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Abstract

We use weighted directed graphs to introduce a class of nonnegative ma-
trices which, under a simple condition, are inverse M—matrices. We call our
class the generalized ultrametic matrices since it contains the class of (sym-
metric) ultrametric matrices and some unsymmetric matrices. We show that
a generalized ultrametric matrix is the inverse of a row and column diago-
nally dominant M—matrix if and only if it contains no zero row and no two
of its rows are identical. This theorem generalizes the known result that a
(symmetric) strictly ultrametric matrix is the inverse of a strictly diagonally
dominant M-matrix. We also present inequalities and conditions for equal-
ity among the entries of the inverse of a row diagonally dominant M-matrix.
Some of these inequalities and conditions for equality generalize results of
Stieltjes on inverses of symmetric diagonally dominant M-matrices.



1 Introduction

The difficulty of characterizing all nonnegative matrices whose inverses are
M-matrices has led to the study of the general properties of inverse M-
matrices and to the identification of particular classes of such matrices. Re-
cently Martinez, Michon, and San Martin [8] showed that a certain class of
nonnegative symmetric matrices, namely the strictly ultrametric matrices,
are inverses of symmetric strictly diagonally dominant M—matrices. A ma-
trix theoretic proof of this result was given by Nabben and Varga [9] who
analyzed this class further in [13] and broadened it in [14]. In this paper we
introduce a class of matrices which we call the generalized ultrametric ma-
trices. Our class is defined in terms of triangles in the weighted graph of the
matrix and it contains the ultrametric matrices as well as some unsymmetric
matrices. We show that a generalized ultrametric matrix is the inverse of
a row diagonally dominant M-matrix if and only if it contains no zero row
and no two of its rows are identical, see Section 4. The symmetric case of
this theorem extends the known results referred to above. We develop proof
techniques in terms of graphs which we call isosceles graphs and the corre-
sponding form of the matrix under permutation similarity which we call the
nested block form.

In 1887, in one of the earliest papers on M—matrices, Stieltjes [11] showed
that the inverse of a nonsingular symmetric diagonally dominant M—matrix
is a nonnegative matrix whose diagonal entries are greater than or equal to
the off-diagonal entries in the corresponding column, and he gave necessary
and sufficient conditions for the equality to hold. In this paper we general-
ized Stieltjes’ inequality to row diagonally dominant M—matrices that may
not be symmetric. We also generalize his conditions for equality to possibly
unsymmetric row diagonally dominant M—matrices in terms of certain access
relations of their graphs, see Section 3.

After we obtained some of the results in this paper, we learned that
Nabben and Varga have considered similar classes of matrices and that they
have obtained some overlapping results.



2 Definitions

We begin with some standard notation and definitions.
Let X = [z;;] € R™. Let (n) ={1,...,n}.

We let e denote the n x 1 all ones vector, so that Xe is the vector of row
sums of X. We also let p(X) denote the spectral radius of X.

X is called:
positive (X > 0) if z;; > 0, for all 4,5 € (n);
semipositive (X > 0) if z;; > 0, for all ¢, j € (n) and X # 0; and

nonnegative (X > 0) if z;; > 0, for all i, j € (n).

We will write X7 to represent the transpose of X.

We will write min(X) = min{x;; | i,j € (n)} and max(X) =
maz{x;; | i,7 € (n)}.

We call X a Z-matrix if X = al — P for some a € R with P nonnegative.
If in addition a > p(P), then we say X is an M—matrix. We say an M—matrix
X is row diagonally dominant if Xe > 0. We say X is strictly row diagonally

dominant if Xe > 0. Similarly, we say X is (strictly) column diagonally
dominant if X7 is (strictly) row diagonally dominant.

Let a, 8 C (n). We will write X, 3 to represent the submatrix of X whose
rows are indexed by the elements of a and whose columns are indexed by the
elements of 3. The set o/ will be (n) \ a.

