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Abstract

We define the class of sequentially semi-separable matrices in this paper. Essentially this is the class of
matrices which have low numerical rank on their off diagonal blocks. Examples include banded matrices,
semi-separable matrices, their sums as well as inverses of these sums. Fast and stable algorithms for
solving linear systems of equations involving such matrices and computing Moore-Penrose inverses are
presented. Supporting numerical results are also presented. In addition, fast algorithms to construct and
update this matrix structure for any given matrix are presented. Finally, numerical results that show
that the coefficient matrices resulting from global spectral discretizations of certain integral equations
indeed have this matrix structure are given.

Keywords: Backward stability, fast direct solver, fast multi-pole method, integral equations, method of
moments, scattering theory, semi-separable matrices, spectral methods, Moore-Penrose inverses.

1 Introduction

In this paper we will present fast backward stable algorithms for the solution (or in the case of singular
or rectangular systems the determination of Moore-Penrose inverses) of a large class of structured matrices
which can be either sparse or dense. The structure concerned is called ’semi-separable’ and is a matrix
analog of semi-separable integral kernels as described by Kailath in [29]. This matrix analog was most likely
first described by Gohberg, Kailath and Koltracht in [20]. In that paper it is shown that, under further
technical restrictions, an LDU factorization is possible with a complexity n? N where n is the complexity
of the semi-separable description and N the dimension of the matrix - in effect an algorithm linear in the
size of the matrix, when n is small. In a number of papers Alpay, Dewilde and Dym introduce a new
formalism for time-varying systems which provides for a framework closely analog to the classical time
invariant state space description and which allows for the generalization of many time invariant methods to
the time-varying case [I}[2]. When applied to matrices, this formalism generalizes the formalism used in [20]
and allows for more general types of efficient operations (by ’efficient’ we mean operations that are linear
in the size of the matrix). In the book Time-varying Systems and Computations [1])], Dewilde and van der
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Matrix U; Vi W; P, Q; R;
Dimensions m; X k‘i mg; X ki—l ki—l X k‘i m; X li m; X li+1 li+1 X li

Table 1: Dimensions of matrices in . k; and [; are column dimensions of U; and P;, respectively.

Veen describe the various operations that are possible on time-varying systems in great detail, including the
efficient application of orthogonal transformations. In particular, they show how a URV type transformation
on a general, (possibly infinite dimensional) semi-separable system can be done with an efficient recursive
procedure. This procedure is based on the ideas presented in [39] and then further elaborated by Dewilde
and van der Veen in [I5] and by Eidelman and Gohberg in [I9]. In the former paper the connection with
Kalman filtering as a special case of the procedures is also discussed.

In this paper we will present an implicit version of these algorithms for finite-dimensional matrices. This
essentially combines the fast solution techniques for banded plus semi-separable linear systems of equations of
Chandrasekaran and Gu [5] with related techniques of Dewilde and van der Veen for time-varying systems [14].
In addition, we indicate new improvements on these methods, and in particular a method to compute Moore-
Penrose inverses of general semi-separable matrices with a single top-down recursion.

We will also use the proposed techniques to suggest fast direct solvers for two classes of spectral methods for
which there had been no known fast direct solvers (not even unstable ones). This will illustrate the usefulness
of the algorithms presented in this paper. One spectral method is due to Greengard and Rokhlin [23] BT, 37,
38] for two-point boundary-value problems, and the other is by Kress [I2] for solving the integral equations
of classical exterior scattering theory in two dimensions.

To be more specific, let A be an N x N (possibly complex) matrix satisfying the matrix structure. Then

there exist n positive integers mq,---,m, with N =mj + --- 4+ m, to block-partition A as
D;, ifi =7,
A=(A;;), where A;; € C™ ™ satisfies A;; = UWipq1--- VVj,ﬂ/-H7 if j >4, (1)

PRi—1---Rj1Q5, ifj<i.

Here we use the superscript H to denote the Hermitian transpose. The sequences {Ui}?;ll, {Vi}i,, {Wi};zzl,
(P}, {Q:}=E, {R;} =) and {D;}7_, are all matrices whose dimensions are defined in Table (1} While any
matrix can be represented in this form for large enough k;’s and [;’s, our main focus will be on matrices of
this special form that have relatively small values for the k;’s and [;’s (see Section@. In the above equation,

empty products are defined to be the identity matrix. For n = 4, the matrix A has the form

Dy UWVE  UWoVHE Ui WaWaVH
A PQH D, U Vi Us W3 ViH
| PRQY P;QY D3 UsVH
PyR3RoQY  PyR3QY  PQY D,

We say that the matrix A is sequentially semi-separable if it satisfies . In the case where all W; and
R; are identities, A reduces to a block-diagonal plus semi-separable matrix, which can be handled directly
using techniques in Chandrasekaran and Gu [5]. It is shown in [I4] that this class of matrices is closed under
inversion and includes banded matrices, semi-separable matrices as well as their inverses as special cases.

It should be noted that the sequentially semi-separable structure of a given matrix A depends on the sequence
m;. Different sequences will lead to different representations. Through out the first part of this paper we
will assume that the D;’s are square matrices, we generalize to Moore-Penrose inverses in later sections.

Our main objective of this paper is to present a fast backward stable algorithm for solving systems of linear
equations where the coefficient matrix satisfies . Additionally, we demonstrate the usefulness of this



approach by showing how this algorithm can be used to potentially speed-up a two-dimensional exterior
Helmholtz solver and also greatly reduces the amount of memory needed.

In Section |2| we discuss a fast algorithm to multiply the matrix in by any given vector or matrix; such
an algorithm is already presented in [I4], but we include it here for completeness and convenience. In
Section [5] we present a fast backward stable solver for solving sequentially semi-separable linear systems
of equations; in Sections [6] and [8] we show how to effectively construct and update the sequentially semi-
separable representation for a broad class of dense matrices, thereby significantly reducing the solution time
for related linear systems of equations; and in Section we discuss applications of the above algorithms to
solve equations arising from the spectral discretization of two-point boundary-value problems and exterior
scattering problems.

2 Fast Multiplication

We begin by presenting the fast multiplication algorithm which is useful for efficiently checking the backward
error of the solution generated by the fast direct solver.

Assume that we want to multiply the sequentially semi-separable matrix A with the vector x to get b = Ax.
We partition = (x;) and b = (b; ) such that x; and b; have m; rows. Then
bj = PjRj_l"'RQQ{{.’ﬂl+PjRj_1"‘R3Q£{I2+"'+Pij_ll’j_1+Dj£8j
+ UViizin + UWiaViszie + -+ UiWigr - Wo Vi 2,

Staring at this formula we realize that we can speed up these calculations by first calculating the intermediate
quantities:

Gn = Vonn, and gi:ViH:ri—i—WigiH, t=n—1,...,1;
h, = Q{{ZEh and hjZQfILEj—Fthj_l, j=2,...,n.

With these quantities we have that

by = Dix1 + Uige, bi = Pihi—1+ Dixi +Uigiv1, 1 <i<mn, and by, = Pyhy_1+ Dpry.

Here is the flop count. It takes at most 2" k;_1(m;+1+k;) flops to compute the g;’s, at most 2> 111 (m; +
1 +1;) flops to compute the h;’s. Similarly, it takes at most 2> m;(m; + I; + k; + 1) flops to compute all
the b;’s from the g;’s and h;’s. Hence the total number of flops does not exceed

To see the benefits of this algorithm consider the total number of flops when m; = m and k; =k and [; = {
for all i. It works out to be at most 11n(I2 + k? + m?) flops, as opposed to 2n?m? flops for doing it by the
usual multiplication method. As can be seen, if k and [ are small compared to m+/n substantial savings in
flops can be obtained.

This algorithm can be straightforwardly generalized to deal with the case where z is replaced by an N x K
matrix for K > 1 with similar flop savings. We note that all the matrix-vector products now become
matrix-matrix products, hence the usual benefits of level-3 BLAS still remain [16].



3 Fast SSS matrix-matrix multiplication

The basic algorithms for multiplying either two upper or lower triangular matrices in SSS form is presented
n [I4]. We now present a fast and stable method to multiply two matrices that have SSS representations.
This algorithm is an order of magnitude faster than applying the algorithm in section [2] either column by
column, or row by row. Let A and B be matrices in SSS form that are conformally partitioned. We first
define forward and backward recursions

Gi = 0, Giy1=Q(A)U(B)+ Ri(A)G;Wy(B), ,i=1,-,n—1
H, = 0, Hi_y=V"(A)P(B) J

Theorem 1 The SSS form of the matriz C' = AB can be computed through the following recursions:

D;(A)D;(B) + Pi(A)G:V™(B) + U(A)H,Q[' (B),
= (D;(A)P(B)+U;(A)H;R;(B) PF;(4)),

©)
©)
Ri(B)
© (QH() o) (A))
Q0) = (QuB
() = (D
©)
©)

) DE(B)Qi(A) + Vi(B)GH R (A)),
(C) = i(A)Ui(B) + Pi(A)G:Wi(B) Ui(A)),
o Wi(B)
wi(C) = ( VH (A)U;(B) WZ—(A>>’

= (Vi(B) DI (B)Vi(A)+ Qi(B)HIW[(A)).

(2

Proof. We prove the recursions by a mathematical induction on n, the number of blocks in the SSS
representation of C'. To avoid redundant work, we postpone the proof on the base step to the end, and begin
by assuming that the recursions hold for any A and B with at most n > 3 blocks.

Now let A and B be SSS matrices with n 4+ 1 blocks. We turn them and C to SSS matrices with n blocks
by merging the last 2 blocks into one in each matrix. The n-block SSS representation is the same as in the
(n + 1)-block representation in the first n — 1 blocks. In the n-th block, the new representation in C' is

me _ Dy (C) Un(C)V;141(C)
Dree) = (P7L+1(C)QnH (@) Dn+1(+(}) ) ®
mg _ ( )

The new n-th block representations in A and B are similar.

The (n + 1)-block representation defines the recursion matrices {G;}7"! and {H;}"*!'. In the n-block
representation, the recursion matrices {G;}7_; remain the same, but there is a slight difference in {H;}7- ;.
In fact, H*® =0 and

HY® = (V™e) (A)PTE(B)
= (VH(©) W(C)Vn+1)( P"(A)( )
= VH(C)Pn(A) + Wn(C) (Van-lpn—&-l(A)) Rn(A)



It follows that H; remains the same for i = n — 1,---,1. Hence the recursion formulas remain identical in
both representations for any ¢ < n — 1. Consequently, the induction assumption implies that the recursion
formulas remain true for any ¢ < n — 1 in the (n + 1)-block representation. To show that these formulas are
also true for ¢ = n and n + 1 in this representation, we note that the induction assumption on P™&(C) is

PYe(C) = (Dpe(A)P"8(B) + Us(A)H "8 RIPE(B)  Pre(A))
_ (( D, (A) Un(A)Vnﬁl(A))( P,(B) ) ( P, (A) ))
n+1( E(A) D7L+1(A) Pn+1(B)Rn(B) Pn-i—l(A)Rn(A)
( (A)Pn(B) + Un(A)Hn Ry (B) P (A) )
n+1(A )n )+Dn+1 )Pn+1(B>Rn(B) Pn+1( )Rn<A)
)

)Qr (A) P (B
(Dn(A)Pa(B) + Un(A)Ho R (B)  Po(A))
o (R Y O

n(A
)Q
D
Q

n
H
n

By comparing this with (3)), we set

_ R.(B)
Ba (€)= (Q,’?(A)Pn(B) Rn<B>>’
PAC) = (Di(A)P(B)+U(AH:Ri(B) PFi(A)), i=nn+1.

