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Abstract. We describe an algorithm based on a logarithmic barrier function, Newton’s method,
and linear conjugate gradients that seeks an approximate minimizer of a smooth function over the
nonnegative orthant. We develop a bound on the complexity of the approach, stated in terms of
the required accuracy and the cost of a single gradient evaluation of the objective function and/or
a matrix-vector multiplication involving the Hessian of the objective. The approach can be imple-
mented without explicit calculation or storage of the Hessian.

1 Introduction We consider the following constrained optimization problem:
(1) min f(x) subject to x > 0,

where f : R™ — R is a nonconvex function, twice uniformly Lipschitz continuously
differentiable in the interior of the nonnegative orthant. We assume that explicit
storage of the Hessian V2f(x) for > 0 is undesirable, but that Hessian-vector
products of the form V2 f(z)v can be computed at any = > 0 for arbitrary vectors v.
Computational differentiation techniques [29] can be used to evaluate such products
at a cost that is a small multiple of the cost of evaluation of the gradient Vf.

The problem (1) is well studied, with numerous algorithms being proposed over
the years, based on such strategies as active set, gradient projection, and Newton’s
method. Other possible approaches include interior-point and barrier methods, which
generate iterates that remain strictly feasible. The primal log-barrier method mini-
mizes the log-barrier function

(2) Pulx) = f(x) — uZ log(;),

for some decreasing sequence of positive scalars p [27]. The function ¢, can be
minimized using Newton’s method with a line search strategy that maintains strict
positivity of the components of = as well as ensuring sufficient decrease at each iter-
ation.

Our goal in this paper is to design and analyze a method with attractive worst-
case complexity guarantees comparable to those that have been attained recently for
unconstrained minimization of smooth nonconvex functions. The algorithm we de-
scribe in this paper combines the primal log-barrier formulation (2) with the Newton-
Conjugate-Gradient (“Newton-CG”) algorithm of [36]. We minimize the log-barrier
function ¢, for only a single value of p, chosen judiciously to ensure that its ap-
proximate minimizer coincides with an approximate solution to (1) that satisfies our
accuracy criteria. The Newton-CG method applied to ¢, uses a safeguarded version
of the linear CG method to minimize a slightly damped second-order Taylor series
approximation of ¢, at each iteration. In contrast to its application to unconstrained
optimization, the linear system is preconditioned to control the norm of its coefficient
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matrix to ensure that the number of CG iterations is bounded by a quantity that de-
pends on the accuracy of the desired solution. The safeguarded CG method monitors
its iterates for evidence of indefiniteness in the Hessian, and outputs a direction of
negative curvature for this matrix if indefiniteness is detected. If no indefiniteness is
detected, this CG procedure finds an approximate Newton step. In either case, we
do a backtracking line search along the chosen direction, and show that the decrease
in ¢, at each step is sufficient to place an overall bound on the number of iterations,
allowing worst-case complexity results to be proved.

Although practical efficiency of the method is not our main concern in this paper,
we note that our method is a “long-step” interior-point method, of the kind that has
been useful in other settings.

The rest of this paper is organized as follows. Section 2 reviews related work,
puts our paper in context, and outlines our main result. In Section 3 we derive a
first- and second-order approximate optimality condition for (1). Section 4 describes
our log-barrier Newton-CG algorithm, while Section 5 presents the worst-case com-
plexity analysis for the first- and second-order approximate KKT conditions. Some
conclusions appear in Section 6.

Assumptions, Background, Notation. We assume the following throughout, con-
cerning smoothness and boundedness of f.

ASSUMPTION 1. The function f is twice uniformly Lipschitz continuously differ-
entiable on an open neighborhood of the path of the iterates and trial points. We
denote by L, the Lipschtiz constant for V f and Ly the Lipschitz constant for V2 f
on this set.

ASSUMPTION 2. The function f is bounded below by fiow-
ASSUMPTION 3. The iterates {x*} satisfy,

IV < Uy, V2 f(@®)] < U,

for some scalars Uy > 0 and U > 0.

(Here and throughout we use || - || to denote the Euclidean norm, or its induced norm
on matrices.) We observe that Uy is a Lipschitz constant for the gradient of f.
For any z and y such that Assumption 1 is satisfied, we have

B) IV4) - V@) - V@) - )] < 5Ll — ol
(@) f) < F@)+ Vi@ =)+ 30— ) V@)~ 2) + gLl — ol

Order notation O is used in its usual sense, whereas o represents O with loga-
rithmic factors omitted.

We define e = (1,...,1)T to be the vector of ones and e; = (0,...,0,1,0,...,0)"
to be the unit vector with 1 as the ith component and zeros elsewhere. The ith
component of a vector v is denoted by v; or [v];. Given a vector € R% (where
R” is the nonnegative orthant), we denote by X the diagonal matrix formed by the
components of x, by Z the vector whose components are min(z;,1),! and by X the
diagonal matrix formed from Z. That is,

(5) X =diag (z1,22,...,7,), Z=min(z,e), X =diag (T1,T2,...,Tn).

1We use a threshold of 1 for clarity of presentation. Any other positive value could be used
instead, with minimal effect on the results.



Our algorithm seeks a point x satisfying the following approximate optimality
conditions for (1):

(6a) x>0,
(6b) Vf(z) > —ege,
(6¢) IXVf (@)oo < €,
(6d) XV2f(2)X = —enl,

for small positive tolerances €, and €. The conditions (6¢) and (6d) differ from the
scaled gradient and Hessian conditions used elsewhere, through the substitution of
the bounded matrix X for X. The theoretical basis for these conditions as well as
their relation to those used in previous works is presented in Section 3.

2 Related Work There is considerable recent work on algorithms for uncon-
strained smooth nonconvex optimization that have optimal worst-case iteration com-
plexity for finding points that satisfy approximate first- and second-order optimality
conditions. When applied to twice Lipschitz continuously differentiable functions,
classical Newton-trust-region schemes [22] require at most O (max {€, 25", e;,* }) it-
erations [16] to find a point satisfying

(7) IVF(@)] < € and Auin(V2f(2)) > —en.

For this class of problems, the optimal iteration complexity for finding a second-
order optimal point is O (max{egg/ 2,6;[3}) [9, 14, 19]. This iteration complexity
was first achieved by cubic regularization of Newton’s method [34]. Numerous other
algorithms have also been proposed that match this iteration bound; see for example
[5, 13, 23, 25, 33].

Some works also account for the computational cost of each iteration, thus yielding
a bound on the overall computational complexity. A number of works have focused
on efficiently computing a solution to the cubically regularized subproblem, either
through direct matrix factorization techniques [8, 13, 34] and/or Krylov subspace
based methods [13, 26]. These approaches yield a worst case operational complexity
of O(ne;3/ 2) when ey = e;/ > Two independently proposed algorithms, respectively
based on adapting accelerated gradient to the nonconvex setting [11] and approxi-
mately solving the cubic regularization subproblem [1], require @(6;7/ *) operations
(with high probability, showing dependency only on €4) to find a point  that satisfies
(7) when ey = 6517/ ?. The difference of a factor of 6;1/ * with the iteration complexity
bounds arises from the cost of computing a negative curvature direction of V2 f(x},)
and/or the cost of solving a linear system. The probabilistic nature of the bound is due
to the introduction of randomness in the curvature estimation process. A complex-
ity bound of the same type was also established for a variant of accelerated gradient
based only on gradient calculations, that periodically adds a random perturbation to
the iterate when the gradient norm is small [32].

In another line of work, [37] developed a damped Newton algorithm which inex-
actly minimizes the Newton system by the method of conjugate gradients and requires
at most @(min{negg/z, 6;7/4}) operations to satisfy (7), to high probability. For pur-
poses of computational complexity, this paper defines the unit of computation to be
one Hessian-vector product or one gradient evaluation. We also adopt this defini-
tion here; it relies implicitly on the observation from computational / algorithmic
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differentiation [29] that these two operations differ in cost only by a modest factor,
independent of the dimension n. In a followup to [37], the paper [36] built on tech-
niques from [10] to create a modified CG method to solve the Newton system. This
algorithm, which is a foundation of the method described in this paper, again finds
a point satisfying (7) in (’j(min{ne;?’/ 2,6; 7/ 4}) operations, to high probability, and
requires the same number of operations to find an approximate first-order critical
point deterministically.

A number of algorithms have also been proposed for constrained optimization
problems that require at most (’)(max{eg_s/ 2 €5 }) iterations to find a point which
satisfies some first-order (and sometimes second-order) optimality conditions. Al-
though the optimality conditions vary between papers, the works [15, 17] achieve this
iteration complexity bound for some first-order optimality condition by solving a con-
strained cubic regularization subproblem at each iteration. These approaches have
been greatly simplified in recent times for problems involving “inexpensive” convex
constraints [18, 20]. A different proposal finds a first-order point in O(e4 3/ %) itera-
tions for linear equality and bound constraints through the use of an active set method
[6]. When optimizing on a single face of the polytope, this method also uses a cubic
regularization model. However, these papers do not account for the cost of solving the
subproblem at each iteration, noting either that this subproblem may be NP-hard,
or suggesting that a simple first-order, gradient-based method can solve it reliably.
Many other methods have been proposed for constrained optimization which have
good worst-case iteration complexity results, such as two-phase methods [4, 12, 24],
an interior-point method [31], and augmented Lagrangian methods [7, 28, 38].

