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NUCLEAR NORM OF HIGHER-ORDER TENSORS

SHMUEL FRIEDLAND AND LEK-HENG LIM

ABSTRACT. We establish several mathematical and computational properties
of the nuclear norm for higher-order tensors. We show that like tensor rank,
tensor nuclear norm is dependent on the choice of base field; the value of the
nuclear norm of a real 3-tensor depends on whether we regard it as a real
3-tensor or a complex 3-tensor with real entries. We show that every tensor
has a nuclear norm attaining decomposition and every symmetric tensor has
a symmetric nuclear norm attaining decomposition. There is a correspond-
ing notion of nuclear rank that, unlike tensor rank, is lower semicontinuous.
We establish an analogue of Banach’s theorem for tensor spectral norm and
Comon’s conjecture for tensor rank; for a symmetric tensor, its symmetric nu-
clear norm always equals its nuclear norm. We show that computing tensor
nuclear norm is NP-hard in several ways. Deciding weak membership in the
nuclear norm unit ball of 3-tensors is NP-hard, as is finding an e-approximation
of nuclear norm for 3-tensors. In addition, the problem of computing spectral
or nuclear norm of a 4-tensor is NP-hard, even if we restrict the 4-tensor to be
bi-Hermitian, bisymmetric, positive semidefinite, nonnegative valued, or all of
the above. We discuss some simple polynomial-time approximation bounds.
As an aside, we show that computing the nuclear (p,g)-norm of a matrix is
NP-hard in general but polynomial-time if p =1, ¢ = 1, or p = ¢ = 2, with
closed-form expressions for the nuclear (1, ¢)- and (p, 1)-norms.

1. INTRODUCTION

The nuclear norm of a 2-tensor (or, in coordinate form, a matrix) has re-
cently found widespread use as a convex surrogate for rank, allowing one to relax
various intractable rank minimization problems into tractable convex optimiza-
tion problems. More generally, for F = R or C, the nuclear norm of a d-tensor
AeF"m @ @F"d =Fraxxnd ig defined by

(L.1) [[Allr = inf{zizlp\ﬂ tA= Zi:l A1, @ -+ @ ug,i, lugsll =1, r € N},

where || - || is the [>-norm and ug,; € F" for k = 1,...,d, i = 1,...,r. The
nuclear norm of a matrix is then the case when d = 2 and is equivalent to the usual
definition as a sum of singular values, also known as the Schatten 1-norm [J]. For
higher-order tensors it was defined explicitly in [I8,[19] (see also [6L[10]) although
the original idea dates back to Grothendieck [12] and Schatten [24]. In Section[2l we
will discuss the definitions and basic properties of Hilbert—Schmidt, spectral, and
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nuclear norms for tensors of arbitrary orders over C and R as well as their relations
with the projective and injective norms in operator theory.

1.1. Mathematical properties of tensor nuclear norm. We start by showing
in Section [B] that the expression in (ITI)) defines a norm and that the infimum is
always attained, i.e., there is a finite r and a decomposition into a linear combina-
tion of r norm-one rank-one terms such that the I!-norm of the r coefficients gives
the nuclear norm. We call this a nuclear decomposition. Such a decomposition
gives a corresponding notion of nuclear rank that, unlike the usual tensor rank,
is lower semicontinuous and thus avoids the ill-posedness issues in the best rank-r
approximation problem for tensor rank [4]. As an aside, we show that one cannot
get a Schatten p-norm for tensors in this manner: If the /*-norm of the coefficients
is replaced by an [P-norm for any p > 1, the infimum is identically zero. In Sec-
tion Ml we give a necessary and sufficient condition for checking whether a given
decomposition of a tensor into rank-one terms is a nuclear decomposition of that
tensor. We also show that every norm on a real finite-dimensional vector space may
be regarded as a nuclear norm in an appropriate sense.

For notational simplicity let d = 3 but the following conjecture and results may
be stated for any d > 3. Let A € S3(F") be a symmetric tensor. Comon’s conjecture
[3] asserts that the rank and symmetric rank of A are always equal, i.e.,

. T 7 T
(1.2) mln{r A= Zi:l At @ v; @ wi} = mln{r A= Zi:l AU Q@ Uy ® ’Ui}.

Banach’s theorem [I1/8] on the other hand shows that the analogous statement holds
for the spectral norm in place of rank, i.e.,
(A z0y® 2)| (A z0z0 )

sup = sup
vyz20  |lzllyll=] 270 [l]®

We prove the analogous statement for nuclear norm (for arbitrary d) in Section

(13) lnf{Z::1|)\z| A= Z::l /\iui KR v; ® wi}
= 1nf{Z::1|/\z‘ A= Z:zl iU Qv ® ’Ui},

where the infimum is taken over all r € N and |u;| = ||v]| = |lwil] = 1, i =
1,...,r. This may be viewed as a dual version of Banach’s theorem or, if we regard
tensor nuclear norm as a continuous proxy for tensor rank, then this shows that
the continuous analogue of Comon’s conjecture is true. In addition, we show that
every symmetric tensor over F has a symmetric nuclear decomposition over F, i.e.,
a decomposition that attains the right-hand side of (L3]).

Tensor rank is known to depend on the choice of base field [204]. We show
in Section [B] that the same is true for nuclear and spectral norms. If we define
B,C c R2x2x2 C Q2x2x2 by

1
B=§(€1®€1®62+€1®€2®e1+eg®el®el—eg®eg®eg),

1
C:—(61®el®€2+61®62®61+62®61®€1),

V3

where eq, es € R? are the standard basis vectors, then

IBlogr =1/2<1/vV2=|Bloc,  Clc=3/2<V3=|Clp
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|l - |lo,r denotes the spectral norm over the field F and is defined in ([22)). We give
explicit nuclear decompositions and symmetric nuclear decompositions of B and C'
over R and C.

As our title indicates, most of this article is about nuclear norms of d-tensors
where d > 3. Section [7]is an exception in that it is about the nuclear (p, ¢)-norm
for matrices,

JAlpg = inf {37 Nl A= Aol Juillp = [illy = 1, v € N}

We discuss its computational complexity—polynomial-time if p = 1 or ¢ = 1 or
p = q = 2, but NP-hard otherwise—and show that the nuclear (1,¢)- and (p,1)-
norms have nice closed-form expressions.

1.2. Computational properties of tensor nuclear norm. More generally, we
may also define the nuclear p-norm of a d-tensor A € F"1% %" by

IAllp = 1nf{z A=Y A @ @, luklly =1, 7 € N},

where || - ||, is the {P-norm and uy,; € F™ for k =1,...,d, i =1,...,r. When
p = 2, the nuclear 2-norm is just the nuclear norm in (II]).

For the special case d = p = 2, the matrix nuclear norm is polynomial-time
computable to arbitrary accuracy, as we had pointed out above. Obviously, the
computational tractability of the matrix nuclear norm is critical to its recent wide-
spread use. In Sections [7] and [§] we discuss the computational complexity of the
nuclear norm in cases when p # 2 and d # 2. We will show that the following
norms are all NP-hard to compute:

(i) nuclear p-norm of 2-tensors if p # 1,2, 0o,
(ii) nuclear 2-norm of d-tensors over R for all d > 3,
(iii) nuclear 2-norm of d-tensors over C for all d > 4.

We rely on our earlier work [11] for () and (l): The NP-hardness of the nuclear p-
norm of 2-tensors follows from that of the operator p-norm for p # 1,2, co [13]; the
NP-hardness of the nuclear norm of real 3-tensors follows from that of the spectral
norm of real 3-tensors [14].

For (), we establish a stronger result: we show that even if we require our 4-
tensor to be bi-Hermitian, bisymmetric, positive semidefinite, nonnegative-valued,
or all of the above, the problem of deciding its weak membership in either the
spectral or nuclear norm unit ball in C**"*"*" remains NP-hard. We provide a
direct proof by showing that the clique number of a graph (well-known to be NP-
hard) is the spectral norm of a 4-tensor satisfying these properties, and applying
[11] to deduce the corresponding result for nuclear norm. Since we do not regard
d-tensors as special cases of (d + 1)-tensors, we provide a simple argument for
extending such hardness results to higher order, giving us the required NP-hardness
when d > 3 (for real tensors) and d > 4 (for complex tensors).

These hardness results may be stated in an alternative form, namely, the nu-
clear p-norm of 2-tensors for p # 1,2, 0o, the nuclear norm of 3-tensors over R, and
the nuclear norm of 4-tensors over R and C, are all not polynomial-time approx-
imable to arbitrary accuracy. We provide some simple polynomial-time computable
approximation bounds for the spectral and nuclear norms in Section
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2. HILBERT*SCHMIDT, SPECTRAL, AND NUCLEAR NORMS OF TENSORS

We let F denote either R or C throughout this article. A result stated for I holds
true for both R and C. Let F"1* X" .= ™ @ ... ® F" be the space of d-tensors
of dimensions ni,...,ng € N. If desired, these may be viewed as d-dimensional
hypermatrices A = (aj,...;,) with entries a;,...;, € F.

