Fiber Orientation Distribution Functions
and Orientation Tensors for Different Material
Symmetries

Maher Moakher and Peter J. Basser

Abstract In this paper we give closed-form expressions of the orientation tensors
up to the order four associated with some axially-symmetric orientation distribution
functions (ODF), including the well-known von Mises-Fisher, Watson, and de la
Vallée Poussin ODFs. Each is characterized by a mean direction and a concentration
parameter. Then, we use these elementary ODFs as building blocks to construct new
ones with a specified material symmetry and derive the corresponding orientation
tensors. For a general ODF we present a systematic way of calculating the
corresponding orientation tensors from certain coefficients of the expansion of the
ODF in spherical harmonics.

Mathematics Subject Classification (2010): 74A40, 74E10, 62H11, 92C10

1 Introduction

Fibrous composites are ubiquitous in nature and occur over a wide range of length
scales. While there are familiar examples in engineering, materials sciences, and
geophysics, in biology, they arise as nanoscale fibrous macromolecular systems,
sub-microscopic fibrous bundles, and even macroscopic fibrous tissues and organs.
There is an increasing appreciation and desire to describe, predict, and measure
material and transport processes within these complex systems. Central to achieving
this goal is developing a mathematical and statistical framework like the one
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presented here, from which one can build constitutive laws and more precise,
accurate, and predictive models of material behavior. In the medical imaging field,
there has been much interest determining orientation distribution functions (ODF)
in brain white matter. For this application, the ODFs we consider and propose here
can be explicitly included in models of nerve fiber orientation within an imaging
voxel, whose parameters could be measured or estimated from MRI data.

The microscopic description of fiber orientation in fibrous materials, which are
made of a large collection of rod-like objects, is embodied in the ODF, which is
a non-negative function p defined on the unit sphere S? of R3. It is normalized
so that |, s2p(m)do = 1, where do is the area element in § 2 and n is a generic
vector on the unit sphere S? that can be parametrized by spherical coordinates as
n = (cosfsing, sinfsing, cosg)” with0 < § <27 and0 < ¢ < 7w. If p
satisfies p(m) = p(—n), then p is said to be antipodally symmetric.

Since the work of Advani and Tucker [1], orientation tensors of even orders have
been used to describe the orientation of fibers at the macroscopic scale. For a given
positive integer k, the kth order orientation tensor is given by the expected value,
with respect to the orientation distribution function p, over all orientations n € S 2.

(n®ky = /52 p(mn®* do, (1)

where, n® denotes the kth-power tensor product of n defined by

’® =n®n®---®n.
—_—————

k times

Orientation tensors enjoy certain properties that follow immediately from their
definition (1). First, the kth order orientation tensor (n®k ) is totally symmetric, i.e.,
its components satisfy

((n®k>p)i1 ik = ((n®k>P)ia(1>~“' dgk)

for all permutations o (-) of the integers 1,--- , k. Second, since n is a unit vector,
all the components of (n®~) o are less than or equal to one in absolute value. Third,
the contraction of the kth order orientation tensor with respect to any two indices is
the (k — 2)th order orientation tensor, i.e.,

(%) )ir iy = () )i

Furthermore, the trace of even-order orientation tensors (n®2) o 1s equal to one

((n®2k>p)i1,'" e iy — 1,
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and the complete contraction of odd-order orientation tensors (n®**1) is equal to
the orientation tensor of the first order, i.e.,

((n®2k+l>p)i1,m,ik,i1,~",ik,j = ((n)p)j‘

Any ODF p can be (uniquely) decomposed into an antipodally symmetric part p°
and an antipodally skew-symmetric part p* according to

p(m) = p*(n) + p“(m), (2)

where

p'(m) := 3(p(n) + p(—n)) and p(n) := 3(p(m) — p(-m)).

It should be noted that the antipodally symmetric part p° is always an ODF, i.e., it
is a non-negative function in S2 and its integral over S? is equal to one. In general,
the antipodally skew-symmetric part is not, however, an orientation distribution
function.

By exploiting the fact that integration over S is invariant under the change of
variable n — —n it follows that for & even we have

/ pmn®* do = / p(-—mn® do = / L (o(m) + p(—m)n®* do,
S2 S2 S2
and that for £ odd we have
[ pwn®do =~ [ p-mn® do = [ Lo - p-mn®* do.
S2 S2 S2

Therefore, even-order orientation tensors depend only on the antipodally symmetric
part of p and odd-order orientation tensors depend only on the antipodally skew
symmetric part of p. As a consequence, when p is antipodally symmetric all
odd-order orientation tensors vanish. The orientation tensor of order k, (n®) ps 18
also called a fabric tensor of the first kind of rank k [16].

For an ODF p(n) defined on the unit sphere S2, one can consider the kth order
approximation

p(m) := Co + C; -n + tr(C2(n®?) ) + tr(C3(n®3) ) + -+ + tr(Cy (n®F) ),

where the coefficients C;, i = 0, ..., k, each of which is a totally symmetric tensor
of order 7, are determined so that the least-squares functional

5(p) = /S o) — AP do,
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is minimized. However, as explained in the seminal paper of Kanatani [16], these
coefficients tensors are not uniquely defined. The reason is that the even-order
tensors 1, n®2, n®* ... are not linearly independent, and similarly, the odd-order
tensors m, n®3 ... are not linearly independent. In fact, since |n|| = 1, n®/ can be
obtained from n®*, with k > 1 + 2, by repeated contractions.

We note that if p(n) is antipodally symmetric, which is the condition that we
will consider next, then all odd-order coefficient tensors vanish. Let V; be the vector
space of functions defined on S? spanned by n®’. Then, because of what we stated
earlier on the linear dependence of 1, n®2, n®* ..., wehave V) C Vo C Vj....
Therefore, if one wants to approximate p(n) up to order k (even), then it suffices to
simply consider an approximation of the form

1
p(n) ~ EFI'I“'iknil . 'l’lik, (3)

where F;,..;, are the components of a kth order totally symmetric tensor called the
fabric tensor of the second kind of rank k [16]. The fabric tensors of the second kind
of rank 0, 2, and 4 are, respectively

15

315
921,F=7[(n®2)p_ ="

1. F="g

[(n®4>p - %(I ® (n®2)p)s + %(I ® I)S] .
Here and throughout the paper, I denotes the (second-order) identity tensor, and the
superscript * on a tensor indicates taking the totally symmetric part of that tensor.

