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THE TENSOR T-FUNCTION: A DEFINITION FOR FUNCTIONS OF
THIRD-ORDER TENSORS *

KATHRYN LUNDf

Abstract. A definition for functions of multidimensional arrays is presented. The definition
is valid for third-order tensors in the tensor t-product formalism, which regards third-order tensors
as block circulant matrices. The tensor function definition is shown to have similar properties as
standard matrix function definitions in fundamental scenarios. To demonstrate the definition’s po-
tential in applications, the notion of network communicability is generalized to third-order tensors
and computed for a small-scale example via block Krylov subspace methods for matrix functions. A
complexity analysis for these methods in the context of tensors is also provided.
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1. Introduction. Functions of matrices— that is, f(A), where f is a scalar func-
tion, and A a square matrix— have applications in a number of fields. They emerge
as measures of centrality and communicability in networks [11] and as exponential
integrators in differential equations [18]. As high-dimensional analogues of matrices,
tensors also play crucial roles in network analysis [6] and multidimensional differential
equations [20]. A variety of decompositions and algorithms have been developed over
the years to extract and understand properties of tensors [23]. A natural question is
whether the notion of functions of tensors, defined in analogy to functions of matrices
as a scalar function taking a tensor A as its argument, could prove to be yet another
useful tool for studying multidimensional data.

Unfortunately, the definition of such a notion is not nearly as straightforward for
tensors as it is for matrices. For matrices, the definitions of integration, polynomials,
eigendecompositions (ED), and singular value decompositions (SVD) are unique and
well established throughout linear algebra, and all of these notions serve as building
blocks for definitions of matrix functions, reducing to the same object under reasonable
circumstances [2, 17]. With the abundance of generalizations for the ED and SVD in
the world of tensors [8, 21, 23, 24, 25, 26, 27, 28], there is no guarantee that a tensor
function definition based on one type of decomposition is equivalent to a definition
based on another type.

With that in mind, we embark on a first look at defining functions of tensors
via a simple paradigm, the tensor t-product formalism [5, 21, 22]. This paradigm
effectively regards third-order tensors as block circulant matrices, and we exploit this
fact to develop a tensor function definition f(.A)* B that effectively reduces to f(A)B,
i.e., the action of a matrix function on a block vector. This fact, along with properties
of block circulant matrices, also allows for the transfer of important matrix function
properties to our tensor function definition. Although the paradigm we consider is
limited in applicability to only third-order tensors, it serves as an important first step
in exploring tensor function definitions.

Thanks to the equivalence of our tensor function definition with the f(A)B prob-
lem, we have a number of options for computing f(A) * B, such as [1, 13, 14, 30]. We
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focus on adapting the block Krylov subspace methods (KSMs) from [13], and in light
of the so-called “curse of dimensionality,” we also present a computational complexity
analysis for this algorithm in the tensor function context. We also propose modifica-
tions to the algorithm based on the discrete Fourier transform, which were shown in
[21] to increase computational efficiency for the tensor t-product.

This report proceeds as follows. We recapitulate matrix function definitions and
properties in Section 1.1. Section 2 restates the tensor t-product framework and poses
a definition for the tensor t-function, a new definition for a tensor function within this
framework. We also present statements and proofs of t-function properties in analogy
to the core properties of matrix functions. A possible application for the tensor t-
exponential as a generalized communicability measure is discussed in Section 3. In
Section 4, we show how block KSMs for matrix functions can be used to compute
the tensor t-function, and demonstrate the efficacy of these methods for the tensor
t-exponential. We make concluding remarks in Section 5.

Before proceeding, we make a brief comment on syntax and disambiguation: the
phrase “tensor function” already has an established meaning in physics; see, e.g.,
[3, 4, 33]. The most precise phrase for our object of interest would be “a function of a
multidimensional array,” in analogy to “a function of a matrix.” However, since combi-
nations of prepositional phrases can be cumbersome in English, we risk compounding
literature searches by resorting to the term “tensor function.”

1.1. Definitions of matrix functions. Following [15, 17], we concern ourselves
with the three main matrix function definitions, based on the Jordan canonical form,
Hermite interpolating polynomials, and the Cauchy-Stieltjes integral form. In each
case, the validity of the definition boils down to the differentiability of f on the
spectrum of A. When f is analytic on the spectrum of A, all the definitions are
equivalent, and we can switch between them freely.

Let A € C™*" be a matrix with spectrum spec(A4) := {\;}}L,, where N < n and
the \; are distinct. An m x m Jordan block J,, () of an eigenvalue A has the form

Al
o
A
Suppose that A has Jordan canonical form
A=XJX' = X" diag(Jm, (M) Im, (M) X, (1.1)
with p blocks of sizes m; such that Zle m; = n, and where the values

{\j e_, € spec(A). Note that eigenvalues may be repeated in the sequence {\;, }4_;-
Let n; denote the index of A;, or the size of the largest Jordan block associated to A;.
A function is defined on the spectrum of A if all the following values exist:

f®0),  k=0,...,nj—1, j=1,...,N.

