o.)

Check for
updates
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Inverse iteration is known to be an effective method for computing eigenvectors corresponding to simple
and well-separated eigenvalues. In the non-symmetric case, the solution of shifted Hessenberg systems is
a central step. Existing inverse iteration solvers approach the solution of the shifted Hessenberg systems
with either RQ or LU factorizations and, once factored, solve the corresponding systems. This approach has
limited level-3 BLAS potential since distinct shifts have distinct factorizations. This paper rearranges the RQ
approach such that data shared between distinct shifts can be exploited. Thereby the backward substitution
with the triangular R factor can be expressed mostly with matrix-matrix multiplications (level-3 BLAS). The
resulting algorithm computes eigenvectors in a tiled, overflow-free, and task-parallel fashion. The numerical
experiments show that the new algorithm outperforms existing inverse iteration solvers for the computation
of both real and complex eigenvectors.
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1 INTRODUCTION

Inverse iteration is an established method for computing eigenvectors. When an approximation A
to an eigenvalue of a matrix A is known, inverse iteration approximates an eigenvector by solving

(A-Dz®) = pRIk=D s

Here, z(¥) is a unit norm starting vector and p*) is a scalar that normalizes the iterate z(X). A
converging sequence of z\¥) yields a right eigenvector z # 0 that is an exact eigenvector of a
nearby matrix A + E with ||E|| = O(e||All), where € denotes the machine precision, implying a
small residual ||Az — Az|| = O(e||All]).

This paper concerns the case when A is non-symmetric and real. A standard approach reduces
A to an upper Hessenberg matrix H = Qg AQ,, where Q, is an orthogonal matrix. Then inverse
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25:2 A. Schwarz

iteration approximates an eigenvector x # 0 of H by
(H - A)x® = g®xk=D > q, (1)

The scalar ¢®) is again chosen so that x(*) has unit norm. A computed eigenvector x is backtrans-
formed into an eigenvector of Aby z « Q,x. Varah [1968] showed that the starting vector x*) can
be chosen such that a single iteration of (1) suffices. Then the task of computing an eigenvector z
necessitates the efficient solution of shifted Hessenberg systems. This will be the topic of this paper.

Inverse iteration (1) hinges on the availability of good approximations A to the true eigenval-
ues. These approximations can be computed through the QR algorithm without accumulating the
orthogonal transformations [Golub and Van Loan 1996, Section 7.6.1]. This approach is indeed
supported by the LAPACK 3.9.0 inverse iteration routine DHSEIN [Anderson et al. 1999]. If a sub-
diagonal entry of the Hessenberg matrix is zero, the eigenproblem decouples into smaller block-
triangular problems. When the QR algorithm processes the blocks separately, DHSEIN exploits
the known affiliation of the eigenvalue and the block it belongs to and performs inverse itera-
tion only on the relevant block. This paper is therefore based on two assumptions. First, good
approximations to the eigenvalues of H are available. In other words, each approximation A is an
exact eigenvalue of some matrix H + F, where ||F|| = O(e). Second, the Hessenberg matrix H is
unreduced, i.e., all subdiagonal entries are non-zeros hj.,; # O forall j=1,...,n - 1.

This paper proposes a new algorithm for a more efficient computation of (1) if a batch of eigen-
vectors corresponding to distinct eigenvalues is sought. The new algorithm combines two ideas.
The first idea is due to Henry [1994] who addresses the solution of a shifted Hessenberg system
through an RQ factorization. In a single sweep, H is reduced column-by-column to an upper tri-
angular R such that the newly computed column of R is immediately used in the backward substi-
tution. The level-3 BLAS potential in this approach is limited since distinct shifts result in distinct
RQ factorizations. This problem has been addressed by Bosner et al. [2018, Section 3] and gives the
second idea. Level-3 BLAS can be introduced in spite of distinct shifts. A partially computed (tiled)
RQ factorization preserves data that is shared between distinct shifts. The computation can be
arranged such that most of the computation corresponds to matrix—matrix multiplications. Specif-
ically, this paper contributes an inverse iteration algorithm based on solving shifted Hessenberg
systems through the RQ approach with the following highlights.

e The RQ approach is revised such that most of the backward substitution corresponds to
matrix-matrix multiplications (level-3 BLAS [Dongarra et al. 1990]) in spite of distinct
eigenvalues.

e The new algorithm is tiled and can naturally be parallelized with tasks.

e In existing inverse iteration solvers, complex eigenvectors are computationally more expen-
sive than real eigenvectors. The new algorithm supports the computation of real and com-
plex eigenvectors alike, meaning that the computational cost per column is approximately
the same.

The rest of this paper is organized as follows. Section 2 reviews the LU approach realized in
DHSEIN and the RQ approach by Henry [1994] as well as the tiled RQ factorization by Bosner
et al. [2018]. Inspired by these ideas, Section 3 presents the new algorithm for solving shifting
Hessenberg system, which is the core of the inverse iteration routine developed in Section 4.
Section 5 describes the numerical experiments and presents their results.

2 RELATED WORK

This section reviews approaches to the solution of shifted Hessenberg systems. First, the LU ap-
proach implemented in LAPACK and the RQ factorization advocated by Henry [1994] are discussed.
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Then, the tiled RQ factorization by Bosner et al. [2018] delivers key ideas used in the new algorithm
presented in Section 3.

2.1 LU Factorization

LAPACK includes the inverse iteration routine DLAEIN [Anderson et al. 1999] for computing
a single eigenvector. DLAEIN addresses the solution of the first iteration of (1) through an LU
factorization with partial pivoting

PH-A)=LU, Ly=Px?, UxY=ay, xeocWx®.

Here, U is upper triangular, L is lower unit triangular, and P is a permutation matrix. As the starting
vector can be chosen such that a single iteration suffices [Peters and Wilkinson 1971; Varah 1968],
DLAEIN executes only one half iteration solving Ux") = ay. The scalar & € (0,1] serves the
avoidance of overflow. The vector y is set to a scaled vector of ones e, where the scaling depends on
H. In other words, the starting vector is implicitly selected as x(*) = P~! Le. If the first initial vector
y does not satisfy the convergence criterion in the first half iteration, the initial vector is exchanged
rather than computing more iterations. Distinct shifts yield distinct LU factorizations of H — AL
Hence, when several eigenvectors corresponding to distinct eigenvalues are sought, a different LU
factorization is computed for each eigenvalue. To not overwrite H, the upper triangular factor U
is computed in a workspace.

2.2 RQ and UL Factorization

Henry [1994; 1995] approaches the solution of (H — AI)x = b through an RQ factorization. By
applying suitable Givens rotations from the right,

(H-A)GLG! | ...GIG,...G,x =,
—/_/W
o” Q

the shifted Hessenberg matrix is transformed into an upper triangular matrix R = (H — AI)Q".
The solution x is obtained by solving Ry = b and backtransforming x = Q”y. The application of
the Givens rotations successively computes the columns of R from right to left. Specifically, the
Givens rotation G,{ is constructed to annihilate the subdiagonal entry h(k, k — 1) and transforms
the columns k — 1 and k. As soon as a column of R has been computed, it is immediately used in
a column-oriented backward substitution and then discarded. Henry uses an auxiliary column to
compute and store this single column of R. The full procedure is listed in Algorithm 1. The flop
count of Algorithm 1 is 3.5n% + O(n) for a real shift. By virtue of merging the computation of
the R factor and the backward substitution, the matrix H is accessed only once. Since H is left
untouched, several shifted Hessenberg systems can be solved simultaneously and benefit from
improved temporal locality of accessing columns of H.

When the shift in Algorithm 1 is complex, both the R and the Q factor become complex. The
backward substitution with R then relies fully on complex arithmetic and multiplies complex vec-
tors with complex scalars. To exploit that all entries but the diagonal of H—AI are real, Henry [1994,
Section 4] employs the RQ approach only for real shifts. Complex shifts, by contrast, are addressed
by an UL factorization. The UL approach can benefit from mixed real-complex arithmetic such that
real vectors are multiplied with complex scalars. Depending on what Gauss transformation is used,
the UL approach requires 3n% + O(n) or 3.5n + O(n) flops.

2.3 Tiled RQ Factorization

Henry’s RQ factorization has been generalized to better support the simultaneous solution of
many Hessenberg systems. The origin of this generalization is in the computation of the complex
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25:4 A. Schwarz

ALGORITHM 1: Solving (H — AI)x = b with an RQ decomposition (Henry [1994, Algorithm 2])

1 v« h(l:n,n);v(n) «ovn)—A;x < b;
2 fork—n:-1:2do

3 Determine a Givens rotation Gz = [Ek _csk] such that [h(k,k — 1) v(k)]Gz =[0 ¢J;
k k

// Backward substitution

4 x(k) = x(k)/¢;

5 11 spx(k); 2« cpx(k);

6 x(1:k=2)—x(1:k-2)—-nov(l:k-2)+7r1h(1:k-2,k-1);
7 x(k=1) «x(k-1)—nuv(k-1)+ 1 (h(k — 1,k = 1) — A);

// Compute column of the triangular factor

8 v(l:k—-2) «—ch(l1:k—-2,k—-1)+sv(l:k—-2);

9 v(k —1) « cp(h(k -1,k — 1) = A) + spv(k — 1);

10 71 < x(1)/v(1);
// Backtransform x « QTx
1 fork « 2:ndo

12 1y «— x(k);
13 x(k —1) & cpr1 — s2;
14 T1 € CiT2 + SkT1;

15 return x;

frequency response function (transfer function) G(o,) = C(A — o,I)"!B of a linear time-invariant
dynamical system x(¢) = Ax(t) + Bu(t), y(t) = Cx(t). Here, A € R™" is the system matrix,
B € R™™ js the input, C € RP*" is the output, the shifts o, are complex and m,p < n. Beat-
tie, Drma¢ and Gugercin [2012] and Bosner, Bujanovi¢ and Drma¢ [2013; 2018] target the com-
putation of G(o¢) through a reduction to the controller-Hessenberg form C (A — 6¢I)"'B. Here,
A = QAQ e C™" is m-Hessenberg (Hessenberg with m subdiagonals), C = CQ € CP*™,
B = OfB e C™™ is upper trapezoidal and Q € C™" is unitary. A solution can be obtained
by substituting the RQ factorization A — oI = R;Q, into the controller-Hessenberg form. Then
C(R,Q [)’11~3 = (co” )(R?B) can be evaluated by solving a triangular system and two matrix-
matrix multiplications.