Turning to our bound-constrained problem (1), a second-order interior-point
method was proposed in [3]. This method minimizes a preconditioned second-order
trust-region model at each iteration and finds a point satisfying approximate second-
order conditions in at most 0(6;3/ 2) iterations when ey = 6!1/ ®. However, the first-
order conditions are strictly weaker than those used in the current work as they consist
only of feasibility of x along with a scaled gradient condition that is an “unbounded”
version of (6¢) in which X is replaced by X. Without additional assumptions on f,
the absence of condition (6b) in the optimality conditions implies that sequences of
(strictly feasible) points that satisfy the scaled gradient condition may not approach
KKT points as €, approaches 0; see [30, Section 2] for a discussion of this issue. Our
approximate optimality conditions (6) here do not suffer from these issues, as we
show in Section 3. In a follow up to [3], an interior-point method for linear equal-
ity and bound constraints was described in [30]. This method, which also achieves
an iteration complexity of O(eg 8/ %) (when ey = e_(l,/ %), applies a constrained second-
order trust-region algorithm to the log-barrier function, with a (potentially) small
trust-region radius. The authors of [30] were more interested in iteration complexity
than computational complexity, but we note that each of their subproblems requires
evaluation of the Hessian (which in the worst case requires evaluation of n Hessian-
vector products, where the latter is one of our units of computational complexity),
together with (7)(n3) floating point operations associated with performing a bisection
scheme to solve the subproblem. These considerations suggest an overall worst-case
computational complexity of at least O(ney 3/ %) for the algorithm of [30].

In this paper, we adapt the Newton-CG method of [36] for unconstrained opti-
mization to the problem of minimizing the primal log-barrier function (2), for a small,
fixed value of u. We target the optimality conditions (6), which avoid enforcing tighter
conditions on Hessian and gradient components that correspond to components of z
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that are far from zero at optimality. This change allows us to solve a preconditioned
Newton system of linear equations at each iteration in which the norm of the ma-
trix can be bounded by a constant independent of iteration number. The Capped
CG method developed in [36] is used to solve this system, returning a useful search
direction in a reasonable number of iterations. @~ When ey = e_(l,/ 2
2, 6;3/2)

, our algorithm

finds a point satisfying (6) in O(ne, iterations (Theorem 16). The com-
putational complexity, in terms of gradient evaluations/Hessian vector products, is
@(ne;3/4 + 6;7/4) for large values of n, and @(ne;3/2) for smaller n; see Corollary 17
and the comments following this result. The appearance of n in our complexity ex-
pressions is an apparently unavoidable consequence of using log-barrier methodology,
along with making the mildest possible assumptions on the problem (1) and the algo-
rithm. For example, we do not assume a bounded feasible set or a particular choice
of starting point (as in [30]), and we do not assume any specific rate of growth of
f as z moves away from the solution set. Still, our computational complexity rates
match (for small n) or improve on (for large n) those in [30]. Practically speaking,
our algorithm has the appealing feature that it puts minimal restrictions on the step
size, allowing the line search to take steps that are much closer to the boundary than
the current iterate.

3 Approximate Optimality Conditions We now discuss first- and second-
order optimality criteria for (1) in a form that can be related to the approximate
optimality criteria (6) that are targeted by our algorithm. We show that points sat-
isfying these necessary conditions are the limits of sequences of points that satisfy
our approximate criteria (6). We then compare our approximate criteria with sim-
ilar conditions that have been proposed previously, and argue that ours are more
appropriate.

3.1 Deriving Approximate Optimality Conditions from Exact Condi-
tions First-order conditions for « to be a solution of (1) are that there exists a vector
s* € R™ such that

(8) Vix)—s*=0, (x,8%)>0, x;8;=0 forali=1,2,...n.

Our second-order condition is a modified version of the condition derived in [2]. It
requires the existence of a vector 6* such that

(9) V2f(x)+diag (0*) =0, 6*>0, x70; =0 foralli=1,2,...n.

This is equivalent to a “weak” form of second-order necessary conditions for (1),
namely [V2f(2)|z(x)z(x) = 0, where Z(z) := {i|xz; > 0}. The more satisfactory
“strong” second-order conditions require testing that d'" V2 f(x)d > 0 for all d in the
cone defined by

{d € R"|d; = 0 when z; =0, [Vf(z)]; > 0; d; > 0 when x; =0, [Vf(z)]; = 0}.

This is known to be an NP-hard problem [35].

The following result shows that a local minimizer z* can be expressed in terms
of the limit of sequences that satisfy approximate forms of these two optimality con-
ditions.

THEOREM 1. Let f be twice continuously differentiable on the interior of R™ . Let
x* be a local solution of (1). Then there exists a sequence of approximate solutions
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{2*} with 2% > 0; sequences of approzimate Lagrange multipliers {s*} and {0}, with
s >0 and 0% > 0; and a sequence of scalars {5y} with & > 0 and &, — 0 such that
the following conditions hold:

10a) 2% >0 for all k and 2% — 2~

10b) V() —s* -0,

10c¢) min{z¥ 1}s¥ =0 foralli=1,2,...n,
10d) V2 f(z*) + diag (0%) 4 6,1 = 0,

10e) min{z¥, 1}20F - 0 foralli=1,2,...n.

~ o~ o~ o~ o~

The proof of this result follows directly from that of [30, Theorem 1] by noting that
min{z¥, 1}s¥ < 2¥sk and min{z¥, 1}20F < (2%)260F trivially hold for all i and k.

Theorem 1 suggests that we should declare x > 0 to be an approximate interior
solution of (1) when there exist s € R} and 6 € R’ such that

(11a) IVf(z) = sl < e,
(11b) [ Xs]loc < €g,
(11c) V2f(x) + diag (0) + egl = 0,

(11d) X000 < enr-

We will now describe the connection between our approximate optimality conditions
(6) and the conditions (11).

THEOREM 2. Let x be a point satisfying (6). Then there exist s € R} and 0 € R’}
such that (11) holds at x.

Proof. Let s; := max{0, [V f(x)];} for i = 1...n, so that s € R} and, by direct
substitution, we have (11a) and (11b). Our second-order condition (6d) is that

d" (XV2f(z)X +eyl)d >0, foralldeR"

Since X ! exists and is positive definite, we have
d" (v — M el |d>0, foralldeR".
( flx)+ ; min{zs, 1}26 e; > or a

Therefore, by choosing 0; = eg/ min{z;,1}? for all i = 1,2,...n, we have that § > 0
and that (11c) and (11d) are both satisfied. O

3.2 Comparison with Previously Proposed Approximate Conditions
The conditions (8) and (9) directly motivate the approximate optimality conditions
for > 0 used in the interior-point method of [30], which are

(12a) Vf(z) > —ege,
(12b) XV f(@)lloo < €,
(12¢) d" (XV?f(2)X + \/eg1)d > 0.

The scaled first-order condition (12b) and scaled second-order condition (12c) are
commonly used optimality conditions for (1) [3, 21]. However, these two conditions
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alone are insufficient to guarantee that a sequence of points that satisfies these con-
ditions as e, — 0 converges to a KKT point for f [30]. For this reason the condition
(12a) is added in [30], motivated by the first-order optimality conditions (8).

These conditions can be overly stringent for coordinates ¢ in which z; > 0. In
this case, the complementarity condition (12b), requires |[V f(z)];| to be very small.
Similarly, (12¢) requires that the Hessian in the subspace spanned by these coordinates
can have only minimal negative curvature. Such requirements contrast sharply with
the case of unconstrained minimization. In the limiting scenario in which all of the
coordinates of x are far from the boundary, these approximate first-order conditions
are significantly harder to satisfy than in the (equivalent) unconstrained formulation.

To remedy this situation, our approximate optimality conditions (6) contain scal-
ings by x; only when z; € (0,1]. Our conditions thus interpolate between the bound-
constrained case (when z; is small) and the unconstrained case (when z; is large)
while also controlling the norm of the matrix used in our optimality conditions.

4 Log-Barrier Newton-CG Algorithm We now give an overview of our
Log-Barrier Newton-CG (LBNCG) algorithm, defined in Algorithm 1, along with its
component parts.

The main branch in each iteration is conditional on the approximate first-order
optimality conditions, (6b) and (6¢). When one or both of these conditions are not
satisfied, the Capped CG method (Algorithm 2) is applied to the damped, precondi-
tioned Newton system

(14) (XeV2¢u(2*) Xy + 2en1) d = XV (2F),
where according to the definition (2) of the barrier function ¢, we have
Vou(r) =Vf(r)—pX e and V2¢,(z)=V>f(z)+pX 2

Algorithm 2, which is described further in Section 4.1 and in the earlier paper [36],
returns either an approximate solution to the linear system (14), or else a direction
of sufficient negative curvature for X, V3¢, (%) X}.

Alternatively, when (6b) and (6¢) are satisfied, a “Minimum Eigenvalue Oracle”
(Procedure 3) is invoked to certify either that the second-order optimality condition
(6d) holds at the current iterate or, if not, to return a direction v of sufficient negative
curvature for X3V f(2*)X},. Procedure 3 may be implemented by a randomized pro-
cedure, with some probability of failure §, in which it incorrectly certifies that (6d) is
satisfied. Further discussion of this procedure appears in Section 4.2.

