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A FAMILY OF GENERALIZED NCP-FUNCTIONS AND A
SMOOTHING REFORMULATION OF D-EIGENVALUES

YoNG WaNG*T, SHENGLONG HU AND HoNnGyaN Nif

Abstract: Diffusion kurtosis imaging (DKI) is a new Magnetic Resonance Imaging(MRI) model to char-
acterize the non-Gaussian diffusion behavior in tissues. D-eigenvalues of diffusion kurtosis tensors provide
important characterizations of DKI. In this paper, we first investigate some properties of a family of gener-
alized nonlinear complementarity problem functions (NCP-functions, for short), such as smoothness, coer-
civeness, etc. Then, using this class of NCP-functions, we reformulate the D-eigenvalue problem of diffusion
kurtosis tensor as a system of generalized non-smooth equations. A smoothing Newton method for solving
such equations is proposed, and it is shown that the proposed method is globally convergent under suitable
assumptions. Some preliminary numerical results based on randomly generated data are reported at the end
of this paper, which show the proposed method is promising.
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Introduction

Magnetic Resonance Imaging (MRI) [3], especially Diffusion Tensor Imaging (DTI) [1,2],
has great applications in medical engineering and other fields. However, DTI suffers a
great challenge due to its limitation of dealing with non-Gaussian diffusion. Then, Diffusion
Kurtosis Imaging (DKI), a new medical imaging model, was proposed [15,18]. Such a model
has the ability to deal with non-Gaussian diffusion [7,10,15,18,22,27]. One of the key issues
in DKI is to handle the diffusion kurtosis tensor in that model [10,15,18,22]. A diffusion
kurtosis tensor W is a fourth-order three-dimensional fully symmetric tensor. It has fifteen
independent elements Wjji; with Wjji; being invariant for any permutation of its indices
1,J,k, 0 = 1,2,3. The diffusion kurtosis tensor comes from the following extended Stejskal
and Tanner equation [25]:

In[S(b)] = In[S(0)] — bDypp + ébQD?lppKapp, (1.1)
where K,,, is the apparent kurtosis coefficient (AKC) at the direction x = (21,22, 23)7 €
3.

R A2

D2

app

4
Kopp = Wa®,

*Corresponding Author.
TThe author’s work is partially supported by the National Natural Science Foundation of China (Grant
No. 30870713).

© 2014 Yokohama Publishers



614 Y. WANG, S. HU AND H. NI

and
3
o 2. _ E .
Dapp = Dzx*:= Dijxixj,
i,j=1
Mp = D11+ D2z + Ds3s;
3
4 E
Wax = Wijklxi:cjxk:rl.
0,5,k 1=1

Qi, Wang and Wu [22] proposed the concept of D-eigenvalues for diffusion kurtosis tensor
W in the following way: a real number ), together with a real vector x € R?, is called a
D-eigenvalue of W, and the real vector x is called a D-eigenvector of W associated with the
D-eigenvalue A, if = is a critical point of the following optimization problem and %)\ is the
associated Lagrange multiplier:

max Wzt
s.t. Dx?=1. (1.2)

The following theorem is established in [22].

Theorem 1.1 ( [22, Theorem 1]). D-eigenvalues always exist for any given diffusion kurtosis
tensor W. If x is a D-eigenvector associated with a D-eigenvalue X\, then

A= Wat.

The largest AKC value is equal to M%)\maw, and the smallest AKC value is equal to M%)\mm,
where Amae and \pin are the largest and the smallest D-eigenvalues of W respectively.

Since the extreme AKC values are important clinical indicators, the extreme D-eigenvalues
of the diffusion kurtosis tensor are of great significance. As the D-eigenvalues are defined
through the optimality conditions of problem (1.2), we can resolve it by algorithms and
techniques for nonlinear complementarity problems (NCPs) [14,21]. In the fashion of recent
investigations [4,8,9,11], in this paper, we first introduce a new family of generalized NCP-
functions. Many favorite properties of this new family of NCP-functions are investigated.
This new family of NCP-functions includes many existing NCP-functions as special cases.
By the numerical experiments of [4,8,11], it is expected that algorithms for the reformula-
tions of NCPs based on this family of NCP-functions perform very well. So, we reformulate
the D-eigenvalue problem of the diffusion kurtosis tensor as a system of non-smooth equa-
tions, and then a Newton method is applied to such a system of equations. Such a method
is faster than the method proposed in [22]. While a fast algorithm is a basic requirement
for clinical applications, it deserves investigation.

Definition 1.2. A fourth-order n-dimensional tensor W is called a nonsingular (NS) tensor,
if given any 0 # x € R, there is 1 < i < n, satisfying z;(Wz3); # 0.

Remark 1.3. It is easy to see that the concept of NS tensor is not vacuous. For example, it
contains the class of positive definite tenors defined in [23], i.e., W is called positive definite
if and only if Wz* > 0 for all nonzero .