Because the approximation (3) has a compact form, the number of tensor
components needed for the computation is minimal. However, to get a higher-order
approximation one must recompute the tensor. By a Gram-Schmidt process, we can
get the orthogonal decomposition of Vi = V/ @ V/_, @ --- & V where V| = V}
and V/ is the orthogonal complement of V;_, in V; with respect to the L?(S?)-inner
product. Then, using this orthogonal decomposition, we obtain the more practical
approximation of p(m) [15, 16]:

p(n) ~ ﬁ (27 +uD@®),) + u@@®),) +---]. @)

The coefficients 2, D, and D are called the fabric tensors of the third kind of rank
0, 2, and 4, respectively. They are given by

15
9= 1, D= 7 [(n®2)p —

315

1
1. D="¢

! [(n®4), - 3T ® n®?),) + LA D'].

In the field of diffusion MRI, high angular diffusion resolution imaging (HARDI)
is a commonly used modality for non-invasively probing water diffusion in fibrous
biological tissues such as muscle and brain white matter. HARDI encompasses



Fiber Orientation Distribution Functions and Orientation Tensors 41

several techniques such as Q-ball imaging [31], diffusion orientation transform MRI
[24], and spherical deconvolution MRI [30]. In general, these techniques produce a
function defined on the unit sphere. Various high-order tensor decompositions have
been used for approximating such functions. The reader is referred to the recent
review article [28] on the use of higher-order tensors in diffusion imaging. We
here particularly mention the work of Ozarslan and Mareci [23] who employed an
approximation of the form (3), and the work of Florack and co-authors [9, 10] who
used an approximation of the form (4).

We mention that orientation tensors of even order have been widely used in
the macroscopic description of short-fiber composites [2, 14], fiber suspensions
[7], damage mechanics [25, 33], etc. For classical solids and fluids, the even-order
orientation tensors suffice for the macroscopic description of such media. However,
there are natural and man-made materials that exhibit chiral behavior, i.e., they are
not invariant under inversion. Such materials are called chiral, noncentrosymmetric,
or hemitropic [17]. For instance, quartz, biological molecules such as the DNA
double helix, and composites with helical or screw-shaped inclusions, polar chiral
materials [6, 12, 22], and chiral metamaterials [34] all show different behaviors for
opposite directions. Material properties such as piezoelectricity and pyroelectricity
are represented by odd-order tensors [17]. It is therefore necessary to use odd-order
orientation tensors as well for the macroscopic description of such properties for
these types of media. We should also mention that odd-order orientation tensors are
necessary for dealing with singularities in fiber arrangements and in fiber splaying
and merging. Furthermore, in the work of Liu et al. [18], odd-order diffusion tensors
are considered for the measurement of the phases of magnetic resonance signals.

In the remainder of the paper, we will give the expressions of the orientation
tensors up to the fourth order for ODFs with some prescribed material symmetry
classes. The notation that will be used is described below.

Let &3 denote the three-dimensional Euclidean space and let {e;};=1 3 be an
orthonormal basis of it. Any vector v in &> can be represented as v = v;e;. The
inner product of two vectors a and b is denoted by a - b.

A second-order tensor T of the three-dimensional space & is a linear map that
assigns to each vector in &3 a vector in &3. We denote by u ® v the second-order
tensor that assigns to a vector w the vector (v - w)u. A second-order tensor can
thus be represented as T = T;;¢; ® e;. A second-order tensor T is symmetric if
T;; = T;; foralli, j = 1,2, 3. The tensor product a ® b of two vectors is the tensor
that assigns to each vector u the vector (b - w)a. In components (a ® b);; = a;b;.

A third-order tensor T can be seen as a linear map that assigns a vector
to each second-order tensor. A third-order tensor admits the representation
T = Tixe; ® e; ® e;. This tensor is said to be symmetric in the last two indices if
Tijx = Tyjforalli, j,k = 1,2,3, and totally symmetric if in addition Tj = Tji
foralli, j,k =1,2,3.

A fourth-order tensor T can be seen as a linear map that assigns to each second-
order tensor a second-order tensor. A fourth-order tensor admits the representation
T = Tjue; ® ¢; ® e, ® ¢;. This tensor is said to possess the minor symmetries
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if Tyjw = Tjw = Tyn for all i, j,k,I = 1,2,3, the major symmetry if Tjy =
Ty forall i, j,k,I = 1,2,3, and total symmetry if in addition to the minor and
major symmetries it satisfies Ty = Tuy for all i, j,k,I = 1,2,3. Any fourth-
order tensor T possessing the minor and major symmetries can be decomposed, in
a unique manner, into its totally symmetric part T° and its asymmetric part T¢ as:
T = T* 4+ T“. The components of the totally symmetric and asymmetric parts are
[3,21]

Ty = 1(Tyju + Tt + Tig). Tiu = %(27},'/(1 — Tugi — Tinj)- (5)

Let I denote the fourth-order identity tensor whose components are given by I, =
%(8%8 i1 + 6118 x). Then the components of its totally symmetric part I are / ijkl =
%(5;‘143]'1 + 8118k + 6ij6k1), and the components of its asymmetric part [ are I, =
L(8ik8j1 + 818k — 281 8k1).

We note that vectors and second-order tensors are easily dealt with by using
linear algebra operations. This is not the case for third- and fourth-order tensors. We
therefore introduce a (non-physical) six-dimensional space & so that the usual linear
algebra operations can be used for the manipulation of third-order tensors that are
symmetric with respect to the last two indices and fourth-order tensors possessing
the minor symmetries.

Let€, = e; ®e, 6, = e, e, €3 = €3 R ez, € = 2_1/2(02 Res+e;® e,
€5 =2"12(e;®e;+e3®e;) and € = 27/%(e; ®e, +e,®e; ). Then any third-order
tensor T = Tjne; ® e; ® e, with Ty = Ty; can be represented by

-,I\- = f}aei ® éaa
where the Latin indices range from 1 to 3 and the Greek indices run from 1 to 6.

Similarly, any fourth-order tensor T = Tjie; ®e; ® e, ® €; with Tyy = Tjiw = Tyjne
can be represented by

A A~

T = Taﬁéa ® élg.
In this way, the fourth-order identity tensor I is represented by, I, the second-order
identity tensor in & whose components are /o5 = o8-
2 Isotropic, Transversely Isotropic, and Uniform ODFs

The isotropic ODF is given by

iso _ L
P (m) = ypt (6)
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Fig. 1 (a) Spatial randomly oriented fibers, (b) planar randomly oriented fibers, (c) totally aligned
fibers

The isotropic orientation averages of n®? and n®* are given by

(n®2)is0 .= /52 P mn®* do = 11, @)
and

(n®hyse .= /52 PP mn®* do = 1T°, ®)

where I* is the totally symmetric part (defined by (5);) of the fourth-order
identity tensor I. The isotropic distribution (6) represents a uniform distribution of
orientations on the unit sphere S2. This distribution corresponds to fibers that are
randomly oriented as depicted in Fig. la.