Let I' = (V, E) be a digraph, where V is a finite vertex set and E is an
edge set. Let U C V and F = {(4,j) | 4,5 € U, (4,j) € E}. Then we call
(U, F') the subgraph of I" induced by U. A path from j to k in I is a sequence
of vertices j = ry,r9,....,7 = k, with (r;,7;11) € E, for i = 1,..,t — 1. A
path for which the vertices are pairwise distinct is called a simple path. The
empty path will be considered a simple path linking every vertex to itself. If
there is a path from j to k, we say that j has access to k. If j has access to
k and k has access to j, we say j and k& communicate. The communication
relation is an equivalence relation, hence we may partition V into equivalence
classes, which we will refer to as the classes of I'. If « CV and i, j € V, we
say 7 has access to j through « if there is a path from 7 to j in I' such that
all intermediate vertices (if any) belong to a.



Let I'y = (Vi, Ey) and Ty = (V4, Ey) be graphs. If V; = V;, then we
define the union of the graphs to be I'y UTy = (Vi, By U Ey). We define
the product of the graphs to be I''I'y = (V, E) where V = V; U V5, and
E ={(i,j) | i€ Vi,j €V, and there exists k € V; NV, such that (i, k) € E;
and (k,j) € Es}. We say I'y C T'y if there exists a bijection ¢ such that
o(V1) = Vy and (¢ x ¢)(E1) C Ey. We say I'; = I'y if there exists a bijection
¢ such that (V1) = V5 and (¢ x ¢)(E;) = Es.

We define the digraph of X by G(X) = (V,E), where V = (n) and
E={(,5) | Xy # 0},

We define the transitive closure of G(X) by G(X) = (V, E), where V =
(n) and E = {(4,7) | ¢ has access to j in G(X)}

Let a C (n). Let B = o'. We write G,(X) = G(Xzp).

It is well known that X is permutation similar to a matrix in block lower
triangular Frobenius normal form, with each diagonal block irreducible. The
irreducible blocks of X correspond to the classes of G(X). If an irreducible
block is singular, we call the corresponding class a singular class. Similarly
if an irreducible block is nonsingular, we call the corresponding class a non-
singular class.

We call D,, = (V, E), where V = (n) and E = ({n) x (n))\{(z,7) | i € (n)},
the complete (loopless) digraph on n vertices.

Let a C (n) and 8 = o/. Then C/Chy = Cpg— Cpa(Can) *Cap is referred
to as the Schur complement of C with respect to Clq-

We say X is a ultrametric matrix if
(i) X is symmetric with nonnegative entries,
(i) x;; > min{xy, v}, for all i, 4,k € (n),
(ili) @i > maz{xy - k € (n) \ i}, for all i € (n).
We say X is a strictly ultrametric matrix if the inequality in (iii) is strict
for all i € (n). If n = 1 and X > 0, then X is considered to be strictly
ultrametric. We note that ultrametric matrices are called pre—ultrametric
matrices in [14]. In that paper matrices called ultrametric are required to be
nonsigular.

We introduce the following definitions.



Definition 2.1 Let C' € R™. We define (C) to be the complete digraph
D,,, with each directed edge (i,7) weighted by the value ¢;;. For ease of
representation, we represent a pair of directed weighted edges pictorially by:

Cij Cji
® @

i J
where ¢;; is always written closer to ¢ and c¢;; is written closer to j.

Definition 2.2 Let C' € R™. Let {i,j,k} C (n) be distinct. We call the
subgraph of Q(C') induced by {1, j, k} a triangle and denote it by A,;j.

Definition 2.3 Let C' € R™. Let {7, j,k} C (n) be distinct. We say i is a
preferred element of {7, j, k} or a preferred vertex of A, if

(i) Cij = Cik,
(i) ¢ji = cpi
(iii) min{cjk, cxj} > min{cj;, ¢},
(iv) max{cjk,cr;} > max{c;i,cij}.

Notice that if ¢ is a preferred vertex of A;;i, then A;;; has the following
labeled pattern:

where a = ¢;j = ¢, b = ¢j; = Cpiy, [ = cxj, d = cji, and min{f,d} >
min{a,b} and max{f,d} > max{a,b}.

Definition 2.4 Let C' € R"™. We call C a generalized ultrametric matrix
if



(i) C is nonnegative,
(ii) ci > max{cij, cji}, for all i,j € (n),

(iii) » <2 orn > 2 and every subset of (n) with three distinct elements has
a preferred element.