The Hermitian inner product of two d-tensors A, B € C"*"*"d ig given by

(2.1) (A,B) =y """

1L yeeey Zd—l

When restricted to R™ > *"d (2] becomes the Euclidean inner product. This
induces the Hilbert-Schmidt norm on F"2>**"4_denoted by

4l = VD = (X7 Jaigeas)

We adopt the convention that an unlabeled || - || will always denote the Hilbert—
Schmidt norm. When d = 1, this is the {>-norm of a vector in C"” and when
d = 2, this is the Frobenius norm of a matrix in C™*™. As an F-vector space,
FraxXnd ~ F" where n = szl ng, and the Hilbert-Schmidt norm on Frax:*md
equals the Euclidean norm on F™.

Let A € Fraxxna We define its spectral norm by

(A, 21 ® - @ xq)|
[zl -~ [|all

ail"'idb’il"'id'

(2.2) lAllor = sup{ 0# € ]F"’“},

and its nuclear norm by

(23) [Alogi=nf{>lorill--lleal

A= Z 21, ® - QTq4, T, € F, T’GN}.
It is straightforward to show that these may also be expressed, respectively, as
(2.4) lAllor = sup{| (Ajur @ -+ Q@ ug)| : Jukl|l = 1}
(25) Al =if{3 A= N @ @ uag luil = 1.

The Hilbert—Schmidt norm is clearly independent of the choice of base field, i.e.,
A € RmXXnd C CraxXn"d hag the same Hilbert—Schmidt norm whether it is
regarded as a real tensor, A € R"1*"*"d_or a complex tensor, A € C"t>* " *"d  Ag
we will see, this is not the case for spectral and nuclear norms when d > 2, which
is why there is a subscript F in their notations. When F = C, the absolute value in
22) and (24) may be replaced by the real part, giving

| Alloc = sup el ) _ g Re((A,ur @ -+ ® ug)).
S el Tl —p

Henceforth we will adopt the convention that whenever the discussion holds for
both F =R and C, we will drop the subscript F and write

I-llo=1-llor and - [l=1"[lz

By ([22) and (Z3]), we have
(A, B) < [l Al Bl
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In fact they are dual norms (see [10, Corollary 5.18] or [19, Lemma 21]) since

[A[IZ = sup [(A,B)| < sup [|Allo[|B]. = Ao
Bl <1 1Bl <1

and, on the other hand, it follows from |(A4, B)| < ||A||%||B||« that
[Alle = sup [(A,z1@---@zg)| < sup [[Alflzr @ - @ zall« = AL

llzkll=1 llzrll=1
It is also easy to see that
[21 @ @ag|l =21 ® - @ zallo = 31 @ -+ @ walls = [|21]] - - - [|zall-
In fact, the following generalization is clear from the definitions (2.2)) and (2.3]).
Proposition 2.1. Let A € F"* X" gnd x4 € F™ ... x, € F™=. Then
[A@ 21 @ @ xellor = [|Allopllzall - [lzell,
[A®z1 @ - @ &ellvp = | Allxpllzall - - [[ze]-

In this article, we undertake a coordinate dependent point-of-view for broader
appeal; a d-tensor is synonymous with a d-dimensional hypermatrix. Nevertheless,
we could also have taken a coordinate-free approach. A d-tensor is an element
of a tensor product of d vector spaces Vi, ..., V; and choosing a basis on each of
these vector spaces allows us to represent the d-tensor A € V} ® --- ® V; as a d-
hypermatrix A € Fm2**"4_ Strictly speaking, the d-hypermatrix A is a coordinate
representation of the d-tensor A with respect to our choice of bases; a different
choice of bases would yield a different hypermatrix for the same tensor [I7].

This can be extended to the tensor product of d norm spaces (Vi,| - |l1),.--,
(Vi |l - |la) or d inner product spaces (Vi,(:,*)1),..., (V4 (-,-)a). For inner product
spaces, defining an inner product on rank-one tensors by

(U1 @+ @ uq,v1 @+ ®ug) = (ur,v1)1 " (Ud, Va)a,

and extending bilinearly to the whole of V; ® --- ® V; defines an inner product on
Vi ® -+ ® Vy. For norm spaces, there are two natural ways of defining a norm on
Vi®- - @V Let Vi*,...,V} be the dual space of V1,...,Vy. Then

R ® A .
26 lal = sp{BE S e
leills - Tpally
@7) A=t {3 enilheoala

r
A= ZiZl V1,i K- ®vd,i7 Vk,i € Vk; (S N}a

i.e., essentially the spectral and nuclear norm that we defined in (22 and 23).

For the special case d = 2, (Z0) and ([Z7) are the well-known injective and
projective norms [B,[12,20,23,24,27]. In operator theory, Vi,...,Vy are usually
infinite-dimensional Banach or Hilbert spaces and so one must allow r = oo in
@20). Also, the tensor product ® has to be more carefully defined (differently for
238) and [21)) so that these norms are finite-valued on V; ® V5.

We are primarily interested in the higher-order case d > 3 in this article and all
our spaces will be finite-dimensional to avoid such complications.

IFor norm space (V,|| - ||), dual space V* := {p : V — F linear functional} has dual norm
ol = supjpy=1 le(v)]-
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3. TENSOR NUCLEAR NORM IS SPECIAL

We would like to highlight that (23] is the definition of tensor nuclear norm as
originally defined by Grothendieck [12] and Schatten [24]. An alternate definition
of ‘tensor nuclear norm’ as the average of nuclear norms of matrices obtained from
flattenings of a tensor has gained recent popularity. While this alternate definition
may be useful for various purposes, it is nevertheless not the definition commonly
accepted in mathematics [5120L23L27] (see also [10,19]). In particular, the nuclear
norm defined in ([Z3)) is precisely the dual norm of the spectral norm in ([22)), is
naturally related to the notion of tensor rank [I7], and has physical meaning: for
a d-Hermitian tensor A € (C"***"4)2 representing a density matrix, ||Af.c =1
if and only if A is d-partite separableg [7]. Furthermore, it has been shown in
[28, Section 3.2] that tensor nuclear norm as defined in (2.3) quantifies optimal
numerical stability much like tensor rank quantifies optimal complexity of bilinear
operations like matrix-matrix or matrix-vector products. As such, a tensor nuclear
norm in this article will always be the one in (23] or its equivalent expression ([23)).

One might think that it is possible to extend (Z3]) to get a definition of ‘Schatten
p-norm’ for any p > 1. Let us take d = 3 for illustration. Suppose we define

(3.1) vy(A) = inf{ [Z;lwp} I Z;l NP
Jusll = llill = lwill = 1, v € N}

Then v1 = || - ||+« but in fact v, is identically zero for all p > 1. To see this, write
u®v®@w as a sum of 2" identical terms

u®v®w:%u®v®w+~~+%u®v®w
and observe that if p > 1, then

gn 1/p
inf 27" = lim 2 "(P~D/P =,
neN i=1 n—00

This of course also applies to the case d = 2 but note that in this case we may
impose orthonormality on the factors, i.e.,

() =it { [ ] A= 3 Ao v, () = 0y = () .

and the result gives us precisely the matrix Schatten p-norm. This is not possible
when d > 2. A d-tensor A € F"1**"4 ig gaid to be orthogonally decomposable [30]
if it has an orthogonal decomposition given by

r
A:ZizlAiuLi@"'@ud,iv <uk,i;uk7j>:5ij7 ivj:17"'7nka kzlaad

There is no loss of generality if we further assume that \y > --- > A\, > 0. An
orthogonal decomposition does not exist when d > 3, as a simple dimension count
would show. Nonetheless we would like to point out that this notion has been vastly
generalized in [6].

The case p = 1 is also special. In this case B reduces to (23] (for d = 3),
which indeed defines a norm for any d-tensors.

2This result appeared in an earlier preprint version of this article (see https://arxiv.org/
abs/1410.6072v1), but has been moved to a more specialized article [7] focusing on quantum
information theory.
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Proposition 3.1 (Tensor nuclear norm). The expression in [23) or, equivalently,
Z3H) defines a norm on F™X*nd - Fyrthermore, the infimum is attained and inf
may be replaced by min in (23).

Proof. Consider the set of all norm-one rank-one tensors,
E={u1 ® - Qug € F">X"X" ||y || = -+ = ||ug|| = 1}.