DEFINITION 1.1. Suppose A € C*"*™ has Jordan form (1.1) and that f is defined
on the spectrum of A. Then we define

fA) = Xf()XT,
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where f(J) := diag(f(Jm, (M), -+ f(Im, (Nj,))), and

- e =D (0, )]
FOu) FOg) T I
0 f()\]k) fl()‘Jk) .
F(m, (M) = : -, .. .. (M) € Cremm
: . . . ks
: K i f/()\]k)
L O 0 fN)

Note that when A is diagonalizable with spec(A) = {);}7_; (possibly no longer
distinct), Definition 1.1 reduces to

f(A) = X diag(f(Ar), .-, f(An))X

Matrix powers are well defined, so a scalar polynomial evaluated on a matrix
is naturally defined. Given p(z) = > ;" 2z"ck, for some {cx}7",; C C, we have
that p(A) = >0°, Akcy,. Based on this, we can define non-polynomial functions
of matrices by using again derivatives as we did in Definition 1.1.

DEFINITION 1.2. Suppose that [ is defined on spec(A), and let p with
degp < Zj\il n; be the unique Hermite interpolating polynomial satisfying

p® () = fOWN), forallk=0,...,n;_1, j=1,...,N.
We then define f(A) := p(A).

THEOREM 1.3 (Theorem 1.3 from [17]). For polynomials p and q and A € C**™,
p(A) = q(A) if and only if p and q take the same values on the spectrum of A.

The proof follows by noting that the minimal polynomial of A- i.e., the polynomial
1 of least degree such that )(A) = 0— divides p — ¢, and consequences thereof.
Crucial for our methods and analysis is the Cauchy-Stieltjes integral definition.

DEFINITION 1.4. Let D C C be a region, and suppose that f : D — C is analytic
with integral representation

g(t)
= dt, D 1.2
)= [ £La, zem, (12)
with a path T'C C\ D and function g : T' — C. Further suppose that the spectrum of
A is contained in C\'D. Then we define

fM%=AMMﬂ—M*

When f is analytic, g = % f, and T' is a contour enclosing the spectrum of A, then
Definition 1.2 reduces to the usual Cauchy integral definition.

Various matrix function properties will prove useful throughout our analysis.
Their proofs follow by examining the polynomial and Jordan form definitions of matrix
functions.

THEOREM 1.5 (Theorem 1.13 in [17]). Let A € C"*™ and let f be defined on the
spectrum of A. Then
(i) J(A)A = AS(A);
(ii) F(AT) = F(A)T;
(iii) f(XAX™1) = Xf(A)XL; and
(iv) f(A) € spec(f(A)) for all >\ € spec(A4).
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Fig. 2.1: Different views of a third-order tensor A € C"1*"2*"3_ (a) column fibers: A(:, , k);
(b) row fibers: A(i,:, k); (c) tube fibers: A(3, j, :); (d) horizontal slices: A(%,:,:); (e) lateral
slices: A(:, 7,:); (f) frontal slices: A(,:, k)

2. A definition for tensor functions. We direct the reader now to Figure 2.1
for different “views” of a third-order tensor, which will be useful in visualizing the
forthcoming concepts. We also make use of some notions from block matrices. Define
the standard block unit vectors E;7*" := &} @ I,,x,, where €} € C? is the vector
of all zeros except for the kth entry, and I, «, is the identity in C"*™. When the
dimensions are clear from context, we drop the superscripts. See (2.1) for various
ways of expressing E7*".

Inxn 1
0 0

E{prn = . =|.| ®Inxn = unfOId(I"XnXp)’ (21)
0 0

where unfold is defined shortly.

In [5, 21, 22], a paradigm is proposed for multiplying third-order tensors, based on
viewing a tensor as a stack of frontal slices (as in Figure 2.1(f)). We consider a tensor
A of size m x n x p and B of size n X s x p and denote their frontal faces respectively
as A® and B® k =1,...,p. We also define the operations bcirc, unfold, fold,
as

AL Al Ale-D) L0 4(2)
A A A®) e A
beirc(A) = | - . . . - (2.2)
A A1 A A
A
A
unfold(A) := | . |, and fold(unfold(A)):=A.
Aip)

The t-product of two tensors A and B is then given as
A« B := fold(bcirc(A)unfold(B)).

Note that the operators fold, unfold, and bcirc are linear.