Definition 2.5 Let C' € R™ be nonnegative. We call Q(C) an isosceles
graph if n < 2, or n > 3 and every triangle in Q(C) has a preferred vertex.

Remark 2.6 Observe that an isosceles graph must be transitive. This is
easily proved by considering each of the following possibilities in the diagram
preceeding Definition 2.4: a =0, or b =0, or d =0, or f = 0.

Clearly C' is a generalized ultrametric matrix if and only if Q(C) is an
isosceles graph and ¢;; > maxz{c;;, c;;}, for all 4,5 € (n).

Remark 2.7 Notice that if C' is an ultrametric matrix and {7, j,k} C (n)
are distinct, then A;j;; has the following labelled pattern:

where d > a. This shows that the ultrametric matrices are just the general-
ized ultrametric matrices which are symmetric.

We give an inductive definition of a matrix in nested block form.

Definition 2.8 Let C' € R™ be nonnegative. We define inductively what it
means for C' to be in nested block form.

(i) If n =1, then C is in nested block form.

(ii) If n > 1 and nested block form has been defined for all k x k nonnegative
matrices with £ < n, then C is in nested block form if



C = Cll b12E12
621E21 022 ’

where C1; and Cyy are square matrices in nested block form, F15 and Fs; are
all ones matrices of the appropriate sizes, bia > bo, min{c;;, c;i} > by, for
all 7,7 € (n), and max{c;;, c;i} > bia, for all 4,5 € (n).

In Section 5 we give an example of a generalized ultrametric matrix in
nested block form and illustrate its isosceles graph.

Remark 2.9 Let i,j € (n), ¢ < j. If C' is in nested block form then c¢;;
occurs in an off-diagonal block of a submatrix of C' in nested block form,
and hence c¢;; > ¢j;. Consequently, if 7 < j then ¢;; > by and ¢j; > boy.

Remark 2.10 [t is readily seen that a matrix in nested block form can be
decomposed into the sum of an ultrametric matrix and an upper triangular
nilpotent nonnegative matrix.

3 Inverse M-—matrix Inequalities

In this section we discuss inequalities for inverses of M—matrices. An example
illustrating the results of this section will be given in Section 5.

We begin with a lemma and a theorem in which we partially reprove
known results, and then we provide additional information.

Let A be a nonsingular M—matrix, « C (n), and B = A/A,. It is well
known that B is again an M—matrix (implied by [4, Lemma 1] or see e.g.
[1, Exercise 5.8, p. 159]). Further, if A is a nonsingular row diagonally
dominant M-matrix then it is easy to see that B is again row diagonally
dominant (stated in part (ii) of our lemma). In fact, in part (ii) we prove a
more precise version of this result. Part (iii) can be derived from [12, Lemma
2], [7, Lemma 2], or [10, Lemma 2.2].

Lemma 3.1 Let A € R™ be a nonsingular M-matrix with Ae = s. Let
aC(n), f=d,and B= A/A,.. Then:

(i) B is a nonsingular M—matrix.



(ii) If s > 0, then Beg = r > 0 and for any i € 3, r; > 0 if and only if
either s; > 0 or there exists j € a such that s; > 0 and i has access to
J through o in G(A).

(iii) For any i,5 € 3, i # j, b;; < 0 if and only if ¢ has access to j through
ain G(A).
Proof:

Recall that
B=A/A,., = Apz — Aﬁa(Aaa>_1Aa/@.

(i) See the comments preceding the statement of the theorem.

(i) Let T = —Aga(Ana)™ > 0. Let j € a. Since by [10, Lemma 2.2,
G(T) = G(Apa)G(Aua), it follows that ¢;; > 0 if and only if ¢ has access to
J through o in G(A).

