Chapter 2
Semi-tensor Product of Matrices

2.1 Multiple-Dimensional Data

Roughly speaking, linear algebra mainly concerns two kinds of objects: vectors and
matrices. An n-dimensional vector is expressed as X = (x1, x2, ..., Xx,). Its ele-
ments are labeled by one index, i, where x; is the ith element of X. Foran m x n
matrix

ar arn Aln

azl ay v azn
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elements are labeled by two indices, i and j, where g; ; is the element of A located
in the ith row and jth column. In this way, it is easy to connect the dimension of a
set of data with the number of indices. We define the dimension of a set of data as
follows.

Definition 2.1 A set of data, labeled by & indices, is called a set of k-dimensional
data. Precisely,

X={Xij iy |1 =ij=nj, j=12,... k} 2.1)

is a set of k-dimensional data. The cardinal number of X, denoted by |X]|, is | X| =
niny---nNg.

In the following example we give an example of 3-dimensional data.

Example 2.1 Consider R3, with its canonical basis {e1, ez, e3}. Any vector X € R3
may then be expressed as X = xje; + x2e3 4+ x3e3. When the basis is fixed, we
simply use X = (x1, x2, x3)T to represent it. From simple vector algebra we know
that in R? there is a cross product, X, such that for any two vectors X, Y € R3 we

D. Cheng et al., Analysis and Control of Boolean Networks, 19
Communications and Control Engineering,
DOI 10.1007/978-0-85729-097-7_2, © Springer-Verlag London Limited 2011


http://dx.doi.org/10.1007/978-0-85729-097-7_2

20 2 Semi-tensor Product of Matrices

have X x Y € R3, defined as follows:

el e e3
X x Y =det X1 X2 X3 . 2.2)
yroy2 y3

Since the cross product is linear with respect to X as well as Y, it is a bilinear
mapping. The value of the cross product is thus uniquely determined by its value on
the basis. Write

e xej =c3jel +C,'2j€2 +C?j€3, i,j=1,2,3.

The coefficients form a set of 3-dimensional data,
k
{Ci j

which are called the structure constants. Structure constants are easily computable.
For instance,

i, j,k=1,2,3],

€ ey e3
e] X ep =det 1 0 O =e3,
0O 1 0

which means that C{Z = 0%2 =0, c?2 = 1. Similarly, we can determine all the struc-
ture constants:

1
e =0, 1 =0, 1 =0, 1 =0, =0, =1
c 0 c -1 c 0 e =0 3, =0 a3 =—1
13=Y 3="0 13=Y 21 =Y 21 =Y 2054
1 2 3 _ 1 2 3 _
¢ =0, =0, =Y 3 =1, 23 =0, 23 =0,
3 1 _ 2 3
31 =0, 3 =1, 3 =0, cp=-1 3 =0, 3 =0,
1 2 3
c33 =0, ¢33 =0, c33=0

Since the cross product is linear with respect to the coefficients of each vec-
tor, the structure constants uniquely determine the cross product. For instance, let
X =3e; —e3 and Y =2e5 + 3e3. Then
X XY =6e; Xxey+9e) Xxe3—2e3 Xey—3e3 Xe3
= 6(clre1 + chez + cire3) + 9(cizer + czez + cise3)
= 0(C2€1 T Cpe2 T €123 €13€1 T €362 T 1363
1 2 1 2
—2(exper + chrea +ches) — 3(ezzer +chzer + czen)
=2e; — 9ep + Ges.

It is obvious that using structure constants to calculate the cross product in this
way is very inconvenient, but the example shows that the cross product is uniquely
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determined by structure constants. So, in general, to define a multilinear mapping it
is enough to give its structure constants.
Using structure constants to describe an algebraic structure is a powerful method.

Definition 2.2 [6] Let V be an n-dimensional vector space with coefficients in R.
If there is a mapping * : V x V — V, called the product of two vectors, satisfying

@X+BY)*Z=a(X*xZ)+ BY xZ),

23
Xx@Y+BZ)=aX*xY)+B(Xx2Z) 3
(where o, B e R, X, Y, Z € V), then (V, %) is called an algebra.
Let (V, %) be an algebra. If the product satisfies associative law, i.e.,
X*xY)xZ=Xx(YxZ), X, Y, ZeV, (2.4)

then it is called an associative algebra.

R? with the cross product is obviously an algebra. It is also easy to check that it
is not an associative algebra.

Let V be an n-dimensional vector space and (V, *) an algebra. Choosing a basis
{e1,en,..., ey}, the structure constants can be obtained as

n
k ..
e,-*ej=2cijek, i,j=1,2,...,n.
k=1

Although the structure constants {cll.‘j i, j,k=1,2,...,n} depend on the choice of
basis, they uniquely determine the structure of the algebra. It is also easy to convert
a set of structure constants, which correspond to a basis, to another set of structure
constants, which correspond to another basis. For an algebra, the structure constants
are always a set of 3-dimensional data.

Next, we consider an s-linear mapping on an n-dimensional vector space. Let V
be an n-dimensional vector space andlet ¢ : V x V x --- x V — R, satisfying (for

N

any 1 <i <s,a,B €R)

o(X1, Xo,...,aX; +BY, ..., Xy_1, Xy)
=ap(X1, X2, ..., Xi, .o, X1, Xy) + B (X1, X2, .. Y, o0, X1, Xy).
2.5)

Equation (2.5) shows the linearity of ¢ with respect to each vector argument. Choos-
ing a basis of V, {e1, e2, ..., e,}, the structure constants of ¢ are defined as

e ey, .. ) =Cijiy,iys j=12,...,n,j=1,2,...,s.

Similarly, the structure constants, {c;, i,,....i; | i1,...,is =1,2,...,n}, uniquely de-
termine ¢. Conventionally, ¢ is called a tensor, where s is called its covariant degree.
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It is clear that for a tensor with covariant degree s, its structure constants form a set
of s-dimensional data.

Example 2.2
1. In R? we define a three linear mapping as
¢(X.Y.Z)=(XxY.Z), X.Y.ZeR’

where (-, -) denotes the inner product. Its geometric interpretation is the volume
of the parallelogram with X, Y, Z as three adjacent edges [when (X, Y, Z) form
a right-hand system, the volume is positive, otherwise, the volume is negative].
It is obvious that ¢ is a tensor with covariant degree 3.

2. In R3 we can define a four linear mapping as

VX, Y, Z,W)=(XxY,Zx W), X,Y,Z,WeR>.

Obviously, v is a tensor of covariant degree 4.

Next, we consider a more general case. Let £ : V — R be a linear mapping on V,
ule))=ci, i=1,...,n.
Then, u can be expressed as
w=cie] +caes+---+cpep,
where e : V — R satisfies
1, i=j,
0, i#j.

eilej) =i =

It can be seen easily that the set of linear mappings on V forms a vector space, called
the dual space of V and denoted by V*.

Let X =xje; +x2e2+---+x4e, € Vand u = pief + p2es +-- -+ jupey, € V.
When the basis and the dual basis are fixed, X € V can be expressed as a column
vector and p € V* can be expressed as a row vector, i.e.,

T
X =(ay,ay,...,a,) , u=-(1,ca,...,Cn).

