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1 Introduction

In this paper, we consider the following optimization problem:

minf(a) = H(o)+ 2 3 ola) "

st. zel={x:0<z<b},

where H € R™ — R is continuously differentiable, ¢ : R; — R is continuous
and concave, A > 0,0 < p < 1,b= (by,ba,...,b,)T withb; >0,i=1,2,...,n.
Moreover, ¢ is continuously differentiable in R4 and ¢(0) = 0. Without loss
of generality, we assume that a minimizer of (1) exists and ming, f(x) > 0.

Problem (1) is nonsmooth, nonconvex, and non-Lipschitz, which has been
extensively used in image restoration, signal processing and variable selection;
see, e.g., [8,11,13,19]. The function H (z) is often used as a data fitting term,
while the function >, ¢(z?) is used as a regularization term. Numerical
experiments indicate these type of problems could be solved effectively for
finding a local minimizer or stationary point. But little theoretical complexity
or convergence speed analysis of the problems is known, which is in contrast
to complexity study of convex optimization in the past thirty years.

There were few results on complexity analysis of nonconvex optimization
problems. Using an interior-point algorithm, Ye [17] proved that an e scaled
KKT or first order stationary point of general quadratic programming can
be computed in O(e~!log(e~1)) iterations where each iteration would solve
a ball-constrained or trust-region quadratic program that is equivalent to a
simplex convex quadratic minimization problem. He also proved that, as e — 0,
the iterative sequence converges to a point satisfying the scaled second order
necessary optimality condition. The same complexity result was extended to
linearly constrained concave minimization by Ge et al. [10].

Cartis, Gould and Toint [2] estimated the worst-case complexity of a first
order trust-region or quadratic regularization method for solving the following
unconstrained nonsmooth, nonconvex minimization problem

min @ (x) := H(x) + h(c(x)),

zER"
where h : R™ — R is convex but may be nonsmooth and ¢ : R® — R™ is
continuously differentiable. They show that their method takes at most O(e~2)
steps to reduce the size of a first order criticality measure below e, which is
the same in order as the worst-case complexity of steepest-descent methods
applied to unconstrained, nonconvex smooth optimization. However, f in (1)
cannot be defined in the form of &y,.
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Garmanjani and Vicente [9] proposed a class of smoothing direct-search
methods for the unconstrained optimization of nonsmooth functions by ap-
plying a direct-search method to the smoothing function f of the objective
function f [3]. When f is locally Lipschitz, the smoothing direct-search method
[9] took at most O(—e~3log€) iterations to find an  such that ||~Vf(ﬂc, w <e
and p < €, where p is the smoothing parameter. When p — 0, f(z, ) — f(x)
and V f(z, ) — v with v € 9f ().

Recently, Bian and Chen [1] proposed a smoothing sequential quadratic
programming (SSQP) algorithm for solving the following non-Lipshchitz un-
constrained minimization problem

z€R™

min fo(z) i= () + A p(lal”) (2)

At each step, the SSQP algorithm solves a strongly convex quadratic mini-
mization problem with a diagonal Hessian matrix, which has a simple closed-
form solution. The SSQP algorithm is easy to implement and its worst-case
complexity of reaching an e scaled stationary point is O(e~2).

Obviously, the objective functions f of (1) and fo of (2) are identical in R7}.
Moreover, f is smooth in the interior of R’'. Note that problem (2) includes
the l3-1, problem

min
zER"

n

Az =242 [l (3)
i=1

as a special case, where A € R™*" ¢ € R™, and p € (0,1).

In this paper, we analyze the worst-case complexity of interior point meth-
ods for solving problem (1). We propose a first order interior point algorithm
with the worst-case complexity for finding an e scaled first order stationary
point being O(e~2), and develop a second order interior point algorithm with
the worst-case complexity of it for finding an € scaled second order stationary
point being O(e~3/2).

