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A structure-preserving algorithm for the linear
lossless dissipative Hamiltonian eigenvalue problem

XING-LoNG Lyu

In this paper, we propose a structure-preserving algorithm for com-
puting all eigenvalues of the generalized eigenvalue problem BAx =
AEx that arises in linear lossless dissipative Hamiltonian descrip-
tor systems, with B being skew-symmetric and ATE = ET A. We
rewrite the problem as BAE ™!y = Ay to preserve the symmetry of
ATE and convert the problem into the equivalent T-Hamiltonian
eigenvalue problem 7z = Az. Furthermore, T-symplectic URV
decomposition and a corresponding periodic QR (PQR) method
are proposed to compute all eigenvalues of . The structure-
preserving property ensures that the computed eigenvalues appear
pairwise, in the form (A, —\), as they should. Numerical experi-
ments show that the computed eigenvalues are more accurate and
strictly paired than those of the classical QZ method, while the
residuals of the eigenpairs are comparable.

KEYWORDS AND PHRASES: Structure-preserving algorithm, T-Hamil-
tonian eigenvalue problem, T-symplectic URV decomposition, periodic

QR.

1. Introduction

In recent years, the energy based modeling of dynamic systems gains great
attention, in which the port-Hamiltonian (PH) system [7, 8, 14, 18, 19, 23,
24] characterize models from variational principles. As a special case of PH
descriptor system, the linear time-invariant dissipative Hamiltonian (DH)
descriptor systems [2, 15, 16, 21], generally expressed as

(1) Ei = (B — R) Az,

where B € R?"*2" ig nonsingular and skew-symmetric and ATE = ETA €
R?7X2% have been widely considered in recent years. The matrix B is the
structure matrix, reflecting the energy flux among energy storage elements;
R is the dissipation matrix, describing the energy dissipation (due to dam-
pers, viscosity, resistors, etc.); and ATE = ET A guarantees the Hamiltonian
nature of the system.
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In this paper, for linear dissipative Hamiltonian descriptor systems,
we assume that R = 0 [20, 22], which corresponds to a lossless (energy-
conserving) model and is often adopted for RLC circuits and mass-spring-
damper (MSD) systems. In the lossless case, the DH eigenvalue problem
(DHEP) convert to a generalized eigenvalue problem (GEP)

(2) BAx = \EXx,

of which the eigenpairs can be easily computed by QR-type eigensolvers,
e.g., the QZ method [17, 25]; however, the symmetry of AT E is ignored, and
consequently, the paired structure of the eigenvalues (A, —\) of (2), which is
an essential property of the original system, may be lost. Nevertheless, under
the assumption that E is invertible, (2) can be rewritten in the following
form:

(3) BAE 'y = \y.

We can consider B € C?"*?" to be nonsingular and skew-symmetric, and
ATE = ETA € C¥*27; this constitutes one complex extension of the real
case. Notably, this complex case does not correspond to a complex lossless
dissipative Hamiltonian descriptor system [15], and further applications may
yet be discovered by researchers pursuing related work. However, the algo-
rithms proposed in this paper can perfectly fit a real system with only minor
revisions.

The main contributions of this paper are to prove that the product
eigenvalue problem given in (3) can be solved by instead computing one T-
Hamiltonian eigenvalue problem (THEP) [12], and to propose a structure-
preserving algorithm that guarantees both the pairing property of the eigen-
values and the accuracy of the eigenpairs. In fact, only half of the eigenvalues
need to be computed during the implementation procedure.

The basic theories and algorithms for Hamiltonian eigenvalue problems
have been discussed in recent years; see, e.g., [1, 3, 6, 11]. Symplectic URV
decomposition [3, 4, 9] followed by the periodic QR method [5, 9, 10, 13]
is an efficient technique for computing all eigenvalues. Some trivial propo-
sitions regarding T-Hamiltonian matrices or unitary T-symplectic matrices
are applied in this paper without further explanation (refer to [3, 11] for
details).

Notations: Bold letters denote vectors; e is the k-th column of an
identity matrix I,,;; A, AT and A* denote the conjugate, transpose and con-
0o I,

; Hit is the set of complex
I, 0

jugate transpose of A, respectively; J = [
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T-Hamiltonian matrices; Utg is the set of unitary T-symplectic matrices;
and U is the set of unitary matrices.