The Hilbert—Schmidt norm is strictly convex, i.e., for A, B € FX X" ||A+ B|| <
2 whenever A # B, ||A|| = ||B|| = 1. Hence in F"1*""*"d the extreme points of the
unit ball are precisely the points on the unit sphere. It follows that any rank-one
tensor A € £ is not a convex combination of any finite number of points in £\ {A4}.
Let C be the convex hull of £. By Carathéodory’s theorem, each tensor A € C is a
convex combination of n + 1 rank-one tensors in €. Since £ is compact it follows
that C is also compact. As C is a compact balanced convex set with 0 as an interior
point, it must be a unit ball of some norm v on F"t**"d_ Clearly v(A) = 1 for
all Ae&. Soif

A= Z A1 @ @ugi, |lu1,; @ ® ug

=1,
then ;
> il =),
Hence ||A|« > v(A). We claim that ||A||. = v(A). Assume first that v(A) = 1.

Then A € {B € Fm>**nd ; y(B) < 1} = C. So A is a convex combination of a
finite number of points in &, i.e.,

T T
A=) i@ ®ugi, i@ @uaill =1, A A >0, ) A=

By the definition of nuclear norm Z3), ||All. < 1 = v(A). So ||A||x = 1 and
the above decomposition of A attains its nuclear norm. Thus if v(A) = 1, the
infimum in (23] is attained. For general A # 0, we consider B = ﬁA. As

IB|l« = v(B) = 1, we have v(A) = ||A]|« and the infimum in (Z3) is likewise
attained.

4. NUCLEAR DECOMPOSITIONS OF TENSORS

We will call the nuclear norm attaining decomposition in Proposition B.1] a nu-
clear decomposition for short, i.e., for A € Fn1x*nd

T
(4.1) A=) 110 @y,
is a nuclear decomposition over F if and only if
T
(4.2 Al =37 llenl-- llzad,

where z; € F™, k =1,...,d,i =1,...,7. We define the nuclear rank of A €
]Fn1><-~><nd by

(4.3) rank,(A) = min{r eN: A= Zf_l 21, Q- @ Tq,

T
lAllee =" el llzal },
=1

and we will call (1)) a nuclear rank decomposition if r = rank,(A). Alternatively,
we may write the decomposition in a form that resembles the matrix SvD, i.e.,

(4.4) A= Z Aitin; @ -+ @ ug,
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is a nuclear decomposition over F if and only if
T
A=) A and A2 2A>0, ul =1,

where up; € F*"s k=1,...,d,i=1,...,r. Unlike the matrix svD, {ug1,..., Uk}
does not need to be orthonormal.

The following lemma provides a way that allows us to check, in principle, when
a given decomposition is a nuclear decomposition.

Lemma 4.1. Let A € Frax>xnd_ Then 1) is a nuclear decomposition over F if
and only if there exists 0 # B € F1> X" qjth

(4.5) (B,x1;® - @zai) = || Bllopllzill - |Ta,

l, i=1,...,m
Alternatively, [@4) is a nuclear decomposition over F if and only if there exists
0 #£ B € FraXxxnd qith
(B,u1,; ®@---Quq,;) = ||BlloF, 1=1,...,m7
Proof. Since the nuclear and spectral norms are dual norms,
Re(4, B) < || Al | Blloe-

Suppose ||Bllsr = 1 and A # 0. Then Re(A, B) = ||All+r||B|lor if and only if
the real functional X — Re(X, B) is a supporting hyperplane of the ball {X €
Fraxxna || X, p < ||All+r} at the point X = A. So Re(A, B) = || A||.r is always
attained for some B with ||B|,r = 1.

Suppose ([@1) is a nuclear decomposition, i.e., (£2) holds. Let B € Fraxxna
|Bllo,r =1 be such that Re(A, B) = ||A]|+«,r. Then

T r d
1Al s =Re(A,B) =3 Relwr;®--@re;,B) <Y [ _ lerill =14

Therefore equality holds and we have (3.
Suppose [@3) holds. We may assume without loss of generality that || B/, 7 =1

and szl |xg.:l| > 0 for each ¢ =1,...,r. Then
[l = [[All« el Bllor > Re(4, B)

r r d
= Zizl@l,z’ ® - ®Tay, B) = Zizl szl [kl

It follows from the minimality in (Z3]) that (@Il is a nuclear decomposition of
A.

|*,]F-

In Proposition 3, we will generalize Lemma LT to any norm. As an illustra-
tion of Lemma [£I] we prove that for an orthogonally decomposable tensor, every
orthogonal decomposition is a nuclear decomposition, a special case of [6, Theo-
rem 1.11].

Corollary 4.2. Let A € F"2*"X"a be orthogonally decomposable and let
(4.6) A= Zi:l At @ - @ Ud,iy  (Uk,is Uk,j) = Oijy

be an orthogonal decomposition. Then

r 1/2
— ,2 — . =
1A= (3 ) Al = max [l Alls = ] 4o+ Al
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Proof. The expression for the Hilbert—Schmidt norm is immediate from the Pythag-
orean theorem since {u1,;®---Qug; : ¢ = 1,...,r} is orthonormal. We may assume
that Ay > -+ > A\, > 0. Let vy € F™,  k = 1,...,d, be unit vectors. Clearly,
|(uk,isvg)| < 1 for all i and k. By Bessel’s inequality, Y, [(ug, o) |> < |og]? = 1
for k = 1,2. Hence

[(A,01 ® - ®vg)| < Zizl)\i|<u1,i®"'®ud7i7")1 ® - Qug)|

I d r
= Zi:l Ai szl [(uk,i, vk)| < A1 Zi:l (i, v1)|[{u2,i, v2)|
1/2

<)\ (Z;l ‘<U1,i,vl>|2)1/2 (Z;l |<U2,z’7v2>|2> < A1

Choose v, = ug; for k =1,...,d to deduce that | Ao r = A\1 = max;—1,..» A;. Now
take B =), u1;®---Qug; and observe that || B, = 1 and that (B,u; ;®---®
ug;) = 1foralli=1,...,r. Hence by Lemma[d1] ([0) is a nuclear decomposition
and [|A[l« = 325, A

For F = R, we establish a generalization of nuclear decomposition that holds
true for any finite-dimensional norm space V. The next result essentially says that
‘every norm is a nuclear norm’ in an appropriate sense.

Proposition 4.3. Let V be a real vector space of dimension n and let v : V —
[0,00) be a norm and v* : V* — [0,00) its dual norm. Let £ be the set of the
extreme points of the unit ball B, :={zx € V : v(x) < 1}.

(1) If v(x) =1, then there exists a decomposition

(4.7) T = Z::1 iy,

where Ai,..., A > 0, My +---+ A =1, and z1,...,2, € & are linearly
independent.
(ii) For anyx €V,

(4.8) v(z) = min{Z?:1 IANi sz = Zé_l AiZiy T1,y...,Zpn € E lin. indep.}.

1=

(i) If @X) holds, then equality holds in

(4.9) v(z) < 2;1 by

if and only if there exists ¢ € V* such that v*(p) = 1 and ¢(z1) = -+ =
o(z,) = 1.

Proof. We start with (). Let v(z) = 1. Then by Krein-Milman, z is a convex
combination of the extreme points of B,,
T T
=3 Nwn T8 €6, A A >0, ) A=l
Let » be minimum. We claim that for such a minimum decomposition z1, ..., x,
must be linearly independent. Suppose not, then there is a nontrivial linear com-
bination

(4.10) Z:zl ,Bil‘i =0.
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We claim that }_;_, 8; = 0. Suppose not. Then we may assume that >, _, 8; >0
(if not, we replace 8; by —f8; in ([@I0))). Choose ¢t > 0 such that A\; —¢3; > 0 for
i=1,...,r. Then

1= = (X e t8)m) < 30T (i~ tBowlan)
= Zi:l i — tﬁi =1- tzizl ﬁz <1,

a contradiction. Hence Z:Zl B; = 0. By our earlier assumption that the linear
combination in (£I0) is nontrivial, not all 3;’s are zero; so we may choose t > 0
such that \; —¢8; > 0 for all ¢« = 1,...,r and \; — t3; = 0 for at least one
i. In which case the decomposition z = Y._,()\; — t53;)x; contains fewer than r
terms, contradicting the minimality of r. Hence z1, ..., z, are linearly independent.
Clearly r < n.

Next we prove (). Since —B, = B,, it follows that —€ = £. Since B, has

nonempty interior, spang(£) = V. So any x € V may be written as a linear
combination

n . .
(4.11) T = Z . iy, Z1,...,T, € E linearly independent.

