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LINEAR TRANSFORMATIONS THAT PRESERVE TERM
RANK BETWEEN DIFFERENT MATRIX SPACES

SEOK-ZUN SONG AND LEROY B. BEASLEY

ABSTRACT. The term rank of a matrix A is the least number of lines (rows
or columns) needed to include all the nonzero entries in A. In this paper,
we obtain a characterization of linear transformations that preserve term
ranks of matrices over antinegative semirings. That is, we show that a
linear transformation 7" from a matrix space into another matrix space
over antinegative semirings preserves term rank if and only if T' preserves
any two term ranks k and [.

1. Introduction

There are many papers on linear operators on a matrix space that preserve
matrix functions over various algebraic structures. But there are few papers of
linear transformations from one matrix space into another matrix space that
preserve matrix functions over an algebraic structure. In this paper we consider
linear transformations from m X n matrices into p X ¢ matrices that preserve
term rank.

A semiring [2] is a set S equipped with two binary operations + and -
such that (S,+) is a commutative monoid with identity element 0 and (S,-)
is a monoid with identity element 1. In addition, the operations + and - are
connected by distributivity of - over 4+, and 0 annihilates S.

A semiring S is called antinegative if 0 is the only element to have an additive
inverse. The following are some examples of antinegative semirings which occur
in combinatorics. Let B = {0,1}. Then (B, +,-) is an antinegative semiring
(the binary Boolean semiring) if arithmetic in B follows the usual rules except
that 1+ 1 = 1. If P is any subring of R with identity, the reals (under real
addition and multiplication), and Pt denotes the nonnegative part of P, then
Pt is an antinegative semiring. In particular Z*, the nonnegative integers, is
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an antinegative semiring. A nonzero s € S is a zero divisor if s's = 0 for some
nonzero s’ € S.

Hereafter, S will denote an arbitrary commutative and antinegative semiring.
Let M, »(S) and M, 4(S) be the set of all m x n and p x ¢ matrices respectively
with entries in a semiring S. Algebraic operations on M, ,,(S) and M, (S) are
defined as if the underlying scalars were in a field.

The term rank 7(A) of a matrix A is the minimal number & such that all the
nonzero entries of A are contained in h rows and k — h columns. Term rank
plays a central role in combinatorial matrix theory and has many applications
in network and graph theory (see [4]).

From now on we will assume that 2 < m < n. It follows that 1 < 7(A) <m
for all nonzero A € My, (S).

Let E,(;’s) denote the set of all matrices in M, ¢(S) whose term rank is k.

Let T : My, n(S) — M, 4(S) be a linear transformation. If f is a func-
tion defined on M, »(S) and on M, 4(S), then T' preserves the function f if
f(T(A) = f(A) for all A € M, ,(S). If X is a subset of M, »,(S) and Y is a
subset of M, 4(S), then T' preserves the pair (X,Y) if A € X implies T'(4) € Y.
Further, T strongly preserves the pair (X,Y) if A € X if and only if T(A) € Y.
Further, we say that T (strongly) preserves term rank k if T' (strongly) preserves
the pair (Z{™ =),

Beasley and Pullman ([2]) have characterized linear operators on M, ,(S)
that preserve term rank, and the following are main results of their work: for
a linear operator T : M, ,(S) — My, (S),

(1.1) T preserves term rank if and only if T" preserves term ranks 1 and 2;

(1.2)

T preserves term rank if and only if T" strongly preserves term rank 1 or m.

Kang, Song and Beasley ([5]) also have characterized linear operators on
M, (S) that preserve term rank, and the following are main results of their
work: for a linear operator T : M, »(S) — M,, »(S),

(1.3) T preserves term rank if and only if T' preserves term ranks 1 and k.

Note that if 1 <k <m <mn and T : My, »(S) = M, 4(S) preserves term rank
k, then necessarily k < min(p, q).