Assumption 1.4. We assume in the following that the fourth-order three-dimensional
tensor W is an NS tensor.
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In fact, we find that the assumption is reasonable and always holds in practice.

The rest of this paper is organized as follows: a family of generalized NCP-functions
is proposed in the next section, and its many properties are discussed. In Section 3, we
reformulate the D-eigenvalue problem of diffusion kurtosis tensor as a system of non-smooth
equations, and then introduce a smoothing Newton method to solve such a system of equa-
tions based on the proposed NCP-functions in Section 2. Some preliminary numerical results
for randomly generated data are presented in Section 4. Some final remarks are given in the
last section.

A Family of Generalized NCP-Functions

In this section, we propose a family of generalized NCP-functions, and discuss its many
properties which are important for smoothing algorithms.
First, we notice that for any given x € " and 1 < p1 < pa, we have |z|p, < ||z|p <

n(ﬁ_i)ﬂxﬂm, and ||z||1 < v/n||z|2, where we denote || - ||, the p-norm of vector for any
given p > 1. Then, we state the following lemma.

Lemma 2.1. For every 1 < p < 2,0 € (0,2] and (a,b) € R?, the following inequality holds:
6(lal? + |b]P) + (1 — 6)|a + b|" > 0.

Proof. 1 < p < 2, and 6 € (0,1], then the result is obvious. Now, we assume that

l<p<2andfe(1,2]. Let y =6 —1, then v € (0,1], and 8(|a|” + |b]P?) + (1 — 6)|a + b|? is

reduced as
(L +)(lal”+[b]") —vla + "

With the observations before this lemma, we have

la+0” < (V2](a,b)[12)? < (V2[l(a,0)],)” < 2[(a,0)[[5 = 2(Jaf” + [bf").

Hence,
L+ (al” +[oI") =vla+0l" = 2v(lal” + [b]") — y]a + b
= 2v([al” + [bl”) — 2v(lal” + [b]")
= 0.
Here, the first inequality follows from ~ € (0, 1]. The proof is complete. |

For the convenience of the subsequent analysis, we define

nop(a,b) = {/0(la? + [b]P) + (1 = O)la+b]P, pe(1,2], 6€(0,2), (a,b) € R® (2.1)
Definition 2.2. A function is called an NCP-function, if for all (a,b) € %2, we have that
¢(a,0)=0 <= a>0,0>0, ab=0.

We now introduce a family of generalized NCP-functions as follows:

Pop(a,b) = {/0(lalP + [b]) + (1 — O)]a+b]» —a —b,
pe (1,2, 60¢€(0,2], (a,b) € R (2.2)



616 Y. WANG, S. HU AND H. NI

Remark 2.3. We note that the same formula of ¢4, in the framework of second order
cone is proposed in [9], while parameters are chosen as 8 € (0,2),p =2 or § € (0,1],p €
(1,2) U(2, +o0) in that paper. Consequently, the function defined by (2.2) is different from
that of [9] even if the latter reduces to the framework of R”. We also note that only
smoothness of ¢g, in [9] is investigated, so the properties discussed in the subsequence are
new even for the cases 6 € (0,1],p € (1,2].

Proposition 2.4. The function ¢g, defined by (2.2) is an NCP-function.

Proof. According to the definition of the NCP-function, we divide the proof into two parts.
Firstly, we assume that a > 0,b > 0,ab = 0. Without loss of generality, we assume that
a = 0. With the expression of ¢g,, we can get ¢g, = 0 easily.
Secondly, we assume that ¢g, = 0, i.e., {/0(la[? + [b]P) + (1 — 0)]a + b|P = a + b. Hence,
a+ b > 0. Furthermore, we get

O(lal” + [0]") + (1 = 0)]a + b” = (a + )",
that is to say
0(|al” + [b[") = 0(a + b)".

Since 6 € (0,2], we have |a|? 4 |b|P = (a + b)P. From this and [4, Proposition 3.1], we get
a>0,b>0,ab=0.
Consequently, the function ¢g, is an NCP-function for all 1 < p < 2,60 € (0,2]. g
Moreover, applying the Minikowski inequality, the following relation

nQP((avb) + (¢,d))
= {O0(latcp+[b+dP)+(1—-0)latc+b+dP

= {0hat0bel + 1850+ 0 dp (1 —0)F(a+b) + (1—O)F(c+d)p

’\’/|9%a|p +107bP + |(1— 6)7 (a + b)P + {/\aiqp 107 d|P + |(1—0)7 (c+ d)|r
= Vo(lal? + o) + (1 = 0)|(a + D)7 + K/6(|c[? + [d?) + (1 = O)|(c + )|
- T]ep(a,b)JrT]gp(C,d)

holds for any (a,b), (¢,d) € R2, and 1 < p < 2,0 € (0,1]. Thus, it is easy to see that 7y, is a
norm on R? for all 1 < p < 2,0 € (0,1].

