Numer Algor (2017) 75:285-304 : c
rossMark
DOI 10.1007/s11075-016-0207-7

ORIGINAL PAPER

On some properties of the extended block and global
Arnoldi methods with applications to model reduction

0. Abidi! - M. Heyouni? - K. Jbilou!

Received: 23 November 2015 / Accepted: 11 September 2016 / Published online: 22 September 2016
© Springer Science+Business Media New York 2016

Abstract The aim of the present paper is to give some new algebraic properties of
the extended block and the extended global Arnoldi algorithms. These results are then
applied on moment matching methods for model reductions in large-scale dynamical
systems to get low-order models that approximate the original models by matching
moments and Markov parameters at the same time. Some numerical examples are
given to show the effectiveness of the methods on some benchmark tests.
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1 Introduction

The extended Arnoldi method was first proposed by Druskin and Knizhnerman in [3]
for functions of matrices in the symmetric, large, and sparse case. The method was
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then generalized to the nonsymmetric case by Simoncini in [16] and applied for solv-
ing large-scale Lyapunov matrix equations [13, 16] with low rank right-hand sides.
In [11], the extended block Arnoldi method was used for computing approximate
solutions to large-scale continuous-time algebraic Riccati equations while in [12] the
extended global Arnoldi method was defined and used for solving large Sylvester
matrix equations. If A € R"*" is nonsingular, v € R” and m is a fixed integer,
the classical extended Arnoldi Krylov subspace K, (A, v), is the subspace of R”
spanned by the vectors A=™ v, ..., A 2y, Ao, v, Av, A%v, ..., A1y,

A convergence analysis of the extended Krylov subspace was recently developed in
[13] where new general estimates for the convergence rate were obtained with real
nonsymmetric and nonsingular matrices A.

For V € R™, the extended block Krylov subspace K, (A, V) is the subspace of
R” spanned by the columns of the matrices AX V,k = —m, ..., m—1. This subspace
is denoted by

Knu(A, V) =colspan({A™V,..., A2V, A" ' V.V, AV, A%V, ... A" v)).

The subspace K, (A, V) is the sum of the simple extended Krylov subspaces
Kn(A, VD), i =1,...,r where V@ is the ith column of the matrix V. Notice that
Z € K,;(A, V) means that

m—1
7= Z A"V Q;, where Q€ R, i=—m,...m— 1.

i=—m

On the other hand, the extended matrix or global Krylov subspace /C,,, (A, V) C R"™*"
is the subspace of matrices in R"*” spanned by A* V., k = —m,...,m —1,ie.,

Km(A, V) =span{A™V,. ..., A2V, AT 'V, V,AV, A%V, ..., A"y},

m—1
and hence Z € Kyy(A, V)iff Z= > oA'V, o; € R.

i=—m
In this work, we give some new algebraic properties of the extended block and the
extended global Arnoldi algorithms. The new properties use algebraic relations with
the matrix A~!. These new relations could be used in moment matching techniques
for model reduction in large scale multiple input multiple output (MIMO) dynamical
systems. In particular, we will show that some moments of the original transfer func-
tion are matched when using the approximated transfer function. The advantage of
the extended block or global methods is the fact that they allow to approximate the
original transfer functions by low order one for low and high frequencies at the same
time.
The paper is organized as follow. In Section 2, we recall the extended block and
global Arnoldi algorithms and give some new algebraic properties. The application
of these methods to model order reduction is considered in Section 3. We show how
to apply the extended block and global Arnoldi processes to dynamical MIMO sys-

@ Springer



Numer Algor (2017) 75:285-304 287

tems to obtain low order models such that the Markov parameters and the moments of
the original transfer function are approximated by the ones of the projected transfer
function. The last section is devoted to some numerical experiments.

Preliminaries and notations We review some notations and definitions that will be
used throughout this paper. For two matrices ¥ and Z in R"*", we define the Frobe-
nius inner product (Y, Z)r = Tr(YT Z) where Tr(YT Z) denotes the trace of the

square matrix Y7 Z. The associated Frobenius norm is given by ||Y ||z = Tr(YT ¥ )%.
A system {V, Va, ..., V;;} of elements of R"*" is said to be F—orthonormal if it
is orthonormal with respect to the inner product (. , .)f, i.e., (V;, V;)F = §; ;. For
Y € R™", we denote by vec(Y) the vector of R™" obtained by stacking the columns
of Y. For two matrices A and B, A ® B = [a;,; B] denotes the Kronecker product
of the matrices A and B. In the sequel, we give some properties of the Kronecker
product assuming that all the sizes are in agreement.

1. (A®B)T =AT ® BT.

2. (A® B)(C® D)= (AC ® BD).

3. If A and B are non singular matrices of size n x n and p x p respectively, then
the np x np matrix A ® B is non singular and (A ® B)"! = A~ ® B~

4. vec(A)T vec(B) = Tr(AT B).