2. Preliminaries
2.1. Similarity to a T-Hamiltonian matrix

In this section, we prove that the matrix product BAE™! is similar to a
T-Hamiltonian matrix and yields a structure-preserving algorithm for com-
puting all eigenvalues of (3).

Theorem 1. There exist Qg € U*™*?" and a lower bidiagonal matriz

Lp € CV" s.t. QpBQL = [ 21— LOB}

—&B
Proof. Since B is skew-symmetric, there exists a unitary matrix Qg s.t. B =
Q BBQ; is an upper Hessenberg matrix; as a result, B is skew-symmetric
and, thus, a tridiagonal matrix with all values on its main diagonal being
zero. Moreover, we let p = [1,n + 1,2,n + 2,...,n,2n], and B(p(:),p(:))

0 Lp
becomes [Lg 0 ] . O

The detailed derivations of @p and Lp can be found in Algorithm 1.

Algorithm 1 Tridiagonal reduction of a complex skew-symmetric matrix

Input: A complex skew-symmetric matrix B € C2"*2",
Output: Qp € U?"*2" and a lower bidiagonal matrix Lg € C**" s.t.
0 L
T _ B
QBBQB - |:_Lg 0 :|

1: QB + Izn, Pp < Iop;

2: fori=1:2n—-2do

3:  Compute Q = house(Be;,i +1,2n), B+ QBQ", Qp + QQp;

4: end for

5: Set p = [1,n +1,2,n+2,...,n, Qn]T and rearrange all columns of Pp as in p;

6: B%PBBP;, QB (*PBQB and Lp eB(l:n,nJrl:Qn).

Now, by combining the block structure of BBQ]E with the symmetry
of AE~!, we can prove that BAE™! is similar to a T-Hamiltonian matrix.
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I = = L 0
Theorem 2. Let R = [—Lg O]’ A=QpA, E=QpE, T = [0 I]’
and
(4) H = RAE'T € C?2n,

Then, BAE™ is similar to the T-Hamiltonian matriz 7.

Proof. Consider that

Qu(BAE™)Q5=(QuBQR)@uAB" Q)= | Y7 | (@ud)Qu)

[ (s emmiannr [ D

Let Y = AE~!. Since ATE = ETA is symmetric, we know that ) is
Yi1 Yo

symmetric. Let Y = [Y v,
21 Y22

} . In combination with the above definitions,

we find that
A = RAE™'T = RYT
_ [ 0 I] [Yn YlQ] [LB 0] _ [ Yo1Lp Yoo
—LL 0] |Yar Yao| | O [ —LLYLp —LjYis
is a complex T-Hamiltonian matrix. ]

Therefore, because of the similarity between BAE~! and #, the eigen-
value problem expressed in (3) can be converted into the following complex
THEP:

(5) Hz = RAE Tz = )z

Accordingly, we can design a corresponding T-symplectic URV decomposi-
tion and periodic QR (PQR) method, as introduced in Section 3, to exploit
the matrix product structure and preserve the T-Hamiltonian structure of
H.

Since 7 is a T-Hamiltonian matrix, there exists a unitary T-symplectic
URV decomposition of #; moreover, there exist unitary matrices Wy, W,
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and W3 s.t.
UAV* = URAE™'TV* = (URWT)(W, AW3) (W3 EW3)~H(WsTV*)

1 A r- ~ 1 —1
= RMAME&ITM = |:Rt R7':| |:At 4T':| |:Et E~‘r:| |:T;‘/ TT:|

(6) 0 Ry |0 Ap| |0 Ep 0 Ty
RtAtEN‘fth *
0 RyA BT,

where TbT is an upper Hessenberg matrix and Ry, Rb , flt, flb By, E and T;
are upper triangular matrices. In this paper, we refer to the matrix structure
of Rys, Ay, and Ejy as the block-triangular form (BTF) and the structure
of Ty as the triangular-Hessenberg form (THF).