Using these vector forms, the action of u on X can be expressed as their matrix
product:

n
pwX)=pX =Yy aici, peV* XeV.

i=1

Letgp:V*x---xV*"xV x---xV — R be an (s + t)-fold multilinear map-

t N
ping. Then, ¢ is said to be a tensor on V with covariant degree s and contravariant
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degree t. Denote by .7;° the set of tensors on V with covariant degree s and con-
travariant degree ¢.

If we define
I1502,els L L. S *
i =i ey €] € € ),
then
11,0250l . .. .
{ JlsJ2seendt 15115"'5l3‘7]15"'3.]lSn}

is the set of structure constants of ¢. Structure constants of ¢ € 7° form a set of
(s + t)-dimensional data.

Next, we consider how to arrange higher-dimensional data. In linear algebra one-
dimensional data are arranged as a column or a row, called a vector, while two-
dimensional data are arranged as a rectangle, called a matrix. In these forms matrix
computation becomes a very convenient and powerful tool for dealing with one-
or two-dimensional data. A question which then naturally arises is how to arrange
three-dimensional data. A cubic matrix approach has been proposed for this pur-
pose [1, 2] and has been used in some statistics problems [8—10], but, in general,
has not been very successful. The problem is: (1) cubic matrices cannot be clearly
expressed in a plane (i.e., on paper), (2) the conventional matrix product does not
apply, hence some new product rules have to be produced, (3) it is very difficult to
generalize this approach to even higher-dimensional cases.

The basic idea concerning the semi-tensor product of matrices is that no matter
what the dimension of the data, they are arranged in one- or two-dimensional form.
By then properly defining the product, the hierarchy structure of the data can be
automatically determined. Hence the data arrangement is important for the semi-
tensor product of data.

Definition 2.3 Suppose we are given a set of data S with Hf'(:l n; elements and, as
in (2.1), the elements of x are labeled by k indices. Moreover, suppose the elements
of x are arranged in a row (or a column). It is said that the data are labeled by indices

i1, ...,1I according to an ordered multi-index, denoted by /d or, more precisely,
Id(iy, ... ik ny,...,0),
if the elements are labeled by iy, ..., i; and arranged as follows: Leti;, t =1,...,k,

run from 1 to n; with the order that t = k first, then t =k — 1, and so on, until t = 1.
Hence, xq,,....«; is ahead of xg, . g, if and only if there exists 1 < j < k such that

a=p, i=1,....,7—1, aj < Bj.

If the numbers ny, ..., ng of i1, ..., i} are equal, we may use
Id(@y,...,ign) :=1d>,, ..., i;n¢, ..., n0).

If n; are obviously known, the expression of Id can be simplified as

Id@iy, ..., i) :=1d(iy, ..., ik 01, ...,0%).
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Example 2.3

1. Assume x = {x;jx | i =1,2,3; j =1,2; k=1, 2}. If we arrange the data accord-
ing to the ordered multi-index Id(i, j, k), they are

X111, X112, X121, X122, X211, X212, X221, X222, X311, X312, X321, X322

If they are arranged by 1d(j, k, i), they become

X111, X211, X311, X112, X212, X312, X121, X221, X321, X122, X222, X322.

2. Let x = {x1,x2, ..., x24}. If we use A1, Ap, A3 to express the data in the form
a; =y, x5 then under different /d’s they have different arrangements:
(a) Using the ordered multi-index Id(A1, A2, A3; 2, 3,4), the elements are ar-
ranged as

X111 X112 X113 X114
X121 X122 X123 X124
X131 X132 X133 X134

X231 X232 X233 X234.

(b) Using the ordered multi-index Id(A, X2, A3; 3,2,4), the elements are ar-
ranged as

X111 X112 X113 X114
X121 X122 X123 X124
X211 X212 X213 X214

X321 X322 X323 X324.

(c) Using the ordered multi-index Id(r1, A2, A3;4,2,3), the elements are ar-
ranged as

X111 X112 X113
X121 X122 X123
X211 X212 X213

X421 X422 X423.

Note that in the above arrangements the data are divided into several rows, but
this is simply because of spatial restrictions. Also, in this arrangement the hierarchy
structure of the data is clear. In fact, the data should be arranged into one row.

Different Id’s, corresponding to certain index permutations, cause certain per-
mutations of the data. For convenience, we now present a brief introduction to the
permutation group. Denote by Sy the permutations of k elements, which form a
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group called the kth order permutation group. We use 1, ..., k to denote the k ele-

ments. If we suppose that k = 5, then S5 consists of all possible permutations of five
elements: {1, 2, 3,4, 5}. An element ¢ € S5 can be expressed as

4 5
L] €Ss.
5 4

— < W

)
o=y
2 3

That is, o changes 1 to 2, 2to 3,3 to 1,4 to 5, and 5 to 4. o can also be simply
expressed in a rotational form as

o=(1,2,3)4,5).

Let u € S5 and

1 2 3 4 5
p=|4 L 1L
4 3 2 1 5

The product (group operation) on Ss is then defined as

po =

W= N =
DN <«— W<
N i ]
N < <
—<— B W

that is, uo = (1, 3,4, 5).

If, in (2.1), the data x are arranged according to the ordered multi-index

Id(iy, ..., i), it is said that the data are arranged in a natural order. Of course, they
may be arranged in the order of (i5(1), . .., io(k)), that is, letting index i, (k) run from
1 to ng k) first, then letting iy k—1) run from 1 to n4k—1), and so on. It is obvious
that a different Id corresponds to a different data arrangement.
Definition 2.4 Let 0 € S; and x be a set of data with ]_[f: | ni elements. Arrange
x in a row or a column. It is said that x is arranged by the ordered multi-index
Id(Gisqy, ..., igk)s Ro(l), - - - Mo (k) if the indices i1, ..., ix in the sequence are run-
ning in the following order: first, i, ) runs from 1 to ns (), then i k—1) runs from
1 to ng k1), and so on, until, finally, i5 (1) runs from 1 to ns(1).

We now introduce some notation. Let a € Z and b € Z,.. As in the programming
language C, we use a%b to denote the remainder of a/b, which is always nonnega-
tive, and [7] for the largest integer that is less than or equal to z. For instance,

100%3 =1, 100%7 =2, (=7 %3 =2,

[zi| =2 [-1.25]=-2
3| =% 25]=-2.
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It is easy to see that
a= [;—Z]b+a%b. (2.6)

Next, we consider the index-conversion problem. That is, we sometimes need
to convert a single index into a multi-index, or vice versa. Particularly, when we
need to deform a matrix into a designed form using computer, index conversion is
necessary. The following conversion formulas can easily be proven by mathematical
induction.

Proposition 2.1 Let S be a set of data with n = ]_[le n; elements. The data are
labeled by single index as {x;} and by k-fold index, by the ordered multi-index
Id(A, ..., gy nq,...,nk), as

S={splp=1....n} =, . ll=ti=nsi=1.. k.

We then have the following conversion formulas:

1. Single index to multi-index. Defining py := p — 1, the single index p can be
converted into the order of the ordered multi-index Id(iy, ..., ix;ny,...,nr) as
(A1, ..., M), where A; can be calculated recursively as

Ak = prPony + 1,

Pj+1 . 27
pjz[”i+l]’ )\jzpj%nj—i-l, j=k—1,...,1.
2. Multi-index to single index. From multi-index (A1,...,Ag) in the order of
ld(iy, ..., ik n, ..., ng) back to the single index, we have
k—1
p=7 0= Dnjpinjia--ng+he. 2.8)
j=1

The following example illustrates the conversion between different types of in-
dices.