Similarly, the induction assumption on W™8((C') simplifies to

VPE(C) = (Vms(B) (Dpe)" (B)V;RE(A) + QrE(B )(ng) (wire)™ (4))

((Vn+1(v )n )) ( n+1DB§g) w(B) V{%)(B) (n+1 II?V) (A)>)

(Va(B) Df() n(4) +Q B)HHWH( ))
- ((vn+1<B> DaBVarr ) (il 3 5 wa)) )
Now equation allows identification
_ Wo(B)
W@ = (vatiom w.w)
Vi(C) = (ViB) DI (B)Vi(A)+QiB)HIW(A)), i=nmn+1.

Finally, the induction assumption on D2&(C') simplifies to

DRE(C) = DME(A)DME(B) + PE(A)G, (V™8(B))" + UME(A)HPE (Q8(B))"
_ ( D, (A) Un(A)VnIL(A)) ( D, (B) UH(B)Vnﬁl(B)>
P (A)QI(A) Dy41(A) (B)Q}(B) Dy 11(B)

P ;
*(Pn [(A (fq)n<A>)G”<(vn+1<V§§vB;)f<B>> )

We can further simplify the (1,2) block of D*&(C') to

—~

Dy(A)Un(B)Vari (B)T + Un(A)Vir1(A) T D 1(B) + Po(A) G Wi (B)Vauia (B)
= (Du(A)Un(B) + Pu(A)GnWn(B)  Un(A)) Vara(O)F.

\_/

According to , we can now identify
Un,(C) = (Dn(A)U,(B) + P,(A)G,W,(B) U,(A)).
In addition, by simplifying the other three blocks of DI*8(C'), we can set

Qn(C) = (Qu(B) Di(B)Qun(A)+ Va(B)GIR](A)),
Di(C) = Di(A)Di(B) + P(A)GV;"(B) + Ui(A)H,Q{(B), i=mn,n+1.



This concludes the induction.

We now complete the recursion by considering the base step. It is straightforward to verify that

( Dy (4) U1(A)‘/§H(A)> ( Dy (B) Ul(B)VéH(B)> _ ( Dy(C) Ul(C)VzH(C))
Py(A)Q1(A)H Dy (A) Py(B)Q1(B)" D,(B) Py (C)Q:(C)H Dy (C) '

where
P(C) = (D2(A)P: (B) Py(A)),
Va(C) = (Va(B) DI (B)Va(4)),
Q:1(C) = (Qi(B) D{(B)Qi(A) +Vi(B)R{'(A)),
U1(C) = (Di(AU (B)+P1(A)W1(B) Ui(4)),
Di(C) = Di(A)Di(B) + P(A)G V™ (B) + Ui(AH:Q{(B), i=1,2.

Now repeat the induction step with n = 2 with minor modifications, it is straightforward to verify that all
the recursive formulas hold for n = 3 as well. Hence they must hold for all n > 3.

3.1 Flop count

We now estimate the flop count for this algorithm when m; = p = k; = [;. In this case the total flop count
is at most 40np® flops. As can be seen the constant is of reasonable size.

4 Fast Forward and Backward Substitutions

The SSS structure also allows a fast method to compute L~'B and R~'B for lower and upper triangular
SSS matrices L and U and a general SSS matrix B. Again, this algorithm is an order of magnitude faster
than computing L=!B and R~!B column by column.

We first consider L~!B, where L is lower triangular and both L and B are matrices in SSS form that are
conformally partitioned. We need the following lemma

Lemma 2 Assume that the lower triangular SSS matriz

Dy (L)
Py(L)Q (L) Dy (L)

Po(L)Ry—1(L) -+ Ro(L)Q{(L) -+ Dy(L)
is non-singular. Then L™ is a lower triangular SSS matriz with
D;(L™") = Dy L), P (L7')=-D;'(L)P(L),

Qi (L7Y) (D7) QuL), R (L7Y) = Ri(L) — Qi(L)" D N(L)PA(L).

7

According to the lemma above and Theorem [I] the SSS representation of the forward substitution matrix
L~!'B can be obtained by plugging the SSS representation of L~! into the matrix multiplication recursions



of Theorem [1] The following recursions for L™'B are simplified from these recursions by taking advantage
of the fact that L~! is lower triangular. We omit the proof.

Define the following intermediate quantities

Ui(B) = D;Y(L)Ui(B), Pi(B)=D; (L)Pi(B), Di(B)=D;(L)Di(B),
ﬁz(L) = Di_l(L)Pl-(L), E(L) =R;(L) - Qi(L)Hﬁi(L)'

We also define the forward recursion
Gi=0, Giy1=Q(L)U;(B)+ Ri(L)G;Wi(B), ,i=1,---,n—1.

The SSS form of the matrix L~=!B can now be computed through the following recursions:

Di(L7'B) = Di(B)- P(L)GV;(B),
B(L7'B) = (P(B) -PB(L)),
1 Ri(B)
BlL7B) =\ qu)pm) E(L))’
Q:(L7'B) = (Qi(B) DH(B)Qi(L)+Vi(B)GIR(L)),
Ui<L_1B) = ﬁz(B)_Pi(L)GZWZ(B)a
Wi(L7'B) = W;(B),
Vi(L™'B) = Vi(B)

We now consider R~!B, where R is upper triangular and both R and B are matrices in SSS form that are
conformally partitioned. Define the following intermediate quantities

l 3 3

Ui(R) = D;Y(R)P(R), Wi(R)=Wi(R) - Vi(R)"U;(R).

K2

Ui(B) = D;'R)Ui(B), Pi(B)=D;(R)P{(B), Di(B)=D;'(R)Di(B),

We also define the backward recursion
H,=0, Hi_i=-VA(RP(B)+Wi(R)H;Ri(B), ,i=mn, 2.

The SSS form of the matrix R~!B now takes the following recursive form:

Dy(R7'B) = Di(B)+U;(R)H,Q¥ (B),
P(R™'B) = f’z‘(B)-f—ﬁi(R)HiRi(B)»
Ri(R™'B) = Ri(B),
Qi(R7'B) = QiB),
U(R'B) = (Uy(B) Ui(R)),
1 W;(B
WiRTB) = W(Rgﬁi)(ff) WAR))’
Vi(R™'B) = (Vi(B) -DI(B)Vi(R)+ Q:i(BHIW/(R)).

5 Fast Backward Stable Solver

In this section we describe a recursive and fast backward stable solver for the linear system of equations
Az = b, where A satisfies and b itself is an unstructured matrix. But before we present the formal
algorithm we demonstrate the key ideas on a 4 x 4 block matrix example.



5.1 A 4 x4 Example

Let the initial equations Az = b be partitioned as follows:

D1 U1V2H U1W2V3H U1W2W3V21H X bl 0
P,QY Dy U, Vit U, W3V x2 | _ | b2 | P, 5
PyR,QY PQY Ds Us Vi xz3 | | bs PRy |7 (5)
PyRsR:Q  PyR3QY  PQY Dy T4 by P,R3Ry

where 7 = 0. We have added the extra (zero) vector in the right hand side of (5| to bring the equations into
the general form of our recursion.

The algorithm takes one of two essential forms depending on whether k;, the number of columns of Uy, is

strictly less than mg, the number of rows (columns) of Dy, or not.

5.1.1 Case of n > 1 and k; < my: Elimination

Our goal is to first use a (unitary) transformation from the left of A to zero out most of the entries in the first
m — k1 rows; and then use a (unitary) transformation from the right of A to produce a (m; — k1) X (mq — k1)
lower-triangular system at the top right corner of A.

To this end, we first apply a unitary transformation ¢f7, from the left of A to the first m; rows of the equation
such that the first m; — k1 rows of U; become zero. More specifically let

Hrr _ (0 mi—Fk
o= (,) "

Now we multiply the first m; rows of the equation from the left of A by ¢ to obtain

0
H H
g’ O . q 0 _ Py
(% D))= (% D)= sn |-
P,R3Rs
. . g7 0 . 0
In the new coefficient matrix (1) I A ], the matrix U; has become 0 and D7 has become qf{ Ds.
1
Hence the first m; — k; rows of the new matrix are zero starting from the (m; + 1)-st column. The only
H
difference between q(l) ? b) and b is in by, which becomes ¢f7b;. There is no need to multiply the

term involving 7 since its first block is a zero matrix.

Next we pick a unitary transformation wi! that lower-triangularizes ¢’ Dy, the (1,1) diagonal block of the

new coefficient matrix.
my — k?l k‘l

H g mi—k Dy 0
D) wy = .
(o' Dr) wy ky < Doy Doy >

To multiply the first m; columns of the coefficient matrix with wf’ from the right, we also need to replace
the unknowns z; by the new (transformed) unknowns

Wi _ml—kl 21
141 kl i'l )



and do the multiplication Q¥ wf. In summary, equation (5 becomes:

0
H H H
g 0 w0 w; 0 (a0 B P,
(0 I>A<O I>(0 I)x_<0 1) mR, |7
P4R3R2
which can be simplified to read as follows:
D 0 0 0 0 21 B 0
Doy D 22 Ur VY2H U1 Ws VgH Ui WoWs5 V4H T "1 0
PQQ{II PQQf DQ U2V3H U2W3‘/4H o = b2 — P2 T,
P3RyQf, PRy Q7! PQY Ds UV T3 bs PRy
PyRsRyQf)  PiRsRoQf PiRsQY  PiQY Dy 4 by PyRsR»

where we have used the partition

H 7m1—k1 51 7m1—k1 Qn
1 bl = k] <’71) and lel = k] <Q1 .

Now we solve for z; from the system of equations Dy121 = 1. We also subtract Doy times z; from the
right-hand side to obtain by = v; — Day21.

The remaining z; term on the left hand of the new equations has a form that is similar to the 7 term on the
right hand side and can therefore be merged into a new right hand side term as

0
0
P, 7, where 7 =7+ QH 2.
PsRs
PyRsR;

Now we can discard the first m; — k; rows and columns of the equations to arrive at:

Dy OV OWoVE OyWoWsVE N /i by 0
Png D2 UQ‘/E;H U2W3V21H xTo _ b2 P2 ~
P3RyQ7f P3Qy! Dy UV o B S R Y
PiR3RoQf" PiR3QY  P,QYf Dy Ty by PyR3 R

Observe that this new system is structurally identical to the one we started with, except that it has a smaller
dimension. So let us assume that by the magic of recursion we can solve this system quickly for the unknowns
Z1, T2, r3 and x4. Then we can recover x1 by computing

21
I :w{{ <£1> .

This completes the first possibility in the recursive algorithm.

