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ABSTRACT. We study the combinatorial description of the LDU-
decomposition of totally positive matrices. We give a description of the
lower triangular L, the diagonal D, and the upper triangular U matrices of
the LDU-decomposition of totally positive matrices in terms of the com-
binatorial structure of essential planar networks described by Fomin and
Zelevinsky [5]. Similarly, we find a combinatorial description of the inverses
of these matrices. In addition, we provide recursive formulae for computing
the L, D, and U matrices of a totally positive matrix.

1. INTRODUCTION

The study of the class of totally positive matrices was initiated in the
1930s by F. R. Gantmacher and M. G. Krein ([6]). Also, an extensive study of
totally positive matrices is covered in S. Karlin ([10]) and Fallat and Johnson
([4]). Totally positive matrices are a class of matrices that is worth investi-
gating not only because of its mathematical beauty, but also because of their
myriad of applications. More specifically, they arise in many applications, to
name a few, statistics, approximation theory, operator theory, combinatorics,
and planar resistor network ([5,8,10]).

A matrix is said to be totally positive (totally nonnegative) if all its mi-
nors are positive (nonnegative). In this note, we focus our attention on totally
positive matrices, but the results can be extended to nonsingular totally non-
negative matrices. Factorizations of totally positive and totally nonnegative,
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and totally nonpositive matrices have been examined in [3,4,9] and [2], respec-
tively, to minimize the computation of minors while testing for total positivity.
More importantly, in [3, Lemma 5.1] and [7, Theorem 1] it was proved that

THEOREM 1.1. If a square matriz A has nonzero principal minors, then
A has a unique LU factorization such that L has a unit diagonal.

Since totally positive matrices have nonzero principal minors, the above
Theorem provides a unique LU factorization for totally positive matrices
where L is unit lower triangular. The Theorem also applies to invertible
totally nonnegative matrices due to [1, Corollary 3.8]. In turn, this Theorem
leads to a unique LDU factorization where both L and U are lower and upper
triangular matrices, respectively with unit diagonals and D a diagonal matrix
([7, Theorem 2]).

In [5], the authors define an essential planar network, I’y to be a directed
(from left to right) planar network whose edges can either be slanted or hori-
zontal in the middle of the network ([5, Figure 2]). All planar networks with n
sources and n sinks are numbered bottom-to-top by 1,2,...,n, in [5]; whereas
in this note, all planar networks are numbered bottom-to-top by 0,1, ..., n—1;
by the same token, all n X n matrices discussed here have rows and columns
numbered from 0 to n — 1. In section 2, we give a detailed description of
the planar network used in this work in light of the Definition of Fomin and
Zelevinsky. This note adds to the combinatorial approach developed in [5] to
study the parametrization of totally positive matrices.

It has been proved in [5, Theorem 5] that n x n totally positive matrices
are parametrized by n? positive parameters. More specifically, the parameters
are the weights of an essential planar network and the entries of a totally
positive matrix are recovered from these weights. In this note, we use these
n? parameters to explicitly describe the entries of the matrices L, D, and U.
Furthermore, we introduce recursive formulae for the L, D, and U factors.
Using these formulae, we compute the entries of an n x n matrix given an
(n —1) x (n — 1) matrix. More specifically, given LDU-factorization of an
(n — 1) x (n — 1) totally positive matrix, we are able to compute the entries
of the L, D and U of an n x n matrix. Also, we use the n? parameters to
parametrize the inverse of a totally positive matrix.

In section 3, we obtain recursive formulae for computing the (n+1)x(n+1)
lower, L,,, and upper triangular, U,,, matrices described in section 2. We then
provide closed-form formulae for the lower and upper triangular matrices in
light of their corresponding planar subnetworks.

In section 4, we provide a combinatorial description for computing the
inverses of L,,, D,,, and U,,; and hence the inverse of a totally positive matrix.
In addition, we obtain closed-form formulae for computing the entries of L, 1,
Dt and Ut
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Finally, we present a numerical example in which we demonstrate the
computation of the inverse of a totally positive matrix via concatenations of
planar subnetworks. In addition, we provide a second example to recover the
entries of a 4 x 4 totally positive upper triangular matrix via the recursive
formula introduced in section 3. Throughout this note, N denotes the set of
natural numbers, and Ny the set of nonnegative integers.

2. LDU-DECOMPOSITION OF A TOTALLY POSITIVE MATRIX

In this section, we revisit Theorem 1.1 to set the stage for our results.
More precisely, we use the fact that a totally positive matrix A has a unique
LDU-decomposition to describe three different subgraphs, representing the L,
D, and U matrices, respectively in terms of lattice paths to prove the main
result of this section. More specifically, in our setting, we consider lattice
paths of length 2n + 1 on the first quadrant Ny x Ny which starts at (0,4) and
ends at (2n+ 1,7) to represent a path from source ¢ to sink j on the essential
planar network described in [5]. The only allowed steps are rise unit steps,
horizontal unit steps, and fall unit steps. Throughout this note, the terms
“edge” and “step” are used interchangeably.