In this paper, their work is continued. A sectional summary is as follows:
Some definitions and preliminaries are presented in Section 2. Section 3 gen-
eralizes (1.1)~(1.3) by showing that T : M, ,(B) — M, ,(B) preserves term
rank (of Boolean matrices) if and only if T' preserves term ranks &k and [, where
1 <k<l<m<mn InSection 4, we show that T : M, »,(S) — M, 4(S)
preserves the term rank of matrices over antinegative semiring S if and only
if it preserves any two term ranks if and only if it strongly preserves any one
term rank.
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2. Preliminaries

The matrix A" denotes a matrix in M, (B), O™ is the m x n zero
matrix, I,, is the n x n identity matrix, I,gm’") =TI} ® Opm_kon—, and J™7) is
the m x n matrix all of whose entries are 1. Let EZ(T") be the m x n matrix
(m,n)

J

whose (4, j)th entry is 1 and whose other entries are all 0, and we call E;

a cell. An m x n matrix L™ is called a full line matriz if

LW Y B o L = 3" B
=1 k=1

for some i € {1,...,m} or for some j € {1,...,n}; R™™ = " EZ(T")

is the ¢th full row matriz and C](m’") = >, E,(:;’n) is the jth full column
matriz. We will suppress the subscripts or superscripts on these matrices when
the orders are evident from the context and we write A, O, I, I, J, E; ;, L,
R; and Cj respectively.

The following is obvious by the definition of term rank of matrices over
antinegative semirings.

Lemma 2.1. For matrices A and B in My, ,,(S), we have T(A+ B) < 7(A4) +
7(B) and 7(A) < 1(A+ B).

If A and B are matrices in My, ,,(S), we say that B dominates A (written
AC Bor BJA)ifb;; =0 implies a; ; = 0 for all 4 and j. This provides a
reflexive and transitive relation on M, ,(S).

The following is also obvious by the definition of term rank of matrices over
antinegative semirings.

Lemma 2.2. For matrices A and B in M, »(S), A C B implies that 7(A) <
T(B).

As usual, for any matrix A and lists L; and Ly of row and column indices
respectively, A(Ly | L2) denotes the submatrix formed by omitting the rows
L; and columns Ly from A and A[Ly | Ls] denotes the submatrix formed by
choosing the rows L; and columns Lo from A.

Definition. For matrices A and B in M, ,,(S), the matrix A o B denotes the
Hadamard or Schur product. That is, the (i, )" entry of Ao B is a; jb; ;.

Definition. If 1 <m,nand 1 <p,q and T : M, ,,(B) — M, ;(B), then 7" is a
(P, Q)-block-transformation if there are permutation matrices P € M, (B) and
Q € M, (B) such that

e m<pandn<g,and T(A) = P[A® O]Q for all A € M, ,(B) or
e m<qgandn <p,and T(A) = P[A' ® O]Q for all A € M, ,,(B).
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Definition. If S is a commutative antinegative semiring without zero divisors,
1<m,nandl<p,q, and T : M, ,,(S) = M, 4(S), then T is a (P, Q, B)-block-
transformation if there are permutation matrices P € M, (S) and Q € M,(S),
and B € M, ,(S) such that
e m<pandn <g,and T(A) = P[(AoB)® 0]Q for all A € M,,,,,(S) or
e m<qgandn <p,and T(A) = P[(Ao B)! ® 0]Q for all A € M, ,,(S).

3. A characterization of term rank preservers of Boolean matrices.

For a linear transformation T' : M, ,,(B) — M, ;(B), we say that T

(1) preserves term rank k if 7(T(X)) = k whenever 7(X) = k for all
X € My, (B), or equivalently if 7" preserves the pair (Eém’n),El(cp’q));

(2) strongly preserves term rank k if 7(T(X)) = k if and only if 7(X) =k
for all X € M,, »,(B), or equivalently if T' strongly preserves the pair
(:(m,n) :'(PJI));

(3) preserves term rank if it preserves term rank & for every k(< m).

In this section we provide characterizations of linear transformations 7' :
M, (B) = M, ,(B) that preserve term ranks k and I, where 1 <k <l <m <
n.

Theorem 3.1. Let 1 < m,n and 1 < p,q and T : M, ,(B) — M, ,(B).
Then T strongly preserves term rank 1 if and only if T is a (P,Q)-block-
transformation (Necessarily, either m < p and n < q, orm < g and n < p).

Proof. Tt is routine to show that if T is a (P, @)-block transformation, then T
strongly preserves term rank 1.