Since
Aacx Aag o I 0 Aaa Aaﬁ . I 0 Sa
0 B | 7|\ T I||Ag Ags | C | T I||ss]|

we see that

r="T5s,+ 53.
Thus (as is known) r > 0. Moreover, r; > 0 if and only if either s; > 0 or
there is a vertex j € a such that s; > 0 and ¢ has access to j through a in
G(A).
(iii) From [10, Lemma 2.2],
G(B) = G(App) U G(Apa)G(Aaa)G(Aag),

and the result follows. O

We now apply Lemma 3.1 to obtain inequalities and conditions for equal-
ity for the entries of the inverse of a row diagonally dominant M-matrix.
Theorem 3.2 below was proven for symmetric matrices by Stieltjes [11, pp.
396-399] who, in this case, proved inequality (i) and also stated necessary
and sufficient conditions for the equality in (ii) in terms of direct summands
of A;r. For general row diagonally dominant M—matrices the inequality (i)
can be found, for example, in [1, Chapter 9, Lemma 3.14]. The equality in
(ii) generalizes the results of Stieltjes to the unsymmetric case.
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Theorem 3.2 Let A € R™ be a nonsingular row diagonally dominant M-
matrix. Let C = A~! and Ae = s. Fix i € (n). Let

v = {k € (n)\{i} | £ does not have access in G;(A) to any j for which s; > 0}.
Then:
(l) Cii 2 Cki for all k € (n>

(ii) ¢y = ek if @and only if k € ;.

Proof:

(i) Let & € (n) \ {i}, and let 5 = {k,i}, a = (', and B = A/A,. It is
well known (see e.g. [15]) that B = (Cjgs) ! and using classical results about
adjoints that

B = (1t Co) adi(Con) = der() | % 7]

—Cik.  Ckk

Using Lemma 3.1, we obtain (i).

(ii) Observe that ¢; = ¢x; is equivalent to r, = 0, where r = Beg. Hence
by Lemma 3.1, (ii) holds if and only if s, = 0 and k does not have access in
Gi(A) to a vertex j € a for which s; > 0. But this condition is easily seen
to be equivalent to k € ;. 0.

Remark 3.3 Note that the proof of Theorem 3.2 immediately yields a strict
inequality in (i) when A is a strictly row diagonally dominant M-matrix.
This result can be found in Fiedler and Ptak [5] in the course of the proof of
their result (3,5) on page 427, and is also true for all real strictly diagonally
dominant matrices (see [6, Theorem 2.5.12]).

Example 3.4 The converse of Remark 3.3 need not hold. Consider

2 -1 -1
A=|-1 3 -1/,
1 -1 3

10



C=A"1=

=~ =~ o

4 4
5 3
3 5

Notice that A is not strictly row diagonally dominant, however c;; > ¢;; for

all i £ k.

Corollary 3.5 Let A be a nonsingular row diagonally dominant M—matrix.
Let C = A~1. Then the following are equivalent:

(i) Row ¢ is the only row for which A has a nonzero row sum.
(ii) Column i of C has all of its entries equal to ¢;;.
Proof:

Follows from Theorem 3.2.

Next we look at a theorem on the relationship between the sum of the
entries of a nonsingular row diagonally dominant M—matrix and the minimum
entry of each row of its inverse.

Theorem 3.6 Let A € R™ be a nonsingular row diagonally dominant M-
matrix. Lett = >0, a;, C = A7, py = min{c;; | j € (n)}, and p =
min(C). Then:

(1) wit <1, for all i € (n),

(ii) pt =1 if and only if C' has a column whose entries are all equal to .

Proof:
Let Ae =7 and E = ee”. Thenr >0, C' > 0, and

LS S S R 15} pat
. t
e=Cr> M.z M.Q . M.2 r= M.Q

Thus 1 > pu4t, for all i € (n) establishing (i).
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If ut =1, then
1= Zcijrj > Z,urj =ut=1,
j=1 j=1

and hence equality must hold throughout. Moreover, since ¢;; — p > 0, it
follows that ¢;r; = pr;, for all i, € (n). Since A is nonsingular there
exists i € (n) such that r; > 0. Then ¢; = p and by Theorem 3.2(i),
1< cp < ¢ = W, for all k # 4, and hence equality must hold.

If all the entries in column ¢ of C' are equal to p, then by Corollary 3.5, r; > 0
and r; = 0 for all j # . Then

n
1= ZCZ‘]'T]‘ = CyT; — ,LLt
=1

Hence pt =1. O
The next two examples illustrate the significance of y = min(C) in The-
orem 3.6 (ii).