We define a planar network of order n to be an acyclic, planar directed
graph. The vertices of this graph are points (z,y) € Ny x Ny such that =
0,1,...,2n+ 1 and y = 0,1,...,n. The edges of this network are explained
through subnetworks defined below. We assume that each network has (n+
1)—sources and (n+1)—sinks and all edges are directed from left to right,
where each edge 7 is assigned a scalar weight w(7). In addition, the weight
of a path p from source 7 to sink j is defined as the product of the weights of
its edges, namely w(p) = [[,¢,w(7). The weight matrix of a planar network
is the matrix whose (4, j)—entry is the sum of the weights of the paths from
source ¢ to sink j.

In our setting, we consider three planar subnetworks, which we call the
L—type, the D—type and the U-type subnetworks. In this note, we do not
distinguish between the terms “subnetworks” and “subgraphs.”

The L—type subgraph of order n is a planar network consisting of fall
steps and horizontal steps.

DEFINITION 2.1. For everym,n € N define an L] -path to be any sequence
of n+ 1 points, (x,,y,) € No x Ny for k = 0,1,2,...,n with the following
conditions:

1.z, = m+k forall k.

2.y, €{0,1,2,...,n} for all k.

3. Yy €AYy, — 1} for all k < n.
4. Ify, ., =y, — 1, theny, >n —k.

Also, define P;’* to be the set of all L2 -paths with yo =i and y, = j.

n
)]
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In addition, the following Definition connects the (n 4+ 1) x (n + 1) lower
triangular matrix to Definition 2.1.

DEFINITION 2.2. For every n € N define Ly, to be the (n+1)x(n+1)
matriz such that

Ln[iaj] = Z W, (p)
pEPﬁ;‘
for all 0 < i, 5 < n, where the weights of the edges are defined as follows,
e Forj 7é 0, W, ([(m + kaj)a (m +k+ 1,7 - 1)]) = t]',kJr]'*n’
b wLn([(m + kaj)a (m+ k+ 17])]) = ]-;

forall j,k=0,1,...,n.

Figure 1a shows an example of an L£3-path. It consists of only horizontal
and fall steps. Figure 1b shows another path which is not an £3-path because
the fall step from (0,4) to (1,3) is not admissible by the last condition in
Definition 2.1.

3 3
2 2 \
1 1

i 2 3 4 5 ° i 2 3 4 5

(a) An example of a path which is an (b) An example of a path which is
L£2-path not an £2-path

FIGURE 1. Examples of lattice paths to illustrate Definition 2.1

The following Lemma and Corollary are a consequence of Definition 2.1.

LEMMA 2.3. If [(z,,y,)]k=0,...n 1S an LI -path, then y, < y, whenever
k>1.

The proof of the Lemma follows directly from the fact that y, ., < v,
for all £ < mn. The next Corollary shows that the matrix whose entries are
defined in Definition 2.2 is unit lower triangular. The proof follows if we note
that Lemma 2.3 implies that no path exists from source i to sink j if i < j,
and exactly one path of weight 1 if i = j.

COROLLARY 2.4. For all n € N, the weight matriz of any L-type subnet-
work of order n is unit lower triangular.
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2 : : 2
. 2,0 21 . 1 0 0
tl,O tl,O 1 0
0 0 ta,0t1,0 to,0+t21 1
(a) L-type subnetwork of order 2 (b) The weight matrix Lo

with weighting function w,

FIGURE 2. Description of Loy

Figure 2 illustrates an L-type subnetwork of order 2 with weights defined
as in Definition 2.2 and Figure 2b is the weight matrix associated to it.

Similarly, we define another subgraph of order n, namely the D—type
path. This path consists of horizontal steps only.

DEFINITION 2.5. For every m,n € N, define a D, -path to be any sequence
of the form [(m,j), (m+ 1,7)] for some j =0,1,...,n.
Also, define 771-%” to be the set of all D2 -paths with yo =i and y; = j.

In analogy to the L-type path, we can associate a matrix D to a D—path.
DEFINITION 2.6. For every n € N, define D, to be the (n+1)x(n+1)

matriz such that
Duli,jl= > w,, (p)
pEPfj"
for all 0 < i < n; where wy, [(m,i),(m+1,4)] = t;;.

LEMMA 2.7. For all n € N, D, is a diagonal matriz with diagonal ele-
ments Dy i, 1] = t; ;. More specifically,

too 0 - 0
0 tig 0
D, =
0 0 ton

PRrROOF. If i # j, then D,[i,j] = 0 from Definition 2.6; thus D,, is a
diagonal matrix. Now, for i = j, the set ’Pﬁ" = {[(0,1), (1,9)]}. It follows

Finally, we define the U-type subnetwork in which only rise and horizontal
steps are allowed.