Assume that T strongly preserves term rank 1. Then, the image of each line
in M, ,, (B) is a line in M, ,(B). We may assume that either T'(R{"™"™) C R"?
or T(R{™™) £ oP?.

Case 1. T(R{™™) T RPP?. Suppose that T(C](m’")) C RP9. Then, since
EY;”I) is in both Rgm’n) and C](m’") and since T(EY?")) # O, we must have

i = 1. But then, for j # k T(Eénjln) + E§n,zn)) C RY”’”) and hence, has term

rank 1. But T(ES?") + EYZ")) = 2, a contradiction. Thus the image of any
column is dominated by a column. Similarly, the image of any row is dominated
by a row. Further, since the sum of two rows (columns) has term rank 2, the
image of distinct rows (columns) must be dominated by distinct columns. Let
¢:{1,...,m} — {1,...,p} be a mapping defined by ¢(i) = j if T(Rz(m’")) C
R and define 0 : {1,...n} — {1,....p} by 6(i) = j it T(C™™) C 7.
Then, it is easily seen that ¢ and 6 are one-to-one mappings, and hence, m < p
and n < gq. Let ¢/ : {1,...,p} = {1,...,p} and ¢ : {1,...,q} — {1,...,q}
be one-to-one mappings such that ¢’ |1, my= ¢ and 0 |1, 3= 0. Let Py
and Qg denote the permutation matrices corresponding to the permutations
¢’ and 6.
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In this case we have that m < p and n < ¢, and T(A) = Py [A @ O]Qy for
all A € M, ,(B), that is, T is a (P, Q)-block-transformation.

Case 2. T(R™™) C c"?. As in Case 1, a parallel argument shows
that m < ¢q and n < p, and T(4) = P[A' @ O]Q for all A € M, ,(B), and
consequently that T is a (P, @)-block-transformation. ([

Lemma 3.2. Let 2 < k <m <n. If T : M, ,(B) = M, ,(B) is a linear
transformation that preserves term rank k and term rank 1, then T strongly
preserves term rank 1.

Proof. If k = 2, then clearly T strongly preserves term rank 1. Assume that & >
3. Suppose a term rank 2 matrix is mapped to a term rank 1 matrix. Without
loss of generality, 7(T'(E1,1 + E22)) = 1. But then, since T preserves term rank
L 7(T(E1q1+ Eap + Esg+ -+ Eppg)) =7(T(Ev + E22) +T(Es3)+ -+
T(Bi)) £ 7(T(Ey1+ Eo2)) +7(T(Bo)) 4+ +7(T(Eii))) = 1+ (k—2) < k,
a contradiction. Thus, T strongly preserves term rank 1. (I

Corollary 3.3. Let 1 <k <m,n and 1 < p,q and T : M, ,(B) — M, ,(B)
be a linear transformation. Then T preserves term rank 1 and term rank k if
and only if T is a (P, Q)-block-transformation.

Proof. By Lemma 3.2, T strongly preserves term rank 1. By Theorem 3.1, the
corollary follows. (I

We now come to the main theorem of this section:

Theorem 3.4. Let 1 <k <l<m<nandk+1<m. IfT:My,,[B) =
M, ,(B) is a linear transformation that preserves term rank k and term rank ,
or if T strongly preserves term rank k, then T is a (P, Q)-block-transformation.

The proof of this theorem relies upon nine lemmas which now follow.

Lemma 3.5. Let 2 < k <m <mn. Let T : M, ,(B) — M, ,(B) be a linear
transformation that preserves term rank k. If T does not preserve term tank 1,
then there is some term rank 1 matriz whose image has term rank at least 2.