1=

Since v(z;) =1 fori=1,...,n, v(z) < 3" |\, and thus the right-hand side of
([#3) is not less than v(x). It remains to show that there exist linearly independent
T1,...,x, € & such that the decomposition [II)) attains v(z) = >.1, |A;|. This
is trivial for x = 0 and we may assume that  # 0. Upon normalizing, we may
further assume that v(x) = 1. By the earlier part, we have a convex decomposition
r =Y, Nxz; where z1,...,2, € £ and >.._; \; = 1. If r = n, we are done.
If r < n, we extend x1,...,2, to x1,...,x, € &, a basis of V; note that this is
always possible since € is a spanning set. Then z = Y " | \;z; by setting X; := 0
fori=r+1,...,n. Hence 1 =v(z) =Y 1 |\l

For (i), suppose (&1) holds for some Aq,..., A > 0 and z1,...,2, € €. The
inequality v(z) < Y i_ v(Nz;) < Dy Aiv(x;) = Yi_; A; follows trivially from
the properties of a norm. If v(z) = Y., A;, then as x # 0, there exists p € V*
such that ¢*(z) = v(z) and v*(p) = 1. Hence v(z) = > i Nip(x;). As v(z;) =1,
it follows that ¢(z;) < 1, and so v(z) = Y ;_, \; implies p(x;) =1 fori=1,...,r
as required. Conversely, if ¢ € V* is such that v*(¢) = 1 and ¢*(z;) = 1 for
i=1,...,r, then p(z) = >"_, \;. Since

v(z) = max{y(z) : p € V', v (¥) = 1},

it follows that v(z) > Y._, A;, which yields the required equality as ([L9) always
hold.

For any 0 # € V, we may apply Proposition [£3] to the unit vector z/v(z) to
obtain a nuclear decomposition for x with respect to v,

(412) z=Ma1+-+Aa,  v@) =M+ A A, A > > A >0,

where z1,...,z, are extreme points of B,. We define the nuclear rank of x € V
with respect to v, denoted by rank, (x), to be the minimum r € N such that [{@I2)
holds. We set rank,(x) = 0 iff x = 0. A nuclear decomposition ([{I2]) where
r = rank, (z) is called a nuclear rank decomposition with respect to v. Note that
the linear independence of z1,...,z, in ([£I2]) is automatic if it is a nuclear rank
decomposition with respect to any norm.
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Proposition 4.4. Let V' be a real vector space of dimension n and let v : V —
[0,00) be a norm. Suppose &, the set of the extreme points of the unit ball B,, is
compact. Then the nuclear rank rank, : V — R is a lower semicontinuous function,
i.e., if (Xm)50_1 is a convergent sequence in V. with rank, (z,,) < r for allm € N,
then & = limy,— 00 Ty, Must have rank, (z) < r.

Proof. For each m € N, since rank,, (z,,) < r, x,, has a nuclear decomposition x,, =
S Amyimy With Y7 A = v(@m), Aty A > 0, and Ty, .., Ty €
E. Since £ is compact, by passing through subsequences r times, we obtain a
nuclear decomposition x = >.._, Niz; with >/ A = v(x), A1,..., A > 0, and
Z1,...,2, € E. Hence rank, (z) < r.

Readers familiar with X-rank [29] (see [2I] for a generalization) may observe
that for X = B,, the X-rank and nuclear rank with respect to v are related in the
following sense:

rankx (z) = min{r eN:x = Zf_l i, T; € X},

rank, (z) = min{r eN:zx= Z::1 Xixg, ||z« = Z::1||>‘ixi|" x; € X}.

IV =R " and v =| - ||«r, then € = {11 @ --- Quq : |wm] = -+ =
|luall = 1} and [@I2) gives a nuclear decomposition in the sense it was defined in
@3). A remarkable fact is that tensor nuclear rank is lower semicontinuous since
& is compact. The lack of lower semicontinuity in tensor rank has been a source
of many problems [4], particularly the best rank-r approximation problem for d-
tensors does not have a solution when r > 2 and d > 3. We note that the use of
nuclear rank would alleviate this problem.

Corollary 4.5. For any A € R™> X" the best nuclear rank-r approrimation
problem

argmin{||4A — X|| : rank,(X) < r}

always has a solution.

Proof. By Proposition 4] S = {X € R™* %" : rank,(X) < r} is a closed set
and the result follows from the fact that in any metric space the distance between
a point A and a closed set S must be attained by some X € S.

5. COMON’S CONJECTURE AND BANACH’S THEOREM FOR NUCLEAR NORM

We write T4(F"?) := (F")®¢ = F"**" for the space of cubical d-tensors and
S4(F™) for the subspace of symmetric d-tensors in T¢(F"). See [3] for definition
and basic properties of symmetric tensors. Let A € S¥(F™). Comon’s conjecture [3]
asserts that the rank and symmetric rank of a symmetric tensor are always equal,

min {1" A= Z;l At ® - ® udﬂ-} ~ min {r A= Z;l /\iu?d} .

Banach’s theorem [I], [8] on the other hand shows that the analogous assertion for
spectral norm is true over both R and C,
(A2 ©--- @ z4) (4, 2%9)|

(5.1) sup = sup
wrwa0 7] |2l a0zl
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Here we show that the analogous assertion for nuclear norm is also true over both
R and C,

(52) inf {Z:le\l‘ A= Z::1 )\i’ul’i R R udﬂ-}
— inf {Z;JM A=Y )\iu?d} :

We will first prove a slight variation of (5.2) over R below. Note that (5.2) follows
from (B3). If d is odd in (B.2]), we may drop the ¢;’s.

Theorem 5.1. Let A € S4(R™). Then
(5:3)  JAlg=min{>" fwil?: A=) af? e {-1,1}}.

The infimum is taken over all possible symmetric rank-one decompositions of A
with r € N and is attained (therefore denoted by minimum).

Proof. Let C := conv(£) C T4(R™) be the convex hull of all vectors of the form
E={+2% .z cR", ||z| = 1}.

As 2% 4 (—2®9) = 0, C is a symmetric set in S(R™). Since any symmetric tensor
is a linear combination of symmetric rank-one terms ®¢, C has nonempty interior
in S¢(R™). Hence C is the unit ball of some norm v : S¥(R™) — [0,00). Note that
v(z®4) <1 for ||z|| = 1. We claim that each point of £ is an extreme point of C.
Indeed, consider the unit ball of the Hilbert—Schmidt norm {4 € S¥(R") : || A|| < 1}.
Note that ||[£2®?|| = 1 for ||z|| = 1, and as || - || is a strictly convex function, no
point on & is a convex combination of other points of £. Hence v(+z®?) = ||z
for ||z|| = 1. The homogeneity of v implies that v(+z®?) = ||z||<.

Suppose A = >0, aix?d. Then the triangle inequality for v and the above
equality yields v(A) < 37, |ail||xi||?. By scaling the norm of z; appropriately, we
may assume without loss of generality that a; € {—1,1} for i = 1,...,r. Hence

y(A)ginf{Z il A=Y P e e {1 1}}

We claim that the infimum is attained. It is enough to consider the case v(A) = 1.
So A € C and A is a convex combination of the extreme points of C, i.e.,

(5.4) A= Z tieix®e, Z;ltizl,

where t; > 0, ||z;]| = 1, &; = &1, for all i = 1,...,r. Since dimg S¢(R") = ("+3_1),

(n+d 1)

Caratheodory’s theorem implies that » < 1+ The triangle inequality gives

(5.5) 1=v(A) < Zi:l tiv(@f) =3 ti=1
We deduce from (54) and (G3) that v(A) is given by the right-hand side of (G.3]).
Let v* be the dual norm of v in S(R"). By definition,

"(A) = A, B) = A,B) = A, 24
v (4) esi X )<1< ) = max(4, B) Hm”a}H =)

Since Banach’s theorem (B.1) may be written in the form

140, = meox [(4, a7,

we get
(5.6) v(A) = [[Alloz-
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From the definition of nuclear norm (23] and the fact that v(A) is given by the
right-hand side of (5.3 we deduce that ||A||.z < v(A) for all A € S¢(R").

Let v; : S4(R™) — [0,00) be the nuclear norm | - ||, g on T4(R™) restricted to
S4R™). So v1(A) = || Al for A € S¢R™). We claim that v = v1. Suppose not.
Then the vy unit ball C; == {A : v1(A) < 1} must strictly contain the v unit ball,
ie, C C Cp. Let v} : S4R"™) — [0,00) be the dual norm of ;. Let C* and C; be
the unit balls of v* and v{, respectively. Then C C C; implies that C; C C*. So
there exists A € S?(R™) such that v;(A) > v*(A). Hence

“(A) <vi(A) = A, B) < A, B) = || Ao,
vi4) <uild) Besin), |B] ,R§1< >_Ber(Rg)1,aﬁ{Bll ‘R51< )= 14l

which contradicts (G.6]).
The complex case may be deduced from the real case as follows. Note that the

g;’s in (B3] are unnecessary regardless of the order d since C contains all dth roots
of unity.