There are two other special distributions that need to be mentioned here. First,
the distribution

is 1
pOm(n) = 5 —5(n - m), ©)
4

represents a uniform distribution of orientations in the plane perpendicular to m,
where m is a unit vector and 6(-) denotes the Dirac delta function. This distribution
corresponds to randomly oriented fibers in planes perpendicular to m, see Fig. 1b.
The second- and fourth-order orientation tensors associated with (9) are

(n®2>iso,m = /2 piso,m(n)n®2 do = %(p®2 4 q®2),
N
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and

(n®4yisom . _ /Sz POM (M) do = % [3p®4 13¢® + p®? ® ¢®2 + q®* ® p®>
+PR)® +@ep)* +p2q®”@p+qep* 4],

where p and q are any two orthogonal unit vectors in the plane perpendicular to m.
Second, the distribution

§(1 — (n-m)?)

W T m?

represents orientations totally aligned with m. This distribution corresponds to fibers
oriented along m, see Fig. 1c. We note that this orientation distribution can simply
be expressed as p™(n) = §m(n), where &, (+) is the spherical delta function defined
such that for any functions f on S? we have

(10)

[ 8utm rw dor =

It is given by §;m(n) = <-8(0 — 0p)8(¢p — o) where (6, ) and (6, ¢o) are the

sin¢
spherical coordinates of n and m, respectively, see e.g., [29, p. 211]. The second-
and fourth-order orientation tensors associated with (10) are

(n®%)m .= /2 P (mn®? do = m®?, (11)
s
and

(n®Hym .= / o"(mn®* do = m®*. (12)
S2

3 Axially-Symmetric ODFs

We say that an ODF oy, (+) is axially symmetric with respect tom € S? if oy (Rn) =
om(n) for all (proper) rotations R about the vector m. The ODF gy, (+) is also called
transversely hemitropic with m as the direction of transverse hemitropy. In this case,
there exists a positive function g(-) defined on the interval [0, 7r] such that

om(n) = 0(®P), (13)
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where cos @ = m - n. As oy, (+) is normalized, the function o(-) further satisfies

27t/ o(@)sin@dd = 1.
0

45

If, in addition the ODF o, (+) is antipodally symmetric, which is the case when
0(®@) = o(r — @) for all @ € [0, ], then the ODF oy, (+) is called transversely

isotropic with m as the direction of transverse isotropy.

The first-order orientation tensor, corresponding to the axially symmetric distri-

bution Qe;, is

)

n oo

(), = /32 0e;(M)ndo =

and the corresponding second-order orientation tensor is

BO 0
(n®%),,, = / Gemn®do=10B 0 |
§ 001—2B

where

T T
A= 271/ cos @ sin @ 5(P) d D, B = 71/ sin® @ 5(P) d .
0 0

The corresponding third-order orientation tensor,

®3y  ._ ®3
0%, i= [ | oo @n® do.
S2
has the matrix representation

00 0 0 J2CO0
00 0 J2€ 0 0f,
CCA-2C 0 0 0

where

C =]T/ cos @ sin® @ () d P.
0

(14)

15)
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Similarly, the corresponding fourth-order orientation tensor,

0%, = [ poes @0 do,

has the 6D second-order tensor representation

3D D F O 0 0
D3DF 0 0 0
F FEO 0 O
0 0 02F 0 0 |’
0 00 02F 0
| 0 0 00 02D
where
T
D:%n/o sin® @ 5(P) d b, (16a)
T
E:Zn/ cos* @ sin’ @ 3(P) d P, (16b)
0
F:n/ cos? @ sin® @ §(P) d P. (16¢)
0

As the trace of the fourth-order orientation tensor is equal to one, one can easily
verify that 8D + E + 4F =27 [ sin® 3(@)d® = 1.

In the following subsections we will give explicit expressions of the orientation
tensors up to the order four for several uni-modal axially symmetric ODFs. All
these orientation distributions are characterized with the modal vector (mean axis) m
and a concentration parameter k¥ € [0, Koo). When the concentration parameter « is
equal to zero, the orientation distribution reduces to the isotropic distribution (6). On
the other hand, when the concentration parameter « approaches koo the orientation
distribution tends to the totally aligned orientation distribution (10).

3.1 The von Mises-Fisher ODF

The widely used uni-modal orientation distribution is the Fisher distribution (also
known as the von Mises-Fisher distribution), with modal vector m € S? and
concentration parameter « > 0 it is given by (see e.g., [19, 35])

EMF (1)

MF
n) =
P (1) yp

exp(km - n), (17)
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Fig. 2 Plots of the

transversely hemitropic
ODF (17) fork = 1,2, 5, ‘
and 10

where

K

£ () =

sinhx

In Fig. 2 we give plots of (17) for various values of the concentration parameter k.
It should be noted that this distribution is not invariant under the inversion of
directions: n — —n, and hence it is not antipodally symmetric.

When m = e3, the corresponding first-order orientation tensor is

0
1
o, = [ A mdo = | o |,
2 K O[(K)

and the corresponding second-order orientation tensor is

alk) 0 0
(n®2)mik = /zpll\,[’,[f’,((n)n®2 do = = 0 ak) 0 ,
§ 0 0 «2—2a(k)

where
a(k) = EMF (k) coshk — 1.

The corresponding third-order orientation tensor
®3\MF ._ MF ®3
(n )m3,/( L /S\Z pm3,/((n)n dUa

has the matrix representation

([0 o o 0  V2B()0
=10 0 0 V2B(k) 0 0],
B) Bk) y(k) 0 0 0

where

Bk) = (k* + 3) — 38MF (k) cosh,
y(k) = (k? 4+ 6)EMF (k) coshk — 3(k? + 2).
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MF

Note that as the contraction of (n®3) . is equal to (n) -

we can verify that

28(k) + y(k) = *a(k).

