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Chapter 1

Introduction

The semiconductor industry is concerned with many di erent areas. One of
those areas is circuit simulation. Circuit simulation helps to understand the
way in which circuits work. Besides it is also useful for predicting errors and
for optimizing the design of the circuits before actually constructing them. Cir-
cuit simulation uses mathematical models describing the behavior of both the
individual components and the interactions between them. Predicting the be-
havior of a circuit before building it improves the e ciency and provides useful
information to the circuit designers. Moreover, in the case of integrated circuits
for example, the simulation of circuits is one of the main tools in which circuit
design relies. This is the case, because performing experiments is usually very
expensive and unpractical.

We can summarize this by saying that, circuit simulation is a key tool in the
electronics industry. One of the characteristics in this industry is the always
increasing complexity of the circuits. The number of components in a single
chip keeps increasing day after day. For example, in Figure 1.2 we can observe
a typical integrated circuit manufactured by photographic process. In gure
1.1, we can observe a graph showing the growth of the number of transistors in
di erent commercial integrated circuits. This is known as Moore’s Law.

Nowadays it is very common to nd circuit designs involving a very large
number of components. Consequently the mathematical models describing the
circuits also contain many variables. This characteristic makes direct solvers,
like Gaussian elimination for instance, to be very time consuming. This hap-
pens specially when extra interactions between the components, like inductive
coupling, are taken into account. The usage of iterative solvers is also restricted,
due to the inde niteness and the poor spectral properties of the correspondent
linear systems. We will discuss this more precisely in further chapters.

The problem at hand can be classi ed as saddle point problem. Solution
techniques have been proposed to tackle this kind of systems. In our particular
case we will concentrate on developing exact factorizations of the RLC circuit
equations. The key component for constructing these factorizations will be the
Schilders factorization. In this work we present how to achieve this goal. To
that extend we organized this thesis as follows.
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Figure 1.1: Moore’s Law, source Wikipedia

This rst chapter contains the introduction. In the second chapter we re-
view the basics of circuit simulation. We focus on constructing the equations
describing the behavior of RLC circuits. We also analyze the properties of the
derived system of equations. In the third chapter we try to give an overview of
the strategies for solving linear equations, algorithms and their corresponding
complexities are included. Later, the saddle point problems are introduced and
we present some of the di culties that arise when using iterative solvers with
non symmetric and inde nite matrices. In this same chapter we also present
the Schilders factorization; this idea will lead us later to the factorizations of
the circuit equations.

Chapter 4 develops the particular RL case. First we discuss in detail the
step of rearranging the incidence matrix. We include a proof of the existence of
such rearrangement and provide an algorithm for nding the involved permuta-
tion matrices. Then we present the RL factorization and discuss the frequency
dependencies of the factor matrices. The rstly presented factorization is then
reorganized to take the form of a factorization of type LDU.

In chapter 5, we treat the more general case of the RLC circuits. First we
prove the invertibility of the RLC system. Then we reorganize the circuit equa-
tions and write in a more suitable form for developing the factorization. With
this information in hand we proceed to construct the factorization. We provide
proofs for the existence of the factorization.

In order to show how the factorizations work, we present some small illus-
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Figure 1.2: Microprocessor manufactured by photographic process. Wikimedia
Commons, Picture by Angeloleithold 2004, Dec

trative examples in chapter 6. Then we formalize the usage of the factorizations
for developing direct solvers. This is done by stating it in terms of algorithms
for each case. We derive expressions for the time complexity of each of the al-
gorithms and compare it with the time complexity of direct LU decomposition.
Furthermore we provide two circuit examples, one for the RL case and one for
the RLC case, in which we are able to increase the number of components arbi-
trarily. This allows us to compare the performance of the algorithms in practice.
We include and discuss the numerical results.

Finally we include a last chapter containing the conclusions and some ideas
for future work.



Chapter 2

Circuit Equations

In this chapter we review the basics of circuit simulation. We start by handling
the topology of the circuit. Then we introduce Kirchho ’s Laws and the Branch
constitutive relations. Finally these are put together and written in terms of
a di erential algebraic equation. The properties of the system are discussed as
well. We took [2] and [17] as main references for this chapter.

2.1 Circuit Equations

Theoretically speaking a circuit is a set of interconnected nodes. These connec-
tions are either simple ideal wires or more complicated components like resistors
R, inductors L, and capacitors C. Additional to these components we consider
the current sources. In order to formulate the circuit equations we rst need to
describe its topology. This is done by means of the so-called incidence matrix
A. Each row of the matrix A is associated with one branch of the circuit and
the columns correspond to the circuit nodes. By convention, a row has +1 in
the corresponding source node, 1 in the destination node and 0 everywhere
else. Notice that one of the columns (ground) needs to be removed in order to
avoid redundancy. As an example let us consider the circuit with three nodes
in Figure 2.1.

Figure 2.1: Three Nodes Circuit

The incidence matrix for this circuit is given in (2.1). Note that the rows
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were ordered according to the labeling of the branches in Figure 2.1. With the
topological information in hand we can proceed to include Kirchho s laws.

N: N, Ns
& H —of
1 1 0 =B
A=@ 0 1A B, 2.1

2.2 Kirchho ’s Laws

Kirchho ’s current law states that the sum of all branch currents entering any
closed surface is zero. In our case we are dealing with nodes, for this particular
case, Kirchho ’s current law says that all currents entering a node add to zero.

Kirchho ’s voltage law states that the sum of all branch voltages along any
closed loop in a circuit add to zero. This can be formulated in the following
way. Let iy, v, and v, be the vectors of branch currents, branch voltages and
node voltages respectively. Then Kircho ’s current and voltage laws read

Alip =0; Avy = vy (2.2)

In order to fully describe the system, the only thing missing are equations
describing the behavior of the branch elements. We will consider four kinds of
elements. Namely resistors, inductors, capacitors and current sources. These
kind of circuits are known as RLC circuits. With this idea in mind it is useful
to decompose the matrix A and the corresponding vectors as follows:

2 3 2 3 2 3
Aij Vi li
A - g Ac 1Vb - Vc 1 Ib - ic 1 (23)
Al V) il

where the subscripts i,g,c and | denote current source, conductance, capacitor
and inductor respectively. With this decomposition Kirchho s current law (2.4)
appears in the following way:

Al +Ajig+Alic +Ali| =0; (2.4)
Kirchho s voltage law (2.5) simply says

AiVn = Vi; AgVn = Vg; AcVn = V¢, AV = Vit (2.5)

2.3 Branch Constitutive Relations

We now need to include the branch constitutive relations, for each set of com-
ponents in our circuit. These equations are:

. . . d d.
i = le(); ig = Gvg; ic = Cavc; V| = Lﬁl'; (2.6)
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where l¢(t) denotes the vector of current-source values, G and C denote the
conductances and capacitances and are diagonal matrices. The matrix L denotes
the inductances, L is diagonal in the absence of inductive coupling. Inductive
coupling adds o -diagonal terms, but the matrix remains symmetric and positive
de nite. The whole system can be described by using only iy and v,. Thus
equations (2.4),(2.5) and (2.6) can be written as:

d.
A1Vn Lah =0 (2.78.)
Al () + AjGAGV, + AICAC%Vn +Ai =0 (2.7b)
and in system form,
0 A o, L 0 d i _ 0o ©
Al AjGA Vi 0 AICA. dt wvn Al Tt
(2.8)

2.4 System Formulation

In the previous derivation it was assumed that a branch can contain a pure
inductor. In practice it is very natural to model an inductor in series with a
resistor. If we consider this, then the rst equation in (2.7) would include an
extra term Ri; accumulating the resistances. This leads to the system:

R A o, L 0 d i _ 0o ®
Al AJGA, Vi 0 AlCA. dt vn Al T
(2.9)
Now multiplying by 1 in all the equations we get the system:
R A i, L 0 d i _ 0 ©
Al AJGA, Vn 0 AICA. _dt van Al F
I z } I {z } | —{Z—}
G C B
(2.10)

Notice that now i; stands for the current of the inductor-resistor branches. It is
common to write this system in general form:

Gx(t) + C%x(t) = Bu(t): (2.11)

This system is formulated as a symmetric but inde nite system. This is due
to the form of the rst matrix G of our system. Matrices with that structure
can be decomposed in the following way:

A P | 0 A O I AP
PT D~ PTAl | 0 S 0 | (2.12)
Where S = (D +PTA P) is the Schur complement of A in the system
matrix. Then using Silvester’s Law of Inertia [14, p.403] we conclude that
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the matrix has positive and negative eigenvalues. Consequently our system is
inde nite as well. Here it was assumed that A is invertible. This condition is
clearly ful lled by our system.

