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Abstract We present a linear-time approximation scheme for solving the trust region
subproblem (TRS). It employs Nesterov’s accelerated gradient descent algorithm to
solve a convex programming reformulation of (TRS). The total time complexity is
less than that of the recent linear-time algorithm. The algorithm is further extended to
the two-sided trust region subproblem.
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1 Introduction

Consider the classical trust region subproblem

. 1 7 T
(TRS) min f(x) = Ex Ax +b" x

Txgl,

s.t. x
where A € R™*" is symmetric and possibly indefinite and b € R". (TRS) plays a great
role in trust region methods [2,14] for nonlinear programming. Efficient numerical
algorithms for (TRS) can be found in [5,8]. When b = 0, (TRS) reduces to the maximal
eigenvector problem, which can be approximated in linear time [4]. Recently, the first
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linear-time approximation algorithm for (TRS) is proposed [6] based on strong duality,
approximate eigenvector oracle and the bisection scheme.

In this paper, we present a new and simple linear-time approximation scheme for
solving (TRS). Actually, our algorithm works for a more general version of (TRS),
the two-sided trust region subproblem:

. 1 7 T
(TTRS) min f(x) = Ex Ax +b' x (1)

Tx <1, 2)

st <X
where 0 < o < 1. (TTRS) was first introduced in [11]. For a recent survey on (TTRS),
we refer to [10].

In the following, we study (TTRS) and keep in mind that (TRS) is a special case
of (TTRS) when o = 0. Our approximation scheme contains two main steps. First
we establish a new convex programming reformulation for (TTRS), which is differ-
ent from the existing convex reformulations [1,13]. Secondly, we employ Nesterov’s
accelerated gradient descent algorithm [9] to solve the convexified version of (TTRS).
The total worst-case time complexity is even less than that of the recent linear-time
algorithm [6], which only works for (TRS).

The remainder of this paper is as follows. Section 2 presents a new hidden convexity
for (TTRS). Section 3 applies Nesterov’s fast gradient method to solve the convex-
ified formulation of (TTRS) and then analyzes the worst-case time complexity. The
complexity is even less than the recent linear-time algorithm for (TRS). Conclusions
are made in Sect. 4.

2 Hidden convexity

In this section, we present a new convex quadratic constrained quadratic programming
reformulation for (TTRS).

Let v(-) be the optimal value of (-). Denote by X the minimal eigenvalue of A.
Let v # 0 be the corresponding eigenvector. Without loss of generality, we assume
bTv <0.

Theorem 1 (TTRS) is equivalent to the following convex programming relaxation

1, ;o1
(©) ming, Zx"(A—rDx +bx+ Shut A3)

st xIx<t,a<t<l, 4)

in the sense that v(TTRS) = v( C). Moreover, for any optimal solution of (C), denoted
by (x*, t%),

*TUZ_UTU *T * k) *Tv
oy Y& T f)xTvx ) =Ty )

globally solves (TTRS).
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Proof Let X be an optimal solution of (TTRS). Then, (¥,7 := X!X) is a feasi-
ble solution of (C) whose objective value is equal to v(TTRS). Therefore, we have
v(TTRS) > v(C). Now it is sufficient to show that the lower bound v(C) is attained
for (TTRS).

Let (x*, t*) be an optimal solution of (C). We assume x*
are done. Define

Tx* < t*, otherwise, we

x(y) =x"+yv.

Then, (x(y), t*) is a feasible solution of (C) for any y such that x(y) x(y) < t*.
Moreover, the objective value of (x(y),t*) is decreasing when y > 0 increases.
Consequently, (x(y),t*) remains optimal for y > 0 and x(»)"x(y) < t*.