DEFINITION 2.8. For every m,n € N, define a U -path to be any sequence
of n + 1 points (z,,y,) € No x Ng for k = 0,1,2,...,n with the following
conditions:

1. 2, = m+k for all k.
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2.y, €40,1,2,...,n} for all k.
3. Y1 € {ykayk + 1}‘ for all k <mn.
4. Ify.,, =y, +1, theny, > k.

Also, define ’PZUJ to be the set of all US-paths with yo =i and y, = j.
Then, we assign a matrix U,, to the U-type subnetwork of order n.

DEFINITION 2.9. For every n € N, define U, to be the (n+1)x(n+1)

matriz such that
Un[lvj] = Z WYy, (p)
pe’l’f{}"

for all 0 < 4,5 < n, where the weight of the edges are defined as follows:

o Forj #0,w, ([(m+kj),(m+k+1,j+1)]) =tj-rjt1,

o w, ([(m+kj),(m+Ek+1,75)]) =1,
forall 3,k =0,1,...,n.

Figure 3 shows an example of a U{-path. It consists of only horizontal
and rise steps.

1 2 3 4 5 6

FIGURE 3. A UJ-path

The proofs of the following Lemma and Corollary are similar to Lemma 2.3
and Corollary 2.4.

LEMMA 2.10. If [(x,,y,)]k=0
k> 1.

n 5 a U -path, then y, > y; whenever

.....

COROLLARY 2.11. For all n € N, the weight matriz of a U-type subnet-
work of order m is unit upper triangular.

In our context, we define an essential planar network of order n to be the
(ordered) concatenation of an L-type, a D-type and a U-type subnetworks
of order n. Equivalently, a path in our network is the concatenation of an

L0, a D and a U paths, respectively. From this Definition it is clear
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that our network is an acyclic directed (from left to right) planar graph. The
restrictions on the fall and rise steps given in Definitions 2.2 and 2.9 guarantee
that our slanted edges match the essential edges of the planar network defined
in [5]. This implies that our Definition of the essential planar network is
equivalent to the Definition of Fomin and Zelevinsky.

In this section, we constructed an L, lower triangular matrix obtained
from an L-type subnetwork of order n, and similarly, the D—type and U-type
subnetworks were used to recover the entries of a diagonal matrix D,, and an
upper triangular matrix U, respectively. In addition, we use the fact that
the concatenation of these networks is equivalent to computing the product
of their corresponding weight matrices ([4,5]) to obtain the main Theorem of
this section.

THEOREM 2.12. The LDU decomposition of a totally positive matriz A
can be recovered by decomposing the essential planar network associated with
A into an L—type, a D—type and a U-type subnetworks, respectively.

The proof of this Theorem follows directly from [5, Theorem 5], Corollar-
ies 2.4, 2.11, Lemma 2.7 and the fact that the weight matrix corresponding
to the concatenated planar networks is the product of the weight matrices of
the original network ([4,5]).

Figure 4 illustrates an example of an essential planar network of order 2
obtained by concatenating three essential planar subnetworks of order 2.

t2
2 2 2 2 2 2
to t1 t ti2 to2
11
1 " 1 1———1 1 . 1
1,0 t0,0 0,1
0 0 0———0 0 0
(a) L-type subnetwork of (b) D-type subnetwork of (c¢) U-type subnetwork of
order 2 order 2 order 2
5
2 2
too t1 " ti2 to2
11
1 " ” 1
1,0 t0,0 0,1
0 0

(d) Essential planar network of order 2

Fi1cURE 4. Concatenation of essential planar subnetworks
of order 2 to produce the essential planar network of order 2
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3. FORMULAE FOR L, AND U,

In this section we describe how we can compute the entries of the lower
triangular matrix L, and the upper triangular matrix U, presented in the
previous section. We begin with a recursive formula for L,. To clarify the
notation, I, is the n x n identity matrix, 0,, is the column vector of n zeros,
and L;! is the inverse of L,, whose existence and complete description is
presented in the following section.

ProrosiTiON 3.1. If L, is defined as in Definition 2.2, then L,4+1 can
be computed recursively in the following way,

° LO = (1),

I, 0541
o L1 =Fr (L,®1), where F, = _ n " )
n+1 Ln( n ) L, ( 7Ln41r1[n+ 1;]]0§j§n 1
PrOOF. We use induction to prove the Proposition. The base case is
trivial. We consider the inductive step, L,11 = Fp, (L, ® 1). We begin by
expanding the product Fy, (L, @ 1) as follows:

In+1 0n+1 Ln 0n+1
Fr (L, ®1) = B '
I ) ( —L 1 [n+1,5lo<j<n 1 0., 1

_ ( Ln 0n+1 >
—Ly b+ 1, jlocj<nln 1 '

First, we show that L,i1[¢,j]o<ij<n = Ln. This can be best described
combinatorially, where a path p € PiL, ;L“ (i < n) is equivalent to a hori-
zontal step [(0,1), (1,4)] followed by an L. —path p’. Notice that a fall step
[(0,7), (1,7 — 1)] is not allowed since i < n + 1 (see Definition 2.1). Tt follows
that w, . (p) = w,, (p'), and our description clearly shows a bijection. So,
indeed Ly 1[i,j] = Lyli, 7] for 4,5 € {0,...,n}.