Next we summarize the idea presented in Bosner et al. [2013, 2018]. The authors devise a tile
column-oriented algorithm that computes RQ factorizations simultaneously for distinct shifts o,
and with a significant fraction of level-3 BLAS operations. Given a block size n;, the RQ factor-
izations are computed in tile columns of width m + nj, where m is the number of subdiagonals of
the m-Hessenberg matrix. For a batch of shifts £ = 1, .. .,s, the current tile column is split into a
window on the diagonal and the remaining offdiagonal part. The window is ny-by-(m + np,) and
m-Hessenberg. It is reduced to triangular shape with m leading zero columns by applying unitary
transformations from the right. The unitary transformations are only applied to the window and
are accumulated into a matrix Q, € C(™*m)X(m+m) Tt remains to update the offdiagonal part
with Q’ZI . The offdiagonal part is partitioned [D E¢]. The matrix D is shared across shifts. The
matrix E¢ holds the shift-distinct columns that have been transformed with previous unitary trans-
formations. The unitary matrix Q?{ is partitioned conformally as Q? =[U; V,]". The update
[D E/[U; V,]¥ is executed as a block matrix operation. First, Z, « EgVIZ is executed as
a batched matrix—matrix multiplication for ¢ = 1,...,s. Then, the matrix—-matrix multiplication
[z, - ZJe[2Z, - Zg+ D[Ufl e Uf] with the shared D and copying back the
tile columns complete the update.
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K=1:k-1 N=k:n Nt=k—-1:n

T _
n,f"'Gk,é’_

Fig. 1. Reduction of the rightmost tile column.

The tiled RQ approach delivers two key concepts that are used for the algorithm developed in
the next section. First, the algorithm is designed as a tile column-oriented algorithm such that the
shift-specific orthogonal transformations are only applied to the small window on the diagonal.
Second, working with a partially reduced Hessenberg matrix and rearranging the computation
reveals data that is shared between distinct shift. The next section applies these two concepts to
Henry’s column-oriented backward substitution algorithm to introduce level-3 BLAS potential.

3 SOLUTION OF SHIFTED HESSENBERG SYSTEMS WITH LEVEL-3 BLAS

In this section we devise a tile column-oriented algorithm that solves (H — A;I)x, = b, simultane-
ously for many distinct shifts A,. For simplicity, we assume A, to be real and defer the complex case
to Section 4.3. Using ideas by Bosner et al. [2018], we adapt the RQ approach by Henry [1994] such
that a large part of the data is shared. This way, the backward substitution phases can be merged
for several shifts such that a large fraction of the computation corresponds to matrix—-matrix
multiplications.

3.1 Simultaneous Backward Substitution of a Batch of Shifts

The RQ approach requires a different sequence of Givens rotations for every shift A, £ = 1,...,m.
The Given rotation

ek, ) —s(k,0)
sk, €)  c(k,0)

where @ denotes the direct sum, transforms the columns j and j — 1 of H — A,I. To be available
in the backtransformation, the cosine and sine components of all Givens rotations are recorded in
the matrices C = [c(k,£)] € R™™ and S = [s(k, )] € R™™,

The RQ approach transforms the Hessenberg matrix (H — AgI)GZ’é, . GZTJ, = Ry. We apply the
Givens rotations in batches and thereby compute a triangular factor R, tile column by tile column
starting from the right.

Rightmost tile column: The first batch of Givens rotations GZ’ pree e Gz P transforms the column
range N := k : nof H—A/I into R¢(:, N'). Figure 1 illustrates the situation; matrix entries that are
different for every shift are highlighted. The Givens rotation Gz’ ¢ transforms the columns k and

i =Ix2® [ ] ® I, € R, (2)

k — 1, where k — 1 is outside of the currently processed tile column. Hence, applying Gz’ ¢ vields a
cross-over column 7.

The diagonal tile has been transformed into a triangular matrix R,(N,N). The system
Ry(N,N)x¢(N) = be(N) can be solved by backward substitution for every shift (level-2 BLAS).
Let K := 1 : k — 1 be the index range of the remaining row indices. In a tile column-oriented
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J1=1:j-1
Fo=j:k-1 Jr=j-1:k-1

N

T T _
Gl_, G, =

Re(F2, T2)

~ —

Fig. 2. Reduction of a center tile column.

backward substitution algorithm, the computed solution is used to update b/(K) « b/ (K) —
Ry (K, N)x¢(N).If R, (K, N) is not generated explicitly, the update reads

be(K) — be(5)=[R(K k= 1) = Arery  H(K,N)| GL (NT NT) -G (N* NT) [XZ?N)] :

[Fe Re(K.N)

where N* := k — 1 : n and ej_; is the vector whose (k — 1)-th entry is one and all other entries
are zero. If the Givens rotations are applied to the right-hand side, the update

b (K) « be(K) - [h((K’k —1) = Arex H((K’N)] Gz’f(NJr’NJr) ' ”Gz’[(NﬂNJr) [XK?N)]

zZe

can be interpreted as a block matrix multiplication where the second block H(K', N) is shared
across distinct shifts. Hence, when several right-hand sides z, are computed simultaneously, the
multiplication with the second block H(K, N) corresponds to a matrix-matrix multiplication
(level-3 BLAS). Only the scalar-vector multiplication with the first block h(K,k — 1) — Aser_;
is shift-specific. Note that the computation of z; is cheap since every Givens rotation only trans-
forms two entries of x.

Center tile columns: In contrast to the rightmost tile column, center tile columns have shift-
dependent cross-over columns and diagonal entries. Figure 2 illustrates the situation. Let J; := 1 :
j-L%:=j:k-1land ;" :==j—-1:k-1

The applications of the batch of Givens rotations GLL prees GJ.T’ ¢ yields

([h(jl,j—n H(J:.j:k-2) Mjl)]_)[ [ej_l 0 ])
hFj-1) | H(Fj:k=2) 7e(B)| | 0 | I-ersel
s¢

G (TN T ... G (T T = [0

R/ (S, J2)
Rz(Jz,Jé)] - ®

The matrix I—e k,lelz_l differs from the identity matrix in the last diagonal entry, which is zero. The

€j-1
0

column, but not r. The application of the Givens rotations yields R,(:, J2) and a new cross-over
column S;.

matrix [

I—ekoleT ] ensures that the shift affects all diagonal entries of H in the current tile
k-1
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The diagonal tile is transformed into a triangular matrix Ry( 92, J). The resulting triangular
system R¢( Sz, J2)xe(J2) = be(J2) can be solved with backward substitution for every shift. Its
solution x,(f) is used in a linear update. Instead of generating R/(J;, J2) explicitly, the Givens
rotations can again be applied to the right-hand side. Then the update

be(F1) < be(J1)- [h(jl,j -1)—-Acejoy H(J1.j:k-2) ;‘5(51)] w
(G£—1,€(~72+7 N GjT,f(szr,jf) [xg(()jé)])

reveals the shared data H(,j : k — 2). If many right-hand sides are computed simultaneously,
the computation can benefit from level-3 BLAS. Specifically, when interpreted as a block matrix
multiplication, the update comprises a scalar-vector multiplication with h(J;,j—1) —Ace;j_; (level-
1 BLAS), a matrix-matrix multiplication with H(;,j : k — 2) (level-3 BLAS) and a shift-specific
column update with r¢(J;) (level-1 BLAS).

The column range of the center tile is intentionally left open. It is certainly a possibility to have
several center tile columns. In this case, a realization can iterate over center tile column from right
to left until the leftmost tile column is reached.

Leftmost tile column: It remains to transform the top-left diagonal tile of H to triangular form.
The application of the Givens rotations GJ.T_L oo .G{ ¢ yields

([HF1:-2) 8] =T =ejore] ) GTy (T ) - Gy ((Fis i) = Re(Ti, o).

The solution of the triangular system Ry (1, J1)x¢(J1) = be(J1) with backward substitution fi-
nalizes the backward substitution phase.

Remark. The computational efficiency of (4) hinges on the availability of the cross-over column
r¢. If 7¢ is not stored, the right side of (4) is

0
H(7,j—1: . . . .
bg(ﬁ)_F[H(jfkjﬂ—]lzn) :l)MI] GZ’F(]—I:n,]—l:n)...GJT’[(]—I:n,]—l:n) .gg(;%) ,
n—k+1

[5¢ Re(Fi.j:m)]

where F = [Ij_1xj—1 0j_1xn—j+1] extracts the top j — 1 rows and ensures matching dimensions
with b, (J1). If the Givens rotations are applied to the right vector encompassing x,(J2), fill-in is
generated and the vector becomes dense. Hence, no matter if the Givens rotations are applied to H
or to x¢, the computation depends on the n-th column of H — A,I. Storing the cross-over column
r effectively prunes the computation of the triangular factor. If the cross-over columns are stored,
the reduction and the backward substitution phase can be separated.

3.2 ATiled Algorithm for Solving Shifted Hessenberg Systems

This section uses the ideas presented in the previous section to derive a tiled algorithm for
the simultaneous solution of shifted Hessenberg systems. The Hessenberg matrix H € R™" is
partitioned into a grid of N X N tiles. To simplify the presentation of the algorithms, we assume
that all tiles are b, X b, and that n = Nb,. The shifts are processed in batches of size b.. We assume
that the total number of shifts m is an integer multiple of b, i.e., m = Mb.. The two partitionings
induce a partitioning of the right-hand sides B € R into a grid of N XM tiles, where every tile is
by X be.

The algorithm is split into three phases. The reduction phase computes the Givens rotations
that transform the shifted Hessenberg matrix into a triangular factor. Furthermore, it records the
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25:8 A. Schwarz

ALGORITHM 2: Reduction of a shifted Hessenberg tile to triangular form

Data: H € R™"! and cross-over columns R = [F1, ..., Fm] € R™™ such that [H F,] € R"™" is
upper Hessenberg, column pleft ¢ R"™, shifts A = [Ag,... ,)Lm]T e R™

Result: Components C = [c(j, £)] € R™™ and S = [c(j, £)] € R™™ of (n + 1)-by(n + 1) Givens

ek, 6) —s(k.0)

AT
rotations Gy p = I._1 @ [ ] @ I,,_j whose application yields an upper

s(k,€) c(,0)

triangular R, through (W' | H 77+ Aea]=[0 | AT )G ... G1o = [0 | Rl. (5)
1 function REpuceDIAG(H, hleft A, R)
2 for{ — 1:mdo
3 v — Iy
4 fork < n:-1:2do
5 Determine and record a Givens rotation such that [h(k,k — 1) v(k)] [zgllz, 2 _Cs(gf;;)] =

[0 %]

6 v(1:k-2) «clk,O)h(1:k—-2,k—1)+s(k,O)v(1: k—2);
7 vk —1) « c(k,l) (h(k — 1,k = 1) = Ap) + s(k,O)v(k — 1);

s | if K % 0 then

. . . left c(1,0) —s(1,0)] _ )
9 i Determine and record a Givens rotation such that [/ (1) ©(1)] L(l’f) ¢(1,0) =[0 xJ;
10 else
11 L c(1,€) « 1;8(1,¢) « 0; // Identity matrix (padding)
12 return C, S;

cross-over columns that allow computing linear updates in the backward substitution as in (4).
The backward substitution phase solves the triangular systems. The backtransform phase transforms
the computed solutions into solutions to the original shifted Hessenberg systems.