The concept of semismoothness of functions is somewhat the core of generalized Newton
method or smoothing Newton method. It was first introduced by Miffin [19] for functions,
and then extended to vector valued functions by Qi and Sun [21].

Definition 2.5. A locally Lipschitz continuous function F' : ®" — R™ is semismooth
(respectively, strongly semismooth) at x € R", if it satisfies

(i) F is directionally differentiable at = € R™.

(ii) For all V € OF (z+h), F(z+h) — F(x) —Vh = o(||h||2) (respectively, O(||h||3)), where
OF(-) denotes the generalized Jacobian in the sense of Clarke [5].

Theorem 2.6. For all1 <p <20 € (0,1], we have

(i) ooy is sub-additive, i.e., for all (a,b), (c,d) € R?, it holds ¢g,((a,b)+(c,d)) < dop(a,b)+
(bgp(c, d)
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(ii) ¢gp is positive homogenous, i.e., for all (a,b) € R? and a > 0, it holds ¢g,(a(a,b)) =
a¢19p (av b)

(iii) ¢op is a convex function.
(iv) ¢oyp is Lipschitz continuous on R2.

Proof. By the fact that ¢gp(a,b) = ngp(a,b) — (a+b) and ng,(a, b) is a norm, we can obtain
that the results (i), (ii), and (iii) hold immediately.

We now consider the result (iv). Since 7y, is a norm on R? and any two norms in finite
dimensional space are equivalent, there exists a positive constant s such that

nop(a,b) < kll(a,b)l2, V(a,b) € R?,
Hence, for any (a,b), (¢,d) € R?,

[Gop(a,b) — dop(c,d)] = |(nop(a,b) — (a+b)) — (nop(c,d) — (¢ +d))]
n6p(a,b) — nop(c,d)| + [(a — ) + (b — d)|
Nep(a —c,b—d) +|a—c| + [b—d]
wll(a = ¢,b—d)lla +V2|[(a—e,b—d)|
(k +V2)ll(a = ¢;b = ).

Hence, ¢g,, is Lipschitz continuous, and the Lipschitz constant is « + V2. Thus, the result
(iv) holds. The proof is complete. O

Theorem 2.7. For all1 <p <2,0 € (0,2), ¢y, satisfies
(i) ¢ap is continuously differentiable on R2\{(0,0)}.

ININ A

(i) ¢gp is locally Lipschitz continuous.
(iii) gy is strongly semismooth on RZ.
Proof. (i) When (a,b) # (0,0), we get ngp(a,b) > 0 . By a direct calculation, we have

O0dgp(a,b) Osgn(a)|alP~t + (1 — 0)sgn(a + b)|a + bP~* B
da oy ' (a,b)

1; (2.3)

Ddop(a,b) Osgn(b)[b|P~t + (1 — 0)sgn(a + b)|a + b|P~1
b mh, (a,b)

~1, (2.4)

where sgn(-) is the signum function. Now, it is obvious from (2.3) and (2.4) that the result
() holds.

(ii) gy is continuously differentiable on R\ {(0,0)}, so ¢y, is locally Lipschitz continuous.
Consequently, it is sufficient to prove that ¢g, is locally Lipschitz continuous at (0,0).

For all 1 < p <2,0¢€(0,2), V(h,k) € R2\{(0,0)},

|Pap(hs k) = ¢ap(0, 0)] | VORI + [K[7) + (1= O)|h + k[P — (h + F)]

< [VOURP + 1K) + 11— Ollh + KlP| + [h + k|
< (/9(21/”‘1/2\\(% k)l2)? + 11 = 01(V2]| (B, K)l|2)? + (| (B, &)z
< wll(h K2

Kl(h, k) = (0,0)[|2,
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where & is a positive constant. So, it is easy to get that ¢g), is locally Lipschitz continuous
at (0,0).

(iii)Based on the results of () and (i¢), noticing that ¢y, is continuously differentiable
except (0,0), it is easy to see that ¢y, is strongly smeismooth on %2\{(0,0)}. Consequently,
it is sufficient to prove that ¢y, is strongly semismooth at (0,0). For any (h, k) € ®2\{(0,0)},
¢gp is differentiable at (h, k), and hence,

V(bap(hv k) = (8a¢6p(hv k)a ab¢0p(hu k))v
So, we have
$0p((0,0) + (h, k) = ¢9,(0,0) — (Dudbep(h, k), Docpop(h, k) (h, k)T

= O(nP + kP) + (1 = O)[h + kP — (h+ k)
Osgn(h)|h|P~L + (1 — 0)sgn(h + k)|h + k[P~1 3

—( - Dh
My (h k)

7(ngn(k)|lc|p’1 + (1 — 0)sgn(h + k)|h + k[P~1 )k
My (s k)

= {/O(plP + [K]P) + (1 = 0)[h + k[P
O(sgn(h)|h|P~1h + sgn(k)|k[P~1k) + (1 — 0)sgn(h + k)|h + k[P~ 1(h + k)
oy ' (hy k)
|h|P + [k[P) + (1 — 0)|h + K|
oyt (hy k)

[ R |

Mgp (s k) = 0IR[P + [[P) — (1 = 0) |1 + KIP)
(k)
= 0=0((h, B)]3)-

Thus, we obtain that ¢g, is strongly semismooth at (0,0). The proof is complete. g
The following theorems deal with the related coerciveness property of ¢4, and ®g, defined
below, which is important to analyze the convergence of smoothing algorithms [12].