The rightmost column is trivial since L, is unit lower triangular by
Corollary 2.4. Finally, we need to show that

Lnta[n+ 1, lo<j<n = —Lypi[n + 1, flo<j<nLn.
We begin by the simple fact that
Lyt Lo = Inga.

Now, we rewrite it in block matrix notation, where L, [, jlo<ij<n = L;"
to guarantee the product is the identity matrix.

L;l On+1 L, Ont1
Lo+ 1,5locjcn 1 Loti[n+1,jlo<j<n 1

_ ( In+1 0n+1 )
o, 1
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Then, consider the product of the second row with the first column which
produce the following equation
L tin+1, jlocj<nLly + Logi[n + 1, jlo<j<n = 0] 44
which, if rearranged, will show that

Lpti[n+1, jlocj<n = =Lyt [n+ 1, jlo<j<nLn.

In a similar fashion, we define a recursive formula for U,, as follows:

ProrosiTiON 3.2. If U, is defined as in Definition 2.9, then it follows
the following recursion

[ ] UO = (1), L
o Upi1 = (U, ®1)Fy,, where Fyy, = ( (Iﬁﬂ fUn+1[zmi+ Ho<i<n )
n+1

Since the proof follows the same ideas as Proposition 3.1, it will be omit-
ted.

The following Lemma sets the stage for the main result of this section.
More specifically, we provide a closed-form formula to compute the entries of
L,, ane U,, respectively.

LEMMA 3.3. Foralln € Nand0<1i,5<n, letp¢€ PZLJ and T, Ty € P
such that w, (m1) = ty, s, and w, (m2) = ty, s, where w, s defined as in
Definition 2.2. If y1 < ya2, then s1 > so.

PROOF. From Definition 2.2, we conclude that there are zi,x2 €
{0,...,n — 1} such that 7y = [(m + z1,y1),(m + 21 + 1,41 — 1)] and
w2 = [(m + z2,y2),((m + 2 + 1,y2 — 1)]. Tt follows from the same Def-
inition that s1 = z1 + y1 — n and s = a2 + y2 — n. Consequently,
s1— 82 = (1 — x2) + (y1 — y2). Given that y; < y2 and from Lemma 2.3,
x1 > x2, which means x1 — 22 > 0 and y; — y2 < 0. Nevertheless, we know
that each step x increases by 1 while y decreases by 1 or remains the same.
It is obvious then that 1 — x2 > —(y1 — y2). In other words, s1 —s2 > 0. 0O

!, for i > j, to be the set of

increasing sequences of length i — j. Let o be a sequence in Qf’j, then 0 <
ar < i—7, where q, is the r-th element of the sequence . For i < j,we define
ZII ={e}, and Q{,j = ¢ where ¢ is the empty sequence.

In the following Theorem, we define @)

THEOREM 3.4. If L, is defined as in Definition 2.2, then

(3.1) Loli,j] = ﬁtrﬂ,aw.

acQ! ;r=J
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PRrOOF. If i < j, then Qf,j = ¢. Thus, the sum is empty and L,[i, j] = 0.
If ¢ = j, the sum is over the empty sequence ¢ only. It follows that

1—1
Ln[za]] = HtrJrl,si,,, =1
r=j

since it is an empty product. These two results agree with Corollary 2.4.
Finally, we need to show that (3.1) holds for the case i > j. The proof relies
on constructing a bijection between Ql{j and Pf 7 such that if & — p, then
w,, (p) = H:«;ﬁ tr41,a,_,.- Define f(a) = [(k,y,)]o<k<n such that

i, f0<k<ai+n-—i

Ji-r fat+n—(>Gi-r)<k<aqi1+n—(i—r)
Y = forre{1,...,i—j—1}

gy itaij+n—j3<k<n
First, we show f is well defined. By Definition of Qf’j, we know that 0 < a; <
t—land o, < appq1 <i—(r+1). It followsthat 0 <n—i<a;+n—i<n-—1
and ap, +n—(i—r) < app1+n—(i—r)<n—1forre{l,...,i—j—1}. By
letting r =4 — j — 1, we get a;—; +n — j < n. Combining these inequalities
yields