Reduction phase. The reduction phase computes and records the Givens rotations and cross-over
columns required for the backward substitution phase. The computation proceeds tile column by
tile column. The transformation of a tile column is split into REDUCEDIAG and REDUCEOFFDIAG.
ReDUCEDIAG addresses the second block row of (3); REDUCEOFFDIAG concerns the first block row
of (3).

The kernel REDUCEDIAG computes the Givens rotations necessary to transform a diagonal tile
to triangular form. Algorithm 2 lists the details. It closely resembles Algorithm 1, but omits the
backward substitution and adds the cross-over columns. Note that in Algorithm 2 (5) the matrix
[hleft H r/]is n-by-(n+ 1) and the Givens rotations are (n+ 1)-by-(n + 1) due to the cross-over
columns. The case distinction (lines 8—11) aims at supporting the computation of the top-left diag-
onal tile. For a top-left diagonal tile, the column R does not physically exist. The driver routine
TiLepREDUCE discussed further down sets " to a zero column. In this case the computation of
the Givens rotation (line 11) is meaningless. The first column of the storage matrices C and S of
the Givens rotations is never read and can be viewed as padding. The flop count of Algorithm 2 is
1.5n% + O(n) per shift.

The kernel REDUCEOFFDIAG concerns the first block row of (3) and is realized in Algorithm 3. It
applies the Givens rotations computed in REDUCEDIAG to an offdiagonal tile and records the left
cross-over column. Algorithm 3 requires 3nk + O(k) flops per shift if the tile being processed is
k-by-n.
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ALGORITHM 3: Reduction of an offdiagonal Hessenberg tile

Data: H € RF¥" cross-over columns ﬁright = [f‘rlight, R
C = [c(j,t)] e R™™ and S = [s(j, £)] € R™™ of Givens rotations
T etk t) —sk,0)
Oke =Tk ® [ sk, 0) ek, 0)

A=[A1,..., Am]T eR™.

~right
Fe™] € RF*™ components

] ® I,,_j as computed by REDUCEDIAG, shifts

Result: Cross-over columns R = [illeft, ..., Pt € RFXm gatisfying
i AT AT .
[ h(1ik1) —2per | HA:k2:n) P |Gue.. Gre=] 70|+ .
1 function REDUCEOFFDIAG(H, ﬁrlght, A)
2 for{ < 1:mdo
3 v — i?ght; // Start with previously computed cross-over column
4 forj«—n:-1:2do
5 | o(1:k) < c(, OR : k,j) + 50, Oo(1 : k);
// Compute cross-over column
6 r 1:k—1) «c(1, 1:k-1,1) +s(1,H))v(1 : k—-1); ift-independent part
FEft(1: k Oh(1: k ¢ k /1 shift-independ
. ,:i)eft(k) —c(1,0)(h(k,1) = Ap) + s(1, O)v(k) ; // Last shift-dependent entry
s | return [f‘lleft, . ..,f‘l,%ft];

The partitioning of H into tiles and the kernels REDUCEDIAG and REDUCEOFFDIAG can be com-
bined into a tiled algorithm for the reduction phase. The resulting algorithm TILEDREDUCE is listed
in Algorithm 4. In a tiled algorithm, the row range covered by the first block row of (3) is split into
smaller tile rows. Since only the tiles directly above the diagonal tiles are affected by the shift, a
case distinction is necessary. Line 17 of Algorithm 4 handles the tiles directly above the diagonal
tiles. Line 19, by contrast, handles the remaining far-from-diagonal tiles that are unaffected by the
shift. The shift is disabled by setting the corresponding parameter to zero.

Backward substitution phase. The backward substitution phase solves Ryx; = by for every €. The
computation follows a standard pattern of tiled backward substitution. It iterates over tiles of the
solution from bottom to top. For each iteration a new tile of the solution is computed with a small
backward substitution. The small backward substitution is realized by Algorithm 5 SoLvE. Then
the readily computed part of the solution is used in a tile update of above-lying tiles, realized by
Algorithm 6 UPDATE. These two kernels are combined to the tiled backward substitution algorithm
TiLEDSOLVE listed in Algorithm 7. In the following, we present the details of the algorithms.

SoLvE realizes the small backward substitution. Since our algorithm splits the reduction phase
and the backward substitution phase, the relevant part of the triangular factor has to be recom-
puted. Algorithm 5 gives the details. Analogously to Algorithm 2 REDUCEDIAG, the top-left diago-
nal tile of H — A,I does not have a physical column Rt
TiLeDSOLVE discussed below sets A to a zero column and thereby skips the computation of the
left cross-over column (line 7). The flop count of Algorithm 5 is 3.5n% + O(n).

Next we focus on the UPDATE kernel. Recall the index ranges J; :=1:j—-1, % :=j: k—1and
J," :=j—1:k—1. Algorithm 6 UPDATE realizes (4). The application of the Givens rotations in (4)
to the right transforms

to its left. In that case, the driver routine

+ + + + 0
IV ARN A RN PIV AN 2 )[xf(jz)] = H

2¢
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ALGORITHM 4: Tiled reduction of a shifted Hessenberg matrix to triangular form and recording of the
applied Givens rotations and relevant cross-over columns

Data: Hessenberg matrix H € R™*", tile size by with n = Nb; and N > 2, shifts
A=A, ..., Am]T € R™, tile size b with m = Mb
Result: Givens rotations GjT[ as in (2) and stored as C = [c(j, )] € R™™ and S = [s(j,£)] € R"™*™
such that (H — AgI)GZ pee G2T€ = Ry, cross-over columns R, € R™N

1 function TrLEDREDUCE(H, A)

2 for{ «— 1:mdo
3 | 7o N) « h(,n); Fe(n,N) « Fe(n,N) = A¢3
4 for{ «— 1:b.: mdo
5 Set the tile column index jijje < N —1;
6 Le—{C:0+b.—1; // Index range of current batch of shifts
7 forje—n—b+1:-b:b+1do
8 J —j:j+b—1; // Index range of current tile column
9 J —j-1:j+b—-2; // Tile column index range shifted by 1
10 Partition [ pleft Hdiag ] — H(J,97);
—— ——
by x1 by x(by—1)
~right ~ . N . ~ .
1 Pack R™®"  [F¢(T jtite + 1) Fe41(T s Jite + Vs - o Frab—1 (T s jie + 15
12 C(T,L),S(T, L) — RepUCEDIAG(HY?8, hleft,A(L), ﬁnght);
13 fori«— j—b, :—b. :1do
14 T —iti+b —1; // Index range of current tile row
~right ~ . ~ . ~ .
15 Pack R™™  [Fo(T e + 1) Fer (Do ite + 1) Feap, -1 (T oJsie + 1]:
16 if i + by = j then
17 (re(Zs jiite)s Te+1 (Lo iite)s - - P e1b,-1(Z s Jrile)] <= REDUCEOFFDIAG(H(Z, T ),
R AL));
18 else
19 [;f(I7jtile)’ ;'f-%—l (I’jtﬂe)’ X ;f+br—1 (I’jtile)] < ReDUCEOFFDIAG(H (L, T 7),
krlght’ 0);
20 L Jile < Jrile — L5
21 J —1:b; // Index range of top-left corner
~right ~ ~ -
2 Pack R™"  [F¢(T, 1), Fpa1 (T 1, Fapa (T2 D)5
23 | C(F,£),S(T, L) — RepuceDIaG(H(J, 1 : by — 1),0,A(L), R™E™);
2 | return C,S, (I~21, . ,i?m)

which is computed in lines 3 and 9-13. The block matrix multiplication (4) with the left block
yields the scalar-vector multiplication by < by — p(h(J1,j — 1) — Acej—1) (lines 4-5). The mul-
tiplication with the center block H(Ji,j : k — 2) is executed in line 14. When many vectors z,
are computed simultaneously, this operation corresponds to a matrix—matrix multiplication. Con-
sequently, it can benefit from an efficient implementation of DGEMM available in an optimized
BLAS library [Blackford et al. 2002; Dongarra et al. 1990]. The multiplication with the right block
r¢ is realized with the vector-scalar multiplication (line 16). The total flop count of Algorithm 6
is 2mnk + O((m + k)n). When several right-hand sides are computed simultaneously, the matrix—
matrix multiplication in line 14 dominates the computation.
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ALGORITHM 5: Small backward substitution
Data: H € R™" ! and cross-over columns R = [1, . ..,7m] € R™™ such that [H #,] € R"™" is
upper Hessenberg, column Reft X ¢ R™™_ghifts A = A, ..., Am]T € R™, B € R™™ Givens
rotations computed by TILEDREDUCE and stored as C = [c(j, £)] € R"*™ and § = [s(j, £)] € R™*™.
Result: X € R™™ satisfying Ryx(:, £) = b(:,£) where Ry is given by (5).
1 function Sowve(H, K", A, R, C, S, B)

2 X « B;

3 for{ < 1:mdo

4 v — Iy

5 Compute x(2 : n,{) using lines 2-9 of Algorithm 1;
6 if h'° £ 0 then

7 | o(1) « v(1)e(1,6) - h(1)s(1, £);

8 x(1,6) « x(1,0)/v(1);

°o | return X;

ALGORITHM 6: Linear tile update

Data: H € R™k X ¢ RF*" B ¢ R™*" cross-over columns R = [F1, ..., Fp] € R™X7,
A=[A4,... ,An]T € R", Givens rotations computed by TILEDREDUCE and stored as
C =[c(j,£)] € RF*" and S = [s(j, )] € RF>"
Result: (4) for{ =1,...,n
1 function UppaTE(H, R, X, A, C, S, B)

2 for{ «— 1:ndo

3 p —s(1,0)x(1,¢);

4 b(1:m,€) « b(1:m,l) + ph(1:m,1); // Shift-specific DAXPY
5 | b(m, ) < b(m,€) — A¢p;

6 Copy Z « X ; // Use workspace to apply Givens rotation to the solution
7 for{ — 1:ndo

8 z2(1,€) « cp(1)2(1,0);

9 forj« 2:kdo

10 <« z(j—-1,0);

11 ) <« z(j,0);