Example 2.4 Recalling the second part of Example 2.3, we may use different types
of indices to label the elements.
1. Consider an element which is x1; in single-index form. Converting it into the
order of Id(A1, A2, A3; 2, 3,4) by using (2.7), we have
p3=p—1=10,
AM=p3%n3+1=10%4+1=2+1=3,
D3 10
=|—|=| — | = 2,
m=[n)-[3]

M=p2%ny+1=2%3+1=2+1=3,
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D2 2
=|—|=|- :O’
IHEH
M=p1%n1+1=0%2+1=1.
Hence x11 = x133.

2. Consider the element x214 in the order of Id(A1, A2, A3; 2, 3,4). Using (2.8), we
have

p=RQ1—Dnynz+ X —Dnz+r3=1-3-44+0+4=16.

Hence X214 = X16-
3. In the order of Id(A;, A3, A1; 3,4, 2), the data are arranged as

X111 X211 X112 X212
X113 X213 X114 X214

X131 X231 X132 X232
X133 X233 X134 X234.

For this index, if we want to use the formulas for conversion between nat-
ural multi-index and single index, we can construct an auxiliary natural multi-
index ya; 4,45, Where Ay =Xy, Ao =243, A3=Ajand Ny =np =3, Np =
n3 =4, N3 =n; = 2. Then, b; jx is indexed by (A1, A2, A3) in the order of
1d(Aq, Az, A3; Ny, N2, N3). In this way, we can use (2.7) and (2.8) to convert
the indices.

For instance, consider x124. Let x124 = y241. For y»41, using (2.7), we have
p = (A1 = 1)N2N3+ (A2 — )N3 + A3
=R2-1)x4x24+@A—-1)x24+1=8+6+1=15.
Hence
X124 = Y241 = Y15 = X15.

Consider x17 again. Since x17 = y17, using (2.6), we have

p3=p—1=16, A3 =p3%N3;+1=1,
p2=1[p3/N3] =8, Ay=pr %Ny +1=1,
p1=1I[p2/N2] =2, A =p1%N; +1=3.

Hence x17 = y17 = y311 = x131.

From the above argument one sees that a set of higher-dimensional data, labeled
by a multi-index, can be converted into a set of 1-dimensional data, labeled by
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Table 2.1 The prisoner’s

dilemma PP Al Az
Al -1, -1 -9,0
Ap 0,-9 -6, —6

single-index. A matrix, as a set of 2-dimensional data, can certainly be converted
into a set of 1-dimensional data. Consider a matrix

ayy a2 -0 Aain
A=

aml Adm2 - Amn

The row-stacking form of A, denoted by V:(A), is a row-by-row arranged nm-
vector, 1.€.,

Ve(A) = (@11, @12, -+, Qlns -+ s Al G2 - -y Ain) (2.9)
The column-stacking form of A, denoted by V.(A), is the following nm-vector:
Ve(A) = (@11, @21, -« @mls -+, Qs Qs -y ) - (2.10)
From the definition it is clear that we have the following result.

Proposition 2.2
Ve(A) = Vi (A7), Ve(A) = Ve (AT). (2.11)
Finally, we give an example for multidimensional data labeled by an ordered
multi-index.

Example 2.5

1. Consider the so-called prisoner’s dilemma [5]. Two suspects are arrested and
charged with a crime and each prisoner has two possible strategies:

A1: not confess (or be mum); Ay: confess (or fink).

The payoffs are described by a payoff bi-matrix, given in Table 2.1.

For instance, if prisoner Py chooses “mum” (A1) and P> chooses “fink” (A3),
P; will be sentenced to jail for nine months and P, will be released. Now, if we
denote by

r},k, i=1,2,j=12k=1,2,

the payoff of P; as P; takes strategy j and P, takes strategy k, then {rj., ©) is aset
of 3-dimensional data. We may arrange it into a payoff matrix as

1 1 1 1
r r r r -1 -9 0 -6
M. = 11 12 21 22 — . (212)
2 2 2 2
o Th Ty T -1 0 -9 -6
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2. Consider a game with n players. Player P; has k; strategies and the payoff of P;
as P; takes strategy s;, j=1,...,n,is

Fsposys i=Lomsj=1..kj,j=1,...,n
Then, {r;'1 .5, ) is aset of (n + 1)-dimensional data. Arranging it with i as the
row index and its column by the ordered multi-index Id(sy, ..., Sy; k1, ..., kn),
we have
1 1 1 1
it 0 Ty 7 Tk, 7 Thikoooky
My = : . (2.13)
n n n n
w0 Mk 7 Tlhgekn 7 Thikooky

M, is called the payoff matrix of game g.

2.2 Semi-tensor Product of Matrices

We consider the conventional matrix product first.

Example 2.6 Let U and V be m- and n-dimensional vector spaces, respectively.
Assume F € L(U x V,R), that is, F is a bilinear mapping from U x V to R.
Denote by {uy,...,u,} and {vi,...,v,} the bases of U and V, respectively. We
call § = (s;;) the structure matrix of F', where

Sij:F(uirvj)v i:17"‘7m’j:1""’n‘
If we let X = Z;"Zl xju; € U, otherwise written as X = (x|, ..., x,)T € U, and
Y =37, yivi €V, otherwise written as ¥ = (y1, ..., y)T € V, then
F(X,Y)=X'SY. (2.14)
Denoting the rows of S by S L .., 8™ we can alternatively calculate F in two
steps.
Step I: Calculate x; S x,82, ..., x,,S™ and take their sum.

Step 2: Multiply Y7L, x; S’ by ¥ (which is a standard inner product).

It is easy to check that this algorithm produces the same result. Now, in the first
step it seems that we have (S'---$") x X. This calculation motivates a new algo-
rithm, which is defined as follows.

Definition 2.5 Let 7 be an np-dimensional row vector and X a p-dimensional
column vector. Split T into p equal blocks, named T, ..., TP, which are 1 x n
matrices. Define a left semi-tensor product, denoted by x, as

p
TxX=) TxeR" (2.15)

i=1
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Using this new product, we reconsider Example 2.6 and propose another algo-
rithm.

Example 2.7 (Example 2.6 continued) We rearrange the structure constants of F
into a row as

T:VT(S)=(sllv°"7slﬂ7"'7sm17"'7smn)v

called the structure matrix of F. This is a row vector of dimension mn, labeled by
the ordered multi-index Id(i, j; m, n). The following algorithm provides the same
result as (2.14):

F(X,Y)=T x X x Y. (2.16)

It is easy to check the correctness of (2.16), but what is its advantage? Note
that (2.16) realized the product of 2-dimensional data (a matrix) with 1-dimensional
data by using the product of two sets of 1-dimensional data. If, in this product,
2-dimensional data can be converted into 1-dimensional data, we would expect that
the same thing can be done for higher-dimensional data. If this is true, then (2.16)
is superior to (2.14) because it allows the product of higher-dimensional data to be
taken. Let us see one more example.