Definition 1 Let A =[Ay, ..., Aj]and B = [By, ..., B;] be matrices of dimension
n x gp and n x Ip, respectively, where A; and B; (i =1,...,q; j=1,...,])are
n x p. Then the ¢ x [ matrix AT o B is defined by:

AT o B =[(A;, Bj)rli<i<q; 1<j<i-

Remark 1 The following relations were established in [1].

The matrix A = [A4, ..., A;]is F—orthonormal if and only if AT o A = 1.
Forall X € R"*”, we have X7 o X = || X||%.

(D AT o B=AT o (DT B).

AT o (B(L®1,) =(AToB)L.

IAT o Bllp < |AllF Bl F.

Al

In the next proposition, we recall the global QR (gQR) factorisation of an n x kr
matrix Z.

Proposition 1 [1] Let Z = [ Z1, Z, ..., Zy | be an n x kr matrix with Z; €
R, i=1,...,k. Then, the matrix Z can be factored as

Z=0(R®I),
where Q = [Q1, ..., O] is an n x kr F-orthonormal matrix satisfying QT ¢ Q = I

and R is an upper triangular matrix of dimension k x k.
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2 Some algebraic properties on the extended block and global Arnoldi
processes

2.1 The block case
The extended block Arnoldi algorithm generates a sequence of blocks {V?, ..., V,ﬁ}

of size n x 2r such that their columns form an orthonormal basis of the extended
block Krylov subspace K, (A, V). The algorithm is defined as follows [11, 16].

Algorithm 1 The extended block Arnoldi algorithm

Inputs: A € R, Ve R, m.
Compute [V], Al= QR([V, A" V]), V| = [V}].
Forj=1,...,m

1. Set Vb(l) first  columns of Vb V]b(2>

Vb =1aviD Aty

3. Orthogonahze 1% T w1th respect to to V2, .. Vb to get V? +1’
forl = 1 2,...

(V )bT

b

V/—H

second r columns of Vb

j+l;

5 b b .
V]+1 = - Vi H

end for
4 [,H»Hf’m QR(V?,)).
5. Vi =1V, j+l]
End For.

The blocks V,, = [Vlb , V2b soves VE] with Vl.b € R"*? have their columns mutu-
ally orthogonal provided that none of the upper triangular matrices H? V41, are rank
deficient.

Hence, after m steps, Algorithm 1 builds an orthonormal basis V,, of the extended
block Krylov subspace K, (A, V) and a upper block Hessenberg matrix H,, whose
non zero blocks are the Hi{’ Iz Note that each submatrix Hi{’ ; (1<i<j<m)isof
order 2r.

Let Tb/ = (Vb)T AV e R¥*Z and T, = [Tbj] € RZ"x2mr pe the restriction
of the matrix A to the extended Krylov subspace K,,, (A, V), i.e.,

Ty =V AV,

It is shown in [16] that T,, is also upper block Hessenberg with 2r x 2r blocks.
Moreover, a recursion is derived to compute T, from H,,, without requiring matrix-
vector products with A. For more details, on how to compute T,, from H,,, we refer
to [16]. We note that for large problems, the inverse of the matrix A is not computed
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explicitly and in this case we can use iterative solvers with preconditioners to solve
linear systems with A. Next, we give the extended block Arnoldi relations

ZVme‘l‘V,Z_HTb ET

m+1,m ~m>

where T,, = V;H_l AV, and E,, = [O2x2(m—1)r 17 is the matrix of the last
2r columns of the 2mr x 2mr identity matrix I,,,. We will also consider the matrix
defined as

L, =Vl A7lv,.
Notice that we can check that the matrix L,, = [Lﬁ’ j] is also an upper block Hes-

senberg matrix. Moreover, the sub-matrices Lf’ 11 € R% 2" are such that the r first
b

columns are zero. Hence, L is partitioned under the form

m+1,m
b(1,2)
Lb _ 0, Lerl,m 1)
m+1l,m — b(2,2) :
Or Lm+1,m

In the sequel, we give some new properties that would be useful for building model
order reduction for large-scale dynamical systems defined by (19).

Proposition 2 Assume that m steps of Algorithm 1 have been run and let L,, =

V,E 41 A~'YV,,, then we have the following relations

A"V = Vi L
=V,L,+ V2 L E” )

m+1 “m+1,m ~“m-

Proof AsV,41 =1[V,, VWI;H], we have
]Lm+1 = VZ;+] A_l Verl
[V,{, AT, VI ATTVE }

T 4-1 bT 4—1y/b
Vi1 A=V VATV

_ [Lm viATtvh }

bT —1 bT -1 yb
Vi AT, VET ATy

m+1
Now, since L, 11 is an upper block Hessenberg matrix, we also have

whoralv, =10, E!

m+1,m ~m>

and so the upper block Hessenberg matrix LL,,, can be expressed as

— L,
Lm=[Lb mET]

m+1,m —m

Using the fact that A7TK, (A, V) CK,+1(A, V)and V,, 1 is orthogonal, it follows
that there exists an upper block Hessenberg matrix L such that A~'V,, =V, L.

