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Abstract

We consider properties of a null space of an analytically perturbed matrix. In particular,
we obtain Taylor expansions for the eigenvectors which constitute a basis for the perturbed
null space. Furthermore, we apply these results to the calculation of Puiseux expansion of the
perturbed eigenvectors in the case of general eigenvalue problem as well as to the calculation
of Laurent series expansions for the perturbed group inverse and pseudoinverse matrices.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

The primary goal of this paper is to analyse the null space of an analytically
perturbed matrix

A(e) = Ag+eA| +&2Ar + -+ -, (1)

with Ay € R™", k=0, 1,..., when the above series converges in a region 0 <
le] < emax for some positive emax. Then, we present three applications of our results.
Firstly, the results on the perturbation of null spaces can be immediately applied to
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calculate the Puiseux series expansion of the general perturbed eigenvalue problem
[6,8,9,18,21-23,25,26]

A(e)x(e) = Ale)x(e).

Secondly, we show how our analysis coupled with techniques used for the inversion
of singular perturbed matrices [4] can be used in order to compute the Laurent series
expansion for the group inverse of an analytically perturbed matrix (in the case it
exists). Thirdly, our derivations lead to methods for computing series expansions for
the (Moore—Penrose) generalized inverse of non-invertible matrices. Namely, as was
pointed out in [3], the calculation of AT, the generalized inverse of a matrix A, can
be reduced to the calculation of the group inverse of another symmetric matrix as

AT = (ATA)EAT.

Consequently, the perturbation analysis of the generalized inverse of an arbitrary
matrix can be carried out via the perturbation analysis of the group inverse of a
symmetric matrix (which is known to exist). !

We assume that the unperturbed matrix Ao has eigenvalue zero with geometric
multiplicity m > 1 2 and that the perturbed matrices A(e) also have eigenvalue zero
with multiplicity m for ¢ sufficiently small but different from zero. We emphasize
that the dimension of the perturbed null space does not depend on ¢ in some small
punctured neighborhood around ¢ = 0 [12,13]. When the perturbation parameter ¢
deviates from zero, the zero eigenvalues of the unperturbed matrix can split into zero
and non-zero eigenvalues [6,18]. This fact implies that m < m. More detailed discus-
sion on the stability properties of null spaces can be found in [5] and the references
therein. We assume that /2 > 1 and (for computational purposes) that the value of
m should be known in advance. The case where i = 0 and hence A(¢g) is invertible
for ¢ # 0 and sufficiently small, was dealt with in [4]. A perturbation is said to be
rank-preserving if m = m, and it is said to be non-rank-preserving if m < m. The
following examples clarify the distinction between these two types of perturbation.

Example 1 (Rank-preserving perturbation). Let the perturbed matrix be given by

0 1 1 0
A(e) = Apg+ A = [O 0] +8|:0 0]
The null spaces of Ay and A(g) are both one-dimensional and they are spanned,
respectively, by

5= m L v(e) = [_18} = [(1)] +o [_01] .

We can see that v(e) is holomorphic and converges to v as & goes to zero.

' Note that AT stands for the Moore—Penrose generalized inverse of A. In the case that A is symmetric
A" can be replaced by A€ which is the group inverse of A. See [7] for more on these matrices.
2 Below we will refer only to the geometric multiplicity.
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Example 2 (Non-rank-preserving perturbation). Let

0O 1 O 1 0 0
Ale)=Ap+eA; =0 1 0|4+e|0 0 1
0 0 O 0 0 O

The null space of A is two-dimensional and it is spanned by

1//2 —1/¥2
0 , Uy = 0
1/v2 1//2

The null space of A(e) is one-dimensional and it is spanned by the holomorphic
vector-valued function

1 1 0
viEe)=|—¢e|=|(0|+e]|—-1]. 2)

1 1 0
Thus, we can see that as & goes to zero, v(g) converges to a vector which belongs to

the unperturbed null space of matrix Ao, but there is a gap between the dimensions
of the perturbed and unperturbed null spaces.

V] =

We denote by v;,i = 1,...,m,m orthonqnnal eigenvectors of Ag corresponding
to the eigenvalue zero and form the matrix V := [0y, ..., U,,]. This matrix satisfies
the following equations:

AV =0, 3)

vy =1,. %)
Similarly, let v;(¢), i =1, ..., m be linearly independent eigenvectors of the per-
turbed matrix A(e) corresponding to the eigenvalue zero. Again one can form the
matrix V(¢) := [v1(e), ..., vz (€)], which satisfies the equation

A(e)V(e) = 0. @)

From Chapter S6 of [12] (see also [13]), we know that there exists a holomorphic
family of vector-valued functions v; (¢) which constitute a basis for the null space of
A(e) for ¢ # 0. Therefore, V (¢) can be expressed as a power series in some neigh-
borhood of zero

Viey=Vo+eVi+e Vot . (6)
Of course, there exists an orthonormal family of perturbed eigenvectors v; (¢), i =
1, ..., m. However, it is more convenient to construct a “quasi-orthonormal” family
of eigenvectors described by the following condition:

Vo Vi(e) = L, (7)

where Vj is the first coefficient of the power series expansion (6) (rather than
VT(e)V(¢) = I;). The above normalized conditions were used in [8,9] for the case of
rank-preserving perturbations. Note that even though this family of eigenvectors is not
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orthonormal for e # 0, itis linearly independent when ¢ is sufficiently small [8,9]. Also
note that (7) was introduced in order to make V (¢) unique once the leading term Vj is
determined. As we show later, there is some freedom in selecting Vj. Furthermore,
one can always obtain an orthonormal basis from a “quasi-orthonormal” basis by
applying a Gram—Schmidt-like procedure over the vectors with elements as power se-
ries expansions. This procedure will be discussed in more detail in Section 5. As men-
tioned above, we distinguish between two cases, the rank-preserving case where m =
m and the non-rank-preserving case where 1 < m < m. Note that only in the rank-
preserving case it is possible to set Vo = V. Moreover, as will be demonstrated in
Section 5, in the case of non-rank-preserving perturbation only, the group inverse of
the perturbed matrix (when it exists) has a singularity, that is, a pole at ¢ = 0. Later
on we also show that the group inverse of A (¢), denoted nextby A2(e), can be expanded
as a Laurent series:

1 1
Afe) =SB+t B+ BoteBito (8)

with B_; # 0, i.e., where s is the order of the pole at ¢ = 0.