Example 2.8 Let U, V, and W be m-, n-, and z-dimensional vector spaces, re-
spectively, and let F € L(U x V x W, R). Assume {u1,...,un}, {vi,..., vy}, and
{wy, ..., w} are the bases of U, V, and W, respectively. We define the structure
constants as

sijk=F@j,vj,wr), i=1,....m, j=1,...,n, k=1,...,t.

The structure matrix S of F can be constructed as follows. Its data are labeled by
the ordered multi-index Id(i, j, k; m, n,t) to form an mnz-dimensional row vector
as

S =(S111s-- s8-8l oo Slats > Smnls -« Smnt)-

Then, for X e U, Y € V, Z € W, it is easy to verify that

F(X,Y,Z)=Sx XxYxXZ.

Observe that in a semi-tensor product, X can automatically find the “pointer” of
different hierarchies and then perform the required computation.

It is obvious that the structure and algorithm developed in Example 2.8 can be
used for any multilinear mapping. Unlike the conventional matrix product, which
can generally treat only one- or two-dimensional data, the semi-tensor product of
matrices can be used to deal with any finite-dimensional data.

Next, we give a general definition of semi-tensor product.
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Definition 2.6
(1) Let X = (x1,...,x5) be arow vector, Y = (y1, ..., y,)T a column vector.

Case 1: If ¢ is a factor of s, say, s = X n, then the n-dimensional row vector
defined as

t
XxY::ZXkykeR” (2.17)
k=1

is called the left semi-tensor inner product of X and Y, where
X=(X"....,X"), X' eR'i=1,...1.

Case 2: If s is a factor of ¢, say, t = s x n, then the n-dimensional column
vector defined as

t
XxY:=) xY*eRr" (2.18)
k=1

is called the left semi-tensor inner product of X and Y, where

y=((r").....())", Yieri=1,..,1

(2) Let M € Myxn and N € M pxq. If n is a factor of p or p is a factor of n, then
C =M x N is called the lef't'semi-tensor product of M and N, where C consists
of m x g blocks as C = (C"), and

CV=MxN;, i=1,....m, j=1,...,q,
where M’ = Row; (M) and N; = Col ;(N).
Remark 2.1
1. In the first item of Definition 2.6, if ¢ = s, the left semi-tensor inner product be-

comes the conventional inner product. Hence, in the second item of Definition
2.6, if n = p, the left semi-tensor product becomes the conventional matrix prod-
uct. Therefore, the left semi-tensor product is a generalization of the conventional
matrix product. Equivalently, the conventional matrix product is a special case of
the left semi-tensor product.

. Throughout this book, the default matrix product is the left semi-tensor product,

so we simply call it the “semi-tensor product” (or just “product’).

. Let A € Mpxn and B € #,, 4. For convenience, when n = p, A and B are said

to satisfy the “equal dimension” condition, and whenn =tp or p =tn, A and B
are said to satisfy the “multiple dimension” condition.
When n =tp, we write A >; B; when p = tn, we write A <; B.

. So far, the semi-tensor product is a generalization of the matrix product from the

equal dimension case to the multiple dimension case.



32 2 Semi-tensor Product of Matrices

Example 2.9
1. Let X=[2—-112],Y =[-2 1]T. Then

XxY=[2 —1]x(=2)+[1 2]x1=[-3 4].

2. Let
2 -1 3
x=1|0 2 —1, yz[_; ;]
2 -1 1 1
Then
2D x (=D +(—13)x3 Q2D x2+(—13) x2
XxY=|ODx(D+2-1)x3 OH)x2+Q2—-1)x2
| C-Dx(=DH+A) x3 2—=1)x2+(11) x2
-5 8 2 8
=1 6 —4 4 0
| 1 4 6 0
Remark 2.2

1. The dimension of the semi-tensor product of two matrices can be determined by
deleting the largest common factor of the dimensions of the two factor matrices.
For instance,

Apsxgr X Brxs X Cysexi = (A X B)pxgs X Cystxi = (A X B X C)prxi.

In the first product, r is deleted, and in the second product, gs is deleted.
This is a generalization of the conventional matrix product: for the conventional
matrix product, A pxsBsxg = (AB)pxq, where s is deleted.
2. Unlike the conventional matrix product, for the semi-tensor product even A x B
and B x C are well defined, but A x B x C = (A x B) X C may not be well
defined. For instance, A € #3x4, B € M>x3, C € Mox1.

In the conventional matrix product the equal dimension condition has certain
physical interpretation. For instance, inner product, linear mapping, or differential
of compound multiple variable function, etc. Similarly, the multiple dimension con-
dition has its physical interpretation, e.g., the product of different-dimensional data,
tensor product, etc.

We give one more example.

Example 2.10 Denote by Ay the set of columns of the identity matrix I, i.e.,
A =Col{lx} = {8} |i=1,2,....k}.
Define
L ={B € Mmxy|m=1,n=>0,Col(B)C A} (2.19)
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The elements of . are called logical matrices. It is easy to verify that the semi-
tensor product x : ¥ x £ — £ is always well defined. So, when we are consider-
ing matrices in ., we have full freedom to use the semi-tensor product. (The formal
definition of a logical matrix is given in the next chapter.)

Comparing the conventional matrix product, the tensor product, and the semi-
tensor product of matrices, it is easily seen that there are significant differences be-
tween them. For the conventional matrix product, the product is element-to-element,
for the tensor product, it is a product of one element to a whole matrix, while for the
semi-tensor product, it is one element times a block of the other matrix. This is one
reason why we call this new product the “semi-tensor product”.

The following example shows that in the conventional matrix product, an illegal
term may appear after some legal computations. This introduces some confusion
into the otherwise seemingly perfect matrix theory. However, if we extend the con-
ventional matrix product to the semi-tensor product, it becomes consistent again.
This may give some support to the necessity of introducing the semi-tensor product.

Example 2.11 Let X,Y,Z, W € R" be column vectors. Since YTZ is a scalar, we
have

xyD(zwh) =x(YTZ)Ww' = (Y"2)(xW") € 4,. (2.20)
Again using the associative law, we have

(r"z)y(xwh) =vTzx)w'. (2.21)

A problem now arises: What is ZX? It seems that the conventional matrix product
is flawed.

If we consider the conventional matrix product as a particular case of the semi-
tensor product, then we have

xXYT)(zwh) =v"x (Zx X) x WT. (2.22)

It is easy to prove that (2.22) holds. Hence, when the conventional matrix product is
extended to the semi-tensor product, the previous inconsistency disappears.

The following two examples show how to use the semi-tensor product to perform
multilinear computations.