Corollary 5.2. Let A € S4(C"). Then

i ’ . 4=\ ped
[A]l«,c = min {ijl sl = A= Zj:l Yy } ’

The infimum is taken over all possible symmetric rank-one decompositions of A
with v € N and is attained (therefore denoted by minimum,).

Proof. We identify T¢(C") with T¢(R") x T4(R"), i.e., we write B € T¢(C") as
B = X+iY where X,Y € T¢(R") and identify B with (X,Y). On T¢(R")x T¢(R"),
we define a real inner product

(X,Y), (W, 2)) = (X, W) + (Y, Z) = Re(X + 1Y, W +iZ),

under which the Hilbert-Schmidt norm on T¢(C") is the same as the Hilbert—
Schmidt norm on T4(R™) x T¢(R™). The spectral norm on T¢(C") defined in ([Z.2)
translates to a spectral norm on the real space T¢(R") x T¢(R"). Furthermore its
dual norm on T¢(R") x T¢(R") is precisely the nuclear norm on T¢(C") as defined
in ([Z3)). This follows from the observation that the extreme points of the nuclear
norm unit ball in T¢(C") is exactly

E={t1® - ®za:21,...,24 €C", |lT1]| = - = ||lzal = 1}

So S¥(C™) may be viewed as a real subspace of S¢(R™) x S*(R™). We may repeat the
arguments as in the real case and use Banach’s theorem (B.1]) for complex-valued
symmetric tensors.

An immediate consequence of Theorem [5.1] and Corollary is the existence of
a symmetric nuclear decomposition for symmetric d-tensors.

Corollary 5.3 (Symmetric nuclear decomposition). Let A € S¢(F"™). Then there

exists a decomposition
T
A= E 1 )\Z’U,l®d
i=

with finite r € Nyr <1+ ("+3_1), and ||u1]| = -+ = ||lur|| = 1 such that

Al e = Al 4 -+ A
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As in [§] we may extend Theorem [E.] and Corollary to partially symmetric
tensors. Let dy,...,d,, € Nand d = dy + -+ + dp,. A d-tensor A € S%(F™) @
- @ S%m (Fmm) s called a (di, . .. ,d,,)-symmetric tensor. The following analogue
of Banach’s theorem (5] for such tensors was established in [8]:

[Allor = mlax (A, 22" @ .. @ g8m)

llzill=1

for all A € S%(F™)® ... ® S (F"). Using this and the same arguments used to
establish Theorem 5.1l and Corollary B.2] we may obtain the following. Note that
the ¢;’s in (.71 may be dropped in all cases except when F =R and dy,...,d,, are
all even integers.

Corollary 5.4. Let A € S4(F™) ® --- ® S%= (F*). Then

dm .

T
61 IAllr =nin 7 foasl® - o,
s
A= izlij%dl®---®x§‘ff, 5i€{—1,1}}.

6. BASE FIELD DEPENDENCE

It is well-known [2], [4] that tensor rank is dependent on the choice of base fields
when the order of the tensor d > 3. Take any linearly independent z,y € R™ and
let z =x + iy € C™. If we define

1
A::;v®x®;v—x®y®y+y®x®y+y®y®x=§(z®2®2+2®Z®Z),

then rankc(A) = 2 < 3 = rankg(A). We show that the same is true for spectral
and nuclear norms of d tensors when d > 3.

Lemma 6.1. Let eq,es € R? be the standard basis vectors. Define B € R2X2x2 C

(C2><2><2 by
1
(6.1) B=J(a@a®eata®@ea®eataea®e —a@ede)
Then ([GJ) is a nuclear decomposition over R, and
1 1
BO’ =3 Bo’ = B* :27 B* :\/5
IBllor = 5 1Bllo.c 7 1Bl & 1B]l+.c

Furthermore, B € S*(R?) C S3(C?) has a symmetric nuclear decomposition over R
given by

(6.2) B= g({éel + %62] ” + [—?q + %62] ” + (—62)®3>,

and a symmetric nuclear decomposition over C given by

Proof. Since B € S3(R?), we may rely on (5.1)) and (5.3) in Section [l to calculate
its spectral and nuclear norms over R and C. Set Y = 2B for convenience.

Let © = (21,29)" with |21]? + |22]?> = 1. Then g(x1,72) = (Y, 293) = 32325 —
r3 = x2(3z3 — 23). Suppose first that 21,29 € R. Then 23 = 1 — 23 and the
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maximum of g(z1,72) = z2(3 — 423) over x5 € [0,1] is attained at zo = 1/2,
x1 =/3/2. Hence ||Y|,r =1 and ||B|l,r = 1/2.

Suppose now that x1,z5 € C. Clearly, |g(x1,z2)| < |22|(3]21]? + |22]?). Choose
r9 = —t, 11 = is where s,t > 0 and s? +t? = 1. Then the maximum of g(zy,x2) =
h(s,t) = t(3s% + %) = t(3 — 2t2) over t € [0,1] is v/2, attained at t = 1//2 = s.
Hence ||Bl,.c = 1/v2 and ||[Y]|,.c = V2.

That (6.1) is a nuclear decomposition over R and ||B|l,r = 2 follows from
Lemma [ 1] and the observation

(6.4) (Yer®@e1®e2) =(Y,e1 Qea Req)
=(Yea@e ®e) = (Y,(~e2)®%) = 1= |Y]op.

That (63) is a symmetric nuclear decomposition over C follows from Lemma [T
and the observation

1 ®3 1 ®3
Y, | —=(—es +ie =(Y, |—=(—e3 — i€ =V2=|Y|,c.
(v tarion] )= (v|sta-)| ) ¥ lloc
This also shows that || B|..c = V2.

Lemma 6.2. Let e1,es € R? be the standard basis vectors. Define C € R?*2%2 C
(C2><2><2 by

1
(65) C:—(61@61@62+61®62®€1+62®61®€1).

V3

Then ([G3) is a nuclear decomposition over R, and

2

= Cllsr = V3, Cllsc = =.
2 Cha=vE  Cle=]
Furthermore, C € S*(R?) C S3(C?) has a symmetric nuclear decomposition over R
given by

(S e e

and a symmetric nuclear decomposition over C given by
3/ [2 1 ]® 2 1 1%
6.8) C=- \/je —i——e} —l—[—\/ie +—e}
05 8<{ 37 VB 371 VBT
+{f 1 ]®3+{ \F 1 ]®3)
i —ep — —=e —iz e — —=e .
361 73 2 34 73 2

Proof. Since C' is a symmetric tensor, we may rely on (&) and (B3) in Section
to calculate its spectral and nuclear norms over R and C. Set X = V3C for
convenience.

Let # = (z1,22)". Then f(z1,22) = 3(X,2%3%) = ziz,. Clearly || X|or =
| X|lo,c since all entries of X are nonnegative. For the maximum of |f(z)| when
l|lz|| = 1, we may restrict to x1,z2 > 0, 22 + 23 = 1. Since the maximum of
fz1,m2) = 22/1 — 27 over o1 € [0,1] occurs at 23 = 2/3, zo = 1/1/3, we get the
first two equalities in (G.6]).

By Lemma [T and (€4)) in the proof of Lemma [6.1], (€.35]) is a nuclear decompo-
sition over R. Hence ||C|l.r = v/3.

3
(6.6) ICllo.e = [ICllo.c =
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By Corollary 5.3l C has symmetric nuclear decompositions over both R and C.
That (67) is a symmetric nuclear decomposition over R follows from Lemma [T
and the observation that

(Y, (—e2)®3) = <Y, [?61 + %62:| ®3> = <Y, {—?el + %e2}®3> =1= Yok,

where Y is as defined in the proof of Lemma Likewise, (6.8]) is a symmetric
nuclear decomposition over C by Lemma [£]] and the observation that

(e (e[l
(e i gl ) (e [ ) e

Since (6.8) is a symmetric nuclear decomposition over C, we obtain ||Cll.c =

3/2.

Let © = (z1,...,2,)" € C". Denote by |x| == (|1],...,|7,|)T. Then z is called
a nonnegative vector, denoted as x > 0, if = |z|. We will also use this notation
for tensors in C"2* " *"d,

Lemma 6.3. Let A € C"* X", Then

[Allo.c < [AHloc, 1Al lloc = [HA] llor-
Proof. The triangle inequality yields

(A, 21 @ @xa)| < (|A],[21] @ - - - @ |24])-

Recall that the Euclidean norm on C™ is an absolute norm, i.e., ||z|| = || || ||. The
definitions of || - |,,c and || - ||,z and the above inequality yields the result.

o,C-

A plausible nuclear norm analogue of the inequality [|All,c < |||4]|loc is
lAl.c < |I|A]|l«c. It is easy to show that this inequality holds in special cases
(e.g. if A is a Hermitian positive semidefinite matrix) but it is false in general. For
example, let

. { 1/vV2  1/V2
Ve VR

Then [[A]. =2 > v2 = || [A]]..
7. NUCLEAR (p, ¢)-NORM OF A MATRIX

In this section, we study the special case where d = 2. Let || - ||, denote the
[P-norm on R", i.e.,

n » 1/p
ol = (3 ) 7 lalloe = max{laal,.., Joal}.