One of the main purposes of this paper is to obtain an efficient recursive algorithm
for the computation of the coefficients Vi, k = 0, 1, ... as well as for the computa-
tion of the matrices By, = —s, —s + 1, ..., determining the Laurent expansion (8).
We would like to point out that, at least with our procedure, the latter task cannot
be accomplished without prior completion of the former task. The algorithm for

computing Vi, k =0, 1, ... is based on recursively solving a system of fundamen-
tal equations. The fundamental equations named (FO0), (F1), ..., are obtained by
substituting (1) and (6) into (5) to give
AoVo =0, (FO)
AoVi+ A1V =0, (F1)
AgVa + A1V + AV =0, (F2)
AgVi+ A Vi + -+ A Vi + AV = 0, (Fk)

The normalization condition (7) gives rise to another system of equations named
(NO), (N1), ... and given by

Vi Vo = I, (NO)
VoV =0, (N1)
Vo Vi =0, (Nk)

We will refer to the latter system as the system of normalization equations.
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We treat the cases of rank-preserving and non-rank-preserving perturbations sepa-
rately. In Section 2 we provide an algorithm for computing the coefficients Vi, k > 0,
in the rank-preserving case. This algorithm is based on a straightforward recursive
procedure. The non-rank-preserving case is treated in Section 3, where we suggest
three algorithms for computing {V;}7°. The first is based on defining an augmented
matrix which leads to the solution. The second algorithm is based on reducing the
dimension of the equations to a set of equations whose type coincides with the rank-
preserving case. The third algorithm is a combination of the previous two algorithms
and is based on an early abortion of the reduction process and then solving the re-
sulting system with the help of a generalized inverse. In Section 4 we show how our
results can be applied to a perturbation analysis of the general eigenvalue problem
and in Section 5 we present the second application of our results to the computation
of the Laurent series expansion for the perturbed group inverse. Lastly, a numerical
example is given in Section 6.

2. Rank-preserving perturbations

Before proceeding further, we would like to state a well-known lemma. This
lemma was shown to be useful in solving simultaneously and recursively systems
of the type of (F) and (N) in [14,16].

Lemma 1. The system of linear equations Ax = b is feasible if and only if for any
row-vector u¥, uth = 0 whenever uTA = 0. Moreover, in the case that the system

is feasible x = ATb + v is a solution if and only if Av = 0.

The following lemma states a necessary condition for a perturbation to be rank-
preserving. This condition, of course, can be checked in practice only in case of
polynomial perturbation.

Lemma 2. [fthe perturbation is rank-preserving, the sequence of matrices { A2
satisfies the following conditions:

k+1
g (Y =nrt Y Ay AlAL, - AlA, |V =0,
p=1 vytetvpy=k+1
k=0,1,..., (€))

where v; > 1, and where V and U are bases for the right and left null spaces of the
matrix Ao, respectively.

Proof. From Eq. (FO) we conclude that
Vo = VCo. (10)
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where C is some coefficient matrix. Since we consider the case of a rank-preserving
perturbation, the rank of Vj equals m. This in turn implies that Cp € R™*™ and that
it is a full rank matrix.

Since UTAg = 0, we obtain by Lemma 1, the following feasibility condition for
Eq. (F1):

UTA vy =0.
Upon substituting (10) into the above expression, we get that
U'AVCy = 0.
Moreover, since Cy is a full rank matrix, we conclude that
U'a v =0, (1D)

which is the first feasibility condition of (9).

Since the perturbation is rank-preserving, there exists a holomorphic basis V (¢)
for the perturbed null space such that V(0) = V. The coefficients Vi,k=0,1,...
of the power series (6) satisfy the fundamental equations (F0), (F1), ... Hence the
feasibility condition for Eq. (F1) is satisfied and we can write its general solution in
the form

Vi=VC - A4 VG, (12)
where C; € R™*™ is some matrix.
Define
k+1
Dy = Z(_l)p_l Z AV1A(J§AV2"'A(J§AVP‘
p=1 vit-tvp=k+1
Note that the above formula can be rewritten in the recursive form
k
Dy = g1 — ) AiADii. (13)

i=1

Next we prove by induction that

UTDyv =0, (14)
and that
k
Vi1 = VCir1 = Ay ) DiVCii, (15)
| =0
where C;,i = 0, ..., k are some coefficient matrices. We recall that (14) is condition

(9). We assume that relation (14) and formula (15) hold for k = 0, ...,/ and then
we show that they also hold for k =17 + 1. Note that we have already proven the
induction base.

According to Lemma 1, the following feasibility condition for the (/ 4+ 2)th fun-
damental equation is satisfied:
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UT(AIVI-H +AVi+- + A1+2V0) =0.

Substituting formula (15) for each Vi1, k =0, ..., [ and rearranging terms, we get

U AV Cryr + U (A2 — A A Do)V + -

I+1
+0" <A1+2 - AiASDm,-) VCo=0.

i=1

By the induction hypothesis all terms of the above equation vanish except for the last
one. Hence, we have

I+1
oT <A1+2 -y AiAng+l—i> VCo=0.
i=1
Using the recursive formula (13) and the fact that Cy is a full rank matrix, we con-

clude that UTD; 1V = 0.
Next we show that formula (15) also holds for k = [ 4 1. The general solution for
the (I + 2)th fundamental equation is given by

Vigr = VCiya — AS(Ale + -+ A2 Vo),
where C47 is some coefficient matrix. Substituting (15) for Vi1, k =0, ..., [ into

the above equation and rearranging terms yield the formula (15) for k = [ 4 1. Thus,
by induction, relation (14) and formula (15) hold for any integer k. [

The next theorem provides a recursive formula for the computation of the coeffi-
cients Vi, k =0,1, ...