The notion of transposition is defined face-wise, i.e., A* is the n X m X p tensor
obtained by taking the conjugate transpose of each frontal slice of A and then reversing
the order of the second through pth transposed slices.
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For tensors with n x n square faces, there is a tensor identity Z,xnxp € C**"*P,
whose first frontal slice is the n x n identity matrix and whose remaining frontal slices
are all the zero matrix. With Z,,xpxp, One can then define the notion of an inverse
with respect to the t-product. Namely, A, B € C"*"*P are inverses of each other if
AxB =T, xnxp and Bx A =1, «pxp. The t-product formalism further gives rise to
its own notion of polynomials, with powers of tensors defined as A7 := A * ---* A.

—_—
j times

Assuming that A € C*"*™*P has diagonalizable faces, we can also define a ten-
sor eigendecomposition. That is, we have that A®) = X® DKk} (x(*))=1 " for all
k=1,...,p, and define X and D to be the tensors whose faces are X*) and D®),
respectively. Then

AZX*D*X_landA*)a:)a*di, (2.3)

where X are the n x 1 x p lateral slices of X' (see Figure 2.1(e) ) and d; are the
1 x 1 x p tubal fibers of D (see Figure 2.1). We say that D is f-diagonal, i.e., that
each of its frontal faces is a diagonal matrix.

The eigenvalue decomposition (2.3) is not unique. See [16] for an alternative
circulant-based interpretation of third-order tensors, as well as a deeper exploration
of a unique canonical eigendecomposition for tensors.

2.1. The tensor t-exponential. As motivation, we consider the solution to a
multidimensional ordinary differential equation. Suppose that A has square frontal
faces, i.e., that A € C"*"*P and let B : [0,00) — C™***P be an unknown function
with B(0) given. With L acting element-wise, we consider the differential equation

dt
dsB
E(t) = A=xB(t). (2.4)
Unfolding both sides leads to
BM (1) BM(t)
d . .
r : = bcirc(A) : ,
B (¢) B (¢)

whose solution can be expressed in terms of the matrix exponential as

BM (1) BM(0)
: = exp(bcirc(A)t)
B (¢) B™(0)
Folding both sides again leads to the tensor t-exponential,
B(t) = fold(exp(At)unfold(B(0))) =: exp(At) x B(0). (2.5)
2.2. The tensor t-function. Using the tensor t-exponential as inspiration, we
can define a more general notion for the scalar function f of a tensor A € C*"*"*P

multiplied by a tensor B € C"*$*P ag

f(A) x B :=fold(f(bcirc(A)) - unfold(B)), (2.6)
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which we call the tensor t-function. Note that f(bcirc(A)) - unfold(B) is merely
a matrix function times a block vector. If B = Z,,xnxp, then by equation (??) the
definition for f(A) reduces to

f(A) := fold(f(bcirc(A))E"™"). (2.7)

A natural question is whether the definition (2.6) behaves “as expected” in common
scenarios. To answer this question, we require some results on block circulant matrices
and the tensor t-product.

THEOREM 2.1 (Theorem 5.6.5 in [7]). Suppose A, B € C"*"P are block circulant
matrices with n x n blocks. Let {aj}le be scalars. Then AT, A*, a1 A+ auB, AB,
q(A) = Z;C:l ajA?, and A= (when it exists) are also block circulant.

Remark 2.2. From (2.2), we can see that any block circulant matrix C' € C"?*"P
can be represented by its first column CEJ?*". Let C € C"*"*? be a tensor whose
frontal faces are the block entries of CE{"*". Then C = fold(CE"*").

LEMMA 2.3. Let A € C™*"*P gnd B € C"***P. Then
(i) unfold(A) = becirc(A)EP*";
(ii) beirc(fold(beirc(A)ET"™™)) = beirc(A);
(111) beirc(A x B) = beirc(A)bcire(B);
(iv) beirc(A) = beirc(AY), for all j =0,1,...; and
(v) (AxB)* = B*x A*.
Proof. We drop the superscripts on E|” *™ for ease of presentation. Parts (i) and
(ii) follow from Remark (2.2). To prove part (iii), we note by part (i) that

becirc(A* B) = becirc(fold(bcirc(A)unfold(B)))
= bcirc(fold(bcirc(A)becirc(B)E})).

Note that beirc(A)beirc(B) is a block circulant matrix by Theorem 2.1. Then by
part (ii),

beirc(fold(becirc(A)beire(B)E;)) = beirc(A)becire(B).

Part (iv) follows by induction on part (iii). Part (v) is the same as [22, Lemma 3.16].0

Let D be an n xn X p f-diagonal tensor, i.e., a tensor whose n x n frontal slices are
diagonal matrices. Alternatively, one can think of such a tensor as an n X n matrix
nonzero tube fibers on the diagonal, and zero tube fibers everywhere else. (Reference
Figure 2.1(c).) The following theorem summarizes the relationship between the block
circulant of D and those of its tube fibers.

THEOREM 2.4. Let D € C"*"*P be f-diagonal, and let {d;}_; C CY*1*P denote
its diagonal tube fibers. Then the spectrum of beirc(D) is identical to the union of
the spectra of becirc(d;), i =1,...n.