2.2. Elementary unitary/unitary T-symplectic transformations

The decomposition of J# in (6) can be realized by means of a series of uni-
tary T-symplectic transformations and standard unitary transformations.
Accordingly, the corresponding elementary transformations should be fully
utilized.

o We refer to H € C™"*™ as a Householder transformation matrix if
(7) H =1, - 2ww",

with w € C" and ||wl|lz = 1. Additionally, if x = [z1,...,2,]", we
write H = house(x, 1, j) if H satisfies (7) and

Hx = [33‘1,. . .,.Ili,l,i'i,o,...,O,Qj‘j+1,... ,:L'n]T,
where %; = |[®i,%it1,--.,24]"||2. The corresponding T-symplectic
Householder matrix ‘H € [U "XQ" is a direct sum of two Householder
H 0 .
0 fl} = S-house(x, 1, 7).
e We refer to G € C™*™ as a Givens rotation matrix if

matrices, H = [

(8) G=1,+ seie;r — seje] 4+ (c—1)(eje] + eje;—),

with ¢ = cos(#) and s = sin(f). Additionally, we write G = givens(x, 1,
Jj) if G satisfies (8) and
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where 7 = ||[x;,7;] " ||2. The corresponding T-symplectic Givens matrix

g c Ugl_nSXZn is a direct sum of two Givens matrices, G = [

G o]
0 G|

S-givens(x, 1, j).

3. A stable algorithm for computing the eigenvalues of 7

3.1. T-symplectic URV decomposition of 7

We divide the T-symplectic URV decomposition of 57 into four main steps;
subsequently, two unitary T-symplectic transformations and three unitary
transformations are computed. In the following steps, R, A® and EO
are matrices of the BTF, T is a matrix of the THF, as shown in (6);

U0,V € U2 and W € U for i =1,2,3,4 and j = 1,2,3.

Step 1:

Step 2:

Step 3:

Find U and W s.t. RO = UORWIT and A0 = wV A,
The purpose of this step is to reduce R to the BTF. It can be

straightforwardly verified that U() = —J and Wl(l) = [I _ I]

due to the special structure of R.

Find U®, W® and W st R® = y@ROWIT A =
Wl(Q)fl(l)Wf)T and E? = EW2(2)T. The purpose of this step is to
reduce A to the BTF while also preserving the BTF of R(Y). The
elimination of nonzero elements in A1) is similar to the standard
T-symplectic URV decomposition of a Hamiltonian matrix [3], but
the upper left corner of A should be upper triangular. In particu-
lar, each row transformation generates one new nonzero element in
RW: therefore, one unitary T-symplectic Givens rotation and one
unitary Givens rotation are needed to preserve the BTF of R(.
Additionally, the column Householder transformations of A1) lead
to column transformations of E(1).

Find U®), W Wi and W st R® = yGRAWST A6G) =
wHAOWIT EG = wIEQWET and TG = W¥T. The
purpose of this step is to reduce E® to the BTF while preserving
the BTFs of both R and A, This step is similar to Step 2 but
is more cautious. In this step, the detailed reduction procedure
for E@ follows the opposite order relative to that in Step 2. For
example, the nonzero elements in the (n 4 )-th row of E? need
to be eliminated first, followed by the nonzero elements in the i-th
column.
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Step 4: Find U@, V@ W wi® and Wi st R® = yWROWDT,
AW = wWAWHT E® = wWEOWMT and 7@ =
W3(4)T(3)V(4), where T¥ is a THF matrix. The purpose of this
step is to reduce T to the THF while preserving the BTFs of
R®) ABG) and E®). This step is also similar to Step 2. Note that
T®) is a block diagonal matrix and that each block has dimensions
of n x n; accordingly, the computational costs of row and column
transformations for T can be reduced.

Algorithm 2 Step 2 of T-symplectic URV decomposition for ¢
Input: R € C2*2n ig of BTF, A1) e C27x2n gnd B e C2nx2n,
Output: U® e U2y, w» wi? e U2 si. R® = UDROWT and
A® = I/Vl(Q)jzl(l)WQ@)—r are of BTF.
1 U® « Ly, W2 « Ly, W « I, R® « RW, A®) A0 E@)  E.
2: for j=1:ndo
3: fori=j:n—1do
Apply givens-trans(A®e;, n+i+ 1,n 4 i, R? A Wl(z));
Apply givens-trans(R?® Te; 1,7+ 1,i, R AP W1(2));
end for B R
Apply givens-trans(A®e;, n,2n, R, A?) Wl(z));
Apply S—givens—trans(R@)en, n,2n, R, U(Q));
9: fori=n—-1:5do