0<ai+n—i<ar+n—(i—-1)<as+n—(i—1)
<ag+n—(i—=2)--- <o j+n—(G+1)<aij+n—j<n,

which shows that by fixing k there is a unique y,. It also proves that yo = 1,
Yn = J, and if k1 < kg, then y, >y, . It is easy to see from these that if
y, =sforse{j+1,...,i}, theny, € {s,s—1}. It remains to show that if
Ypir =Y, —1, theny, >n—k. Assumey,  =sforse {j,...,i—1}. Fromthe
Definition, we know that k+1 = «;_s+n—s. Therefore, n—k = a;_s+s+1.
However, y, = s+ 1 and a;_s > 0. As a consequence, y, > n — k. Now, we
can conclude that f(«) € ’PZLJ

To show that f is surjective, assume p € 771-];4]’7” and p = [(k,y,)]. Define
K to be the set of indices k at which there is a fall step. More precisely,
K ={k:k<nandy,, 6 =y, —1}. Clearly, K has i — j elements, so call
them ki,...,k;—; in ascending order. Now, define 3 such that,

(3.2) Br=kr+i—r+1—n.

k. is strictly increasing, so k, —r is increasing. It follows that (3, is increasing.
Since k. < n, k. +1—n <0, and, consequently, 3, < i —r. Finally, we know
from condition (i74) in Definition 2.1 that k. > n —y, . Also, by Definition,
y,, =1 and Yerr =Y, — L which imply that y, =i — (r —1). This implies
that k. > n — i+ r — 1, which implies directly that 8. > 0. To sum up the
results, we showed that £ is increasing and 0 < 3, < i—r. Therefore, 8 € Qf’j

and f(p) is p.
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To show that f is injective, assume two distinct sequences «, 3 € Qi{j.
Define D to be the set of indices at which they differ. More precisely, D =
{1 <r<i—j:a # B} which is clearly non-empty. Take r, to be the
minimum of D, and assume f(a) = [(k,y*)] and f(8) = [(k,y?)]. Since
oy, # Br,, assume, without loss of generality, that a,, < B,,. Let k. be
ar, +n— (i —1,), 80 ke < By, +n — (i —1,). Therefore, yi =i —r, while
y,fC =1i—r1,— 1. Consequently, f(«) # f(8), and hence the injectivity of f.

Therefore, f is a bijection between Ql{ ; and 771-{‘ . It remains to show that

1—1
W, (f(a)) = H trit,a e
r=j

Once more, consider the set K = {k: k <nandy, , =y, —1}. Let m be
the edge [(k,y,), (k+ 1,y,,,)] in f(a), for a fixed 0 < k < n. It is clear from
Definition 2.2 that

ty kty —m, fk€EK
WLn(Trk):{ Yk -‘]__ylC " 1fl€¢K s

since w, (f(a)) = HZ;OI w,, (m1), we deduce that

w,, (@) = T tay sy

keK

Using the order described on K, we rewrite the last formula as

i

w,, (fla) = H ty,, ety —n-

r=1
However, we have already proved that y, = i — (r —1). Therefore, if we
substitute the value of y, ~and apply the transformation s =i —r, we reach
the formula w, (f(a)) = HZ;E tst1k; .+s+1—n- Using (3.2), we know that
ai—s =ki—s+i—((i—s)—1)—n = ki—s + s+ 1 —n. Thus, substituting back
in the last formula and replacing s with r, we conclude that w, (f(a)) =

i—1 . .
H:«:j tr+1,0q_,- Now, we use Definition 2.2, to write

1—1
L, = Z wLn(p): Z HtTJrl,aifr'

pePly aEQ! ;=1

O
As the case of L,,, there is a closed-form formula for the entries of the

matrix U, in terms of the ¢; ; parameters. This is highlighted in the following
Theorem.
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THEOREM 3.5. If U, is defined as in Definition 2.9, then

(33) Un[lvj] = Z ﬁtaj,r,'r'—i-l-

O‘EQJI‘,-L r=i
ProorF. If we let
gy ifj—ar <k<n

yo=1{ j-r ifj-r-—an<k<j-r—apforre{l,...j—i-1}
i, H0<k<i—oa;
then a similar argument to the one in the proof of Theorem 3.4 is used. O

4. THE INVERSE OF A TOTALLY POSITIVE MATRIX

The Definition of totally positive matrices introduced in Section 1 ensures
that this class of matrices is invertible. In Section 2, we used the fact that
every totally positive matrix has a unique LDU-decomposition and provided
a combinatorial description of the L,,, D,,, and U,,. If the inverses of the L,,,
D,, and U, factors are known to be L1, D! and U, !, respectively, then
the inverse of the totally positive matrix can be computed as the product
U D, Lt Also, since the product of the L,, D,, and U, factors yields a
matrix that is invertible, then each of the factors is also invertible. In this
section, we provide a combinatorial description of the inverse of each of these
factors, similar to the one described in Section 2.

