (B) || < { 74(cy) 4 3bydy (cy) By + vaBv v
Moreover,
7
V() = (1 = o)u] < () 5. (57)

Therefore, in the NT coordinates defined by the current iterate Wy,
In particular, W () € Mong(7)-
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Proof. The complementarity product after damping is
H(8) =

where

(1= B)Hare(@) + B(To(a) +¢I) + B(AP(a) o R™ + PM o AR(a)) + 52P™! o R,

TO(a) = (1 - U)((l - pO)H + pO/’l’f)’ Harc( )

a)=(1—0)H + Euyela).
Hence, using f(ﬁ) defined above, we have H*(3) = T(B) + Edamp(B), where
gdamp(ﬁ) =

(1 — B)Earc(@) + BLT + B(AP(a) o R™M + PM o AR(a)) + g2P™ o RMI. (58)
We bound the four terms in (58). The arc remainder, arc displacement, full composite correction
and ( satisfy

7
[ Eare()| < T’Y(C’Y)Wv

1
IAP(@)] + 18R] < ds(e)y /2
P+ IR < By (ex) v < By

€] < 2d,(e;) Ay (e)E < 2, () B

1=

14

Also, ||I|| = /v and B < b,/v. For the mixed Jordan-product term, we use

| P o R+Po Rl < VIIP|I?+ |R|?

with (P, R) = (AP(a), AR()) and (P, R) = (P™! R™) For the quadratic term, we use

1P]2 + 1172

HPfull ° RfullH < ”PfullH”RfullH <z (pruHH + HRquH)

These estimates give the following bounds for the four terms in (58)

(1= B)|arc(@)[] < 1y(ey) =,
BICIITI < 2b,d,(c;) B,
+ PMUo AR(Q)| < bydy(cy)B %

AR

B|AP(a) o R

full full 2 H
B2 || Pl o RV < = 1 WB,YV

Here we used v~3/2 < v~ because v > 1. Adding these four inequalities gives
M
Hgdamp( )H < < (C’Y)+3b d (C’Y)B + 4b§/ 7) :

Next, we estimate the average complementarity. Since the residual-invariant full correction

DR satisfies (Wi (o) + D) = (1 — o)u, damping gives the exact interpolation u(W*(8)) =
(1 - B)u(We(@) + B(1 — o). Also

Huela) = (1= 0)H + Exe(a),  p(Wi(a)) = %Trg(Harc(a)), Trg (H) = vp.
Therefore,

HOVH(B) - (1 = o) = 2 Tre(Eucla).

Using Tre(2) = (I, 2), |T] = v/7, and [|Eurc(@)l] < (e, /12, we obtain

UV (5)) = (1= o < Lo (o) L = o) .
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which proves (57).
Finally, since W € Mong(7) and Amin(H) > yp,

Amin(T(8)) = (1 = 0)((1 = Bpo) v+ Bpop)
= (1 —=a)(v+ Bpo(l — 7))

Moreover, (57) and v > 1 give

Y(WH(B)) < v(1 —o)u+yry(cy)

R IE

Thus, by the spectral perturbation inequality, it is enough to show

)‘min(f(ﬂ)) — (1 = o)p > [|Eqamp (B[] + 7 (cy)

R I=

For the left-hand side, o < ¢, /v <1/2 and § > b,/(4v) imply

Ain((6) =71 = ) > b po(1 =)

R I=

On the other hand, the definitions of b, and ¢, together with d-(c) < dyc and 7(c) < 7,c3, give

272 _ bypo(1 —7)
2BY < 0 T
4b7 R 256 ’
= o bypo1 =)
3bydyc B, < L 58
_ bypo(1 —7)
3 ot
(I +y)7e; < o1
Hence the right-hand side above is at most
7 p

Since 7/256 < 32/256, the required inequality holds. Therefore,
Amin(I—I+(/8)) 2 )\mln(f(ﬁ)) - Hgdamp(/B)H 2 ,.YM(W+(/B))7

where H* (8) = T(8) + Eqamp(8) = (W (8): W).
The preceding positivity result also gives strict interiority of W (). The estimate above is the
current-iterate N'T certificate

Amin (P(WT(8); Wi)) = yu(WH(8)).