However the search direction is chosen, it is scaled to obtain a step d* that satisfies
[ X, ' X1.d*|| < B < 1. This condition guarantees that for 2* > 0, we have

oF T =2k 4 X db = X, (e—l—X,;l)_(kdk) > :Ek(l —p) >0,

so that all iterates lie strictly inside the positive orthant. A backtracking linesearch
is performed along the direction Xd* to ensure sufficient decrease in ¢, We note
that a value of 8 close to its upper bound of 1 results in aggressive steps that may
approach the zero bounds closely. Steps of this kind are favored in practical interior-
point methods. We will see in later sections that a factor (1 — ) emerges in the
complexity results, leading to weaker bounds if S is too close to 1. Though we are
mindful of this effect, our focus is on the dependence on the tolerance €,. The choice
of B is independent of €4; we would not expect 3 to be updated in response to a
change in the tolerance €.



Algorithm 1 Log-Barrier Newton-Conjugate-Gradient

Inputs: Tolerance e, € (0,1); backtracking parameter § € (0,1); starting point
2% > 0; accuracy parameters ¢, € (0,1) and ¢ € (0,1); maximum step scaling
B e [e;/Q, 1); step acceptance parameter n € (0,1);
Optional input: Scalar M > 0 such that ||V2f(x)|| < M for all z (set M = 0 if not
provided);
Set ey = e;/Q, w=¢€g/4, c, = Cu, M, = M + p;
for k=0,1,2,... do
if [V f(2")]; < —¢, for some coordinate i or | X,V f(z¥)||oc > €, then
Call Algorithm 2 with H = X;,V2¢,,(2%) Xk, € = ey, g = X, V¢, (2F), accuracy
parameters ¢, and c,, and bound M = M, to obtain outputs dk, d_type;
if {d_type=NC} then

k, T 3y i 1A T Xe V20, (aF) X d¥ | 8 } k.
d E_ senlg d })mm{ TEE e S 4
else {d_type=SOL
k : B 7k .
d® <+ min {1, XX d 1 } d”;
end if
Go to Line Search;
else

Call Procedure 3 with H = X}, V2f(2¥) Xy, € = ey, and M = M (if provided);

if Procedure 3 certifies that Amin (X V2 f(2¥)X};) > —ey then
Terminate;
else {direction of sufficient negative curvature v returned by Procedure 3}
Set dF + —sgn(v' XV, (zF)) min{|vTXkV2¢#(xk)ka|, M} UH
k ¢ oo
Go to Line Search;
end if
end if
Line Search: Compute a step length a; = 7%, where jj is the smallest nonneg-
ative integer such that

(13) Oula” + anXid") < du(a®) - Jaid

P — 2k 4+ XpdF;
end for

We set a number of parameters at the beginning of the algorithm, including the
particular choice ey = 6517/ % This choice is commonly made in the unconstrained opti-
mization literature too, for purposes of aligning two different complexity expressions.
In our current context, this choice is embedded more deeply into the analysis, but
we keep the distinction between ey and €, to maintain the generality of individual
results. The particular choice u = €,/4 of the barrier parameter is key to the com-
plexity result. Finally, we note that when M is an upper bound on |[V2f(z)]| for all
z of interest, we have

(15) XV, () X|| < IXV2f(2) X[ + pl XX 2X| < V2 (@)]l + 1 < M+,
8



so that ||H|| < M, for H defined as the input of Algorithm 2 in Algorithm 1.

4.1 Capped Conjugate Gradient Algorithm 2 is a safeguarded version of the
conjugate gradient (CG) procedure for either solving the linear system (H + 2¢l)y =
—g, or else detecting a direction d such that d" Hd < —¢||d||?. This method, which was
described in [36], consists of classical CG iterations plus various checks to determine
whether (a) the upper bound M on ||H|| is adequate, and (b) negative curvature in
H has been detected. One of the techniques for detecting negative curvature is the
too-slow-convergence criterion ||r7|| > +/T19/?||r°|| (where T and 7 both depend on
the bound M). By Theorem 6, this behavior can occur only when there exists some
i €{0,...,5 — 1} such that (y7** —¢)TH(yp/ ™ —¢') < €|y’ — ¢||? holds. In
this situation, Algorithm 2 returns d = 37T — 4 as a direction of sufficient negative
curvature.

Algorithm 2 is called from Algorithm 1 with H = X, V2¢,(2*) X}, which, as we
note in (15), has norm bounded by M,, = M +p, where M is the bound on || V2 f(z*)].
Hence the value of M in Algorithm 2 will never be larger than this value.

Altogether, the safeguards mentioned above and the diagonal preconditioning
strategy guarantee that Capped CG requires min{n, O(e~'/2)} iterations to terminate.
A derivation of this bound is given in Section 5.1.

4.2 Minimum Eigenvalue Oracle The Minimum Eigenvalue Oracle (Proce-
dure 3) is called when the approximate first-order conditions (6b), (6¢) are satisfied.
This procedure either verifies that the approximate second-order condition (6d) is
satisfied as well (in which case the algorithm terminates), or else returns a direction
of sufficient negative curvature for the scaled Hessian X, V2f(2*)X}, along which
further progress can be made in reducing the barrier function ¢,,.

This procedure can be implemented via any method that finds the smallest eigen-
value of H to an absolute precision of €/2 with probability at least 1 — §. (A deter-
ministic implementation based on a full eigenvalue decomposition would have 6 = 0.)
In Section 5.3, we will establish complexity results under this general setting, and
analyze the impact of the threshold §.

Several possibilities for implementing Procedure 3 have been proposed in the lit-
erature, with various guarantees. In our setting, in which Hessian-vector products and
vector operations are the fundamental operations, Procedure 3 can be implemented
using the Lanczos method with a random starting vector (see [11]). The following
result from [36, Lemma 2] verifies its effectiveness.

LEMMA 3. Suppose that the Lanczos method is used to estimate the smallest
eigenvalue of H starting with a random vector uniformly generated on the unit sphere,
where ||[H|| < M. For any § € [0,1), this approach finds the smallest eigenvalue of H
to an absolute precision of €/2, together with a corresponding direction v, in at most

(17) min {n, 1+ B In(2.75n,/6%)4 /M-‘ } iterations,
€

with probability at least 1 — §.

Procedure 3 can be implemented by outputting the approximate eigenvalue A
for H, determined by the randomized Lanczos process, along with the corresponding
direction v, provided that A < —e/2. When A > —e¢/2, Procedure 3 returns the
certificate that Apnin(H) > —¢, a conclusion that is correct with probability at least
1—4. Conjugate gradient with a random right-hand side can be used as an alternative
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Algorithm 2 Capped Conjugate Gradient

Inputs: Symmetric matrix H € R™*"; vector g # 0; damping parameter € € (0, 1);
desired relative accuracy parameter ¢, € (0,1); desired accuracy ¢, € (0, 1);
Optional input: scalar M > 0 such that ||H| < M (set to 0 if not provided);
Outputs: d_type, d;

Secondary outputs: final values of M, k, CAN 7, and T

Set

B
W
=N

S

— M + 2e A G
H:=H + 2l = .= = , Ti=—
+2el, K c G 3 T RS TN

Y0 < 0,70« g, p < —g, j + 0;
if (p°) " Hp < €[[p°||* then
Set d = p® and terminate with d_type=NC;
else if |Hp°|| > M|p°| then
Set M « ||[Hp°||/||p°|| and update &, ¢, 7, T accordingly;
end if
while TRUE do
aj + (r)Tri/(p?) T Hp; {Begin Standard CG Operations}
Y eyl 4 agps
It i 4 osz:[pj;
By = I+ |2
p'Tt— —pit 4 35 1p7; {End Standard CG Operations}
J=it L
if [|[Hp|| > M||p’|| then
Set M « ||Hp’||/||p?|| and update , ¢, 7, T accordingly;
else if |Hy?|| > M||y?| then
Set M « ||Hy?||/||y’|| and update , ., 7, T accordingly;
else if ||Hr7|| > M||r’|| then
Set M « ||Hr?||/||*7| and update k,(.,,T accordingly;
end if
if (y))"Hy’ < e|y’|? then
Set d <y’ and terminate with d_type=NC;
else if ||r7]| < |70 and ||r7]|s < ¢, then
Set d + 7 and terminate with d_type=SOL;
else if (p/) " Hp’ < ¢||p’||? then
Set d <+ p’ and terminate with d_type=NC;
else if 77| > VT77/2||r°| then
Compute a;, 3’ as in the main loop above;
Find i € {0,...,j — 1} such that
W —y) TH T —y)

(16) A , < €
g7+t — i ||?

Set d + y/*t! — y* and terminate with d_type=NC;
end if
end while
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Procedure 3 Minimum Eigenvalue Oracle

Inputs: Symmetric matrix H € R™*", tolerance € > 0;

Optional input: Scalar M > 0 such that ||H|| < M;

Outputs: An estimate X\ of Ayin (H) such that A < —e/2, and vector v with |jv]| =1
such that v " Hv = XA OR a certificate that Ay (H) > —e. In the latter case, when
the certificate is output, it is false with probability at most §, for some § € [0, 1).

to randomized Lanczos, with essentially the same properties; see [36, Appendices A
and B]J.

5 Complexity Analysis This section presents complexity results for Algo-
rithm 1. Section 5.1 describes the iteration complexity of Capped CG (Algorithm 2)
and the properties of its outputs. Section 5.2 shows that Algorithm 1 deterministically
finds a point satisfying the approximate first-order optimality conditions (6b), (6¢) in

at most O(ne, 1/2 +e;3/ %) iterations. We also show that these conditions are satisfied

in at most O(ne, 84 69_7/ %) gradient evaluations and/or Hessian-vector products

when n is large and (’j(ne;?’/ %) operations when n is small. Finally, Section 5.3 shows
that the same type of complexity bound holds (differing in the constants) for finding a
point which satisfies all approximate optimality conditions in (6) with high probability
(rather than deterministically).