5.1.2 Case of k; > my: Merge

The second possibility is that ki, the number of columns of U; is at least as large as m the number of rows
(and columns) of D;. In this case we cannot necessarily induce any zeros in the first few rows by a small



transformation from the left. Hence we proceed by merging the first two block rows and columns of the
matrix. To do that observe that we can rewrite the system of equations as follows:

D, UV U, Ws H Ui Wo H
<P2Q{{ D2 > ( U2 >VS Us WsVi

i ). (620) (0
Py (QIRQ ) Ds U3‘/4H T2 — b2 — P _ P? (RQT).

Q2 T3 b3 3
H T4 b PiR
RH 4 413
PyRs <Qé222 > P4Q§{ Dy

Hence if we make the following definitions (computations)
. D, U1V2H) - <U1W2) - (QlRfE’)
D = s U, = y = )
= (nar o Sl ) 97

~ X1 2 b1 A
Z1 (1:2)7 b1_<b2_P2T>7 T_R2T7

then we can rewrite the system of equations as follows:

Dy WV WV [ by 0
PQY Ds UV’ z3 | =1bs|—| P |(7)
PiR;Q PQY D, T4 by PR3

which is structurally identical to . Hence we can proceed to solve it recursively. In case n = 1, we have
the system Dix; = by — 07, which is solved by standard means.

5.2 The Full Algorithm

We now present the full algorithm. We assume that the sequentially semi-separable matrix A is represented
by the seven sequences {U; }7 1, {Vi}ry, (W} {P Y, {Qi}r—t, {R:}7=) and {D;}7_, as in (1). We
also partition = (z;) and b = (b;) such that x; and b; have m; rows. As in the 4 x 4 example, there are
two cases at each step of the recursion.

5.2.1 Case of n > 1 and k; < my: Elimination

As in Section our goal is to do orthogonal eliminations on both sides of A to create an (mj; — k1) X
(mq — k1) lower triangular submatrix at the top left corner of A.

We perform orthogonal eliminations by computing QL and LQ factorizations

mi — kl kl
0 my —k my — k D 0
Ur=m ((%) k11 ' and (quDl) = kll 1 ( Di Do )wl)

where ¢; and w; are unitary matrices. To complete the eliminations, we also need to apply ¢ to b; and w;

to Q1 to obtain
H, _ mi—k (B _mi—ki (Qu
qi b1 = ko, <%> and w1@Q1 = Ky <Q1 .

10



Equations have now become

0
Py
i 1 H PR
@ 0 wy' 0\ (fwy 0) _ (¢ 0O 3 o
(0 I)A<0 I)<0 I>x<0 )b~ PyR3 Ry 7 (6)
PR, 1Ry

As was done in Section we now orthogonally transform the unknowns z; and solve the (m; — k1) x

(mq —k1) lower triangular system of equations. Let mi =k ( “1

k . > = wixy. Then the first m; —k; equations
1

&y
of @ have been simplified to D121 = B1. Hence we compute z; = Dy 161 by forward substitution.

We further compute 131 = 71 — Ds1z;. This in effect subtracts the Dy; portion of the columns from the
right-hand side. Finally we compute 7 = 7 + Q%] 2;. This simple operation merges the previous pending
subtraction at the right-hand side and the subtraction of the first m; — k1 columns (those corresponding to
z1) from the new right-hand side.

At this stage, we discard the first m; — k; equations and are left with a new linear system of equations

0

Py
P PsRy R
AT =b— PyRs R, T

Pan—l e RQ

with exactly the same form as . To see this, we note that among the seven sequences {U;}!~ ', {Vi}1,,
(Wyr APy, {Qi}, (R} and {D;},, everything remains the same except that U;, Q1, and
D1 have been replaced by U 1 Q1, and Dsoy. Among the partitioned unknown subvectors x;’s and right hand
side subvectors b;’s, the only changes are that x; and b; have been replaced by #; and by, respectively. Of
course, the new linear system of equations has a strictly smaller dimension, hence we can indeed proceed
with this recursion. After we have computed the unknowns x5 to x,, and the transformed unknowns Z;, we

can recover x1 using the formula
21
Tr = w{{ ~ .
Ty

5.2.2 Case of k1 > my: Merge

As in Section [5.1.2] we perform merging in this case. In the case n > 1 and m; < kp, we cannot perform
eliminations. Instead we merge the first two block rows and columns of A while still maintaining the
sequentially semi-separable structure.

We merge the first two blocks by computing

~ ( D1 UV & Uy A (QiRY
D1_<P2Q11q Dy )7 U= Uz )’ and Q1 = Q2 )’
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We merge 21 and x5 into 21, and we merge the right hand sides by computing

s bl .
b1 = <b2P27'> and T—RQT.

Let A and b denote the matrix A and the vector b after this merge. We can rewrite equivalently as

0

P
AR PR3 .
Az =b— PsR4R; T.

Py 1R, _2---R3

Clearly A is again a sequentially semi-separable matrix associated with the seven hatted sequences except
that we have reduced the number of blocks from n to n — 1.

To complete the recursion, we observe as in Section that if n = 1, the equations (|1)) become the standard
linear system of equations and can therefore be solved by standard solution techniques.

5.3 Flop Count

The total flop count for this algorithm can be estimated as follows. For simplicity we assume that compression
and merging steps always alternate. We also assume without loss of generality that b has only one column.
Then we can show that the leading terms of the flop count are given by

2 Z(mz + kifl)kig + (m; + ki71)3 + (mi + ki,1)2li+1 + k?mi+1 + kili+1(mi+1 +1; + li+2).

i=1

When the semi-separable structure is constructed using the construction algorithm presented in Section [6] or
its faster variants in Section [I0} k; and I; will be chosen to be the numerical ranks of the i-th upper-triangular
and lower-triangular Hankel blocks, respectively. To get a better feel for the operation count we look at the
important case when each block has the same dimension m; = m. Let k and [ be the maximum numerical
ranks of any upper-triangular and lower-triangular Hankel blocks, respectively. Then above expression is
bounded by

2N (m® + m(3k + 1) + (3kl + 5k%) + (2k® + k*1 + 2kI?) /m) , (7)

where N = nm is the dimension of the full matrix. We observe that the count is not symmetric in k; and
I;. Sometimes it is cheaper to compute a URVT factorization instead if k > [. This matter is also covered
in [5].

Equation implies that it is possible to chose the optimal block size m to minimize the (upper bound on
the) total cost. Indeed, the expression in becomes very large for both very small and very large values of
m. Setting the derivative with respect to m in this expression to 0, we see that the total cost is minimized
when we choose m to the the integer closest to the unique positive root of the following equation

2m + (3k +1) — (2k> + k21 + 2k1%)/m? = 0,

or

2m3 + (3k + )m? — (2k> + k21 + 2ki®) = 0. (8)
For k = [, this equation simplifies further to

2m? + 4km? — 5k3 =0,
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sS1ze
mi = ; = k; for all i 256 | 512 | 1024 | 2048 | 4096 8192
16 0.04 | 0.08 | 0.16 | 0.36 | 0.67 1.34
32 008|019 | 042 | 083 | 1.66 3.44
64 0.18 | 0.48 | 1.12 | 2.36 4.8 9.87
128 0.15 | 1.01 | 2.73 | 6.09 | 12.91 26.9

| Standard Solver (GEPP) [| 0.15 | 0.72 [ 4.57 | 30.46 | 222.57 | 3499.46 |

Table 2: Run-times in seconds for both the fast stable algorithm and standard solver for random sequentially
semi-separable matrices with m; = k; = [; for all 4.

which has a unique positive root at m = 0.9246k. With this choice of m, the total cost is about 36 Nk?
flops. Note that the constant in front of the leading term is not large.

5.4 Experimental run-times

We now report the run-times of this algorithm on a PowerBook G4 running at 400 MHz with 768 MB
of RAM. We used the ATLAS BLAS version 3.3.14 and LAPACK version 3 libraries. For comparison we
also report the run-times of the standard dense solvers from LAPACK and ATLAS BLAS. All timings are
reported in Table[2] The columns are indexed by the actual size (3. | m;) of the matrix, which range from
256 to 8192. The horizontal rows are indexed by the value of m; which is set equal to k; and [; for all ¢ and
ranges from 16 to 128. These are representative for many classes of problems (see section . In the last
row we report the run-times in seconds of a standard dense (Gaussian elimination) solver from the LAPACK
version 3 library running on top of the ATLAS BLAS version 3.3.14. These are highly-tuned routines which
essentially run at peak flop rates.

From the table we can see the expected linear dependence on the size of the matrix. The non-quadratic
dependence on m; (and k; and [;) seems to be due to the dominance of the low-order complexity terms. For
example we observe a decrease in run-time when we increase m; from 64 to 128 for a matrix of size 256! This
is because at this size and rank the matrix has no structure and essentially a dense solver (without any of
the overhead associated with a fast solver) is being used. There is also a non-linear increase in the run-time
when we increase the size from 256 to 512 for m; = k; = [; = 128. This is due to the lower over-heads
associated with standard solver.

Restricting our attention to the last two rows in Table [2[ where m; = k; = [; = 128 for all i, we observe
that the fast algorithm breaks even with the dense solver for matrices of size between 512 and 1024. (The
estimated flop count actually predicts a break-even around matrices of size 940.) For matrices of size 4096
we have speed-ups in excess of 17.2401. Since the standard solver becomes unusually slower for matrices of
size 8192 (possibly due to a shortage of RAM) we get a speed-up of 130 at this size. The speed-ups are even
better for smaller values of m;’s.

We could further speed up the fast algorithm by using Gaussian elimination with partial pivoting instead
of orthogonal transforms. This approach would still be completely stable as long as the dimensions of the
diagonal blocks remain small.
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5.5 Stability

The algorithm we have presented is backward stable provided the SSS representation is stable. By this we
mean that [|[WW;|l2 < 1 and ||R;||]2 < 1. The reasoning is similar to the one presented in [5 [I4]. The algorithm
implicitly computes an ULV H factorization, where U and V are unitary and L is lower-triangular. Both
U and V are represented as products of elementary unitary transforms. It follows from a straight-forward
error analysis that the algorithm is backward-stable provided the SSS representation is stable. Experimental
calculations of the backward error has shown that in all instances it is a small multiple of the machine
precision, as would be expected for a backward-stable method. The SSS construction algorithm presented
in section [6] computes stable SSS representations, as does the fast model reduction algorithm in section [10.6]

However, even if the SSS representation satisfies the much weaker condition ||[W;W;11--- Wj||2 < p(n) and
|[RiRi—1--- Rj||2 < p(n), where p is a low-degree polynomial in n, then the algorithm is backward-stable to
first order in the machine precision. Such weakly stable SSS representations are produced by techniques like
the fast multipole method. However, they can be made stable by using the fast model reduction algorithm

of section [10.61

6 Constructing sequentially semi-separable matrices

In this section we consider the problem of computing the sequentially semi-separable structure of a matrix
given the sequence {m;}?_; and a low-rank representation of some off-diagonal blocks. The method presented
can be applied to any unstructured matrix, thus proving that any matrix has a sequentially semi-separable
structure (of course, k; and [; will usually be large in this case, precluding any speed-ups).