Proof. We begin by deriving an expression for bcirc(D) in terms of the p x p

circulant matrices becirc(d;). Denote each slice as DWWk =1,... p, with diagonal
entries denoted as dl(-k)7 fori=1,...,n;ie.,
k
a
DWW —
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Then we can express beirce(D) as follows:

beire(D)
D@ pe ... p©
D@ pl
: . -, D@
. p®» ... p®& pMm
_— 5 -
dg ) dgp) dg )
d%l) d%”) dg)
dgz) dgl)
B dng) dgll)
dgp)
dglp)
2 1
dgp) dg ) dg )
i di di? di |

Collecting the highlighted elements, note that the block circulant of the first tube
fiber is given as

dgl) dgp) . ng)
d§2) dgl)
becire(dy) =

dgp)

d(P) d§2) d(l)

Defining
1
N 0

I = . S Cnxn,



8 KATHRYN LUND

it holds that
beire(dy) ® I

[ a 2
0 0 0
2 1
e i
- 0 0
dgp)
0
2 1
dgp) dg ) dg )
i 0 0 0 |
Noting the same pattern for each ¢ = 1,...,n, it is not hard to see that
becire(D) = Zbcirc(di) ® I, (2.8)

where Z € C™*™ is zero everywhere except for the 7ith entry, which is one.

It is known that a circulant matrix is unitarily diagonalizable by the discrete
Fourier transform (DFT); see, e.g., [7, Section 3.2]. Then for a p x p circulant matrix
C, and with F, denoting the p x p DFT, F;CF, = A, where A € CP*? is diagonal.
Since each beirc(d;) is a p x p circulant matrix, there exists for each i = 1,...,n a
diagonal A; € CP*P such that

Fybcire(d;)F, = A;. (2.9)

We also have the following useful property of the Kronecker product for matrices

A, B, C, and D such that the products AC and BD exist; see, e.g., [19, Lemma
4.2.10]:

(A® B)(C ® D) = (AB) x (CD) (2.10)

Consequently,

(Fp ® Lnxn)beire(D)(Fy @ Inxn) = (Fp @ Lnxn) <Zb01rc )(F;‘@Inxn)

[
M=

(Fp ® Lnxn)bcire(d) @ L(F} @ Luxy)
1

.
Il

(prCirC(di)F*) & (IanEIan)u by (210)

p

|

@
Il
A

~

A ® T, by (2.9).

|

@
Il
=
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Noting that F), ® I, x» is unitary and that the matrix A := Z?:l A ® IAZ is a diagonal
matrix whose entries are precisely the diagonal entries of all the A; concludes the
proof. |

COROLLARY 2.5. Let D € C"*"*P be f-diagonal, and let {d;}?_, C CY*1*P de-
note its diagonal tube fibers. Then a function f being defined on the spectrum of
beirc(D) is equivalent to f being defined on the union of the spectra of beire(d;),
1=1,...,n.

An immediate consequence of Theorem 2.4 is that a function f being defined on
the spectrum of beirc(D) is equivalent to f being defined on the spectra of beire(d;),
i =1,...,n. The interpolating polynomials for f(bcirc(D)) and f(bcirc(d;)), i =
1,...,n, are also related.

The following theorem ensures that definition (2.6) is well defined when f is a
polynomial, when A and B are second-order tensors (i.e., matrices), and when f is
the inverse function.

THEOREM 2.6. Let A € C**"*P gnd B € C"***P,
(i) If f = q, where q is a polynomial, then the tensor t-function definition (2.6)
matches the polynomial notion in the t-product formalism, i.e.,

fold(g(bcirc(A)) - unfold(B)) = fold(bcirc(g(.A)) - unfold(B)).

(ii) Let q be the scalar polynomial guaranteed by Definition 1.2 so that
f(bcirc(A)) = g(bcirc(A)). Then f(A)xB = q(A) % B.
(i11) If A is a matriz and B a block vector (i.e., if p = 1), then f(A) % B reduces to
the usual matriz function definition.
(iv) If f(z) = 271, then f(A)x A= Ax f(A) = Tnsnxp-
Proof. For part (i), let ¢(z) = ZT:1 cjz?. Then by Lemma 2.3(iv) and the lin-
earity of fold, we have that

fold(g(bcirc(A)) - unfold(B)) = fold Z ¢;bcirc(A)’ - unfold(B)
j=1

M-

cjfold(beirc(A’) - unfold(B))

<.
I
a

M-

cjbeirc(A) x B

Il
H .
l

old(bcirc(g(A)) - unfold(B)).