Example 2.12

1. Let (V, %) be an algebra (refer to Definition 2.2) and {e1, €2, ..., e, } abasisof V.
For any two elements in this basis we calculate the product as

n
cixej=y che, i.j.k=12..n. (2.23)
k=1
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‘We then have the structure constants {cf.‘j }. We arrange the constants into a matrix
as follows:

1 1 1 1
‘i1 2 St G
2 2 2 2
I ‘2 S G
M= . (2.24)
n n n n
i 2 v S G

M is called the structure matrix of the algebra.
Let X, Y € V be given as

n n
X=Zaiei, YZZbie,’.
i=1 i=1

If we fix the basis, then X, Y can be expressed in vector form as
X =(aj,an,...,an)", Y=y, b, ...,0p)T.
In vector form, the vector product of X and Y can be simply calculated as
X*xY=MxXKxY. (2.25)

. Consider the cross product on R>. Its structure constants were obtained in Ex-
ample 2.1. We can arrange them into a matrix as

0 0 O 0O 01 0 -1 0
Mc=({0 0 -1 0 O O 1 0 O . (2.26)
01 0 -1 0 00 O O
Now, if
X = ! 11 Y= ! (1)
v v
then we have
0.4082
XxY=MXY=|0.8165
0.4082

When a multifold cross product is considered, this form becomes very conve-
nient. For instance,

0.5774
XXYx--xY=MPxy0=| 05774
0 0.5774
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Example 2.13 Let ¢ € .7,°(V). Thatis, ¢ is a tensor on V with covariant order s and

contra-variant order ¢. Suppose that its structure constants are {c'/.ll”/.zQ":_'_";lt }. Arrange
it into a matrix by using the ordered multi-index Id (i1, i7, . .., is; n) for columns and
the ordered multi-index 1d(j1, jo, ..., j:; n) for rows. The matrix turns out to be
11---1 11--n nn---n
Cilo1 Ci1.1 1.1
11---1 11--n nn---n
€112 C11..2 1.2
My = . (2.27)
11---1 11-n nn---n
Cinen 7 Caneen 7 Cupeen
It is the structure matrix of the tensor ¢. Now, assume w; € V*,i =1,2,...,t, and
X;jeV,j=1,2,...,s, where w; are expressed as rows, and X ; are expressed as
columns. Then
¢(w15 "‘awlvxlv ”-7XS) = Wrwr—1 "'wlMd)Xle..'XS? (2‘28)

where the product symbol x is omitted.

Next, we define the power of a matrix. The definition is natural and was used in
the previous example.

Definition 2.7 Given a matrix A € .#),x, such that p%qg =0 or g%p =0, we
define A", n > 0, inductively as

Al = A,
ARl = AR A k=1,2,....

Remark 2.3 Tt is easy to verify that the above A" is well defined. Moreover, if p =
sq, where s € N, then the dimension of A* is s¥q x ¢; if ¢ = sp, then the dimension
of Ak is p x s*p.

Example 2.14

1. If X is a row or a column, then according to Definition 2.7, X" is always well
defined. Particularly, when X, Y are columns, we have

XXxY=X®Y. (2.29)
When X, Y are rows,
XxY=Y®X. (2.30)
In both cases,
X=X® --®X. (2.31)

k
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2. Let X e R", Y € RY be column vectors and A € Ajpxn, B € M }xq- Then,

(AX) x (BY)=(AQ® B)(X xY). (2.32)
Particularly,
AX)'=(A®- - -®A)x~ (2.33)
[ ——
k

3. Let X e R™, Y € R? be row vectors and A, B be matrices (as in 2. above). Then

(XA) X (YB)=(X X Y)(B® A). (2.34)
Hence,
XA =x"A®- --®A). (2.35)
*f_—/
k

4. Consider the set of real kth order homogeneous polynomials of x € R” and de-
note it by B¥. Under conventional addition and real number multiplication, B
is a vector space. It is obvious that x* contains a basis (x* itself is not a basis be-
cause it contains redundant elements). Hence, every p(x) € B,’f can be expressed

. k .
as p(x) = Cx¥, where the coefficients C € R" are not unique. Note that here
x=(x1,x2,..., xn)T is a column vector.

In the rest of this section we describe some basic properties of the semi-tensor
product.

Theorem 2.1 As long as x is well defined, i.e., the factor matrices have proper
dimensions, then x satisfies the following laws:

1. Distributive law:

Fx(@GxbH)=aF xG+bF x H,

(2.36)
(aF £bG)x H=aF x H+bG x H, a,beR.

2. Associative law:

(FXxG)Xx H=F x (G x H). (2.37)

(We refer to Appendix B for the proof.)
The block multiplication law also holds for the semi-tensor product.

Proposition 2.3 Assume A >; B (or A <; B). Split A and B into blockwise forms
as

All . pls Bll Bll
A= E B=] : :
ATl L. AT Bsl ... pst
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If we assume A'* =, BKi Vi, j k (correspondingly, A <; B Vi, j k), then

C]l Clt
AxB=| : e (2.38)
Crl Ccrt

where

N
C =Y A% wxBY.
k=1
Remark 2.4 We have mentioned that the semi-tensor product of matrices is a gen-

eralization of the conventional matrix product. That is, if we assume A € %y,
B e #pxy,and n = p, then

AxX B=AB.

Hence, in the following discussion the symbol x will be omitted, unless we want
to emphasize it. Throughout this book, unless otherwise stated, the matrix product
will be the semi-tensor product, and the conventional matrix product is its particular
case.

As a simple application of the semi-tensor product, we recall an earlier example.

Example 2.15 Recall Example 2.5. To use a matrix expression, we introduce the
following notation. Let 8,"1 be the ith column of the identity matrix I,,. Denote by P
the variable of players, where P = 8;; means P = P;, i.e., the player under consid-
eration is P;. Similarly, denote by x; the strategy chosen by the ith player, where

X = ‘Sli,- means that the jth strategy of player i is chosen.

1. Consider the prisoner’s dilemma. The payoff function can then be expressed as
rp(P,x1,x2) = PT x M), x x1 % x2, (2.39)

where M), is the payoff matrix, as defined in (2.12).
2. Consider the general case. The payoff function is then

ra(P,X1,%2, ..., xm) = PT x Mg x"_, x;, (2.40)

where M, is defined in (2.13).

2.3 Swap Matrix

One of the major differences between the matrix product and the scalar product is
that the scalar (number) product is commutative but the matrix product is not. That
is, in general,

AB # BA.
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Since the semi-tensor product is a generalization of the conventional matrix product,
it would be absurd to expect it to be commutative. Fortunately, with some auxiliary
tools, the semi-tensor product has some “commutative” properties, called pseudo-
commutative properties. In the sequel, we will see that the pseudo-commutative
properties play important roles, such as separating coefficients from the variables,
which makes it possible for the calculation of polynomials of multiple variables to
be treated in a similar way as the calculation of polynomials of a single variable. The
swap matrix is the key tool for pseudo-commutativity of the semi-tensor product.

Definition 2.8 A swap matrix W, ,) is an mn x mn matrix, defined as follows.
Its rows and columns are labeled by double index (i, j), the columns are arranged
by the ordered multi-index Id(i, j; m, n), and the rows are arranged by the ordered
multi-index 1d(j, i; n, m). The element at position [(/, J), (i, j)] is then

1.J 1, I:iandJ:j,

W), (ij) = 51-,’] = (2.41)

0, otherwise.