Recall that the dual norm || - ||5 = || -||, where p* :=p/(p—1),ie., 1/p+1/p* = 1.
The nuclear (p,¢)-norm of a matrix A € R™*" is

(7.1) 1 Allpg = inf{zi:1|/\i| t A= 21:1 Ait; @ g, Jugllp = [lvilly =1, 7 € N}
for any p, q € [1,00]. The spectral (p, g)-norm on R™*™ is
TAx

Y
max ———— =

= max TAx
zy#0 |z]pllylly  Nzlp=lylly=1

[|A]

o.p.q —
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for any p, ¢ € [1,00]. The operator (p,g)-norm on R™*" is

[ Az|]
| Allp,q = 1= X [ Azllq
o20 |zl lel,=1
for any p, q € [1,00]. When p = ¢, we write
I-llpp =11 I llope =1 llop 1 Tepp =1 e

and call them the operator, spectral, nuclear p-norm, respectively. The case p = 2
gives the usual spectral and nuclear norms.

It is well-known that the operator (p,¢)-norm and the spectral (p, ¢*)-norm are
related via

(7.2) 1Alop.q = [ Allp.q for all A € R™*™.

It follows from [|Az||; = max)y . =1 yT Az and yT Az = 2T ATy that

(7.3) HAT g =14llg » > ||AT||G,p,q = || Allo,q,p-
Equivalently, (7I) may be written as

(74)  Alepg=min] 3 ailplllly A=Y wwy, renN},

or as the norm whose unit ball is the convex hull of all rank-one matrices = ® y,
where ||z||,|lyllq < 1. It is trivial to deduce from (Z4) an analogue of (3],

(7.5) 1A g0 = Al p.g-

Theorem 7.1. The dual norm of the spectral (p, q)-norm is the nuclear (q, p)-norm.
The dual norm of the operator (p,q)-norm is the nuclear (¢*,p)-norm.

IAlZ p.q = 1Allcap, Al =114
for all A € R™*"™ and all p,q € [1,0].

Proof. We prove the equality on the right and deduce the other from (72). As in
the proof of Corollary 2] the unit ball of the (¢*, p)-nuclear norm || - ||.4 , on

|*,q P

R™*" is the convex hull of € = {zy" : ||z||;, = |lyll, = 1}. Hence
Allx = max tr(BTA) = max tr(yz'A
A1 = max _ ex(57A) = max ex(s74)
= omax o' Ay= max ||Ayll; = | Allpe
llzllg =llyllp=1 llyll»=1

It is well-known that the operator (p, ¢)-norm is NP-hard in many instances [13],

[25] notably:

(i) || - |lp,q is NP-hard if 1 < ¢ < p < o0.

(ii) |- |l, is NP-hard if p # 1,2, c0.
The exceptional cases [25] are also well-known:

(iii) || - |l is polynomial-time computable if p = 1,2, cc.

(iv) || - llp,q is polynomial-time computable if p =1 and 1 < ¢ < oo, or if ¢ = o0

and 1 < p < 0.

By [11], the computational complexity of norms and their dual norms are polynomial-
time interreducible. So we obtain the following from Theorem [T}

(V) I - l+.p,q is NP-hard if 1 < p* < ¢ < o0.

(vi) || - ll+,p ,p is NP-hard if p # 1, 2, 0.
(vii) || - ||«p p is polynomial-time computable if p = 1,2, cc.
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(viil) || - [|+,p,q is polynomial-time computable if p=1and 1 < g < oo, orifg =1
and 1 <p < o0.
In () and (i), we assume that the values of p and g are rational.
In fact, as further special cases of (i), the nuclear (1,p)-norms and (p,1)-
norms have closed-form expressions, a consequence of the well-known closed-form
expressions for the operator (1,p)-norms and (p, co)-norms.

Proposition 7.2. Leteq,...,e, be the standard basis vectors in R™. Let A € R™*™
and write
Al,
A:[Aolw",Aon]: 5
AT
Aet,...,Aen € R™ are the column vectors and Aie,...,Ame € R™ are the row
vectors of A. Then
(16 Al = max [Aesll, = max{|Aulps- [ Aunll )
7 Al = max [ATell, = max{lAvlly - [Amaly .
(78)  Alleap =3 IATellp = [ Avallp + -+ [ Amallp,
n
(7.9) Al p,1 = Zj:1 [Aejllp = [ Aerllp + -+ [[Aanllp

for all p € [1,00].

Proof. Note that C = {x € R™ : ||z||; < 1}is the convex hull of {%e; : j =1,...,n}.
As z — ||Az||, is a convex function on C, we deduce that | 4|1 , = max,ec ||Az|, =
max;—1,_n|tAe;||. Hence (L) holds. Equation (Z1) then follows from (Z3) and
([T8). Now observe that

Alf . = max BTA max ’Z (Bey) Ae ‘— || Ae
A, = e (BT = max_[S70 (Be))T(4e)| = 307 eyl

Using Theorem [TI] we obtain (T.9). Equation (7.8)) then follows from (TH) and
@9).

The operator (0o, 1)-norm is NP-hard to compute by ({l) but it has a well-known
expression ([(C.IT]) that arises in many applications. We will describe its dual norm,
the nuclear co-norm. In the following, we let

E" :={e=(e1,...,60) €R":g; =#1,i=1,...,n},
EmQE" :={FE = (g;;) e R™*" 1 gy, =£1, i =1,...,m,
j=1,...,n, rank(F) = 1}.
Note that #E" = 2" and #E™ ®@ E" = 2m+n—1,
Lemma 7.3. Let A € R"™*™. Then
(7.10) [Alloc,p = max || Ae,.

In particular,

(7.11) ”A”oo’l B 1,- 6 e{-1,+1} Zl 12 aUSZ VRl

,Smﬁl’
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and its dual norm is

. mn mn
(7.12) || Alls00 = mln{zizl Al A=Y N,
Ei, ..., Epn € E™ QE” linearly independent}.
Proof. Observe that the convex hull of E™ is precisely the unit cube, i.e.,
conv(E") = {z € R" : ||z]|s < 1},

giving us (ZI0). For x € R™, note that ||z||; = max.cgm ¢ and thus

Al]co,1 = max || Ad]1 = max eT A6,
S€En c€E™, 6€En,
giving us (ZII)). It follows from Theorem [Tl that || - |5, = || - [[«,00,00 = || - [[+,00

and ([ZI2) follows from Proposition {3l

We have thus far restricted our discussions over R. We may use similar arguments
to show that ([Z3)), (ZH), Theorem [[I] and Proposition [[.2 all remain true over C.
In addition, (73] and (Z.5) also hold if we have A* in place of AT.

Nevertheless for A € R™*™ the values of its operator (p,q)-norm over R and
over C may be different; likewise for its nuclear (p,q)-norm. In fact, a classical
result [26] states that || A],.qc = |Allp.qr for all A € R™*™ if and only if p < g.
We deduce the following analogue for nuclear (p, ¢)-norm using Theorem [71]

Corollary 7.4. ||Allsp.qc = [|All«pqr for all A € R™*™ if and only if ¢ < p*.

8. TENSOR NUCLEAR NORM IS NP-HARD

The computational complexity of a norm and that of its dual norm are
polynomial-time interreducible [IT]. If a norm is polynomial-time computable, then
so is its dual; if a norm is NP-hard to compute, then so is its dual. Consequently,
computing the nuclear norm of a 3-tensor over R is NP-hard since computing the
spectral norm of a 3-tensor over R is NP-hard [I4]. In fact, it is easy to extend to
higher orders by simply invoking Proposition 211

Theorem 8.1. The spectral and nuclear norms of d-tensors over R are NP-hard
for any d > 3.

In this section, we will extend the NP-hardness of tensor spectral and nuclear
norms to C. In addition, we will show that even the weak membership prob-
lem is NP-hard, a stronger claim than the membership problem being NP-hard
(Theorem BTl refers to the membership problem). In the study of various tensor
problems, it is sometimes the case that imposing certain special properties on the
tensors makes the problems more tractable. Examples of such properties include:
(i) even order, (ii) symmetric or Hermitian, (iii) positive semidefinite, (iv) nonneg-
ative valued (we will define these formally later). We will show that computing
the spectral or nuclear norm for tensors having all of the aforementioned properties
remains an NP-hard problem.