Then, V! +1 A~'V,, = L, which shows that L = L,,. Hence, we obtain

AW, =V L=V L, =V, L, + V2 L0 E!

m+1,m “~m>
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which completes the proof. O

yb) 1@

Now using (1) and the fact that Vr2+1 =it Vit

], the relation (2) becomes

-1 b(1) ;b(1,2) b(2) ;b(2,2)
ATV =V, Ly + [Onx(2m71)r9 Vm+1 Lm+1,m + Vm+1 Lm+1,m]~

Next, to show how to compute the columns of the matrix L,, without using A~!,
we have to give some notations:

- Let[V, A”lv] = Vle be the QR decomposition of [V, A~V which can be

written as
Ly uba _ rb() b@4 | A1 Ar2
[V.,AT'VI=V’A=[V]", V, ][ 0 A2,2] 3)
— Fork =1, ..., m, let us partition the lower triangular matrix H,f’ 1k under the
form

0 H

Hb(l,l) Hb(1,2) i|
k+1,k

HP — k+1,k ““k+1,k
k+1.k = b(2,2)

The following result enables us to compute L,, directly from the columns of the
upper block Hessenberg matrix H,,, obtained from Algorithm 1.

Proposition 3 Let L,, and H,, be the upper block Hessenberg matrices defined
earlier. Then we have the following relations

L,¢ = [?1 N AZ,Z](AI,I)_la “)
andfork=1,...,m

Ly, e = H,y, e, Q)
and _
~ ~ Ly ~ b(1,1)\—1
L, e =\|exy—_1 — Hy, ey — H s 6
m €2k+1 (Zk 1 [02(m_k)rx2kr] k €2k 1)( k1) (6)

where 2; = e; ® I, and the e;’s are the vectors of the canonical basis.

Proof To prove (4), we start from the QR decomposition of [V, A~!V] given in (3):
— b b b(2
v, A7V =V AL, vV A+ VP Al
Then, if A1 is nonsingular, we obtain
ATV = AT Y AT = 1P A+ VP Aol AT

Then, we get (4) by pre-multiplying the above equality on the left by VI{I 11
and using the facts that V;Hl Vlb(i) = (¢ ® I,) = ¢ fori = 1, 2 and

VI AT VY =L, (e © 1) =L, 2.

To prove (5) and (6), we notice that for k > 1, V; = [ka(l), ka(2)] e R™2% and
from Algorithm 1, we have

7 b — b ~ ~
Ve = 1AV AT VIO - Vi H [, B, @)
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and
b b b
Viert Hiepre = Vigr ®)
Using the relations (7) and (8), we obtain
1y _ b~ ~ - N
A 1 Vk( ) — ka+1 e +Vka ey = ka-H Hkb+1,k62 +Vka€2k
= Vi1 Hy .

T

Now, multiplying on the leftby V| ,,

we get
— b2 - ~
Vit AT VYD = VI Vi e 2,
hence,
- ~ Dyt 1yr = o~
VI AT VY, e = Hy 25
m+1 m C2K O2m—tyrx2eryr | <

and so

Ly ex = [Hk } = H,, ex.
O20m—k)yr x2kr

which gives the relation (5).
Now, for the even blocks, we multiply (7) on the left by A~! and we consider only
the first r-columns of each block. We obtain the following relation

—1 b1 b(1 — ~
A 1Vkil):Vk()—A IVkaQk—l-

: : b _ b b
Notice that since Vk+1 = Vk+1 Hk+1,k’ we also have

Sb(l) _ ,b(1) 1,b(1,1)
Vel = Visd Hiyd ko

where H,fjrll’)lk) is the first  x r block of the upper 2r x 2r triangular matrix Hlf+1,k'

e orb(1L,1) . . .
Then, if H, 1k s nonsingular, we obtain

—1 yb(1) _ 4—1 16D b(1,1)y—1 __ b(1) -1 ~ b(1,1)y—1
ATV =AT Vi (B ) = (Vk — A7 Vi Hi eZk—l)(HkH,k) .