Similarly, the corresponding fourth-order orientation tensor,

®4\MF . _ ®4
N, = [ AN n®* do
has the 6D second-order tensor representation

[3a(k) a(k) c(x) 0
a(k) 3a(k) c(k) O
I | ck) clk) bx) 0
K4 0 0 0 2c(k) O
0 0 0 0 2@k O

0 0 0 0 0 2a)]

S O O
S O O O

where
a(k) = k> 4 3(1 — EMF (k) cosh k),
b(k) = k* + 12> 4 24 — 4(k> + 6)EMF (k) coshk,

c(k) = (k* + 12)MF (k) coshk — 5k — 12.

Because the trace of even-order orientation tensors is equal to one, the three
functions a(-), b(-), and c(-) are dependent, satisfying the relation

8a(k) + b(k) + dc(k) = «*.

As mentioned before, the von Mises-Fisher ODF (17) is not antipodally symmet-
ric. Its antipodally symmetric part is given by

MF
(e my = £

cosh(km - n), (18)

and its antipodally skew-symmetric part is given by

(pr)*(m) =

gMFJﬁ 2 sinh(km - n). (19)

Plots of (18) for various values of the concentration parameter « are shown in Fig. 3.
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Fig. 3 Plots of the

transversely isotropic
ODF (18) fork =1, 2,5,
and 10 I '

All orientation tensors of even orders relative to the orientation distribution
function (18) are equal to the orientation tensors of even orders relative to the
orientation distribution function (17), whereas all orientation tensors of odd orders
relative to the ODF (18) vanish.

3.2 The Watson ODF

The Watson distribution (also known as the Dimroth-Watson distribution) with
modal vector m € S? and concentration parameter k > 0 is given by [8]

DW
P (M) = 54—75'() exp(c*(m - n)*), (20)
where
DW _ 2Kk
§7 (k) = Trerfit)’

and erfi(-) represents the imaginary error function defined by

1
erfi(s) = —i erf(is) = %/ exp(s’t?) dt.
0

This distribution can be seen as a special case of the well-known Bingham (multi-
modal) distribution for axial data

1
px(n) = TK) exp(n - Kn),
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Fig. 4 Plots of the
transversely isotropic

ODF (20) for k = 1, 4/2, 2,
and 3 I z

where K is a symmetric matrix and H(K) is a normalization constant. The
distribution PE‘,’Z (n) is transversely isotropic. Like the von Mises-Fisher distribution,
the Dimroth-Watson distribution is parametrized by the concentration parameter k.
Plots of (20) for various values of the concentration parameter « are given in Fig. 4.

When m = e3, the corresponding second-order orientation tensor (n®?)PWV .=

m3.K
Js2 P (mN®2 do is given by

where
ak) = 2k + 1) — PV (k)e’.

The corresponding fourth-order orientation tensor,

®4\DW . _ DW ®4
M=)k = /52 Py« (N do,
has the 6D second-order tensor representation

[3a(k) ak) ék) 0 0
a(k) 3a(k)ck) 0 0
1 | ék) é(k) bxk) 0 0O
3264 0 0 0 2(k) O
0 0 0 0 2ik) O
0 0 0 0 0 2]

oS O O O
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where
A(k) = 42 + 1) + 3 — 262 + 3)EPV ()e,
(k) = 8 [3 - 3)gDW(K)eK2] ,
(k) = 4 [3sDW(/<)eK2 e 3)] .

We note that, since the trace of even-order orientation tensors is equal to one, the
three functions a(-), b(-) and ¢(-) satisfy the relation

8a(k) + b(k) + 4¢(k) = 32«*.

3.3 The Singular-Kernel ODF

The uni-modal ODF with modal vector m € S? and concentration parameter 0 <
K < 1 given by

SK

SK £>°(K) 1
f— 5 21
P ® = T 2K mm) + K2 @D

where
K
SK K) = ,
§(K) tanh~! K

is called the singular-kernel distribution [32]. It should be noted that this distribution
is not invariant under the inversion of directions: n — —n. In Fig. 5 we present plots
of (21) for various values of the concentration parameter K.

Fig. 5 Plots of the transversely hemitropic ODF (21) for K = % %, and %
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When m = ej3, the corresponding first-order orientation tensor is

0
1
() & = /2 Pomy k(M do = 7K 0 ;
S Kz +1-— éSK(K)

and the corresponding second-order orientation tensor is

a(K) 0 0
a(K) 0 :

03K o= [ oK (' do =
§ 0 0 24K*—a(K))

8SK?2
where
a(K) = (K> + DESK(K) — (K2 — 12

The corresponding third-order orientation tensor,

®3\SK  ._ ®3
093K o= [ msc@n® do
s
has the matrix representation

0 0 0 0 V2B(K)0
51 0 0 0 V2BK) 0 o,
B(K) B(K) p(K) 0 0 0

1
16K

where
B(K) = (K* = 2K+ 1)ESK(K) — (K* — K* — K2 + 1),
P(K)=2[(K°+3K*+3K*+ 1) — (K* + 2K*> + DES(K)].

SK

Note that as the contraction of (n®3)>¥

is equal to (n)m, x We can verify that
2B(K) + 9(K) = 8K*[(K* + 1) = £ (K)).

Similarly, the corresponding fourth-order orientation tensor,

09k i= [ o @n®* do
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has the 6D second-order tensor representation

[34(K) a(K) ¢(K) 0 0 0
a(K) 3a(K) é(K) 0 0 0
1 &(K) &(K) b(K) 0 0 0
128K4| 0 0 0 28K) 0 0o |’
0 0 0 0 2:K) 0
0 0 0 0 0 2a(K) |

where

a(K) = (K®—4K° + 6K* —4K* + 1) — (K° — L K* — LK? + DEX(K),
b(K) = 8[(K® +4K® + 6K* + 4K> + 1) — (K® + BK* + 2K + 1)e*(K)],
C(K) =4[(K®+ 1K*+ LK* + DEN(K) — (K = 1)?].

Because the trace of even-order orientation tensors is equal to one, the three
functions a(-), b(-) and ¢(-) are dependent. Indeed, they satisfy the relation

8a(K) + b(K) + 4¢(K) = 128K*.

As mentioned before, the singular-kernel orientation distribution function (21) is
not antipodally symmetric. Its antipodally symmetric part is given by

SK 2
SK s £°°(K) 1+ K
= , 22
(Pm.xc)" () 47 (1 + K?)2 —4K?(m - n)? (22)
and its antipodally skew-symmetric part is given by
SK(K 2Km-n
(0 = =) (23)

4r (1 + K?)2 —4K2(m-n)?’

Plots of (22) for various values of the concentration parameter K are given in Fig. 6.