A new weight matrix, which we call L', is recovered from an L-type
subnetwork whose weights are defined as follows:

DEFINITION 4.1. For all n € Ny, define w, such that:

L4 fOT’j 7é 0; WLfl([(r’n+ kaj)a (m+ k+ ]-aj - 1)]) = 7tj,n7k71;
i wal([(mJ’_k’vj)v(m""k'i_ 17])]) =1
for all0 <Ek,j <n.

It follows from Corollary 2.4 that L, ! is unit lower triangular. In this
section, a formula for the entries of L, ! is obtained and we use it to show
that L. ! is indeed the inverse of L,,.

LEMMA 4.2. For alln € Nand0<1i,j<mn, letpé€ ’Pf]?‘” and T, Ty € P
such that wal(m) = —ty, s and wal(ﬂg) = —ty,s, where w _, s defined
as in Deﬁnitgon 4.1. If y1 < ya, then 7?31 < S9. !

PROOF. From Definition 4.1, we conclude that there are zi,x2 €
{0,...,n — 1} such that 7y = [(m + z1,y1),(m + 21 + 1,41 — 1)] and
w2 = [(m + z2,y2), (m + 22 + 1,y2 — 1)]. It follows from the same Defini-
tion that s; =n—x; —1 and s = n—x5—1. Consequently, s1 —s2 = x5 — 1.
Given that y; < y2 and from Lemma 2.3, 1 > x2, which means x5 — 21 < 0.
Therefore, s; — so < 0. O
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In analogy to Theorem 3.4, we give a closed-form formula for L. To
prove this, define Q;SZ ;-3 , for i > 7, to be the set of strictly decreasing sequences
of length ¢ — j, and if o € ijD, then 0 < o, < ¢ — r, where «, is the
r-th element of the sequence a. Also, we extend the Definition such that

f? = {e} for i = j and Qf? = ¢, the empty set for i < j.

THEOREM 4.3. If L' is the weight matriz of the L-type subnetwork of
order n whose weights are defined as in Definition 4.1, then

i—1
(4.1) Lig) = (077 > [Tt
acQiPr=j
Proor. If we let

1, fo<k<n—a; -1
y, =% t—r, ifn—a<k<n—aq—1lforre{l,...,i—j—1}
j, ifn—ozi_jgkzgn

then a similar argument to the one in the proof of Theorem 3.4 is used. O

We observe that L' shares quite similar characteristics as the ones of
the lower triangular matrix L,, presented in Section 2. It is not surprising to
see that L, !, the way defined, is the inverse of L,, defined in Definition 2.2.

THEOREM 4.4. If L,, and L' are the weight matrices of the L-type sub-
network of order n whose weights are defined as in Definitions 2.2 and 4.1,
respectively, then L, L' = I, 41, the (n+1)x(n+1) identity matriz.

PROOF. From Corollary 2.4, we know that both L, and L;! are unit
lower triangular, and thus, their product is unit lower triangular as well. It
remains to show that the dot product of row i of L,, with column j of L, is
0, whenever i > j. To show that, we let A,, = L,,L,;! and expand the product
as

An[l7.7] = Z Ln[iv k]Lr_Ll[kvj]
k=0

which can be simplified, using Theorems 3.4 and 4.3, as

k=j
where

SRS YD Sl | G | G

ale’k Ble? ref{k...i—1} s€{j...k—1}



64 M. ELGEBALI AND N. EL-SISSI

Here we observe that if k < j (or k > i), then L[k, j] =0 (or Ly[i, k] =
0) by Lemma 2.4. Then, we define two more sums, T,f and T} as follows

(4.2a)
<
TS =
(—1)F Zale’k > BeQSP [Legr. iz troi. o '
a;—k<pP1 ifj<k<i
Hse{jmkfl} t&ﬂk—s? )
T, k=i
0, if k=
(4.2b)
17 =
(D" Yacqr, Xpeqsr ey tro, '
aj—k>p1 ifj<k<i
Hse{jmkfl} bsBress
0, if k=i
T i k=

Clearly, Ty, = TkS + T, where TkS and T} have no common terms. It follows
from (4.2a) that A,[i, j] = Z;Zj (TkS +T;). Rearranging the terms, the sum
becomes

i-1

. < <
Anli ] =T+ (T + Ti5) + 17

k=j
From Definition (4.2), 7% = 17 = 0. Thus, A,[i,j] = Y25 (T + T55,)-
We will now show that 7" = kaS_H for all j < k < i so that A,[i,j] =0 as
desired.

Since a;_ > (1, define new sequences o and ' such that o = a, for

r=1,...;i—k—1,08, =«a;—k, and 8. = By for r =2,...,k+1— j. Since
« is increasing, o, _; < 1. Therefore, T, can be rewritten as

D DY It I tes. .