By Lemma 4.2, the true complementarity spectrum of the candidate therefore satisfies the wide
long-step condition. Hence W () € Niong(7). O

A.3 Quantitative Scale Estimates for Projective Normalization

This subsection proves the projective scale estimates used in Subsection 4.5.
By (43), D}Cnv = Wi — wp Wy is a residual-invariant direction. Applying Lemma 4.1(ii) to D}Cm’
and using Wy = (1,0,1,1,1), v =n+ 1, and u(Wy) = Oxwg, we obtain

tr Xi + tr Sg + 7 + kg = V(0 + wi). (59)

Let Z* = (X*,y*,5*) € Z* be the point fixed in Subsection 4.5, and let dyec(Z*) be defined
by (44).
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Lemma A.4 (Positive recession-direction margin). Under Assumptions 2.1-2.2, 6rec(Z*) > 0. The
boundedness part of Assumption 2.2 excludes a nonzero direction along which a primal or dual
optimal solution can be extended indefinitely while remaining optimal.

Proof. The set of (Dx, Dg) satisfying Dx, Dg = O and tr Dx + tr Dg = 1 is compact. Moreover,
Assumption 2.1 implies that A* is injective. A finite-dimensional injective linear map is bounded
away from zero on the unit sphere. Since Dg is bounded on the compact set above, it follows that
| A*(dy) + Dg|| — oo as ||dy|| — co. Hence the infimum in (44) is attained.

Suppose, to the contrary, that dyec(Z*) = 0. Then an attaining minimizer satisfies A(Dx) = 0,
A*(dy) + Ds = O, S*eDx =0, and X*e Dg = 0. If Dx # O, dual feasibility of (y*,S*) gives
C = A*(y*) + S*, and therefore

CeDx = y*T.A(Dx) +S*eDx =0.

Together with A(Dx) = 0 and Dx > O, this shows that the ray X* + ¢tDx, t > 0, remains primal
feasible and satisfies C'e (X*+tDx) = Ce X*. Every point on this ray is therefore primal optimal. If
Dx = O, the normalization tr Dx + tr Dg = 1 implies Dg # O. Using primal feasibility A(X™*) =b
and A*(dy) + Dg = O, we obtain

v'd, = X* ¢ A*(dy) = —X* e Dg = 0.

Consequently, (y*+td,, S*+tDg) stays dual feasible for all ¢ > 0, while b” (y* +td,) = b y*. Hence
the entire ray consists of dual optimal points. Either case contradicts the boundedness condition
in Assumption 2.2. O

We now prove Lemma 4.10. Set 7, := tr X}, + tr Sy > 0. Applying the definition of dyec(Z*) to
the normalized direction (X, y, Sk)/T" gives

Srec(ZTE < AKX + I|A* (i) + Sill + S* @ X+ X* o 8.

The HSD residual relations give the following bound for the first two terms: (||b|| + ||C||)7x + 2Qk.
Primal-dual optimality also gives

S*eX)+X*eS,=CeXy—bly, —y T R,(Wy) + X* e Rg(Wy).

Using C e Xy, — by, = Rg(Wy) — ki, and kg > 0, we obtain the upper bound (1 + [|y*|| + || X*||) Qk-
This proves (45).
The same identity gives 0 < ki < (1 + ||y*|| + | X*||)Qk- By (59) and wy > 0,

v, < 776“ + 7+ b < Dy + 949k

This proves the first lower bound in (46). If, in addition, $,Qk < v8;/2, the second lower bound
follows immediately.