Multiplying from the left by VnT1 we get

+10

—1 b0 b(1 - ~ b(1,1)\—
Vrjr;ﬂ At Vk-q(—l) = (V;H Vk( ) _Vr7;1+1 ATV Hi eZkfl) (HkJ(rl,k)) L

and then
Lunt1 P21 = <V,{,+1 Vr1 &1 — VI, A7V, |:(I)22]Z;rn—k)r><2kr ] Hy Ezk_1> HGH!
- (?Zk_l ~Ln |:(1)22];:n—k)r><2kr ] He zzk_l) (H:S{’]k))il
= ('Egk,1 - [Eék(m—k)rXZkr ] Hi ?qu) (H,fil{,lk))_lv
which gives the second relation (6). O
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2.2 The global case

The extended global Arnoldi process was first described in [12]. The algorithm is
summarized as follows

Algorithm 2 The extended global Arnoldi algorithm

Inputs: A € R,V € R, m.
Compute [V, Q] = gOR([V, A~'V]), (global QR decomposition) Vi = [V{].
Forj=1,....,m

1. Set Vf(]): first r columns of ng; V]fq(z): second r columns of V]f(”.
Ve — gl) 4—1y,82
VjJrl _[AVJ. ,i\ VJ. ].
3. F-Orthogonalize VJ$+1 with respect to Ve, Vj?' to get VJ$+1’ ie.,
fori =1,2,...,j

8§ _ 8T o /8 .
HE = (Vs o Vs

78 574 8 (Hs .
Vj+1 - Vj+1 - Vi i ® I);
end for

8 8 — 2
4 (Vi Hipy 1= gORWVE, ).

5. Vi =1V, Vil

End For.
We point out that if the upper 2 x 2 triangular matrices H]ing] j (j=1,...,m)arefull
rank, Algorithm 2 constructs an n X 2mr F-orthonormal matrix V,,, = [Vlg L VE

with Vl.g e R (i = 1,...,m)and a 2(m + 1) x 2m upper block Hessen-
berg matrix Hy, — [Hfj = [hpg] with HS; € R>2fori = 1....m + 1,
j=1,....mandh,, € Rforp=1,...,2m+1),q=1,...,2m.

Now, setting Tl.gj = Vl.gT o (A ijg) c R**2 fori, j =1, ..., m and introducing the
matrices

T =V 6 (AVy) = [Tff,-] and T = Vy g © (A V),

a recursive relation was given in [12] allowing the computation of 7,, without requir-
ing additional matrix-vector products with A. Moreover, it was also shown that after
m steps of Algorithm 2, we have

A Vm = Vm+1 (7_-m & Ir)
=Vn T ® L)+ Vi, (TS, Eh @I,

where 5,5 = [O2x2(m—1), I2] is the matrix of the last two rows of the 2m x 2m
identity matrix Io,.
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Now, as for the block case seen in the previous subsection, we consider the matrix
L =[L§ ;] = Up.q1 defined by

Ln=VI oAV,

where ij € R fori,j=1,...,mandl,, € Rfor p,g = 1,...,2m. We
mention that it can be easily verified that the matrix £,, is a 2m x 2m upper block
Hessenberg matrix and that the sub-matrices L € R>*2 are such that the first

i+1,i
. . g .
co%umn is zero. So, the sub-matrix Lm+1,m is such that lp;412m—2 = bm42,2m—2 =
0,1.e.,
Lg _ 0 12m+1,2m )
mtbm = 0 bpy2om |

In order to build order model reductions for large-scale dynamical systems, we give
some new properties of the extended global Arnoldi process.

Proposition 4 Assume that m steps of Algorithm 2 have been run and let L,, =

Vrz; 11 AV, then we have the following relations

A_l Vm = Vm+1 (Zm ® Ir)
= Vn (»Cm ®1I)+ Vn§+1 (Lfn+1,m g,z; ® I). (10)

The proof is similar to the one given for Proposition 2.

Notice that since an = [Vlﬁs_li, Vifz], then by using (9), the Arnoldi relation (10)
becomes

_ 1 2
A"V = Vo Lin + [Onxam—1ys Lmt1,2m Vrﬁi; + bm+2.2m Vrﬁii]-

Now, in order to update progressively the columns of the matrix £, without inverting

A or solving linear systems with A, we recall some elementary results:

— Let[V, A7'V] = V(' ® I,) be the global QR decomposition of [V, A~ V]
which can be written as

V. AT Wvi=vi@ e L) = v, v [V“ ”‘*2}.

0 2
— Fork =1,...,m,let us partition the lower triangular matrix H,f Lk under the
form
g hok1,26—1 hok+1,2k
kt1.k 0 hokg2,2k |

As in the block case, the following result enables us to compute L,, directly from the
columns of the upper block Hessenberg matrix H,, obtained from Algorithm 1.

Proposition 5 Let Ly = [(l.1,..., 1L 2m] and H, = [h.1,..., h.2m] be the upper
block Hessenberg matrices defined earlier. Then, we have the following relations

Li= e +y22e)/v1,1,
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and fork =1, ..., m, we have

Lok = h ok (11)
and .
Lk
b1 = | -1 | Hy eax—1 ) / hor+1,2k+
2(m—k)x2k
where the e;’s are the vectors of the canonical basis.