Theorem 2.8. Let ¢y, be defined by (2.2) forp € (1,2] and 0 € (0,2). Then, |¢g,(a®, b%)| —
+o0 if the sequence {(a¥,b*)} C N2 satisfies one of the following conditions:
(i) a¥ — —oo; (i) b* — —o0;

see . k p k P
(iii) a* — +oo, b¥ — 400 and limp_, ;o laPabo g

[ TP

Proof. (i) Suppose that a* — —oc. If there exists a constant M such that b* < M for
sufficiently large k, then |¢g,(a”,b*)| — 400 is obvious. Now, we suppose b* — +oc.

a) When {a* + b} is bounded from above, it is easy to see from the definition of ¢,
that |¢g,(a®,b)| — +o0.

b) When a* + b* — +oo0, it follows that |a* + b [P < |a* — b¥|P for sufficiently large k.
If 6 € (0,1], then

Gop(a®,bF) = 3/0(lak | + [bE[P) + (1 — 0)[ak + bE[P — (¥ + bF)

{0+ 4P + (1= O)lak — 0¥l — (a4 ),

IN
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By [8, Proposition 2.4], we know that 1/0(|ak[P + |b¥[P) + (1 — 0)[a* — bF|P—(ak+
b*) — —oo and then |pg,(a®, b*)| — +oo.

If0 € (1,2),let y=0—1¢€ (0,1), then § = v+ 1. Since |a* +b¥|P < |a*|P + [b¥|P,
or —y|a* 4+ b [P > —y(|a* P + |b*|P), we have

Dopla®, 1) = {/0(1aklp + [BF]P) + (1= B)]a* + bElp — (a + 1)

{0+ et + PR —7lab + 0P — (0 +1)

v/|ak [P 4 |bF|P — (aF + %) > |0F| — (aF + b)) = —aF — +o0.

Hence, |¢gp(a®, b*)| — +oo.

Y

Thus, when a — —00,b — +00, and a¥+bF — +o0, it follows that |¢g,(a®, b*)| — +o0.

(ii) For the case of b* — —oo0, the proof is similar to that of (i).
(iii) Suppose that a®* — +o0o and b* — +00 as k — +o0, then |a* + b*| — +o0.

k

a) When 0 € (0,1], if Z—: — 400 or 7z — 0, it is easy to see that these contradict the

dition that 201" < 1. Hence, & 0, and then [ /701"
condition at Mg 4 o W < L. ence, 3 — ¢ > U, an en W
(i:{)lp € (0,1). Thus, we get that
k k
P e L
has a positive bounded from below. Furthermore, it follows
@k + o4}
[Gap(a*, %) = |a* + ¥ §/9~|ak+bk|p+<1—e>—1 oo

as k — 4o0.

b) Let 0 € (1,2),let y =0 — 1 € (0,1), then § = v+ 1. Since |a* + b*|P > |a*|P + |b"|?,
or —v|a¥ + bk P < —v(|a*|P + |b¥|P), we have

Gop(ah b)) = 10ab|p + [BF]P) + (1~ O)lak + BEIP — (aF + bF)

VO D(ab e + [bE) — Alab + b — (a4 8)

ekl + el — (@ + 0.

By [8, Proposition 2.4], we know that 1/|a*[? + |b¥|P — (a* + b¥) — —oc when (iii) is
satisfied and k — +o00. Therefore,

IN

|pap(a®, bF)| — 400 as k — +oo.

The proof is complete. O

Definition 2.9. Let ¢ : ™ — R™ be a vector valued function.
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e ¢ is said to be strongly monotone with modulus px > 0 if (x — y)T(¢(z) — ¢(y)) >
pllz — yl|3 for all z,y € R™.

e ¢ is said to be a uniform P-function with modulus p > 0 if maxy<j<n (z; — ;) (¢ (z) —
#i(y)) > pllz — yl|3 for all z,y € R™.

e ¢ is said to be coercive, if lim”wuzﬁﬂo |lé(x)]]2 = +oo.

Define the following function:

¢0p(x17F1(m))

dop(x2, Fa())

Dy, (x) := , (2.5)

¢9p(33n7Fn(-r))
where F': R" — R, 1 < p < 2,60 € (0,2), ¢y, is defined by (2.2).

Theorem 2.10. Let ®g, be defined by (2.5) with 1 < p < 2,6 € (0,2). If the continuous
function F' is a uniform P-function with modulus p > 0. and satisfies that

| ("]

lim max ——— < 400
2 |2—+oo 1<i<n |2k ]|

for any {*} C R™, and ||z*|s — +o00. Then, @y, is coercive.