Example 3.7 Let

1 -1 0 1%%
A=|0 2 -1/, then A7'=C=|0 § 3
0 0 1 00 1

Notice that if ¢ and f; are as in Theorem 3.6, then ¢y = (2)(3) = 1, but C
does not contain a column for which all the entries are equal.

Example 3.8 Let
0 -1
1

1 2 1 2
A=1| 0 —1 |, then A'=C=|1 2 2
11 2

3

1 1

2 T2 2
Notice that if ¢, u;, and pu are as in Theorem 3.6, then C' contains a column
of constants, but tu = ty; = (5)(1) < 1, for all i € (3).

We conclude this section by examining some relationships between the
entries of the inverse of a nonsingular M-matrix which need not be row
diagonally dominant.
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Theorem 3.9 Let A be a nonsingular M-matrix. Let C = A~! and let
{i,j,k} C (n) be distinct. Then:

(i) ¢k = c¢jicir/cii, whenever j does not have access to & in G;(A),
(ii) ¢k > cjicik/ci, Whenever j has access to & in G;(A).

Proof:

Let = {i,j,k} and a = 3. Let B = A/Auq. It is well known that (see e.g.
[15]) B = (Cgp) " and B is an M-matrix. By Lemma 3.1, b, = 0 if and only
if j does not have access to k in G;(A). Using classical theory about adjoints
we see that

0 Z bjk: == —det(B) det [ Cii Cik ‘| == —det(B) (Ciicjk — cjicik).

Cji  Cjk
Since det(B) > 0, the result follows. O

It is known that ¢;;, > c¢jicir/cii, for all distinct ¢, 7, k, is a necessary condition
for a nonnegative matrix C to be the inverse of an M—matrix. (see for example
Willoughby [16, Theorem 1]). Thus our results in Theorem 3.9 represent a
sharpening and a graph—theoretical refinement of Willoughby’s observation.

In the symmetric diagonally dominant case, the following corollary is
essentially due to Stieltjes [11, p.399].

Corollary 3.10 Let A € R™ be a nonsingular M-matrix and let C = A~
Let {i,7,k} C (n) be distinct.

(i) If Cii = Cjj then:

(a) ¢k = cir, Whenever j does not have access to & in G;(A),
(b) ¢ > ci, whenever j has access to k& in G;(A).

(ii) If Ci; = Cik then:

(a) ¢jr = c;i, Whenever j does not have access to & in G;(A),
(b) «¢jx > c¢j;, whenever j has access to k£ in G;(A).

Proof:

Follows from Theorem 3.9. O
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4 Generalized Ultrametric Matrices

We begin this section by showing that a generalized ultrametric matrix can
be represented by an isosceles graph and that it is permutation similar to a
matrix in nested block form.

Lemma 4.1 Let C € R™ be nonnegative. Then the following are equivalent:

(i) C is a generalized ultrametric matrix.

(ii) Q(C) is an isosceles graph and c¢;; > maxz{c;;, c;;}, for all i, j € (n).
(iii) C is permutation similar to a matrix in nested block form.

Proof:

(i) implies (ii):

Follows easily from the definitions.

(ii) implies (iii):

If n < 2, then the result follows from the definitions.

Ifn > 3, fixi,j € (n)sothat ¢;; > ¢;; and ¢;;+¢ji < cpetcu, for all k, € € (n).
Let a = ¢;; and b = ¢;;. We now choose nonempty subsets «, 5 C (n) so that
anB =0, aUp = (n), and moreover,

(42) Cag = ClEaﬁ, Cga = bEﬁa,

where E,3, I3, are all ones matrices of appropriate sizes, and
(4.3) max{cpe, co} > a, min{cye, ca} >0, for all k, £ € (n).

Begin by putting ¢ € o and j € 3. For each k € (n), if i is a preferred
vertex of {i, 7, k} then put k € 3, otherwise put k£ € . We now show that «
and (3 are index sets for which (4.2) and (4.3) above are satisfied.