The proof can be obtained in a similar way as the one for Proposition 3 in the block
case.
The results of the previous two subsections are used to prove other properties in the
next section which is devoted to the application of the extended block and global
Arnoldi methods to obtain reduced order models in large-scale dynamical systems.
As we will see, the methods allow one to approximate low and high frequencies of
the corresponding transfer function at the same time.

Next, we give some properties that are used to show that the first m moments of
the transfer function F are matched.

Proposition 6 Let V,, = [V?,...,VP] L, := VI A=V, be respectively the
matrix and the upper block Hessenberg matrix defined in the extended block Arnoldi
process and let By = [, 0y, ..., Ozr]T. Then for j = 0...,m — 1, we have the
following relation

AV, E =V, L, E, (12)

and
T, Ej =L,Ej, j=1,...,m—1. (13)

Proof The relation (12) can be derived directly by multiplying relation (2) from the
left by A=/*! and from the right by 1. Then we obtain

J
A7/ Vi Er =V, L{n Eq —|—ZA—(Z—1) Vb L}:n-i-l,m EZL{,{I E,.

m+1
i=1

Now, as L, is an upper block Hessenberg matrix, it follows that ]E,fl L{,.fi E; =0,
forj=1,...,m—1.
To prove the relation (13), we multiply (12) from the right by [E;, and then we get

A", E; =V, L, Ej, for j=1,....m—1.

Since, V,, is orthogonal, then pre-multiplying the above equality by VI A, we get
E;=TuLyE;forj=1,...,m — 1 and finally we obtain (13), if we assume that
T,, is nonsingular. O

Next, we establish a similar result for the extended global Arnoldi process.

Proposition 7 Let V,, = [V, ..., Vol L = V,E o (A~1V,) be respectively the
matrix and the upper block Hessenberg matrix defined by the extended global Arnoldi

@ Springer



Numer Algor (2017) 75:285-304 295

process and let £ = [I,0o, ..., Oz]T. Then for j = 1...,m — 1, we have the
following relation
ATV Bl = ATV G QL) =V (Lh E® L), (14)
andfor j =1,...,m — 1 we have
T &=L (15)

Proof Pre-multiplying (10) by A=/*! and using the properties of the Kronecker
product, we get

, J _ .
ATV =V (L @ L)+ Y ATCDVE (@t EN LT @),
i=1

Post-multiplying the above equality by (£; ® /), we obtain
ATV VnE = ATV (E1® 1)

J
= Vn (Ein @)+ ZA_(I_I) Vri—i—l (L§n+l,m S;Z; Ein_l &1 ® 1),
i=1
In the last equality, we used the fact that 5,,7; £,{1_i &1 = 0 since L, is an upper block

Hessenberg matrix. Using again the properties of the ® and ¢ products, the proof of
the second relation (15) can be derived in a similar fashion to that of (13). O

Next, we give a general result that is satisfied by upper Hessenberg matrices. This
result will be used when establishing moment matching properties for the block and
global Arnoldi processes.

Proposition 8 Let T = (1; ;) and L = (L; ;) be two upper block Hessenberg

matrices with blocks T; j, L; j € R™" fori, j =1,..., m and suppose that
TE;=LE;, for j=1,...,m—1 (16)
where E; = [0;,...,0,, 1,0, ..., Or]T, is the mr X r matrix whose columns are
the column j, ..., j + r of the identity matrix I,,. Then
TFE, = LYKy, for k=1,...,m—1. (17)

Proof Fork =1, ..., m— 1, we denote by Tl(];) and Lfkj) the (i, j)th block of T*, Lk
respectively, i.e.,
k (k) k (k)
T" = (le) and L" = (Li’j).
Since T and L are upper block Hessenberg matrices, we can easily verify that
Tif’;) - L§f‘} =0, for i > j+k. (18)
Now, we proceed by inductionon k € {1,2,...,m — 1}.
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We first remark that the property is verified for k = 1 and we suppose that the
property is valid fork € {1, ..., m — 2}.
Obviously, we have

m

2

p=1
m

OO0
Tl,p Lp,l

1) 5 k)
TZ,p Lp,l

TR =T (T"E])zT(Lk]E1>= p :

m

1 7
Z Tm,p Lp,l
p=1

and thanks to (18) and (16), we have L;k)l = 0, for p = m and Ti(L) = Ll(l; for
i=1,....mandp=1,...,m—1.So,

m—1 m—1
1) 5 (k) 1) 5 k)
ZTl,p Lp,l ZLLP Lp,l
p=1 p=1
m—1 m—1
(1) 5 &) 1 5 k)
THI R, — Z T2,P LP’I _ Z LZ,P L[’ﬁl
1= p=1 - p=1 ’
m—1 . m—1 '
1 7 1 7 &)
Z Tm,p Lp,l ZLm,p Lp,l
p=1 p=1
and since Lg()l = 0, for p = m, we finally get
m
1 5 k)
Z Ll,p qul
p=1
m
1 5 k)
>
2, .1
Tk+1 El == pp — Lk+] El-
. :
OAG)
ZLm,p Lp,l
p=1
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3 Application for model reduction techniques