Proof. Suppose that T does not preserve term rank 1 and 7(7'(A4)) < 1 for all
A with 7(A) = 1. Then, there is some cell E; ; such that T'(E; ;) = O. Without
loss of generality, assume that T'(E; 1) = O. Since 7(E1 1+ FEao+- -+ Ep i) =
k and T preserves term rank k, we have 7(T'(E22 + F33 + -+ + Epr)) =
T(T(ELl + E212 —+ 4 Ek,k)) =k. Let X = T(E212 + 4 Ek,k) then we can
choose a set of cells Y = {Fy, F5,..., Fy} such that X J F; foralli =1,...,k,
and 7(Fy + Fo + -+ + Fy,) = k. Since T'(E22 + -+ + Ey ) = X, there is
some cell in {Es 2, ..., E,} whose image under T' dominates two cells in V', a
contradiction. This contradiction establishes the lemma. [l

Lemma 3.6. Let 1 <k <m <n. Let T : M,,, ,(B) — M, ((B) be a linear
transformation that preserves term rank k. If A € M, ,,(B) and 7(A) < k,
then 7(T(A)) < k.
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Proof. If 7(A) = k, then 7(T'(A)) = k since T preserves term rank k. Suppose
that 7(A) = h < k, and 7(T'(A)) > k. Then there exists a matrix B such that
7(A+ B) = k and hence 7(T'(A + B)) = k, but by Lemma 2.1, 7(T'(A+ B)) =
T(T(A)+T(B)) > 7(T'(A)) > k, a contradiction. Thus 7(T(A)) < k. O

Recall that the matrix J is the matrix whose entries are all ones.

Lemma 3.7. Let 2 < k <m < n and T : M,;, n,(B) — M, o(B) be a linear
transformation that preserves term rank k. If T does not preserve term rank
1, then 7(T'(J)) < k + 2.

Proof. By Lemma 3.5, if T' does not preserve term rank 1, then there is some
rank 1 matrix whose image has term rank 2 or more. Without loss of generality,
we may assume that T(El,l + E172) Q E171 + E212.

Suppose that 7(T'(J)) > k + 3. Then, 7(T(J)[3,...,p]3,...,q]) > k — 1.
Without loss of generality, we may assume that 7'(J)[3,...,p|3,...,¢] 3 E3 3+
Esq+ -+ Eiyi1,k+1. Thus, there are k — 1 cells, F3, Fy, ..., Fiy1 such that
T(Fs54+Fy+---+Fyy1) B33+ FEga+- -+ Eyt1541. Then, T(E1 1+ E1 2+
Fs+Fy+- 4+ Fpp1) DI But, 7(Bign + Eio+ Fs + Fa+ -+ Fry) < k
while 7(T'(E11 + Ev 2+ F3 + Fy+ - -+ Fry1)) > k+ 1, a contradiction. Thus,
T(T(J)) <k+2. O

Lemma 3.8. Let 1 <k, k+3 <[l <m<n. Let T : M,;, ,(B) — M, ,(B)
be a linear transformation that preserves term rank k and term rank [, then T
preserves term rank 1.

Proof. Suppose that T" does not preserve term rank 1. By Lemma 3.5, there
is some term rank 1 matrix whose image has term rank at least 2. Let A be
such a term rank 1 matrix. Then, A is dominated by a row or column and the
image of the sum of two cells in that line has term rank at least two. Without
loss of generality, we may assume that T'(E1 1 + F12) J E11 + E22. Now, by
Lemma 3.7, if B = T'(C) is in the image of T', 7(B) < k+ 2 < I. But if we take
B =T(I;), then T(I;) must have term rank [, a contradiction.

That is, 7(T'(A)) < 1. Since A was an arbitrary term rank 1 matrix, T
preserves term rank 1. O

Lemma 3.9. Let 1 < k <m <n. If T : My, »,(B) = M, (B) is a linear
transformation that preserves term rank k and term rank k+2, then T strongly
preserves term rank k + 1.

Proof. Let A € M, »,(B).

Case 1. Suppose that 7(A)= k+1and 7(T(A)) > k+2. Let A1, As, ..., Apt1
be matrices of term rank 1 such that A = A} + Ay + -+ - 4+ Ag4+1. Without loss
of generality we may assume that T(A) J E1 1 + E22 + -+ + Epto k42 and,
since the image of some A; must have term rank at least 2, we may assume
that 7(T (A1 + As + -+ A;)) > i+ 1 for every i = 1,2,...k + 1. But then
T(A14+As+- -+ Ay) = k while 7(T (A1 +As+- - -+ Ag)) > k+1, a contradiction,
Thus if 7(A) =k+ 1, 7(T(A)) < k+1.
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Case 2. Suppose that 7(A) = k+ 1 and 7(T'(4)) = s < k. Without
loss of generality, we may assume that A = E1 1+ Ea9 + -+ + Epq1 p4+1 and
T(A) 3 E11+ Ez2+ -+ Es 5. Then there are s members of