Let iy,i € a\ {3} and j1, 752 € B\ {j}. Since (C) is an isosceles graph,
every triangle has a preferred vertex. We now sketch the ideas used to deduce
the weights for the triangles drawn in the following diagram. Note that this
diagram only contains the edges which are used in the proof. The weights

14



of A;j;, and A;j;j, are determined by the choices of ji,jo € 3, which imply
that ¢ is a preferred vertex in each case. The weights of A;;;, and A;;;, are
determined by the choices of i1,i5 € , which imply that ¢ is not a preferred
vertex of either triangle, and the minimality of a + b, which implies that j
must be the only preferred vertex in each case. We can complete the diagram
by observing that j is a preferred vertex of Aj; ;, and j; is the only possible
preferred vertex of Ay, j,. J

12/ fo dy a b \J2

94 d1 a hl
a I’L3
hy 91
fi b
i a b i

where f,, # b or d,,, # a, for m =1, 2,
max{ fm,dn}t > a and min{ f,,,d,,} > b, for m = 1,2, and
max{gm, hm} > a and min{gm, h,} > b, for m = 1,2, 3, 4.

Reading weights from the triangles above and using the condition that ¢y, >
max{cke, o}, for all k, £ € (n), it is easy to verify that « and (3 are as desired.

Since Q(Clq) and (Cpsp) are also isosceles graphs, a and [ can be par-
titioned likewise. Thus C' is permutation similar to a matrix in nested block
form.

(iii) implies (i):
Let C satisfy (iii). Choose «, 5 C (n) so that

|: Caa aEa5:|
bEsa  Cpp

15



is in nested block form. If i € «, j € 3, and k € 3, clearly i is a preferred
element of {i,5,k}. If i € o, j € «, and k € 3, clearly k is a preferred
element of {i,j,k}. Since C,, and Cpss are also in nested block form, a
simple induction shows that if 7,5,k € « or 4,5,k € (3, then {i,7,k} has
a preferred element. Thus every three distinct element subset of (n) has a
preferred element.

Since every off-diagonal entry of C' must be in some off-diagonal block
of a matrix in nested block form, it follows that ¢; > max{c;j,c;;}, for all
i,j€(n). O

Notice that, by Remark 2.10 and Lemma 4.1, any generalized ultrametric
matrix can be decomposed into the sum of an ultrametric matrix and a
nilpotent nonnegative matrix.

Notice also that it follows from Definition 2.4 (ii) that a generalized ul-
trametric matrix C' has a row all of whose entries are equal to min(C') if and
only if it has a column all of whose entries are equal to min(C). Using the
nested block form of C' and induction, it can be shown that a generalized
ultrametric matrix has two rows the same if and only if it has two columns
the same.

In the following theorem, we show that if a generalized ultrametric matrix
does not contain a row of zeros and does not have two rows which are equal,
then it is nonsingular, and moreover, it is the inverse of a row and column
diagonally dominant M-matrix. We could also state part (ii) of our theorem
using columns instead of rows. This generalizes the results of [8] and [13]
where the authors show that the inverse of a strictly ultrametric matrix
is a strictly row and column diagonally dominant M-matrix. A necessary
and sufficient condition for an ultrametric matrix to be nonsingular, stated
in terms of a certain decomposition of the matrix, may be found in [14].
Recall that ultrametric and strictly ultrametric matrices are defined to be
symmetric.

Theorem 4.4 Let C' € R™ be a generalized ultrametric matrix. Then the
following are equivalent:

(i) C is nonsingular.

(ii) C does not contain a row of zeros, and no two rows of C' are the same.

16



(iii) C is nonsingular and C~! is a row and column diagonally dominant
M-matrix.
Proof:
(1) implies (ii):
If C' is nonsingular then (ii) must hold.
(ii) implies (iii):
We proceed by induction on the size of C.
If n =1, then (iii) holds trivially.

If n > 2, then assume (ii) implies (iii) is true for all generalized ultrametric
matrices of size k X k, where k < n.