10: Apply givens-trans(A®e;,i,i + 1, R?), A®), W1(2));

11: Apply S-givens-trans(R®e;,i,i + 1, R U®);

12: Apply givens-trans(R®ey,,n+i,n+i+ 1, R AR, W1(2));

13: if j <n then

14: Apply house-trans(A® e, ;,j + 1,n, A®, AT, Wi,

15: Apply givens-trans(fl@)—renﬂ-, n+j+1,j4+1,A0 EAT WQ(Q));
16: Apply house-trans(A® Te, ;. n + j,2n, A®) EAT, WQ(Q));

17: end if

18:  end for

19: end for

We denote some notations to save illustrative words here, since there are
too many similar matrix operations during the URV decomposition of 7.

e house-trans(x,i,j, X,Y,Q): determine H = house(x,i,j) and set
X=XH"Y=HY and Q=QH;

e S-house-trans(x,1, j, X, Q): determine H = S-house(x, 1, j) and set
X =HX and Q = HQ;
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e givens-trans(x,i,j, X,Y,Q): determine G = givens(x,,7) and set
X=XG", Y =GY and Q = QG";
e S-givens-trans(x,i,j, X, @Q): determine G = S-givens(x, 7, j) and set

X =GX and Q = GQ;

We summarize Step 2, Step 3 and Step 4 into Algorithm 2, 3 and 4, respec-
tively, for better showing the implementation details of the T-symplectic
URYV decomposition of .77.

As a result of the T-symplectic URV decomposition procedure, the T-

Algorithm 3 Step 3 of T-symplectic URV decomposition for 57

Input: R®, A® e C2*2" gre of BTF and E(?) e C2nx2n,

Output: U® e U2, wi* wi?) wi®) e v st R®) = UORAOWT,
A® = WP AW and E® = WP EQWST are of BTF.

1: U® Ly, W o L, WY I, VO I, R®) R, AG)  AO),
EG) « @) 76 T,

2: for j=1:ndo

3 fori=j:n—1do

4 Apply givens-trans(E(S)Ten+j,i +1,i, EG®) AG)T, WQ(S));

5: Apply givens-trans(A®e;,i,i+ 1, R®), AG), W1(3));

6

7

8

Apply S-givens-trans(R®e;,i,i+ 1), R®), UG,
Apply givens-trans(R® Te, ;,n+i,n+i+1, R®) AG) W1(3));
Apply givens—trans(fl(?’)—renﬂ»7 n+i,n+i+1, ;1(3), E(3)T, WQ(B));
9:  end for ~ ~ R

10:  Apply givens-trans(E®)Te,,, ;,2n,n, A®) ECIT W2(3));

11: Apply givens—trans(le(3)en7 n,2n, R(?’), fl(3), Wl(g));

12:  Apply S-givens-trans(R®)e,,n,2n, R®) U®);

13: fori=n—-1:j5do

14: Apply givens—trans(t?@)—renﬂ-, n+in+i+1,A0) EN(S)T, W2(3));
15: Apply givens-trans(A®e, ;. 1,n+i+1,n+14, R®) AG) Wl(?’));
16: Apply S-givens-trans(R®e,, 11, n+i+1,n+i, R® UG):

17: Apply givens-trans(@(g)TeiH, i+ 1,1, ]?(3), {1(3), W1(3)();

18: Apply givens-trans(A®) Te; i +1,i, A®) EGT W2(3));

19: if j <n then

20: Apply house-trans(EN(S)ej, n+j+1,2n, E(‘B)NT, TGIT, W3(3)T);
21: Apply givens—trans(?(?’)ej,j + 1~, n+j+1,E®T 7T W:,)(S)T);
22: Apply house-trans(E(?’)ej7 Gy, EGT T7GIT, WéS)T);

23: end if

24:  end for

25: end for
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Algorithm 4 Step 4 of T-symplectic URV decomposition for .5#

Input: R®) AG) EG) e C2n%2n are of BTF, T1) e C2nx2n,

Output: U<4>,V<4> e U Wf4>,W2<4>,W§4> € U2 g4 RAW =
UGOROWWIT AW = wH AOWDT and E® = WP EGWT are of BTF,

and TW = WY T® V@ is of THF.