Part (ii) is a special case of part (i). As for part (iii), since p = 1, we have that
fold(A) = becirc(A) = A = unfold(A), and similarly for B. Then the definition
of f(A) x B reduces immediately to the matrix function case. Part (iv) follows by
carefully unwrapping the definition of f(.A):

fA) x A= fold(bcirc(A)flunfold(A))
= fold(bcirc(A)_1bcirc(.A)Epr"),by Lemma 2.3(i)

= £0ld(E[""") = Lnxnxp-
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Likewise with the other product:

Ax f(A) = fold(bcirc(A)unfold(fold(bcirC(A)71unf°1d(znanp))))
= fold(bcirc(A)bcirc(A)_1E{prn)
= £0ld(E[""") = Tnxnxp- .

The definition (2.6) possesses generalized versions of many of the core properties
of matrix functions.

THEOREM 2.7. Let A € C"*"*P_and let f : C — C be defined on a region in
the complex plane containing the spectrum of beirc(A). For part (iv), assume that
A has an eigendecomposition as in equation (2.3), with A x X, =DxX, =X «d,,
1=1,...,n. Then it holds that
(i) f( ) commutes with A;

(51) F(A") = F(A)";
(i) f(Xx Ax X)) =Xf(A)XL; and
(iv) f(D)x X, = X * f(dy), for all i =1,.

Proof. For parts (i ) (111) it suffices by Theorem 2.6(ii) to show that the statements
hold for f(z) = 377", ¢;27. Part (i) then follows immediately. To prove part (ii), we
need only show that (AJ) = (A*) for all j = 0,1,..., which follows by induction
from Lemma 2.3(v). Part (iii) also follows inductively. The base cases j = 0,1 clearly
hold. Assume for some j =k, (X * A* X~1)* = X(A)* X!, and then note that

(s Ax X7HH = (X Ax XD (X s Ax XY
=X x(AF s X T X A X = X5 (A XL

For part (iv), we fix ¢ € {i,...,n}. By Corollary 2.5, f being defined on
spec(becire(D)) implies that it is also defined on spec(bcire(d;)). Let ¢ and ¢; be the
polynomials guaranteed by Theorem 1.2 such that f(bcirc(D)) = g(bcirc(D)) and
f(bcire(d;)) = gi(bcirce(d;)). By Theorem 2.4, spec(bcire(d;)) C spec(bcire(D)),
so by Theorem 2.4, it follows that g;(bcirc(d;)) = g(bcire(d;)). Then it suffices to
prove part (iv) for D7, j = 1,0,.... The cases j = 0,1 clearly hold, and we assume
the statement holds for some j = k£ > 1. Then

DkH*é’a:D*(Dk*é’a):D*éﬁ*df:éﬁ*df“. 0

Remark 2.8. When A has an eigendecomposition X * D * X! as in (2.3), then
by Theorems 2.4 and 2.7, an equivalent definition for f(.A) is given as

f(dy)
f(A) = X % « X1
f(dyn)

where the inner matrix should be regarded three-dimensionally, with its elements
being tube fibers (cf. Figure 2.1(c)).

3. Centrality and communicability of a third-order network. We use the
term network to denote an undirected, unweighted graph with n nodes. The graph,
and by extension, the network, can be represented by its adjacency matriz A € R™*™.
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The ijth entry of A is 1 if nodes 7 and j are connected, and 0 otherwise. As a rule, a
node is not connected to itself, so A;; = 0. The centrality of the ith node is defined
as exp(A);;, while the communicability between nodes ¢ and j is defined as exp(A);;.

These notions can be extended to higher-order situations. Suppose we are con-
cerned instead about triplets, instead of pairs, of nodes. Then it is possible to con-
struct an adjacency tensor A, where a 1 at entry A;;, indicates that distinct nodes ¢,
7, and k are connected and 0 otherwise. Information will, however, be lost if only the
adjacency tensor is considered, since pairwise connectivity is stored in the adjacency
matrix. Multilayer networks, such as those describing a city’s bus, metro, and tram
systems, constitute a more natural application, and several notions of centrality are
explored in [9]. Alternatively, it is not hard to imagine a time-dependent network
stored as a tensor, where each frontal face corresponds to a sampling of the network
at discrete times; see, e.g., [32]. In any of these situations, we could compute the
communicability of a triple as exp(A);;r, where exp(.A) is our tensor t-exponential.
Centrality for a node i would thus be defined as exp(A);j;.

4. Computing the tensor t-function. For the tensor t-function to be viable
in practice, we need efficient methods for approximating f(.A) *x B numerically. The
t-eigendecomposition and t-Krylov methods of [21] are potential options, but a full
eigendecomposition may be expensive to compute for large tensors, and crafting t-
Krylov methods for tensor functions may not be necessary, given the equivalence
between f(A) * B and the f(A)B problem. We therefore adapt the block Krylov
subspace methods (KSMs) of [13], designed specifically for such problems, and further
optimize the computations by taking advantage of the block circulant structure of

becirc(A).

4.1. Block Krylov subspace methods for matrix functions. We recount
here the block Krylov subspace framework from [13], given a scalar function f defined
on an np X np matrix A and a block vector B € C™*™. This framework allows
us to treat different inner products and norms simultaneously, some of which are
computationally more advantageous than others; see Section 4.2.