Our paper is organized as follows. In Section 2, a first order interior point
algorithm is proposed for solving (1), which only uses Vf and a Lipschitz
constant of H on {2 and is easy to implement. Any iteration point z* > 0
belongs to {2 and the objective function is monotonically decreasing along the
generated sequence {z*}. Moreover, the algorithm produces an e scaled first
order stationary point of (1) in at most O(e~?2) steps. In Section 3, a second
order interior point algorithm is given to solve a special case of (1), where H
is twice continuously differentiable, ¢ := ¢ and 2 = {z : « > 0}. By using
the Hessian of H, the second order interior point algorithm can generate an e
interior scaled second order stationary point in at most O(e~3/2) steps.

Throughout this paper, K = {0,1,2,...}, I = {1,2,...,n}, I, = {i €
{1,2,...,n} : b; < +oo} and e, = (1,1,...,1)T € R”. For x € R"*, A =

(@ig)mcn € B and g > 0, (417 = (ag;Dmen, 20 = (o o)),
[zilfey =, |z = (Jea], |22], - za])T 2l = ll2ll2 = (@ + 25 + ... +2})7
and diag(z) = diag(z1,x2, ..., T,). For two matrices A, B € R"*", we denote

A > B when A — B is positive semi-definite.
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2 First Order Method

In this section, we propose a first order interior point algorithm for solving (1),
which uses the first order reduction technique and keeps all iterates z* > 0
in the feasible set 2. We show that the objective function value f(z*) is
monotonically decreasing along the sequence {z*} generated by the algorithm,
and the worst-case complexity of the algorithm for generating an e interior
scaled first order stationary point of (1) is O(e~?2), which is the same in the
worst-case complexity order of the steepest-descent methods for nonconvex
smooth optimization problems. Moreover, it is worth noting that the proposed
first order interior point algorithm is easy to implement, and computation cost
at each step is little.

Throughout this section, we need the following assumptions.

Assumption 2.1: VH is globally Lipschitz on {2 with a Lipschitz constant
8.

Specially, when I, # () we choose 3 such that 8 > max;ey, b%_ and 8 > 1.

Assumption 2.2: For any given 2° € (2, there is R > 1 such that
sup{ [l : f(x) < fzo),w € 2} < R.

When H(z) = 3||Az — ¢||?, Assumption 2.1 holds with 3 = [[ATA||. As-
sumption 2.2 holds, if 2 is bounded or H(z) > 0 for all x € £2 and ¢(t) = oo
ast — oo .

2.1 First Order Necessary Conditions

Note that for problem (1), when 0 < p < 1, the Clarke generalized gradient
of ¢(|s|?) does not exist at 0. Inspired by the scaled first and second order
necessary conditions for local minimizers of unconstrained non-Lipschitz opti-
mization in [5,6], we give the scaled first and second order necessary condition
for local minimizers of the constrained non-Lipschitz optimization (1) in this
section. Then, for any e¢ € (0, 1], the e scaled first order and second order
necessary stationary point of (1) can be deduced directly.

First, for € > 0, an € global minimizer of (1) is defined as a feasible solution
0 <z <band

f(ze) — min f(z) <e.
It has been proved that finding a global minimizer of the unconstrained l»-[,
minimization problem (3) is strongly NP hard in [4]. For the unconstrained
lo-1, optimization (3), any local minimizer x satisfies the first order necessary
condition [6]
XAT(Az —¢) + \plz|P = 0, (4)

and the second order necessary condition
XATAX + \p(p — 1)|X|P = 0, (5)

where | X|P = diag(|z1]?, ..., |z.|").
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For (1), if = is a local minimizer of (1) at which f is differentiable, then
x € {2 satisfies

(i) [Vf(2)]i = 0if @i 7 bi;

Although [V f(x)]; does not exist when x; = 0, one can see that, as x; — 0+,
[Vf(z)]; = +oo.
Denote
XVf(z) = XVH(x)+ Ap[Ve(s)s=ar 7]y

Similarly, using X as a scaling matrix, if « is a local minimizer of (1), then
x € {2 satisfies the scaled first order necessary condition

[XVf(z)]; =0 if z; # b (6a)
Vi) <0 if x; = b;. (6D)
Now we can define an € scaled first order stationary point of (1).