1 U® « Ly, W« Ly, W« L, W& « L, V® « L,, R® « RG)

AD  AG) B BG) and TW o 7).

2: forj=1,...,ndo

3 fori=3j,...,n—1do

4 Apply givens—trans(T(4)eJ n+i+ln+i, EOT 7HT W§4)T);

5: Apply givens-trans(E® e, i, n+i,n+i+1, AW EOT, W2(4));
6 Apply givens—trans(fl( Jentit,n+i+1,n+i, R AW, W1(4));
7 Apply S-givens-trans(R™e,, i 1,n +i+1,n+1, R(4), U@y,

8: Apply givens-trans(RW Te; 1,7+ 1,1, R(4) 121(4) W1(4));

9: Apply givens-trans(AWe; 1,i+ 1,i, A EWT W2(4));

10: Apply givens—trans(E(‘l)eZ,z,z +1, EWT, (4)T, W§4)T);

11:  end for

12:  Apply givens-trans(T®e;, n,2n, EOT TWT, W3(4)T);

13:  Apply givens—trans(E(4)Te2n, on,n, AW E@T, W2(4));

14:  Apply givens(AWe,,, n,2n, RW, AW, W1(4));

15:  Apply S-givens-trans(RYe,,,n,2n, R4, UW);

16: fori=n-—1,...,5 do

17: Apply givens-trans(T(4)eJ ii+1, EWOT 7T Wé4) );
(£

18: Apply givens-trans(EW T e, 1,i+4 1,1, A 4), EWT, W2(4));

19: Apply givens-trans(A®e;,i,i 4+ 1, R, AW, W1(4));

20: Apply S-givens-trans(RWe;,i,i + 1, R UW);

21: Apply givens-trans(R™® e, ;,n+i,n+i+1, RW, AW, W1(4));

22: Apply givens—trans([l(‘l)—ren”, n+i,n+i+1,tAd, E®T, W2(4));
23: Apply givens—trans(E(‘l)TenHH, n+i+1l,n4i, EOT 7WT W3(4)T);
24: if j <n then

25: Apply S-house-trans(T(4)Ten+j7j + 1,0, TWOT y&T),

26: Set x =T®Te,, ; and determine G = givens(x,n + j + 1,j + 1);
27: Set TW = TWET and VW = vAWGT,

28: Set x = T®Te,,, ; and determine # = S-house(x,n + j + 1, 2n);
29: Set TW = TWH " and V& — THHT;

30: end if

31:  end for

32: end for
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Hamiltonian matrix /¢ can be reduced to the specific form given in (6) with
the help of the unitary transformations and unitary T-symplectic transfor-
mations described in Section 2.2.

3.2. Periodic QR method

After computing the URV decomposition of 7, it is natural to computer
the eigenpairs of the corresponding matrix product using the periodic QR
method. Let M = —~T,' E; " A R} Ry A, E; 1T, € C™ ", where Ry, Ry, Ay,
Ay, Ey;, Ep, T, and Tp are computed through the T-symplectic URV decom-
position of .77. It follows that
(9)
VARV = (VAHUNTT UV =VAHIU T (UAV)

= VJIATUTJUAV)=—-JVHUNJUAV)

[T E;TAI RS * RAET, "

1 0 T, E; "TA[ RS ] [ 0 Rb/ibEbTJ

_[-1,E; TA] R R AET, *

1 0 T, E; "A[ R/ Rb[lebTJ
(M«

o MT|”

According to (9), the eigenvalues of M are exactly half of those of .72, By
additionally considering the fact that the eigenvalues of the T-Hamiltonian
matrix % appear in pairs of the form (A, —\) and the similarity between
the GEP in (2) and the THEP in (5), we can summarize these relations into
the following corollary.

Corollary 3. If u* is an eigenvalue of M, then £\* are eigenvalues of the
GEP expressed in (2), where \* = \/u*.

Therefore, it is necessary to stably compute all eigenvalues of M for this
purpose, the PQR algorithm is a sound approach. The detailed procedure
for one single-shift step of the PQR method is introduced in Algorithm 5.
We do not need to store the unitary matrices in Algorithm 5 since they are
not necessary when computing the eigenvectors of M.