Notice that the equation x(y)’x(y) = t* in terms of y has a positive root
*T )2 T *T % %) _ *T .
VAT l;(fv ZD)TTY The proof is complete. O

When o = 0, Theorem 1 reduces to the following result for (TRS).
Corollary 1 ([3], Theorem 1) Let © = min{A1, 0}. (TRS) is equivalent to the convex

programming relaxation

1, T 1
(Cop) min Ex A—-puhx+b x+=-pn

xtx<l 2

in the sense that v(TRS) = v(Cq). Moreover, when L1 < 0, for any optimal solution
of (Cyp), denoted by x*,

*T N2 _ T *T*—l—*Tv
x*+\/(x v) viv(x* x )—x ;

(6)

vl
globally solves (TRS).

To approximately calculate A1, we need the following estimation [6] on the maximal
eigenvalue of A, denoted by Amax(A), which is based on the analysis by Kuczynski
and Wozniakowski [7].

Theorem 2 [6,7] Given a symmetric matrix A € R™" with ||A| < p, parameters
e,8 > 0 and let N(> n) is an upper bound of the number of non-zero entries in A,

the Lanczos method [4] runs in time 0(%’5 log %) and returns a unit vector x € R"
Jfor which

xTAx > Amax(A) — €

with probability at least 1 — 6.

Notice that ||pl — A|| < 2p and the maximal eigenvalue of pI — A is equal to
p — A1. Thus, applying Theorem 2 to p/ — A yields the following estimation on Aj.
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Corollary 2 Given asymmetric matrix A € R"" with | A|| < p, parameterse, § > 0
and let N (>n) is an upper bound of the number of non-zero entries in A, the Lanczos

method [4] runs in time O(%ﬁ log %) and returns a unit vector v € R" for which
(M VAV < Ay +e

with probability at least 1 — 6.

Define A; = 07 AT — €. Then,
A—nI>=A—x1>0.

As an approximation of (C), we turn to solve the following convex programming
problem

1 ~ 1~
(AC) miny, g(x,1) := EXT(A —JDx +bTx + Eklt @)
st. (D eX ={, 0| x'x<t,a<t<1}. (®)
It is not difficult to verify that

[v(AC) —v(C)| < e. ©))

3 Nesterov’s accelerated gradient method and complexity
In this section, we employ Nesterov’s accelerated gradient descent method [9] to solve
(AC) (7), (8) and then study the worst-case time complexity.

Notice that g(x, #) defined in (7) is a convex quadratic function. Then, the gradient
of g, denoted by Vg, is Lipschitz continuous:

Vg(x1,t1) — Vg(xa, )|l < 2p [[(x1, 1) — (x2, 02|l
where p is an upper bound of || A]|.
To solve (AC) (7), (8), we use the following algorithm in [12], which is a slightly
generalized version of Nesterov’s accelerated gradient method [9].

Algorithm 1 1. Choose 6) = 6_1 € (0, 1], (x0,t0) = (x_1,1-1) € X. Let k := 0.
2. Let

ks 1) = (s 1) + OO, — Dy 1) — k1, 1))
and V g = Vg(yk, sk). Update

(X1 fi1) = arg min, Vel (x, 1)+ pll(x, 1) — e, s> (10)
X,
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3. Choose 041 € (0, 1] satisfying

1 — 6 1
2 =3
Ot O

If the stopping criterion does not hold, update k := k + 1, and go to step 2.

Theorem 3 [9,12] Let {(xx, tx)} be generated by Algorithm 1, (x*, t*) be the global
minimizer of (AC) (7), (8), then

g(xe. ) — g(x*. %) < O (k%) VK. (11)

That is, Algorithm 1 returns an €-approximation solution of (AC) in O (y/p/¢) itera-
tions.