12 z(j—1,0) « c(j, €)1 — s(j, O)12;

13 z2(j, €) « s(j, €)1 + c(J, €) 125

14 B—B-H(1:m,2:k)Z(1:k-1,1:n); // DGEMM
15 for{ — 1:ndo

16 | B(1:m,€) < b(1:m,€) - Fez(k,0); // Shift-specific DAXPY
17 return B;

The partitioning into tiles and the routines SoLvE and UpDATE lead to the tiled backward sub-
stitution algorithm TiLEDSOLVE listed in Algorithm 7. Offdiagonal tile column updates are split
into smaller tile row updates. Only the tiles directly above diagonal tiles are affected by the shifts
(line 16). Far-from-diagonal tile updates, by contrast, are unaffected by the shifts (line 18). The
computation of z, is repeated for each tile row. Based on numerical experiments, these additional
flops are negligible compared to the gain from task parallelism, which will be introduced in the
next section.
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ALGORITHM 7: Tiled backward substitution and backtransform
Data: Hessenberg matrix H € R™*"_tile size by with n = Nb; and N > 2, shifts
A=[M,...,2m]T € R™, B € R™™ tile size b, with m = Mb,, Givens rotations GjT,f computed
with Algorithm 4 and stored as C € R™™ and § € R cross-over columns R; € R™N for
{ =1,...,mcomputed with Algorithm 4.
Result: Solution X € R™™ to HX = Bdiag(11,...,Am)
1 function TiLEDSOLVE(H, A, C, S, (1~21, . ,I~2m),B)

2 X « B;
3 for{ <« 1:b:.:mdo
4 Jtile < N // Index of current tile column
5 Le—C:0+b.—1; // Index range of current batch of shifts
6 forj«—n—b+1:-b;:1do
7 J —jij+b—1; // Index range of current tile column
8 J —j—1:j+b—-2; // Tile column index range shifted by 1
9 Partition [ pleft Hdiag ] —H(J,J7);
—— N——
byx1 bex(b—1)
~right ~ . ~ .
10 Pack R™®"  [F¢(T jtite)s - - - Fewbo—1 (T tite) |3
1 X(F, L) « Sorve(HYE, pleft R A1) o( T, £),S(T. £).X(T, L)):
12 fori« j—b:—b;:1do
13 T —i:i+b—1; // Index range of current tile row
~right ~ . ~ . ~ .
14 Pack erg — [rf([a]tile)v r{,’+1(]"]tile)v FEER) r€+bc—l([a]tile):|;
15 if i + by = j then
16 X(I, .E) —
~ i h
Uppate(H(Z, J 7). ™", X (T, £),A(£),C(T. £),5(T, £). X(T. L));

17 else

~Ti h
" | X(T, £) « Uppars(H(T, ), R™™ X (T, £),0,C(F, £),5(T, £),X(T, L);
19 L Jtile < Jtile — 15
20 J «—1:by

~right ~ . ~ .

21 Pack erg « [rf(j’]tile)v e r[+bc—1(j’]tile)];

~Ti h
2 X(J. L) « Sowve(H(J ., 1: by = 1),0,A(L). R™®",C(T . £).8(T . £).X(T . L)):
23 | X(:, £) « BackTrANSFORM(C(:, £),S(;, £), X (:, £));
24 | return X;

Backtransform phase. The solution x, corresponding to a shift A, is backtransformed

yl,(—GZ’[ (...(GZT,ZX[)). (5)

The components of the Givens rotations GjT’ ; (2) have been recorded as C = [c(j, )] € R™ and
S = [s(j,€)] € R™™ in the reduction phase. A routine BACKTRANSFORM realizes (5) for a batch of
vectors. A possible implementation is a column-by-column backtransform with the lines 11-14 of
Algorithm 1. The flop count for the backtransform is O(n) per shift. Line 23 of Algorithm 7 uses
BACKTRANSFORM to backtransform a batch of vectors.

The successive execution of TILEDREDUCE and TILEDSOLVE yields a tiled solver for the simul-
taneous solution of shifted Hessenberg systems. This solver is listed in Algorithm 8 and can be
viewed as an extension to Algorithm 1. The next section parallelizes Algorithm 8.
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H<—O<—O ‘ REDUCEDIAG

@ RepUCEOFFDIAG affected by shift
—Q () REDUCEOFFDIAG unaffected by shift

—Q

Fig. 3. DAG constructed for a single batch of shifts and a tile column count of n/b; = 4 in Algorithm 4
TiLebREDUCE. The task arrangement is based on what tile of H is processed.

ALGORITHM 8: Solving (H — A¢I)x¢ = by simultaneously in a tiled fashion

1 C,S, (1~?1, ... ,ﬁm) «— TiLEDREDUCE(H, A);
2 X « TieenSorwve(H, A, C, S, (I~11, .. ,km),B);

3.3 Parallelization with Tasks

Libraries such as PLASMA [Dongarra et al. 2019] and FLAME [Van Zee et al. 2009] show that the
design of dense linear algebra algorithms as tiled algorithms and the parallelization with tasks is an
effective way of achieving high performance. A task-parallel algorithm expresses the computation
as a Directed Acyclic Graph (DAG). The nodes of the DAG correspond to tasks and represent
tile operations. The edges of the DAG represent data dependencies between the tasks. A runtime
system asynchronously executes the tasks while satisfying all data dependencies.

This section parallelizes Algorithm 8 with tasks. The implementation follows the usual approach
and defines each tile operation as a task. Hence, every function call in Algorithm 4 TILEDREDUCE
and Algorithm 7 TILEDSOLVE is a task. What remains is the definition of the edges of the DAG. To
reduce the amount of edges and the associated overhead, the parallel implementation maintains
two separate DAGs. The first DAG represents the computation executed in TILEDREDUCE; the sec-
ond DAG represents TILEDSOLVE. All tasks related to TILEDREDUCE must have been completed
before any task of TILEDSOLVE is started. The implementation realizes this with a synchronization
point. Next we define the edges of each DAG.

The data dependencies of Algorithm 4 TILEDREDUCE are as follows. A task REDUCEDIAG process-
ing the tile (j, j) of H has outgoing dependencies to REDUCEOFFDIAG tasks processing above-lying
tiles (i, j) in the same tile column of H, i = 1,...,j — 1. A REDUCEOFFDIAG task on (i, ) has an
outgoing dependence to the task processing the left-lying tile (i, j—1). This is either a REDUCED1AG
tasks (j — 1 = i) or another REDUCEOFFDIAG task (j — 1 > i). Figure 3 illustrates the task graph for
one batch of shifts, i.e., one iteration of line 4 in Algorithm 4. Batches of shifts are independent of
each other.

Algorithm 7 TILEDSOLVE has three task types whose dependencies are as follows. A SOLVE task
on (j, j) has outgoing dependencies to UpDATE tasks (i,j), i = 1,...,j — 1. Before a SOLVE on the
tile (j, j) can be executed, all updates (i, j), j > i must have been completed. Once the backward
substitution is completed, the BACKTRANSFORM can be executed. Figure 4 shows the DAG for one
iteration of line 3 in Algorithm 7. Analogously to the task-parallel execution of TILEDREDUCE,
batches of shifts do not have any dependencies.

The implementation adds one simplification to the DAG shown in Figure 4. The computation of
the final SoLvE task and the BACKTRANSFORM are merged. This step aims at reducing scheduling
overhead.
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O@ @ sowe

[[] Upparek affected by shift
—] [[] UppATE unaffected by shift

(O BACKTRANSFORM

—L]

Fig. 4. DAG constructed for a single batch of shifts and a tile column count of n/b; = 4 in Algorithm 7
TiLEDSOLVE. The task arrangement is based on what tile of H is processed.

3.4 Further Improvements

The presentation of the algorithms has focused on the algorithmic aspect, namely the introduction
of level-3 BLAS operations to the backward substitution phase and the phrasing as tiled algorithms
that can be parallelized with tasks. A natural step is to incorporate the ideas proposed for the
original RQ approach. This includes improvements of the cache efficiency and the aggregation of
a small number of orthogonal transformations for a joint application [Henry 1994, p. 8; Beattie et al.
2012, Sec. 5.2.1] to lower the flop count. The impact of these improvements has been investigated
in Schwarz [2020]. The results of the numerical experiments in this work are solely based on the
algorithmic improvements presented in this work.

4 ROBUST COMPUTATION OF EIGENVECTORS BY INVERSE ITERATION

This section extends Algorithm 8 for solving shifted Hessenberg systems to the computation of
eigenvectors. The algorithm relies on the ability to solve triangular systems. The solution of tri-
angular systems is known to be prone to overflow. This is particularly true if shifted Hessenberg
systems are solved as part of an inverse iteration algorithm. In that case H — AI can be expected to
be ill-conditioned if A is close to a true eigenvalue of H. By adding overflow protection, Section 4.1
renders Algorithm 8 robust while preserving the tiled structure. This yields the robust, tiled shifted
Hessenberg system solver DHSRQ3. Section 4.2 concerns the convergence criterion and the choice
of the starting vector. Together with the robust, tiled shifted Hessenberg solver, this results in a ro-
bust tiled inverse iteration algorithm DHSRQ3IN. Section 4.3 discusses the modifications necessary
to support complex shifts.

4.1 Ill-conditioned Systems and Overflow Protection

Inverse iteration assumes that a good approximation A to a true eigenvalue of H is available. In
that case A is an exact eigenvalue of a nearby matrix H + E where ||E|| = O(e) is of the order of the
machine precision. The matrix H + E—AI is exactly singular. Hence, H — Al is close-to-singular and
can be expected a have high condition number. A detailed explanation why the solution of a very
ill-conditioned system does not produce completely erroneous solutions is given by Ipsen [1997,
Section 6.3], and Parlett [1998, Section 4.3]. In fact, inverse iterations turns the ill-conditioning into
an advantage because ||(H — AI)"!|| > 1/||E|| = 1/€ shows that there is at least one vector whose
norm grows in the order of 1/e. Section 4.2 picks this up for the selection of a starting vector.
While the ill-conditioning is not a problem for the accuracy, the computed solution can be so
large that the representational range is exceeded. A mechanism to avoid such a floating-point over-
flow is necessary. For the RQ approach, once H — AI has been factored, the backward substitution
with the corresponding triangular factor can encounter overflow. To eliminate the possibility of
floating-point overflow, implementations of inverse iteration [Peters and Wilkinson 1971, p. 435]
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and shifted Hessenberg system solvers [Henry 1994, 1995] introduce a scaling factor y € (0,1]
and solve the scaled triangular linear system Rx = yb for the scaled solution y'x. By virtue of y,
the current representation of the solution can be rescaled such that overflow is avoided. This ren-
ders the solution process robust. A robust solver for this scaled triangular system is, for example,
DLATRS [Anderson 1991] available in LAPACK 3.9.0.