For clarity, let us first consider the three relevant cases of the single-shift
PQR step for
M = ~T)E, "A] R RRAE;TT, = A1Ay A3 Ay As Ag AT As when elimi-

nating nonzero elements:
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1. For A;lAH_l, update Az and Ai—i—l via Ai+1 — Qin+1 and AZ — Qinu
with Q1 = givens(A; ek, k, k+1) and Q2 = givens(A; e, k, k+1),
respectively, denoted by PQR-a(A;, Aiy1, k).

2. For A; A7} update A; and A;4+1 via Aj41 < AZ'_HQ; and A; <+ AiQ;,

i+1
with Q1 = givens(AillekH, k+1,k) and Q2 = givens(AillekH, k+
1, k), respectively, denoted by PQR-b(A4;, 4,11, k).

3. For A;A;11, update A; and A;41 via A;1q + Qin-i-l and A; < A,Q;,

with @1 = givens(A;;1ex, k, k+1) and Q2 = givens(A;1eg, k, k+1),
respectively, denoted by PQR-c(A4;, A;+1, k).

Below, we present Algorithm 5 for computing a single-shift PQR step for
M = A1 A7 A3 Ay As Ag A As.

Algorithm 5 One single-shift PQR step for M = A1A2_1A3A4A5A6A7_1A8

Input: A; € C"*" where A; is an upper Hessenberg matrix and A; is an upper

triangular matrix for i = 2,...,8.

Output: A; € C"*" after one single-shift PQR step for M, where A; is an upper

11:

12:

13:

14:

15:

Hessenberg matrix and A; is an upper triangular matrix for i = 2,...,8.
Determine the Francis shift p of M, and Q = givens((M — ul,)e1,1,2).
Set A1 = QA1 and Ag = AgQ*
fori=1:n—-2do
Apply PQR-a(A7, 4s, i), and PQR-b(Ag, A7,1);
Apply PQR-c(Ag, Agr1,4) with k =5,4,3;
Apply PQR-a(A4,, Az, i) and PQR-b(A4;, As,1);
if i <n —2 then
Update A; and Ag via A; « QA; and Ag + AgQ* with Q =
givens(Ae;,i + 1,i + 2);
end if
: end for
Update A; and Ag via A; + QA; and Ag <+ AgQ* with Q =

givens(4ie,_2,n — 1,n);

Update Ag and A; via Ag <+ QAs and A; <« QA; with Q =
givens(4ge,_1,n — 1,n);

Update A7 and A6 via A7 — A7Q* and A6 «— A6Q* with Q =
givens(A;] e,,n,n — 1);

Repeat step 11 three times in sequence while replacing A; with Agy; and Ag
with Ay for k = 5,4, 3;

Repeat steps 12 and 13 with Ag replaced with As, A; replaced with A; and Ag
replaced with A;.

According to Theorem 5.1 in [3], analogously, the T-symplectic URV

decomposition and PQR method proposed in this paper for computing all
eigenvalues of 7 = RAFET are backward stable.
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4. Numerical experiments

In this section, we present two numerical examples to demonstrate the com-
putational precision and time consumption of our algorithm. For compari-
son, we implemented both our algorithm and the classical QZ method on the
same examples. All numerical computations were carried out in MATLAB
R2020a on a workstation with a 3.80 GHz Intel Core i7 processor and 64
GB of RAM, with a machine roundoff of eps = 2.2204 x 10716,

In the following experiments, we constructed the matrices A, B, and F
as follows.

1. Determine two unitary matrices U and V using the svd command for a
random complex matrix, and determine three random vectors b € C™
and a, e € C?" using the rand command in MATLAB.

2. Let ¥p be a tridiagonal matrix; set [by,0,bs,0,--- ,b,]" and
[—b1,0, —b,0,--- ,—b,]" as its superdiagonal and subdiagonal, re-
spectively, and let B =UXgU .