5.1 Properties of Capped CG We begin this subsection by finding a lower
bound on the norm of the right-hand side in the Newton system of Algorithm 1
(Lemma 4). We then derive a bound on the maximum number of iterations of the
Capped CG method that can occur before returning a direction d*, which is either an
approximate solution of (14) or a negative curvature direction for the diagonally scaled
Hessian of the log-barrier function (Lemma 5). Theorem 6 verifies that the direction
returned in the case of too-slow-decrease is in fact a vector with the required negative
curvature properties. Finally, we present a number of properties of the search direction
d* computed from the vector returned by Algorithm 2, which will be instrumental in
the complexity analysis of the following sections (Lemma 7).

LEMMA 4. Let yu = €,/4 and suppose that either (6b) or (6¢) is violated at z*.
Then,

(18) Xk V(2| = o
Proof. By definition of V¢, ("), we have
(19) [ X,V (@) = | XeV f (") — nXi X, tell.

Suppose first that (6b) is not satisfied at #*. Thus, there exists at least one
coordinate i such that [V f(z*)]; < —e, < 0. If 2F < 1, it follows that

Tk
V@) = Tep = bS] — < -

If z¥ > 1, we have ¥ = 1 so that

7k
V@)= Ton < (VI < —¢ = —4p

11



In either case, we have from (19) that
1%V (@)l > p.

Now, suppose that (6¢) does not hold, so that |ZF[Vf(z*)];| > €, for some i.
Thus, we have

- —k
2

_ x
1KV (@) > [V @] — e | > V@) — it > ¢ — > 30,
T T}

proving the result. 0O

We now find the iteration bound on Algorithm 2 that was foreshadowed in
Section 4.1. The precise bound in the following lemma is based on a quantity
J(M,e€, ¢, cp), for which the estimate in terms of the accuracy parameter is given
following the lemma.

LEMMA 5. The number of iterations of Algorithm 2 is bounded by
min{nv J(M7 6, C’Fa Cu)}7

where J = J(M,€,(,c,) is the smallest integer such that
(20) VT2 < min {1l e}

where M, fr, T, and 7 are the values returned by the algorithm. If all iterates y;
generated by Algorithm 2 are stored, the number of matriz-vector multiplications re-
quired is bounded by min{n, J(M,€,(-,c,)} + 1. If the iterates y; must be regen-
erated in order to define the direction d returned after (16), this bound becomes
2min{n, J(M,€,(r,cp)} + 1.

Proof. We omit a detailed proof, as the result and proof are identical to [36,
Lemma 1] modulo a new definition of J. We need only consider the case in which
J < n, where J is the index defined in the lemma. If ||7/| > VT77/2||79|, the last
termination test in Algorithm 2 ensures termination at iteration J. In the alternative
case ||| < VT77/2||r0)|, we have by definition of J that

el < V7722 < min {1 e,

Therefore, |[r/]| < & ||r°| and ||r? |l < [|r7] < ¢, both hold. Thus, by the termi-
nation tests in Algorithm 2, termination occurs in this case as well, completing the
proof. 0O

We can now estimate J(M, ¢, (., c,) when Algorithm 2 is called by Algorithm 1
and Assumption 3 holds. Here, we have 7% = X; V¢, (z*) and ¢, = (pu, so that the
right-hand side of condition (20) is

(21) min { & | XV (@)l Cu}

Using the same argument as in [36], when the minimum in (21) is achieved by the
first argument, we have

(22) J(M,e,Crrcp) < R\/EJF 1) I (144(ﬁ+ 1)2,{6ﬂ s (671/2)

2 <




On the other hand, when the minimum in (21) is achieved by the second argument,
an argument of [36] along with the bound

IXe V(™) < IXeVf (@) + ull Xe Xy el < Uy + pv/n,

shows that

J(M,E,CT,C#) S

1 16 (v +1)° k4 (U, )2
(\/E+2>ln< (VF + )Czug + /) ﬂ

(23) =O(e V2.

Therefore, in either case, we have that J(M,e€,(r,cy) < @(6_1/2), as claimed in
Section 4.1.

The following theorem shows that when Algorithm 2 is terminated because of
the test ||| > vT77/2||r9||, then (16) will hold for some i = 0,1,...,j, so that the
outputs of Algorithm 2 are well defined.

THEOREM 6. Suppose that the main loop of Algorithm 2 terminates with j = j,
where

J e {1, . ,min{n, J(Ma € Crvcu)}}v

(where J(M,€,(rycp) is defined in Lemma 5) because the fourth termination test is
satisfied and the three earlier conditions do not hold, that is, (y’)" Hy’ > €||y”]?,
(p?)THp” > €[lp”|,

1+ )| > & and/or (1 o > e,
and
(24) - || > VT2

where M, T, and T are the values returned by Algorithm 2. Then yj“ is computed
by Algorithm 2, and we have

(yJ+1 _ yi)TH(yJ+l _ yz)

(25) > :
ly/+t =2

< €, forsomeiE{O,...,j—l}.

Proof. This result follows directly from [36, Theorem 2| after noting that the
properties of J used in the proof do not depend on the definition of J(M,€,¢r,cy). In
particular, J simply needs to be an index such that (24) holds and the CG process has
not stopped iterating before reaching J. Thus, the result holds once we account for
the additional stopping criterion |||/ < ¢, in the new definition of J(M, €, (., c,).
0

We focus now on the main output of Algorithm 2, which is denoted by d* in
Algorithm 1. The properties of d¥, which is obtained by scaling d*, are essential to
the first- and second-order complexity analysis of later sections.

LEMMA 7. Let Assumption 1 hold and suppose that Algorithm 2 is invoked at
iteration k of Algorithm 1. Let d* be the vector obtained in Algorithm 1 from the
output d* of Algorithm 2. For each of the two possible settings of output flag d_type,
we have the following.

13



1. When d_type=SOL, the direction d* satisfies

(26a) er||d¥|? < (d™) T (XkV2¢u(a®) Xy + 2ex1) d,
(26b) 1" < 1.1 | Xk V("))
(26¢) (d") " XV (2¥) = =y (d") T (X V¢, (2%) X + 2e41) dF,

-1 gk — A
where vy, = max{%, 1}. If || X, ' Xid¥ | oo < B holds, then d* also
satisfies

. 1
(27) 171 < Sendrlldl,

where 7 is the residual of the scaled Newton system, defined by
(28) PR o= (ka2¢u(3;‘k))?k + 26HI) Czk + XkV(bM(a?k).
2. When d_type=NC, the direction d* satisfies (d*)" X, V¢, (2*) <0 and

(d") T X, V29, (a%) X d*

< —||d*|| < —en.
k]2

(29)

Proof. For simplicity of notation, we use the following shorthand in the proof:
H = XyV?¢,(2") Xy, 9= XV, (zh).

Since Algorithm 1 invoked Algorithm 2, at least one of the conditions (6b) or (6¢)
must be violated at 2*. Thus, by Lemma 4, we have ||g|| > u > 0, so the iterates of
Algorithm 2 are well defined.

Consider first the case of d_type=SOL. The bounds (26a) and (26b) follow by the
same argument as in the first part of the proof of [36, Lemma 3]. We now prove (26¢).
The residual #¥ at the final iteration of CG procedure is orthogonal to all previous
search directions, so that (d*)T#* = 0 (see [36, Appendix Al). Since d* and d* are
collinear, we have (d*)"#* = 0, so from (28) it follows that

(30) (d*Tg=—(d*)T(H 4 2eI)d".
When || X, ' X3.d*| o < B, we have d* = d*, so

(d*)Tg=—(d*)T(H + 2ex I)d* = —(d*) " (H + 2ex1)d",
proving (26¢) in this case. When ||X,;1Xkdk||oo > [, we have

- —
X Xl

and thus

X K

(d*)Tg = —(d*) T (H + 2e1)d* = .