An extension to the solution of scaled triangular linear systems with n right-hand sides has been
introduced by Kjelgaard Mikkelsen and Karlsson [2017a] and concerns RX = Bdiag(y1,...,¥n).
Each right-hand-side is associated with a scaling factor yx € (0,1]. If B is overwritten with
the solution X in a standard (non-robust) tiled backward substitution algorithm, tile updates
read X; < X; — R;;X;,i < j. These tile updates are rendered robust through segment-wise
scaling factors. There is one scaling factor per column per tile. Then robust tile updates are
X, diag(6;,....,8,") « X;diag(B;',.... ;") — Rij(X; diag(a;,. .., a,")). Overflow is avoided
by bounding the maximum possible growth in each update, computing suited scaling factors
5;%,...,8;" and, if necessary, rescaling the current representation of the solution prior to the
matrix-matrix multiplication. This preserves the level-3 BLAS potential of a tile update. Since
tile updates during the tiled backward substitution can require different scalings, the final tiled
representation of the solution can be inconsistently scaled. A consistent scaling is computed by
reducing the segment-wise scaling factors to the global scaling factor y; for each column. Then
all column segments are rescaled with respect to yx. This approach supports task parallelism as
demonstrated by Kjelgaard Mikkelsen et al. [2019] and is used to render the algorithms presented
in this paper robust.

A robust tiled algorithm for solving shifted Hessenberg systems requires (a) a robust routine for
the solution of small shifted Hessenberg systems, (b) a robust tile update, and (c) a robust back-
transform. The combination of these three robust kernels yields a robust version of TILEDREDUCE.
The robust routines are marked with the prefix R to easily distinguish between the non-robust and
the robust version.

Robust solution of small shifted Hessenberg systems. A robust counterpart of Algorithm 5 SoLvE
requires a small robust backward substitution routine solving Rex; = yebe, yo € (0,1]. If the
(small) Ry is generated explicitly, a possible realization is a call to the LAPACK routine DLATRS.
This approach is realized by Algorithm 9 RSoLve. DLATRS returns x and y, representing y, ' x;.
The total scaling of the computed solution is computed in line 13 by multiplying the input scaling
factor B, and y,. Together, RSOLVE returns the scaled vector (y,fB¢) ' xp.

Robust tile update. The robust version of the tile update (4) is
5;'be(Fr) — Br'be(F) - [M(Finj—1) = Acejr H(Fijk—=2) Fe(5)]

T PR T (q+ o+ 0

(le,g(Jz ) Gl T T, )[aglxg(jz)]), ©
where §; € (0, 1] is chosen such that b,(J;) does not exceed the overflow threshold. There are
many instantiations of d; and b, (1) that satisfy (4). Algorithm 10 computes one feasible instanti-
ation. Following Kjelgaard Mikkelsen and Karlsson [2017b], the right-hand side tile X is associated
with a vector of scaling factors & = [a1, ..., a,] € (0,1]" and represents the column-wise scaled
matrix X diag(a;?, ..., a;"). Similarly, the tile B is associated with g = [f1, ..., f,] € (0,1]" and
represents Bdiag(f; ", ..., f,'). To compute a tile update robustly, X and B must be consistently
scaled. The consistent scaling factor corresponds to the smaller of the two scaling factors (line 5).

The remaining computation requires the overflow-free realization of three linear updates.
Each of the three linear updates is guarded by PROTECTUPDATE introduced by Kjelgaard
Mikkelsen and Karlsson [2017b, Section 2.2]. PROTECTUPDATE receives ||Blleo, ||H|loo, || X0 and
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ALGORITHM 9: Small robust backward substitution
Data: H € R™ "1 and cross-over columns R = [1, . .., Fm] € R™™ guch that [H ;‘g] e R™" ig

upper Hessenberg, column hleft, B € R™™ and scaling factors f = [B1, ..., fm] = (0,1]™
representing B diag(B1, . . ., fm), shifts A = [A1,...,Am]T € R™, Givens rotations computed by
TiLEDREDUCE and stored as C = [c(j, £)] € R™™ and S = [s(j, {)] € R™™.
Result: X € R™™ and & = [a1,...,am] € (0,1]™ satisfying Ryx(:, €) = ayb(:, () where Ry is given by
(5)-
1 function RSoLve(H, B, R A, C, S, B, B)

2 X « B;
3 for{ «— 1:mdo
// Recompute the triangular factor

4 Ry < Opxn;
5 re(:,n) « rg;
6 fork<—n:-1:2do
7 tp —h(1:k,k—1);tp(k—1) « t(k—1) = Ag;
8 R(1ikk=1:k) e [te(1:k) re(1:kk)] [C(k’f)}

! ’ sk, O)|
o if B % 0 then
10 | re(L0) « re(1,0c(1,€) = Hef(1)s(1, 0);
11 Ye < 1; // Initialize routine-local scaling factor
12 Solve robustly Rex(:,£) = yeb(:, €); // DLATRS
13 | ar < YeBes // Update total scaling
14 return o, X;

computes a scaling factor & € (0, 1] such that the linear update ¢B — H(£X) cannot overflow. Then
line 6 computes the column-wise scaling factors required for the first linear update (line 8). The
upper bounds are rescaled to account for a consistent scaling of B and X. After rescaling X (line 9),
B and X are consistently scaled. Line 12 computes the column-wise scaling factors required for
the second linear update (line 15). As line 14 applies the computed scaling factors prior to this
linear update, the linear update itself can safely be implemented with a call to DGEMM. Line 17
computes the scaling factors necessary for the third linear update (line 19). The scaling of the final
output B is § and corresponds to the product of all scaling factors.

The application of the Givens rotations in line 10 is not guarded by overflow protection logic, but
can result in growth that possibly exceeds the overflow threshold. Since the evaluation of overflow
protection logic is expensive compared to the cheap Givens transformations, our software lowers
the true overflow threshold Q by some safety margin. This safety margin is set to the tile height
by, which overestimates the maximum growth possible by Givens transformations within a tile.
Working with Q/b; is cheap to compute and guarantees that the Givens transformations in line 10
do not trigger overflow.

Robust backtransform. The robust backward substitution returns segment-wise scaled solution
vectors. It remains to compute consistently scaled solutions and backtransform these. Recall that
the partitioning into tile rows divides the vector evenly into N segments of length b, and that
n = Nb,. The robust counterpart of (5) is then

i (1 by)
—aT T -1 .
Y =G| | Ga¢%min : . (7)
%\i,“xg(n —b,+1:n)
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ALGORITHM 10: Robust linear tile update

Data: H € R™k X € RF*" B ¢ R™*" cross-over columns R = [F1, . .., Fp] € R™X,
A=1[A,... ,An]T € R™, Givens rotations computed by TILEDREDUCE and stored as
C = [c(j, )] e RF*" and § = [s(j, £)] € Rk
Result: (6) for £ =1,...,n
1 function RUppaTE(H, R, @, X, A, C, S, B, B)
2 Allocate 6 = [61,...,6,] € (0,1]™;

3 for{ « 1:ndo
4 t «— h(1:m,1); t(m) « t(m) — Ag;
5 Ye < min{az, fr};

// Compute a scaling factor such that DAXPY in line 8 cannot overflow

6 &« PROTECTUPDATE( };—ib(l tm, 5)” il s g—is(l,f)x(l,f) );
7 S — Eryes // Update global scaling
s b(1:m.0) < 5b(1 :m,f)—t(%s(l,f)x(u)); /7 Shift-specific DAXPY
o (8 Y

9 CopyZPXdlag(a—i,...,E),
10 Apply Givens rotations to Z as in lines 7-13 of Algorithm 6;
11 for{ « 1:ndo

// Compute a scaling factor such that DGEMM in line 15 cannot overflow
12 &p < PROTECTUPDATE(||b(1 : m, €)loo, [|H oo » 12(1 : k — 1,€)[lo0);
13 ¢ « O¢kys // Update global scaling
14 | b(1:ml) < &eb(1:m,€);2(1: k, £) « Epz(1:k,€) 5 // Apply the scaling factors
15 B—B-H(1:m,2:k)Z(1:k-1,1:n); // DGEMM
16 for{ — 1:ndo

// Compute a scaling factor such that DAXPY in line 19 cannot overflow
17 & « PROTECTUPDATE(/IB(1 : m, €)oo, IF ¢lloos 12(k, €)]);
18 8¢ «— Oy ; // Update global scaling
19 | b(1:m{) « &b(1:m,{) — 1 (Epz(k,0)); // Shift-specific DAXPY
20 return 6, B;

The application of the Givens rotations can exceed the overflow threshold. To avoid overflow,
Henry [1994, Algorithm 4] evaluates the maximum possible growth possible during the back-
transform. If overflow can occur, the entire vector is rescaled prior to the backtransform. If the
computation targets eigenvectors, an alternative strategy is possible. Eigenvectors are commonly
normalized. The backtransform can be executed safely if the vector is normalized with respect to
the Euclidean norm before the backtransform. The consistency scaling, the normalization, and the
backtransform can be computed in two sweeps over the vector. Algorithm 11 RBACKTRANSFORM
gives the details. The lines 4-12 closely follow the LAPACK 3.9.0 routine DNRM2, which computes
the Euclidean norm with scaling to avoid overflow. The lines 14-18 simultaneously normalize and
backtransform an eigenvector. After the backtransform, the eigenvectors are still normalized.