Definition 1 For a given 0 < € < 1, we call € 2 an € scaled first order
stationary point of (1), if there is § > 0 such that

(i) |[XVf(2))i| <eif z; < b; — de;

Definition 1 is consistent with the first order necessary conditions in (6a)-
(6b) with e = 0. Moreover, Definition 1 is consistent with the first order
necessary conditions given in [6] with € = 0 for unconstrained optimization.

2.2 First Order Interior Point Algorithm

Note that for any z,z™ € (0,b], Assumption 2.1 implies that
H(a™) SH($)+<VH(x)7$+—$>+§H$+—$H2- (7)

Since ¢ is concave on [0, 400), then for any s, t € (0, +00),

o(t) < @(s) + (Ve(s),t — s). (8)
Thus, for any z, 2 € (0, b], we obtain

B

Fa*) < F@) + (VF),at —a)+ 5 lat —al (9
Let Xd, = 2T — z. We obtain
Fat) < F(a) + (X S().de) + 2| Xd |2 (10)

We now use the reduction idea to solve the constrained non-Lipschitz op-
timization problem (1). To achieve a reduction of the objective function, we
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minimize a quadratic function subject to a box constraint at each step when
x > 0, which is

gdeQdm

, (1)
st. d2< R X Yb—2x).

min (XVf(x),d:) +

For any fixed z € (0,d], the objective function in (11) is strongly convex
and separable about every element of z, then the unique solution of (11) has
a close form as

d, = Pp, [—%X*W(m

where D, = [~3ep, min{3e,, X (b —)}] and Pp, is the orthogonal project
operator on the box D,.
For simplicity, we use dy and Dy to denote d,+ and D, x, respectively.
Denote X1 = diag(z*!) and X, = diag(z").
First Order Interior Point Algorithm
Give € € (0,1] and choose x° € (0, b].

For k£ > 0, set
_ e k
dy. = Pp, | 5% V(")) (12a)
o* = 2% 4 Xydy. (12b)

Lemma 1 The proposed First Order Interior Point Algorithm is well defined,
which means that z* € (0,b], Vk € K.

Proof We only need to prove that if 0 < 2* < b, then 0 < zF+1 < b.
On the one hand, by di < X, ' (b — 2*), we have

2F = 2F ¢ Xpdy < 2F 4 (b —2%) =b.

On the other hand, using dj > —%en, we obtain

1 1,
2P = 2P+ Xpdy, > 2F — 533’“ = §xk > 0.

Hence, 0 < zFt1 < b.

Lemma 2 Let {x*} be the sequence generated by the First Order Interior
Point Algorithm, then the sequence { f(x*)} is monotonely decreasing and sat-
isfies

f(xk+1) . f(l'k) < _guXkdk”z _ _gnxk-i-l _ kaQ, (13)

Moreover, we have ||7%|| < R.
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Proof From the KKT condition of (11), the solution dj of quadratic program-
ming (11) satisfies the necessary and sufficient condition as follows

1
BXRdy + XiVf(2*) + Mydy +vi =0, di < e, diy < X' (b —a), "
1

M, (d2 — Zen) =0, Ni(dy, — X, *(b—2")) =0,

where M}, = diag(pr) and Ny = diag(vy) with My, Ni = 0.
Moreover, from (10), we obtain

FHH) = F0) <OV (). d) + DX
=(~BXEdy — Mydy, — v, die) + g\ledk”? (15)
=~ DX — i My — v

Fix i € I. If [dy); < =%, then [1]; = 0. On the other hand, if [dy]; =
b=g® 0, then [vg]; > 0. Thus,

xk

[dk]z[Vk]z >0, Viel. (16)
From (15), (16) and (12b), we get

FE@) = @) < —§||Xkdk||2 = —glloc’“+1 — a2,

Thus, f(z¥t1) < f(2%), which implies that f(z*) < f(z%), k € K.
From Assumption 2.2, we obtain ||z¥||. < R.