We consider the following Linear Time Independent (LTI) dynamical system

{,‘C(;) = Ax(t)+ Bu(1), (19)

y() = Cx@),

where x(¢) € R” is the state vector, u(t), y(t) € R’ are the input and the output
vectors of the system (19), respectively. The matrices B, C” are in R"*" and A €
R"*" is assumed to be large and sparse. The transfer function of the original system
(19) is given as

F(s)=C(sl,— A)~'B. (20)

In many applications, the dimension n of the system (19) is large which makes the
computations infeasible in terms of execution time and memory. Then the goal of
model reduction problems is to produce a low-order system of the form

{Xm(t) = Ay X (1) + By u(t)

Y () = Cpy X (1), 2D

where A,, € RP*P, B,,, CI' € RP*". The basic technique is to project the system’s
state space of dimension n onto a space of lower dimension p < n, in such a way that
the reduced-order model preserves the important properties of the original system
like stability and passivity and such that the output y,, is close to the output y of the
original system. The associated low-order transfer function is denoted by

Fu(s) = Cp (s Ip — An) ™" B,

There are two well known sets of model reduction methods for MIMO systems which
are currently in use, SVD-based methods and Krylov (moment matching) based
methods; see [7, 8] and the references therein. One of the most common approach of
the first category is the so-called balanced reduced order model which was introduced
by Moore [15]. Krylov subspace methods have been extensively used for SISO (the
case r = 1) and MIMO dynamical systems; see [2—6, 9, 10, 17] and the references
therein. Unfortunately, the standard version of these methods builds reduced order
models that poorly approximate low and high frequency dynamics at the same time.
In order to address this problem, we consider the extended Arnoldi process associ-
ated to the matrices A and A~!. The transfer function F relates the Laplace transform
of the output vector to that of the input vector. For that reason, it is called the transfer
function matrix of the system. Each entry F; ;(s) is a rational function representing
the transfer function between the ith input and the jth output, all other inputs being
set equal to zero.

The rational function F can be expressed as a sum of a Taylor series around (s = 00)
in the following form

1 A, 1 & o i
F(s)=-C(I,— =) B=—ZMis , with M; = C A’ B.
S S S iz
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Recall that the matrix coefficients M; are called the Markov parameters of F. Now
applying the extended block Arnoldi process to the pair (A, B), we can verify that
the original transfer function F' can be approximated by

Fin(s) = Cp (s Loipr — Tm)_l B,

where T,, = VI AV,,, C,, = CV,,, and B,, = VI B. This reduced transfer func-
tion is related to the low-order dynamical system (21) with A, = T,,.

Similarly, if m iterations of the extended global Arnoldi algorithm are applied to the
pair (A, B), then we can approximate F by

Fn(8) = Con (5 Loy — (Tjy @ 1)) ™" By,

where Tp, = VI 6 (A V), Gy = CVy and By, = VI o B = |Bllr (¢*™ ® I,). In
this case, the reduced transfer function is related to the low-order dynamical system
@2l with Ay, =Ty ® 1.

The developments of [, and F,, around s = oo give the following expressions

1 & , ,
Fu(s) = . Zm?sil, with mf’ =Cy T}, By,
i=0

and

1 & . .
Fn(s) = ; mes—l, with m§ = Co (T ® 1,)" By
i =0

In this case, one can show that the first m Markov parameters are matched, i.e., in the
block case

and in the global case
M; =m;.g, i=0,...,m—1.

Now, the development of the Neumann series of F around s = 0 gives the following
expression

o0
F(s)=Y My s
i=0

The matrix coefficients M; are called the moments of F and they are given by
Mj=-CA™ B, j=12,....
By considering the Taylor series of I, and F, , we get the following expansion of
F,, around s = 0
o
F(s) = > v, s, with i} = —Cp T, By,
i=0

while for F,,, we get

oo
Fn(s) = Z%fﬂsi, with 712 = —Cpy (Tpy ® 1) By,
i=0
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As for the Markov parameters, the following result shows that the first mm moments
resulting from the Newman series of the transfer function F' around s = 0 are also
matched either by those of I, when using the extended block Arnoldi process or by
those of F,,, when using the extended global Arnoldi process.