B Per-Instance Numerical Results

This appendix reports the computation time, the number of outer iterations, and the termination
status for each of the 54 problems used in Section 5. Each cell shows “computation time (sec-
onds) /number of outer iterations.” Computation times are displayed to one decimal place, while
the unrounded values are used for the aggregated results.

We use MathOptlnterface (MOI) termination statuses throughout the experiments. The Clara-
bel.jl statuses SOLVED and ALMOST_SOLVED correspond to OPTIMAL and ALMOST_OPTIMAL in MOI,
respectively. See Goulart and Chen [7, Sec. 2.6] for the termination criteria of Clarabel. Under our
experimental settings, OPTIMAL requires

<1, (gapaps < 1072 or gap, < 107%),  r, <107%  rq < 107%.

A=
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Here gap,;,, and gap,, denote Clarabel.jl’s absolute and relative duality-gap measures. Its normal-
ized residual measures for primal and dual feasibility are denoted by r, and rq4. If these full-accuracy
conditions are not satisfied before termination due to the iteration limit, time limit, numerical error,
or insufficient progress, the solution is checked again using the relaxed tolerances

£ <1, (gap,ps < 5 X 107° or gap,q < 5 x 107°), Tp < 1074, rqg < 1074,
i

If these conditions hold, the status is ALMOST_OPTIMAL. Following the numerical evaluation of Clara-
bel [7], we classify OPTIMAL as Full Accuracy and ALMOST OPTIMAL as Low Accuracy. The statuses
TIME_LIMIT and SLOW_PROGRESS correspond to MAX_TIME and INSUFFICIENT_PROGRESS in Clara-
bel.jl, respectively, when the relaxed conditions are also not satisfied.

The label SUCCESS_MIXED_ACCURACY is not a termination status of Clarabel.jl or MOI. For a
problem—method pair with repeated runs, this label is used when the runs include both OPTIMAL and
ALMOST_OPTIMAL. The success count including Low Accuracy includes OPTIMAL, ALMOST_OPTIMAL,
and SUCCESS_MIXED_ACCURACY. The Full Accuracy success count includes only OPTIMAL.

For the finite safeguarded candidate search used in the numerical implementation of OFAS
and CA-OFAS, we set omax = 0.95. The angle backtracking factor was 0.5, with at most 50
backtracking steps. We used the centering-recovery schedule p € {1,1/2,1/4,1/8} and damped
the corrector by a factor of 0.5 down to Bmin = 1/64. Warm starts, refinement, recovery, and
amplification-activation safeguards were used only in the numerical search; the candidate formulas
and acceptance conditions (C1)—(C4) are unchanged.

Table B.1 reports linear-algebra ratios of OFAS to Two-factorization for problems solved to
Full Accuracy by both methods.

Table B.1: Linear-algebra ratios of OFAS to Two-factorization for problems solved to Full Accuracy
by both methods

Problem set Matched Factorizations Factorization time Linear solves Solve time

SDPLIB 11 0.524 0.523 0.873 0.894
NNV-SDP 26 0.601 0.606 1.001 1.053

Each entry is the geometric mean of the OFAS/Two-factorization ratio over problems solved to Full Accuracy by
both methods. Ratios below one favor OFAS.

A cell without a superscript denotes OPTIMAL. We use the superscripts A for ALMOST_OPTIMAL,
M for SUCCESS_MIXED_ACCURACY, TL for TIME_LIMIT, and SP for SLOW_PROGRESS. For TIME_LIMIT,
the displayed time may slightly exceed 3600 seconds because an ongoing linear-algebra operation is
not interrupted.