Different from some other potential reduction methods, the objective func-
tion is monotonelly decreasing along the sequence generated by the First Order
interior Point Algorithm.

Theorem 1 For any € € (0,1], the First Order Interior Point Algorithm
obtains an e scaled first order stationary point or e global minimizer of (1)
in no more than O(e=2) steps.

Proof Let {z*} be the sequence generated by the proposed First Order Interior
Point Algorithm. Then z* € (0,b] and ||z < R, Vk € K. Without loss of
generality, we suppose that R > 1.

In the following, we will consider four cases.

Case 1: || Xgdi|| > 46#1%6'

From (13), we obtain that

1 2 I

k+1 k —
J@) =160 <~ st ~ “mEgt

Case 2: [|ig]|oo = éeQ.
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From (14), if || pllco > 4ﬁ 2 then there is i € I such that [uy]; > 1/86 and
[dk]z = Z'
Using the above analysis into (15), we get
1
B f(gh) < — g2, 17
FaH) - JaH) < — e (1)
Case 3: v dy, > 57€%
From (15), we get
1
F@* ) = fa*) < =€ (18)
24
Case 4: | Xpdg| < 4ﬁR 6 1¥ )l < 4/36 and vld, < 5
From the first condition in (14), we obtain that
BXkdy + Vf(2F) + M X Ny + X tvg = 0. (19)
From di < ien, we have
M =2k 4 Xpd), < g k (20)
Then, we get
X541 X5 dilloo < Nlilloo | X a1 X oo < 2lldillo < 1. (21)

By mean value theorem and || Xj41|locc < R, there is 7 € [0, 1] such that

[ Xk41 (V@) = BXpdy, — V(@)oo
=|| X1 (V2 f(ra" T+ (1= 7)a®) (@ = 2%) = BXpdi) |
B X1 Xk k|l oo + Bl X1 Xkdk [l oo

<2BR|| Xkdk |l <
By virtue of ||plleco < 4ﬁ6 and (20), we obtain

1 €
X1 M X Vg || oo < 2 - o < —e2 < -,
[ X1 Me Xy dilloo < 21|k |loo [l il <1 <1
Then, from (14), (20), (22) and (23), we obtain
(X1 V("]
=|[Xp 1 (Vf (@) = BXpdy, — V f(2¥) = M X,y — X )i
X1 (V@) = BXpdi — VF(2) oo + 1 X k41 M X il

+ [ X1 X il
<Set 2l

Fix i € I. We consider two subclasses in this case.

(22)
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Case 4.1: T < b, — ﬁe. From || Xpdi| < Re < 756 then ok < b — 5
Then,

8
ol
=
=
&
B~ o

When [vg]; = 0, then

X VAL < Je

blfw,lf € .
On the other hand, when [vk]i # 0, then [dy]; = “——= > §. Combining
with (16) and v}'d, < &7, it follows that

T

%. (25)

Then,

Case 4.2: zF 1 > b, i — 25
Then, zf' > % By (20), 2% > %. Then,

Similar to the calculation method in (22) and by [v]; > 0, we obtain

[V f (P, =[V (@) — BXpdy, — VF(2F) — Mp X Ly — X o)
<V f(a*th) = BXudk — V(@)oo + |[Me X, di]i| — (X, vl
<L2B|| Xpdr|| oo + ; — X v e — (X i < e

(26)
Therefore, from the analysis in Cases 4.1 - 4.2, 2"+ is an ¢ scaled first
order stationary point of (1).

Basing on the above analysis in Cases 1 - 3, at least one of the following
two facts holds at the kth iteration:
(1) f(xk+1) - f(xk) < 73211{2562;
(ii) x**! is an e scaled first order stationary point of (1).

Therefore, we would produce an e global minimizer or an e scaled first
order stationary point of (1) in at most 32f(2°) R?Be 2.
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3 Second Order Interior Point Algorithm

In this section, we consider a special case of (1) as follows

min  f(z) = H(z) + A Z b @

st. zeR={x: x>0}

where A and p are defined as in (1). In this section, we need Assumption 2.2
and the following assumption on H.