By replacing all routines with their robust counterparts and adding segment-wise scaling fac-
tors, Algorithm 7 TILEDSOLVE can be rendered robust. The resulting algorithm RoBUSTTILEDSOLVE
is listed in Algorithm 12. This leads to DHSRQ3 listed in Algorithm 13, which solves shifted Hes-
senberg systems in a tiled, robust fashion. Note that the first part TILEDREDUCE is untouched. Only
the second part TILEDSOLVE is replaced with its robust counterpart. Since the structure is identical
to the non-robust version, task parallelism as introduced in Section 3.3 is valid for DHSRQ3 as
well.
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ALGORITHM 11: Consistency scaling, backtransform and normalization of a single eigenvector

Data: Givens rotations GJ.T[ as in (2) computed by TILEDREDUCE and stored as C = [c(j, £)] € R and
S = [s(j,€)] € R™™ matrix of scaling factors & = [a(i, {)] € (0, 1]Nxm segment-wise scaled
X € R™™ tile size by with n = Nb;,
Result: Normalized (7) for £ « 1,...,m
1 function RBACKTRANSFORM(C, S, ar, X)

2 for{ «— 1:mdo
3 Qin < rr}llin {a(h,€)}; // Global scaling factor of current column

1<h<N
4 Xmax < 0;
5 t«—0;
6 fori < 1:ndo
7 Itile < [i/br]; // Index of current segment
8 if x(i,€) # 0 then
9 x(i,l) « a(ulf:‘“f)x(i,f); // Consistency scaling
10 if xmax < |x(i,€)| then

2
n te Lt (285 ) S e GO
12 else
. 2
13 L t(_t+(—|xx(,:ai)|) )
14 Xnrm < a;}nxmax\/?; // Euclidean norm of current column
// Simultaneous normalization and backtransform

15 71« x(1,€)/Xnrm;
16 fori < 2:ndo
17 72 < x(i, £) /Xnrm;
18 y(i—1,0) « c(i)r1 —s(i, O)2;
19 11« c(i, &) + s(i, 0)11;
20 return Y ; /7 Ny Ol =1

4.2 Starting Vector and Convergence Test

It is well understood that the choice of the starting vector is crucial for both the convergence and
the performance of inverse iteration (1). This is particularly true because the residual can increase
by doing more than one iteration. Ipsen [1997, Sections 2.5, 2.6, 6.2] presents a comprehensive sum-
mary of work by Varah, Wilkinson and Peters on choosing a suited starting vector. Furthermore,
an example demonstrating an increasing residual when more than one iteration is computed can
be found in Section 5.4 in the same reference.

A standard choice for the starting vector is a scaled vector of ones x© « p[1,...,1]7,
p > 0 [Ipsen 1997, p. 259]. In LAPACK 3.9.0 the inverse iteration routine DHSEIN chooses
p = ||H||€ assuming [|H||» > 0. With this choice a single iteration of (1) most frequently leads
to convergence [Ipsen 1997, p. 264]. If not, LAPACK tries other starting vectors orthogonal to
previous choices rather than computing more iterations of (1). The convergence test is passed if

x|y > 0.1/+/n. LAPACK thereby follows Varah’s [1968, p. 786] stopping criterion eVl o L

llc @l ce’
where c is a problem-dependent constant and H is assumed to be normalized ||H||, = 1. Specifically,
since LAPACK does not assume ||H||; = 1, we obtain using [|x¥|; = n||H|lwe, 1/[lx|l; = 1/|Ix]l
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ALGORITHM 12: Robust tiled backward substitution and backtransform

Data: Hessenberg matrix H € R™" tile size by with n = Nby, shifts A = [14, ... ,Am]T e R™,

B € R™"™ tile size b, with m = Mb,, Givens rotations GJ.T , computed with Algorithm 4 and

stored as C € R and S € R™™ cross-over columns i?,g e R™N foreach shift £ = 1,...,m

computed with Algorithm 4.
Result: Solution X € R™™ to HX = Bdiag(11,...,Am)
1 function RoBustTiLEDSOLVE(H, A, C, S, (R1, ..., Rpy), B)

2 o «— ONES(N,m) ; // Initialize all tile-local scaling factors with 1
3 X « B;
4 for{ « 1:b.:mdo
5 Jtile < N // Index of current tile column
6 Le—{C:0+b.—1; // Index range of current batch of shifts
7 forj«—n—-b+1:-b;:1do
8 J —jij+b—-1; // Index range of current tile column
9 J —j-1:j+b—-2; // Tile column index range shifted by 1
10 Partition [ pleft Hdiag ] —HJ,9);

—— ——

by x1 by x(by—1)
~right ~ . ~ .
11 Pack R"&" [rf(j,Jtile)’ cees rt’+bc—1(j,ltile)]§
12 a(jijle, £), X (T, L) «
. ~T1 h
RSorve(HUE, B, R™E™ A(L£).C(T. £).5(T . £). e (e: £). X(T . L):

13 fori«— j—b:—b;:1do
14 T —iti+b—-1; // Index range of current tile row
15 itile < (i + by — 1)/by; // Index of current tile row

~right ~ . ~ . ~ .
16 Pack R"&" [rf(]-v]tile)v rev1 (2 jite)s - - - r{’+bc—1(Iv]tile)]§
17 if i + b, = j then
" @(ije, £). X (I, £) « RUpDATE(H(Z, J ), "™,
19 & (jiite» L), X (T, L), ML), C(T, £),5(T, L), a(itite, £), X (I, L));
20 else
21 @(ige, £),X(Z, £) « RUpDATE(H(Z, T ), R°™,
22 a(jiile» £), X (T, £),0,C(T, £),5(T , L), ex(igite, £), X (I, £));
23 L Jiile < Jtile — 15
24 J —1:by

~right ~ . ~ .
25 Pack R™®"  [#0(T . jite)s - - - Fewpo—1 (T tite) |3
2 a(1, £),X(T, £) — RSotve(H(J, 1 : by — 1), 0, A(L), RE™,
C(TJ,L),5(,L),a(1,£),X(T,L));

27 | X(: L) < RBACKTRANSFORM(C(:, £),5(;, £), (2, £), X (:, £));
28 | return X;
and ||xlz > [lx|l;/v/n

[Eaal® S [ [P (A 1

IxOll; = Vrllx©ll — vanl|Hllwe ~ 10n2[|Hllwe”

Our inverse iteration solver chooses p = ||H||w€. Since the norm lcD|, is readily available after
the backward substitution phase due to the consistency scaling, the check lxMl, > 0.1/+/n lends
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ALGORITHM 13: Robust tiled simultaneous solution of shifted Hessenberg systems with real shifts

Data: Hessenberg matrix H € R™" shifts A = [A1,...,A,,]7 € R™, B € R™™
Result: Solution X € R™™ to HX = Bdiag(1s,...,Am)

1 function DHSRQ3(H, A, B)

2 C,S, (Rl, . ,ﬁm) « TiLEDREDUCE(H, A);

3 X « RoBusTTILEDSOLVE(H, A, C, S, (1~21, . ,ilm),B);

4 return X;

ALGORITHM 14: Robust tiled inverse iteration for real eigenvalues

Data: Hessenberg matrix H € R™ ", eigenvalues A = [A1,... ,Am]T e R™
Result: X € R™™ such that HX = X diag(A1, ..., Am)
1 function DHSRQ3IN(H, A)

2 Allocate X € R™¥m.

3 Choose the starting vector x© 1/(ellHlloo) [1,. .., 1]7;

4 Initialize X with m repeated copies of x;

5 while not converged do

6 Compute robustly XD DHSRQ3(H, A,X(O));

7 Split X into converged eigenvectors X, and non-converged eigenvectors Xy € R
8 Append X to X;

9 if k = 0 then

10 L Go to line 13;

11 Choose a new starting vector x(© orthogonal to previous choices;
12 | Initialize X ©) with k repeated copies of x©;

13 Sort the columns of X such that the order matches A;

1u | returnX;

itself to a quick convergence test. This convergence test is in line with Varah’s stopping criterion
where ¢ = 10n||H||e. The information that an eigenvector has not converged can, for example, be
propagated by setting the eigenvector to zero.

The decision on a starting vector and the convergence test combined with the robust backward
substitution leads to the inverse iteration routine HSRQ3IN, a routine for computing individual
eigenvectors simultaneously by inverse iteration. The core of the routine is the robust, tiled solver
for shifted Hessenberg systems introduced as DHSRQ3. Algorithm 14 lists the inverse iteration
solver. Following LAPACK, only a single iteration of (1) is computed for a given starting vector.
After this single iteration, converged eigenvectors are separated from non-converged eigenvectors.
New starting vectors are tried for the non-converged eigenvectors.

4.3 Complex Shifts

The RQ factorization H — AI = RQ has complex factors R and Q if 1 is complex. The backward
substitution with R then relies fully on complex arithmetic. Due to costly multiplications of com-
plex scalars with complex vectors, Henry preferred the UL factorization over the RQ factorization
for complex shifts, see Section 2.2. This section presents two techniques which allow extending
the inverse iteration solver DHSRQ3IN to support complex shifts at a reasonable computational
cost. The first technique chooses the complex Givens rotation such that the reduction phase avoids
multiplications of complex scalars with complex vectors. The second technique lowers the cost of
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the backward substitution by exploiting that most entries of H — AI are real in spite of a complex
shift.

The reduction phase requires complex Givens rotations to compute the unitary Q factor. This
paper adopts the Givens rotations applied by Beattie et al. [2012, p. 6]

sG.0) (. 0)
where ¢ € C and s € R. Thereby most of the reduction phase corresponds to mixed real-complex
multiplications. In view of the analysis of Givens rotations in floating-point arithmetic by Bindel
et al. [2002], our implementation of this Givens rotation is numerically robust and takes care of
underflow and overflow.

Next we discuss the changes to Algorithm 2 REDUCEDIAG and Algorithm 3 REDUCEOFFDIAG.
The columns of the R factor are complex and so are the cross-over columns. We store a complex
vector v = ©™ + iv'™ as adjacent columns [0™ o'™]. Using the complex Givens rotation (8), the
complex version of line 5 in Algorithm 3 REDUCEOFFDIAG

v(l:k) «—c(,)h(1:k,j)+sG, ) o1 : k)
— L L P N

——
Ck C Rk R Cck

G =I,e [C(” O =G 5)] @I, eC™", (8)

can be realized as
v ¢(1:k) « @, 0O)h(1: k,j) +s(, ) (1 : k)
o™ (1: k) « ™G, Oh( : k,j) + s(j, O)o™(1 : k).

The lines 6-7 in REDUCEDI1AG can be realized in a similar fashion. The flop count for the complex
versions of REDUCEDIAG and REDUCEOFFDIAG doubles compared to their real counterparts and is
3n2 + O(n) and 6nk + O(n), respectively.

Next we discuss the changes to the backward substitution phase. Systems with a complex shift
yield a complex solution. Aiming for a robust backward substitution, every complex solution vector
is associated with a single scaling factor. In other words, the real and the imaginary part are scaled
alike. Then a robust SOLVE task addresses Ry, = ycbe where y, € (0, 1] and all other quantities
are complex. If the (small) triangular system matrices R, are computed explicitly, a conversion
to a complex datatype allows the robust solution of this system with a call to ZLATRS for every
complex right-hand side. ZLATRS is available in LAPACK 3.9.0. and is the complex counterpart of
DLATRS, see Section 4.1. Thereby Algorithm 9 naturally generalizes to complex arithmetic. The
flop count is 15n% + O(n) per right-hand side.