Theorem 1. Let the matrix A(e) be a rank-preserving perturbation of Ag. Then
there exists a holomorphic family of eigenvectors V (¢) corresponding to the zero
eigenvalue and satisfying the normalization condition (7). Moreover, the coefficients
of the power series for V (&) can be calculated recursively by the formula
k
Vi=—AJY AiViej. k=1.2,..., (16)
j=1

where Vo = V.

Proof. It follows from the proof of Lemma 2 that the general solution of the funda-
mental equations is

k
Vi=VCi— ALY AjViej, k=1.2....
j=1
with Vo = \7C0. By choosing Co = I, we get Vy = \7, which satisfies the normal-
ization condition (NO).
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Now the coefficients C¢, k = 1,2, ..., are uniquely determined by the normal-
ization conditions (Nk). Namely, we have

k
Vo Vi = VOT(VCk - AgZAij_]) =0,
Jj=1
or, equivalently,
k
VIVe, —VTALY AV =0,
j=1

since Vo = V when Co = I,. Recalling that vy = 'm and VTA(T) =0, since
N(A) = R(A")* [7], we obtain that C; =0,k = 1,2, ... as required. [

Next, we would like to address the issue of radius of convergence. First, above we
have implicitly assumed that the series (6) has a positive radius of convergence. The
next theorem (which follows a technique used in [17]) gives a bound on the radius
of convergence of the series (6) with coefficients as in (16).

Theorem 2. Suppose || A;|| < ar' for some positive constants a and r, then the ra-

dius of convergence of the series V(¢) = Vo + V| + - -, where Vi is computed by
: Ty=1,—-1

(16), is at least (1 +al|Agl)™ r~".

Proof. First, we prove by induction the following inequality:

F ik

IVell < IVoll(1 +allAgl) r, (17)

which trivially holds when £ = 0. Now suppose that inequality (17) holds for the
coefficients Vj, ..., Vi_1. From (16), we obtain

k k
IViell < NASID " IAIIVe—j11 < all AQI Y rd 1 Vi 1.
Jj=1 Jj=1
Now using inequality (17) for j =0, 1, ..., k — 1, (which is the inductive hypothe-
sis) we get
k .
Vil < allAG1 > r 1 Voll (1 + all A< rk=
j=1

k
<alAJNVollr Y (1 +af Ayl
j=1
Notethat
(U alAIN =1 (G +anAlnt -
Z (1 +alal - j_ (Lrallagh)” =1 (1+al4gl)

P 1 +allAjll -1 al| Ag|
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Thus,

IVl < IVollP[(1+aladl)* = 1]
< IVollr* (1 + all AL

as required. Consequently, the radius of convergence for the power series V(g) =
Vo 4+ eVi + - --is at least (1 + a||A8||)—1r—1. O

Example 1 (continued). First we check that conditions (9) indeed hold for Example
1. For k = 0, we have

UTAv =0 1][(1) 8} mzo.

Since Ay =0, k > 2, the matrices Dy, k = 1, 2, ... satisfy the following recursive
relationship:

Dy = —AlAng—l,

with Do = Aj. Next, we calculate

+ |1 0]{0 O] _ {0 O
AlA_[o 0“1 o~ |0 o]
Thus, D, =0, k = 1,2, ..., and hence, conditions £9) are indeed satisfied. As the

perturbation is rank-preserving, one can take Vp = V. Using the recursive formula
(16), we compute the terms Vi, k = 1,2, ... by

0 0
Vi = —AgAlkal =— [1 Oi| Vi—1.

This results in

V1=|:_01j| and Vk=|:8], k=2,3,...

3. Non-rank-preserving perturbations

In this subsection we deal with the case of non-rank-preserving perturbations,
namely when the dimension of the perturbed null space N(A(¢)), 0 < & < gmax 1S
strictly less than the dimension of N(Ag). Next we propose two algorithms. The
first is based on generalized inverses applied to to-be-defined augmented matrices,
whereas the second is based on a reduction technique. Both methods have their own
merits. Finally, we also suggest a way to combine these two approaches. Our ana-
lysis generalizes this of [14,15,24] which deals with linear perturbation of stochastic
matrices and applies the reduction step only once. See also [1,4].
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3.1. An approach based on augmented matrices
Some definitions are required prior to the introduction of our analysis for the case

of non-rank-preserving perturbations, that is, the case where m < m. First, for any in-
teger 7, 1 > 0, we define the augmented matrix .o/() e R*+D>xn(+D 41315 17]:

Ao, 0 0 - 0
Ay Ag o --- 0
SO A AL Ay e 0
Al At—l Al A()

Second, we partition the generalized inverse 4 := [./)]" into a block structure
which corresponds to the structure of the augmented matrix .7 ). Namely,

(1) (1)
GOO e GOI
g(t) = t. . s
(1) (1)
GtO . Gtt

where GE;.) € R " for0<i,j<t.

Third, let M; C R" be the linear subspace of vectors w such that for some
vector v € N(/V) C R"*D  the first n entries in v coincide with w. Since ¥ €
N (2"t implies that the first n(z + 1) entries of ¥ form a vector v € N ("),
M;4+1 € M, for any t > 0 and hence dim(M;) is non-increasing with ¢. Finally, let
v = arg min;{dim(M;)}. In other words, 7 is the smallest value of t where the min-
imum of dim(M;) is attained. Since {dim(M,)}7° is a sequence of non-increasing
integers, the minimum of dim(M,) is attained at a finite value of index 7.