2.5 Complex Phasor Analysis

Often we are interested in the sinusoidal steady-state behavior of the circuit, i.e.
we want to know how the circuit behaves when applying excitations with xed
frequency. This is known as the Alternating Current or AC analysis. In order
to nd this behavior we can make use of the so-called complex phasor analysis.
We consider the circuit equations in general form (2.11), and an input at a xed
frequency u(t) = cos(¥t+ ). Here ! and stand for the frequency and the
amplitude respectively.

Now we realize that the input can be seen as the real part of a complex
exponential, namely

cos(1t+ )=Re( '™ )=Re( e''t): (2.13)
In order to include sinusoidal inputs we consider a more general input,
namely u = e''t. This leads to the system in complex variable z(t) =
X(t) + iy(t).
d — irt.
Gz(t) + Caz(t) =B e'"% (2.14)

Now replacing z(t) by a complex exponential we get:

G@ZWw)e''Y) + C%(Z(!)e”t) =B e''t (2.15)
after di erentiation and canceling e'*t we nd:

GZ(w) +ilCZw) =B (2.16)

Thus Z(1) is obtained after solving this linear system of complex matrices;

Zw)=(G+ilC) B : (2.17)

For the special case of our RLC circuit, i.e. substituting G and C we get the
system:

R P . t o ir+ii; 0 _
P L = AT © (2.18)

Vi + iV
Here i, represents the real part of the current vector, and i; the imaginary part
(the same for the vector of voltages). is a vector with the amplitudes of the
source signals. Since these values only act as scaling factors one usually takes
= 1. Additionally we have P = A, R=R, L =1L, 6 = AJGA; and
¢ = AlCA. (see (2.10).
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This system has the advantage of being symmetric but it is complex and
some of the properties of the submatrices are lost, for instance R + i!L( is not
positive de nite anymore. This system can also be rewritten as a real system
of equations.

P

0 n 1t 0 :
%;‘ I§ O |é§% § %AT§ (2.19)
0o PT !é é vi

By using the same argument as above we can see that the system is inde nite
and also non symmetric. The spectral properties of the system in complex form
and in real form are di erent. In what follows we will analyze these properties
brie v.

2.6 Eigenvalue Properties

To discuss the spectral properties of the system formulations we will consider
the following example.

Figure 2.2: Circuit with one current source and two RL branches

For this simple circuit, after setting the node number 3 as ground we get:

_ 1 1 . _ _ 11
A= 1 0 ;A= 0 1 andP = 10 (2.20)
Now let us take the following values for resistances and inductances. Notice
that we assume the inductors to be coupled, the o diagonal terms represent

the coupling.

10 . 41
R= L=

0 1 (2.21)

For the system written in complex form (2.18) we check that the system
is in fact inde nite. In Figure 2.3 we observe the location of the eigenvalues
of the complex matrix in (2.18), the four eigenvalues are real (since ! = 0).
Two eigenvalues are negative while the other two are positive. In Figure 2.4
we can observe the paths of the eigenvalues till the value ' = 2:2. We realize
that the eigenvalues on the left half plane tend to zero. The real part of the
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Figure 2.3: Spectrum of the system in Figure 2.4: Spectrum trajectories of
complex form with 1 = 0. the system in complex form with 1 2
(0; 2:2).

eigenvalues in the right half plane is always bigger that 1 and the imaginary part
grows monotonically with the frequency . This kind of eigenvalue distributions
are generally considered unfavorable for solution by Krylov subspace methods
[5, p.16],[6],[11]. We will point this in a more quantitative manner in further
chapters.

Figure 2.5: Spectrum of the system in Figure 2.6: Spectrum trajectories of the
stable complex form with I = 0. system in stable complex form with 1 2
(0; 2:2).

The complex system (2.18) can be transformed into a complex system with
the property of being positive semistable. This means that for all 2 (A)
we have Re( ) 0. This can be achieved by multiplying the second set of
equations by -1. Thus we get the equivalent system:

R P +.|Co A 0 _

PT & "0 ¢ vr+vi AT ’
The spectrum of this system can be seen in Figures 2.5 and 2.6. In the rst
Figure, the eigenvalues appear in conjugate pairs and their real part is in fact
positive. In Figure 2.6 we observe that the eigenvalues stay in the right half
plane, two of the eigenvalues tend to zero and the real part of the other two
remains bounded by one. Their imaginary part grows together with 1.

(2.22)
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Figure 2.7: Spectrum of the system in Figure 2.8: Spectrum trajectories of the
real form with I = 0. system in real form with ! 2 (0; 2:2).

The system in real form ( 2.19) is inde nite as it was stated before. Since
the systems is now real, then the eigenvalues appear in conjugate pairs. First
in Figure 2.7 we observe the position of the eigenvalues when I = 0. In this
Figure all the eigenvalues have multiplicity two. When ! > 0 the eigenvalues
stop being real and appear in conjugate pairs (see Figure 2.8). We nd the same
behavior as in the case with the complex system. The eigenvalues on the left
half plane tend to zero while the real part of the other ones is bounded from
below by 1. In fact we can observe that the spectrum of the real system can be
obtained by including the conjugates of the eigenvalues found in the complex
form.

Figure 2.9: Spectrum of the system in Figure 2.10: Spectrum trajectories of
stable real form with ! = 0. the system in stable real form with 1 2
(0; 2:2).

As it was done before for the system in complex form the real system can
also be reformulated in a positive semistable form. This can be achieved by
multiplying by -1 the last two set of equations of the system (2.19). In Figures
2.9 and 2.10 we can observe the path of the eigenvalues of the system in this
form. Again we can observe that the pro le of the spectrum of the system in
real from can be obtained from the pro le for the complex stable form by adding
the "missing™ conjugate pairs.

This description provides us with useful information. First we know that
the systems are in fact inde nite. A more detailed description regarding the

10
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problems that arise when dealing with inde nite and nonsymmetric systems will
be treated with more detail in the next chapter. Nonetheless, this formulation
can be changed to a positive semide nite form. This property might be useful
when applying iterative techniques, but we will concentrate more in developing
factorizations and their use for implementing direct solvers. We will be able to
construct a factorization of the circuit equations in real form.

11



Chapter 3

Matrix Decompositions

In this chapter we review some strategies for the solution of linear systems
namely, direct and iterative solvers. We brie y analyze their properties and we
discuss some of the problems one might face when dealing with inde nite and
non symmetric systems. We go back to our special kind of systems, the saddle
point problem, and discuss some of the solution methods heading nally toward
Schilders factorization, which is the path we will follow later to solve the circuit
equations. As a main source for the algorithms presented in this chapter we
refer to the book by Demmel [13].

3.1 Linear Solvers

In order to solve a linear system we have the choice between direct and iterative
solvers. The usual arguments to use iterative methods are mainly computer
storage and computation time. But it is important to notice that iterative
solvers require some expertise and if CPU time and storage are not really at
stake, then it is simpler to apply a direct solver.