An analysis of the complex counterpart of the linear update (6)

8;'be() — Br'be( ) = [M(Fij—1) — Aeejor H(Tijik=2) Fe(T)]

0
(Gf—l,[(£+’ f];—) ce Gf€($+v ~%+) [QEIX((ﬂ)} )
reveals the potential for mixed real-complex arithmetic. Analogously to the real linear update, the
block structure of the system matrix suggests three block operations. The first block h(J;,j—1) —
Acej_q and the third block 7,(J;) issue multiplications of a complex scalar with a complex vector
and can be emulated using real arithmetic. The second block H( 71, j : k—2) is real and requires the
multiplication of a real matrix with a complex vector. If complex quantities are stored in interleaved
storage, that is, the real and imaginary parts of a complex vector are stored in adjacent columns, the
multiplication of a real matrix H and a complex vector z = u+iv can be realized as H{u v]. Hence,
the computationally expensive part of the linear update can be realized with a wide DGEMM
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Table 1. Flops Approximations for a Single Shift/Eigenvector
Segment of Length n and Assuming Square Tiles

Routine Real eigenvector Complex eigenvector
REDUCEDIAG 1.5n% + O(n) 3n® + O(n)
REDUCEOFFDIAG 3n2 + O(n) 6n? + O(n)
SOLVE 3.5n% + O(n) 1512 + O(n)
UPDATE 2n? + O(n) 4n? + O(n)
BACKTRANSFORM 6(n—1) 20(n—1)

Flops due to overflow protection (norm computations, overflow protection
logic, numerical scaling) are disregarded.

operation if many right-hand sides are computed simultaneously. The flop count of a linear update
with an m-by-n matrix H is approximately 4mn + O(m + n) per complex right-hand side.

The complex solution x, is backtransformed analogously to (5) using complex arithmetic. The
flop count sums to 20n + O(1). An overview of all flop counts is listed in Table 1. The computa-
tional cost per column is approximately the same for a real eigenvector and a complex eigenvector
comprising two columns.

Coupling the complex routines of all task types results in ZHSRQ3, the complex counterpart of
DHSRQ3. Analogously to LAPACK, the starting vector and the convergence criterion are chosen
identically for real and complex eigenvalues. ZHSRQ3 allows generalizing the inverse iteration
routine DHSRQ3IN to handle any selection of eigenvalues, see Algorithm 15. The selection of
eigenvalues is split into real eigenvalues and complex eigenvalues. This requires additional track-
ing of the affiliation between computed eigenvectors and selected eigenvalues. Recall that complex
eigenvectors occur in complex conjugate pairs. Hence, for each selected complex conjugate pair
of eigenvalues, only one eigenvector has to be computed. The other one can be obtained for free
by complex conjugation. HSRQ3IN assumes that the provided eigenvalues exploit this.

The real/complex eigenvectors are computed by successive calls to the real/complex version
of HSRQ3IN. The successive computation of real/complex eigenvectors is justified because the
storage requirement quickly limits the problem sizes solvable with HSRQ3IN. An analysis of the
storage requirement is given in the next section.

4.4 Storage Requirement Analysis

Algorithm 14 records the Givens rotations and the cross-over columns during the reduction phase.
If the Hessenberg matrix is n-by-n, n Givens rotations including the first padded entry have to
be stored for every eigenvector. The storage requirement of the cross-over columns depends on
the tiling of H. The partitioning of H into an N-by-N grid of b, X b, tiles requires the storage of
N (potentially complex) cross-over columns. The storage requirement of the cross-over columns
sums to Zfil(ibr) = O(nN) for every eigenvector. If m columns (1 column per real or 2 columns
per complex eigenvector) are computed, the storage of the cross-over columns is O(nNm) and
can quickly exceed the memory available on a compute node. This problem can be addressed by
computing the eigenvectors in groups. Algorithm 15 realizes this. Only workspace necessary for
storing the cross-over columns and the Givens rotations of a single group has to be allocated.
Once a group has been computed, the workspace can be reused for the next group. Since complex
eigenvectors and cross-over column are stored in interleaved storage, the storage requirement is
doubled compared to the real computation. Line 4 calculates the group size for the complex case
requiring two columns per cross-over column. To fully harness the available workspace, the real
computation doubles the group size (lines 6-8).
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ALGORITHM 15: Robust tiled inverse iteration
Data: Hessenberg matrix H € R™*" tile size by with n = Nby, eigenvalues A = [A, ... ,Am]T eCcm
such that only one complex eigenvalue of a complex conjugate pair is included in A
Result: X € C"™™ such that HX = X diag(A1, ..., Am)
1 function HSRQ3IN(H, A)

2 Sort A into Agorted = [Areal  Acomplex] SO that the first m; eigenvalues are real;

3 Define the maximum workspace size for the cross-over columns as wmax;

4 g < | wmax/(2nN)]; // Group size
5 Allocate workspaces for the Givens rotations and the cross-over columns;

6 for { < 1:2g:m; do
7 L L « ¢ :max{{ + 2g, m};

8 Task-parallel X (L) < DHSRQ3IN(H, Agorted(L)); // Real eigenvectors
9 for{ < mi+1:g:mdo

10 L «— ¢ :max{{ +g,ma};

1 Task-parallel X (L) « ZHSRQ3IN(H, Agoried(L)); // Complex eigenvectors
12 Sort the columns of X so that the order matches A;

13 return X;

5 NUMERICAL EXPERIMENTS

This section describes how the numerical experiments were set up and executed and presents the
results.

5.1 Execution Environment

Hardware. The experiments are run on an Intel Xeon Gold 6132 (Skylake) node where dynamic
frequency scaling is enabled. This node has 2 NUMA islands with 14 cores each. In double-precision
arithmetic the theoretical peak performance is 83.2 Gflops per core and 2329.6 Gflops per node. The
L1 data cache and L2 cache are 32 KB and 1 MB, respectively, and the shared L3 cache is 19.25 MB.
The available memory is 192 GB RAM. The memory bandwidth was measured at 12.7 GB/s for one
core and 162 GB/s for a full node using the STREAM triad benchmark.

Software and configuration. The software is built with the Intel compiler 19.0.1.144 where the op-
timization level is set to -02, AVX-512 instructions are enabled and interprocedural optimizations
-ipo are activated. We link against the MKL 2019.1.144 BLAS implementation. OpenMP threads
are bound to physical processing units by setting KMP_AFFINITY to compact.

In the following we describe the routines and their configuration used in the numerical exper-
iments. The first routine targets shifted Hessenberg systems and solves (H — A¢I)x; = ace. The
matrix H is real and upper Hessenberg, the shift A, is real or complex, e is the vector with all ones
and o, € (0,1] is a scaling factor. The next four routines target the computation of eigenvectors
by inverse iteration. The routines are supplied with ||H||€e as the starting vector, see Section 4.2.
This starting vector leads to convergence in one iteration in all of our numerical experiments.

e {Z,DIHSRQ3. This robust routine was introduced in this work and solves (H — A,I)x; = aye.
It generalizes the RQ approach originally proposed by Henry. The reduction phase records
the Givens rotations necessary to compute the RQ factorizations for all shifts. The backward
substitution phase utilizes level-3 BLAS for the linear updates.

e RQIN (Henry). This routine extends the shifted Hessenberg system solver by Henry [1994,
Algorithm 2] to the computation of eigenvectors. It solves (H — A;I)x; = |Hlw€e
through an RQ factorization for every eigenvalue and normalizes every eigenvector after the
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backtransform. The core of this routine corresponds to Algorithm 1. While Henry uses the
RQ decomposition only for real shifts, the numerical experiments use the RQ approach both
for real and complex shifts. The matrix H is not overwritten.

e ULIN (Henry). This routine solves (H — A¢I)x; = ||H||w€e through an UL factorization
for every shift and, in a final step, normalizes the computed eigenvectors. Henry [1994, Sec-
tion 4] introduced the UL approach for complex shifts to avoid costly complex-complex mul-
tiplications. Since the UL approach overwrites H, the original matrix H is copied when more
than one system is solved.

e DHSEIN. LAPACK 3.9.0 contains the driver routine DHSEIN for successively computing
selected left and/or right eigenvectors of a real upper Hessenberg matrix. DHSEIN calls
DLAEIN for computing a single eigenvector by inverse iteration. The routine is supplied with
ee as the user-defined starting vector (INITV = ‘U’). For each shift, the matrix B = H — AI
is explicitly constructed in a workspace. Then Bx = «a(||H||«€e€) is solved through an LU
factorization with partial pivoting. In all numerical experiments conducted here, this initial
guess leads to convergence in the first iteration. In other words, DHSEIN effectively solves
a single shifted Hessenberg system through an LU decomposition with partial pivoting for
each eigenvector.

e HSRQ3IN. This driver routine, listed in Algorithm 15, splits real and complex eigenvalues and
computes the corresponding eigenvectors by successive calls to DHSRQ3IN and ZSRQ3IN.
It solves (H — A¢I)x; = a¢(||H||€e) and normalizes the eigenvectors with respect to the
Euclidean norm before the backtransform.

5.2 Test Problems

The numerical experiments use two test problems. The first test problem is designed to have
known, well-separated eigenvalues and computes the corresponding eigenvectors. This experi-
ment controls the ratio of real/complex eigenvalues and allows us to examine the cost of complex
arithmetic. For this purpose, a quasi-triangular matrix T € R™" is constructed where the eigen-
values are placed as 1-by-1 or 2-by-2 blocks on the diagonal of T. If the k-th eigenvalue is real,
then the 1-by-1 diagonal block is t(k,k) = k. Complex eigenvalues occur in complex conjugate
pairs and correspond to 2-by-2 blocks. Such a 2-by-2 block is set to

T(k:k+1,k:k+1)=[k k

_k k:| c RZXZ (9)

and corresponds to the eigenvalues k + ik and k — ik. This choice of diagonal blocks ensures that
all eigenvalues are well-separated. In particular, the case with 100% real eigenvalues yields an
upper triangular matrix with eigenvalues 1, 2, ..., n. Assuming that n is even, the case with 100%
complex eigenvalues yields a matrix with only 2-by-2 blocks on the diagonal and eigenvalues
1+i,3(1+1i),...,(n—1)(1 % i). The remaining superdiagonal entries are random in (0, 1].

The matrix T is then transformed into a Hessenberg matrix through an orthogonal similarity
transformation. For this purpose, two orthogonal transformations are applied. First, a random
Householder matrix is constructed, Q, = I — 2vov”, where v is a random unit norm vector. By
applying the (symmetric) Householder matrix, a dense matrix A = Q,TQ,, is computed. Second, A
is reduced to Hessenberg form through the LAPACK routine DGEHRD H; « QITAQI. Together,
H, is given by H; < (Q,0,)"T(Q,0Q,). The numerical routines receive the exact eigenvalues as
input parameter.