Theorem 3. For any Vo € My, there exists a sequence {V;}:° | which coupled with
Vo solve

Vo 0
Vi

dO =1 (18)
|72 0

foranyt > 0. In particular, m = dim(My).

Proof. A necessary (but not sufficient) condition for Vj to be a leading term in such
a sequence is that AgVy = 0, i.e., that Vy € My. But what is further required is that
for this Vj that there exists a V| such that AgV; + A1 Vy =0, i.e., that V € M;.
Conversely, any V) € M| (coupled with an appropriate Vi), solves (18) for r = 1.
Similarly, one can see that Vy € My (coupled with the corresponding Vi and V>
which exist by the definition of M>) if and only if (18) holds for + = 2. By induc-
tion, we conclude that V{ leads to a solution for (18) for any # > 0, if and only if



K.E. Avrachenkov, M. Haviv / Linear Algebra and its Applications 369 (2003) 1-25 11

Vo € M; for any ¢t > 0, i.e., if and only if Vj € M;. The equality m = dim(M) fol-
lows from the fact that for each V(y € M one can construct an analytically perturbed
eigenvector V(e) = Vo + eV) + - - -. Thus, the dimension of M coincides with the
dimension of the perturbed null space. [

The Egs. (FO)-(Fr) are

Vo 0
Vi 0

dO0 =1 ]. (19)
V, 0

Above we argued that any vector in M, will lead to a solution of (19). Imposing the
normalization condition (NO) is now equivalent to requiring that Vj be an orthonor-
mal basis. Finally, any such orthonormal basis will be appropriate for our purposes.

Once V) is determined, the next goal is the determination of the corresponding
V1. Using the augmented matrix notation, we rewrite (F1)—(F.t+1) as follows:

Vi -A1 W
Vo A2V
R . = ) (20)
Vert A1 Vo

which is as (18) with + = 7 but with a different right-hand side. Note that by defini-
tion of T and by the fact that Vp € M, the system (20) is solvable. Hence, by Lemma
1, we have

Vi —A1V
—A2Vy
=101 [+
Vet —Ar1Vo

for some y € N(.o/ (T)). However, note that not any y € N (o/ (T)) will lead to a so-
lution for the fundamental equations since in (20) we have not considered all of
them. However, for any w € M there exists such a y with w being its first n entries.
Moreover, any such w leads to a vector V| such that coupled with Vj, they are the
leading two terms in a series expansion for V (¢). The reason is that whatever was
true for Vj is now true for V7 since in the latter case one gets the same set of equations
but with a different right-hand side. The normalization condition (N1), coupled with
the fact that Vj is chosen, imply a unique value for the matrix V.

Above we have shown how the value of V| leads to the value of V;. Next, we
show that this is the case in general. Specifically, once Vy, ..., V} are determined,
one can compute Vi1 by the recursive formula provided in the next theorem.

Theorem 4. The solution of the system of fundamental equations (F) coupled with
the normalization conditions (N) is given by the following recursive formula:
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k+1

T
Vit = =(In = VoVg) 3 G 3 AicejVier 14, 2D
j=0 i=1

where Vy is any orthogonal basis of the linear subspace M.

Proof. Consider the set of fundamental equations (F.k+1)—(F.k+1+7). Since they
are feasible, the general solution is of the form

k+1
Vi+1 =3 AiVii—i
=9 : +,
k+1
Vier14+ =3 A Vi
where y € N (o/ (T)). Since the first n entries of y constitute a vector w in M, and Vj
is an orthogonal basis of M, the general solution for Vi can be written as follows:

T k+t1
Vi1 = — Z Gf)rj) Z Aiye Vir1—i + VoCryr, (22)
j=0

i=1
where Cy1 is some matrix coefficient that can be determined from the normalization
condition (N.k+1). Specifically,

T k+t
~Vy Z G(()tj) Z At Vir1—i + Cr1 =0,
j=0 i=1

and hence
k+t1

T
Cit = Vg )G D Ave View 1.
j=0 i=1

Substituting the above expression for the coefficient Cy41 into the formula (22) re-
sults in the recursive formula (21). This completes the proof. [

Remark 1. We would like to point out that although above we call for [A]7, only
its first m rows are required in order to carry out the desired computations.

Example 2 (continued). It is easy to check that in this example the subspace M| is
one dimensional and is spanned by the vector [c 0 ¢]T, where ¢ € 0 is an arbitrary
constant. Hence, 7 = 1 and the first term of power series (6) is given by

1
1
Vo=—=10
V2|
Then, to compute the terms Vi, k =1,2,..., we use the recursive formula (21)

which has the following form for this particular example:
Vi1 :—(I—V()V(;F)GooAlvk, k=0,1,...
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Also,
05 0 -05 0O 0 O
I—VoVg=| 0 1 0 |, GpA=|05 0 05
—-05 0 05 0O 0 O
Consequently,
1 0 0
Vi=—1]-1 and Vi, =|0|, k=>=2.
V2 0 0

Note that in both Examples 1 and 2, we obtained finite expansions for V (¢) in-
stead of infinite series. Of course, this is due to the simplicity of the examples. How-
ever, if one calculates “orthonormal” bases instead of “quasi-orthonormal” bases,
one will have to deal with infinite series even in the case of these simple examples.
This fact demonstrates an advantage of using “quasi-orthonormal” bases instead of
“orthonormal”.

3.2. An algorithm based on a reduction process

Next, we show that by using a reduction process one can transform the system
of fundamental equations (F) to another system with coefficient matrices of reduced
dimensions. The latter system can be solved by the algorithm proposed in Section 2
for the regular case. Thus, we reduce the non-rank-preserving problem to the regular
one. The next theorem is a key to the reduction process.