By Lemma 4.1, we can assume without loss of generality that C' is in
nested block form, labelled as in Definition 2.8. Since (ii) holds for C, it is
clear from the definition of nested block form that C; and Cs, also satisfy
(ii), and so by the inductive hypothesis, C}; and Csy are nonsingular and
their inverses are row and column diagonally dominant M-matrices.

If by = by; = 0, then C' is a block diagonal matrix and we are done. If
not, then by5 > 0 (since in the definition of the nested block form we require
bia > bay).

Notice also that
(4.5) bor < min(Chm), for m =1,2.

Let t,, be the sum of the entries in (Cppn) ™!, m=1,2.
Claim 4.6 t,,by < t,,b1o <1, form=1,2.

The first inequality follows easily since by; < b15. Since C' is in nested block
form, by Remark 2.9, by5 < ¢;; for all ¢ < j and hence by < the minimum en-
try in the first row of C,,,,. The second inequality now follows from Theorem
3.6 (i) applied to (Cpm) ™.

Claim 4.7 C/C,,,, is a generalized ultrametric matrix satisfying condition
(i), for m =1, 2.

17



Proof:
Let £ =3 — m. Then

(48) C(/Cymm = CZ@ - meE€m<Cmm>71meEm€ = CM - b@mbmétmEﬂ-

By Claim 4.6, (4.5), and (4.8) it is easily checked that C'/C,,,, satisfies the
definition of a generalized ultrametric matrix. Moreover C/C,,,, does not
have two equal rows, otherwise Cy, and hence C' would have two equal rows.
It remains to show that C'/C,,,, does not contain a row of zeros. Suppose
it does. Then by (4.8) Cy has a row all of whose entries equal bo1by2t,, and
hence, by Claim 4.6 and (4.5)

bo1biat, < bay < min(Cp) < baybyaty,.

If by; = 0, then Cp and hence C' would have a row of zeros. Thus by; > 0
and equality must hold throughout. Hence

(4.9) ba1biatin = bar = min(Cp),
and
(4.10) tm = 1/b1a.

Since Cy has a row of entries equal to by, it has a diagonal entry equal to
bo; and since the diagonal entry is greater than or equal to by it follows
that by = bjs. Hence by (4.10), (4.5) and Theorem 3.6 (i) applied to Cpym,
tm = 1/min(Cpm). By Theorem 3.6 (ii) applied to ((Cpm)™!)? we now have
that C,,,, also has a row all of whose entries equal by;. Hence our assumption
that C'/C,,,, contains a row of zeros implies that C' contains two rows all of
whose entries equal b9y, a contradiction. This establishes the claim.

By Claim 4.7 and our inductive assumption, C,,,, and C/Cy,p,, m = 1,2
are the inverses of row and column diagonally dominant M-matrices. Con-
sequently, combining formulas from [2, (10), p. 773] (see also [3]) and [15,
(4), p. 251], A= C~! can be written as

(C/sz)_l —(Cn)_lblelz(C/Cn)_l

(411) A= —(022)_1521E21(C/022)_1 (C/Cn)™t ’
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or

(C/Co)? —(C/Ca) to1aE12(Coo) ™

(412) A= —(C/Cn)_lbzlEm(Cn)_l (C/Cn)_l

We now show that A is a Z-matrix. Since the diagonal blocks of A in
(4.11) are M—matrices, we need only show that A,,, < 0, for m = 1,2, { =
3 —m. Let s; > 0 and 7; > 0 denote the sum of the entries in column j of
(C/Crum) ! and in row j of (Cy,m) ™, respectively. Then, by (4.11),

S1T1 ST ... Sp
S1T9 S92 ... SpTy
-1 -1 p
Amf = _<Cmm> bméEmZ(C/Cmm> = _bmf
S1Tq  SaTq ... Splyg

Next we show that A is row diagonally dominant. From (4.12) and Claim
4.6,if m =1,2 and £ = 3 — m, then

Apmem + Ameer = (C/Cu)  erm — (C/Cut) ™ bome Brne(Cor) ey
= (C/ng)_lem — (C/Cge)_lbmgtgem = (1 — bmgtg)(C/Ca)_lem > 0.