O"GQf,kH B/Efol,j re{k+1,...,i—1} se{j...k}
@ _,_1<By

which differs from Tk§+1 by a factor of —1. Therefore, A,, = I,,41. O
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Then, similar to the case of La, we can now present an example (in Figure 5)
of an L-type subnetwork of order 2 with weights defined as in Definition 4.1,
and the weight matrix of that network, namely Ly L

2 2
—t1 —to
1 1 1 0 0
o —t10 1 0
0 0 toitio —(ta0+t21) 1

(a) L-type subnetwork of
order 2 with weighting
function w__,

n

(b) The weight matrix L; "

FIGURE 5. Description of L2_1

Similarly, we define the inverse of D,,. All the entries on the diagonal of
D,, are positive, so it is invertible. The inverse, namely D, ! is the diagonal
matrix whose diagonal entries are the reciprocals of the diagonal elements of
D,,. Combinatorially, D! can be recovered from a D-type subnetwork of
order n where the weights are defined as

0, (10,0, (1)) =

n i
for i =0,...,n. In analogy to Lemma 2.7, the general form of D! is
1
o 0o - 0
0 0
D' = ’
1
0 0 tn,n

To find the inverse of U,, we will mimic the same approach employed to
define L. '. We define U, ! to be the weight matrix of a U-type subnetwork
whose weights are given in the following Definition.

DEFINITION 4.5. For all n € Ny, define W such that:
L4 fOT’j 7é 0, inl([(m#» kaj)a (m+ k+ 1,7 — 1)]) = 7tk7]”
b wU;1 ([(m + kaj)a (m +k+ 17])]) = 1;

for all0 < k,j<n.

It follows from Corollary 2.11 that U, ! is unit upper triangular. Conse-
quently, we obtain the following Theorem.
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THEOREM 4.6. If U, ! is the weight matriz of the U-type subnetwork of
order n whose weights are defined as in Definition 4.5, then

Jj—1
(4.3) U M) = (077 Y [T tasersr
aeQi? r=i
PRrooF. If we let
j,  ifa+1<k<n
yo=% j—r fapm+1<k<a -forre{l,...,j—i—1}
’i, if 0 § k < Qg

then a similar argument to the one in the proof of Theorem 3.4 is used. 0O

THEOREM 4.7. If U, and U, ! are the weight matrices of the U-type
subnetwork of order n whose weights are defined as in Definitions 2.9 and 4.5,
respectively, then U, U, ' = I,.1, the (n+1)x(n+1) identity matriz.

Expanding the product of U,U, ! as we did in the proof of Theorem 4.4,
proves this Theorem.

t2,2
2 2 22—~ 2 2 2
—to, —ty, L —ba —to
1 1 1—1 1 1
—to, 1 “tio
to,0
0 0 0——0 0 0
(a) U-type subnetwork of (b) D-type subnetwork of (c¢) L-type subnetwork of
order 2 order 2 order 2
1
to,0
0 0
—to1 1 —t,
ti,1
1 1
—to2 —ti, 1 -t -t
t2,2
2 2

(d) Planar network of order 2 for the inverse matrix

FI1GURE 6. Concatenation of essential planar subnetworks
of order 2 to construct a network for the inverse of the
weight matrix of the essential planar network presented in
Figure 4

Figure 6 illustrates an example of a planar network of order 2, correspond-
ing to the inverse of a 3 x 3 totally positive matrix, obtained by concatenating
three essential planar subnetworks of order 2. The order of the networks is
reversed to account for the fact that (LDU)~! = U=*D~1L~!. The network
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is flipped horizontally (sources and sinks are numbered top-to-bottom from 0
to 2) to be closer to the essential planar network for better readability.

It is worth noting that all the results of this paper can be easily extended
to invertible totally nonnegative matrices. This relies on a result due to
Ando [1, Corollary 3.8]. This is equivalent to stating that the weights of the
D—network, namely ¢; ;, cannot be 0 for all 0 < ¢ < n; which guarantee the
invertibility and, by Theorem 1.1, the uniqueness of the LU-factorization with
L unit lower triangular. Therefore, it has a unique LDU-factorization with L
unit lower triangular, D diagonal and U unit upper triangular.

REMARK 4.8. The algorithm for finding the LDU-decomposition is di-
vided into two parts. The first is extracting the n? essential weights from
the original matrix. It turns out to be a reduced system of n? equations and
has both time and space complexities of O(n?).This algorithm is described in
details in [5]. The second part is computing each entry of the matrices L, D
and U. Computation of the diagonal elements of D is straightforward and has
time complexity O(n). However, computing an off diagonal (i, j)—entry of L,
or U, requires the generation of increasing sequences in QZ{ ;- The number of
these sequences for all (i, j)-entries is related to Fibonacci numbers which has
an exponential rate of growth.

Finding the inverse, however, is divided into three steps; extracting the
essential weights, calculating each entry of L=, D~! and U~!, and multi-
plying the three matrices together. The first step is already discussed. The
second is the same as discussed above for L, D and U, but this time strictly
decreasing sequences are considered and analogously, it has an exponential
rate of growth. The third step has time complexity O(n?).