(d*YT(H + 2egI)d",

proving (26¢) for this case as well.
14



Turning to (27), we note first that from termination conditions of Algorithm 2
that ||#*|| < ¢.|lg||. Thus, using (28), we have that

1751 < Gollgh < & (ICH + 26 D) |+ 17411) < & (M + 2en) ) + 7°1))

where M is the value that is returned by Algorithm 2, so that

174 < - S (M + 2e5) 1],

T

Using again that ¢, = ¢,/(3%) < 1/6 and the definition of ¢, in Algorithm 2, we have

Ar 6A 6 T
G (M +2¢e) < G (M + 2ep) = gC?fH

1
< §C’I“6H?

which yields (27) when we note that d* = d* when ||X,;1Xkdk\|oo < 8.
In the case of d_type=NC, we recall that Algorithm 1 defines
()T Hd" 8 } dk
ld* 121X Xdt o

(31) d* = —sgn(g" d*) min {

We have from positivity of the ratios in the min{-, -} expression that
sgn(g ' dy) = —sen(g'd")* = -1,

so that g "dy < 0. Next, since d* and d* are collinear, we have

(d*)T(H + 2ep1)(d*) _ (d)T(H +2ep1)(d*) _
l* 1 ¥ 2 -

€H,

so that

(d*) "H(d")

32 < —€qy.
(52) R S e

When the min in (31) is achieved by the first term, we have
|(d*) " Hd"|

oy = NEL 200>
]

€H,
proving (29) in this case. Otherwise, when the min in (31) is achieved by the second
term, we have
B = 11X Kid® oo < |IX¢ " Xed®|| < || X5 Xicflld]] < [1d].
Using this bound, along with (32) and the fact that 8 > ey (by definition), we have
] 1(d) THd"| [ 1(@) T H(d")] :
[d¥|| > min{ ~—A—1 85 =min{ ~————2 g1 >min{ey, B} = en.
|| d¥||2 ld* |2
In either case of the min in (31), we have ||d*|| < —(d¥)T Hd*/||d*||?, so that

(dk)THdk

< —||d¥|| < —
||dkH2 = H || S —€H,

proving (29). O
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5.2 First-Order Complexity Analysis We now derive a worst-case com-
plexity result for the first-order optimality condtions (6b) and (6¢). We show that
when Algorithm 2 returns d_type=SOL and a unit step is taken by the line search
procedure in Algorithm 1 (that is, a = 1), either the first-order optimality conditions
hold at x**1, or else ||d*|| is large enough to make significant progress in reducing the
function ¢,. Theorem 13 and Corollary 14 state first-order complexity results in terms
of the number of iterations of Algorithm 1 and the number of gradient evaluations
and/or Hessian vector products, respectively.

Our results depend on the following technical result concerning the decrease of
the log-barrier term in ¢,. Its proof can be found in Appendix A.1.

LEMMA 8. Given x > 0, define X, X as in (5), and suppose that d € R™ is such
that | X 1 Xd|l« < B < 1. Then,

=Y log(a; + Zid;) + Y log(x;)
i=1 i=1

S _ 2R (
< —e'X'Xd+ 2d" XX 2 Xd+ ——|d|>.
¢ s + ol
Our first result deals with the case in which a full step (ar = 1) is taken in
Algorithm 1.

LEMMA 9. Let Assumption 1 hold and suppose that Algorithm 2 is invoked at an
iterate ¥ of Algorithm 1, and returns d_type = SOL. Then, when the unit step is
taken (that is, 2"t = 2% + X d" ), we have either

¢ 3 \1/2 1
34 d*| > h =ming ——, (57—
(34)  [ld*] = caen, where cq mm{ 9 ’<2LH> "2(Lg+9/2+G) [’

or else
(35) Vf(zrt) > —ege  and 1 Xer1 V(@)oo < €g-

Proof. We begin by noting that if the output d* from Algorithm 2 satisfies
[ X, ' X1.d"||oo > B then

em < B =X Xpd" oo < [|1X" Xd®|| < [1X Xillld") < [l

so the claim (34) holds, since ¢4 < 1. Thus, we assume for the remainder of the proof
that | X, ' Xzd"|| < B and d* = d*, and that ||d¥|| < cqemr. We show that the
conditions (35) hold in this case.

We start by establishing that V f(z**1) > —ege. Since d_type = SOL, we have
that (u > ||7*||o where #* is defined in (28). Using || XX, *Xx|| < 1 and eg||d*|| <
cde% = cq€g, it follows that

Cu = || (XaV2u(a") Xy + 26 1) d° + Xi V(2|

= || Xx (v2 () Xpd® + V(")) + p X X} 2 Xpd" + 2ed"|
> || X (V2 (@) Xpd® + V(")) oo — nll XXy > Xid® oo — 2€p1]/d" ||
> || X (V2 (@) Xpd® + V(")) oo — nll XXy Xill[|a*]| — 2¢[1d"|
> || Xk (V2 f(*) Xpd® + V%(ﬂfk)) oo = walld®|| = 2em||d”|

(36) > || Xk (sz(xk)X d* + V(2" ) — nXe X, Yelloo — cacrrpt — 2caey.
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Since ey < 1 and p = €,/4, we have
Cp+ cacmp + 2cqeq < Cu+ capr + 2caeg = p (¢ + 9cq) -

Then, by the definition of ¢4, { +9c4 < 1 so that (i + caemp + 2cq€, < p. Thus, by
substituting into (36), we obtain

(37) p> | Xy (V2f(29) Xpd® + V() — p Xk X, el o
By considering each component ¢ = 1,2,...,n in turn, we now show that
(38) V2 (2" Xpdk + Vf(2*) > —pe.

When 0 < 2 < 1, it follows that z¥ /2% = 1, so
[ Xk (V2 f(@M) Xpd® + VF(2M)], — p| <,

so that - -

[Xi (V2 f(a") Xpd* + V f(2))], >0,
establishing (38) for this component i. When z¥ > 1, we have z¥ = 1 and 0 <
z¥/2k < 1, so from (37), we have

=k
_ _ x _ _
—p < [Xy (V2 (@) Xpd" + V(2Y))], - —ph < (X (V2 (2*) Xpd + V f(2))]
i

%

= [V2f (") Xpdk + V f(2¥)]

establishing (38) for this component too.
Finally, using (3), pn = €,/4, ||d"|| < caen, ca < \/3/(2Ly), and €}, = €4, together
with || X%|| < 1, we have from (38) that
Vi) = V@) — V2 () Xpd® — Vf(2F) + V2 (2P Xd® 4+ V f(2")
> | Vf(a") = V2 f(a") Xpd" — Vf(a)]le - pe

Ly, =
> — = K2l 2e — pe
L 1
_ <2Hc§ + 4) €46 = —€g€.

We now focus on the second condition, ||Xj41Vf(z*1)| < ¢,. To begin, we
show that

(39) 1K1 V@) oo < 20XV F (25
First, assume that 2% < 1 holds. Then, z¥ = 2% so that df = (z}/z¥)df <8 <1, s0

TR < gt =gk o ghdl = 2R+ db) < 2zt
When z¥ > 1, we have

<1 =k < 27k,
Applying these two cases for each coordinate i, we obtain (39). Now, recall from the
conditions stated at the start of the proof that || X, 'X,d"||« < 8, so that d* = d*,
where d* is the output of Algorithm 2 at iteration k. We thus have for #¥ defined by
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(28) that (27) holds, by Lemma 7. Therefore, by (3), (27), (39), [[Xe X, ‘el < 1,
and | Xk|| < 1, we have
[ Xk 1 V(") o
<2 XV f (@) oo by (39)
=2|| X, Vf(a") — Xp V(") + Xk V(2]
= 2||Xka(.TEk+1) — Xka(.Tk) — ka%u(xk)f(kdk
—2epd” + pXp Xy te + 7| oo by (28)
< 2| X (V) = Vf(a*) — V2 f(2*) Xpd") [ oo
+ 2/i||Xle;2Xkdk”oo + 46HHdkHoo

+ 20| Xp X, b el oo + 2/17F || oo by definition of ¢,
< 2| X[V f (™) = Vf(a*) = V2 f(2") X"
+ 2| X X, 2 XpodF || + degr||dF || + 20 + 2|7 since || X5 X telloo < 1
< L | Xud®|[* + 20| X X372 Xl |0
+den||d®]| + 2 + Greplld®| by (3), (27), and [ X]| <1

< LHCZGQ + 2ucqer + 4cqeg + €9/2 + (reqeg,

where we used || Xi|| < 1, [| X ' Xyl < 1, |d¥|| < caem, €4 = €4, and p = €,/4 for
the last inequality. Finally, since e < 1, ¢q < 1, and ¢g < 1/(2(Lg +9/2+ (), it
follows that

| X1 V(@) oo < Luciey + 2ucaen + dcaey + €4/2 + (rcacy
< Lycgeg + 2ucq + 4cqeq + €4/2 + (rcaey
< Lpcgeg + cieg/2 + degeg + €4/2 + Creaey
< catg (L +9/2+ () +€4/2
<e€g/2+¢€9/2 =€,

completing the proof. O

Lemma 9 is useful in the following line search argument, because we need only
consider cases in which ||d¥|| > cqex. We now show that a sufficiently long step is
taken whenever d_type=SOL and z**! does not satisfy the approximate first-order
conditions (6b) and (6¢).

LEMMA 10. Suppose that Assumption 1 holds. Suppose that at iteration k of Al-
gorithm 1, we have either [V f(x*)]; < —e, for some coordinate i or | X,V f(z¥)]|oc >
€g, so that Algorithm 2 is called. When Algorithm 2 outputs a direction d* with
d_type=SOL, then either

(A) the backtracking line search terminates with oy, = 1 and both (6b) and (6c)

hold at zF+1, or

(B) the backtracking line search requires at most ji < jso1 + 1 iterations, where

N 6(1 — £)? g
(40)  Jsar = {210*‘59 ((LH+n><1—ﬁ)2+<2—ﬂ> M(quu\/ﬁ))L’
and
(41) Oék”dkH Z Csol€H
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where

6(1 — §)26? }7

Csol = min {Cd’ (Le +n)(1=5)*+(2-6)

and cq 18 defined in (34).
Proof. This result follows by largely the same argument as that of the proof of
[37, Lemma 13]. The main difference is due to the result of Lemma 8 which, together
with (4), implies
(42)
k. i, gk k ok, 0%
O™+ Xpd")—pp(2”) < 0g ' d —|—7

L= 6P+ (2= 8) gy ey
s

where the notation g = X;V¢,(z*) and H = X;;V2¢,(2*) X} is used once more.
Replacing the Taylor series expansion around f in the proof of [37, Lemma 13] with
this expression yields the result. We provide a full proof in Appendix A.2. O

Now we show that a sufficiently long step always occurs when d_type=NC.