Table B.2 reports the results for the 18 SDPLIB problems, and Table B.3 reports those for the
36 NNV-SDP problems. In the NNV-SDP problem names, ellipsoid and rectangle denote the
input sets considered in Sections 5.2 and 5.3 of Azuma—Kim—Yamashita [34], respectively. The labels
dense and identity describe the structure of the first-layer weight matrix W°, where identity
means W° = I. This corresponds to Assumption 5.7 of that paper for rectangular inputs. The
label nXX denotes the network width » = ng = n1, and s701, s702, and s703 denote random seeds
701, 702, and 703, respectively. Thus, three seeds are used for each problem family and network
width. In Table B.3, the problems are ordered by increasing r. For the same r, they are ordered by
problem family, weight-matrix structure, and seed. In both tables, the shortest computation time
and the smallest number of outer iterations among the successful methods are shown in bold for
each problem.
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Table B.2: Per-instance results for the 18 SDPLIB problems

Two- Corrector-
Problem OFAS CA-OFAS factorization free Mehrotra Liu-type
control4d 4.7/27  4.5/25 8.7/27 9.2/59 5.0/32 6.0/38
controls 18.3/32  20.3/35 39.6/37 52.0/100  19.3/36 23.0/43
control6 59.1/34 55.2/31 109.6/33 125.8/77  63.6/38 70.6/42
gpp100 854.4/26M 634.3/19 1296.1/21M 3621.4/117M 708.7/21M  708.9/22M
gppl124-1 3496.0/30M 2602.9/22 3701.3/16M 3658.8/31M 3435.8/29 3546.7/30
gpp124-2 2595.8/22M 2823.3/24 3703.0/16M 3702.1/32M 3361.3/29 3134.5/27
gpp124-3  3452.4/29 2486.2/21 3699.1/16M 3654.1/31M 3317.6/28 3634.8/31
mcp100 325.9/9  313.8/9 548.0/8 310.6/9 387.4/11  371.8/11
mcp124-1 1125.0/9 1115.9/9 2102.9/9  1330.2/11 1552.0/13 1669.2/14
mcp124-2  1114.1/9 1115.3/9 1887.0/8  1246.5/10 1442.9/12 1330.1/11
mcp124-3  1116.4/9 1137.4/9 1938.4/8  1236.5/10 1609.0/13 1492.0/12
mcp124-4 1134.9/9 1110.9/9 1917.6/8  1241.1/10 1437.3/12 1356.4/11
qap6 2.6/30M 1.9/21 5.3/34M 4.3/56M  2.3/30M  13.4/180M
qap? 12.2/29M  12.9/30M  18.6/24M  39.9/105M 14.4/3™ 193.6/515M
thetal 4.5/10  4.5/10 8.2/10 5.1/12 5.0/12 5.8/14
theta2 382.5/11 366.1/11  661.9/10 410.8/12 349.4/10  393.8/12
trussb 4.6/17 4.5/16M 7.8/16 34.2/147 4.4/18 13.0/56
truss8 417.4/20M 336.6/16 679.2/18M  3407.3/173 413.2/20  396.3/20
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Table B.3: Per-instance results for the 36 NNV-SDP problems (in ascending order of network width