6.1 General Construction Algorithm

Let A represent the matrix for which we wish to construct a sequentially semi-separable representation
corresponding to the sequence {m;}?_;, where " m; = N, the order of the matrix. Our procedure is similar
to that of Dewilde and van der Veen [I4]. Since the upper triangular part and lower triangular parts are so
similar, we will only describe how to construct the sequentially semi-separable representation of the strictly
block upper triangular part of A. The basic idea is to recursively compress off-diagonal blocks into low-rank
representations.

Let H; denote the off-diagonal block

U Wy - Wiviljrll e U Wy - Wn_lvnH
Hi = : : : (9)
Ui, e UiWig - Wl VI
Following Dewilde and van der Veen [14] we will call H; the ith Hankel block. Each H; is a p; X v; matrix
with pu; = mi +---+m; and v; = m;41 + - - - + my. Observe that we can obtain H;1, from H; by dropping
the first m; 1 columns of H; and then appending to the resulting matrix the last m;, 1 rows of H;; 1.

To start the construction, we let Hy ~ ElElFlH denote a low-rank (also called economy) SVD of H;. That
is, we assume that the matrix of singular values 31, is a square invertible matrix, all of whose singular values
below a certain threshold have been set to zero. Therefore, 'y and F} have an orthonormal set of columns,
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but they may not be unitary. Partition F} as

_mg [ Fi,
b= Vo (F1,2 )7
and we pick Uy = Fy and Vo = F; 13;. Define ﬁl = ElFfz. ﬁl is the portion of H; whose SSS construction

has not yet been finished. We note that both the column dimension of U; and the row dimension of H, are
exactly the numerical rank of H;.

To continue, let Zs be the last my rows of Hy so that

We compute the following SVD
HQ = ( Hl > %EQEQFQH
Zy
Note that H, is the matrix obtained from Hj by taking out the matrix U; which has already been computed.
As before, any singular value of Hy below a certain threshold has been set to zero. Partition

We choose Uy = Eg 3, V3 = Fy 132, Wy = FEy; and set fIg = 22FZI{72. ﬁg is the part of Hs which requires
further SSS construction. We again note that both the column dimension of Uz and the row dimension of
H, are exactly the numerical rank of Hs.

In general, let ﬁ, be the remaining part of H;, and let Z;;; be the last m;y; rows of H;;1, we construct

H,; 1 and compute its SVD as follows

3 H; H k; Eit1a miv2 [ Fit11
H'+1 = ¢ S E'+1E‘+1F- where E'+1 =" T F‘+1 =" T .
! Zit1 el ! Mit1 \ Fig12 /)’ ! Vigo \ Fiyip2

AS before, we set Ui-i—l = EH_LQ,‘/H_Q = Fi+1712i+17Wi+1 = Ei-l—l,l and ffi_,_l = Ei-i-lFin,-l,Q' Similar to
above, both the column dimension of U;y; and the row dimension of I:Ii+1 are the numerical rank of H; ;.
By substituting these formulas back into the sequentially semi-separable representation beginning with Hj,
it is straightforward to show that these formulas indeed construct the sss matrix and the construction is
numerically stable.

Finally, we note that the sequentially semi-separable representation for the lower triangular part of A can
be computed by applying exactly the same procedure above to A¥. The computational costs are similar as
well.

This algorithm takes O(N?) flops, where the hidden constants depend on m;, k; and I;. It is clear from our
construction that k; and [; are the numerical ranks of their corresponding Hankel blocks. This fact allows us
to easily choose the best partitioning that minimizes the overall cost for solving sequentially semi-separable
linear systems of equations (see Section [5.3).

Our construction algorithm also makes it clear that an efficient sequentially semi-separable representation
can be constructed for any matrix which has low numerical rank on every Hankel block. Hence computational
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electromagnetics problems involving integral equations can be rapidly solved using an efficient sequentially
semi-separable representation.

The algorithm can be implemented to require only O(N) memory locations. This is particularly important
in those applications where a large dense structured matrix can be generated (or read from a file) on the fly.

We can replace the use of singular value decompositions with rank-revealing QR factorizations quite easily.
This may result in some speed ups with little loss of compression (see [10, 24] and the references therein).

A totally different alternative is to use the recursively semi-separable (RSS) representation presented in the
paper by Chandrasekaran and Gu [5]. This is usually easier to compute efficiently, but may be less flexible.

In many important applications the sequentially semi-separable representation needs to be computed only
once for a fixed problem size and stored in a file. In such cases the cost of the exact algorithm is not
important. Such cases include computing the sequentially semi-separable structure of spectral discretization
methods of Greengard and Rokhlin [3T), B7] for two-point boundary value problems and that of Kress [12]
for integral equations of classical potential theory in two dimensions.

Finally, we note that the sequentially semi-separable representation for the lower triangular part of A can
be computed by applying exactly the same procedure above to A”. The computational costs are similar as
well.

This algorithm takes O(N?) flops, where the hidden constants depend on m;, k; and [;. The algorithm can
be implemented to require only O(N) memory locations. This is particularly important in those applications
where a large dense structured matrix can be generated (or read from a file) on the fly. Many computational
electromagnetics problems involving integral equations fall in this class.

If one is prepared to live dangerously, we can compute U;, W; and V; in time that is much less than O(N?).
For example we see that we can pretend that U; and V;y; can be computed from the lower-left block of
H,—the one that reads U;V;41. Of course, the danger is obvious: we may fail to find all of U; and V4.
But for many classes of matrices, especially those that are “heavy” on the diagonal, the chances are good
that we will not fail. The necessary condition is that U; and V;y; be full-rank well-conditioned matrices.
Similarly W;,1 can be computed from the block that reads UiWiHViiIQ. Again, this will only work if U; and
V41 are full-rank well-conditioned matrices. Note that in this scheme only the banded portion of the matrix
needs to be read. To check our guesses we can use nearby blocks. For example we can use the block that
reads UiWi+1Wi+2‘/iiI3 to check our calculations, and even improve them. Such an algorithm, assuming it
succeeds, will run in O(N) flops.

7 One pass solution for the Moore-Penrose inverse of a general
system

Let be given a general matrix A as before, the entries of A may be blocks, and a vector b conformal to the
rows of A. We wish to find a vector = of smallest possible magnitude ||z|l2 = v/>_ ||#:]|?, which minimizes
[|[Az — b||2. Our goal is to find a backward stable algorithm in the same taste as before, that is using a
one-pass, top down algorithm. As before we assume that we dispose of a realization consisting of block
matrices {U;}, {V;} etc., the only restriction being that these realization matrices must be appropriately
conformal to fit the products in the representation. In particular, the diagonal entries {D;} do not have to
be square or non-singular. In [I3] a general algorithm was given to determine the Moore-Penrose inverse of
a general time-varying operator. We specialize the method given in that paper to the matrix case with two
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new and important additions:
- the new algorithm is one-pass, top-down;
- explicit use is made of the Chandrasekaran-Gu method.

The one pass character is obtained by making a judiciary use of left and right multiplications by elementary
orthogonal matrices. These matrices then combine to semi-separable operators of the same complexity as the
original semi-separable data. What makes the Moore-Penrose theory more complex than the mere system
reduction is the fact that exact solutions of reduced subsystems may not contribute to the Moore-Penrose
solution, except in the special circumstance that all rows in the system are linearly independent. For example,

the system of equations
1 R
R A

has the least squares solution 2z = (b; +b2)/2 - the first equation can not be solved independently from the rest
of the system. Hence care has to be exercised in converting the system first to a system of row-independent
matrices, that is, the co-kernel has to be implicitly determined (see further!).

The strategy that we follow to obtain the reduction to a row-independent form works in two steps, the third
step then consists in solving the resulting row-independent system using the methods described earlier (this
time actually on a simpler systems). The resulting complexity will roughly be twice that of the original
algorithm. Lazy evaluation allows the algorithm to proceed from the upper left corner down to the lower
right corner as before. A summary of the procedure is as follows:

1. Using elementary orthogonal (or in case or complex entries unitary) on the columns (on the right of the
matrix) we gradually transform the double sided representation into a block upper one, that is one in which
the P,Q and R type matrices are all zero. The upper representation will have the same complexity as the
original. The result is the representation of a block-upper matrix A;, related to A through

A1:AU)

where w assembles the column transformations.
2. Using elementary orthogonal transformations on the rows (i.e. on the left) we gradually (lazily) determine
co-kernel and range of A;:

m:m”@{i]

in which A, has linearly independent rows. The columns of us then form an orthonormal basis for the range
of A; and the columns of u; for its co-kernel (i.e. the kernel of Af).
3. The combination of the two previous steps has produced

Azmﬂm{i}w?

H

1ith y = w™ z an = we find that the Moore-Penrose solution decomposes in

With H d[gl} [Z}{Z] find that the Moore-P. lution d i
2 2

Aoy = /82

which is now a system with linearly independent rows that can be solved exactly with the techniques of the
preceding sections, leaving an irreducible residue 3 - the least squares error sought will be ||3]|-

Before detailing the general method we give the algorithm stepwise on a 3 x 3 example.

For ease of exposition we go through the three 'w’ steps first, assemble a complete 'upper’ matrix and
then proceed through the three steps that work on the rows of the resulting matrix. We use the following
notations:
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T;, in which T is an operator (represented by a block matrix) collects the i’th components of a unilateral
representation of 7" in a single block 2 x 2 matrix

A G
v-| 5 5]

in which some of the block rows or columns may disappear - dimensions of the blocks have to be congruent
of course - the entry T; ; for ¢ < j being given by T; ; = B;Ajy1 -+ Aj_1C; and T; ; = Dy;

Splitting of a block, say A, in columns is indicated with a dot notation for a running index, e.g. A.1, 4.2
would be a splitting of columns in two blocks, the dimensions being usually clear from the context.

Finally, we use the terms ’'realization’ and ’representation’ indiscriminately to indicate the matrices used in
diverse semi-separable representations. In the next sections we assume that all the given representations are
of minimal dimensions (they will be if the construction procedures of the previous sections have been used).
Comments are put after a semicolon.

The ’w’ procedure

Step 1
We find in sequence:
My = -, r; = -; the start of the procedure is ’empty’

W, = { Ql d. ) } where d,,; is an orthonormal basis for the complement of the column span of )y
w

. ; this produces the first realization matrices for A;, the net effect is to project

[Al]l — . .

U @ ‘ D1dyn
the columns of D; to the orthogonal complement of Q.
Step 2

My = QQ, = r¥ry where 7y is a square matrix making Q75 ' isometric, if the realization minimal, Mo
will be non-singular.