LEMMA 11. Suppose that Assumption 1 holds. Suppose that at iteration k of
Algorithm 1, we have either [V f(x*)]; < —e, for some coordinate i or
| XeVF(@®)||lw > €, so that Algorithm 2 is called. When Algorithm 2 outputs a
direction d* with d_type=NC, then the backtracking line search requires at most ji <
Jne + 1 iterations, where

e 31 5)°
*3) Jne = {1 g”((LH+n><1—ﬂ>2+<2—ﬂ>>L’
and
(44) agl|d®|| > encem,
where

3(1 - §)20 }
(La+nA-6)2+2-8)J"

Proof. This result follows from the same argument as the proof of [37, Lemma 1].
The main difference in the proof once again revolves around the use of (42) in place
of the Taylor expansion around f. A full proof is provided in Appendix A.3. 0O

Next, we bound the maximum decrease in the logarithmic terms over the itera-
tions of Algorithm 1.

LEMMA 12. Let w be such that ||2°) < w. Then for any k > 0, we have

Cne = Min {17

n

k
(45) Z (- log 8 + log 2)) > —-n (logw - miinlog x?) - g Zaj||dj||.

i=1 j=0

Proof. We focus on a single coordinate i, and show that the following holds for

any k > 0:
1< :
(46) —logaclﬁl—l—logx?2—10gw+10g:c?—;Zaﬂdﬂ.
j=0
We consider three cases.
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1: 2FT < w. Here we have —log 2™ > —logw, so (46) is satisfied trivially.

2.z i I'> wand xk < w. Here, we have

—log :Ek+1 —log (xf + akffdf) > —log (w + akifdf)

1
—log (w (1 + Oc;dcfdf))
w

1
= —logw — log <1 + akxkdk>

1
> —logw — —akxkdk
w

Y

1
—logw — —ak|df|7
w

where the second to last inequality follows by log(1 + z) < 2 and the last by
ff < 1. Therefore, we have

1
(47) —log(a ") + log(2?) > — log(w) + log(a}) — Eakldfh

so (46) is satisﬁed again.
3z k“ > w and x > w. For this case, we have

—log(x k+1) —log (x + ozkxkdk) —log < (1 + ap— l df))

= —log(zF) — log (1 + o dk>

Z

j,
> —log(a}) — a—ydy
%

1
(48) > —log(;) — —auld;],

where the second to last inequality follows by log(1 + 2) < 2 and the last by
ff <1 and xf > w. We define k to be the smallest index such that xf > w
for all j = k,k+1,...,k + 1. We have that k exists, and lies in the range
{1,2,...,k}. Moreover, we have that

(49) x’? > w, f <w
Since (48) holds when k is replaced by any j = k, ..., k, we have
k
(50)  —logaF*! +logak = Z (— log /™ + log 2/ ) > —— Zaﬂdﬁ
ik

Since k — 1 is in Case 2, because of (49), we have
— 1 _
—logaci-C > —logw — —a,;71|df71|.
w

By adding this expression to (50), and adding log z? to both sides, we obtain

k
1 .
—log zk+! 0> _ O_fE: 1
ogz;" " +logx; > —logw + log ; o 2 ajldl],
j=k—1
which implies (46).
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By summing (46) over all coordinates i, we obtain

n n 1 kK n
> (~log(af ) +1log(af)) = = (log(w) — log(?)) — - DO ayld
i=1 i=1 j=0i=1
n 1 k
== Z (log( —log(7)) — o Z%”Cy”l
i=1
k

v

. n i
~n (1og() — min log(x)) ~ Y 3" a ]|
=0

which proves the result. 0O

Now we are ready to bound the maximum number of iterations of Algorithm 1
that can occur before the approximate first-order optimality conditions (6a), (6b),
and (6¢) are satisfied.

THEOREM 13. Let Assumptions 1 and 2 hold. Then, some iterate xF generated
by Algorithm 1, where k=0,1,..., K1 + 1 and

7 ’712 (,un (log(wl) — min; log(x?)) + f(2%) — flow) —3/2

770211 g ’
3
w1 = max { n[, I 0||<,o} ,

Call
Call = Inin{csoh Cnc}a

will satisfy the conditions
(51) V@) > —ege, [ XeV (") < €.

Proof. Suppose for contradiction that at least one of the conditions in (51) is
violated for all k = 0,1,...,K; + 1, so that case A of Lemma 10 does not occur for
all k =0,1,...,K;. Algorithm 2 will be invoked at each of the first K; + 1 iterates
of Algorithm 1. For each iteration { = 0,1,..., K; for which Algorithm 2 returns
d_type=SOL, we have from Lemma 10, and the fact that case A does not occur, that
ag|ld*|| > csorem. For each iteration | = 0,1,..., K; for which Algorithm 2 returns
d_type=NC, we have by Lemma 11 that ay||d*|| > cucer. Thus, for either type of
step, we have

(52) ak||dk|| > min{csol, Cnc } €7 = Call€n-

Now, by (13), we have

n

*gailld’“\\?’ > (@) =g (ah) = f@) = f(@) 4 ) (~log(af ) + log(al)) -

i=1

By summing this bound over k¥ = 0,1,..., K;, and telescoping both terms on the
right-hand size, we obtain

”Z oflat | > fafr) +MZ( log(a/+) + log(a) )
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By applying Lemma 12 with w = w;, we have
(53)
0 3
— 23 aflldb | = f@F ) f(a”) —pun (log(wi) — minlog(a?)) Zakndku.
k=0

From the definition of wy, we obtain

—M—Za |d¥) > -1 a“Z Klld¥ ] = "CM‘GHZa Id* |1,

where the final equality is due to p = €,/4 = €%, /4. It follows that

i & 31,7k (13 vn & k n & k o k2 Call€H
B3 QI Sl = £ Y el (ol - )
k=0 k=0

k=0

K1
n
12 Zakndkncinﬁﬁq

Ui
> 12 Z Cillei’{

= < (K1 +1) ¢yedy,

Y

where the second and third inequalities follow by (52). By combining this inequality
with (53), we have

f(xo) o f(xl?ﬁ-l) + pn (log(an) — miin log(m?))
> (K1 +1) 15ehehn
> pn (log(wl) - ml.inlog(x?)) + £(2°) = fiow,

where we used the definition of K; and ey = 6!17/ % for the final inequality. This
inequality contradicts the definition of fioy (in Assumption 2), so our claim is proved.
0

Recalling that the workload of Algorithm 2 in terms of Hessian-vector products
depends on the index J defined in Lemma 5, we obtain the following corollary. (Note
the mild assumption on the value of M used at each instance of Algorithm 2, which
is satisfied provided that this algorithm is always invoked with an initial estimate of
M in the range [0,Upy + pl.)

COROLLARY 14. Suppose that Assumptions 1, 2, and 3 hold, and let K, be defined
as in Theorem 18 and J(M,€em,(r,c,) be as defined in Lemma 5. Suppose that the
values of M wused or calculated at each instance of Algorithm 2 satisfy M < Uy + p.
Then the number of Hessian-vector products and/or gradient evaluations required by
Algorithm 1 to output an iterate satisfying (51) is at most

(54) (2min{n, J(UH+M,6H,C7-,CM)}+2) (Kl +1).
If J(Un + p, €m, G, ¢p) < n, this bound is

(55) O(e;, /* +ne,®/*),
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while if J(Ug + p, €1, Crycp) >, it is

(56) @(ne;B/Q).

Proof. From Lemma 5, the number of Hessian-vector multiplications in the main
loop of Algorithm 2 is bounded by min{n, J(Uy,€n, ¢, cy)} + 1. An additional
min {n, J(Un, €x, ¢, ¢,) } Hessian-vector products may be needed to return a direc-
tion satisfying (16), if Algorithm 2 does not store its iterates y;. Each iteration also
requires a single evaluation of the gradient V f, giving a bound of
(2min{n, J(Un, €m,¢r cu)} + 2) on the workload per iteration of Algorithm 1. Per
Theorem 13, we obtain the result (54) by multiplying this quantity by K; + 1.

To obtain the estimate (55), we note from p = €,/4 that

K| = @(77,6;1/2 + 6;3/2),

while from (22) and (23), using € = ey = e;/Q

that

, we have for J(Uy + i, €p,Grycp) <n

J(UH + M, €H, C?"a C,u) = @(6;11/2) = @(6;1/4)'

We obtain (55) by substituting these estimates into (54). For (56), we have from
J(Ug + i, €m1, Cry €,) > m together with (22) and (23) that n < O (e;1/4). Therefore,

computational complexity is bounded by
A -1/2 | ,-3/2 A —3/4 | _—=3/2\\ _ #(,.—3/2
O(n(ne, "2 +¢,%/%)) < O(n(e,** + ¢,%/%)) = O(ne,*/?),

as claimed 0O

5.3 Second-Order Complexity Analysis We now find bounds on iteration
and computational complexity of finding a point that satisfies all of the approximate
optimality conditions in (6). In this section, as well as using results from Sections 5.1
and 5.2, we need to use the properties of the minimum eigenvalue oracle, Procedure 3.
To this end, we make the following generic assumption.

ASSUMPTION 4. For every iteration k at which Algorithm 1 calls Procedure 3,
and for a specified failure probability 6 with 0 < § < 1, Procedure 3 either certifies
that X, V2 f(xx) Xk = —egl or finds a vector of curvature smaller than —eg /2 in at
most

(57) Nieo = min {n, 1+ [Cmeoeglm—‘ }

Hessian-vector products, with probability 1 — §, where Cpeo depends at most logarith-
mically on § and ey .