Example 2.16

1. Letting m = 2, n = 3, the swap matrix W[, , can be constructed as follows.
Using double index (7, j) to label its columns and rows, the columns of W are
labeled by 1d(i, j; 2, 3), that is, (11, 12, 13, 21, 22,23), and the rows of W are
labeled by 1d(j, i; 3,2), thatis, (11,21, 12,22, 13,23). According to (2.41), we
have

(11) (12) (13) (21) (22) (23)
1 0000 0] @b

00010 0| D
Woe—|0 1 0000 @2
23=10 00 01 0| 2
001 00O0]| 13
00000 1| (3

2. Consider W3 2. Its columns are labeled by 1d(i, j; 3, 2), and its rows are labeled
by Id(j, i; 2,3). We then have

(11) (12) (21) (22) (31) (32)
1 0000 0] (b

00100 0| @
W —|0 0 00 1 0 @D
B21=1o 10 0 0 0| Q2
000T100]| (2
00000 1| (32

The swap matrix is a special orthogonal matrix. A straightforward computation
shows the following properties.
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Proposition 2.4

1. The inverse and the transpose of a swap matrix are also swap matrices. That is,

wr  —w!

[m,n] [m,n

1= Winm)- (2.42)

2. When m = n, (2.42) becomes

Winn = Wip a1 = Wi by (2.43)

3.
Wi = Win1) = In. (2.44)
Since the case of m = n is particularly important, for compactness, we denote it

as

Win1 := Winny-

From (2.42) it is clear that W, , is an orthogonal matrix. This is because, when
used as a linear mapping from R™" to R"", it changes only the positions of the
elements but not the values.

A swap matrix can be used to convert the matrix stacking forms, as described in
the following result.

Proposition 2.5 Let A € My xy. Then

W[m,n] Vr(A) = VC(A)a
(2.45)
W[n,m] VC(A) = Vr(A)

For double-index-labeled data {a;;}, if it is arranged by Id(i, j; m, n), then the
swap matrix W}, ,] can convert its arrangement to the order of 1d(j,i; n,m) and
vice versa. This is what the “swap” refers to. This property can also be extended to
the multiple index-case. We give a rigorous statement for this.

Corollary 2.1 Let the data {a;;j | 1 <i <m, 1 < j <n} be arranged by the ordered
multi-index Id(i, j; m,n) as a column X. Then

Y = Wi X

is the same data {a;;} arranged in the order of Id(j,i;n,m).
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Example 2.17

1. Let X = (x11, X12, X13, X21, X22, X23). That is, {x;;} is arranged by the ordered
multi-index Id(i, j; 2, 3). A straightforward computation shows

1000 0 0][xy X1
0001 0 0|/ a1
_ 10 1.0 0 0 O x13 | | x12
Y=WoaX=140 0001 0||xy|=|xn
00100 0/]xm 13
00 0 0 0 1] x3 X23

That is, Y is the rearrangement of the elements x;; in the order of Id(j, i; 3, 2).
2. Let X = (x1, x2, ...,xm)T eR™, Y = (y1, y2, ...,yn)T € R". We then have

X®Y = (X1¥1 X1Y2 o2 XV o XV XmY2e -2 X ¥n)
Y ® X = (YIX1, Y1520 -« VX oo YnX1s YnX2s -y YnXim)
= (X1Y1 X2V 10 o2 X Vls o2 X1V X2V -2 X i) -
They both consist of {x;y;}. However, in X ® Y the elements are arranged in the

order of Id(i, j; m,n), while in ¥ ® X the elements are arranged in the order of
1d(j,i;n,m). According to Corollary 2.1 we have

Y@X =W, (XQ®Y). (2.46)
It is easy to check that XY = X ® Y, so we have

YX =Wy XY. 2.47)
The following proposition comes from the definition.

Proposition 2.6

1. Let X = (x;j) be a set of data arranged as a column vector by the ordered multi-
index 1d(i, j; m,n). Then Wy, 1 X is a column with the same data, arranged by
the ordered multi-index Id(j,i; n, m).

2. Let w = (wjj) be a set of data arranged by the ordered multi-index 1d(i, j; m,n).
Then W, p is a row with the same set of data, arranged by the ordered multi-
index Id(j,i;n,m).

A swap matrix can be used for multiple-index-labeled data and can swap two
special indices. This allows a very useful generalization of the previous proposition,
which we now state as a theorem.
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Theorem 2.2
1. Let X = (x;,,....i;) be a column vector with its elements arranged by the ordered
multi-index Id(iy, ...,ix;n1,...,nr). Then

Unjtotn o @ Win n 1 ® Iﬂr+2+“'+”k]X

is a column vector consisting of the same elements, arranged by the ordered

multi-index Id (i1, ..., G141, 0ty ooy B3 ALy o ooy Rpe 1y Mgy oo oy IR
2. Let w = (wj,,...;;) be a row vector with its elements arranged by the ordered
multi-index 1d(iy, ..., ig;ny,...,ng). Then

Ol otn—y @ Wing 1 n] © Inyio oty ]

is a row vector consisting of the same elements, arranged by the ordered multi-
index 1d(i1, ..., 041,08y o s B3R, ooy Rpg ], Rpy vy ).

Wim,n) can be constructed in an alternative way which is convenient in some
applications. Denoting by &/, the ith column of the identity matrix I,, we have the
following.

Proposition 2.7
Wimm =8 x 8L, - 8rwxsl o Siwam o srxam].  (248)

For convenience, we provide two more forms of swap matrix:

In®81"
Wim,n = : (2.49)
I, @8
and, similarly,
Winn) = [In ® 85, ... I ® 8] (2.50)

The following factorization properties reflect the blockwise permutation property
of the swap matrix.

Proposition 2.8 The swap matrix has the following factorization properties:

W[p,qr] = ([q & W[p,r])(W[p,q] ® [r) = (Ir ® W[p,q])(W[p,r] ® Iq)v (251)
Wipg.r1 = Wip.n ® Ig)Up ® Wig.r) = (Wig.rn ® Ip) Uy ® Wip.ry). (2.52)

2.4 Properties of the Semi-tensor Product

In this section some fundamental properties of the semi-tensor product of matrices
are introduced. Throughout, it is easily seen that when the conventional matrix prod-
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uct is extended to the semi-tensor product, almost all its properties continue to hold.
This is a significant advantage of the semi-tensor product.

Proposition 2.9 Assuming that A and B have proper dimensions such that X is
well defined, then

(Ax B)T =BT x AT. (2.53)

The following property shows that the semi-tensor product can be expressed by
the conventional matrix product plus the Kronecker product.

Proposition 2.10
1. If A€ Myxnp, B € Mpxq, then

AXxB=ABQI,). (2.54)
2. If A€ Muxn, B € Mypxgy, then

Ax B=(A®1,)B. (2.55)

(We refer to Appendix B for the proof.)

Proposition 2.10 is a fundamental result. Many properties of the semi-tensor
product can be obtained through it. We may consider equations (2.54) and (2.55)
as providing an alternative definition of the semi-tensor product. In fact, the name
“semi-tensor product” comes from this proposition. Recall that for A € .4}, x, and
Be / pxq- their tensor product satisfies

Intuitively, it seems that the semi-tensor product takes the “left half” of the product
in the right-hand side of (2.56) to form the product.

The following property may be considered as a direct corollary of Proposi-
tion 2.10.

Proposition 2.11 Let A and B be matrices with proper dimensions such that A x B
is well defined. Then:

1. A X B and B x A have the same characteristic functions.

2. tr(A X B) =tr(B x A).

3. If A and B are invertible, then A X B ~ B X A, where “~” stands for matrix
similarity.

4. If both A and B are upper triangular (resp., lower triangular, diagonal, orthog-
onal) matrices, then A X B is also an upper triangular (resp., lower triangular,
diagonal, orthogonal) matrix.