Theorem 5. A solution of the fundamental equations (F) together with the normal-
ization conditions (N) is given by the following recursive formula:
k
Vi=VWe— A AjViej. k=12, (23)
j=1
with Vo = VWO, and where the sequence of auxiliary matrices Wy, k > 0, is a so-
lution to the next system of reduced fundamental equations (RF):

BoWy =0, (RF0)
BoWi + B1Wy =0, (RF1)
BoW, + B1W; + Bo Wy =0, (RF2)
BoWi + BiWik—1 4+ --- 4+ By—1 W1 + By Wy = 0, (RFk)

and reduced normalization conditions (RN):
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WiWe =0, k=1,2,..., (RNK)

where the coefficient matrices By, k > 0, are given by the formula

k+1

By = UT( > (=pr! > A AJALAS - A(T)A,,p> v,
p=1 Vit tvp=k+1, v >1

k> 0. (24)

Proof. From the fundamental equation (FO) we conclude that Vi belongs to the null
space of Ag, that is
Vo = VW, (25)
where Wy € R™*™1 is some coefficient matrix, and where m is a number to be
determined with m < m; < m. By Lemma 1 the Eq. (F1) is feasible if and only if
UTA1Vp =0.
Substituting the expression given in (25) for Vj, we get
UTA1VWy = 0.
This is the first equation of the reduced system (RF) with By = UT A V. Note that

m1 above is the dimension of the null space of By. Next we consider the fundamental
equations (F1). Their solution in the general form is

Vi = VWi — AJ A1V, (26)
where W) € R™*™1 is some coefficient matrix, which describes the general solution
of the corresponding homogeneous system and where —AgAl Vo is a particular so-

lution of (F1). The coefficient matrices Wy and W have to be chosen so that they
satisfy the feasibility condition for the next fundamental equation (F2)

UT(AVI + A2 V) = 0.

Upon substitution of Vj (see (25)) and V; (see (26)) into the above condition, one
obtains

OTA VW, + 0T (A2 — A1AJA) VW =0

which is the reduced fundamental equation (RF1) with B; = UT(A, — AjAj A V.

Note that the recursive formula (23) is just the general form of the solution of
the fundamental equation (Fk). The reduced system of equations (RF) is the set of
feasibility conditions for Wy, k =0, 1, ..., which are obtained in a way similar to
the above considerations. The general formula (24) for the coefficients can now be
established by an induction argument similar to one given in the proof of Lemma 2.

Next, we show that the new normalization conditions (RN) also hold. First, con-
sider the normalization condition for Wy. Substituting Vj = 1% Wy into (NO), we get

(VW) " VW = I
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or
W(;F‘;TVWQ = I;.
Recall that we have chosen the basis V for the null space of Ag such that vy = Iy.
The latter implies that
Wi Wo = L.

Thus, we have obtained the normalization condition (RNO). Next we show that the
normalization conditions (RNk), k& > 1, hold as well. Towards this end, substitute
the recursive expression (23) into (Nk) to obtain

k
Vo VWi — VALY AjViej =0.
j=1

Note that since Vp belongs to the null space of A and since N(A) = R(AT)L [7],
VA = 0. Thus,

Vo VWi = 0.
By substituting Vj from (25) and taking into account that vTy = I, we get that
Wy VIVW, = Wy Wy =0,

which is the normalization condition (RNk). This completes the proof. [

Remark 2. Note that the computation of the coefficient matrices By, k > 0, by
(24) will be tedious. Therefore, similarly to [2] we propose to compute these coef-
ficients in a recursive manner. Specifically, define the sequence of matrices { Dy }2
as follows:
k+1
De=Y (=Dt Y ALAJALAL A, k=01
p=1 vyt-etvp=k+1

These auxiliary matrices can be computed by the following recursion:
k
Dy = Apr1 = ) AiAiDii. k=12, 27)
i=1

initializing with Do = A1. Then the coefficient matrices By, k > 0, are simply given
by
By =UTDV.

We would like to point out that the reduced system of equations (RF) together
with the normalization condition (RN) have exactly the same structure as the initial
system of fundamental equations (F) with the normalization conditions (N). Thus,
one has two options as how to proceed from here. The first is to solve it using the
procedure described in Section 3.1, that is, to use the augmented matrix approach.
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The second is to apply one more reduction step, this time to the system composed
of (RF) and (RN). If the latter option is pursued, then once again one may face the
same alternative and so on. At first sight, it might seem that one may end up carrying
out an infinite number of reduction steps. However, as it turns out, termination is
guaranteed after a finite number of steps. The next theorem addresses this issue.

Theorem 6. Suppose that {B,El)}]f‘;o, I =1,2,...are the coefficients of the reduced
system obtained at the Ith reduction step (B,El) = By). Also, let m; be the dimension

of the null space of Bél). Then, the reduction process terminates after a finite number
of steps with m; = m, where m is the dimension of the null space of the perturbed
matrices A(e),0 < |e| < emax. Furthermore, the final system of reduced equations
(namely, the system of reduced fundamental equations derived at the last reduction
step) can be solved by the recursive procedure which was proposed for the case of
rank-preserving perturbations described in Section 2 (see formula (16)).

Proof. Note that after each reduction step the dimension of the null space of B(gl)
does not increase. Since we deal with a finite-dimensional problem and since the
sequence my, [ > 1, is of integers, we conclude that the sequence of m; achieves its
limit, say m., in a finite number of steps. Next we argue that this limit m, equals
m and once it is reached there is no need to make any further reduction steps. Note
also that the solution to the final system of reduced equations (the reduction process
terminates when the null space of B(()l) has dimension m,) can be obtained by the
recursive algorithm proposed in Section 2. The latter means that a basis for the null
space of the perturbed matrix A(e) is constructed and this basis is holomorphic with
the parameter ¢. This basis is formed by m, linearly independent vectors. However,
according to our assumptions the dimension of the null space of A(¢) is m. This
implies that the limit m, equals m. [

Finally, we would like to suggest a practical implementation of the above scheme.
If one applies the reduction process as described above to calculate Vi, then one
needs to compute B;,i =0, ...,k + m, Bi(z),i =0,...,k+m —1and so on. This
could result in a large amount of calculations even when the recursive formula given
in Remark 2 is used. Alternatively, suppose that we have already obtained Vjp, ..., Vi,
k > r, where r denotes the number of reduction steps needed to obtain the final
system of reduced equations. Then we can rewrite the fundamental system (Fk),
(F.k+1), ..., as follows:

AoVirr = —(A1Vi+ -+ + A1 Vo).
AoViga + A1Vig1 = —(AaVi + -+ + A2 Vo),

AVigre1 + -+ A Vigr = (A Vi + -+ + Akr 1 Vo).
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This system of equations can be effectively solved by the same reduction technique.