Algorithm 1 Gaussian Elimination Algorithm

INPUT: n n non singular matrix A = a;j, vector b
OUTPUT: solution vector x s.t AXx =b
1. fori=1;::;n 1 (for each row i)

2. for j =i+1;::;n (subtract a multiple of row i through n)

3. bj=bj Z-b;i (actualizing vector b)

4.  for k =i;::;n (in columns i through n)

5 ajk = ajk %aik (to zero out column i below the diagonal)

6. end for

7. end for

8. end for

9. Solve resulting upper triangular system with backward substitution

A direct method leads, in the absence of rounding errors, in a nite and
xed amount of work, to the exact solution of the given linear system. These
rounding errors can be handled very well by means of pivoting strategies. The

12
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main problem of direct solvers is that their complexity, in the general case, is
of order O(n?), which for very big systems might become too expensive.

In scienti ¢ computing lots of computational time is spent solving systems
of linear equations. These systems can be really large, for instance in compu-
tational uid ow problem and in circuit simulation. In the latter case some of
the designs might involve variables to the order of one million. The process of
solving the unknowns from these large linear systems implies lots of computa-
tional work. The standard direct approach is Gaussian elimination (Algorithm
1).

Now we will analyze the complexity of this algorithm. For a system with n
equations and n unknowns we need 2(n  1)? operations for creating zeros in
the rst column. Then, for the second column we need 2(n  2)? operations.
Thus to eliminate all the elements in the lower triangular part we require §n3
operations. Finally the resulting system comes in upper triangular form:

0
ail

10 1 0 1
aip 1l ain X1 b1
0 axy ::: an X2 b,
. . e=8 (3.1)
0 0 ::: ann Xn bn

This system can be easily solved by means of backward substitution. Leading
to a complexity of order n?, which is a relatively minor cost for large values of n.
Altogether we see that the cost of preforming Gaussian elimination to a system
is proportional to n3.

For very large systems Gaussian Elimination is not very attractive and in
some cases the computation time might be just not a ordable. Nonetheless,
once Gaussian Elimination has been performed, the resulting lower triangular
system can be solved fast (order n?). A question comes out naturally. How to
improve the performance of the algorithms in order to nd a factorization of
the system?

A factorization of a matrix A is a representation of A as a product of several
simpler matrices. The solution to the original system can be found faster by
solving a sequence of systems involving these matrices. In this sense the matrices
are simpler.

3.2 LU Factorization

Usually Gaussian Elimination is carried out by rst factorizing the matrix A
and then solving the simpler systems. To do so we recall the following theorem.

Theorem 1. LU Decomposition  If the n by n matrix A is nonsingular, there
exist a permutation matrix P, a nonsingular lower triangular matrix L, and a
nonsingular upper triangular matrix U such that A = PLU. The system AX =b
is then solved by solving PLUXx = b as follows:

LUx =P Th (permuting entries of b)
Ux =L *(PTh) (solving with forward substitution)
x=U YL PTb) (solving with backward substitution)

There is a condition for having the factorization without needing a permu-
tation matrix. This result is stated as follows.

13
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Theorem 2. The following statements are equivalent:

1. There exists a unique unit lower triangular L and nonsingular upper trian-
gular U such that A = LU.

2. All leading principal submatrices of A are nonsingular.

Without much e ort similar theorems can be proved to deliver LDU factor-
izations.

Theorem 3. If Aisan n nonsingular matrix then, there exist a permuta-
tion matrix P, a nonsingular lower triangular matrix L a nonsingular diagonal
matrix D and a nonsingular upper triangular matrix U such that A=PLDU

The algorithm for computing these factorizations (LU or LDU) is just Gaus-
sian elimination. Pivoting strategies can lead to some extra properties of the
factors. For example by using "partial pivoting" we can assure that all entries of
L are bounded by 1 in absolute value. This is the most common implementation
of Gaussian elimination. There is some other pivoting strategy that is almost
never used in practice, the Gaussian elimination with complete pivoting. In this
case the permutations are chosen in such a way that a;; is the largest entry
in absolute value in the whole matrix. The following algorithm shows how to
perform a PLU decomposition.

Algorithm 2 LU Decomposition Algorithm

INPUT: n n non singular matrix A = ajj
OUTPUT: permutation matrix P, unit lower triangular matrix L and a
nonsingular upper triangular matrix U such that A = P LU (overwriting L
and U on A
1. fori=1:;n 1
2. apply permutations so ajj & 0 (permute L and U too)
(for partial pivoting, swap rows j and i of A and of L where
jaijj is the largest entry in jA(i : n;i)j)
3. A(i+1:ni)=A®+1:n;i)=A(;0),
Ali+1:nji+1:n)=A(i+1:n;i+1:n) A(i+1:n;i) A(i;i+1:n)
4. end for

In the last line of the algorithm, A(i+1:n;i) A(;i+1:n)is the product
ofan (n i) 1 matrix (Lp;) byal (n i) matrix (Us2), which yields an
(n i) (n i) matrix. This is the general setting for Gaussian Elimination. In
order to increase speed of solution and decrease storage it is important to exploit
any special structure of the matrix. For example if the matrix is symmetric and
positive de nite (s.p.d.) the computation time as well as the storage, for solving
AX = b can be decreased by a half.

3.3 Cholesky Decomposition
Lets us recall that a matrix A is said to be symmetric if and only if A = AT

and positive de nite if and only if x" Ax > 0 for all x & 0. Now we recall the
following theorem from the literature.

14
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Theorem 4. 1. If X is nonsingular, then A is s.p.d if and only if XTAX is
s.p.d.

2. If Ais s.p.d. and H is any principal submatrix of A (H = A( : k;J : k),
J k), then H is s.p.d.

3.Ais s.p.d if and only if A= AT and all of its eigenvalues are positive.

4. A is s.p.d. if and only if there is a unique lower triangular nonsingular
matrix L, with positive diagonal entries, such that A=LLT. A=LLT is called
the Cholesky factor of A.

The next algorithm delivers the Cholesky factorization of a symmetric pos-
itive de nite matrix A.

Algorithm 3 Cholesky Algorithm

INPUT: n ns.p.d. matrix A = a;j
OUTPUT: lower triangular nonsingular matrix L such that A = LLT
1. fori=1;:;;

j 1 =,
2. lij=(ay; k=130
3. fori=j+1:5n
4. |ij = (aj 3 2 lidj)=l
5. end for
6. end for

If A is not positive de nite, then this algorithm will fail by attempting to
compute the square root of a negative number or by dividing by zero; this is
the cheapest way to test if a symmetric matrix is positive de nite.

As with Gaussian elimination, L can overwrite the lower half of A. Only the
lower half of A is referred to by the algorithm, so in fact only n(n+1)=2 storage
is needed instead of n?. The number of ops is just half the ops of Gaussian
elimination. Pivoting is not necessary for Cholesky to be numerically stable.

3.4 Nonsymmetric Matrix Iterations

So far we have seen that direct Gaussian Elimination might be too expensive
for very large linear systems. We also reviewed some results regarding matrix
decompositions as LU decompositions and the Cholesky factorization. Some of
these results will be used later in further chapters. Now we will discuss the
iterative schemes.

For the application of iterative schemes one usually has sparse patterns in
mind, for instance linear systems arising from nite element or nite di erence
approximations of a partial di erential equation. However the structure of the
operator plays no explicit role in any of these schemes, and they may also suc-
cessfully be used to solve certain large dense linear systems. Some iterative
methods may be much faster for special problems, like for Poisson Solvers to
mention an example. For matrices that are not positive de nite nor symmetric
the situation can be more problematic. It is often di cultto nd a proper itera-
tive method or a suitable preconditioner. In our special case (Circuit equations)
we are dealing with a so called saddle point system. Since these systems are
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3.4 Nonsymmetric Matrix Iterations Matrix Decompositions

inde nite and in our special case also non symmetric, they represent a signif-
icant challenge for solver developers. To make this clear we recall a paper by
Nachtigal [4].