Standard algorithms for finding the LU factorization and the inverse rely
on Gauss elimination and both have time complexity of O(n?). Hence, stan-
dard algorithms are more efficient from a computational point of view. How-
ever, this note mainly focuses on a combinatorial description of the L, D, and
U factors of a totally positive matrix, and provides a combinatorial descrip-
tion of its inverse. In other words, we parametrize the LDU factors and the
inverse by the same parameters of the totally positive matrix.

5. NUMERICAL EXAMPLES

In this section, we illustrate the Theorems presented in the previous sec-
tions via numerical examples. In the first example, we compute the inverse
of A using the combinatorial description of the inverses of the L, D and U.
introduced in Section 4. Consider the 4 x 4 matrix A such that

3 6 18 306
3 8 26 454
6 22 77 1384
60 262 958 17593

A:
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A direct computation of the minors verifies that A is a totally positive matrix.
Using the method described in [5], we obtain the following essential planar
network corresponding to A:

3 > 3
10 7 13 1 9 6 17
2 2
2 3 1 3
1 2 1
1 2
0 3 0

Using Theorem 2.12, we decompose this network into planar subnetworks
to recover the LDU factorization of A. The planar subnetworks and their
corresponding weight matrices L, D and U are

5

3 3 3———3 3 3
1
2 2 2———2 2 2

: 1
0 0 0 3 0 0 0
L, = D, = U, =
1 0 0 O 3 0 00 1 2 6 102
11 0 0 0 2 00 01 4 74
2 5 1 0 0 010 00 1 32
20 71 30 1 0 0 0 5 0 0 0 1

Using the combinatorial interpretation of the inverses presented in Section 4,
we can find the inverses of the L, D and U factors. The following is a combi-
natorial description of the inverses of the L, D and U factors.

1
5

0 0 0 0

D! = Ut =
1 0 0 0 £ 000 1 -2 2 -18
-1 1 0 0 0 3 00 0 1 -4 54
3 -5 1 0 0010 0 0 1 -32
-39 79 -30 1 000 1 0 0 0 1
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Since (L, D, U,)~! = U, 'D;; L1, we reverse the order of the networks in

n

the following way:

N | W
=
. .\I
N w
N w
= il

-3 %
1 1 1
— 1
0 0 0o—
U t= Dl =
1 -2 2 -18 3 00
0 1 -4 54 0 20
0 0 1 =32 0 0 1
0o 0 0 1 0 00

3
-39 79

a= o O O

-5 1 0
=30 1

Finally, we concatenate all three subnetworks yields a planar network from
which we recover the entries of the A~!. For simplicity and conformity with
the structure of all planar networks described in this note, we flip the con-
catenated network vertically, that is, we number the sources and sinks from

top to bottom to obtain

1
3

0 0
-2 % -1
1 1
-3 -1 -3 -2
2 1 2
—17 -6 -9 1 ?/ _7 y
3 > 3
2216 —1477 —18
15 5 110 5
—4337 8737 54
1 10 10 328 5
A_ p—
1263  —2553 —32
5 5 193 5
—39 79 1
= 5 -6 3

We can see from this example that there is a deterministic method for ob-
taining the weights of the inverse network from the essential weighting of
the essential planar network. This method is best explained by the LDU

decomposition and inverses of the L,,, D,, and U, factors.

In the second example, we compute the entries of the upper triangular
4 x 4 matrix Us, using Proposition 3.2. The basis step is Uy = [1]. We know

that,

Uf1<(1)

—to,1
1 )
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Therefore, the 2 x 2 Fy, matrix is given by

1 ¢
FUlz(O 011)

Using the recursive formula introduced in Proposition 3.2, we obtain

1 ¢
UI(UO@l)FU1<O 01’1)

Repeating the same process, we get U, L

1 —to to,1l1,2
Uyt = 0 1 —(to,2 +t1,2)
0 0 1

Consequently, Fy, is the 3 x 3 matrix given by

1 0 *t071t172

Fy, = 0 1 to2+t12
0 0 1
Hence,
1 to1  toitoe
U, = (Ul D 1)FU2 = 0 1 to2 +1t1,2
0 O 1
Again, we know that Us !is given by
1 —to1 to,1t1,2 —to,1t1,2t2,3
U-l — 0 1 —(to,2 +1t1,2) toa2(ti,s +t2,3)+t12tas
3 0 0 1 —(tos +t1,3+t23)
0 0 0 1
which means Fys, is given by
1 00 to,1t1,2t2,3
5. - 0 1 0 —too(tis+tas)—titas
Us 0 01 tos +t1,3+ 123
0 0 O 1
and finally
Us = (U2 D 1)FU3 =
1 to1  toitoz2 to,1%0,2%0,3
0 1 toa+tia tia(tos+tiz)+toztos
0 0 1 to,3 +11,3 +t23
0 O 0 1
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