Fig. 6 Plots of the transversely isotropic ODF (22) for K = % %, and %
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All orientation tensors of even orders relative to the orientation distribution
function (22) are equal to the orientation tensors of even orders relative to the
orientation distribution function (21), whereas all orientation tensors of odd orders
relative to the ODF (22) vanish.

For the comparison with the other distributions, we can compose the functions
a(K), B(K), 9(K),a(K), b(K), and é(K) with the function K > k = K/(1+K).

3.4 Thede la Vallée Poussin ODF

The ODFs

2%k +1 o

VP _ .
Pmi (M) = yp (n-m)~", (24)

are a family (indexed by a positive integer k) of antipodally and axially symmetric
ODFs. We note here that p/", (n) = (cos ¢)?* has the same functional form (with

¢ replaced by %(}5) as the de la Vallée Poussin distribution in SO(3), the group of
rotations in R? [26]. Accordingly, we call the family of ODFs (24) the de la Vallée
Poussin ODFE. The positive integer k acts as the concentration parameter of the
Fisher and Watson distributions. Plots of (24) for various values of the concentration
parameter k are given in Fig.7.

For pé’fk, the second-order orientation tensor is
10 O
()% = /zpél,’k(n)n@dcrz 3|0 o
S 00 2k +1

The corresponding fourth-order orientation tensor,

4\VP . VP 4
(n® )eg,k = /Sz peg,k(n)n® dO',

Fig. 7 Plots of the transversely isotropic ODF (24) fork = 1,2,3 and 5
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has the 6D second-order tensor representation

3 1 2k +1 0 0 0
1 3 2k +1 0 0 0
1 2k+1 2k+1 2k+1)(2k +3) 0 0 0
2k +3)(2k +5) 0 0 0 22k + 1) 0 0
0 0 0 0 2k+1)0
| 0 0 0 0 0 2
Using a change of variables we can deduce that the family of ODFs
2k +1
lel,)k (n) = 4: cos* 0 sin?* ¢. (25)
is transversely isotropic along the e;-axis. Similarly, the family of ODFs
2k +1
P (n) = 4: sin?* 6 sin?* ¢. (26)
is transversely isotropic along the e;-axis.
The de la Vallée Poussin ODF (24) can be generalized as
VPm k+1 K
P (M) = = In-m[*, 27)

where the concentration parameter is now a positive real number «. The correspond-
ing orientation tensors have the same expressions as the ones for the de la Vallée
Poussin ODF, we just need to replace 2k with «.

For all the axially symmetric ODFs discussed in Sect. 3, when the concentration
parameter k is equal to zero, the second- and fourth-order orientation tensors are
equal to the isotropic tensors (7) and (8), respectively. On the other hand, when «
goes to infinity, the second- and fourth-order orientation tensors are equal to the
totally aligned orientation tensors (11) and (12) with m = ej, respectively. For the
comparison, in Fig. 8 we present plots of the 11 and 33 components of the second-
order orientation tensors, and the 1111 and 3333 components of the fourth-order
orientation tensor as functions of the concentration parameter « and for the different
ODFs.
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Fig. 8 Plots of the components of the second- and fourth-order orientation tensors as functions of
k for the different ODFs: von Mises-Fisher (blue), Watson (red), singular kernel (magenta), and
de la Vallée Poussin (black). On the left the 11 (dashed) and 33 (solid) components of the second-
order tensor, and on the right the 1111 (dashed) and 3333 (solid) components of the fourth-order
tensor

4 Orthotropic ODFs

By adding two transversely isotropic ODFs with the same functional form but dif-
ferent modal vectors we obtain (after multiplication by %) an orthotropic orientation

distribution. For example, by adding o,,+ and om—, where m* = cos %1// e *
sin %W e, we obtain the orthotropic ODF
" () = 3 (Om+ (M) + om-(n) . (28)

Plots of (28) based on the antipodally symmetric von Mises-Fisher, Watson,
antipodally symmetric singular-kernel, and de la Vallée Poussin ODFs with various
values of the concentration parameter are given in Fig. 9.

The first- and second-order orientation tensors are given by

0
h 1
(m)7™ = 3 0
Acos%l//
and
1— B+ (1-3B)cosy 0 0
(n®2)orlh — % 0 1—-B—(1-=3B)cosy 0 |,

0 0 2B

where A and B are given in (14) for the chosen ODF gy,.
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Fig. 9 Plots of orthotropic
ODFs based on: antipodally
symmetric von Mises-Fisher
(first row), Watson (second
row), antipodally symmetric
singular kernel (third row),
and de la Vallée Poussin
(fourth row)

The third-order orientation tensor has the matrix representation

nipnpnz0 0 0
m®)™r =210 0 00 0 201/,
0 0 0042113 0

with
ny = A(3cos%1// + COS%W) — C(3cos%1// - 5005%1//),
ni; = A(cos %1// —cos %W) — C(cos %1// — 5cos %1//),
niz = C cos %1//,

where C is given by (15) for the chosen ODF gy,.
The fourth-order orientation tensor has the 6D tensor representation

57

XX &

[Ny NaNz 0 0 0

NiaNp Ny 0 0 O

(n®4orth — Nis Ny Nz 0 0 0

0 0 0 2Ny O 0

0O 0 O 0 2Nz O

(00 0 0 0 2N,
with

Ni=13D+E+6F)— 13D —E)cosy + 1(3D + E — 6F)cos’ ¥,
Ny =1(3D+E+6F)+ 13D —E)cosyy + 13D + E — 6F) cos’ ,

N33 =3D,
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=1[3D+E—-2F—-@D + E—6F)cos’y],
Ni; = %[D—FF—(D—F)COS@&],

Ny = %[D+F+(D—F)0051//],
where D, E, and F are given in (16) for the chosen ODF op,.
Other orthotropic ODFs can be obtained by adding two different axially-

symmetric ODFs. For example, by adding two axially-symmetric ODFs with
orthogonal modal vectors, say e; and e,

The corresponding first-order orientation tensor is

(n) 12 = /zgl*z(n)ndcr =141,
§ 0

and the corresponding second-order orientation tensor is

1—-B1+ B, 0 0
(n®?) 12 = /zgl’z(n)n®2 do =1 0 1+B,—-B, 0 i
§ 0 0 B, + B,

where A; and B; are given in (14) for the chosen ODFs Qéi, i=1,2.
The corresponding third-order orientation tensor

n®%) 12 = / 0e;MN®? do,
S2
has the matrix representation

A, —-2C, C, C; 0 0 V2,
3 G A-GGCG 0 0 V20 |,
0 0 0 +/2C,v2C; 0

and the corresponding fourth-order orientation tensor,

(n®%) 12 :=/ 0" *(mn®* do,
SZ
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has the 6D second-order tensor representation

[E\+3D, Fi+F F +D, 0 0 0
F+F 3D+ E, DI+ F 0 0 0
1| Fi+D; D+ F, 3(D)+ Dy) 0 0 0
2 0 0 0 2(D) + F) 0 0 ’
0 0 0 0 2(Fy + D») 0
0 0 0 0 0 2(Fi + F) |

where C; D;, E; and F; are given in (15) and (16) for the chosen ODFs Qii ,i=1,2.