Let G = (V, E) be an undirected graph with vertex set V := {1,...,n} and edge
set B = {{ik,jk} ck=1,... ,m}. Let k(G) be the clique number of G, i.e., the
size of the largest clique in G, well-known to be NP-hard to compute [16]. Let
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Mc¢ be the adjacency matrix of G, i.e., m;; =1 = my; if {i,j} € E and is zero
otherwise. Motzkin and Straus [22] showed that

K(G) -1 T
Ta(G) LA Mom

where A" = {z € R" : © > 0, ||z||; = 1} is the probability simplex. Equality is
attained in (8J]) when z is uniformly distributed on the largest clique.

We transform (BJ) into a problem involving 4-tensors. Let x = y°2, i.e., x =
(v2,...,y2)T. Therf]

T _ 2,2
(8.2) vTMer =23 Uiy

For integers 1 < s <t <, let Ay = (agj,’:l))?j eie1 € Crxnxnxn he defined by

(8.1)

1/2 i=s,j=t k=s,1=t,
1/2 i=t, j=s, k=t l=s,
ali) =312 i=s j=t k=t l=s
1/2 i=t, j=s, k=s,1=t,
0 otherwise.
Observe that Ag; is not a symmetric tensor but we have
(8:3) (Ast, y @y @y @ y) = 24797
Definition 8.2. Let A = (aijkl)?g”,l’flzrf € CmxnxmXn he g 4-tensor. We call it
bisymmetric if
aijkl = ok forallik=1,...,m, j,l=1,...,n,
and bi-Hermitian if
aijkl = Ggi; forallik=1,...,m, j,l=1,...,n.

A bi-Hermitian tensor is said to be bipositive semidefinite if

m,n,m,n B mxn
E e @ijkTijTr > 0 forall X = (l‘ij) eC .
1,7,k 0=

We may regard a 4-tensor A = (ajj1); ;= € C™*™™*" as a matrix M(A) =
[agg),ny) € CTXMN 0 where ag ;) k1) = @ijri- Then A is bisymmetric, bi-
Hermitian, or bipositive semidefinite if and only if M(A) is symmetric, Hermitian,
or positive semidefinite.

Clearly bi-Hermitian and bisymmetric are the same notion over R. If m =n, a
bisymmetric 4-tensor is not necessarily a symmetric 4-tensor although the converse
is trivially true. However, if m = n, a real bipositive semidefinite tensor A €
Rrxmxnxn ig clearly a positive semidefinite tensor in the usual sense, i.e.,

n,n,n,n n
Zi7j7k)l:1 aijrixixjere; > 0 for all x € R™.
Lemma 8.3. The tensor Agy € C*"*"*™ 45 bi-Hermitian, bisymmetric, bipositive
semidefinite, and has all entries nonnegative.

3By convention, we sum once over each edge; e.g., if E = {{1,2}}, then Z{i jleE @ij = a12,

not ai2 + a21.
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Proof. Tt follows from the way it is defined that Ag; is bi-Hermitian, bisymmetric,
and nonnegative valued. It is positive semidefinite because

MR (g B 1 B B
E”Shﬁwmﬁﬂmz§@ﬁ+%9@ﬁ+ﬁgzo

for all X = (z;;) € C**™.

M(Ag) is evidently a nonnegative definite, rank-one matrix with trace one.
Those familiar with quantum information theory may note that M (Ag;) represents
a bipartite density matrix [7]. For any graph G = (V, E), we define

(8.4) Ag = Z{S her A,y € Crxnxnxn,

Then Ag is bi-Hermitian, bisymmetric, bipositive semidefinite, and has all entries
nonnegative. Summing [83]) over {s,t} € E gives

(8.5) (Ag,y@y®y®y) =2 Mgz,
where z = y°2. Hence
Kk(G) -1
8.6 A _ TV g —
(8.6) max (Ag,y ®y ®y ®y) = max s’ Mgz (0

Theorem 8.4. Let G be a simple undirected graph on n vertices with m edges. Let
Ag be defined as in [84). Then

(8.7)
A, 2Ry u v A, yR@yRy®
lAglloc =  max ’|< y ) mMn< yEY By y)
oz yuveCt |f|{|yll[ullllv] 0FyER] llyll
Furthermore, we have
k(G)—1
8.8 ———— =||A =||A .
(8.8) w(G) lAclloc = Acllor

If Ag were a symmetric 4-tensor as opposed to merely bisymmetric, then we
may apply Banach’s theorem (B to deduce that the maximum is attained at
x =y =wu=wv and thus (871) would follow. However A¢ is not symmetric and we
may not invoke Banach’s theorem. Instead we will rely on the following lemma,
which may be of independent interest.

Lemma 8.5. Let A = (a;j) € C™*mxm>xn If M(A) € C™™*™™ is Hermitian
positive semidefinite, then

[|A]

Proof. Let M = M(A). Then M is a Hermitian positive semidefinite matrix.
Cauchy-Schwarz applied to the sesquilinear form w' Mz gives

0" Mz| < VZTM2V@T Mw < max(2' Mz, @' Mw).

Let z = vec(z ® y) and w = vec(@ ® v) € C™" and observe that

(A, zRYy®TQ7)
— max
0£2EC™, 0yeCn l|2]12]y[2

o,C

(Az@y@uev)|=|0"Mz| < max((4,z20y@ZQ7), (4,100 Qudv)),

from which the required equality follows upon taking max over unit vectors.
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Proof of Theorem 84l We apply Lemma B3 to Ag and note that we may take our
maximum over R’} since Ag is nonnegative valued.

(Ag, 2Ry @ uv) (Ag,zR@y®xRY)

[Aclloc = , ma =
T orayuverr oyl llulllv] 0FzyeRy )1 ly]I?

Since 2{A4,r @y Rz @ y) = (v:y; + 11ys)?, we may use Cauchy-Schwarz to see
that
(z3+yd) (i +u)

2<4 )
(Tsyr + 21ys)” < 9 X 5

If we do a change-of-variables as = /(22 + y2)/2 for s = 1,...,n, we obtain
(Ag,t @y Rz y) <20’ = (Ag,a®a®a® a).

Upon summing over {s,t} € E, we get
(Ag,z@y®r®y) < (Ag,a®a®a®a),

where the left-hand side follows from (§4) and the right-hand side follows from
B2) and [BH). The last inequality gives us [B7) easily. We then get (B8] from

B0) and (B7).

In the following, we let Qr be the field of rational numbers Q if F = R and
the field of Gaussian rational numbers Q[i] := {a + bi : a,b € Q} if F = C. As is
customary, we will restrict our problem inputs to Qp to ensure that they may be
specified in finitely many bits. We refer the reader to [II), Definitions 2.1 and 4.1]
for the formal definitions of the weak membership problem and the approximation
problem.

Computing the clique number of a graph is an NP-hard problem [16] and so
the identity (8] implies that the computing the spectral norm of A is NP-hard
over both R and C. Since the clique number is an integer, it is also NP-hard to
approximate the spectral norm to arbitrary accuracy.

Theorem 8.6. Let & > 0 be rational and A € Qp*™ "™ ™ be bi-Hermitian, bi-
positive semidefinite, and nonnegative-valued. Computing an approzimation w(A) €
Q such that

[Allor =0 <w(A) < [|Allor + 0
is an NP-hard problem for both F =R and C.

For any 6 > 0 and any convex set with nonempty interior K C F”, we define
S(K,d) = U cx B(z,6) and S(K,-0)={r€ K:B(z,§) C K},

where B(z, ) is the d-ball centered at « with respect to the Hilbert—Schmidt norm
in F™. Using [11], Theorem 4.2], we deduce the NP-hardness of the weak membership
problem from Theorem

Corollary 8.7. Let K be the spectral norm unit ball in F"*"*"X" gnd 0 < § € Q.
Given Ae Qg™ "™ ™ that is bi-Hermitian, bipositive semidefinite, and nonnegative-
valued, deciding whether A € S(K,§) or x ¢ S(K,—9) is an NP-hard problem for
both F =R and C.

It then follows from [II, Theorem 3.1] and the duality of spectral and nuclear
norms that Corollary B also holds true for the nuclear norm of 4-tensors.
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Corollary 8.8. Let K be the nuclear norm unit ball in F™"*"*"*" gnd 0 < § € Q.
Given A€ Qp™ ™ ™™™ that is bi-Hermitian, bipositive semidefinite, and nonnegative-
valued, deciding whether A € S(K,§) or x ¢ S(K,—0) is an NP-hard problem for
both F =R and C.