Let S € C™*™ be a *-subalgebra with identity.

DEFINITION 4.1. A mapping (-, -)g from C"P*™ x C"P*™ to S is called a block
inner product onto S if it satisfies the following conditions for all XY ,Z € C"P*™
and C € S:

(1) S-linearity: (X +Y,ZC)g= (X, Z);C+ (Y, Z)C;
(ii) symmetry: (X, Y); — (Y. X)3:
(iii) definiteness: (X, X)q is positive definite if X has full rank, and (X, X))g =0
if and only if X = 0.

DEFINITION 4.2. A mapping N which maps all X € C"P*™ with full rank on a
matriz N(X) € S is called a scaling quotient if for all such X, there exists Y € C"P*"
such that X = Y N(X) and (Y,Y ))g = L.

DEFINITION 4.3. Let X, Y € C"P*™,
(1) X.,Y are ((-,-)g-orthogonal, if (X,Y )q =0.
(1t) X is ((-,-)g-normalized if N(X) = 1.
(iii) {X1,...,Xm} C C"P*" is (-, -)s-orthonormal if (X;, X;)s = 0551, where 6;;
is the Kronecker delta.

We say that a set of vectors {X;}7"; C C"P*™ S-spans a space A C C"P*" and
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write # = span®{ X }itq, where

spanS{Xj};-”:1 = ZXij :TjeSforallj=1,...,m ) CC"*",

Jj=1

The set { X}, constitutes an (-, -))g-orthonormal basis for % if m is the dimension
of ', # = span®{ X}, and {X;}7, are orthonormal.
We define the mth block Krylov subspace for A € C"P*"P and B € C"P*™ as

HS(A,B) =span®{B, AB, ..., A" ' B}.

There exist many choices for S, (-, -))g, and N; see [10, 13] for further details. We
consider only the classical and global paradigms, because of the potential to speed up
convergence and the low computational effort per iteration, respectively:

| classical global
S I, ®C CI,
(X,Y ) diag(X*Y) Ltrace (X*Y) I,
N(X) | R, where X = QR % 1 X || In

Algorithm 4.1 is the generalized block Arnoldi procedure. We assume that Algo-
rithm 4.1 runs to completion without breaking down, i.e., that we obtain
(i) a (-, -)g-orthonormal basis {V;}7"*! € C"P*" such that each Vj has full rank
and %, (A, B) = span®{V;}"_,, and
(ii) a block upper Hessenberg matrix H,, € S™*™ and Hpq1.m € S,
all satisfying the block Arnoldi relation

Avm — VmHm + Vm+1Hm+1,mE:;m (41)

where V,,, = [V1]...|Vyn] € C*"*"™ "and (H,,)i; = Hij. Note that H,, has dimension
mn X mn; so long as m < p, H,, will be significantly smaller than A. Otherwise,
it will be necessary to partition the right-hand side B and compute the action of
f(A) on each partition separately. Furthermore, in the global paradigm, #,, has a
Kronecker structure H ® I,,, where H € C™*™ so the storage of H,, can be reduced.

Algorithm 4.1 Block Arnoldi

Given: A, B, S, (-, -)s, N, m
Compute B = N(B) and V; = BB~}
for k=1,...,mdo
Compute W = AV},
for j=1,...,k do
Hj = (V;, W)y
W =W —V;H,
end for
Compute Hyy1, = N(W) and Viyq = WH,;:lk
end for
return B, V,, = [V1|...|Vin], Hm = (ijk);’szl, Vint1, and Hppp1.m

= =
= O

The paper [13] also establishes theory for a block full orthogonalization method
for functions of matrices (B(FOM)?). The B(FOM)? approximation is defined as

Fo :=Vnf(Hn)EB, (4.2)
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which indeed reduces to a block FOM approximation when f(z) = 27 }; see, e.g., [29].

With the end application being tensors, restarts will be necessary to mitigate
memory limitations imposed by handling higher-order data. Restarts for B(FOM)?
are developed in detail in [13] for functions with Cauchy-Stieltjes representations,
including the matrix exponential; we present here a high-level summary of the pro-
cedure as Algorithm 4.2. Restarts are performed by approximating an error function

via adaptive quadrature rules; this step is represented by Asylf) in line 6.

Algorithm 4.2 B(FOM)?(m): block full orthogonalization method for functions of
matrices with restarts

1: Given f, A, B, S, (-,-)s, N, m, t, tol

2: Run Algorithm 4.1 with inputs A, B, S, (-,-)s, N, and m and store
vgll? ﬂg)a a'nd B(l)

3: Compute and store F,SP = Vg)f(’f[%))ElB

4: for £k =1,2,..., until convergence do
5:  Run Algorithm 4.1 with inputs A, Vn(ﬁzl, S, {-)g, N, and m and
(k+1)

store V,,, 1’ in place of the previous basis
Compute error approximation ]5,(72C )
Update Fy ™ .= B\ + DY

end for

return F,gf +1)

4.2. Computational complexity and optimizations. Operation counts for
B(FOM)? are not provided in [13], so we present our own calculations here. We first
consider the two versions of block Arnoldi, classical and global, and then look at single
cycle of B(FOM)?2.