3. Let ¥4 = diag(a) and Y = diag(e), and set A = UX,V* and E =
UXgV*.

Note that this method of constructing A, B and E ensures that B is
skew-symmetric and that ATE = ET A is symmetric. Moreover, we can an-
alytically calculate the eigenvalues of (2), (A§®act \gract ...  \exact) ' with

)\jmd = +b; \/—agj,lagjegjl_legjl being the j-th eigenvalue of (2), thus pro-
viding accurate solutions for the numerical experiments.

We use (A, x) and (A\?%%,x%%) to denote the eigenpairs computed by our
algorithm and the single-shift QZ method, respectively, while ¢(\) and ¢(\%%)
are the corresponding amounts of time consumed. Additionally, we calculate
the relative errors e(\) of the eigenvalues and the relative normalized residual
norms 7(A) as follows:

)\;xact |

D —
e(p) = max s , p=Aor A\,

j=1,n ‘)\;xact’
BAq; — p;Eq;
r(p) = max |1BAq; — p;Eqy|l

, q=xor x%.
i=tn (| BAJ + Ipj 1 E1[1) a1l

We plot the amounts of time consumed ¢(\) and t(A%) for random cases
with dimensionalities n ranging from 10 to 1000 and show the detailed time
consumption of the T-symplectic URV decomposition and the PQR method
in our algorithm and that of Hessenberg-triangular reduction and the QZ
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Table 1: The FLOP counts for different problems

Problem Phase FLOPs

THEP (5) T-symplectic URV decomposition 192n3
one single-shift iteration of the PQR method | 48n?

GEP (2) Hessenberg-triangular reduction 128n3
one single-shift iteration of the QZ method 48n?
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Figure 1: Time consumption for random cases with dimensionalities n rang-
ing from 10 to 1000. t1 (), t2(A), t1(A?*) and t2(A\?*) denote the time costs for
T-symplectic URV decomposition, PQR iterations, Hessenberg-triangular
reduction and QZ iterations, respectively.

method in Figure 1(a) and Figure 1(b); the results are consistent with the
computational cost estimates shown in Table 1. The overall time consump-
tion of the proposed method is higher than that of the shifted QZ method
because of the higher computational cost of the T-symplectic URV decom-
position of 7 compared to that of the Hessenberg-triangular reduction of
(BA, E). Additionally, the floating point operation (FLOP) count of a single-
shift iteration of the PQR method for M = ~T,' E; " A R} Ry A BT is
the same as that of a single-shift iteration of the QZ method for (BA, FE),
and the total time consumption for PQR iterations is less than that for QZ
iterations in the numerical experiments.

In this example, the matrices A, B and E were designed using the above
construction strategy with n = 1000 to ensure that the eigenvalues of (2)
would be +1,+2,--- ,£500. We present a comparison with the eigenvalues
computed using the URV+PQR and QZ methods, where the accuracies are
denoted by e(\) and e(A\9%), respectively, in Figure 2(a). The relative errors
of the eigenvalues computed using our method are comparable in value to
and more stable than those of the QZ method for all eigenvalues. Addition-
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Relative error of eigenvalues Relative normalized residual norms
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Figure 2: (a) Relative error comparison for eigenvalues of £1,--- , £500. (b)

Relative residual comparison.

ally, the relative residuals computed for the two algorithms are shown in
Figure 2(b), with the eigenvectors both being restored through one step of
the inverse power method for (BA, E). To summarize, the accuracies of the
eigenvalues or eigenpairs found using our method are comparable to those
found with the QZ method, while the pairing property is implicitly satisfied.

5. Conclusions

In this paper, to address lossless dissipative Hamiltonian systems of the
form expressed in (1), we have proposed a structure-preserving algorithm for
computing all eigenvalues of (BA, F), with B being complex skew-symmetric
and ATE = ETA. To utilize these matrix structures, instead of computing
the original GEP (2), we computed the equivalent THEP ¢z = Az (5),
which can be reduced via a corresponding T-symplectic URV decomposition
procedure to a product eigenvalue problem of half as many dimensions.
As a result, a PQR method can be applied to compute all eigenvalues of
M (9), from which the eigenvalues of # can be computed immediately
using Corollary 3, such that the paired form (A, —\) of the eigenvalues is
strictly maintained. Two numerical experiments revealed that our algorithm
can preserve the pairing property of the eigenvalues and achieve a level of
accuracy for the eigenpairs that is comparable to that of the QZ method.
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