5 Cubic ODFs

By adding three transversely isotropic ODFs with the same functional form and
mutually orthogonal modal vectors we obtain (after multiplication by %) a cubic
orientation distribution. For example, by adding 0e, , 0e, and ge,, we obtain the cubic
orientation distribution

0" () = 1 (0e, () + Qc, (N) + 0e;(M)) . (29)

Plots of (29) based on the antipodally symmetric von Mises-Fisher, Watson,
antipodally symmetric singular kernel, and de la Vallée Poussin ODFs with various
values of the concentration parameter are given in Fig. 10.

e¢»rQ@ e
@ #* @
* X ¥

Fig. 10 Plots of cubic ODFs based on: antipodally symmetric von Mises-Fisher (first row),
Watson (second row), antipodally symmetric singular kernel (third row), and de la Vallée Poussin
(fourth row)
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The first-order orientation tensor is %A [1 1 1]T, where A is given in (14) for the

chosen ODF py,. The second-order orientation tensor is equal to %I and the third-
order orientation tensor (n®3)°"" has the matrix representation

[4-2¢ ¢ C 0 +2C V2C
3 C A4-2C C J2C¢ 0 V2c|,
C C A-2C V2C V2C 0

where C is given in (15) for the chosen ODF gp,.
The fourth-order orientation tensor (n®#4)¢"® has the 6D tensor representation

(6D + E D +2F D +2F 0 0 0
D +2F 6D+ E D +2F 0 0 0
1|D+2FD+2F6D+E 0 0 0
3 0 0 0 2(D+2F) 0 0 ’
0 0 0 0 2(D +2F) 0
o 0 0 0 0 2(D + 2F) |

where D, E, and F are given in (16) for the chosen ODF gyy,.
Another cubic ODF can be obtained by adding four axially symmetric ODFs
(with the same functional form)

thd () = % (0a; (n) + 0a, (M) + 0a;(n) + 04, (M), (30)
where

11 11 1_1 1_1

=— |1, m=—F02|-1|. as=—12| 1], a=—
V3 = V3l V3l

Plots of (30) based on the antipodally symmetric von Mises-Fisher, Watson,
antipodally symmetric singular kernel, and de la Vallée Poussin distributions with
various values of the concentration parameter are given in Fig. 11. Plots of (30)
based on the von Mises-Fisher and singular kernel distributions with various values
of the concentration parameter are shown in Fig. 12.

The fact that this ODF has cubic symmetry is not a surprise. Indeed, the tips of the
unit vectors a;, i = 1,...,4 are vertices of a regular tetrahedron. This tetrahedron
can be embedded inside the unit cube centered at the origin. Each vertex of the
tetrahedron is a vertex of the cube, and each edge of the tetrahedron is a diagonal of
one of the cube’s faces.
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Fig. 11 Plots of tetrahedral
ODFs based on: antipodally
symmetric von Mises-Fisher
(first row), Watson (second
row), antipodally symmetric
singular kernel (third row),
and de la Vallée Poussin
(fourth row)

Fig. 12 Plots of tetrahedral
ODFs based on: the von
Mises-Fisher (first row) and
the singular kernel (second
row)

reexee
e @ XxXxe@
- ®XXE

The first-order orientation tensor vanishes and the second-order orientation
tensor is equal to %I. The third-order orientation tensor has the matrix representation

00042 0 0
000 0 v2 0 |,
000 0 0 2

V3(4=5C)
9

while the fourth-order orientation tensor has the 6D tensor representation

12D+ F)+E 6D+E 6D+ E 0 0 0
6D+E  12(D+F)+E 6D +E 0 0 0
1 6D+ E 6D+E 12(D+F)+E 0 0 0
9 0 0 0 2(6D + E) 0 0 ’
0 0 0 0 26D+E) 0
0 0 0 0 0  26D+E)

where D, E, and F are given in (16) for the chosen ODF op,.
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6 Hexagonal ODFs

By adding three transversely isotropic ODFs (having the same functional form) with
planar modal vectors of mutual angles equal to %n we obtain (after multiplication
by %) a cubic orientation distribution. For example, by adding g¢,, Om, and om,,
where m; , = %(—el + «/§e2), we obtain the hexagonal orientation distribution

0"*(n) = 1 (0e, () + Om, () + Om, (M) . 31)

Plots of (31) based on the antipodally symmetric von Mises-Fisher, Watson,
antipodally symmetric singular kernel, and de la Vallée Poussin ODFs with various
values of the concentration parameter are given in Fig. 13. Plots of (31) based on the
von Mises-Fisher and singular-kernel ODFs with various values of the concentration
parameter are shown in Fig. 14.

. ) . T . .
The first-order orientation tensor is % [A 0 O] and the second-order orientation

tensor is
1 1-B 0 0
== 1-B ,
> 0 0

€see -
C*é @
6x%6

Fig. 13 Plots of hexagonal ODFs based on: antipodally symmetric von Mises-Fisher (first row),
Watson (second row), antipodally symmetric singular kernel (third row), and de la Vallée Poussin

(fourth row)

Fig. 14 Plots of hexagonal ODFs based on: the von Mises-Fisher (first row) and the singular kernel
(second row)
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where A and B are given in (14) for the chosen ODF gp,.
The third-order orientation tensor (n®3)P** has the matrix representation

| [54-C34-7C8C0 0 0
— 0 0 00 0 234-70)],
12

0 0 0 08+2C 0

and the fourth-order orientation tensor (n®*)"** has the 6D matrix representation

33D+ E+2F) 3D+E+2F 4D+F) 0 0 0
3D+ E+2F 3BD+E+2F)4D+F) 0 0 0
1 4D+ F) 4D+ F) 24D 0 0 0
8 0 0 0 8D+F) 0 0 ’
0 0 0 0 8(D+F) 0
0 0 0 0 0  2(3D+E+2F)

where C, D, E, and F are given in (15) and (16) for the chosen ODF py,.