Proposition 9 Let M j and mb be the matrix moments given by the Newman
expansions of F and F,,, respectively around s = 0. Then we have

~

M; =m?, for j=0,...,m—1.
Proof The equality is verified for j = 0. For j > 1, we obtain
M; =CA™'B

» A . A
=CA fvl”[ (1)*1}=CA IV, Ey [ 6*1]

Therefore, using the result of Proposition 6, we get

Mj=CV, L,E [A(l)’l].

On the other hand, applying Proposition 8 to the upper Hessenberg matrices L, and
T,!, we get

LLE =T, E;; j=0,....,m—1

and this givesfor j = 1,...,m — 1
~ —jwT b | A1
M; =CV, T, V, Vv [ 0 }
= CV, Ty VI B =C, T;’ By
= mb.

J
O

Now, using the extended global Arnoldi process, we can also state the following result

Proposition 10 Let M j and m® be the matrix moments given by the Newman
expansions of F and F,,, respectively around s = 0. Then we have

~
~

szmi, for j=0,...,m—1.

Proof The equality is verified for j = 0. For j > 1, we obtain

~

M;=CA/B
— —jys | Y1 | _ —j Y11
—carvi [ ] =eanm ]
Therefore, using the result of Proposition 7, we get

Mj=CVy(LhE®1) [V‘O‘l]
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Table 1 Test matrices

Matrix A size n 1Al F cond(A)
FOM 1006 1.82e+04 1000
RAIL5177 5177 5.64e+03 3.74e+07
CDplayer 120 2.31e+05 1.81e+04
Eady 598 1.26e+02 5.37e+02
MNA3 4863 2.11e+05 1.81e+08
Flow 9669 2.54e+04 1.61e+07
FDM 160,000 2.87e+08 9.7%+04

Now, similarly to the block case, applying Proposition 8 to £,, and 7;1_1, we also
have £, & = T, ' £ for j =0,...,m — 1 and so we get

Mi=CVu (T’ & ®1) [Vﬂ = CVu (T’ ®@1) (& ® 1) [Vﬂ

= CVn (T’ @ L) VL o V) [”31}

= CVn (T’ ®1) (V,ﬁ o (vlg [Vgl ] ®1r>)

= CVu (Tn' @ 1) V] 0 B)
=Cn 7:n_j By :”’;ﬁ-
O

We would like to mention here that these moment matching results do not influence
the extended Arnoldi algorithms themselves but just to clarify for example why the
extended block and global Arnoldi algorithms allow us to match some moments and
Markov parameters of transfer functions. This will be shown with some numerical
experiments in the next section.

4 Numerical tests

In this section, we give some experimental results to show the effectiveness of the
proposed approaches. All the experiments were performed on a computer of Intel
Core i5 at 1.3 GHz and 8 GB of RAM. The algorithms were coded in Matlab R2010a.
We used different known benchmark models listed in Table 1.

The matrices for the benchmark problems CDplayer, FOM, Eady, MNA3 were
obtained from NICONET [14] while the matrices for the F1ow and RAIL5177 mod-
els are from the Oberwolfach collection . Some informations on these matrices are

! Oberwolfach model reduction benchmark collection, 2003. http://www.imtek.de/simulation/benchmark
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reported in Table 1. For the FDM model, the corresponding matrix A is obtained from
the centred finite difference discretization of the operator

0 0
La(u) = Au— f(x, y)% — g(x, y)% — hx, y)u,

on the unit square [0, 1] x [0, 1] with homogeneous Dirichlet boundary conditions
with

flx,y) = sin(x + 2y),

glr,y) = e,

hx,y) = x4+,

and the matrices B and C of sizes n x r and r X n, respectively, were random

matrices with entries uniformly distributed in [0, 1]. The number of inner grid points
in each direction was ng = 400 and the dimension of A isn = n%.
We notice that in all the figures of Example 1, the parameter m denotes the maximal
iteration number for extended block Arnoldi and extended global Arnoldi algorithms.
When using balanced truncation, the number m denotes also the maximal iteration
number for convergence of the extended block Arnoldi algorithm when applied for
solving the coupled Lyapunov equations. We also notice that for the results presented
in our plots, the dimension of the reduced models are 2mr for extended block and
global Arnoldi methods and also for balanced truncation. For Example 2, the sizes of
the obtained reduced-order models are given in Table 2.