{T(Er 1), T(E22),- s T(Egt1,641) }

whose sum dominates £y 1+Fs 2+ - -+E; 5. Say, without loss of generality, that
T(E1,1+FEsp+--+Ess) D E11+Eyo+- - -+FEs 5. Now, T(A+Ejq2k42) = k+2
so that 7(T(A+ Ej42,k+2)) = k+2. But since 7(T(A+ Exy2,5+2)) = 7((T'(A)+
T(Ek+27k+2)) S T(T(A)) + T(T(Ek+27k+2>>, it follows that T(T(Ek+21k+2)) Z
k+2—s and there are s members of {T'(E1,1),T(E22), ..., T(Ek+1,6+1)} whose
sum together with T'(Ej42 k+2) has term rank k+2, say 7(T(E1 1+ Ez o+ -+
Es s+ Epyokt2)) =k+2. Since s <k, 7(E11+Eao+- -+ Es s+ Egtopt2) <
k +1 and T(T(ELl + E212 + -+ Es,s + Ek+2,k+2>> =k + 2. By Case 1, we
again arrive at a contradiction.

Therefore T' strongly preserves term rank &k + 1. (I

Lemma 3.10. Let 1 < k < r;s. If T(Eng+--+Exx+A) > k+1 and
Alk+1,...,rlk+1,...,8] = O, then there is some i,1 < i < k, such that
T(Eii+ - +Fi1i1+Eiiim+ - +Eup+A) >EkE+ 1.

Proof. Suppose that B = E11 + -+ + Epr + A and 7(B) > k+ 1. Then
there are k + 1 cells Fi, F5, ..., Fxqq such that B J Fy + Fo + -+ + Fi
and T(Fl +F2+"'+Fk+1) = k+1 If F1+F2+"'+Fk+1 g Ik@O,
then one cell F; must be a cell F,; where a,b > k + 1, which contradicts
the assumption Ak +1,...,r|k+1,...,8] = O. Thus Fy + Fo + -+ + Fr1
does not dominate I @ O. That is, there is some 4,1 < ¢ < k, such that
T(Eii+-+FEi—iic1+Eiit1+-+Egp+A) > k+ 1. d

Lemma 3.11. Let 2 < k+1 <m < n. IfT : M, ,(B) — M, B) is a
linear transformation that preserves term rank k and term rank k + 1, then T
preserves term rank 1.

Proof. If k =1, the lemma vacuously holds. Suppose that k& > 2.

Suppose that T does not preserve term rank 1. Then there is some matrix of
term rank 1 whose image has term rank at least 2. Without loss of generality,
we may assume that T(El,l +FE12) J Ei11+ Es3. By Lemma 3.7 we have that
T(T'(J)) < k + 2. Since T preserves term rank k+ 1, 7(T'(J)) > k + 1.

Thus, 7(T(J)) = k + i for either ¢ = 1 or ¢ = 2. Now, we may assume
that for some r,s with r + s = k+ i, T(J)[r +1,...,p|s+1,...,q] = O.
Further, we may assume, without loss of generality, that there are k + i cells
F1,Fs, ..., Fyy; such that T(F;) J Ej gi—141 for I =1,...,k+ 1. Suppose the
image of one of the cells in Fy, F5, ..., Fi4+; dominates more than one cell in
{EA ktis B2 kti—1,s - - - Er1,4 ). Say, without loss of generality, that T'(Fy) 3
Eijti + B jio1, then, T(Fy + F3 + -+ + Fiq1) Bt i + B i1 + -+ +
E+1,i, a contradiction since 7(Fy + F3 + - - - + Fy1+1) < k, and hence 7(T'(F1 +
F3+ -+ Fpp1)) <k, and 7(E1pi + Eopio1 + -+ Epr) = k+ 1. It
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follows that for each j =1,...,k+ 1, if T(F;) J Ej kti—j+1, then | = j since
T(F;) 3 Ejk+ti—j+1 is unique. Further, by permuting we may assume that

Fl—l—Fg—l—---—l—FkE{ Ji Ok,n—k }

Oank,k Om,fk,nfk

Now, let O # A € M,,, ,(B) have term rank 1, and suppose that
All,2,...,k|1,2,...,n] =0 and A[l,...,m|1,...,k] = O.