In this paper [4] the speed of convergence of nonsymmetric matrix itera-
tions is studied. The iterative schemes that are analyzed in that paper are
CGN (Conjugate Gradient Iteration Applied to the Normal Equations), GM-
RES (Generalized Minimal Residual Method), and CGS (a Biorthogonalization
Algorithm adapted from the Biconjugate Gradient iteration).

Figure 3.1: Example with Identity Matrix. All three methods converge in one
step. (Source [4])

Firstin gure 3.1 we observe how the three methods behave when applied to
the identity matrix. As expected, all methods converge after one single iteration.
For the experiment the identity matrix of size 40 was used. A random real initial
vector Xg and right hand side r with independent normally distributed elements
of mean 0 an variance 1 were taken. On the other hand we will see what happens
when the system is non symmetric and inde nite. For instance if we consider
the next system, involving an n matrix:

0 1

o O o
o o
o
-

Cx=r; whereC = 3.2)
1 0 ::: 0 1
The matrix C can be obtained from a simple permutation of the identity
matrix. Nonetheless this matrix is already nonsymmetric and inde nite,
the elements of the right hand side r, were taken to be independent normally
distributed with mean 0 an variance 1. After this simple change we can observe
(Figure 3.2) that both GMRES and CGS perform in a very bad way. During the
rst N 1 (recall that for this example it is considered N = 40) iterations no
improvement is observed for both GMRES and CGS. Only till the last iteration
both methods converge. Meanwhile, since CTC = I, the CGN method converges
after one single step, but we will see that this is not always the case.
All this happens after applying a simple permutation to the identity matrix.
In a more general case that it is also explored in the same paper by Nachtigal.
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3.4 Nonsymmetric Matrix Iterations Matrix Decompositions

Figure 3.2: Example with Matrix C. GMRES and CGS converge till iteration
N. CGN converges after one single iteration.(Source [4])

They show that the three methods converge in a slow way when a random
matrix R of size 40 40 was taken.

The entries of the matrix R were independent normally distributed random
numbers with mean 0 and variance 1. Such matrix has condition number O(N)
on average and smoothly distributed singular values [18], so that CGN will
require N steps for convergence,, The eigenvalues are approximately uniformly
distributed in a disk of radius = N about the origin, thus GMRES and CGS
will also require N steps to converge. In Figure 3.3 we can observe that the
convergence of CGS is oscillating, while the other two are monotonic. It is
important to notice that only GMRES exhibits the convergence in N steps that
would be achieved by all three methods in exact arithmetic.

Figure 3.3: Example with Random Matrix. All three methods require N itera-
tions. (Source [4])

At this point it is time to mention that CGN, GMRES and CGS are the
best nonsymmetric matrix iterations. This in the sense that, for calculations in
exact arithmetic measured by the residual norm, no other iteration ever outper-
forms these three by more than a constant factor, except in certain examples
involving special initial residuals. Roughly speaking, the convergence of CGN is
determined by the singular values of A. If A is normal or close to normal, then
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the convergence of GMRES is determined by the eigenvalues of A; the singular
values and in particular the condition number, have nothing to do with it.

If A is far from normal the convergence of GMRES becomes slower by a
potentially unbounded factor. To make this clear we cite the paper by Green-
baum [3]. In this paper it is shown that any nonincreasing convergence curve
is possible for GMRES. The convergence of CGS is very close related to that
of GMRES, but the convergence of CGS is additionally a ected by instabilities
that are not yet fully understood.

3.5 Saddle Point Problems

From the previous examples we can conclude that nonsymmetric and inde nite
systems are indeed a challenging problem for solver developers. In our case it is
important to notice that we are dealing with a system with this characteristics.
Nonetheless we still have some special structure.

A B x _ b

AX = D;or BT C y ~ ¢

(3.3)

These kind of systems are known as saddle point type, and they arise not
only in circuit simulation but in very di erent kinds of applications. In recent
years there has been a surge of interest in saddle point problems, and di erent
solution techniques have been proposed for solving this type of systems. A
direct attempt for solving this system is direct eliminations of the unknowns x.
This can be done for the more general case when C & 0, but only in order to
illustrate the idea of the method we will assume C = 0. Assuming this we can
solve for the vector x and get:

x=A 1 A By; (3.4)

and substituting this in the other set of equations we get:

B'A IBy=BTA b c: (3.5)

This approach is known as the range space method or the Schur complement
method [5]. This approach is attractive if the order m of the reduced system is
small and if linear systems with coe cient matrix A can be solved e ciently.
The main disadvantages are the need for A to be nonsingular (which is not a
necessary condition, for the \whole" system matrix A, to be nonsingular), and
the fact that the Schur complement S = BTA !B may be completely full and
too expensive to compute and factor. However, when B has no dense columns
and A is such that A 1 is sparse, then the Schur complement is usually quite
sparse. In these cases this approach performs well.

Another method that is in some sense complementary to the previous method
is the null space method. This method only works for the case when C = 0.
Here the variables y are eliminated from the system as follows. It is assumed
that there is a matrix Z which columns are a basis for the null space of BT,
i.e. BTZ =0. Let us further assume that y is particular solution of BT By = c.
Then the solution set of BT x = ¢ can be written as:

X =By+Zz; (3.6)
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Substituting this expression for x in the rst set of equations, we obtain:

AZz+By=b ABY: (3.7)
Multiplying this by ZT and using the fact that Z"B =0, we nd

Z= . .
Z'"AZz=2"bh ZTABY (3.8)

The null space method has the advantage of not requiring A . And the
coe cient matrix looks more attractive than the one obtained with the range
method, provided A is a sparse matrix. However, in order not to perturb the
sparsity, one will have to take care that the matrix Z is also rather sparse. This
means that a sparse basis for the null space has to be used. For certain problems
this is certainly possible (for our special case we will prove that this can be done).
With the discussion so far it should be clear that the solution of inde nite and
nonsymmetric systems is a di cult task, and that their treatment is far from
being uniform. In our case we will focus on developing solution strategies based
in the so called Schilders Factorization.

3.6 Schilders’ Factorization
The Schilders factorization has been developed for systems of the form [1], [5]:

A B X _ a
A_éTO y — b

where Aisan n nonsingular and symmetric matrix, and B isan m full rank
matrix. It is assumed that m n. The Schilders factorization is constructed in
the following way. First we perform the LQ of the matrix B. This means that
we construct an N n permutation matrix and an m m orthogonal matrix
Q such that,

; (3.9)

B =BQ (3.10)

where B is of lower trapezoidal form. Furthermore we require the top m m
part of B to be nonsingular. Now we can de ne:

_ 0
andlet A= A T, then
A B
QAQ" = BT o (3.11)

The Schilders factorization can be performed in this nal form of the system
as follows.

Lemma 1. Let A and B be as in the foregoing, and write BT = (B1;B,)",
where B; is the m m top part of B. Then there exist D; an m m diagonal
matrix, Do an (n m) (n m) diagonal matrix, Ly an m m strictly lower
triangular matrix, L, an (n. m) (n m) strictly lower triangular matrix and
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M an (n m) m matrix, such that:

0 10 10 . .
A B B 0 L, D; 0 In BJ BJ
BT 0 =@B; Inm+L; MA@ 0 D, 0 A@ 0 Iy m+L
0 0 Im Im 0 0 LT MT
(3.12)

Using the previous lemma. The following theorem can be proved.