Proof. Assume that {2} C R satisfies ||2%||2 — +o00. Set J := {i : [2F| — 400}, then, J is
nonempty. Let {y*} C R" be defined as

k .
k. xg, 1¢J
Y ._—{ 0, icJ Vke{1,2,...}.

Then, {y*} is bounded. Since F is a continuous and uniform P-function with modulus
w > 0, we have

pY (@) = plla® — k3
i€J

< ok = )EGEY) - )

= max(af — yf)(Ei(") - F(y"))

magxaf (F (%) = Fi(4"))
of (Fig (@) = Fiy (47)

|28 | | Fiy (2F) — Fiy (y*)]

Z(xf)2|Fio (xk) - Fio (yk)l

ieJ

IN

IN

As - (2%)2 = 400, {y*} is bounded, and F is continuous, we can get that
ieJ\"1

| F(2%)||2 — +oc. Now, Furthermore, since F is a uniform P-function with modulus g > 0,

|Fi(z")]

[EXP

we have that lim,r,— o MaxXi<i<n > u > 0. Now, combining it with
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k
B 1 400 MAX1<i<n lﬁ;(,f”z)l < 400, it is easy to get that (ié¢) in Theorem 2.8 holds.

Hence, we get limy_, 1o [|Pgp |2 = +00, that is , $g, is coercive. O

By a similar analysis of the proof in Theorem 2.10, we could get the following result.

Theorem 2.11. Suppose that ®g), is defined as (2.5). If the continuous function F : R" —
R™ is strongly monotone with modulus p > 0 for all1 < p <2 and § € (0,2), and satisfies
By gk |, 400 MAX1 <i<n % < 400 for any {z*} C R" and ||z*||2 — +o00. Then, @y, is
coercive.

Smoothing Algorithm

We restate the D-eigenvalue problem:

max Wzt

s.t. Dx?=1, (3.1)

then, a D-eigenvalue A and the corresponding D-eigenvector x of W satisfy the optimality
conditions of (3.1) as follows:

Wa? = \Dx; Da?=1. (3.2)

For the optimization problem (3.1), although it has a simple form, it is highly nonlinear and
nonconvex. Actually, without the restriction of the dimension of tensor W to be three, such
a problem is NP-hard [16,26]. While what we need is the critical points of programming
(3.1) in the applications of medical imaging [22], it may be more suitable to solve the KKT-
system of some variants of the above programming. In the following, we construct a familiar
complementarity problem from the optimality conditions of (3.1) to get the D-eigenvalue
pairs. At first, we present the following results.

Theorem 3.1. Suppose that Assumption 1.4 holds. Then the D-eigenvalue A and the cor-
responding D-eigenvector x of W can be obtained from the optimality conditions of the
following problem:

max Wzt
st. Da? <1, (3.3)
D2z? > 0.5.

Proof. The optimality conditions of (3.3) are to find € R and \ := (A1, A2) € R? such
that

QW2 + A\ Dx — Ao Dz = 0;
1—Da%2>0; Dz?—05>0; A\ >0; Ao >0; (3.4)
A (1 — Da?) =0; Xo(D2? —0.5) =0,

where Wx? denotes a vector whose i-th component is Z?‘,k,l:l Wijkitjera.

Suppose that (z*, A}, \5) € R3 x R x R is a solution to (3.4). The proof is divided into
three parts.

Part 1. Suppose that 1 — D(2*)? = 0. In this case, it follows from (3.4) that A} > 0 and
A5 = 0. By the first equality of (3.4), we have

2W (2*)® + A\ Dx* = 0.
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Thus, (z*, —1A}) solves the optimality conditions (3.2) of (3.1).
Part 2. Suppose that D(z*)?2—0.5 = 0. In this case, it follows from (3.4) that D( 7”0* )2 =
1 and A5 > 0, A} = 0. By the first equality of (3.4), we have

2

2W (2*)® — A\sDx* = 0,

* * *

T A z* * T T *\ 3 :
SO, W(m)g = ?2 . ﬁD(\/ﬁ) = AQD(\/ﬁ) Thus, (\/ﬁ’ A2) 1S a SOluthH of (32)
Part 3. Suppose that 1 — Dz? > 0 and Dz? — 0.5 > 0, then z* # 0 and A} = 0,\; = 0.
Therefore, W (x*)3 = 0, but 0 # z* € R3, which contradicts Assumption 1.4.

Combining Part 1-Part 3, we complete the proof. O

Let F': R™ — R™ be a nonlinear mapping, the nonlinear complementarity problem (NCP
for short) is to find x € R™ such that

z>0; F(z)>0 and 27 F(z) = 0.

For two functions G : R x ™ — R™ and H : R” x ™ — RN™, the mixed nonlinear
complementarity problem (MNCP for short) is to find 2z € R", y € R™ such that

G(z,y)=0; y>0; H(z,y) >0 and y" H(z,y) = 0.