Moreover, note that the auxiliary matrices such as Bl.(l) can be stored and used after-
wards to compute the next terms Viy2, Vi3, ...

Remark 3. Itis worth pointing out that in most applications the number of reduction
steps r is small and hence we need to compute and to store only a small number of
coefficients Bi(l).

Remark 4. If it is needed, the estimation of the convergence radius can be also
obtained for the non-rank-preserving case. This can be done by applying recursively
the arguments of Theorem 2.

4. Perturbation of general eigenvalue problem

The results on the perturbation of null spaces can be immediately applied to the
general perturbed eigenvalue problem [6,8,9,18,21-23,25,26]
A(e)x(e) = Ale)x(e). (28)
Recall that the perturbed eigenvalue A(e) satisfies the secular equation
det(A(e) —A(e)]) =0
which is equivalent to the polynomial equation
(=D"A" + ap_1 ()X 4 ay(e)A + ape) = 0,

where the coefficients a;(¢) are analytic functions. Using the method of Newton
diagram [6,22,25], it is possible to find a Puiseux expansion for the perturbed eigen-
value:

reE) =g+ Pry +6HPry 4.

Next, introduce an auxiliary variable 1 := ¢!/? and note that the perturbed eigen-
value depends analytically on 1. Consequently, the system of equations for the per-
turbed eigenvectors can be written in the form

[A@P) = a1 ]x(n) = 0.
Hence, we have reduced the general perturbed eigenvalue problem to the problem

of analytic perturbation of the null space, which can be effectively solved by the
methods described in Sections 2 and 3.

5. Perturbations of group inverse

Next we discuss various applications of the above analysis for the designing
of several methods for calculating the Laurent series expansion (8) for the per-
turbed group inverse. We assume that the perturbed group inverse A2(¢g) exists for
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¢ € (0, ©). In the previous subsections we have developed the power series expansion
for the eigenvectors corresponding to the zero eigenvalue of A(g). The matrix V (¢)
forms a basis for the null space of A(e), though it is not necessarily orthogonal.
To proceed further we need to construct the orthogonal projection P (g) on the null
space of A(e). There are (at least) two possible directions to pursue here. The first is
based on the direct application of the formula

P@e)=VE(VIE)VE) Vi), 0<lel < ema. (29)

Since lim,_,0 VT (e)V(e) = V] Vo = Lz, the matrix (VT ()V(e))™! is the “well-
behaved” inverse of the perturbed identity matrix ;. In this case we can apply di-
rectly the Neumann series [18]. The expansion is of the form

(VT(S)V(e))—l =7 — g(vOTvl + VlTVo) 4ol

Multiplying the above expression by V (¢) from the left and by VT (¢) from the right,
we obtain the power series for the orthogonal projection P(¢).

The second direction is based on a Gram—Schmidt-like orthogonalization process.
Firstly, we perform the Gram—Schmidt procedure (without normalization) over the
analytic vector-valued functions v;(¢), i = 1, ..., m, which constitute the “quasi-
orthogonal” basis V (¢). Note that summation, multiplication and division operations
which are used in the orthogonalization procedure need to be carried out on power
series (and not only on real numbers). This results in an orthogonal basis for the
perturbed null space. Each new basis element is a vector-valued function analytic in
the punctured disc: 0 < |e| < &max. Next we show that the normalization procedure
leads to a basis whose elements are analytic vector-valued functions at ¢ = 0. Indeed,
consider a vector-valued function a(g) which is analytic in 0 < |¢| < emax. It can
be expanded as a Laurent series. And let a;(¢) = ¢"a;j m + 8’"+1a,~,m+1 + - -+ with
ai,m # 0 be the largest element (in absolute value and for sufficiently small ¢) of the
vector a(e). Then, clearly

lae)|l = \/af(s) +-tal(e)=¢e"(wo+evi+--1), vy > 0.

The latter implies that the normalized vector a(e)/|la(e)]|| can be expanded as a series
with positive powers of ¢ and with a non-zero leading coefficient. As a result of the
above procedure we obtain an orthonormal basis, say V(¢). Then the orthogonal
projection is given by

P(s) = Vi(e)V(e).

Next we suggest some methods for finding the Laurent series expansion for the
group inverse A&(e) which are based on results given in [4]. In particular, we assume
that the Laurent series expansion for the inverse of a singular perturbed matrix is
available, for example by any method suggested in [4]. Moreover, the power series
for P(¢) is assumed to have been developed already.

The first method is based on a straightforward application of the inversion of
singular perturbed matrices. It utilizes the formula [10,19]
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A%(e) =[A(e) + P(&)] ' = P(e),

where the projection P (¢) is given by (29).
The second method is based on the solution of the following system of equations
[18]:

A(e)A%(e) = I — P(e), (30)
P(e)A8(e) =0, (31)

where P (¢) is the same projection as before. Note that Eq. (31) can be written in the
equivalent form,

VT(e)A%(e) =0, (32)

which might be more useful for practical computations.

Finally, the third method is based on the construction of the matrix C(¢) = [A(e),
V (¢)], where the matrix A(e) € R"*"~") consists of columns of A(g) which span
its range. The matrix C (¢) is invertible for ¢ sufficiently small but distinct from zero,
and the perturbed group inverse A%(e) can be immediately retrieved by [11]

A%(e) = [I — P()]C "\ (e).