Assumption 3.1: H is twice continuously differentiable and V2H is glob-
ally Lipschitz on §2 with Lipschitz constant ~.

We will propose a second order interior point algorithm for solving (27),
by using the Hessian of H in the algorithm. We show that the worst-case
complexity of the second order interior point algorithm for finding an € scaled
second order stationary point of (27) is O(e~ 2 ). Comparing with the first order
interior point algorithm proposed in Section 2, the worst-case complexity of
the second order interior point algorithm is better and the generated point
satisfies stronger optimality conditions. However, a quadratic program with
ball constraint has to be solved at each step, which may be nonconvex.

3.1 Second Order Necessary Condition for (27)

Besides the scaled second order necessary condition for unconstrained I —
I, optimization given in [6], Chen, Niu and Yuan[5] present a scaled second
order necessary condition and a scaled second order sufficient condition for
more general unconstrained non-Lipschitz optimization. Based on these scaled
necessary conditions in [5,6], we define a second order necessary condition for
(27).
First, if x is a local minimizer of (27), then « € {2 must satisty

(i) XV f(z)=0;

(i) XV2f(x)X = 0.
For i € I, note that when z; = 0, then X;; = 0 and

(XV2f(2) X = [XVZH(2) X

Now we give the definition of the € scaled second order stationary point of
(27) as follows.

Definition 2 For a given € € (0, 1], we call z € {2 an € scaled second order
stationary point of (27), if

[XVf(@)]o <€ (28a)
XV2f(2)X = —/el,. (28b)

Definition 2 is consistent with the scaled second order necessary conditions
given above when ¢ = 0. Moreover, Definition 2 is consistent with the scaled
second order necessary conditions given in [6] for unconstrained optimization.
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3.2 Second Order Interior Point Algorithm

From Tayler expansion, for any z,z" € 2, Assumption 3.1 implies that

H(z") <H(z)+ (VH(z), 2" — )

1 1 29
+§<V2H(x)(m+—m),x*—x)—ké'yﬂx*—xﬂ?’. (29)
Similarly, for any ¢,s € Ry,
tP < P+ (psP~ht—s)
—1 —1)(p—-2 (30)
+ pi(pQ )sp_Q(t — )2+ pp=p=2) é(p )sp_3(t —5)3.
Thus, for any z, 2T € int(£2), we obtain
1
fl@®) = fz) <(Vf(), 2™ —z) + *<V2f(x)(l"+ —a), 2t — )
1 3 plp — - 3 3
gl el AP S St
(31)
which can also be expressed by
1
f@™) = fz) <(XVf(2),ds) + *(szf(x)de,dﬁ
+ x4 =02 Zx
Since p(1 — p) < %, then p(1 — p)(2 — p) < 1. Combining this estimation
with Y7 [di]? < [|dg||?, if ||z]|c < R, then (32) implies

1
F@?) = f(z) <XV f(2), do) + 5(XVf (@) Xy, )
1 1 (33)
+ Z(vR® + SARP) |||
6 2
In this section, we minimize a quadratic function subject to a ball con-
straint. For a given € € (0,1] and = € int({2), at each iteration, we solve the
following problem

min q(d) = (XVF(2).ds) + 3 (XVf(x) X, )
st [|de||* < 9%,

(34)

where ¥ = mln{m, 1} and R is the constant in Assumption 2.2.