Therefore, let G(x, \) = 2Wa?+\; Dx—Xo Dz, Hy (2, \) = 1—Dz? Hy(x,\) = D2?—0.5,n =
3,m = 2, then the system (3.4) is an MNCP. Furthermore, if z € R3 is the optimal solution
of (3.1), then there is a A € R? satisfying (3.4).

Theorem 3.2. Suppose that D is positive definite. Then the solution set of (3.4) is
nonempty and bounded.

Proof. The object function of Theorem 3.1 is continuous and its feasible set is nonempty and
bounded. Hence, the solution set of Theorem 3.1 is nonempty from the classical results of
analysis. Consequently, the solution set of (3.4) is nonempty. From 1—Dx? > 0, Dx?>—0.5 >
0 and the positive definiteness of D, we have that the set of all = satisfying (3.4) is nonempty
and bounded. Therefore, the sequence of A satisfying 2W a3 4+ X\; Dz — Ao D2 = 0 is bounded.
The proof is complete. O

Since D is always positive definite in practice, we assume in the sequel that D is positive
definite, and hence the solution set of (3.4) is always nonempty and bounded.

Definition 3.3. A function H¢ : ®® — R™ is called a smooth approximation of a function
H : R" — R™ if for any € > 0, H® is continuous and differentiable, and for any x € R",
when ¢ | 0,

|H® — Hl|2 — 0.

Theorem 3.4. For all 1 <p <20 € (0,2), the function defined as following

b5p(a,b) = V/0(lalP + [b|P) + (1 — O)|a+ b]p +4e —a—b, V(a,b) €R* Ve >0 (3.5)
is a smooth approrimation of ¢gp.

Proof. From Definition 3.3, the desired result can be easily checked. We omit the details.
O
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In general, we call € in (3.5) a smoothing parameter, which can be regarded as a variable
similar to the argument x in some numerical algorithms. Now, we definite a function as
following:

bop(e,a,b) := V/0(|a|P + [b|P) + (1 — O)|a +b|P +4c —a—b, Y(a,b) € R* Ve >0, (3.6)

where 1 < p <2, and 6 € (0, 2).
In the following, we reformulate the MNCP (3.4) into a parameterized smooth equations.
First of all, define

oWz + A\ Dz — My Dx

s1 — 1+ Dx?
H(e,z,s,)\) = so — Dz? 4+ 0.5 (3.7)
dop(e,8,\) —es
5

and (e, r,s,)\) := ||H(e,,s,\)||3. Then, it is easy to verify that forall 1 < p < 2,6 € (0,2),
r € B3 and X € R? are the solutions of (3.4) if and only if H(e,z,s,)\) = 0.

We state some notations for the convenience of the subsequent analysis. For a given
finite set C := {¢; : i =1,2,...,m}, we denote an m-dimension column vector with its i-th
component being ¢; as vec{c; : i = 1,2,...,m}, an m x m diagonal matrix with its i-th
diagonal element being ¢; as diag{c; : i = 1,2,...,m}. Set K :={0,1,2,...}.

Theorem 3.5. For alll <p<2,0 €(0,2), and ¢ > 0, the function H(e,x,s, \) defined by
(3.7) is continuously differentiable. Let z := (g,x,s,)\), and H' denotes the Jacobian matrix
of H(z), then

03><1 6W§C2+>\1D7)\2D 03><2 A

02><1 2A I2><2 02><2
H'(z) =
(2) d(z) —s 02x3 e(z) —elaxa  f(2)
1 01x3 O1x2 O1x2
where
—— _ P 74 s =
A :=[Dx Dz),d(z) : vec{pngpl(s75i’>\i) ) 1,2}7

e(z) = diag Osgn(si)|si|P~ +(1—0)sgn(si+A)|si+XilP " 1:4=1, 2} ,

775,,_1(6731',)\1')

f(z) = diag esgnui)l)\iIp_ltgl:e)sgn(sﬁ)\i)lsi+)‘iIp_l —1:¢=1,2,
Nop  (€:5i:Xi)

Nop(e, 5, %) = /0(|silP + [Xi[P) + (1~ 0)
Proof. The results can be obtained by direct calculation. We omit the details. |

S; + /\Z|;D + 4e.

Next, we propose a non-interior-point smoothing Newton algorithm to solve the restruc-
turing model (3.7).

Algorithm 3.6 (A Non-interior-point Smoothing Newton Algorithm).

Step 0 Given real numbers 1 < p < 2,5,0 € (0,1),6 € (0,1], and €° > 0,2° € R3, 5%, \0 €
R? are the initial parameters. Set 29 := (£9,2° % A\%). Choose 8 > 1 such that
| H(2%)]]2 < Be°. Set € := (1,0,0,0) € R x N3 x R x R? and k := 0.
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Step 1 If ||H(2")||2 = 0, stop.