We would like to discuss in more detail the second method based on the Egs.
(30) and (31). This approach is a generalization of the results given in [2,14,15]. By
substituting the power series (1), (8) and the power series for the projection P(g)
into Egs. (30), (31) and equating terms with the same power of &, we obtain two new
systems of fundamental equations

AoB_; =0, (GO)
AgB 511 +A1B_; =0, (G
AoBo+A1B_1+ -+ A By 1 +AB_y=1— Py, (Gs)
AoB1 +A1Byp+ -+ AgB_sy1 + Ay 1 By = — Py, (G.s+1)

and
PyB_; =0, (HO)
PyB_s11+ P1B_; =0, (H1)

The next result provides a way to solve recursively the above infinite systems of
equations. It generalizes a corresponding result for stochastic matrices and linear
perturbation which appears in [15].
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Theorem 7. Egs. (G0)—(Gs) together with the Eq. (HO) constitute the minimal set
of fundamental equations that uniquely determine the first singular coefficient B_;
of the Laurent series (8).

Proof. It is easy to see that one needs to take into account at least the first s + 1
fundamental equations from the set (G) and the first equation from the set (HO).
Now we prove that this set of equations is sufficient to determine uniquely the
first Laurent series coefficient B_g. Suppose on the contrary that there exists another
solution C_g, C_541, ..., Co € R™" to (GO)—(Gs) and (HO) such that C_y; #+ B_j;.
Consider the sequence {D;}?°_ definedby D; = B; — C; for—s <i < 0and D; =

i=—s

B; fori > 0. Clearly, for sufficiently small ¢ we have by (30)
AE)[D()+C(e)]l=1— P(e)

and hence
A(e)D(e) =1 — P(e) — A(e)C(e).

Using fundamental equations (G0)—(Gs), we conclude that
A(e)D(e) = O(e).

Now we multiply the above equation by A2(¢) from the left and get that

es—1

[I — P(e)]D(e) = 0( ! )

Since PyBy — PpCop = 0 — 0 = 0 and consequently the left-hand side above is of
order O(1/¢&*), we have reached a contradiction. [

The above theoretical result points to a numerical procedure. First, solve the set
of Eqgs. (GO)—(Gs) and (HO) to find B_;. Note that, since this is a linear system,
a number of efficient methods are available for its solution. For example, one can
use methods similar to those described in [4] and in Sections 2 and 3. Then, use
Egs. (G1)—(G.s+1) and (H1) to find B_;4+1 and so on. We would like to emphasize
that the system of Egs. (G1)—(G.s+1) and (H1) has exactly the same left-hand sides
as the system of Eqgs. (G0)—(Gs) and (HO). Thus, the auxiliary results which were
obtained during the solution of the system (G0)—(Gs) and (HO) can be applied again.
Moreover, one can use the quantities obtained from the reduction process of the
fundamental system (F) in order to solve the system (G).

6. Numerical example
Next we test our perturbation method on a numerical example which is similar to

the one given in [20]. Consider the following matrix which is a function of a small
parameter &:
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A(e) = Ag+ €A + €A

g .
A=+
A
_ Co—(e+p) &
e —(A+ed) .
A o
=) u
L A -

Above, the blank spaces correspond to zero elements. When ¢ = 0, the 2n x 2n
matrix A(e) consists of two n x n blocks with the following structure:

A) = [’5 2}

where
iy " _
A=A+
P= 5 u
—-A+pn nu
L A —1

Note that the matrix P is the (transpose) of the generator matrix of an M/M /1/n — 1
queueing system. ® Since P is the generator of an irreducible Markov process, it has
a one-dimensional null space. Hence, it is clear that the null space of the unperturbed
matrix A if of dimension two. From the same reason the perturbed matrix A(e) with
& > 0 has a one-dimensional null space. Thus, this is an example of the non-rank-
preserving perturbation. To compute the first two terms of power series (6) we use
the method based on the reduction process (see Section 3.2). Namely, let 7 be an
eigenvector of matrix P corresponding to the zero eigenvalue,

Pr=0, n'lmx=1. (33)
Then, the basis for the null space of A is given by

~ T 0
=[5 2]

3tisa single server queue with a Poisson arrival rate of A, exponentially distributed service require-
ment with mean u_] and at most n — 1 customers (including the one in service) are present at any given
time. An arrival who finds a full buffer leaves for good.
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where 0 is a vector of zeros of length n, and the basis for the left null space of A is
given by

-~ 1m0
T_ |1
=[5 1]
where lT =[1,..., 1] is a row vector of ones of length n. Then, according to The-
orem 5, we construct

Bo=UAV and B =U(Ay— A1AjA)V.
The first term Vj is given by
Vo = VW,
where BoWy = 0, WOT Wo = 1 and the second term Vj is given by

Vi= VW —A}A Vo,

where Wy = —Bg B1W). For the computation of all of the above quantities, including
the solution of the eigenvalue problem (33), we wrote a MATLAB code. We were
interested in computing the approximation

V&#P(e) = Vo + &V, (34)

for different values of n. To test the performance of the proposed perturbation ap-
proach, we use the MATLAB procedure EIG to find directly a vector V™™ that spans
the null space of A(g), that is

A(e)V™MM =0,
for e = 1.0 x 10~*. Note that MATLAB produces a normalized vector, such that
VnumTVnum = 1. (35)