5. If both A and B are invertible, then A x B is also invertible. Moreover,

(AxB)'=B"1xal. (2.57)
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6. If A<, B, then
dmAxm=kmmﬂmey (2.58)
If A >; B, then
det(A x B) = det(A)[det(B)]t. (2.59)
The following proposition shows that the swap matrix can also perform the swap
of blocks in a matrix.
Proposition 2.12
1. Assume
AZ(All""yAlna"‘5Am17"'7Amn)7

where each block has the same dimension and the blocks are labeled by double
index {i, j} and arranged by the ordered multi-index Id(i, j; m,n). Then

AW[n,m] = (Allv'“aAmls ~"1Aln7 ~~~1Amn)

consists of the same set of blocks, which are arranged by the ordered multi-index
1d(j,i;n,m).
2. Let
B=(B},....BY,....BY,,....BE )",

1n> ml»

where each block has the same dimension and the blocks are labeled by double
index {i, j} and arranged by the ordered multi-index Id(i, j; m,n). Then

T T T T\T
WimmB = (B{|,....Byjs.... By, M)

ml>»
consists of the same set of blocks, which are arranged by the ordered multi-index
ld(j,i;n,m).

The product of a matrix with an identity matrix / has some special properties.

Proposition 2.13
1. Let M € My xpn. Then
MxI,=M. (2.60)
2. Let M € My, xn. Then
MxIy=MQI,. 2.61)
3. Let M € Mpmxn- Then
I, x M=M. (2.62)
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4. Let M € My, xn. Then
Ipml><M=M®Ip. (2.63)

In the following, some linear mappings of matrices are expressed in their stacking
form via the semi-tensor product.

Proposition 2.14 Let A € Myxn, X € Muxq, Y € Mpxm. Then
Vi(AX) = A x Vi(X), (2.64)
Ve(YA) = AT x Vo(Y). (2.65)

Note that (2.64) is similar to a linear mapping over a linear space (e.g., R"). In
fact, as X is a vector, (2.64) becomes a standard linear mapping.

Using (2.64) and (2.65), the stacking expression of a matrix polynomial may also
be obtained.

Corollary 2.2 Let X be a square matrix and p(x) be a polynomial, expressible as
p(x) =q(x)x + po. Then

Vi(p(X)) = g(X)Va(X) + poVi(D). (2.66)

Using linear mappings on matrices, some other useful formulas may be ob-
tained [4].

Proposition 2.15 Let A € My xn and B € M pxq. Then
Iy @ AW p) = Wim p)(A® 1), (2.67)
Wim.p1(A ® B)Wig.m = (B ® A). (2.68)
In fact, (2.67) can be obtained from (2.68).
Proposition 2.16 Let X € My, x, and A € My «s. Then
XA = (L ® V' (1)) Wigm AT Ve (X). (2.69)

Roughly speaking, a swap matrix can swap a matrix with a vector. This is some-
times useful.

Proposition 2.17

1. Let Z be a t-dimensional row vector and A € My xn. Then
ZWinnA=AZW,n=AR Z. (2.70)

2. Let Y be a t-dimensional column vector and A € My, xn. Then

AWp Y =W mYA=AQY. 2.71)
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The following lemma is useful for simplifying some expressions.

Lemma 2.1 Let A € My, %, Then

Win.q1 X AX Wig =1, ® A. (2.72)

The semi-tensor product has some pseudo-commutative properties. The follow-
ing are some useful pseudo-commutative properties. Their usefulness will become
apparent later.

Proposition 2.18 Suppose we are given a matrix A € My xy .
1. Let Z € R! be a column vector. Then
AZY = Z"Wi n AWy = 2V, @ A). (2.73)
2. Let Z € R! be a column vector. Then
ZA =W nAWimZ=UQA)Z. (2.74)
3. Let X € R™ be a row vector. Then
xTA =[via)] x. (2.75)
4. Let Y € R" be a row vector. Then
AY = YTV (A). (2.76)
5. Let X € R™ be a column vector and Y € R" a row vector. Then
XY =Y WpmX. (2.77)
Proposition 2.19 Let A € My x, and B € Myw;. Then

AQRB=Wm X BX Wipqgx A=, Q®B) X A. (2.78)

Example 2.18 Assume

b1 b2
A=|:Z; Z;} B=|by bpn|,
b31 b3
where m =n=2,s =3 and t =2. Then
1 0 0 0 0 O
0O 0 1 0 0 O
0O 0 0 0 1 O
Wa=1o9 1 00 0 0l
0O 0 01 0O
0O 0 0 0 0 1
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1 0 0 O
0O 0 1 0
Wea=1o 1 0 o
(00 0 1
by b2 0 0
by b 0 0
0

b31 b3 0 ajy ap
W X B x W X A= ; X
3.2 (2.2] 0 0 b b2 |:6121 022i|

0 0 bxn by
0 0 b3 b3

aitbir  anbiz  anbii anbi
ainbar  anbn  anby  apbxn
anbs1 anbzy apbz apbin

a1bir  axibiy  axnbi anbi
aziba1  axibyp  anby  anbxn
| a21b31 anbzy  axbsi  anbip
As a corollary of the previous proposition, we have the following.
Corollary 2.3 Let C € Msx;. Then, for any integer m > 0, we have
Wism) X C X Wi =1, @ C. (2.79)

Finally, we consider how to express a matrix in stacking form and vice versa, via
the semi-tensor product.

Proposition 2.20 Let A € #,,,x,,. Then

Vi(A) = A x Vi(1y), (2.80)
Ve(A) = Wiy X A X Ve(Iy). 2.81)

Conversely, we can retrieve A from its row- or column-stacking form.
Proposition 2.21 Let A € My xy,. Then
A=[In ® VI (1)] % Vi(A) = [In ® V' (1)] X Wiy X Ve(A). (2.82)

As an elementary application of semi-tensor product, we consider the following
example.

Example 2.19 In mechanics, it is well known that the angular momentum of a rigid
body about its mass center is

H =/r X (w X r)dm, (2.83)
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Fig. 2.1 Rotation

where r = (x, y, z) is the position vector, starting from the mass center, and w =
(wy, wy, w.)T is the angular speed. We want to prove the following equation for
angular momentum (2.84), which often appears in the literature:

H, Iy _Ixy — I Wy
Hy | =| =1 I, =1y, wy |, (2.84)
H, Iy _Iyz I Wz

where

I =/(y2+zz) dm, I =/(12+x2)dm, I; =/(x2+y2)dm,

Iyy :/xydm, Iyzzfyzdm, sz=/zxdm.

Let M be the moment of the force acting on the rigid body. We first prove that
the dynamic equation of a rotating solid body is

dH
— =M. (2.85)
dr

Consider a mass dm, with O as its rotating center, r as the position vector (from
O to dm) and d f the force acting on it (see Fig. 2.1). From Newton’s second law,

dv
df =adm=—d
f=adm ” m

d
= —(w X r)dm.
@ (0 xr)
Now, consider the moment of force on it, which is
d
dM =r xdf =r x a(w x r)dm.