Sparse matriz times a block vector. We assume A is block circulant, where each
n x n block is sparse with O(n) nonzero entries. We also assume that p = O(n). Then
A itself can be stored in O(n?) entries and does not need to be formed explicitly; see
also the discussion in [21]. However, the action of A on a block vector will cost the
same as for a matrix with O(n?®) nonzero entries, because the full block circulant has
p? blocks, so the product AV has complexity O(n?).

Classical Block Arnoldi. In addition to the action of A on block vectors, the main
kernels of the classical version of Algorithm 4.1 are the QR factorization for block
vectors, the inner product X*Y', and multiplication between block vectors and small
square matrices of the form V' C. The Householder QR factorization costs O(n%)
[31], the inner product O(n?), and the VC product O(n*). Running m steps of
Algorithm 4.1 requires m + 1 QR factorizations, m AV products, and %m(m +1)
inner products and V' C products, with some negligible addition, for a total of

Cel-Arnoldi = O ((m + 1)716 + m(m + 2)714) . (4.3)

It is clear that the algorithm is dominated by QR factorizations.

Global Block Arnoldi. The global version of Algorithm 4.1 can be made much
cheaper than the classical one, because the global algorithm effectively reduces to
running an Arnoldi routine on vectors of size n?p x 1 with the Frobenius norm and
inner product. Thus the QR factorization is replaced by O(n?), the cost of normalizing
a vector; the inner product is also now only O(n?), and the V.C product reduces to
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multiplying V' by a scalar, which is again O(n?®). The total cost of global Arnoldi is
consequently dominated by AV products:

Cal-Arnoldi = O <mn4 - (%(m +1)(m + 2)> n3> : (4.4)

Classical B(FOM)?. The computation of (4.2) can be broken into three stages:
f(Hm), a VC-type product, and the evaluation of the basis V,, on the resulting
matrix. The matrix function should be computed via a direct algorithm, such as
the Schur-Parlett Algorithm, described in [17, Chapter 9]. Without function-specific
information, funm requires up to O(m*n*); function-specific algorithms, or algorithms
that take advantage of the eigenvalue distribution of A (described in other chapters of
[17]) may be cheaper. The product f(H,,)E:1 does not require computation, since we
can just extract the first block column from f(H,,); f(Hm)E1B then requires only
O(mn?). Finally, V,, applied to an mn x n matrix requires O(mn*). Including the
Arnoldi cost (4.3), the total for computing (4.2) is then

Capromy? = O ((m+1)n° + (m* +m(m + 3)) n* + mn?) . (4.5)

Global B(FOM)?. The same three stages apply for the global version of B(FOM)?
as for the classical, but we can make many computations cheaper. The matrix function
f(Hp) = f(Hp) @I, where the Kronecker product need not be formed explicitly, so
the cost reduces to O(m?*). The matrix B can be regarded as a scalar, and using the
same column-extracting trick, f(H,,)E1 B comes at a negligible cost, O(m). Finally,
the product with the basis V,, can be reduced to taking scalar combinations of the
basis vectors, amounting to O((m — 1)n®). The total for (4.2), including the Arnoldi
costs (4.4) is

1
Copromyz = O <mn4 + (E(m +1)(m+2)+m— 1) n3 + m4> . (4.6)

Restarts. Determining the computational complexity for restarted B(FOM)? is
challenging, because the quadrature rule is adaptive, and the number of nodes per
restart cycle plays a crucial role in how much work is done. Typically, the cost per
additional cycle should be less than computing the first step, and it should decrease as
the algorithm approaches convergence, because the quadrature rule can be approxi-
mated progressively less accurately; see, e.g., [12]. In the worst-case scenario, however,
the cost of successive cycles may be as expensive as the first, so it is reasonable to
regard (4.5) and (4.6) as upper bounds.

4.3. Block diagonalization and the discrete Fourier transform. Per rec-
ommendations in [21, 22|, we can improve the computational effort of f(A) x B by
taking advantage of the fact that bcirc(A) can be block diagonalized by the discrete
Fourier transform (DFT) along the tubal fibers of A. Let F}, denote the DFT of size
p X p. Then we have that

Dy
D,
(Fp ® In)bcirc(A)(F, @ I,) = . =: D,

where Dy, are n x n matrices. Then by Theorem 1.5(iii),

f(bcirc(A)) = (F, @ I,,) f(D)(Fp ® Ip).
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Since each D;, 7 = 1, ..., p may be a full n xn matrix, applying D itself to block vectors
will still take O(n*) operations. However, this structure is easier to parallelize and
requires less memory-movement than using A directly, which will play an important
role in high-performance applications.