In order to compare the solution given by our perturbation approach with the nu-
merical solution given by MATLAB, we renormalize our approximation (34) as in
(35) and denote it by VP, In Figs. 1-3 we present the results of the numerical
experiments for three different values of n: 20, 30 and 35. We used the version 6.1
of MATLAB on the Linux Pentium II computing platform. In all examples A = 2,
w=1and e = 1.0 x 107*. We plot the values of elements of V™™ and V2P in
logarithmic scale in respect to their indices (“*’ corresponds to V™™ and ‘o’ cor-
responds to V?P). The horizontal axis corresponds to the index of the entries in
the vectors and hence i = 0, 1, ..., 2n. The vertical axis corresponds to the values
themselves, V"™ and Vl.app. For n = 20 (see Fig. 1), we can see that two solutions
are practically identical. For higher values of n the numerical solution obtained by
the direct application of the EIG MATLAB procedure starts to deviate from the true
solution. For instance, when n = 30 (see Fig. 2), V3“0Ulm / V3“1um = 8.4 x 1073, where-
as V;é)p / V3alp P — 1.0 x 107% = ¢, as it should be. We would like to note that this
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Fig. 1. The case n = 20.
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Fig. 2. The case n = 30.

example allows an analytic solution. The latter fact facilitates the verification of so-
lution methods. Then, for n = 35, the quality of the solution obtained by the direct
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Fig. 3. The case n = 35.

numerical method EIG deteriorates further (see Fig. 3). After n = 35, the numerical
method loses stability and gives a meaningless solution with complex numbers. Our
perturbation method performs well up to n = 60.

Acknowledgment

We would like to thank an anonymous reviewer for his comments and suggestions
that significantly improved the presentation of the work.

References

[1] K.E. Avrachenkov, J.A. Filar, M. Haviv, Singular perturbations of Markov chains and decision
processes, in: E.A. Feinberg, A. Shwartz (Eds.), Handbook of Markov Decision Processes: Methods
and Applications, Kluwer Academic Publishers, Boston, 2002, pp. 113-150.

[2] K.E. Avrachenkov, J.B. Lasserre, The fundamental matrix of singularly perturbed Markov chains,
Adv. Appl. Probab. 31 (1999) 679-697.

[3] K.E. Avrachenkov, J.B. Lasserre, Perturbation analysis of reduced resolvents and generalized in-
verses, CNRS-LAAS Research Report No. 98520, 1998.

[4] K.E. Avrachenkov, M. Haviv, P.G. Howlett, Inversion of analytic matrix functions that are singular
at the origin, STAM J. Matrix Anal. Appl. 22 (4) (2001) 1175-1189.

[5] H. Bart, M.A. Kaashoek, D.C. Lay, Stability properties of finite meromorphic operator functions,
Nederl. Akad. Wetensch. Proc. Ser. A 77 (1974) 217-259.



K.E. Avrachenkov, M. Haviv / Linear Algebra and its Applications 369 (2003) 1-25 25

[6] H. Baumgartel, Analytic Perturbation Theory for Matrices and Operators, Birkhduser, Basel, 1985.
[7] S.L. Campbell, C.D. Meyer, Generalized Inverses of Linear Transformation, Pitman, London, 1979.
[8] F. Chatelin, Spectral Approximation of Linear Operators, Academic Press, New York, 1983.

[9] F. Chatelin, Eigenvalues of Matrices, John Wiley & Sons, Chichester, 1993.

[10] F. Delebecque, A reduction process for perturbed Markov chain, SIAM J. Appl. Math. 43 (1983)
325-350.

[11] E.V. Denardo, A Markov decision problem, in: Mathematical Programming, Academic Press, New
York, 1973.

[12] 1. Gohberg, P. Lancaster, L. Rodman, Matrix Polynomials, Academic Press, New York, 1982.

[13] 1. Gohberg, L. Rodman, Analytic matrix functions with prescribed local data, J. Anal. Math. 40
(1981) 90-128.

[14] M. Haviv, Y. Ritov, Series expansions for stochastic matrices, unpublished manuscript, 1989.

[15] M. Haviv, Y. Ritov, On series expansions and stochastic matrices, SIAM J. Matrix Anal. 14 (3)
(1993) 670-676.

[16] M. Haviv, Y. Ritov, U. Rothblum, Taylor expansions of eigenvalues of perturbed matrices with
applications to spectral radii of nonnegative matrices, Linear Algebra Appl. 168 (1992) 159-188.

[17] P.G. Howlett, Input retrieval in finite dimensional linear systems, J. Austral. Math. Soc. (Ser. B) 23
(1982) 357-382.

[18] T. Kato, Perturbation Theory for Linear Operators, Springer-Verlag, Berlin, 1966.

[19] B.F. Lamond, M.L. Puterman, Generalized inverses in discrete time Markov decision processes,
SIAM J. Matrix Anal. Appl. 10 (1989) 118-134.

[20] S.T. Leutenegger, G. Horton, On the utility of the multi-level algorithm for the solution of near-
ly completely decomposable Markov chains, in: W.J. Stewart (Ed.), Computations with Markov
Chains, Kluwer Academic Publishers, Boston, 1995, pp. 425-442.

[21] V.B. Lidskii, Perturbation theory of non-conjugate operators, USSR Comput. Math. Math. Phys. 1
(1965) 73-85 (Zh. Vychisl. Mat. Mat. Fiz. 6 (1965) 52-60).

[22] J. Moro, J.V. Burke, M.L. Overton, On the Lidskii—Vishik—Lyusternik perturbation theory for eigen-
values of matrices with arbitrary Jordan structure, STAM J. Matrix Anal. Appl. 18 (1997) 793-817.

[23] F. Rellich, Perturbation Theory of Eigenvalue Problems, Gordon and Breach Science Publ., New
York, 1969.

[24] P. Schweitzer, Pertrurbation series expansions of nearly completely decomposable Markov chains,
Working Papers Series No. 8122, The Graduate School of Management, The University of Roches-
ter, 1981.

[25] M.M. Vainberg, V.A. Trenogin, Theory of Branching of Solutions of Non-Linear Equations, Noord-
hoff International Publishing, Leyden, 1974.

[26] M.I. Vishik, L.A. Lyusternik, The solution of some perturbation problems in the case of matrices
and self-adjoint and non-self-adjoint differential equations, Uspechi Mat. Nauk 15 (1960) 3-80 (in
Russian).