To solve (34), we consider two cases.
Case 1: XV?2f(z)X is positive semi-definite.
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From the KKT condition of (34), the solution d, of (34) satisfies the nec-
essary and sufficient conditions as follows
XV2f(2)Xdy + XV f(x)+ pad, =0, (35a)
pe 20, |ldo|* < 9%, pu(llda® - 9%€) = 0. (35b)
In this case, (34) is a convex quadratic programming with ball constraint,
which can be solved effectively in polynomial time, see [15] and references
therein.
Case 2: XV?f(x)X has at least one negative eigenvalue.
From [14], the solution d, of (34) satisfies the following necessary and
sufficient conditions
XV2f(2)Xdy + XV f(x)+ ppd, =0, (36a)
ldeo||? = 9%, XV2f(x)X + p,I, is positive semi-definite. (36b)
In this case, (34) is a nonconvex quadratic programming with ball con-
straint. However, by the analysis results in [17,18], (36a)-(36b) can also be ef-
fectively solved in polynomial time with the worst-case complexity O(log(log(1/€))).
Therefore, we can assume that the subproblem (34) can be solved effec-

tively.
From (35) and (36), if d, solves (34), then

q(dz) =(XV f(x),ds) + %(szf(x)Xdz,dz>
(- XV2[(2)Xdy — pudy,di) + 3 (XV ()Xo} (37)
=~ peldel? — AT XV () Xd,.
Since XV2f(x)X + p, I, is always positive semi-definite,

AT XV f(2)Xdy > —palldal|?,

and thus L
q(d) < _§prd$”2-

Therefore, from (33), we have
1 1 1 .
Fat) = @) < g pelldel + SRS+ AR (39)

Denote Xj4; = diag(z¥*!) and X} = diag(z"*). And we also use dj, and py,
to denote d x and p, for simplicity in this section.
Second Order Interior Point Algorithm
Choose z° € int(£2) and € € (0, 1].
For k£ >0,

Solve (34) with @ = 2% for dj, (39a)
P = 2k 4 Xy, (39b)
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From the definition of ¥ in (34), ||dx|lc < 3, similar to the analysis in
Lemma 1, the Second Order Interior Point Algorithm is also well defined.
Let {z*} be the sequence generated by it, then z* € int(£2). In the following
theorem, we will prove that there is x > 0 such that either f(zF*1) — f(2*) <
—ke2 or 21 is an e scaled second order stationary point of (27).

Lemma 3 If p, > 5(yR® + $ARP)||dy|| holds for all k € K, then the Second
Order Interior Point Algorithm produces an € global minimizer of (1) in at
most O(e~2) steps. Moreover, ||z¥||s < R, Vk € K.

Proof If pr > 3(yR® + 3ARP)||dk||, we have that

1, 5. 1 3
- - di|| < = 4
G(VR AR Ml < Pk (40)
and from (35b) and (36b), we obtain
ldi||? = 2.

From (38) and (40), we have

1 1 1
F@H) = 1a4) < L pellds |+ SR + AR i)
1 3 1
< _Z d12 e dIQZ_* d 2
<= Lol + Speld I = ~ el

which means f(zFT1) < f(zF).
If this always holds, then f(2*) is monotonely decreasing. By Assumption
2.2, [|[7%]l < R, k € K. Moreover,

Fa*) = 7)<~ & pelldel”

k 1
<_ 3 = 74 3
< R+ AR
Kk 3, 1\ ppyo3 8
— 18(7R + 2)\R )0 €2,

which follows that we would produce an € global minimizer of (1) in at most
18f(z%) (vR® + %)\Rp)ﬂﬁ*?’e’% steps.

In what follows, we prove that z*T! is an e scaled second order stationary

point of (27) when p < §(YR? + $ARP)||dy| for some k.

Lemma 4 If there is k € K such that p, < 4(vR> + 1ARP)||dk||, then z**!
satisfies

X541 VS (@) [l < e
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Proof From (35a) and (36a), the following relation always holds
—prdy, =X,V f (%) Xydi + X3,V f(*)
=X, VZH (z*) Xy dy, + A\p(p — 1) XP 2 X2dy, + Xp, VH(2") + ApXy (zF)P~1
=X (V2H(2®) Xpdi + Mp(p — )VXP 2 Xpdy, + VH(2F) + Ap(aF)P~1).
Then,
V2H (2") Xpdi + Ap(p — D) XP > Xpdi + VH (2%) + Ap(2*)P~! + pp X My = 0.
Thus, there is 7 € [0, 1] such that
VH (") 4+ Ap(aFt1)p—t
=VH(z") + Ap(zF 1P~ — V2H (a*) Xpdy, — Ap(p — 1) XP* Xydy, — VH(z")
— Ap(z®)P7 — pp Xy,
=V?H(rz" + ( )" Xyudy — V2 H (2F) X ud