Step 2 Calculate 2% := (de¥, 52% 5% 0AF) € R x R3 x N2 x N2, satisfying

H(=*) + B (25)52F = %HH(zk)ngO. (3.8)

Step 3 Find the smallest positive integer my such that

1 (2 + 602" |2 < (1= o (1~ %)5mk)IIH(zk)II2- (3.9)

Step 4 Set [ := §mk ZF+l .= 2k L [F52F k= k41 and go to step 1.

Remark 3.7. Since some properties for ¢g, are hard to get for all parameters, we use only
p € (1,2],0 € (0,1] in the above algorithm.

Theorem 3.8. Forall1 <p<20¢€ (0,1, > 0,5, € R, we have

Osgn(A)|AP~L + (1 — 0)sgn(s + \)|s + P71 1 < 0
775;1(5, 5,) ’
Osgn(s)|s|P~t + (1 — 0)sgn(s + )]s + A|P~L 1 < o
ngp_l(s, 5,A)
Proof. The proof is similar to that of [8, Proposition 2.5]. |

Assumption 3.9. Set N(3) := {z € Ry x R x R2 x N2 : |[H(2)||2 < Be}, where 3 is a
given constant by Algorithm 3.6. Suppose that for every z € N(8), H'(z) is invertible.

Remark 3.10. It is easy to see from Theorem 3.5 that the invertibility of H'(z) relates
to the invertibility of the term 6W a2 + A\ D — Ao D. However, the invertibility of 6W a2 +
A D — Ao D is difficult to characterize at present. We see from the practical computation
that Assumption 3.9 is always satisfied.

Definition 3.11. A function H : Q C R™ — R™ is called a weak-univalent function, if there

is a continuous injective function sequence { Hy} which is uniformly convergent to H on any
bounded subset of 2.

Thus, similar to the proof of [6, Theorem 7], we can get the following theorem.

Theorem 3.12. Suppose that Assumption 3.9 holds, then for all ¢ > 0, the function H
defined in (3.7) is a weak-univalent function.

Theorem 3.13. Suppose that Assumption 3.9 holds. If {z*} is a infinite sequence obtained
by Algorithm 3.6, then

(i) The sequence {||H(z*)||2} is monotone and decreasing.
(ii) For every k € K, 2* € N(B), where N(B) is defined in Assumption 3.9.
(iil) The sequence {e*} is monotone and decreasing.
Proof. The proof is similar to [12, Lemma 3.1], and we omit the details. |

Theorem 3.14. Suppose that Assumption 3.9 holds, then Algorithm 3.6 is well-defined.
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Proof. First of all, we have
1
ehtl — gk kseh = (1 - 1F)ek + lkBHH(zk)Hg > 0.

Hence, according to Theorem 3.5, the Jacobian of H(2*) can be obtained.

Secondly, we will show that the Newton equation is solvable. Similar to [17, Lemma
4.1], with the assumption, we can easily get the nonsingularity of H(z*). Thus, Step 2 of
Algorithm 3.6 is well-defined.

Finally, the line search in Step 3 of Algorithm 3.6 is well-defined. In fact, set

R(2%) := H(Z* + ad2¥) — H(Z*) — aH'(2%)62",

then, by Step 2 of Algorithm 3.6, we have
|H (2% +ad2®)a = [R(®) + H(Z*) + aH'(zF)62"]);
IR() 12 + [[H (=")]|2 — o

IN

- %)IIH(Z’“)Ilz

< RG24+ 11— a(l— %>1||H<z’“>||2.

Since for all k € K, €¥ > 0 holds, we can get that H is continuous and differentiable, and
then ||R(z%)||2 = o(«) holds.
Thus, Algorithm 3.6 is well-defined. The proof is complete. a

Theorem 3.15. For all {2*} satisfying ||(s*,\)||2 — +o0, and ¥ € [e1, 2], where 1 and
€9 both are positive constant satisfying €1 < €2, there holds

U(2F) = +oo0.
Proof. The proof is similar to that of [13, Lemma 2.4], we omit it. |

Theorem 3.16. Suppose that Assumption 3.9 holds, and suppose that {z*} is the infi-
nite sequence generated by Algorithm 3.6, then the sequence {z*} is bounded, and its any
accumulation point is a solution to (3.4).

Proof. The proof is similar to that of [11, Theorem 4.1], see also the proof of [14, Theorem
2]. We omit it. O

Numerical Results

In this section, we report some preliminary numerical results of Algorithm 3.6 for randomly
generated data to get the corresponding D-eigenvalues.