Integrating this over the solid body, we have

M = /r X %(w x r)ydm. (2.86)
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‘We claim that
Loxn=S[rx@xn]
rx —(wxr)y=—|r x(wxr)l|,
dr dr

RHS = dg(r) X (wxr)+rx dg(a) X r)
! g (2.87)

d
:(a)xr)x(a)xr)—i—rx&(wxr)
d
=0+rx a(a)xr):LHS.

Applying this to (2.86), we have

M=/%[rx(wxr)]dm

=£/rx(a)xr)dm
dr
_d
T dr
Next, we prove the angular momentum equation (2.84). Recall that the structure
matrix of the cross product (2.26) is

00 0 O o010 —-10
M¢={0 0 -1 0 O O 1 0 Of,
Oo1 0 —-10 0 0 O O

and for any two vectors X, Y € R3, their cross product is
X xY=MXY. (2.88)

Using this, we have
H :/rx(a)xr)dm
= /Mchca)r dm
= /MC(I3 ® M)rowr dm
= /MC(I3 ® MC)W|3,9|r2wdm
- /MC(13 ® Me)Wp3.01r% dma

= / wr? dmw,
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where

¥ =M.(I3 ® Mc)W[3,9)

0000 -1000-1 000100000 00000 0100
=|{0100 0 000 0 —-100000O0O0-1 02000 0 0071 0]|
00100 0000 00000100 0 —-1000-100200
We then have
y:+22 Xy —XZ
2
Ure = —Xy x2 472 —-yz
—xz —yz  x?+y?

Equation (2.84) follows immediately.

2.5 General Semi-tensor Product

In previous sections of this chapter the semi-tensor product considered was the left
semi-tensor product of matrices. Throughout this book the default semi-tensor prod-
uct is the left semi-tensor product, unless otherwise stated. In this section we will
discuss some other kinds of semi-tensor products.

According to Proposition 2.10, an alternative definition of the left semi-tensor
product is

(2.89)

AxB— (A®1IL;)B, A<;B,
AB®1IL;), A>;B.

This proceeds as follows. For a smaller-dimensional factor matrix, we match it
on the right with an identity matrix of proper dimension such that the conventional
matrix product is possible. The following definition then becomes natural.

Definition 2.9 Suppose we are given matrices A and B. Assuming A <; Bor A >;
B, we define the right semi-tensor product of A and B as

(2.90)

(II®A)B, A<f B,
AXB=
A(It ®B), A >t B.

Most properties of the left semi-tensor product hold for the right semi-tensor
product. In Proposition 2.22 we assume the matrices have proper dimensions such
the product x is defined. In addition, for items 5—-10 A and B are assumed to be two
square matrices.

Proposition 2.22
1. Associative law:

(mMAXB)xC=Ax(BxC(C). 2.91)
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Distributive law:
(A+B)yxC=AxC+BxC, CxX(A+B)=CxA+CxB. (292)
2. Let X and Y be column vectors. Then,
XxY=YR®X. (2.93)

Let X and Y be row vectors. Then,

XxY=X®Y. (2.94)
3.
(AxB)T=BTxAT (2.95)
4. Let M € My xpn- Then,
MxI,=M. (2.96)
Let M € My xn. Then,
Mxl,,=1,®M. (2.97)
Let M € M pmxn- Then,
I, xM=M. (2.98)
Let M € My xn. Then,
Ipm xM=1,9M. (2.99)

5. A X B and B X A have the same characteristic function.

tr(A x B) =tr(B X A). (2.100)

7. If A and B are orthogonal (upper triangular, lower triangular) matrices, then so
is A x B.

8. If A and B are invertible, then A X B~ B X A.

9. If A and B are invertible, then

(AxB)'=B1xa"l. (2.101)
10. If A <; B, then
det(A x B) = [det(A)]’ det(B). (2.102)
If A >; B, then
det(A x B) = det(A)[det(B)]‘. (2.103)
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A question which naturally arises is whether we can define the right semi-tensor
product in a similar way as in Definition 2.6, i.e., in a “row-times-column” way. The
answer is that we cannot. In fact, a basic difference between the right and the left
semi-tensor products is that the right semi-tensor product does not satisfy the block
product law. The row-times-column rule is ensured by the block product law. This
difference makes the left semi-tensor product more useful. However, it is sometimes
convenient to use the right semi-tensor product.

We now consider some relationships between left and right semi-tensor products.

Proposition 2.23 Let X be a row vector of dimension np, Y a column vector of
dimension p. Then,

XXY=XWpnxY. (2.104)
Conversely, we also have

XXY=XWypxY. (2.105)
If dim(X) = p and dim(Y) = pn, then

XXY=Xx Wy Y. (2.106)
Conversely, we also have

XXY=XxW,pnY. (2.107)

In the following, we introduce the left and right semi-tensor products of matrices
of arbitrary dimensions. This will not be discussed beyond this section since we have
not found any meaningful use for semi-tensor products of arbitrary dimensions.

Definition 2.10 Let A € %}, xn, B € M pxy, and a =lcm(n, p) be the least com-
mon multiple of n and p. The left semi-tensor product of A and B is defined as

A|><B:(A®1a7)(B®I%). (2.108)
The right semi-tensor product of A and B is defined as

AxB=(I:®A)Is®B). (2.109)

Note that if n = p, then both the left and right semi-tensor products of arbitrary
matrices become the conventional matrix product. When the dimensions of the two
factor matrices satisfy the multiple dimension condition, they become the multiple
dimension semi-tensor products, as defined earlier.

Proposition 2.24 The semi-tensor products of arbitrary matrices satisfy the follow-
ing laws:
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1. Distributive law:
(A+B)xC=(AxC)+ (Bx (),
(A+B)xC=(AxC)+ (B xC),
Cx(A+B)=(Cx A)+(C x B),
Cx(A+B)=(C xA)+(C x B).

2. Associative law:

(AxB)xC=AX (BxC(C),
(AXB)XC=AX(BxC(C).

(2.110)
(2.111)
(2.112)
(2.113)

(2.114)
(2.115)

Almost all of the properties of the conventional matrix product hold for the left or
right semi-tensor product of arbitrary matrices. For instance, we have the following.

Proposition 2.25
1.
FAMBFZBTMA?
(Ax BT =BT x AT.
2. If M € Myxpn, then

Mx I, =M,

MxIl,=M.
If M € M ppxn, then

In X M =M,

In X M=M.

In the following, A and B are square matrices.

(98]

tr(A x B) = tr(B x A),
tr(A x B) = tr(B x A).

(2.116)

(2.117)

(2.118)

. AX Band B x A (A x B and B x A) have the same characteristic function.

(2.119)

5. If both A and B are orthogonal (resp., upper triangular, lower triangular, diago-
nal) matrices, then A X B (A x B) is orthogonal (resp., upper triangular, lower

triangular, diagonal).

6. If both A and B are invertible,then AX B~BXA(AXB~BXA).

7. If both A and B are invertible, then

(Ax By '=B"1x AL,
(AxB)l=p"1xaAl

(2.120)



References 53

8. The determinant of the product satisfies

det(A x B) = [det(A)]% [det(B)] 7, @.121)
det(A x B) = [det(A)]7 [det(B)] 7. '
Corollary 2.4 Let A € Myxn, B € Mpxq. Then
C=AxB=(CY), i=1,...m j=1,...,q, (2.122)

where
CY = A" x By,
Al =Row;(A), and Bj = Col;(B).
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