Theorem 5. Let A be an n  n symmetric , positive de nite matrix, B an
n m matrix of full rank, m n, and set

_ A B
A LA

Then there exist an N n permutation matrix , an m m orthogonal matrix

Q, an m m diagonal matrix D1, an (n m) (n m) diagonal nonsingular

matrix D2, an m m strictly lower triangular matrix Ly, an(n m) (n m)

strictly lower triangular matrix L,, and an (n. m) m matrix M, such that
BQ" is lower trapezoidal and

A=QLDL'QT;
where
_ 0 i
Q - QT 0
0 1
Ilm O 0
L= @Ll Bl 0 A
M B, I, m+Lo

0 1
0 I, O
D=@, D, 0A
0 0 D,

We can observe that with this factorization the original matrix is decom-
posed into simpler matrices, for which the solution can be calculated by simple
backward or forward substitution, which are of order O(n?). Thus we will at-
tempt to use Schilders factorization as a basis for developing a decomposition
of the circuit equations in the next chapters.
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Chapter 4

Factorization of RL Circuits

As we saw in the previous chapter certain symmetric inde nite systems can be
decomposed by means of the Schilders factorization. The system of equations
for RLC circuits is no longer symmetric and the structure is also di erent from
the one for which the Schilders factorization can be directly performed. In this
chapter we rst start by constructing a factorization for RL circuits. In this
special case no capacitive e ects are taken into account (i.,e. C = O). We
also assume that there are no pure conductances in the circuit (i.e. G = 0).
Under this assumptions the matrix has a structure for which a Schilders type
factorization can be performed. Moreover this factorization also provides us
with a proof of the existence and uniqueness of solutions of the AC analysis of
RL circuits.

4.1 Incidence Matrix Decomposition

As we saw above one of the main ingredients in the Schilders Factorization is
to rearrange the matrix B. In the general case this is done by means of the LQ
decomposition. This means we construct an n  n permutation matrix and
an m m orthogonal matrix Q such that,

B =BQ (4.1)

where, B is of lower trapezoidal form.

For the case of circuit equations our matrix B has more properties. It is an
incidence matrix. For such matrices it is possible to make the decomposition
by means of only permutations. This means that the equation above holds but
with both  and Q being permutation matrices. Of course B remains in lower
trapezoidal form. This is stated in the following theorem.

Theorem 6. Incidence Matrix Decomposition Let P be then m (n<m)
incidence matrix associated with a connected network, after deleting one column
(grounded node). Then there exist 3 ann nand ,anm m permutations
matrices such that:

P =P , (4.2)

where PT = (P1;P,)T with P1 is an m m lower triangular and nonsingular
matrix.
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4.1 Incidence Matrix Decomposition Factorization of RL Circuits

Proof: We will proceed by induction over m (remember that the number
of nodes of the network is m + 1).

When m = 1 we have P = v, where v is a vector. Since there are only 2
nodes we have v; & 0 for all i = 1;:::;nq, where n; is the number of branches
of the graph with only 2 nodes. For this case it is enough to take ; = I, and

2 = Im. Now assume the theorem is true for any graph with m nodes (with an
n, m 1incidence matrix), and let P be an arbitrary n; m incidence matrix.

Let us remember that P was obtained after deleting one of the original
columns (the ground node). Since the graph is assumed to be connected, there
exists at least one branch which either starts or ends at the ground node. Let
this branch be in position i with corresponding node in position j, and de ne

r(n n)and (M m) the row permutation matrices that interchange the
rows number 1 and i and the rows 1 and j respectively. Then we have:

P oc=v M (4.3)

Since the branch lies between the node j and the grounded node we have rst
that v; = x & 0. Furthermore this also implies that the rst row of M has to
be zero. Thus we have:

x 0
I’Iﬁ\ c — v IE (44)
where B is an incidence matrix associated with the original network after delet-
ing the node j. Thus, by the inductive step there exist permutation matrices
r1, c1 Such that P =B, . with B, being lower trapezoidal with invert-
ible top. Finally by de ning

1 0 1 0

= ; and = 4.5
r2 0 l c2 O cl ( )
we have,
x 0 x 0
P= ®, = r2 v B —Crz = r2 rp\ c ;;rz (4.6)

where is a permutation of the vector v. Clearly the matrix P is lower trape-
zoidal and since x & 0, then the top part of the matrix is invertible. The
required permutation matrices are given as follows.

1= r2 nand 2= o ¢ 4.7
QED.

The decomposition can be performed by means of algorithm 4. In this
algorithm, when looking at the third step, a natural question comes out. Is it
always possible to nd such k and 1?. The answer is yes and it is provided by
the argument given in theorem 6. The complexity of this algorithm is O(n?),
making use of sparse structures to store the incidence matrix P.

In Figure 4.1 and 4.2 we can see the shape of an original 47 29 incidence
matrix and its rearranged lower trapezoidal form after applying algorithm 4.
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Algorithm 4 Incidence Matrix Algorithm

INPUT: n m incidence matrix B

OUTPUT: matrix B in lower trapezoidal form, 1, , row and column
permutation matrices s.t. B=B

.DeneB=B, 1=l 2=Ilmnm

.fori=1;2;::;mdo

Find k;1 such that = [ jBy;jj = 1 and By, &0

Permute rows i and k of matrices B and 1

Permute columns i and | of matrix B, permute rows i and | of matrix »
. end for

o0 wN e

Figure 4.1: Original incidence matrix Figure 4.2: Incidence matrix in lower
47 29 trapezoidal form (47 29)

In Figure 4.3 we can observe a 452 256 incidence matrix in its original
form. After applying our algorithm we get the matrix in lower trapezoidal form
(Figure 4.4). This provides us with an important tool to factorize the circuit
equations.

4.2 RL Factorization

In this chapter we are working with RL circuits, this means that, we consider
circuits without capacitors and without pure conductances (i.e. ¢ = G = 0).
Now let m + 1 be the number of nodes and n the number of branches in the
circuit. Thus equation (2.19) takes the following form:
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Figure 4.3: Original incidence matrix Figure 4.4: Incidence matrix in lower

(452 256) trapezoidal form (452 256)
0 A it P o 10 i 1 0 0 1
it R o P i 0
A:%N 0 o0 Oﬁg\irﬁ:%A-{ﬁ “o
0 PT 0 0 Vi 0

where R is an n  n diagonal positive de nite matrix, [ isan n  n symmetric
positive de nite matrix and P is an n m incidence matrix. Since P is an
incidence matrix we can then apply algorithm 4 and nd permutation matrices
1(n n), 2(m m)suchthat ;P =P 5. Thende ning
1

0
1
Q:% s § (4.9)

2

and lettingR= ;R TandL= 1L T weget:

1
R IL P O
+ B R O P§
0 PT 0 0

where PT = (P1;P2)". Moreover, due to the way the algorithm was constructed
we have that P; isan m m nonsingular lower triangular matrix and P, is an
n m m containing the rest of the incidence matrix. Now let us subdivide
the matrices R and L as follows.
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_ Ruu Rz ., _ Lu L
R Ra1 Rz - La1 L2 (4.11)
then, de ning the permutation matrix 3 as follows:
0 1
Im
Im
3= In m (4.12)
In m
I2m

We can rearrange the equations by multiplying with 3, we have that:

0 1
Ri1 'Ly Rop 'L, P O

L1y Ru 'Li» Rop 0 Py
Ro1 'Ly Ro 'Ly, P, O

T T _
RAQT 5 = Loy Ro "L, Rx 0 P> (4.13)
Py 0 Py 0 0 O
0 P 0 Py 0 O
Let us organize this matrix in the following blocks.
0 1
An A Bx
IQAQT [ =0@Ay Ap BA (4.14)
Bl Bl 0
here
_ P } _ P _  Rjj "Ly ... o -
Bl - P]_ y BZ - P2 and A|_| - !L|j RU y |,J 2 fl,ZQ .
(4.15)

Once our system equation have been set in this form we can perform a Schilders
type factorization. Such kind of factorizations have been developed to construct
preconditioners for nonsymmetric saddle point matrices [7]. We construct the
factorization as it is stated in the next theorem.