+ (TP = Ap(p — DXP 2 Xy — Ap(2*)P 7 — pp X M.
(41)
Therefore,
[ Xpq1 (VH (@) 4+ (@)™ ||oo
<UNXpp 1t (V2H (12F + (1 — 12" Xpdy — V2H (25) X1dr) || oo 2)

| X1 (P = Ap(p — D XE 2 Xpdy — Ap(2F)P ™) [
+ ol X k41X, di || oo

From Assumption 3.1, we estimate the first term after the inequality in (42)
as follows

[ Xes1llool VEH (12" + (1 — 7)) Xpody — V2H (2%) Xpodi || oo
<Y1 = D) Xt lloo [ Xrdi 12 < Y X k1 lloo | Xkl 2 N dkll3e < 7R3||dk||§o~4
From X, D), = X*t! — X* we have )
X, ' Xpp1 = Dy, + I, (44)
with Dy, = diag(dy), which implies
X, 2k = dy + e

Then, we consider the second term in (42),

X1 Op(a™ P~ — Ap(p — 1) XP > Xydy, — Ap(a®)P~1)

=ApXP (X P(@FP + (1 — p) X, Xpady — X 12t

z)\pX,f di +en)? + (1 — p)(Dg + I,)dr, — (di, + €4))
p
k

( (45)
= \pXP((dy + en)? + (1 — p)di — pdy — €,,).

(
(
(
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Using the Taylor expansion that 1 + pt — Mﬁ <(1+HP <1+ pt, we
obtain
p(l —p)
2

Adding (1 — p)d3 — pdy, — e, into (46), we have

en + pdy — d2 < (dy, + en)? < e, + pdy. (46)
0<(dg+en)P+(1 —p)di —pdi —e, < (1 —p)di.

Thus,
[(d + en)? + (1 = p)di, — pdy = enllco < (1 = p)[|d} | co- (47)

Then, from (45) and (47), we get
Xk 1 Ap(2* )P~ = Ap(p — 1) XL Xyedr — Ap(@*)P ™) oo
<[ XE llsoll(d + €n)? + (1 = p)di — pdi — enlloo (48)
1
<Ap(1 = p) | X7 [loo [ldi]loe < §>\R”||dk||§o-

Similar to the analysis in (21), we have

prl X X delloo < pellillc(l + o) < Spildiloe (49)
Therefore, from (42), (43), (48) and (49), we obtain
| X VH@ ) + Ap(a™1)7] o
SR + ARl + S pulds]c
SR+ AR il + 2 (R + SARP)dill%

:g(fyRS + %/\Rp)ﬁ% < % min{yR> + %)\Rp, W}e < %e.
Lemma 5 Under the assumptions in Lemma 4, £*1 satisfies
X1 V2 F (2" Xjpq = —el,.
Proof From (35b) and (36b), we know
X V2 f(2F) Xy + prl, is positive semi-definite.

Then,
VZH(z*) + Ap(p — DXE 72 = —pp X % (50)

From Assumption 3.1, we obtain
IV2H (z"1) = V2 H (@) < ylla® — 2™ < 5l Xkl dell < vR]dill.  (51)
Note that V2H (z**1) and V2H (z*) are symmetric, (51) gives

V2H(a"h) = V?H(a") = —yR||dk | L. (52)