In each iteration of Algorithm 1, the main computational cost is to solve (10). In the
following, we show the solution details of (10). We first rewrite the objective function
of (10) as follows

Gx,t) = Vgl (x.0) + pll(x, 1) — (e, 5011
= pxTx +[(A =1 —2pD)yx + b1 x 4 pt*> + (11 /2 — 2ps0)t + e
= ,oxTx +clx + ,ot2 +dt +e

where ¢ = (A — A1 —2pD)yx + b, d = 11 /2 — 2psi and e = pl| (v, si)||%
Now, (10) is equivalent to the following convex program:

min ,oxTx +cfx+ ,ot2 + dt (12)
s.t. xTx <t, (13)
> —(@+Di+a<0. (14)

It is sufficient to solve the KKT system of (12)—(14), which reads as follows:

20x +c+2uix =0, (15)
2pt +d — 1 +2uzt — (¢ + Dy =0, (16)
i (x"x —1)=0, (17)
pa(t* — (@ + Dt +a) =0, (18)
xTx<t,a<t<1, pu >0, up >0, (19)

where 1 and pup are the Lagrangian multipliers corresponding to (13) and (14),
respectively.
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Notice that p > 0, w1 > 0 and uy > 0. It follows from (15) and (16) that

—C
= 20
x(pr) 202 (20)
u1+ @+ Dus —d
t(ur, o) = 20+ 210 . (2D

Consider the following different cases.

(a) Suppose iy = 0and uy = 0. If x(0)” x(0) < #(0,0) and « < £(0,0) < I, then
(x(0), £(0, 0)) is the optimal solution of (10).

(b) Suppose n1 = 0and py > 0. According to (18), 7(0, u2) = « or 1. Hence, u» is
solved. If x(0)" x(0) < £(0, 12), then (x(0), #(0, w2)) is the optimal solution of
(10).

(c) Suppose i1 > 0 and ur = 0. According to (17), we have x(u1)  x(u;) =
t(u1, 0). Consequently, w1 is obtained by solving this cubic equation. If o <
t(u1,0) <1, then (x (1), (11, 0)) is the optimal solution of (10).

(d) Suppose @1 > 0 and up > 0. It follows from (17) to (18) that x(p,l)Tx(,u]) =
t(pr, m2), and £ (u1, w2) = « or 1. The first equation is cubic and the second is
linear. Therefore, combining both yields a cubic function of (1£1), which also has
an explicit solution. For the obtained (w1, 12), if x(u)Tx(y) < t(uy, wo) and
o <t(ur, u2) < 1,then (x(p1), t (i1, n2)) is the optimal solution of (10).

From above, we can see that (10) is modeled in O(N) time and then solved in
O(n) time, where N (> n) is an upper bound of the number of non-zero entries in A.
According to Theorem 3, we have the following estimation.

Lemma 1 The time complexity of approximately solving (AC) is

0 (N 3) . (22)
&

Furthermore, combining (9), Theorem 1, Corollary 2, and Lemma 1 yields the
following main result.

Theorem 4 Given the parameterse > 0,8 > 0, with probability at least 1 — § over the
randomization of an approximate eigenvector oracle, we can find an €-approximation
solution of (TTRS), X € R", satisfying « <X'x < 1 and

f(x) < v(TTRS) +¢,

in total time

NVTAT . n
0( = log5>. (23)
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We notice that Hazan and Koren’s approximation scheme [6] is particular to (TRS).
To the best of our knowledge, whether it can be extended to solve (TTRS) remains
open. Nevertheless, even for (TRS), our complexity (23) is clearly less than Hazan
and Koren’s [6]:

N
(0] ( glogglog (% logg)),

where 8 = max([|All + (6], 1).

4 Conclusions

Recently, the first linear-time algorithm for the trust region subproblem (TRS) is
proposed based on strong duality, approximate eigenvector oracle and the bisection
scheme. In this paper, we present a new linear-time approximation scheme for solving
the trust region subproblem (TRS). It trivially employs Nesterov’s accelerated gradient
descent algorithm to solve a convex quadratic constrained quadratic programming
reformulation of (TRS). However, the total time complexity of our scheme is less than
that of the recent one for (TRS). Our approach is further extended to the two-sided
trust region subproblem. The future work will include more extensions to the other
nonconvex quadratic programming problems.
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