Theorem 7. The matrix for the RL circuit arranged as in 4.14 can be decom-
posed in the following way:

0 1 0 10 10 1
Au A B B 0 Ly Dy 0 Iyn Bf BI 0

@A21 A22 BZA = @Bg L2 M A @ 0 D2 0 A @ 0 U2 0 A
Bf B 0 0 0 Iy Iom O 0 Uy F Iy
(4.16)
where Mis an 2(n. m) 2m matrix,F is an 2(n. m) 2m matrix. D is
2m 2m diagonal, L; is 2m 2m strictly lower triangular and U; is 2m 2m
strictly upper triangular. Meanwhile the matrices D,, L, and U, are 2(n m)
2(n m) nonsingular matrices with D, diagonal, L, lower triangular and U,
upper triangular.

Proof: First notice that the last matrix from the decomposition is not
necessarily the transpose of the rst one, in contrast with the original Schilders
factorization. We now observe that the factorization holds if and only if the
following equations are satis ed.

25



4.3 Dependences on w Factorization of RL Circuits

B:D:B] +BiU; + LB = Ap; (4.17)
B:D:B] +BiF +L1B] = Ay, (4.18)
B,D1B] +ByU; + MB] = Ay (4.19)
L,D,U; + B,D1B) + BoF + MBJ] = Ay, (4.20)

Using (4.17) we can nd D, U; and L;. First let us recall that B; is
invertible, in fact we have:

(4.21)

Now we can multiply equation (4.17) by B, * from the left and by B, T from
the right:

D;+UB, "+B,;'L; =B, 'A;;B, ": (4.22)

From this equation, using the fact that U; is upper triangular, L; is lower
triangular and that P, 1 is also lower triangular we get:

L; = Bystrlow B, *A;3B, T ; Up =strupp B, *AnB; " Bf;  (4.23)

and
D, =diag B, *A;1B; " ; (4.24)

where \diag" means to take only the diagonal elements of the matrix, \strlower"
means to take the strictly lower part of the matrix, and \strupp" means to take
the strictly upper part of a matrix. We can now proceed to compute the matrices
F and M from equations (4.18) and (4.19) respectively. In fact we nd,

F=B,' A, B;D:;B}] LiB] ;M= Ay B;D;B{ ByU; B;":
(4.25)
We are left with the problem of nding the matrices D,, L, and U,. To do
so we write equation (4.20) as follows,

L,D,U, =A B,D;B] BF MBJ; (4.26)

By performing an LDU decomposition on the matrix in the right hand side
we can nd the last matrices. The remaining step is to show that in fact this
last matrix can be decomposed. This can be achieved by applying Cholesky
decomposition to some submatrices. We will prove this fact in the following
section (see lemma 2). This completes the proof. QED.

4.3 Dependences on w

Now we proceed to show that the matrices D5, L, and U, can be found. In order
to do so we will rst explore how w plays a role in the factorization. By doing
so we will also prove that the matrices D5, L, and U, exist and are nonsingular.
In the previous section we found expressions for the matrices D;,U; and Lj
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in terms of B; Land Aj;. By substituting the expressions for B, Land Ay,
namely

1_ Pt ) _ Ru Ly,
B,"= p,t A = 1L, Ry (4.27)
we nd that,
diag(P, 'R11P; 1)
D, = 1 1 ) : 4.2
1 diag(P, *Ri1P; T) (4.28)
Pistrlow(P; *RyiP; 1) 0
1 1Ly,P, T Pistriow(P; *Ry1P; T) (4.29)
and
_ strupp(P; 'Ry1P; T)PS 1P, Ty
U= 0 strupp(P; *Rq1P; T)PS (4.30)

Using these previous expressions we can describe more precisely the matrices F
and M. In fact we get

Eo P Ry, low(P, *Ry1P; T)PS 1P, 1Ly,
'(P, 'Ly Py 'LuaP; TPY) Py 'Ry low(Py *RyP; T)PS
(4.31)
v = RetPr’ Paupp(Py 'RuPy ™) M(LaPy T +PoPy tLuaPy )
VP, T RziPy © Paupp(P; 'RuP; T)
(4.32)

Here upp and low stand for taking the lower and the upper part of a matrix,
i.e. including the diagonal.

The only terms remaining to be determined are L,,D, and U,.These matrices
are to be taken out from the LDU decomposition of W = A, B,D;BJ
BoF MB] (see (4.26)). This is stated in the next lemma.

Lemma 2. De ne W := A, B,D;B] B,F MBJ with the expression
given above for the matrices involved. Then W can be factorized as follows:

\A\/ — I—2;1 0 D2;1 I—-2r;1 !L-Zr;Z
oo Los(l) D2;2(Y) 0 Lis(M)
where Ly.1, Lp.» and D,.; are matrices independent of ! and L,.3 and D»., are

functions of !. Additionally we have that L,.; and L,.3 are nonsingular lower
triangular matrices, D,.; and D,.» are diagonal and nonsingular as well.

(4.33)
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Proof: using the previous expressions we see that the matrix W has the
following 2 2 block structure,
Wi =Rs;  RoiP; TP) PoP; Ryp + PP 'Ry Py TPS
Wi, = (Lo PoPy 'L1iP; TP + LyP, TP + PyP; tLiy)
Wop = 1(Laz  PoP; *L1sP; TPS + LyaPy TP) + PyP; i)
Wa =Rz RoiP; TPY PoP, 'Ry + PoP; 'RyP; TP

From here we rst realize that these blocks can be written as follows.

(4.34)

Ry Ri P, TPS

4.35
R21 Ro22 I (4.35)

\/\\/11 = \f\\/gz = PZP]_ 1 |

L1 L P, TPy

= =1 1
Wp=Wa=1 PPt oI Lot Lo |

(4.36)

It is important to observe that both matrices (in the right hand side of
equations (4.35) and (4.36)) are symmetric and positive de nite. Thus we rst
realize that, L,.1,D5.1 can be computed from the LDU decomposition of the
matrix Wi;. Having W, invertible is a su cient condition (theorem 3) for
decomposing the matrix as an LDU product. In our particular case we have
even more properties, Wi4 is symmetric and positive de nite and thus it can be
decomposed as an LDLT product (theorem 4). Additionally we know that the
matrices L., and D».; are invertible. With this information we nd out that
the matrix Ly.» has the following expression.

Loz = Wa1l, 1 Dy (4.37)

After doing some computations we are left nally with the problem of de-
termining L,.3 and D,.» such that,

L2;3D2;2 L;—;3 = \/\\/11 + !Z\A\/glwlll\f\\/gl: (438)

The matrix on the right hand side of the equation appears as the sum of two
matrices. W4 is clearly symmetric and positive de nite, the second matrix is
also symmetric, and since the inverse of a positive de nite matrix is also positive
de nite, we can conclude that 12W,, W, "W, is also positive de nite (despite
the case when ! = 0 which leads to a positive semide nite matrix). Finally we
use that the sum of two symmetric and positive de nite matrices is symmetric
and positive de nite. Thus the matrix can be decomposed as a LDLT product
by means of Cholesky (see algorithm 3) and consequently nonsingular matrices
L,.3 and Dy, can be found. These matrices are clearly dependent of I. This
concludes the argument. QED

It is important to notice that all the matrices, excluding L,., and D.,, are

either independent or linearly dependent of 1. This plays an important role
because this matrices need to be calculated only once.
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4.4 Final Factorization

The previous results can be summarized in the following theorem.