The randomly generated data are constructed in the following way: construct a 3-
dimensional positive definite matrix D (a second-order 3-dimensional symmetric positive
definite tensor) and a fourth-order 3-dimensional symmetric tensor W. We denote an n x m
matrix whose each element is generated uniformly in the interval [0,1] as rand(n,m). All
the codes are written in Matlab, and all the tests are implemented on our PC with CPU
being 2.4GHZ and RAM being 256 MB. The parameters of the numerical implementation
are selected as following;:

0
§:=0.5,0:=0.001,£° := 0.1, 8 := max {27 ”H(;O)HQ} .
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In the numerical experiments, we use ||H(z*)|s < 107¢ as the the stopping rule. We
implement Algorithm 3.6 with the following example:

Example 4.1. Let D := (rand(3,3)Trand(3,3) + Iz3x3 x 0.5) x 107 and select W’s fifteen
independent variables as 0.2 x rand(15,1).

The initial points in each numerical computations are selected as the following:
2% := 300 x rand(3,1),s) := 1 — D(2°)?, 53 := D(2°)? — 0.5, A0 := 0, A3 := 0.

The numerical results are listed in Table 1. In Table 1, we denote by 6 and p the
parameters specified for the corresponding case; = the found D-eigenvector; A the found
D-eigenvalue; IT the iteration number when the algorithm terminates; CPU the cpu time
spent for the algorithm finding the corresponding D-eigenvalue. From Table 1, we have the
following observations:

(i) For the randomly generated example, we can find a D-eigenvalue and the corresponding
D-eigenvector effectively for every case (8 € (0,1] and p € (1,2]). And the proposed
algorithm can find the solutions within a few iteration steps and short CPU time.

(ii) For different values of 6 or p, the found D-eigenvalue usually varies for different cases,
which indicates that the D-eigenvalue and the D-eigenvector of W are not unique.
In [20], the number of the D-eigenvalue of a fourth-order 3-dimensional symmetric
tensor is estimated to be no more than 13. However, not every tensor has exactly 13
D-eigenvalues. For example, only 12 D-eigenvalues for the example in [22].

(iii) From Table 1, we see that the algorithm works better when 6 around 0.75.

(iv) It is easy to see that when 8 = 1 and p = 2, Algorithm 3.6 corresponds to the case of
using classical FB function. In this case, we can also see from Table 1 that the number
of the iterate is more than two times that of the case with # = 0.9 and p = 1.1, and
the cpu time is more than two times that of the case with § = 0.25 and p = 1.1. In
addition, many cases show that the classical FB function is not the best choice, which
demonstrate that our proposed generalized NCP-functions are useful from the view of
improving the performance of the algorithm.

A method to find out all the D-eigenvalues of a given tensor by polynomial rooting
was proposed in [22]. We know that it is difficult to get all, or even one, roots/root of a
high-degree polynomial, but the smoothing algorithm of this paper can deal with high order
tensors efficiently. Hence, for higher order tensors like those in [24], the method in this paper
is applicable.

Final Results

In this paper, a family of generalized NCP-functions was proposed, and many favorite
properties for this class of NCP-functions were analyzed. Such a class of NCP-functions has
potential applications in designing efficient numerical algorithms for smoothing reformula-
tions of NCPs. Based on the proposed NCP-functions, we reformulated the D-eigenvalue
problem of diffusion kurtosis tensor as a system of non-smooth equations. A smoothing
Newton method was proposed then to try to find out the D-eigenvalues of a diffusion kur-
tosis tensor by varying the parameters of this family of generalized NCP-functions. The
numerical results show that the proposed numerical method is promising. This method has
the potential application in the computation of eigenvalues of higher order tensors, because
the sizes of the problems will not be changed after we reformulated them.
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Table 1: Numerical results

D 0 x Ax1076| IT CPU
0.10 (11.91, -6.94,22.75) | 0.0446 26 10.4844
0.25 (-20.35, 9.69,16.32) | 0.17763 | 22 0.3594
1.1 | 0.50 (-20.35, 9.69,16.32) | 0.17763 | 19 0.3750
0.75 (11.91,-6.94,22.75) | 0.04462 | 20 0.5000
0.90 (-20.35, 9.69,16.32) | 0.17763 | 16 0.4531
1.00 (12.24,31.63, 2.16) | 0.39403 | 26 0.3906
0.10 ( 11.91,-6.94,22.75) 0.04462 | 100 3.7031
0.25 (11.91,-6.94,22.75) 0.04462 97 2.1875
1.5 | 0.50 (11.91,-6.94,22.75) | 0.04462 | 26 0.6718
0.75 (-20.35, 9.69,16.32) | 0.17763 | 19 0.5469
0.90 (11.91,-6.94,22.75) | 0.04462 | 54 1.0469
1.00 ( 11.91,-6.94,22.75) 0.04462 27 0.67196
0.10 (11.91,-6.94,22.75) | 0.04462 | 20 0.5313
0.25 (11.91,-6.94,22.75) | 0.04462 | 34 0.8906
2.0 | 0.50 (11.91,-6.94,22.75) | 0.044618 | 39 1.0000
0.75 (11.91,-6.94,22.75) |0.044618 | 27 0.8281
0.90 (12.24,31.63, 2.16) | 0.39403 | 51 1.1719
1.00 (12.24,31.63, 2.16) | 0.39403 | 37 0.7967
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