Similarly, from (4.11) and Claim 4.6, A is column diagonally dominant
because

(em)” A + (e0)" Apm = (e2)T(C/Ce) ™" = (€0)" (Cre) ™ bom Em (C/Cre) ™
= (em)"(C/Cu) ™" = (em) tibem(C/Cre) ™ = (em)"(C/Cu) " (1 = bymte) > 0.
(iii) implies (i):

Follows trivially. O

Corollary 4.13 Let C' be a nonsingular generalized ultrametric matrix which
is in nested block form (labeled as in Definition 2.8). Then Cy;, Cs,, and the
Schur complements C'/C4; and C/Cy, are nonsingular generalized ultrametric
matrices.

Proof:
Follows from Theorem 4.4 and Claim 4.7. O

We remark here that not all Schur complements of generalized ultrametric
matrices are generalized ultrametric matrices (see Section 5).
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5 Illustrative Examples

Example 5.1 Consider the following generalized ultrametric matrix in nested
block form:

2 2 2 2 2
1 3 2 2 2
C=1(1 15 4 3
11 1 5 3
1 11 1 3

Consider the representation Q(C')

\_ /

Notice that every triangle has a preferred vertex, hence Q(C') is an isosceles
graph as required by Lemma 4.1.
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Observe that we can write C as a sum of an ultrametric matrix and a
nonnegative nilpotent matrix as follows:

21 1 11 0 1 1 1 1
1 3 1 11 0 0 1 11
cC=|115 1 1|{+]|0 0 0 3 2
1 1 1 5 1 00 0 0 2
11 1 1 3 00 0 0 0

Let a = {1,2} and # = o' and consider the Schur complements

4 3 2
ClCon—= |0 4 2],
00 2

4 47
C/Cos=1/3|1 =

which are also generalized ultrametric matrices, as required by Corollary
4.13. However, observe that if « = {1, 3}, then

8 1 2
C/Con=1/4|0 16 8
0 0 8

is not a generalized ultrametric matrix. Hence a Schur complement of a
generalized ultrametric matrix need not be a generalized ultrametric matrix.

Consider

28 —16 —4 -1 -3
—4 16 -4 -1 -3
A=C"1t=1/3210 0 8 —6 -2
o 0 0 8 -8
-8 0 0 0 16

and let

e=[1 11 1 1]".
Then

r=Ae=1/8[1 1 0 0 2],
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and
s=e’A=1/2[1 0 0 0 0].

Thus A is an M-matrix which is both row and column diagonally dominant
as predicted by Theorem 4.4. Moreover, the sum of the entries of A is
1/2 < 1 =min(C) as required by Theorem 3.6.

Note that row 1 of C' has all its entries equal to ¢q1, and s; = 0, for all
i # 1, as required by Corollary 3.5 applied to AT.

Let v; be defined as in Theorem 3.2. Notice that r3 = r4 = 0, while
r; > 0 and ro > 0. The vertices 3 and 4 do not access vertices 1 and 2 in
Gs5(A). Hence 5 = {3,4}. We also note that cs5 = c45 = ¢35, as required
by Theorem 3.2 applied to A. Further, as required by Corollary 3.10, since
4 does not have access to 3 in G5(A), cy3 = c53. Since 3 has access to 4 in
G5(A), ¢34 > c54. Since 3 and 4 do not have access to 1 and 2 in G5(A), it
follows that c31 = c41 = ¢51 and ¢33 = c40 = Cxa.

Example 5.2 An example of a nonsingular (symmetric) ultrametric matrix
which is not strictly diagonally dominant is given by

2 1
c= |1 1]
Example 5.3 Note that Definition 2.3 allows min{f,d} < mazx{a,b}. For

example the following matrix is a nonsingular generalized ultrametric matrix
whose inverse is a strictly diagonally dominant M-matrix.

4 3 3 3

1 4 3 3
= 11 4 3

1 11 4

However the matrix

4 1 3 3

1 4 3 3
B = 114 1]’

1 11 4
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with
4 1 -9 -9
1|1 14 -9 —9
39| -3 -3 14 1 |
-3 -3 1 14

B =

shows that if we remove the condition that max{c,d} > maz{a,b} from
Definition 2.3, the inverse need not be an M-matrix.
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