Theorem 8. Let A be the matrix associated with an RL circuit (see 4.8). Then
there exist an N n permutation matrix 1 and an m m permutation ma-
trix , such that 1B I is lower triangular. Moreover there also exist, an
2(n m) 2m matrix M, an 2(n. m) 2m matrix F, an 2m 2m diagonal
matrix Dy, an 2m 2m strictly lower triangular matrix Ly, an 2m  2m strictly
upper triangular matrix U;, and 2(n m) 2(n m) invertible matrices D, L,
and U,, with D; diagonal, L, lower triangular and U, upper triangular, such
that:

A= EBE T:
where
0 O 0 -1r;l 0 1—;2 O 1
_%0 o 0 I, 0 I;lg
@7 o 0 0 0 oA
0 I o0 0 0 0
0 1 0
lbm 0 O ILm Ul F
E=@L, B, 0A;8=@0 B] BJA
M B, L, 0 0 U
0 1
0 Iy O
®=Q@,, D; O0A:
0 0 D,

where By is the top 2m mopartof B 2T, and B, is the lower 2(n m) m
part. 1.3 is the matrix formed by the rst m columns of 1, 1., is the matrix
formed by the last n m columns of ;.

Proof: To nd the matrices 1 and » we use theorem 6. Then we arrange

the matrix as in (4.14), and apply the decomposition given in theorem 7. Let

3 and Q be as in (5.24) and (4.9), respectively. Then let 4 be the following
permutation matrix:

0 1
4= @1y, 0 0A: (4.39)
0 |2(n m) 0
Using this permutation we observe that:

0 1
0 0 I;l QI' I;Z ?_
T T T — 0 O 0 1;2 0 l;l§ .
Q3 4—%; o 0o 0 o 0K (4.40)
o I 0o 0 0 0
| {z }
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4.4 Final Factorization Factorization of RL Circuits

Then we observe that:

0 10 10 1 0
0 0 lom B, 0 L; 0 I 0 Iom O
@15, 0 0A@B, L, MA@oO 0 Iyn mA=@L; B;
0 1 0 0o 0 1 | 0 0 M B
2(|joZ m) } 2m | 2m {Z } 2
4 i
(4.42)
and
0 1 0 1
Bf B] 0 Ibm U F
4s@0 U, 0A 7=@0 B BJA: (4.42)
Uy F Iy 0 0 U
The nal step is to realize that:
0 1 0 1
Dl 0 |2m 0 |2m 0
4@0 D, 0A T=@,, D 0A; (4.43)
|2m 0 0 0 0 D2

and this concludes the proof. QED

An important remark can be done at this point. The previous theorem does
not assume that the original matrix A is invertible. Thus theorem 8, provides
us not only with a factorization of the matrix but it also tells us that the matrix
A is invertible. This follows after realizing that,

0 1, 0 1
0 Iym O Di Il O

@ D 0A =@l 0 0 A; (4.44)
0 0 D 0 0 D,*'

and since D5 is invertible it follows that A is also invertible.

This means that a solution to the Alternating Current Analysis of an RL
circuit always exist and moreover this solution is unique. In the next chapter we
will  rst have to prove the invertibility of the system matrix and then proceed
to develop the factorization.
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Chapter 5

Factorization RLC Circuits

In this chapter we develop a factorization for the general case of circuits, i.e.
including capacitive e ects. In contrast with the RL case, for the RLC case
we rst have to prove that the system associated with circuit is nonsingular,
this result will be used later to develop the factorization. As a second step we
rewrite the circuit equations in a new form. This new formulation involves more
variables than the original one, nonetheless we are able to factorize the system
of equation written in this new form.

5.1 Invertibility of the RLC system

Let us recall the equation for the RLC circuit from (2.19). The system has the
form:

,t 5 o 10 . 10
0 =) i 0
%If’\T 0 é !é§%vr§ %A,T§ (5.1
0o PT 1¢ 6 Vi 0
This system can be rewritten as:
A= ';T E ; (5.2)
where A " 5
_ ! _ 0
A= ,p a B= 4 s (5.3)
and o o
1
C= e & ° (5:4)

Where R is a positive de nite diagonal matrix, P is of full column rank. Then
we can make the following observations. First it is easy to realize that the
symmetric part of A (H = (A + AT)) is:

_ R 0 .
H= | a° (5.5)
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5.1 Invertibility of the RLC system Factorization RLC Circuits

thus H is positive de nite and consequently also invertible. A second obser-
vation is that, since P' has full column rank then also B has full column rank.
Additionally we can check that C is positive semide nite. With these properties
we can prove that the matrix A is invertible. We do it by means of the next
lemma. The proof is based in a more general result by Benzi and Golub [6].

Lemma 3. Let A be a matrix with the structure given in (5.2). Now let H =
1(A+ AT) be positive de nite, D = 2(C + CT) be positive semide nite and B
be of full rank. Then A is nonsingular.

Proof: Suppose that Av = 0 with vT = (x"y"). Then we have vT Av =0,
thus by performing the following calculations:

0=vTAV=x"Ax+x"By" y'BTx+y'Cy=x"Hx+y'Dy; (5.6)

since H is positive de nite and D is positive semide nite, we can conclude that
x"Hx =0 and y"Dy = 0. Now since H is positive de nite then x = 0. Now
using the rst block equation of Av = 0 we have:

AX+ By =0; (5.7

since x = 0 then we have By = 0, and nally using that B has full column rank
we conclude that y = 0 as well. This means v = 0, which implies that A is
invertible. QED

Now we will proceed to rewrite the system in a di erent form, the system
in this new form will be later factorized. First let us recall that our system
consist of four kinds of elements. Namely resistors (pure resistors), inductors(in
series with a resistor), capacitors and current sources. We will further assume
the input frequency is always strictly positive (i.e. T > 0). This is acceptable
because when w = 0 the system has a rather simple form, namely:

®r o p ot0 i 1o 41
B 5 & o KBuk=Buk - (58)
o PT 0o G Vi 0

This system can be easily factorized, to this purpose it is enough to observe
that:

1 R

R P I 0 R 0
0 (G+PTRIP) 0 | (5.9)

PT &6 ~ PR |

The factorization can be completed after observing that G+PTR 1P is positive
de nite, then we can apply Cholesky to decompose it asan LDLT product. This
provides us with the factorization. It is important to notice that R ! is diagonal
and that the Schur complement & + BTR 1P remains sparse.

32



5.2 Circuit Equations (Revisited) Factorization RLC Circuits

5.2 Circuit Equations (Revisited)

In the previous section we saw that we can assume ! > 0. With this assumption
we will get an equivalent formulation of the circuit equations. As it was done
before we consider the involved matrices arranged as follows.
2 3 2 3 2 3
Ai Vi Ii
A=§ﬁié;vb=§‘\jié;ib=§}§é; (5.10)

A \Y i
where the subscripts i,g,c and | denote current source, resistor, capacitor and
inductor(in series with a resistor) respectively. With this decomposition Kirch-
ho s current law (2.4) appears in the following way.

Al +Ajig+Alic +Ali| =0; (5.11)
Kirchho s voltage law (2.5) simply says

AiVn = Vi; AgVn = Vg; AcVn = Ve, Ay = Vit (5.12)
We consider the following branch constitutive relations:

ii = 1(0); i —GV'i—CEV'v—(LE+R)i' (5.13)

i — t\L), g — gr» lc — dtC! 1 = dt Iy .

where 1¢(t) denotes the vector of current-source values, G and C denote the
conductances(of the pure resistors) and capacitances and hence are diagonal
matrices. The matrix R denote the resistances that are in series with the in-
ductors hence it is also diagonal. The matrix L denotes the inductances and
it is diagonal in the absence of inductive coupling. Inductive coupling adds
o -diagonal terms but the matrix remains symmetric and positive de nite.