Using [11], Theorem 4.2] a second time, we may deduce the nuclear norm analogue
of Theorem

Corollary 8.9. Let § > 0 be rational and A € Q™" "*™ be bi-Hermitian, biposi-
tive semidefinite, and nonnegative-valued. Computing an approzimation w(A) € Q
such that

[Allop — 0 <w(A) <[|Allop +9d
is an NP-hard problem for both F =R and C.

As we did for Theorem Bl we may use Corollaries B7 and B8 along with
Proposition 2.l to deduce a complex analogue of Theorem [R.11

Theorem 8.10. The spectral and nuclear norms of d-tensors over C are NP-hard
for any d > 4.

9. POLYNOMIAL-TIME APPROXIMATION BOUNDS

Assuming that P # NP, then by Corollaries 8.7 and B8] one cannot approximate
the spectral and nuclear norms of d-tensors to arbitrary accuracy in polynomial
time. In this section, we will discuss some approximation bounds for spectral and
nuclear norms that are computable in polynomial time.

The simplest polynomial-time computable bounds for the spectral and nuclear
norms are those that come from the equivalence of norms in finite-dimensional
spaces. The following lemma uses the Hilbert—-Schmidt norm but any other Holder

p-norms [17],
ny,...,nq 1/p
Il = (32 laiel?)

11111 id
where p € [1,00], which are all polynomial-time computable, may also serve the
role.

Lemma 9.1. Let A € FmaX X4 Then

=A< Al <AL and A< AL < VilAL
Proof. We start with the bounds for the spectral norm. Clearly ||A|, < ||A]|. Let
A = (aiyy..iy) and set ||A|l g0 = max{|a;,..iy] : @ = 1,...,n%, k = 1,...,d}.
Clearly, ||A]] < /1~ nq ||A|l#,00. Note that a;,..;, = (A,ei; ® -+ ® e;,) where
e;, are standard basis vectors in F*. In particular ||A||g 0o = [(A,u1 @+ - ®ug)| for
some unit vectors us, ..., ug and thus || Al g0 < ||4]s by @4). The corresponding
inequalities for the nuclear norm follows from it being a dual norm.

One downside of universal bounds like those in Lemma is that they nec-
essarily depend on the dimension of the ambient space. We will now construct
tighter polynomial-time computable bounds for the spectral and nuclear norms of
3-tensors that depend only on the ‘intrinsic dimension’ of the specific tensor we are
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approximating. The multilinear rank [4] of a 3-tensor A € F™*"*P ig the 3-tuple
prank(A) := (rq,rq,r3) where

r1 = dimspang{Aiee; - - Amee},
ro = dimspang{ Aete;- - -, Aene;
rg = dimspang{Aee1,- - -, Aeep}-

Here Ajes = (aijr)jh—y € TP, Aeje = (ain)i 2, € TP, Aeer = (aijr)i 2y €
F™*™ are ‘matrix slices’ of the 3-tensor — the analogues of the row and column
vectors of a matrix. This was due originally to Hitchcock [15], a special case (2-plex
rank) of his multiplex rank.

We define the flattening maps along the 1st, 2nd, and 3rd index by
bl . FXnXxp _y pmxnp b2 . pmxnxp N Frxmp b3 . prmXnxp N [Fpxmn

respectively. Intuitively, these take a 3-tensor A € F™*"*P and ‘flatten’ it in three
different ways to yield three matrices. Instead of giving precise but cumbersome
formulae, it suffices to illustrate these simple maps with an example: Let

a111  ai21 G131 a112  Ai22 @132
A= az11  A221 A231 G212 Q222 (A232 c ]F4><3><2’
aszil  as21  Aassi a3z az22 A332
G411 G421 G431 ag12 Q422 Q432
then

a1l @112 @121 G122 4131 G132
az11 G212 a221 G222 A231 G232
bi(A) = € F*x¢,
asz1l G312 G321 G322 4331 G332
@411 G412 G421 G422 Q431 G432

a111 @112 @211 G212 @311 @312 G411 a412

3x8

b2 (A) = a121 G122 G221 G222 G321 Aa322 Q421 Q422 eF )
@131 G132 G231 G232 G331 G332 Q431 Q432

bg(A)— a111 @121 @131 G211 A221 G231 a311 @321 G331 A411 G421 A431 E]F2Xl2
ail2 @122 @132 G212 222 G232 a312 @322 G332 A412 G422 4432

It follows immediately from definition that the multilinear rank prank(A4) =
(71,72,73) is given by

ry =rank(b;(A)), ro =rank(b2(A4)), rs =rank(hbz(A4)),

where rank here is the usual matrix rank of the matrices bi(A),ba2(A),b3(A). Al-
though we will have no use for it, a recently popular definition of tensor nuclear
norm is as the arithmetic mean of the (matrix) nuclear norm of the flattenings:

[A[l, = %(II'M(A)II* + [p2(A) [l + (b3 (A)])-

We first provide alternative characterizations for the spectral and nuclear norms
of a 3-tensor.

Lemma 9.2. Let A € F™*"XP_ Then

Az M),
9.1 All; = max{ —————
O 4l { EI

92)  JAl=min{3" il IMil: A=Y mo

2 €F™, M; € FY¥P, r ¢ N}.

:O;éerFm,O;«éMeIE‘”XP},
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Furthermore there is a decomposition of A that attains the minimum in (@2l where
1 @ My, ...,z @ M, are linearly independent.

Proof. If we set M; = y; ® z;, i = 1,...,r, then ([@2) reduces to ([Z3]). So the
minimum in (23)) is not more than the minimum in ([@2]). On the other hand, we
may write each M; as a sum of rank-one matrices, in which case ([@2]) reduces to
@3). The existence of a decomposition that attains ([@2) follows from the same
argument that we used in the proof of Proposition B.Il The linear independence
of z1 ® My, ...,z ® M, follows from Proposition [£3l Equation (@) then follows
from ([@2) by duality.

Lemma 9.3. Let A € F™*"*P with urank(A) = (r1,r2,r3). If the decomposition
attains [@2), then for alli=1,...,r,
(9.3) rank M; < min(rq,r3).

Proof. Suppose F = R; the proof for C is similar except that we have unitary
transformations in place of orthogonal ones. Using any one of the multilinear rank
decompositions [I7], we may reduce A € R™*"™*P to a tensor U € O(m), V € O(n),
W € O(p) such that

A= (U,V,W)-C,
where C' € R™*"*P is such that ¢;j, = 0if ¢ > 71, j > 72, or k > r3. So we have
(UV,W)-C=3  w®M,
and applying the multilinear transform (U7, VT, WT) to both sides, we get

C=3 (UTw)e(VMWT).

Let £ =1,...,r. Let us partition Z, = Uz, € R™ and Mg =VMWT € R"*? into

~ ~ Jo K,
Ty = [Zi] and M, = {Li Nﬂ ,

where y, € R™, 2z, € R™" and J, € R"2%"3 K, € R2x(P=73) [, ¢ R(n—r2)xrs
Ny € R(v=7m2)x(p=73)  Now set

e[ el
As cijp, =01if i > 1y, j > 1, or k > rg, it follows that

T
C=), oM

Since orthogonal matrices preserve Hilbert—Schimdt and nuclear norms, |z;|| =
17l = [ and || Mel[« = [[Me]l« = || M|« and so

T T / ’
S el Melle = 30l IA]L

Clearly rank M, < min(ra, 73).
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By Definition 2.3
— mi " ) Nn-4=S" ) o m ) nXxp
Pr( )l =min{ 3 el A= 3" wi@ M, @ € BT, M e FUPY,
and since any matrix satisfies
M| < [|Mif]« < v/rank M; [ Mo,
using ([@.2) and ([@.3]), we obtain

(9-4) o (A)l]« < (1Al < v/min(ra(A), r5(A))[[b1 (A)]]
From ([@4), we deduce the corresponding bounds for its dual norm,
1
b1 (A) 191 (A)l|o-

o> lAlls >
o= 4o = @ @)

Moreover, we may deduce analogous inequalities in terms of ba(A) and bs(A). We
assemble these to get the bounds in the following theorem.

Theorem 9.4. Let A € F™*"*P with prank(A) = (r1,72,73). Then
o { e Dl Bl ),
\/min(rg,rg) \/min(rl,rg) \/min(rl,rg)
< min{|[b1(A)[[o, [P2(A) o [IPs(A) [0}

and
max {1 (A) |+, [[P2(A) [+, [IPs(A) [+ } < [|A]l«
< min{\/min(ry, 73)|b1 (A) [+, v/min(ry, 73)[[p2(A) ||+, v/min(ry, 72) b3 (A)|]. }-

Note that both upper and lower bounds are computable in polynomial time.
Clearly, we may extend Theorem to any d > 3 simply by flattening along d
indices.
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