Example 1 In the first experiment, we considered the models CDplayer and FOM.
Although the matrices of these models have small sizes they are usually considered
as benchmark examples. The plots of Fig. 1 show the norms of the errors || F (jw) —
Fn(jow)|l2 (where j 2 — _1) for the extended block (dashed), extended global (solid),
and the balanced-truncation (dashed-dotted) methods with w € [1072,10°]. We
denote here that the balanced truncation method needs the solution of two low-rank

Table 2 The Hy, error-norms || F — Fy, || g, , execution times and reduced space dimensions for extended
block, extended global, and balanced-truncation methods with the frequencies w € [10*5 s 10*2]

Model / Method Bl-Extended Gl-Extended Balanced-Truncation

FDM, n = 160,000, r = 5

Hyo-Error norms 2.5x 1074 4.6 x 1074 6.5x 1074
Times in seconds 88 92 364

Space dimension 100 104 120
Flow,n =9669,r =3

Ho-Error norms 2.6 x 1074 3.9 x 1074 1.5x 107
Times in seconds 1.9 2.1 4.5

Space dimension 180 190 220

MNA3 ,n = 4863, r =4

Heo-Error norms 2.6 x 107° 3.9 x 107° 2.4 x 1077
Times in seconds 8.1 8.6 14.8

Space dimension 300 320 360
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— — — Block-Extended
Global-Extended
— - — Balanced

— — — Block-Extended
Global-Extended 107
— — Balanced

IFGo)-F, (o),
>
IFGoo)-F (e,

10° 10
frequencies frequencies

Fig. 1 The norms of the errors ||F(jw) — F, (jo)||2 for the extended block (dashed), extended global
(solid), and the balanced-truncation (dashed-dotted) methods with @ € [10~5, 10°]. Left the CDplayer
model with m = 10 and r = 2. Right: the FOM model withm = 15,r =3

right hand sides Lyapunov matrix equations that we solved by using the extended
block Arnoldi method [16] and we stopped the iterations when the norm of the resid-
ual was less than 1078, Figure 1 shows that the three methods return similar results
with an advantage, in the right plots of this figure, for balanced truncation for medium
frequencies. However, balanced-trucation is generally more expensive as compared
to the two other methods.

For the second experiment, we considered the models RAIL5177 and MNA3
given in Table 1. In Fig. 2, we plotted the norms of the errors || F(jw) — F(jw)ll2
for the extended block (dashed), extended global (solid), and the balanced-truncation
(dashed-dotted) methods with w € [107°, 10°].

As can be seen from Fig. 2, the three methods work well for small and high fre-
quencies with a little advantage for the extended block and global Arnoldi methods
for high frequencies.

— — — Block-Extended
Global-Extended
— Balanced

— =~ Block—Extended
Global-Extended
— - Balanced

IFGo)-F, (oI,

10° 10
frequencies

o

Fig. 2 The norm of the errors || F(jw) — Fp(jw)|l2 for the extended block (dashed), extended global

(solid), and the balanced-truncation (dashed-dotted) methods . Left: the RAIL5177 model with m = 40
and r = 2. Right: the MNA3 model withm = 12 and r =3
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— — — Block-Extended — — — Block-Extended
Global-Extended! Global-Extended
— — Balanced — —  Balanced

(o),

m
IIFGo)-F, Go)ll,

1IF o)~
s

10° 10
frequencies frequencies

Fig. 3 The norm of the errors ||F(jw) — F,,(jw)l|l2 for the extended block (dashed), extended global
(solid) and the balanced-truncation (dashed-dotted) methods with @ € [1077, 10°]. Left: the F1ow model
with m = 15 and r = 3. Right: the Eady model withm = 10 andr =3

The plots in Fig. 3, represent the norms of the errors [|F(jw) — F,(jow)l|2
corresponding to the extended block and global Arnoldi methods and to the balanced-
truncation method for the models: the Eady model with m = 10 and r = 3 and the
Flow model with m = 15 and r = 3 for the frequencies w € [1072,10°].

Example 2 For this example, we compared the obtained Hy, error-norms | F —
Fu ... the execution times and the reduced space dimensions for the extended
block and global Arnoldi algorithms with those obtained by the balanced-truncation
method in which the two coupled low-rank right hand sides Lyapunov matrix equa-
tions were solved by the extended block Arnoldi algorithm. For the latter method, the
inner iterations were stopped when the norm of the residual was less than 1073 and
the obtained approximate solution was given as a product of a matrix with a low rank
with its transpose. We considered three models: FDM with n = 160,000 and r = 5, the
flow-meter model with n = 9669 and r = 3, and the MNA3 model with n = 4863
and r = 4.

The results of Table 2 show that the cost of balanced truncation method is gener-
ally higher than the cost of the extended block or global Arnoldi methods. However,
some of the obtained Hy, norms are good when using the balanced truncation
method.

5 Conclusion

In this paper, we considered the extended block and global Arnoldi methods. We
gave some new algebraic properties of these two algorithms. We also showed how
these properties could be used in moment matching methods for model reduction in
large-scale dynamical systems. The proposed numerical results on some Benchmark
models, show that the extended block and global Arnoldi algorithms are efficient.
Generally, the two methods return similar results. One advantage of the extended
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global Arnoldi is the fact that a beak-down cannot occur which may be the case for
the extended block Arnoldi algorithm.
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