H -1
Wy = [ Ry’ 3 bus ] where [ ZwQ } is an orthonormal basis for the complement of the column space of

QQ dw2 w2
H
[ T§2 ]; this yields now
2
W, Vi Vo doyo
[Al]g = Rg—[ 7’2_1bw2

Uy Q2+ PoMyRY | Dadus + Pordlbus
and allows us to construct the first two block columns of Ay:

vad,
Didy1  [Ur Q1] [ Tzzlb ; } ?

0 Dodyyo + Pg?“é{wa
0 0 ?

Ay =

Step 3
Mz = Qf Qs+ R2M2R§I = réf r3, in which r3 is square non-singular, since we assume minimal realizations
and hence M3 is non-singular.
-1
RE r7lp
w3 = |: 3 3 Yw3

} where [ 2“’3 } forms an orthonormal basis for the complement of the column space

QB de w3
T‘gRH . . . . .
of 0 3 |, yielding the third set of realization blocks for As:
3
W3 Vi Qs Vi dys
[Al]g = R?{I T‘;lbwg

Us Qg + PgMgRgI ‘ Dsd,3 + Pg?”:;{{bwg
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and finally the full upper conversion:

Vild oo Wy UHQ, Vid,;3
Didy1 Uy Q4] [ s s } U1 Q1] [ 0 Rl v s
A= H H V3 dws
0 Dodyo + Pory' by Uz Q2 + P MRy | =
3 w
0 0 DdeS + PST?{_Iwa

This terminates the w transformation for the 3 x 3 case. It should be clear from the general formulas that
the procedure goes on in the same recursive way for larger matrices, there is no growth in dimension of the
entries, they are all roughly twice the size of the originals, and still minimal.

The conversion to linearly independent rows

We use a different ordering of rows and columns than in the theory, the symbols and their indexing should
be self-explaining.
Step 1: QR decomposition on [D1d,,1|U1Q1]:

o 0 0 o0
S8 | [Didw1 |U1Q1) = | dor bor | where Q = | 6% | is the 'Q’ of the QR decomposition (for later
s 0 v B

convenience and consistency we’ve put the bottom row of zeros in the R factor on top), d,; and yo have
linearly independent rows by construction (they can be in echelon form), and the result of step 1 applied to
the whole matrix by embedding the elementary transformation Q7 is

r o 0 0 7
d b Vi dus po | W2 U3 Qy Vi doys
ol ol T'Q_lde ol 0 Rg[ rg,_lbw;;
VHde W2 UHQ2 -1
H |V duws

0 Dadya + Pory bya Uz Q2+ PoMoR | 24

7’3 bwg

L O 0 Dsdys + Psrg' bys J

and the block row containing yo goes to the next stage while the first two block rows will remain untouched
in the next steps.
Step 2

. . . . [ Vi dye W UHQ,
Let now, for ease of notation and consistent with the previous theory, co = = and ags = 0 RH
2 Yw2 2

the step consists again in finding a QR factorization:

c a 0 0
Qé—l |: y2c2 4202 :l = d02 bo2 5

do bo 0 ys
in which Q¥ has the block decomposition:
o da1 Va1
Qy = 52H2 Y22
gt ol
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producing as result for the second step:

0 0 0
de b [ Vil dyyo } b [ Wy UHQ, ] [ Vi d s }
ol ol T;lbwg ol Ré—[ Tg—lbwg
0 0 0
‘/E’,Hdw3
0 do2 bo2 |: T;lbwg;
‘/E’,Hdw?)
0 0 Ys T;lbw:s
L 0 0 Dsdys + P3rilbys ]
The final step will reduce the two last block rows to row-independent:
VHd,
H Y3 [ 8,0 } 0
Q3 T3 bw3 - d 3 )
Dsduys + Psrilbys ¢

in which the last block consists of linearly independent rows to yield the final result, now written in shorthand:

0 0 0 B1o

do1 boica  boragcs Bi1

0 0 0 Yol | B
|l Y2 | =

0  do boacs y Ba1

0 0 0 s B30

0 0 do3 B33

in which

_ VQHde o W2 U2HQ2 - ‘/SHd’LUS B .
C2 = [ rglbw2 , A2 = Rf , C3 = T3—1bw3 , do3 = D3d,,3 +p3r3 buws,

are realization matrices for the resulting A, and the right members have been duly modified as dictated by
the transformation. Hence, the quantities 819, B20 remain to produce the Moore-Penrose square error:

esrpr = I1Bwoll® + 118201 + 1| Bsoll,

while y1, y2 and ys will now be uniquely determined by solving a unilateral semi-separable system given by

dor  borcz  boragcs Y1 Bi1
do2 boacs y2 | = | P21
do3 Y3 Ba1

and this system can now be solved by the direct method explained earlier in this paper (see the motivation
further on).

It should now be clear that the two steps of the algorithm just described can be done in a top-down, left-right
fashion with ’lazy’ execution, and only the state space description has to be handled, of course. In fact, one
can say alternatively, that the state space descriptions are treated in increasing index order. This will also
be true for the algorithm described next.

Proofs and connection with previous theory

We use the general block-matrix representation of [I3]. In contrast to the general time-varying system
notation we always take the '11’ block as the origin (in the time-varying systems notation it is the '00’ block
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for obvious reasons). In cases of doubt, the ’11’ block is singled out by putting a square around it. Matrices
are block-upper if their block entries A;; with i > j are zero. Blocks may be empty, empty blocks have either
a zero number of rows, a zero number of columns or both. We represent them by '—’, ’|” or ’- respectively.
By convention, the product of an empty matrix of dimensions m x 0 with an empty matrix of dimensions
0 X n is an m x n matrix of zeros. (The scalar 0 has dimension 1 x 1 of course). A special matrix is the shift
matrix Z with the general (block-) form
I
0 I

Notice the empty entries on the main diagonal, due to the index shift. The dimensions of the blocks in
this matrix may vary from entry to entry, but the blocks indicated by I are all square. The shift matrix
is nothing but a unit matrix - the underlying ’skeleton’ is a block unit matrix. Applied to the left it
shifts a vector 'upwards’ by one index, applied to the right, it will shift it to the right (in the sense of the
natural vector ordering, it is ’anticausal’ when applied to the left and 'causal’ when applied to the right of a
vector). If we now define diagonal matrices P, @, R etc... (with empty entries for the missing blocks), e.g.
P = diag[-| P»,-- -, P,], then we find a straight representation for 7" as

A=PZ%(1 - RZ) Q¥ + D+ UZ(I-WZ)'VH.

A decomposes into a ’strictly lower’ matrix A, given by PZH (I -RZ H )_1QH and an upper matrix given
by D+UZ(I —WZ)~'VH, Our strategy to determine the nullspace of A with a computational complexity
equal to the original state space formalism will now consist in two steps:

(1) first we compute a unitary matrix w and A; such that A; = Aw is block upper,

(2) next we look for an isometric matrix u; such that u; A; = 0 (by isometric we mean that uffu; = I.

Although step one may seem superfluous at first, it seems necessary because it converts the representation
of A into the block upper representation needed for the second step. Every entry in A can make it singular
- a determination of the co-kernel of T will necessarily involve all its entries. In step two we then compute

bt ] such that
(5% _ 0
a4

U2
and A, has linearly independent rows (i.e. A, has a right inverse, or ker(-A) = 0 - A, has zero co-kernel).
We shall see that both steps can be done in purely top-down fashion. The final procedure will then be to
solve the system of linearly independent rows.

a unitary matrix u = {

Step I: making the matrix block upper

In this step we compute w such that A; = Aw is block upper. This step is nothing but a straightforward
conversion of the double sided representation for A (in function of two shifts Z and ZH) into an equally
efficient representation in a single shift of ’Z’ type. The purpose of w is simply to cancel out the strictly
lower part of the original matrix A - the part represented by A, = PZ7(I — RZ")=1QH". We shall soon
see, by direct computation, that w has a representation of the form

w=dy+QZ(I - RTZ) ',
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i.e. w! shares R and Q¥ with Ay, d,, and b/, have to be computed (the prime anticipates on the computation
further) . (The principle of sharing parts of the representation is fairly universally applicable in cancellation or
factorization theory). Specializing to the k’th block and realizing that w should possess a unitary realization
since it is a unitary matrix, we look for matrices ry, by and d,,, such that

H,—1
TkRk Tk+1 bwk
rik-&-l wk

is an orthonormal matrix, for each relevant k.
An alternative, equivalent but somewhat simpler realization for w is given by

|: Rg lelbwk :|
Qk dwk

so that we have
w=dy+QZ(I — R Z) 1+~ 1b,,.

(hence b, = 17 1b,,).

Introducing w in the product Aw we find

Aw = [PZH(I - RZEY1QY + D+ UZ(I -WZ) Vi)
Jdw +QZ(I — REZ)~1r~1b,),

in which one 'mixed’ quadratic term occurs, which we split:

PZH(I — RZH)"1QHQZ(I — RHZ)~1r—1b,
= P(I — ZHR)"'ZH RyHb,, + PrHb, + PMRH Z(I — RH Z)~1r—1b,

in which M = r#r has to satisfy the ’algebraic Lyapunov-Stein equation’
RMRY" +Q"Q = zMmz"
or specialized to the k’th stage
RiMy Ry + Qi Q. = My 1.
Hence we find

Aw PZH(I — RZH)~"1(Q"d, + Rrfb,)
Dd,, + Prfbp,,
UZ(I-WZ)"'VHd, +(Q+ PMR¥)(I — R Z)~1r~1p,

UZ(I-WZ)"'VHEQZ(I — REZ)~'r~1b,,

++ A+

in which the first term is zero because of the orthogonality in the realization of w, and the subsequent terms
constitute the desired realization of Ay:

. H -1 H
A, = (Ddy + Prb,) + [UZ Q+ PMRYz)| 1= W2 VG } [de]

0 I-R1Z by,

Since the Lyapunov-Stein equation can be computed top-down, this realization can be obtained in a top-down
fashion.

Step II: the determination of the range and the co-kernel

In this step we compute a realization for an orthonormal matrix u which is such that
0
A =
1= [u1 ug] [ A, ]
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i.e. ufl spans the co-kernel of A; and us its range. As in the previous step, the realization for u will turn
out to have the same complexity as the realization for A; (and A). Let, for shortness, the realization for A;
be denoted as

Al =a+bZ(I —aZ) e

and let the realizations for u and T, be given by

uw= Dy + B,Z(I — A,2)1C,
Ay = Do+ BoZ(I — aZ)" ¢

where this time we assume that A, inherits {a, c} from A;, motivated by the computation that follows (or
by the generalized Beurling-Lax theory of [I3]). The realization for u as an orthonormal operator can always
be choosen to form orthonormal matrices by themselves, hence we shall require, for each k, that

Auk Cuk'
Buk Duk

be orthogonal matrices - they will follow from the procedure. Writing out

0
UHAl = |: AO :|

we find
(DE (1 - ZZHE AT IBEYd+bZ(I —aZ) ') = dy + b, Z(I — aZ) e

Again we split the mixed quadratic term, introducing a new block diagonal matrix y:
(I —ZH AT ZHEBHbZ(T —aZ) ' = ZH AR (1T — ZH ATy 4 y(I — aZ) ™!
in which y satisfies a Lyapunov-Stein type recursion:
ZyZ" = BEb + AHya

or, per stage k
Yr1 = Blibr + Al yrag.