So that A = |:Omo—kk,k O"A"l’k] If T(A)[k+1,...,p|1,i] = O, then, since
T(Fi+ 4+ F+A) =k+1, 7(T(FL+---+ F,+A)) = k+1. Applying Lemma
3.10, we have that there is some j such that 7(T'(Fy +-- -+ Fj_1 + Fj11+- -+
Fr+A)=k+1 Butr(Fi+ -+ F-1+Fjq1+-+F, + A) = k while
T(T(F1+--+Fj_1+Fj1+ -+ Fy+A)) = k+1, a contradiction. So we must
have that T(Ep 1)k +1,....p|1,d] # O. I T(Exsr )k +1,...,p|1,i] # O,
then 7(T'(F1 + -+ -+ F + Ext11)) = k + 1, a contradiction since 7(Fy + - -+ +
Fiy 4+ Ex41.1) = k. Suppose that the (k,i+ 1) entry of T'(Ey k+1) is nonzero,
then, 7(T(Fy + -+ -+ Fy—1 + Ex g+1 + Ex+1,641)) = k+ 1, a contradiction, since
T(Fy + -+ Fre1 + Ex g1 + Eig1,641) = k.

Consider T'(Fy + -+ + Fiy—1 + Epk+1 + Erkt1,k+2). This must have term
rank k+ 1 and dominates El,kJri + E27k+i,1 + e+ Ek717i+2 + EkJrLj for some
j € {1,i}. Thus, by Lemma 3.10, there is some cell in {F1,..., Fy_1}, say F;
such that 7(T'(F1 + -+ Fj_1 + Fjy1 + - + Fi—1 + Exk+1 + Ert1,642)) =
k+1. But 7(Fy +--- +F 1+ Fip1+ -+ Fo1 + By gyt +Ek+1,k+2> =k, a
contradiction.

It follows that T" must preserve term rank 1.

O

Lemma 3.12. Let 2 < k < m < n. IfT : M, ,(B) = M, ¢(B) is a linear
transformation that strongly preserves term rank k, then T preserves term rank

k—1.

Proof. If k = 2, the lemma holds. Suppose that k > 3.

Let A € M, ,(B) and 7(A) = k — 1, and suppose that 7(T'(4)) = s < k— 1.
Without loss of generality, we may assume that 7(T(Ey 1+ + Er_15-1)) =
s < k—1. Since 7(T(E11+ -+ Erx)) = k, we have that 7(T'(Ex)) > k — s.
Without loss of generality we may assume that T(Eq 1+ -+ Ekx) 3 Er1+- -+
Ey 1 and that T(Ey k) 3 Ei41,041 + - - + Eg i, for some ¢ < s. Then, there are
t cells {Eihim “ee ’Eit,,it} in {El,I; cee ;Ek,k} such that T(Ei1,i1 +--- +Eit7it,) ;
Eii+ -+ Eyy. Then T(E; 5 + -+ Ei i, + Exg) 2 Evg + - + Eppe.
Thus T(T(Eil,il —+ e+ Eit,it + Ek,k)) = k. But T(El,l —+ e+ Et,t + Ek,k) =
t+1<s+1<(k—1)+1=k, which contradicts the assumption of T'. Hence
7(T(A)) > k — 1. Further, 7(T(A)) < k — 1, since T strongly preserves term
rank k. Thus, T preserves term rank k£ — 1. (I

Lemma 3.13. Let 2 < k <m < n. IfT : My, ,(B) = M, ¢(B) is a linear
transformation that strongly preserves term rank k, then T preserves term rank
1.
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Proof. By Lemma 3.12, T preserves term rank & — 1. By Lemma 3.11, T
preserves term rank 1. O

We are now ready to prove the main theorem of this section.