r)
Two- Corrector-

Problem OFAS CA-OFAS factorization free Mehrotra Liu-type
rectangle dense n32_s701 82.0/37 66.3/30 131.4/32 136.0/68 70.6/34 70.6/34
rectangle dense n32_s702 81.2/37 62.8/29 126.7/31 150.0/74 69.7/34 68.8/33
rectangle dense n32_s703 77.9/36 60.2/28 118.4/29 132.5/67 67.1/33 64.2/31
ellipsoid dense n40_s701 403.1/46  283.0/31 666.1/39 774.7/92  350.4/39 337.6/39
ellipsoid_dense_n40_s702 391.9/44  293.0/33 597.2/35  872.5/104  330.1/38 343.0/40
ellipsoid dense n40_s703 385.0/44  284.4/32 628.3/36  991.0/116  341.0/39 318.8/37
rectangle_dense_n40_s701 463.8/51  329.5/37 712.6/42 825.7/98 158.9/185F 378.5/43
rectangle_dense n40_s702 440.7/48  315.4/35 754.7/43 773.0/91  380.7/44 356.2/41
rectangle_dense n40_s703 466.8/51  332.4/37 753.8/43  957.0/113  378.1/43 361.6/41
rectangle_identity.n40_s701 165.6/18 162.9/18 268.3/15 217.7/25  176.4/20 173.5/19
rectangle_identity n40_s702 170.3/18  165.0/18  264.3/15 214.2/24  197.4/22 181.2/20
rectangle identity n40.s703  147.9/16  147.9/16  247.2/14 212.0/24  178.6/20 182.1/20
rectangle_dense_n44_s701 690.3/43  550.4/34 1160.8/37 1459.5/94  618.7/39 586.5/37
rectangle_dense n44_s702 398.5/245F  203.6/125F  438.0/145F 557.2/355F 168.9/10°F 3205.9/2075F
rectangle_dense n44_s703 760.2/48 573.3/36  1209.4/39  1369.1/89 = 627.2/40 609.9/39
ellipsoid_dense_n48_s701 1053.2/41  772.9/29  1655.7/32 2660.2/106  901.9/35 864.6/34
ellipsoid_dense n48_s702 1454.7/54 875.9/324  2371.3/46 3329.3/130 1196.1/46 1145.4/44
ellipsoid dense n48_s703 1077.2/394  923.6/33  1998.9/38  2545.6/99  995.8/38 1046.5/40
rectangle dense n48_s701 1222.6/46  842.6/32  2029.6/39  2495.3/97 1098.9/41 996.1/37
rectangle dense n48_s702 1519.0/56 1061.3/39  2377.7/45 3001.0/117 1227.6/47 1149.5/43
rectangle dense n48_s703 1217.9/44  844.2/30  2003.8/38  2359.7/92  988.8/36 962.0/35
rectangle_identity_n48_s701 534.7/20  484.7/18 821.7/16 702.9/27  602.4/22 602.7/22
rectangle_identity_n48_s702 517.3/19 530.8/19 844.8/16 714.4/27  614.4/23 627.9/23
rectangle identity n48.s703  519.2/19  521.7/19  830.1/15 740.7/28  537.8/20 561.1/20
ellipsoid_dense n52_s701 2267.5/54 1686.2/39 3643.2/44" 3608.9/86TL  2043.7/49  2006.5/48
ellipsoid_dense n62_s702 2099.2/494 1482.2/345F 3621.8/43" 3628.9/88TL  2002.0/48  1922.9/45
ellipsoid_dense n52_s703 2018.7/48 1531.1/36  3621.6/43 3642.2/89TL  1885.4/45 1755.5/41
ellipsoid_dense n56_s701 2627.9/39 1975.0/29 3651.5/28TL 3638.1/56TL 2041.8/31 2048.5/31
ellipsoid_densen56_s702  3630.4/54TL  3245.4/48 3665.4/28TY 3660.8/55TL 3609.5/544 3446.7/53
ellipsoid_dense n56_s703 3543.4/54 2436.0/36 3614.1/27TL 3650.8/56 T  2992.8/45 2818.2/43
rectangle_identity n56_s701  1411.9/21 1316.2/19 2234.2/17  1885.8/28 1469.3/22 1565.4/23
rectangle_identity n56_s702  1511.0/22 1383.3/20 2229.3/17  2146.7/32 1534.3/23 1628.3/24
rectangle_identity n56.s703  1362.3/20 1271.8/19 2206.5/17  1864.3/28 1546.6/23 1546.1/23
rectangle_identity n64.s701  3296.7/22 3101.7/21 3850.8/13TL 3702.4/254 3279.2/22 3420.5/23
rectangle_identity n64.s702  3248.5/22 2832.7/19 3796.9/13TL 3644.2/25T  3444.3/23 3640.3/25
rectangle_identity n64.s703  3312.1/22 2968.3/20 3864.0/13TL 3714.8/25TL  3239.8/22 3360.6/23
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