Equating the two sides now produces the four equations (for each k)

0 DH cH
] - 5 || ]
ok usk usk
by = Df;k k szk Yk
0 = Aqukak + Bfkdk
k1 = BEb+ A2 ypay
or in matrix form - .
C D 0 0
VA o UGk Ykck | | 0
[’L—ij }f[}g bk dk k+1
Cugk Duzk bok dok

In these expressions it must be so that all y; and all d,; have independent rows, or in kernel terms:
ker(-yr+1) = 0 and ker(-dor) = 0. (the property for y follows from the inner-outer factorization theory
of [13], while the property for d, follows from its outerness). The actual numerical algorithm produces a
canonical lower echelon form using unitary transformations on the rows of

Ykai  YrCr
by, dp. ’
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of the form:

/0/ /0/

/*/ * /0/ 0 ,
/*/ * /*/ * /0/ 0

/*/ * /*/ * /*I * /0/

starting from the rightmost entries of the bottom row, working upwards, and in which ultimately the top
rows are eventually zero (they may disappear) - also all the entries marked between '+’ can disappear. The
resulting orthonormal transformation matrix will then be subdivided as

C% k D{;I .
A]y]k: Buk:
Cuzk Du2k‘

because its block entries C, DX correspond to the zero rows of the left hand side echelon form.

Working these results back into the original form, we find for the k’th matrix (on which the echelon form
has to be computed and with an appropriate decomposition of y))

%% VH vid,
Yie Y2k O ¥ K }Cfgk kyLwk
0 0 I 0 Rk T bwk
U Qr+ PkMkRg ‘ Dydwr + Prribuwk

with
Myy1 = Qf' Qx + R My R}
My, = rflr), and [ Z“’k } defined by the orthonormal completion of
wk

-1
TkRka+1 bwk

—1
rik+1 wk

S

To terminate the proof we still have to show that a system with independent rows can be solved using the
methods explained in the earlier chapters. This is achieved by the following properties.

Lemma

Suppose
(Ri1 Ro1 Ra2)

has linearly independent rows with R, square. Then Ry; is invertible and the Moore-Penrose inverse for

ErSiFEE

is given by 21 = Ry;'b1 plus the M.-P. solution of

Rosxo = by — RglRﬁlxl.
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Proof

The invertibility of Ry; is obvious, and as a consequence, Ros has linearly independent rows. Let Ry =
[R5, 0]g be an L-Q decomposition of Rag, in which Rj, is square and invertible. With Q = [ I . }, we
have

| Rz = b [la=|| RQ™Qx b |2,

and furthermore, with y = Qz,

Y1
_ R11 0 0 _ bl

Moore-Penrose puts y3 = 0 (for minimal norm of the argument) and solves

Ry 0 i | _| b

Ry R5, Y2 by
exactly to make the error zero as well. We obtain: Rj1y; = b1 and Ro1y1 + Rhoy2 = be, from which the
statement of the lemma follows.

QED

The procedure of the paper now applies, with the additional remark that in each step of the procedure,
equations of the type ” Dy121 = 81” will have a square and invertible ” D1;” and hence will be solvable.

8 A more general representation

The sequentially-semiseparable representation can be improved in various ways to better suit the problem
at hand. For matrices which are essentially discretizations of functions of the form log ||z — y|| or 1/|z — y||,
it is often better to replace the block diagonal part by a block-tridiagonal part. This is because the bottom
left corner of the Hankel-block H; is typically a full-rank matrix in these applications, and they will end-up
being merged into the diagonal blocks anyway in the fast solver. We can save on this unnecessary merge by
generalizing the representation to allow for a block tridiagonal part. This will also permit the rank of the
off-diagonal blocks to be much lower. For example a block 5 x 5 matrix would look like this now

D, B WV UWLVE  UWaWaVH
Cy D, B> Us Vi Us W3V
A=| por s Ds By U,V
PyRyQY P,QY Cs Dy By
PsR3R.Qf  PsR3QY  PsQ¥ Cy Ds

This is slightly inelegant since the indices are no longer contiguous for the off-diagonal terms. One can go to
a more elegant (and general) representation by allowing overlapping diagonal blocks. In essence we would
redefine the diagonal blocks as follows

However this leads to the development of a cumbersome non-classical partitioning notation, which we avoid
for the sake of simplicity.

The fast algorithms of this paper can be modified to accommodate this more general structure.
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9 A fast multi-way algorithm

So far we have presented the solver as proceeding from the top-left to the bottom-right of the matrix. We
always try to compress the first block row, and then merge it with the second-block row. A moments thought
will convince you that this is a sub-optimal choice. For example, after compressing the first block-row, and
before merging with the second block-row, it might be wise to compress the second-block row first. This has
the advantage of compressing a block-row with potentially much smaller rank. Of course, one can extend this
idea to consider all the block-rows. However the sequentially semi-separable structure is not very efficient for
such a scheme. The reason is that the k;’s represent the ranks of the Hankel blocks H; which is not relevant
in such a scheme. An example will clarify the claim.

Consider the sequentially semi-separable matrix

Dy 0 - 0 By
0 Dy O 0
A: . . . ... .
0 -~ 0 Dp1 O
¢, 0 - 0 D,

In this case k; = rank(B) and [; = rank(C) for all i. However, the second block row for example clearly
requires no compression step. Now suppose we block re-order the problem and obtain

Dy 0 0 0

T _
ITAIT" = : . Dy, 0 0
0o - 0 D, C;
0o - 0 By D;

Now k; = 0 and [; = 0 for all 7 except ¢ = n — 1, for which they take on the ranks of C; and B; respectively.
In short, re-orderings can dramatically change the ranks of the Hankel-blocks.

Now we can seemingly proceed in two ways. Either we can find the best ordering before we start the
algorithm, or, we can do it on-line as the algorithm proceeds. The first approach is difficult to implement in
practice. The second is not suitable with the sequentially semi-separable representation.

In a future paper we will present a different representation (the hierarchically semi-separable representation)
that is more suitable to this approach, and yields very fast algorithms.

10 Fast updating

We now develop some useful facts about sequentially semi-separable matrices that are needed in section [12]
In particular we need the ability to rapidly update the sequentially semi-separable representation of a matrix
under various conditions. Some of these are discussed here.

10.1 Merging and Splitting SSS blocks

We first consider the simple operations of merging (small) blocks and splitting (large) blocks in the SSS
representation. According to the discussions in Section [5.3] an SSS representation is the most efficient when
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the block sizes are chosen in relation to the numerical ranks of Hankel blocks. Blocks that are too small or too
large could result in an inefficient algorithm for the solution of the corresponding linear systems of equations.
This issue is especially important when the SSS structure undergoes repeated modifications (see [?]).

We first consider block merging. In the following example, we have merged the second and third blocks in
a 4 x 4 SSS matrix into one single block:

D, UV UWaVf Uy WaWs Vi
. PQY Ds UVH WV
B PsRyQY P,QY D3 UsV{H
PiR3RQY  PyR;QY  PiQY Dy
D Uy (Vi WaVifT) Uy (W) VT
- | () (o 50 ) (5)w
PsRy ) Y \ QY D Us )4
Py (R3R2) QY Py (R3Qy  QF) Dy

In general, To merge blocks i and ¢ + 1 in a given SSS representation, we keep all other blocks unchanged
and use the following matrices to represent the new i-th block:

D; U,vH U, Wi, P;
new _ % Vit new __ i VVit1 new __ %
= (H‘HQ{J Ditq ) > U ( Uit ) B (Pi+1Ri> ’
Ve = (VW) WPV = WiWisa, RPY = RigaRi, (QP°)7 = (RiaQF QF,).

Now we consider the issue of splitting one block into two. To split block ¢ into two blocks for a given SSS
representation, we can simply keep all other blocks unchanged and use the above merging formulas reversely
to get the equations for the new ¢ and ¢ + 1 blocks:

( D;lew Uinew (‘/;I—:"l_elw)H) _ D, <U;19WW1'[-1|-€1W> =U; ( -Pinew ) _p
Prew (Qrew)! Dpew Ui PR RYY
(o)™ wpew (vas) ™) = VI, wrevwEsy = Wi, REYRIY = Ri, (REgY (@) (Qu)"™) = Qff.
To solve these equations, we partition the matrices for the old i-th block conformally with the two new
blocks as

D! D Ul P
D, = <D§1 D%22>, U = (U%Q), P, = (sz), v = ((vh" vA").ef = (@) @)").
These equations allow us to identify

new __ 11 new __ 22 new __ 2 new __ 1 new __ 1 new __ 2
Di _Di7Di+1_Di7 i+1 _Uz"Pi _Piv‘/i _‘/i7 i+1_Qi'

The remaining matrices satisfy
(V-Q)H W-) (W»“e“’) new H (Pf D} > (P"ff"> H
7 7 — ’:1 w | A Wnew s H — Zn W R?ew new .
< D212 U’il Ul e ( ( i+1 ) i+1 ) Rz (Qz) i-fl ( (Qz ) )
By factorizing the left hand side matrices using numerical tools such as the SVD and rank revealing QR

factorizations, these two equations allow us to compute an effective representation of those remaining matrices
for the new blocks.

10.2 Adding two sequentially semi-separable matrices

We now establish that if two sequentially semi-separable matrices are added together we get another sequen-
tially semi-separable matrix. Let A and B be two sequentially semi-separable matrices that are commensu-
rately partitioned; that is, m;(A) = m;(B). Then, it is easy to check, that the sum A 4 B, is a sequentially
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semi-separable matrix with representation given by the sequences

Ui(A+B) = (Ui(A) UiB)), Vi(A+DB)=(Vi(A) Vi(B)), Di(A+ B)=D;(A)+ D;i(B),
(WA 0 _(Ri(4) 0
Wi (A+B) = ( 0 Wi(B))’ Ri(A—i-B)—( 0 R<(B)>’

Fi(A+B) = (R(4) P(B)), Qi(A+B)=(Qi(A) Qi(B)).

Note that the computed representation of the sum might be inefficient, in the sense that the ranks of the
Hankel blocks are assumed to increase additively, whereas, in some cases the rank might be far smaller.
Ideally, these formulas should be followed by a rank-reduction (or model reduction) step (see section [10.6)).

10.3 Low-rank plus sequentially semi-separable matrices

We next establish that the sum of a sequentially semi-separable matrix A and a rank-k matrix XY is
another sequentially semi-separable matrix B = A + XY, This follows from section since a rank-k
matrix is a sequentially semi-separable matrix with Hankel-rank k. First some notation. Let

my [ X3 m; (Y
X=": : and Y = :
My \ Xn My \ Yy
Then we have that
U(Xy?)y = Xx;, Vixy")=v;, DyXy"=x,vH wyxy") =1,
P(XYH) = X;, Q:XYH)=Y;,, Ry(XYH)=1I,.