The second test problem solves shifted Hessenberg systems and aims at quantifying the over-
head from overflow protection. Two systems are constructed: the “bad” system requires frequent
numerical scaling system, whereas the “good” system never requires numerical scaling.

ACM Transactions on Mathematical Software, Vol. 48, No. 3, Article 25. Publication date: September 2022.



Robust level-3 BLAS Inverse Iteration from the Hessenberg Matrix 25:25

The bad system constructs the Hessenberg matrix H, = R;Q, + yI where R, € R™" and
Q, € R™" are given by

n—i+1 i=j

-1 (i-1=j)or(i=1landj=n
r2(i,j) =N J > s QZ(l,]) = ( J) ( J )
o 0  otherwise.
0 i>]

As an example, consider how H; — yI is constructed for n = 6 by

6 6 6 6 6 —6
-5 6 6 6 6 0
-4 6 6 6 0
Hy -yl = 3 6 6 0
-2 6 0
-1 0

6 -6 -6 -6 -6 —-6][0 0 0 0 0 -1

5 -6 -6 -6 —6/|-1 0 0 0 0 0

4 -6 -6 -6 -1 0 0 0 0

= RQ, = 3 -6 -6 -1 0 0 0

2 —6 -1 0 0

1 -1 0

The numerical experiments solve H,X = ET where E is the matrix with all ones and ' =
diag(2,...,2). Hence, the same shifted system is solved repeatedly without exploiting that the
shift is shared. Kjelgaard Mikkelsen [2020] has shown that the matrix R; introduces quick growth
to the solution vectors during the backward substitution.

The good system constructs the Hessenberg matrix Hs = R3Q, + yI where R3 € R™" is given
by

n+l—i i=j
rs(i,j) =11 j>i
0 i>].
The numerical experiments solve H3X = ET. Following Kjelgaard Mikkelsen [2020], the solution
of Rsy = e with backward substitution never requires numerical scaling to avoid overflow.

5.3 Validation

The experiments are validated by comparing the relative normwise backward error with 1072,

. |1H 1 x-Ax |lF
Specifically, the first test problem evaluates R

second test problem solves the same system repeatedly. The evaluation computes
only for a single vector, where A corresponds to H, or Hs, respectively.

for each computed eigenvector. The
lAx—yellr
AlENxF+1ylllellr

5.4 Results

This section presents the results of four numerical experiments. The first experiment concerns the
sequential runtimes of the inverse iteration solvers and compares the existing approaches DHSEIN
(LAPACK), RQIN/ULIN (Henry) with HSRQ3IN introduced in this paper. The second experiment
aims at identifying bottlenecks in the implementation and analyzes what fraction each computa-
tional phase contributes to the total runtime. The third experiment addresses the parallel scalability
of HSRQ3IN. The fourth experiment quantifies the cost of robustness.
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Fig. 5. Sequential runtimes on H; computing two columns (left) and 1500 columns (right) for n = 10000.

Serial Comparison. The first experiment compares the sequential runtimes of the inverse itera-
tion routines DHSEIN, RQIN, ULIN and HSRQ3IN on H; where n = 10000. Numerical scaling is
never triggered and a single iteration suffices to satisfy the convergence criterion for every eigen-
vector. Figure 5 (left) shows the runtimes for computing two columns, either two real vectors or a
single complex vector (storing the real and the imaginary part in two columns). In the latter case,
the UL approach overwrites the input matrix and, hence, does not require any data copies. For all
solvers the computation of the complex vector is at least as expensive as the computation of two
real vectors.

Figure 5 (right) compares the runtimes for computation of 1,500 columns, either 1,500 real vec-
tors or 750 complex vectors. The timing of the UL approach includes the overhead of 749 copies of
the input matrix. The runtime gap between DHSEIN and the RQ factorization-based solvers widens
with an increasing number of right-hand sides. A large number of right-hand sides allows reusing
data. Since the RQ decomposition-based solvers do not overwrite the input matrix, the compu-
tation may benefit from temporal locality. HSRQ3IN outperforms RQIN, which can be attributed
to the matrix—matrix multiplications (level-3 BLAS) in the backward substitution phase. Complex
eigenvectors are more expensive than real eigenvectors for DHSEIN and RQIN. HSRQ3IN,
by contrast, performs similarly. The next experiment aims at investigating the underlying
cause.

Analysis. This experiment decomposes the computational cost of HSRQ3IN and RQIN and
thereby analyzes the ratio of the three computational phases (reduction, backward substitution,
backtransform). The experiment setup is identical to the one in Figure 5 (right) and uses H; with
n = 10000 for the computation of either 1,500 real or 750 complex eigenvectors.

A run of RQIN on 1,500 real eigenvectors spends 46% of the runtime in the reduction phase
(lines 3, 8-9 in Algorithm 1) and 53% of the runtime in the backward substitution phase (lines 4-7
in Algorithm 1). This ratio is approximately in line with the flop distribution of these two phases.
When RQIN computes 750 complex eigenvectors, the reduction phase constitutes 36% and the back-
ward substitution phase 63% of the runtime. Thus, the majority of the time is spent on backward
substitution.

The runtime decompositions of HSRQ3IN are shown in Figure 6. The runtime is split into the
contribution of each task type to the total compute time for a sequential (left) and a parallel (right)
run. Between 53% and 68% of the runtime is spent on REDUCE tasks. The runtime difference be-
tween the real and the complex runs is due to the different amount of Givens rotations computed
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Fig. 6. Runtime decomposition of a sequential (left) and parallel (right) run on Hy for n = 10000.

during the run. Since a series of Givens rotation is computed per eigenvector, the complex run com-
putes only half the number of Givens rotations, but requires mixed real-complex multiplications.
The backward substitution phase contributes with SoLve and UppATE tasks. The complex runs
spend approximately double the time on SoLVE tasks than the real runs. This can be attributed to
the complex-complex multiplications during the small backward substitutions. The runtime differ-
ence of UPDATE tasks is due to the application of the Givens rotations. Analogously to the REDUCE
tasks, the complex runs apply only half the number of Givens compared to the real runs. The
backtransform phase makes a negligible contribution to the total runtime. The runtime decompo-
sitions of RQIN and HSRQ3IN suggest that the reduction phase has become the new bottleneck of
the revised RQ approach.

The parallel speedup ranges in 14-18 for all task types. Due to dynamic frequency scaling, the
best possible parallel speedup on the test node is 18.4. Idle cores during the parallel runs contribute
to the overhead/idle time when there are not enough tasks available for being scheduled.

Parallel scalability. The third experiment analyzes the strong scalability of HSRQ3IN. Strong
scaling concerns the speedup for a fixed problem size subject to an increasing number of processing
units. The used test system is H; where n € {10000, 40000}. The eigenvalue selection ratio is chosen
as 5%, 15%, or 25%. Then, for example, the experiment with n = 10000 and 5% selected eigenvalues
computes 500 columns (500 real eigenvectors or 250 complex eigenvectors). The eigenvalues are
either all real or all complex.

Figure 7 extends the sequential experiment shown in Figure 5. It reports the runtime of a strong
scaling experiment with up to 28 cores. The speedup over the sequential run is approximately by
factor or 14. The best attainable speedup is 18.4. Figures 5 and 7 show that the new inverse itera-
tion solver is clearly faster than the existing inverse iteration solvers and has reasonable parallel
scalability.

Figure 8 displays the performance results with respect to the machine capabilities. It includes
the multithreaded implementation of DGEMM as an upper bound. The plot assumes 3.512 flops
per column, which is a lower bound of the true flop count. The real and the complex experiments
attain a similar fraction of the theoretical peak performance and achieve a similar parallel
speedup.

Overhead due to numerical scaling. The fourth experiment evaluates the cost of overflow avoid-
ance. For this purpose, a run of DHSRQ3 on the bad system H; and the good system Hs are com-
pared. Recall that the bad system requires frequent numerical scaling, whereas the good system

ACM Transactions on Mathematical Software, Vol. 48, No. 3, Article 25. Publication date: September 2022.



25:28 A. Schwarz

I 15% selected, real shifts
e 15% selected, complex shifts

Runtime [seconds|

1 4 8 12 16 20 24 28
Number of cores

Fig. 7. Parallel runtimes on Hy using n = 10000.

< n = 10000 = n = 40000
% 501 = 5% selected, real shifts % 504
o & \/___ -¢-- 25% selected, real shifts o &
= g 401 < 5% selected, complex shifts = g 401
4:; L§ -—+=- 25% selected, complex-shifts 4: L§
= 2.30 — DGEMM £ 2,301
g3 TE &
g O g O b %
E SQO%XWM &;5 %20 W%X%*W%x.x
SE-ENE flis Lo ST I o Wotocaey
< <
o o
o o
1 4 8 1216 20 24 28 1 4 8 1216 20 24 28

Number of cores Number of cores

Fig. 8. Parallel scalability on H; using n = 10000 (left column) and n = 40000 (right column). For reference,
DGEMM (MKL) executes the same amount of flops as the 5% real shifts case and writes to an output matrix
of size n-by-n.

never requires numerical scaling. The experiments solve shifted Hessenberg systems rather than
an eigenvector problem because the triangular solve associated with H, and Hs has been shown
as the best and worst case, respectively [Kjelgaard Mikkelsen 2020]. As a consequence, the cost of
overflow protection for inverse iteration is in between the two extremes. Note that both runs in-
clude the cost associated with the evaluation of overflow protection logic. The runtime difference
between the two runs is solely the cost of numerical rescaling.

Figure 9 illustrates the measurements using n = 10000 and 1,500 real right-hand sides. The runs
on the bad system are circa 6% slower than the ones on the good system. Numerical scaling only
affects the backward substitution phase, i.e., SOLVE and UPDATE tasks. The slowdown of these two
task types is approximately 20% alike. The parallel speedup is comparable for both the good and
the bad system. This suggests that robustness does not affect the parallel scalability.

6 CONCLUSION

This paper revises the RQ approach for solving shifted Hessenberg systems (H — A¢I)x, = arb,
robustly for a large number of shifts. By rearranging the computation of the partial RQ factor-
ization, matrix-matrix multiplications (level-3 BLAS) are introduced to the backward substitution
phase. Since the solution of shifted Hessenberg systems is the most compute-intensive step in the
computation of eigenvectors by inverse iteration, the revised RQ approach leads to a new inverse
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Fig. 9. Runtime decomposition of a sequential (left) and parallel (right) run computing 1500 real right-hand
sides on H3 (bad system) and H3 (good system) for n = 10000.

iteration solver. The numerical experiments show that the new inverse iteration solver outper-
forms existing inverse iteration solvers.
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