Assumption 4 encompasses the strategies we mentioned in Section 4.2. Assuming
the bound Uy on ||H|| is available, for both the Lanczos method with a random
starting vector and the conjugate gradient algorithm with a random right-hand side,
(57) holds with Cpeo = In(2.75n/6%)+/Ug /2. When a bound on || H | is not available in
advance, it can be estimated efficiently with minimal effect on the complexity bounds;
see Appendix B.3 of [36].

The next lemma guarantees termination of the backtracking line search for a
negative curvature direction. As for Lemma 10, the result is deterministic.

23



LEMMA 15. Suppose that Assumptions 1 and 4 hold. Suppose that at iteration k
of Algorithm 1, the search direction d* is of negative curvature type, obtained either
directly from Procedure 3 or as the output of Algorithm 2 with d_type=NC. Then the
backtracking line search terminates with step length ay, = 67% with 55, < jne + 1, where
Jne s defined as in Lemma 11, and the decrease in the function value resulting from
the chosen step length satisfies

1
(58) akHdk” 2 ZCnCEHa

with cye 1s defined in Lemma 11.

Proof. Lemma 11 shows that the claim holds (with a factor of 1/4 to spare) when
the direction of negative curvature is obtained from Algorithm 2. When the direction
v is obtained from Procedure 3, we have by |jv|| = 1 that

- - 1
UTXkVQf(xk)ka < _§€H'
Then, since UTXkXIJZka <1, we have
v Xp V20, (2%) Xpv = v X, V2 () Xpv + po T X3, X 2 X v

1 1
< —— < ——
(59) = 26H+,U7 4€H,

where the last inequality follows from pu =€,/4 = €% /4 and ey < 1. Now, when

. > > B - >
min {|UTka2¢u(xk)XkU|a e (= [0 XV, (2") Xl
”Xk ka”oo
we have [|d*| = [vT X, V¢, (2*) X}v| > € /4. Otherwise, we have

B =X Xid |loo < |1 X" Xid"|| < |1 X Xell[|d¥]] < (|d"].

By combining the two cases, and using 5 > ey, we have

1 1
||dk|| 2 min {4€H,B} = ZGH.
Finally, we note that in either case, we have
()T X V20, (aF) Xud*

[d*]| < =0T Xp V20, (a") Xy = — (a2

Therefore, we have

(dk)Tka2¢#(xk)Xkdk
[[d* |12

1
< —Jd*) < e

The result can now be obtained by following the proof of Lemma 11, with ie H Te-
placing eg. O
We are now ready to state our iteration complexity result for Algorithm 1.
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THEOREM 16. Suppose that Assumptions 1, 2, and 4 hold and define

96+/n
(60) wz::max{ Vi ||x0|oo},
NCan
and
7 1536 (f(2°) = fiow 1 — min; log(z?
6) K | B0UE) — fi +uzc(30g<w2> min og(am))egg/ﬂ+2
all

= (7)(neg_1/2 + 69_3/2),

where the constant can is defined in Theorem 13. Then with probability at least (1 —
§)K2 | Algorithm 1 terminates at a point satisfying (6) in at most Ko iterations. (With
probability at most 1 — (1 — §)%2, it terminates incorrectly within Ko iterations at a
point for which (6a), (6b), and (6¢) hold but (6d) does not.)

Proof. Algorithm 1 terminates incorrectly with probability ¢ at any iteration at
which Procedure 3 is called, when Procedure 3 certifies erroneously that
Amin (Xe V2 f(2%) X)) > —epg. Such an erroneous certificate only leads to termination.
Therefore, an erroneous certificate at iteration k means that Procedure 3 did not
produce an erroneous certificate at iterations 0 to k — 1. By a disjunction argument,
we have that the overall probability of terminating with an erroneous certificate during
the first Ky iterations is bounded by 1 — (1 — §)%2. Therefore, with probability at
least (1 — §)%2, no incorrect termination occurs in the first K, iterations.

Suppose now for contradiction that Algorithm 1 runs for Ky iterations without
terminating. That is, for all [ = 0,1, ..., K2, we have at least one of: [V f(z!)]; < —¢,
for some coordinate i, || X;Vf(z!)]lco > €4, OF Amin(XiV2f(2')X;) < —ep. Consider
the following partition of the set of iteration indices:

(62) KiUKaUKs ={0,1,..., Ky — 1},

where K1, Ko, and K3 are deﬁned_as follows. B

Case 1: K1 :={l=0,1,...,Ky — 1 : Vf(z') > —¢ge and [| X;V f(2!)[|cc < €4}

Case 2: Ky :={l =0,1,...,K;, — 1 : [Vf(z')]; < —¢, for some coordinate i
and/or || X;V f(2!)]|cc > €5 and oy||d"|| > (can/4)en}.

Case 3: K3 :={l =0,1,..., K, — 1 : [Vf(z')]; < —¢, for some coordinate i
and/or | X;Vf(2!) || > €, and ay||d!|| < (can/4)en}-

Then, for all I € K; U Ky, the fact that the algorithm does not satisfy (6) at
iteration [ 4+ 1 together with Lemmas 10, 11, and 15 guarantee that

(63) Olele Z min{csol,cnc/él}eH Z (Ca11/4)6H.

On the other hand, for | € K3, case A of Lemma 10 must have occured. Therefore,
for any | € K3, we must have Vf(z!*1) > —ege and || X;41Vf(2'H1)] oo < €4, so that
l1+1¢€ K, for I < Ky — 1. Thus, a sufficiently long step will be taken at the neat
iteration, and we have

(64) IKs| < [a] + 1 < o] + [Kof + 1.

Now, by a similar argument to Theorem 13 that led to (53), we have
(65)

" Ko—1 ) ) B \/’ﬁ Ko—1
SN ol 2 ) - £ p LS - (log(ws) — minlog(x?) )
7=0 =0
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Using the definition of ws, we have

Rgfl 2 kg*l 2 2 kz*l
Vn 1 Bncan ! NCan€uy !
—p—— g a||d'|| > ——2 q||d'|| = ——2* ap||d
14 wo e l” H = 9 ar l” ” 384 £ l” ”7

where the second equality is due to p = €,/4 = €%; /4. Therefore, we have

nf(rl Kg 1
§ 22 et =y 3 el

=0

3190113 1H l
2§ 3 (ot~ et )
2 2

Ui . . Ca € n a E

~ 1S gl (e - ) S (o) - S )
jEIClLJICQ leERs

v

3n . N )
334 Z oy|d? et — 1536 el
JEKLUK leks

n
(1Kl + 1zl + 1) om=chuely

Y

(11| + |’C2|) 1536 ey —

1
> (el + Kl = 5 ) e

where the second inequality follows by (63) and the definition of I3, while the third
inequalities follows by (63) and (64).
Thus, this inequality, (65) and |ICq| + || + K| — 2 < 2(|K41 |+ |K2| — 1/2), imply

F(a°) = F@5) + pn (log(wz) — minlog(z?))
> (fa] + Kol = 1/2) sl H

> (K] + |’C2| +|K3| = 2) —5=
2 (K2 ~1) 3755 1536 cunch

> f(2°) = fiow + pn (log(wz) — minlog(a?) )

1536 a11€3H

where the final inequality follows from the definition of K5 and ey = eg/ 2 The final
inequality implies that fiow > f(2%?), which contradicts the definition of fioy, proving
the claim.

The estimate Ky = O(ne Sy €g 3/2) follows directly from p =¢,/4. O

Finally, we provide a computatlonal complexity result, a bound on the number of
Hessian-vector products and gradient evaluations necessary for Algorithm 1 to find a
point that satisfies (6).

COROLLARY 17. Suppose that Assumptions 1, 2, 3, and 4 hold, and let Ko be
defined as in (61). Suppose that the values of M used or calculated at each instance of
Algorithm 2 satisfy M < Uy +u. Then with probability at least (1—0)%2, Algorithm 1
terminates at a point satisfying (6) after at most

(66) (max{2 min{na J(UH + M, €mq, Cra Cu)} + 27 Nmeo}) KQ
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Hessian-vector products and/or gradient evaluations. (With probability at most 1 —
(1 — &)%2, it terminates incorrectly with this complexity at a point for which (6a),
(6b), and (6c) hold but (6d) does not.)

Proof. The proof follows by combining Theorem 16 (which bounds the number of
iterations) with Lemma 5 and Assumption 4 (which bound the workload per iteration).
0

For large n, the operation bound (66) is (7)(6;7/4 —&—716;3/4), because the multiplier
of Ky in (66) is @(6;1/4) while Ky is @(ne;1/2 + 6;3/2). For small n, the multiplier of
K in (66) is O(n), and the dominant term in K5 is 6;3/2, leading to a computational
complexity bound of O(ne, 8/ %) for this case.

These computational complexity bounds are the same as those obtained for un-
constrained smooth minimization discussed in Section 2, except for the inclusion of
the neg 3/4 term for the case of large n. In the latter case, our algorithm acheives a
superior worst-case computational complexity bound to that of [30], whose worst-case
computational complexity appear to be O(neg 3/ 2). The ne;?’/ * term is a consequence
of using the log-barrier term to monitor descent. It may be avoided by making an
additional assumption that f grows rapidly enough to overcome the improvement in
the logarithmic term of ¢,, as © moves away from the solution set for (1) and be-
comes large. Indeed, we made such an assumption in an earlier version of the paper.
It makes the analysis somewhat more straightforward in that it allows us assume that
the iterates {z*} are bounded. However, prompted by a referee’s comment and a
desire for generality, we have dropped this assumption in the current version.