7 Icosahedral ODFs

We have used (elementary) axially symmetric ODFs to construct new ODFs with
different material symmetry classes. The eight symmetry classes of fourth-order
tensors (isotropy, cubic, orthogonal, hexagonal, tetragonal, trigonal, monoclinic,
and triclinic) can thus be obtained. There are more elaborate symmetries that can
be detected only in higher order tensors. For example, the cubic symmetry is not
detected at the second-order level. Furthermore, the following example exhibits a
case where the second- and fourth-order orientation tensors are isotropic whereas
the ODF is obviously not. Let b;, i = 1,..., 6 be the unit vectors pointing to the
opposite vertices of a regular icosahedron and given by

1 0 1 +7 1 1

bo=———| 1|, bjy=——+—=| 0 |. bsg=——|+1],
”JH—czﬂ ”ml “mo

where 7 = (1 + +/5)/2. Let us consider the ODF obtained by adding the six axially
symmetric ODFs with modal vectors b;:

Qico(n) = % (le (n) + Ob, (n) + Ob; (n) =+ Ob, (n) =+ Obs (n) + Obs (n)) . (32)
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Fig. 15 Plots of icosahedral
ODFs based on: antipodally
symmetric von Mises-Fisher
(first row), Watson (second
row), antipodally symmetric
singular kernel (third row),
and de la Vallée Poussin
(fourth row)

Fig. 16 Plots of icosahedral
ODFs based on: the von
Mises-Fisher (first row) and
the singular kernel (second
row)
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Plots of (32) based on the antipodally symmetric von Mises-Fisher, Watson,
antipodally symmetric singular-kernel, and de la Vallée Poussin ODFs with various
values of the concentration parameter are given in Fig. 15. Plots of (32) based on the
von Mises-Fisher and singular kernel ODFs with various values of the concentration

parameter are shown in Fig. 16.

The first-order orientation tensor is equal to A/(3+/1 + 72) [1 1 1]T, where A
is given in (14) for the chosen ODF py,. The second- and fourth-order orientation
tensors are the isotropic tensors (7) and (8), respectively. The third-order orientation

tensor has the representation

T
3041 + 72

with

u=(3—+5A4+2V5C,

uvw 0 ﬁvﬁw
wuvﬁw 0 ﬁv ,

20 V2w 0

v=24-~55+1)C, w=+5-/5-1)C,

where C is given in (15) for the chosen ODF oy,
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8 General ODFs

As we have seen, in many cases it suffices to look at approximations (3) or (4) up
to the order four. However, certain ODFs cannot be approximated by only keeping
low-order terms and one has to consider higher-order approximations. Moreover,
empirically, we may wish to measure or estimate a fiber ODF or its moments, so a
convenient and general representation in terms of a complete and orthogonal set of
basis functions is sought.

We claim that any ODF can be approximated by a sum of axially symmetric
ODFs with different modal vectors and concentration parameters. For instance, one
can use the uni-modal de la Vallée Poussin ODF as its related tensors are easily
computed. In fact, the de la Vallée Poussin can be expressed in terms of the Cartesian
coordinates as

P (M) = Rui(x,.2) == (m1x + may + m3z)* = (m-m)*,
where, of course, the coordinates x, y, and z of n are constrained to satisfy the
condition x2 + y? + 22 = 1.

Therefore, any square-integrable function on S? can be approximated by

K L
@)~ "> fir Ry i (),

k=0[=1

where m; are unit vectors. For the determination of this (simple) approximation one
can seek, for given K and L, unit vectors m; and coefficients f;; minimizers of the
functional

K L 2
/sz |:f(n) B Z Z Sie. (0 'H)Zk:| do.

k=11=1

If we take only one value of the concentration parameter (power) in the de la
Vallée Poussin kernel in the above approximation, i.e., we assume fr; = O for
all k < K, then the above minimization problem reduces to finding unit vectors m;
and coefficients f; minimizers of the functional

2

L
[ 7o =3 iom w | o

=1

This minimization problem is similar to the low-rank approximation approach of
Schultz and Seidel [27] for estimating crossing fibers from an ODF generated
by Q-ball imaging or spherical deconvolution. When the ODF is also estimated
from diffusion weighed imaging signals, Gur et al. [13] presented a nonlinear
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method for the joint estimation of the ODF, extracting the fiber directions using
low-rank approximations. We also mention that Ghosh et al. [11] and Megherbi
et al. [20] used similar techniques for extracting fiber directions without any prior
information about the number of fibers. These works employ the symmetric tensor
decomposition algorithm proposed in [4] which is based on the decomposition of
homogeneous polynomials as a sum of powers of linear forms.

Alternatively, if the coefficients of the expansion in spherical harmonics of the
ODF are given (estimated from experimental data or computed from a given ODF),
then one can compute the orientation tensors explicitly as shown below. Recall that
any ODF can be expanded in real spherical harmonics

o0

I
pm) =" " ctmSim(6. 9).

=0 m=—I

Here S;,, (-, ) are the (normalized) real spherical harmonics of degree / and order
m defined by

= 1) Yim(0.9) + Y1.,(0,9)) form > 0,
Sl,m(es ¢) = Y[o(e ¢) form = 0,
( Ce (Yl —m(e ¢) Yl,—m(e, ¢))) form < 0,

where the complex spherical harmonics Y;,(-,-) (and its complex conjugate
Y1 (-,-)) are related to the associated Legendre polynomials P" () by

21+1(m 0!

Yin(6,4) = (—1)" eI

——P/"(cos 0) exp(im¢).