4.4. The tensor t-exponential on a small third-order network. We take
A € C"*"*P to be a tensor whose p frontal faces are each adjacency matrices for
an undirected, unweighted network. More specifically, the frontal faces of A are
symmetric, and the entries are binary. The sparsity structure of this tensor is given
in Figure 4.1 for n = p = 50. Note that we must actually compute exp(A) * Z =
fold(exp(bcirc(A))E;) (cf. Definition (2.7)). With n = p = 50, this leads to a
2500 x 2500 matrix function times a 2500 x 50 block vector. The sparsity patterns
of beire(A) and D are shown in Figure 4.2. The block matrix D is determined by
applying MATLAB’s fast Fourier transform to bcirc(A). Note that beirc(A) is not
symmetric, but it has a banded structure. It should also be noted that while the
blocks of D appear to be structurally identical, they are not numerically equal.

Fig. 4.1: Sparsity structure for \A. Blue indicates that a face is closer to the “front” and
pink farther to the “back”; see Figure 2.1(f) for how the faces are oriented.

1000

1500

2000

2500
500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
nz = 64500 nz =50122 nz=3018

becirc(A) D zoom in on D

Fig. 4.2: Sparsity patterns for block circulants
We compute exp(A) * Z with the classical and global versions of B(FOM)? using
the MATLAB software package bfomfom. We run MATLAB 2019a on Windows 10 on

IThe script tensor_texp network v2.m used to generate our results can be found at https://
gitlab.com/katlund /bfomfom-main, along with the main body of code.


https://gitlab.com/katlund/bfomfom-main
https://gitlab.com/katlund/bfomfom-main
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a laptop with 16GB RAM and an Intel i7 processor at 1.80GHz. The convergence
behavior of each version is displayed in Figure 4.3, where we report the relative error
per restart cycle, i.e., per m iterations of Algorithm 4.1. The restart cycle length is
m = 5, and the error tolerance is 107!2.  The methods based on D (case (A)) are

D A
10° 10°
N —classical [ ——classical
= - — global = - - global
v L
c 10° c 10°
5 S
@ @
g 10 g 10
'(_4—3 10 N E 10 N
[ S [} N
_ N — N
N N
1015 1015
1 2 3 4 5 6 7 1 2 3 4 5 6 7
cycle count cycle count
(A) (B)

Fig. 4.3: Convergence plots for (A) classical and global methods on exp(D)F, ® I, E:, and
(B) classical and global methods on exp(bcirc(A))E:. m = 5.

only a little less accurate than those based on beirc(A) (case (B)), and they require
the same number of iterations to converge. The global methods require only one more
cycle than the classical ones, but considering the computational complexity per cycle
(cf. (4.5) and (4.6)), it is clear that the global methods require far less work overall.

Table 4.1 shows that for larger m, both classical and global methods require the
same number of cycles (for either D- or beirc(A)-based approaches). For smaller
values of m, global methods cannot attain the desired tolerance, because they exceed
the maximum number of quadrature nodes allowed to perform the error update in
line 6 of Algorithm 4.2. See, however, Figure 4.4 for the convergence behavior of the
global method when m = 2. It still attains a high level of accuracy with much less
work overall than the classical method.

Table 4.1: Number of cycles needed to converge to 10~'2 for different basis sizes m

10 | m=15

m=2|m=5|m
classical 18

global —

\10:H
ol wol I
[N

5. Conclusion. The main purpose of this report is to establish a first notion for
functions of multidimensional arrays and demonstrate that it is feasible to compute
this object with well understood tools from the matrix function literature. Our def-
inition for the tensor t-function f(A) * B shows versatility and consistency, and our
numerical results indicate that block KSMs can compute f(A) x B with few iterations
and still achieve high accuracy. In particular, the global block KSM shows promise
for moderate sizes, since its overall workload is significantly smaller than that of its
classical counterpart. For smaller basis sizes, which are more favorable in the context
of large tensors, global methods may struggle to converge, and remedies for this situ-
ation remain an open problem. One potential solution, that should first be explored
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Fig. 4.4: Convergence plots for (A) classical and global methods on exp(D)F, ® I,E:, and
(B) classical and global methods on exp(bcirc(A))E:. m = 2.

for simple matrix functions, is to switch between global and classical paradigms in
some optimal way so as to minimize overall computational effort while maximizing
attainable accuracy.

The second aim of this report is to invite fellow researchers to pursue the many
open problems posed by this new definition and to devise tensor function definitions
for other paradigms. Other key problems include exploring applications of f(.A) B in
real-life scenarios and comparing our definition of communicability for a third-order
network to existing network analysis tools.
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