16 Wei Bian et al.

Adding (50) and (52), we get
VZH (&) = =Ap(p — 1)XE % — X, > — YR||di | 1. (53)
Adding Ap(p — 1)X,f;12 into the both sides of (53), we obtain
X1 VEH (@™ X1 + Ap(p — D) X1 XP 15 Xt
= = Ap(p — D X1 X072 X1 — pr X1 X * Xiga (54)
— YR di || X311 + Ap(p — 1)Xk+1X1€;ka+1~
Using (44) again, we get
o X1 Xy 2 X1 = —pi(Di + 1)? = —%pkln. (55)
On the other hand, using (44), we have
X1 XD X1 — X1 XE 2 X = XD — XP X072
=X (I = (X TXE) = Xy (In = (In + D)),

. 2— (2=p)(1=p) 42
From the Taylor expansion that (14 ¢)*77 < 1+ (2 — p)t + 252242
we get

(56)

(Lot D < Lo+ (2= p)Di+ 3@ -p)(1-p)DF. (57
Applying (57), Dy, < %In and 0 < p < 1 to (56), we derive
(1 = p) (X1 XD X1 — X1 XE 7 X1
=Ap(1 — p)Xl€+1(In —(In + Dk)2_p)
= (1~ D)XP (2~ p)Di + 5 (2~ p)(1— ) D})

= = Ap(1 = p)l|zral[E (2 = P)lldillc + %(2 =)A= p)lldrl3)1n

(58)
2—p)(1—p
= w1 - prre—p+ CTPE Dy
1—p)(2-— -
E_)\R}’)p( p)( 5 p)(3 p) ||dkHooIn
= = SR dl
From (54), (55), (56), (58), and py, < 3(vR®+ 3 RP)||dk||, we obtain
X1 V2 (2" ™) X
=X 1 VZH (@) X1 + Ap(p — 1) X1 XE T Xi
9 1
t_ *Pk‘f"YRg dk oo+*)\Rp dk o) In
( [l | S AR [l lloc) (50)

A
= = 2(yR® + S RP) |di o

= —min{l, ——————
- { YR3 + LARP
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According to Lemmas 3 - 5, we can obtain the complexity of the Second
Order Interior Point Algorithm for finding an e scaled second order stationary
point of (27).

Theorem 2 For any e € (0, 1], the proposed Second Order Interior Point Al-
gorithm obtains an € scaled second order stationary point or € global minimizer
of (27) in no more than O(e~3/2) steps.

Remark 1 When H(z) = %||Az — c[|* in (27), then v = 0 and 9 in (34) turns
to be

9 = -

min{ —— )\RP }
The proposed Second Order Interior Point Algorithm obtains an € scaled sec-
ond order stationary point or e global minimizer of (27) in no more than

36 f (2°) max{\2R?" 8ARP}¢~? steps.

4 Final remarks

This paper proposes two interior point methods for solving constrained non-
Lipschitz, nonconvex optimization problems arising in many important appli-
cations. The first order interior point method is easy to implement and its
worst-case complexity is O(e~2) which is the same in order as the worst-case
complexity of steepest-descent methods applied to unconstrained, nonconvex
smooth optimization, and the trust region methods and SSQP methods ap-
plied to unconstrained, nonconvex nonsmooth optimization [1,2]. The second
order interior method has a better complexity order O(e~2) for finding an e
scaled second order stationary point. To the best of our knowledge, this is
the first method for finding an € scaled second order stationary point with
complexity analysis.

Assumptions in this paper are standard and applicable to many regular-
ization models in practice. For example, H(x) = || Az — c||? and ¢ is one of the
following six penalty functions

i) soft thresholding penalty function [11,12]: ¢1(s) = s

i) logistic penalty function [13]: p2(s) = log(1 + as)

iii) fraction penalty function [7,13]: p3(s) = 15

iv) hard thresholding penalty function(8]: p4(s) = A — (A —s)3 /A
v) smoothly clipped absolute deviation penalty function[8]:

/ mln{l t/)\) = e

vi) minimax concave penalty function [19]:

p6(s) = /08(1 - £)+dt-
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Here a and A are two positive parameters, especially, a > 2 in ¢5(s) and
a > 1 in pg(s). These six penalty functions are concave in Ry and contin-
uously differentiable in R, which are often used in statistics and sparse
reconstruction.
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