For example, the non-vanishing spherical harmonic coefficients up to the order
four for the von Mises-Fisher ODF (17) are

1 /3 (k cosh k — sinh k)
Co0 = =——=, Cipo= . .
00T o Ho 2./mk sinh i

V/5((3 + «?) sinhk — 3k coshk)
Cr0 = ,
20 2/mi?sinhk

V7 (ke (k% + 15) coshk — 3(2k% + 5) sinh k)
c3o = ,
0 2/mic3 sinhk

3 ((k* + 45«2 + 105) sinhk — 5k (2«? + 21) cosh)
2./ k* sinh k '

C40 =
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Similarly, the non-vanishing spherical harmonic coefficients up to order four for the
Watson ODF (20) are

NG (6/ce’(2 — V7w (2K? + 3)erfi /c)
o= 27 20 = 8k erfik '

3 (10/((2/(2 —21)e” + 3T (4Kt + 2067 + 35) exfi I()

64micterfix

C40 =

When the spherical harmonic coefficients ¢; , l = 0,...,4,m = —I,...[, of an
ODF p are given then we can compute the orientation tensors up to order four. The
first-order orientation tensor is

p_z[ 3 st (33)
m=—1

the second-order orientation tensor is

(n ®2>p:2[<500800 \/7 Z szszm) (34)

the third-order orientation tensor is
meJ(zwlez@ﬁﬂ a3
m=—1 m=-=3
and the fourth-order orientation tensor is

4
2
09,25 (0} 3 et 4 22 30 cuns)

(36)

The vectors s, second-order tensors S’ third-order tensors S’ and fourth-order
tensors S are given in the Appendix.

9 Discussion and Concluding Remarks

We have presented explicit expressions of the orientation tensors up to order four
for a hierarchy of ODFs with different material symmetries. We have given the
coefficients of these orientation tensors in a natural coordinate system. However,
we recognize that to use these ODF with experimental data, the mean direction
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vector may also need to be included in these distributions as a random variable
and estimated. We have seen that by combining axially symmetric ODFs with
different modal vectors and concentration parameters one can get an ODF with
more complex material symmetry. Inversely, we claim that a given ODF can be well
approximated by a convex combination of axially symmetric ones. However, finding
such an approximation can be complicated due to non-uniqueness. Alternatively,
we proposed using the approximation of this ODF by spherical harmonics up to
a specified order. For each order, the orientation tensors are given by a linear
combination of pre-computed tensors that form an orthonormal basis.

If from experimental data we can estimate the coefficients of the expansion in
spherical harmonics of the ODF, then by using this framework we can compute
the orientation tensors. From the orientation tensors we can infer the material
symmetries (or direction of the fibers) by the method developed in [5].

Appendix

We give here the expressions for the normalized orientation-like tensors that appear
in (33)—(36).

The vectors s', m = —1,..., 1, which are obtained from sz S0, p)ndo
by normalization, are given by

The second-order tensors 8,1 = 0,2, m = —I, ..., 1, which are obtained from
[s2 8" (6., ¢)n®* do by normalization, are given by
100 100 0 0-—1
0 _ 1 =2 _ 1 e N |
S”_f 010/, S“_E 0-10|, S'=—>1000 |,
001 000 -10 0

100 000 010
0= 0 -10|, S'=-2100 1|, $?=71100].
002 0-10 000

Note that S are traceless except for S%0 which has unit trace. Furthermore, the

set {S[*m, [ =0,2, m = —I,...,]} forms an orthonormal basis of the space of
symmetric second-order tensors.
The third-order tensors S/, 1 = 1,3, m = —I, ..., 1, which are obtained from

[52 8"™(6., ¢)n®* do by normalization, are given by

—3-1-10 0 0 000 0 20 00 0 0 0-v2

-1 _ _1 _ 10 — _1 11— 1 12

§l=—=10000 0 2.87—5000ﬁ00,sf—m 1-3-1 0 0 .
00 002 0 1130 00 0
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—-11000 0 000 O ﬁO 33—-40 0 0
§7=3]00000~v2|. 7F=721000-v20 0|, S7'==]0000 0 V2,
00000 O 1-10 0 00 000074«/5()
000 0 —v20 000 0 0+2 00042 0 0
30 _ 1 31 1 32 _ 1
S—WOOO—ﬁOO,S—lell—AtOOO,S—%OOOO\/EO.
-1-12 0 0 0 00 0 —44/20 0 0000 0 2
00000—+2
§3=1]-11000 0 |.
00000 0
We remark that the set {S[*’”, | =1,3, m = —I,...,l} forms an orthonormal
basis of the space of totally symmetric third-order tensors.
The fourth-order tensors S, 1 = 0,2,4, m = —I,...,l, which are obtained

from (g, S" (6., ¢)n®* do by normalization, are given by

[311000 6 1000 0 0 0 0-3J20]
131000 0-6-1000 0 0 0 0 -v2 0

00 1 | 113000 - L, |1-10 000 - | 0 0 0 0-3v20

§00 = L , 2= _L1 s> =

351000200 2200 0 200 22l 0 0 0 0 0 -2
000020 00 0 020 3V2-v2-3J20 0 0

1000002 00 0 000 0 0 0 -2 0 0]

[-6—2 100 0 0 0 0 —v2 0 0 0 0 0003v2]
—2-61000 0 0 0 -3v20 0 0 0 00032

@o_ 1|1 112000 @i__1 |0 0 0 -3v20 0 2 1 0 0 0002
TWe|lo o0oo0200 | TwA | -V2-3V2-3V2 0 0 0 T2 0 0 002 0
000020 0o 0 0 0 0 -2 0 0 020 0

L0 0 000-4 0o 0 0 0 20 3V23v24200 0 |

1 -1000 0 0 000-+v20 —10 1 000]

-1 10000 0 000420 01-1000
ght_ 1|0 00000 gtms_t| 0 000 00 gt _ [ 1 -10000
2210 00000 |’ 4 0 000 0 2|’ Viel 0 0 0 —200

0 00000 —V24200 0 0 000 020

0 0000-2 0 002 0 O 00 0 000]

[0 0 0 03/20 314000 00 0 V200

00 0 0 V20 1 3-4000 0 0 0 3V200
Gt_ 1| 0 0 0 0-4VIO| o 4 |4-48 0 00| 4 [0 0 0 —4J200
VS0 0 0 0 0 2 WH [0 0 0-800 WE | V23242 0 00
3W2V2-4v20 0 0 000 0-80 0 0 0 0 02

Lo o 0 2 0 0 000002 00 0 0 20

[0 0 0 00-v2 0 00-v20 0 0 0 000 V2]

0 0 0 00-—v2 0 0042 00 0 0 000-v2

c2o_ 1 | 0 0 0 0022 ga_1]| 0 00 0 00 sa_ 1 |0 0 000 0
TaWE|l 0o 0o 004 0 | T -v2v20 0 0 0 T30 0 000 0
0 0 0 40 0 0 00 0 0 -2 0 0 000 0
|—v2-v22v200 0 0 00 0 —20 V22000 0 |

It should be noted that S/ are traceless except for S*° which has unit trace. The
set {S', 1 =0,2,4, m = —[,...,1} forms an orthonormal basis of the space of
totally symmetric fourth-order tensors.
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