10.4 Schur product

The Schur Product (denoted by @) of two m x n matrices A and B is defined as follows:

In other words, it is the component-wise product. In many applications we are faced with computing the
sequentially semi-separable structure of the Schur product of a sequentially semi-separable matrix and a low-
rank matrix. Due to section [10.2] it is enough to look at the Schur product of a sequentially semi-separable
matrix with a rank-1 matrix.

We begin with the Schur product of a rank-1 matrix:
(A ® ’U,UH)ij = uiAZ-jvj.
Hence we have that

Ao uv = diag(u)Adiag(v). (10)

Now let A be a sequentially semi-separable matrix and let B = A ® rs7. We would like to compute the

sequentially semi-separable representation of B from that of A. This is based on the formulas used to
compute the sequentially semi-separable representation in section [6}
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First some notation. Let

r= : and s=:

Then it follows readily from equation that

Ui(B) = diag(ri)Ui(A), Vi(B)=diag(s;)Vi(A), Wi(B)=W;(A), Di(B)=Di(A)o (ris]"),
Pi(B) = diag(r)Pi(A), Qi(B)=diag(si)Qi(A), Ri(B)= Ri(A).

10.5 Tensor product

Equally important in applications is the tensor product (denoted by ®) of a sequentially semi-separable
matrix with the identity. The tensor product of an m 4 X n4 matrix A with an mp X ng matrix B is defined
as the mamp X nanp matrix

CL11B alnAB
A® B =

amaB 0 Gman, B

We observe that this form is preserved under block-partitioning of the first matrix:

Ann A @B = An®B A®B
Asy  Ag A1 ®B Ap®B )

We also observe that for the tensor product of rank-1 matrices with the identity we have
w? @ In = (u®Iy)(ve In)?.
Hence it follows that the tensor product of a rank-k matrix with the identity is given by

ABR @Iy = (A® IN)(B® In)H.

We are now interested in computing the sequentially semi-separable structure of B = A ® Iy when A is a
sequentially semi-separable matrix. To do that, we use the formulas in section [f] together with the formulas
just stated about tensor products, to observe that

Us(B) = Ui(A)@In, ViB)=Vi(A)®Iy, Wi(B)=W;A) Iy,
Di(B) = DijA)®Iy, Pi(B)=PF(A)®Iy, Qi(B)=Qi(A)®IN,Ri(B)=Ri(A)®Iy.

10.6 Fast Model Reduction

As it became evident in sections [10.2}, [T0.3}, [T0.4] and [T0.5] sometimes we produce sequentially semi-separable
representations that are not as compact as possible (to some specified tolerance 7). Dewilde and van der
Veen [14] present a technique to find the optimal reduced order model. Here we present a simple, efficient
and numerically stable method to compress a given SSS representation to a pre-specified tolerance 7.

We will present the technique using SVDs. In particular we will call the SVD from which all singular values
that are less than 7 have been discarded as a T-accurate SVD. It is a simple matter to replace the SVD in
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these calculations with rank-revealing QR factorizations, or rank-revealing LU factorizations, or even LU
factorization with complete pivoting. It is likely that this will lead to considerable speed-up for a small loss
in compression.

Our algorithm for model reduction can be viewed as a natural extension of the algorithm presented in section|[6]
for constructing SSS representations. More formally, suppose we have a nominal SSS representation for the
matrix A. Given a tolerance 7, we would like to compute a new SSS representation for A, accurate to this
new tolerance, but more rapidly than the algorithm presented in section [6}

First we observe that it is enough to specify the method for U;, W, and V;, since the same technique can
then be applied to the P;, R; amd @Q;. We split the method into two stages. In the first stage we convert
the representation into left proper form. By left proper form we mean that all the column bases C; of the
Hankel-blocks, where

Cl = Ul )

(G
g

should have orthonormal columns. In the second stage we convert the representation into right proper
form; that is, now all the row bases GG; of the Hankel-blocks, where

Gn = Vna

Vi
G = <Gi+1Wz’H>'

will have orthonormal columns. The second stage recursions will essentially be first-stage recursions in the
opposite order. Note that H; = C’iGﬁl.

Note that the method of section [6] already produces SSS representations in left proper form. However it is
likely that updating operations will destroy proper form. So we begin by indicating how left proper form
can be restored efficiently. For convenience we use hats to denote the representation in left proper form.

Consider the following recursions

(i)

Q

(Wl> ¥ FH, T-accurate SVD factorization

U;
Wisn = SiFAW,
Vien = VipEXH

with the understanding that W; and W, are empty matrices. Then it is easy to check that new column bases

¢ = U

A CiaaWi

C?; - ( U’L )
have orthonormal columns, and that the hatted sequences form a valid SSS representation for the given
matrix. The hatted SSS representation will be accurate to 7 provided we assume that the two-norm of the
G;’s is bounded by a small multiple of the norm of the original matrix. We will call such SSS representations
to be stable, and observe that all SSS representations we have produced so far are stable. Also note that
the recursions depend only linearly on the matrix size. If by some chance the SSS representation is unstable,

then 7 must be set to zero in the first stage. It should then be restored to its proper value in the second
stage.

In the next stage we take an SSS representation in left proper form and further compress it to the given
tolerance 7 efficiently by converting it into right proper form. For simplicity we assume that the given
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SSS representation is already in left proper form, and denote it using un-hatted quantities. We use hatted
quantities to denote terms in the compressed right proper form representation. In the second stage it is
sufficient to concentrate on the row bases G; since H; = C’iGﬁl, and C; has orthonormal columns by our
assumption of left proper form.

However, this time we must run the recursions backward in time. Here they are

( ﬁ‘//lH > ~ ( VVWH ) EiFZ-H , T-accurate SVD factorization,
Wioi = Wi E3E,
U_1 = U_1FxH

with the understanding that W, and W, are empty matrices. It can be seen that the hatted sequences
form a valid SSS representation in right proper form, and that the approximations are 7 accurate. We draw
attention to the fact that in each stage the W; matrices are transformed twice; first to W; and then to W;.

11 Superfast solver

We now consider the superfast solution of the linear system of equations AX = B, where A and B are given
in SSS form, and we desire to find the SSS form of X. Omne possible approach to the problem is to first
compute explicitly the SSS form of U, L and V in the decomposition A = ULV and then use the superfast
multiplication algorithm. Such an approach has already been described in [14]. Here we show how to extend
the implicit decomposition ideas in the same direction.

We will assume that A, X and B are conformally partitioned. It is useful to allow B and X to be non-square
matrices. To facilitate this description we will assume that the row and column partitions of the matrix A are
indexed from 1 to n. So the SSS representation of A is given by {D;(A)}",, {U;(A)}™, and so on. We will
assume that the row partitions of both X and B are also indexed from 1 to n. However, we will assume that
the column partitions of X and B are indexed from m to r. Hence the SSS representation for B for example
will be given by {D;(B)}, {Ui(B) Yy, {Wi(B)} iy, {Vi(B)} iy {P(B)Y . {RA(B)V e {Qu( BV,
Similar considerations hold for X. Throughout this presentation we will pretend that m < 1 < n < r.
However these assumptions can be removed.

To ease presentation we will assume that the initial equation AX = B is modified to read

Qu(B)R[1(B)--- RY (B)P{!(7)\ "

0 :
Py(4) B 'PlH T
AX =B — P3(A)R(A) QO(D{)I(T)( : , (11)
: Va(B)U{! (1)
Pn(A)Rn—l(A) e R2 (A) :

V.(B)W/,(B) - Wi (B)U (7)

where D1(7) =0, P1(7) = 0 and Uy (7) = 0. The reason for this peculiar form will become clear shortly.

The superfast solver is essentially of the same form as the fast solver presented in section [5| The superfast
solver can also be presented in a recursive fashion, which we proceed to do.
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11.1 Case of n > 1 and k;(A) < m;: Elimination

As before we perform orthogonal eliminations by computing QL and L@ factorizations

0 ml—kl(A)
Ul(A):q1<01(A)> kl(A) 5

and
my — kl (A) kl (A)

m1—ki(A) [ Du(A) 0
(a1 D1(4)) = k1(A) ( D21(A) D22(A)>w1,

where ¢; and w; are unitary matrices. We now need to apply ¢i? to the first m; rows of equation (11). As
before nothing needs to be done for A, X and the second term involving 7 on the right-hand side. Applying
g to the first m; rows of B we modify P;(B), D1(B) and U;(B) as follows:

@ P(B) = Zl(;>k1(’4)<%%),
my — ki(A) ( Di(B)

o) = " (55)
my — k‘1 (A) ﬁl(B)

a@h(B) = (me))'

Next we need to apply w; to the first m; rows of X. Of course this is a purely formal process since the first
mq rows of X are unknown at this stage. Here are the quantities that are modified:

my — kl(A) Pl(X)
wlpl(X) = kl(A) (PﬂX))’
w1 D (X) = Zil(;)kl(A) (gig))g)?

my — k1 (A) (U1(X)
won) = )" ()

We also need to apply wi to the first m; columns of the coefficient matrix. Since it has already been applied
to D1 (A), we only need to compute

_my —ki(A) (Qi(A
lel(A) - kl(A) (Ql(A

~— —
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We now observe that the first m; — k1(A) equations of the transformed system are of the form

QEX)RE(X)---REX)PI(X)\ " (QI(B)RI(B)--- R{(B)PI(B)\ "

QU (X)PH (X) H(B)PH (B)
D11 (A) D (X) = DY (B)
Va(X)UH (X) Va(B)U{ (B)
Vo (X)W (X) - WH (X) T (X) Vo(B)WI(B) - Wi (B)U{ (B)
Solving this we obtain

Di(X) = Dj'(A)Dy(B),

P(X) = (D (A)P(B) 0),

Qi(X) = (QiB) @),

reo = (0 A)

U1(X) = (D (A)T0(B) 0),

VixX) = (vi(B) Vi),

W;(B) 0
. X frd —. - .
WilX) < Wi Wi;22>

We now need to subtract from the right-hand side the first m; — k1(A) columns of the coefficient matrix
multiplied by the first m; — k1(A) rows of the transformed unknowns. We first subtract D1 (A) times the
first my — k1(A) rows of the unknown from the corresponding rows of B. We observe that it leads to the
following changes:

(B) = Dy(B) — Da1(A)D;(X),

To subtract the remaining rows of the first m; — k1 (A) columns of the coefficient matrix from the right-hand
side, we observe that it can be merged with the 7 terms as follows:

Di(r) = Di(r)+ Qi (A)Dy! (A)Di(B),
Pi(r) = Pi(r)+ Qi (A)Dy (A)Py(B),
Ui(r) = Ui(r) +Qf (A)Dy (A)Ui(B).

If we now discard the first my — k1(A) rows and columns we are left with a set of equations that are
identical in structure to the system that we started with. In particular we replace in the SSS form for
A, X and B, all terms with subscript 1 by their corresponding hatted forms. The resulting hatted system
AX =B- (7 terms), looks exactly like the equation we started with and can be solved recursively for
X. Once we have X we need to recover X. The right formulas are:

o) =l (F0).