6 Discussion We have presented a log-barrier Newton-CG algorithm which
combines recent advances in complexity of algorithms for large-scale unconstrained
optimization with results on the primal log-barrier function for bound constraints.
Our algorithm uses the Capped CG method of [36] to compute Newton-type steps
for the log-barrier function, while monitoring convexity during the CG iterations to
detect possible directions of negative curvature. Once the algorithm has found a
point satisfying the first-order optimality conditions, a Minimum Eigenvalue Oracle
is used to find a direction of negative curvature for the scaled Hessian matrix or
to certify (with high probability) that the second-order optimality conditions hold
at the current iterate. Both types of steps can be computed using efficient iterative
solvers, enabling good overall computational complexity results. The resulting method

finds a point satisfying (6) in at most 0(69_3/2 + neg_l/z) iterations, with at most

@(neg_g/ 2) gradient evaluations and/or Hessian vector products when n is small and
at most @(65 (ot neg_g/ 4) gradient evaluations and/or Hessian vector products for
n sufficiently large. This overall computational complexity compares favorably with
the worst-case bounds of recently proposed methods.

There are a number of ways to align our algorithm more closely with the interior-
point methods in common use. One possible extension is to embed this method in
a primal-dual interior-point framework, which is more widely used than the primal
log-barrier framework. A second is to extend the log-barrier approach to minimize ¢,
for a decreasing positive sequence of values of u, rather than the “one-shot” approach
using a small fixed value of p that we describe in this paper. Finally, generalizations
of our approach to problems with more complex constraint sets, such as problems
with general linear constraints, remains an open problem.
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Appendix A. Proofs of Technical Results.

A.1 Proof of Lemma 8. Proof. For scalar y > —1, define g(y) = — log(1+vy).
We have ¢'(y) = —1/(14y), ¢"(y) = 1/(1+y)* and g (y) = —2/(14y)*. By Taylor’s
theorem, we have

(67) o) = 9(0) + 3 O) + 529" 0) + 5 [ (0= 02 0.

Substituting ¢ = yu and using |y| < 8 < 1, we have

L 2e® it — o | (0 w? T T
2/O(y £)2g® (t)dt = y/o(y y)(1+yu)3S|y|3/o(1 )(176@3.

2 is monotonically decreasing in u and 1/(1 — u)? is monotonically
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Now, since (1 —u)



increasing in u, we can apply Chebyshev’s integral inequality:

|93/01(1 _“)2( 6u)3 < Iyl {/011(1 _U)Qdu] [/01 (1—%“)3}
-4 o)

:|y|31< 1 _1>:|y|3 2-p
6 8\(1-p)? 6 (1-p)*

By combining with (67), we obtain

|y|3 2-p
_— < .
log(1+y) < y+2y +5% A=y

Now, for some coordinate 4, let y = (Z;/x;) d;. Clearly, we have |y| < 8 so

T z; 1/z \° 2] 2-5
oo (14 %ig ) <« _Tig L (T, ol =P
og< + xid’> xidL+ 5 <x¢d1> + 6 (1B

<
T 1 /% \° |d]® 2-5
<-Zg+- (g =
@ <ty (pa) + a5

holds. By the properties of logarithms, we have

—log (xl (1 + xlah)) = —log(z; + z;d;) = —log(x;) — log (1 + xidi) .
x; T

By rearranging this inequality and substituting from (68), we have

zi, i 2-8
) 6 (1-p)%

—log (z; + Z;d;) + log(z;) < ——d t3 (
€T

Ty

By summing this inequality over ¢ = 1,2,...,n, we obtain

. Z log (2 + Z;d;) + Z log(x;)

oTx-1 T 2 |di|> 2
< "X 'Xd+ dXX Xd+z app
. . . 2
= ' X 'Xd+ deXX_QXd—k 6(15)2|d||3

2
< —e' X 'Xd+ dTXX 2Xd+ (1?)2| 2,

where ||d||s denotes the ¢35 norm of d. (The final inequality follows from ||d||s < ||d||2).
O

A.2 Proof of Lemma 10. Proof. For simplicity of notation, we again use
H = X;V%¢,(2%) X} and g = Xt V¢, (z"*) in the proof.

Suppose first that the unit step length o = 1 is accepted. Then, if ||d¥|| < cqep,
it follows from Lemma 9 that both (6b) and (6¢) hold at #%*! so we are in case A.
Otherwise, the statment of case B holds by

ag||d*|| = [|d*|| > cacrr > csoren.
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For the remainder of the proof, we assume that o < 1. Recall from the statement

of Lemma 7 that
XX, dk oo
Yk :max{” e Xrd| ,1}.

For any j > 0 such that the sufficient decrease condition (13) does not hold, we have
from (4), (26a), (26¢), and Lemma 8 that

o el calk
< g 4+ 07 Xy d¥) — ¢, (2F)

<OIVfP) T Xpdb + @(dk)Tkazf(xk)Xkdk + L—H@3j||Xkd’“H3 by (4)
u@

9 _ .
(d*) T X3 X, 2 Xpd” + 6((1_5))293]”0!’“”3 by Lemma 8

. 92i 2-8
— QJgTdk + 7(dk)TI_Idk 03]”X dk”B ((1 5)) QSJHdk”B
6%

—(dk)THdk by (26¢)

— u@jeTXk_lX'kdk

= foﬂ‘yk(dk)T (H 4 2ex 1) d* +

12— p)
6(1 - pB)?

_ 0 .
= (w - 2) (d")T (H + 2exI)d" — 0% eg||d”|?

933||X d¥ | + s 0% [l

Lu p3iie ks, H2=8) 55 ks
— 07| Xd —20%||d
+ Mg R B0 g

) 1 .. ; .
< —0lypen|[d¥* + S0 enlld"|* — 0¥ en|d*|® by (26a)

Lu(1 =32+ (2=5) 55 3
61— 52 07 |d" ||

< —07yen|d”||* +

+

by u<1

Lu(L= P+ 2= ) oy
si—pp I

Therefore, for any j > 0 at which sufficient decrease is not attained, we have by
rearranging terms in the inequality above and using the definition of ~; that

Ly+n)(1—B)2+2-8) 5 X, Xpd"| oo -
(Ln 77)((5(1_;)2 ( )HQJZM{| X ,1}€H||dk” :

(69) > epla®|| ™.
Evaluating this expression at j = 0, we have that

6(1—8)°

k
(70) 1= e —m

From (26b), we have

]| < L1ei lgll < L1ep" (XY f (@) + pll Xk X el)) < L1ei (U + pv/m),
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where we used || Xz| < 1, [|[Vf(z*)|| < Uy, and || Xz X, 'e|| < v/n in the final in-
equality. Thus, for any j > js,1 we have from definition (40) and this bound on ||d*||
that

23 2js0 6(1 5)2 6%—1
e S L P2 T+ @ B) 1T, + av)
6(1 — fB)%en

a7

STntnd-p2+2-5)

Therefore, (69) cannot be satisfied for any j > jso1 S0 the line search must terminate
with ay = 67 for some 1 < ji, < jsor + 1. The previous index j, — 1 satisfies (69), so
we also have

2jk—1) _ g9 6(1 - p)%en ke —1
e oy oy L

It follows that

k| _ pik( gk 6(1*5)292€H )1/2 ky1/2
] =014 2 (S ) |
6(1 - )%

= Tu+n1-p2+2-p~"

holds, where the final inequality comes from (70) and § < 1. Thus, the conclusion
holds in this case as well and the proof is complete. O

A.3 Proof of Lemma 11. Proof. We again use the notation
H = X;V%¢,(2%) X}, and g = XV, (2¥) in this proof.
We begin by noting that when the unit step, ap = 1, is taken, we have

arlld®|| = [|d*|| > e,

where the inequality follows from (29).

In the remainder of the proof, we assume that the unit step length is not accepted.
Then, for any j > 0 such that (13) does not hold, we have from (4) and (29) along
with the result of Lemma 8 that

— 6% d"|
< Gule® + 0/ Xpd") — ()

) _ 2%} _ _ L L
<OVf(*) Xpd" + Ad’@)TkaQf(x’“)Xkdk + —HOBJHXkdkHB by (4)

— e’ X, X d" 9 E (@M X, X2 Xd" + m93jld’“l|3 by Lemma 8
: 0% . 12— B) s
— 0T d" (T HdF ieBy Xodb 3 - EAE TP g3d gk 18
07"+ T (@) HA - S S R e
6% Lu(1=B)*+(2=5) 3
——||d¥|? 0%(|d*[|*, by (29) and p < 1.
7+ [d¥%, by (29) and o <
By rearranging this expression, we have for all such j that
_ 32

T L+ =52+ (2-5)
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which is true only for j < j,.. Thus, the line search must terminate for some j; <
Jnc + 1. Since the line search failed to stop at iteration j; — 1, we must have

3(1-p8)?
(L +n)1 -2+ (2-5)

) QI
gt = — >
g =

Therefore, using ||d*|| > ey from (29), we have that

3(1— )%
Lu+m1-82+2-p"

apl|d®|| = 67+(|d"| >

as required. 0O
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