Proof of Theorem 3.4. By hypothesis, Lemma 3.8, Lemma 3.11, or Lemma
3.13, T preserves term rank 1. By Lemma 3.2, T strongly preserves term
rank 1. By Theorem 3.1, the theorem follows. (]

4. Term rank preservers of matrices over antinegative semirings.

Throughout this section, S will denote any commutative and antinegative
semiring without zero divisors.

In this section we provide characterizations of linear transformations 7' :
M, 7 (S) — My, 4(S) that preserve term rank. Let A € M, ,(S) and define A €
M, »(B) to be the matrix [a; ;] where @, ; = 1 if and only if a; ; # 0. A is called
the support or pattern of A. Clearly 7(A) = 7(A). Let T : My, n(S) — M, 4(S)
be a linear transformation. Define T : M, ,(B) — M, ,(B) by T(E; ;) =
T(FE; ), and extend linearly. Then T : M, ,,(B) — M, ,(B) is a linear trans-

formation over binary Boolean semiring.

Lemma 4.1. Let T : M, »(S) = M, 4(S) be a linear transformation. Then T
preserves term rank k if and only if T preserves term rank k, for any1 < k < m.

Proof. The proof is left to the reader. O

Theorem 4.2. Let T : M, ,(S) — M, (S) be a linear transformation. Then
the following are equivalent:

1. T preserves term rank;

2. T preserves term rank k and term rank [, with 1 < k <l <m <n and
k+1<m;

. T strongly preserves term rank h, with 1 < h <m < n;

. T is a (P,Q, B)-block transformation.

B~

Proof. Tt is obvious that 1 implies 2 and 3, and 4 implies 1, 2 and 3. In order
to show that 2 (or 3) implies 4, assume that T preserves term rank k and term
rank [, with 1 < k < 1 < m < n. By Lemma 4.1, T preserves term rank k
and term rank [, with 1 < k < [ < m < n. Thus, by Theorem 3.4, T is a
(P, Q)-block transformation. It follows that for every cell E; ;, there is some
nonzero b; ; € S such that for B = [b; ;] either

(1) T(E; ;) = b;;(P[E;; ® 0]Q), and

T(X) = T szi,jEi,j = szi’jT(EiJ)

i=1 j=1 i=1 j=1
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= Z Zzi,jbi,j(P[Ei,j @ 0]Q) = P[(X o B)® 0]Q

for every X € M, ,(S); or
(2) m =n and T(EZJ) = bi,j(P[Ei,j D O]tQ), and

T(X) = T szi’jEi’j = szi’jT(Ei’j)

i=1 j=1 i=1 j=1
= > > @i;bii(PlE; ©0]'Q) = P[(X 0 B)® 0]'Q
i=1 j=1

for every X € M, (S).
Thus, T is a (P, Q, B)-block transformation.
In order to show that 3 implies 4, if we apply Lemma 4.1 and Theorem 3.4,
the proof is parallel to the above. ([

Acknowledgement. The first author would like to thank to the second author
for his hospitality and help while he was in Utah State University at July, 2011.

References

[1] L. B. Beasley, D. Brown, and A. E. Guterman, Preserving regular tournaments and term
rank-1, Linear Algebra Appl. 431 (2009), no. 5-7, 926-936.

[2] L. B. Beasley and N. J. Pullman, Term-rank, permanent, and rook-polynomial preservers,
Linear Algebra Appl. 90 (1987), 33-46.

, Linear operators that preserve term rank 1, Proc. Roy. Irish Acad. Sect. A 91
(1991), no. 1, 71-78.

[4] R. Brualdi and H. Ryser, Combinatorial Matriz Theory, Cambridge University Press,
New York, 1991.

[5] K. T. Kang, S. Z. Song, and L. B. Beasley, Linear preservers of term ranks of matrices
over semirings, Linear Algebra Appl. 436 (2012), no. 7, 1850-1862.

SEOK-ZUN SONG

DEPARTMENT OF MATHEMATICS

JEJU NATIONAL UNIVERSITY

JEJU 690-756, KOREA

E-mail address: szsong@jejunu.ac.kr

LEROY B. BEASLEY

DEPARTMENT OF MATHEMATICS AND STATISTICS
UTAH STATE UNIVERSITY

LocaN, UTAH 84322-4125, USA

E-mail address: lbeasley@math.usu.edu