Dy (X)
(D (A)UL(B) 0)
Ui(X) = wf( (U1(X) 0) )
_( W(B) 0
Wa(X) = (W;l(X) W2;2(X)),



5
s
I
5
=
E

- (DR (A)Pi(B) 0)
P(X) = wf’( (P(X) 0) )
B Ry(B) 0
Ry(X) = <]%2;1(X) R2;2(X)>
Qi(X) = QuX),
where
(W%X)) = (Wan(X) Wan(X)),

<Rz(()X)> = (R2a(X) Rga(X)).

These formulas can be verified only by looking at the next two cases.

11.2 Case for n > 1 and ki(A) > my: Merge

The second possibility is that the k;(A) is not large enough to permit efficient elimination. In this case we
merge the the first two block rows of the equation. We also merge the first two block columns of A. However
for X and B we do not merge any block columns. Rather we move the diagonal block over by one position
to the right. For convenience we specify the quantities that change for each of A, X and B. Beginning with
A we have:

A _ Dy (4) Ur(A)Vy (4)
D) = (PQ(A)Q?' () Daa) ) |
i = (D).
5 _ QAR (4)
QI(A) - ( Qz(A) ) .
Next we need to merge the first two block rows of B and move the diagonal block one over to the right:
~ Uy (B)VH (B
DI(B) - ( (Di(é)( ))7
Di(B) = Diy(B), i=2,...,n—1,
Pi(B)Qo(B) = (Pz(];l)(gl)(B) Pﬂ%é}?(&)’ T-accurate low-rank factorization,
5 . P (B) 131(3)
(8 = (pymie AE):
5(B) = P (B), n=2,....,n—1,
R = ()
RZ(B) = Ri+1(B), 22—1, ,m—l,
Ri(B) = (Ru(B) 0),
Ri(B) = Ri(B), i=2,...,r
C:QZ(B) = Qi+1(B)’ n=—1, ,m—1,
Qo(B) = (Q:i(B) Qi(B)),
Qi(B) = Qipr, i=1,...,r—1,
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am = (M),
Ui(B) = Ua(B), i=2,...,n

_17

where Pj(B), Py(B) and @1(B) are chosen further down. We just note as a warning that Py (B)QE (B) is
not conformally partitioned in the above formulas.

Some quantities in the SSS representation for B still do not wear hats since we still need to subtract the
second block row of the 7 terms from B. To do that we must first move the diagonal 7 block one position

over to the right. Doing that we obtain

t

where we pick Pi(7), P,(B), P,(B) an
(B)

(r
Py(B)QY (B)
D1(T)

Ui(7)

Vi (B),

(Pi(r) Pi(r)),
Uy (1)Wa(B),

)

Py(B)

A ) at

To do this efficiently the method of section 7?7 must be suitably modified.

Now we can subtract the second block row of the 7 terms from the new first block of B. The corresponding

changes to B are:

Pi(B) = Pi(B)
Ul(B) = Ul(B)
151(3) = Bl(B)

- (Pz(()A)>P1(T)’
(
-

0
Py(A)

0
Py(A)

U

) 1(7),
)Dl(r).

We must now return the 7 terms to canonical form with the first two block rows being merged to zero. The

changes are:

(A)Ul(

:L

Now the hatted sequences represent an SSS system with n — 1 block rows. This can be solved recursively
for the hatted SSS representation for X. From that we must recover the original SSS representation for X

involving n row partitions.

To do that we observe that we need to split the first block row of the hatted

representation and shift the first diagonal block one position to the left. We begin by first splitting the first

block row:



The rest of the changes to X are

Di(X) = P(X)Q{(X),

P(X) = Pi(X)Ro(X),

R(X) = -ﬁi—l(X)7 i=3,...,m,
Ri(X) = Ri1(X), i=m,...,n,
Qi(X) = Qi (X), i=m,...,n,
Ui(X) = (Th(X) Ti(X)),
Wa(X) = <é>7

WZ(X) = Wi_l(X), 1= 3, ,n,
‘/;(X) = ‘A/;fl(X% i:37"'7n7

11.3 Case for n = 1: Base

In this case the equations can be solved directly to determine the SSS form for X as follows:

Note that the 7 terms are just zeros.

12 Applications

We now apply the techniques of this paper to construct fast direct solvers for the first time for two appli-
cations that are essentially global spectral methods for differential equations. The first is by Greengard and
Rokhlin [23], BT B7, [38] for boundary-value problems for ordinary differential equations, and the second is
by Kress [12, 30, B2] for 2D exterior scattering problems.

12.1 Two-point BVP

Consider the system of differential equations

a(t)dz(tt) Fhat) = ft), 0<t<l,
cox(0) + c1z(l) = =z,
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size

tolerance || 256 | 512 | 1024 | 2048 | 4096 | 8192
1E-8 9 9 10 10 10 10
1E-12 13 15 16 17 18 18

Table 3: Peak Hankel block ranks for the spectral method of Greengard and Rokhlin for ODEs.

where z(t) and f(t) are N-dimensional vector-valued functions of ¢; a(t) and b(t) are N x N-matrix valued
functions of ¢; ¢y and ¢; and N x N matrices; and z is an N-dimensional vector. Then the p-th order
Greengard-Rokhlin [23] method produces matrices of the form

G = diag(A;) + diag(F;)(Sy © Iy)diag(Q:) + diag(Us) (S, @ Iy)diag(Vs),

where Sy and Sy are the p-th order forward and backward Chebyshev spectral integration operators, and 4;,
P;, Q;, U; and V; are N x N matrices that depend on the coefficients of the ordinary differential equation.
The spectral integration operators are given more specifically by the following formulas. Let

Vi = Ta(2%),  1<ij<p
Wi = Tia(="Y),  1<i<p 1<j<p+l.

where zj(p ) is the j-th zero of the p-th Chebyshev polynomial T},. Let S denote the (p + 1) x p indefinite

integration operator

0, ifi=1lori=j
1, ifi=2and j=1
! ifi=4j+1
1 =
Sy =9 i~ 1) v
— ifi=75-1
26i—1) "'
0, otherwise

Then we have

Sp=WI—e; (0 1 =1 1 =1 1 DSV §=W(e (0 1 1 1 ---)=1)8SV~L

In table 3| we report the maximum ranks of the Hankel blocks of Sy and S,. The rows are indexed by the
(absolute) tolerance we used in computing the ranks of the Hankel-blocks. We used two tolerances: 1078
and 107 '2. These are the most representative for use in practice. The columns are indexed by the size of the
matrices. We report on sizes that range from 256 to 8192. It is clear that for the reported tolerances (1073
and 107!2) the Hankel-block ranks are reasonably small. In fact they seem to behave like O(log N), where
N is the size of the matrix. This implies that this class of matrices can be inverted stably in O(N log® N )
flops.

In this example we observe that the sequentially semi-separable representations for Sy and S, need to be
calculated once and stored for each size. From that the sequentially semi-separable representation for G
itself can be computed rapidly on the fly.

12.2 Two-dimensional Scattering

For two-dimensional exterior scattering problems on analytic curves for acoustic and electro-magnetic waves,
Kress’ method of discretization of order 2n will lead to a 2n x 2n matrix of the form

A:I+R®K1+K2,
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size
tolerance | 256 | 512 | 1024 | 2048 | 4096 | 8192
1E-8 28 32 34 37 38 40
1E-12 40 46 52 58 62 66

Table 4: Peak Hankel block ranks for the spectral method of Kress, Martensen and Kussmaul for the exterior
Helmholtz problem.

where K and K> are low-rank matrices and

n—1

2m = 1 mli—jlm  (=1)lilg
Ri; = -~ Z 7 008 - - 2 .
m=1

From the results in section [I0] we see that it is sufficient to verify that R is a sequentially semi-separable
matrix of low Hankel-block ranks. It would then follow that A is a sequentially semi-separable matrix of low
Hankel-block ranks. In Table 4] we exhibit the peak Hankel block ranks of R. The rows are indexed by the
(absolute) tolerance we used to determine the numerical ranks of the Hankel blocks. In particular we used
tolerances of 10~® and 10~'2 that are useful in practice. The columns are indexed by the size of R.

As can be seen the ranks seem to depend logarithmically on the size N, of R. This implies that the fast
algorithm will take O(IN log2 N) flops to solve linear systems involving A. We observe that the sequentially
semi-separable representations of R for different sizes and tolerances need to be computed once and stored
off-line. Then using the results in section [L0| we can compute the sequentially semi-separable representation
of A rapidly on the fly.

13 Related and Future Work

It is a rather difficult job to attribute due credit to all the researchers whose work is related to this paper.
Hence we will just mention as much of the related recent literature that we are aware off. The algebraic
formalism of the structure that is used in this paper appears in work of Dewilde and van der Veen [14] and
Eidelman and Gohberg [I7, [I8, [I9]. Other structures that would work just as well appear in the works of
Rokhlin [37, [38] and Hackbusch [26] 27, 28] and Chandrasekaran and Gu [6]. Fast, direct, but not necessarily
stable algorithms for such matrices were first presented in Starr’s thesis [37, [38]. They also appear in the
works of Eidelman and Gohberg [17, [18] and Hackbusch [26, 27, 28]. Fast and stable direct solvers appeared
first in the works of Dewilde and van der Veen [I4] and independently later in the work of Chandrasekaran
and Gu [5]. Various generalizations have been carried out by various authors, including us. Here is a brief
list of such work: [7, B, @] 27, 28, 33, 34].

The computational electromagnetics literature has also looked at this problem independently. Relevant work
includes that of Chew [25], Canning [3], and Jandhyala [21]. It is our hope that this paper would provide
a unifying point of view to the many disparate attempts available in the computational electromagnetics
literature.

In this paper we presented a fast and stable direct method for solving a linear system of equations whose
coefficient matrix satisfies the sequentially semi-separable matrix structure as defined in equation , and we
demonstrated that many dense matrices coming from various physical problems can be well-approximated
by matrices with such structures, thereby significantly reducing the solution time for related linear systems
of equations.
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The sequentially semi-separable representation used in this paper is not optimal. For example none of the
matrices U;, W;, Vi, P;, Q;, or R; need be full-rank matrices. In such a case it is better to allow these
matrices to be represented in compressed form. This will cause some complications in the algorithms, but
nothing major.

It is easy to replace the QL and LQ factorizations with LU factorizations with partial pivoting instead. Such
an approach would still be numercially stable as long as the integers m;’s are not very large.

The fast multipole method (FMM) of Greengard and Rokhlin [4} 22] [36] has evolved into a major workhorse
for many computationally intensive problems in a wide area of applications. It turns out that the matrix
structure exploited by the FMM to speed up the computation is closely related to the sequentially semi-
separable structure exploited in this paper. Future work includes developing fast direct solvers for linear
systems of equations where the coefficient matrix has the FMM matrix structure.

We will also explore the applications of the fast sequentially semi-separable algorithms to speed up Kress’
global discretization technique for solving the integral equations of scattering theory [I1].

Acknowledgements. The authors are grateful to Robert Sharpe and Daniel White of Lawrence Livermore
National Laboratory for their suggestions and interests in this research.
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