Now we will write the system using iy, ic, iy and vn. Thus we get the
following equations:

G ltig AgVn =0 (5.14a)
C lic Ac%vn =0 (5.14b)

(L% +R)ii  Avn =0 (5.14c)

Ajig+Alic +Ai = All(t) (5.14d)

We can rewrite the equations in system form (note that Kirchho equations
was multiplied by minus one):

0o _ . 10.1 0 1 0.1 0 _1
G Ag ig 0 ig 0

ct? §%iC§ % 0 Acgd%ic§_%0§
% R A i K+ L 0 Ag@jAK-@oA"®
Ay Al Al 0 Vi 000 O Vi Al

i
(5.15)
Then using the complex phasor analysis the system takes the following form:
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5.2 Circuit Equations (Revisited) Factorization RLC Circuits

20 1 0 130, 1 0 _1
G1? Aq 0 igr + iigi 0
g% c ! §+il% 0 AC§Z%i6,+iici§=%o§
R Al ; L o0 iy + iy 0

Ay Al Al O 000 O Vor + iVni Al
(5.16)
0 1
0
0
0
_BoO
=)
0
Al
0
(5.17)

We multiply by minus one the third blocks row. And since we assume ! >0
then we can divide by ! in the third and fourth block rows. We also permute
these rows and get the following:

0 G 1 - Ag
ic A
ic
1L A
IL R
Ay Al Al 0
Ay Al Al 0

Now we further permute rows and get:

061 Ay
ic ! Ac
R LA
G 1
ic !

1L R
Ay Al Al 0
Ay Al Al 0

Finally permuting columns we get:
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061 0 Ay %
0 ic 1 Ac 0

R . ) L A 0

0 G 0
ic1 0 “Bo

o R 0

Ay Al Al 0 AT
Ay Al A DO 0

(5.20)

This formulation is equivalent to the original formulation (5.1), and hence
the matrix is also invertible (see lemma 3).

5.3 RLC Factorization

In the previous section we reformulated the RLC circuit equations. Let m+1 be
the number of nodes of the circuit and n be the number of components. Then
matrix of the system is of the form:

O ¢ B o
¥ X o ¢‘§
PT 0 0 0 (5:21)
0o PT 0 0
where 0 1 1
G ! 0
X=@ 0 A;and?=@ Ict A (5.22)
R L
are n n matrices. The incidence matrix P is of size n m and is given by:
0 1
Ag
P=@ AA: (5.23)
A

Since P is an incidence matrix then we can again apply algorithm 4 and nd
an n n permutation matrix ; and an m m permutation matrix , such
that P =P ,. Here P is an incidence matrix in lower trapezoidal form, i.e.
PT = (P PJ), where Py is lower triangular and invertible. Thus by de ning Q
and 3 as follows,

0 1 O|rn
1 |
m
Q= ! §; 3:% In m
2
2

We nd that:
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5.3 RLC Factorization Factorization RLC Circuits

1

Xz Y X2 Y2 P12 O
Yiu Xz Yo X2 0 Py
X Y X Y P 0

AOT T = 21 21 22 22 2 ;
RAQ 3 Yor Xo1 Yo X2 0 P
Py 0 Py 0 0 O
0 Py 0 P, 0 O

where the matrices X and Y are de ned and organized in blocks as follows.

Observe that X1 and Yq1 are of size m m, and that X5, and Yy, are of size
(n m (n m.

(5.25)

T v - Xu X, T _.v — Y Y2 |
=X = Y T=v= : 5.26
1 1 X21 X22 1 1 Y21 Y22 ( )

In order to perform the decomposition, we will arrange the matrix in the same
way in which it was done in the previous chapter.

0 1
A A B
3QAQT ;— = @Azj_ Aoo BZA X where Aij =
Bl B! 0

Xij Y'J

5.27

Now we are ready to prove the following theorem that will lead us to the
nal factorization.

Theorem 9. The matrix associated with the RLC circuit (5.27), can be decom-
posed as follows:

0 1 0 10 10
A A Bi B. 0 L Dy 0 lm BJ B]
@ry Ay BAA=@B; Iy my MA@O W 0AQ@0 Iy, m
Bf B 0 0 0 lom lo,m O 0 Uy F

(5.28)
where Mis an 2(n m) 2m matrix,F is an 2(n. m) 2m matrix. D; is
2m 2m diagonal, L, is 2m  2m strictly lower triangular and U; is 2m 2m
strictly upper triangular. The matrix W is of size 2(n m) 2(n m), and
moreover since the original system is invertible then W is also invertible.

Proof: Just as it was done in the proof of theorem 7, we realize that the
statement is true if the next equations are satis ed.

B;D:B] +BjU; + L1B] = Ayg (5.29)
B:D:1B] +B.F + LB = A, (5.30)
B,DiB] +ByU; + MB] = Ay (5.31)
W + B;D1B] + ByF + MBJ = Ay (5.32)

again multiplying (5.29) by B, ! from the left and by B, " from the right we
nd expressions for Ly, U; and Dj:

L; = Bsstrlow B, *A;1B; " ; Uy =strupp B, *A;1B, " BJ; (5.33)

D; =diag B, 'Ay;;B; T : (5.34)
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Using (5.30) and (5.31) we nd expressions for M and F,

F=B,' A, B:D:B] LiB] ;M= Ay B;D:B] ByU; B, ":
(5.35)
Finally from (5.32) we get:

W =A,, B,DiB] BF MBJ: (5.36)

This concludes the decomposition. Now, since the original matrix A is invertible
it follows that the product of the three matrices is invertible. After some per-
mutations, one can check that the rst and the last matrices in the product are
invertible. Thus the matrix in the middle is invertible. This matrix is invertible
if and only if W is also invertible, because:

0 1, 0 1
Dj_ 0 |2m 0 0 |2m

@Qo W 0A =@ W ! o0A: (5.37)
I2m 0 0 |2m 0 Dl

this nishes the argument. QED

This provides us with all the ingredients to nd factorization for the RLC
circuit equations. The only step left is to use an LDU decomposition of the
matrix W. This can be done because O is nonsingular (see theorem 3). Thus
there exist matrices of size2(n m) 2(n m), Ly, Dy, U, and ¢ such that:

eLoDoU, =W (5.38)

where L; is lower triangular, D, is diagonal, U, is upper triangular and ¢ is
permutation matrix.

Using this LDU decomposition and theorem 9 we get the nal decomposition
for the RLC circuit equations. This is stated in the following theorem.

Theorem 10. Let A be the matrix associated with an RLC circuit as it appears
in (5.20). Then there exit permutation matrices Q, 3, g, and invertible
matrices E, B , 8, with E lower triangular, B "almost" diagonal, and 8 upper
triangular. Such that:

where:
0 L 0, 1
! I
m
Q= % ! § y 3= é In m E ;
2 In m
2 I2m
1 0
E = @ e A y 4= @|2m 0 0A
lom 0 I2(n m) 0
0
0 lom O
®B=@, D; 0A
0 0 D
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and 0 1 0 1
|2m 0 0 |2m Ul F

E=Q@ L, B, 0A;:8=@0 B BJA
™M B, L, 0 0 U

Proof: The proof is analogous to the one in theorem 8. Here it is only
important to take care with the next calculations:

0 1 0 1
B]_ 0 L1 Bl 0 I—l
L@B, (L, MA=@B, L, MA; (5.39)
0 0 lIum 0 0 I
and 1
B 0 L
s@71B, L, IMA T=E (5.40)
0 0 Iom
QED
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Chapter 6

Time Complexity

In this chapter we analyze how the RL and the RLC factorizations work. First
we show some illustrative examples for each of the cases. Then we make a
derivation of the time complexity of both factorizations. Finally we provide
some examples with circuits of arbitrary size which allows us to compare the
time complexity quantitatively. The execution time of the solving using the
factorizations is compared to the one obtained when solving by means of LU
decomposition.

6.1 Small RL example

In order to show how the RL factorization works we will consider the circuit
in Figure 6.1. Here we have m + 1 = 3, the number of nodes, and n; = 3, the
number of inductors, which is also the number of total branches because in this
case there are no current sources, because this is only an example to show how
the factorization works.

Figure 6.1: Simple RL Circuit

Then constructing the incidence matrix we have:

0 1 0 1
1 1 1 1

A=@0 1A ThusP=@0 1A: (6.1)
1 0 1 0
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Furthermore let:

0 1 0 1
5 2 1 1
R=@ 6 A;L=@ 3 1A: (6.2)
7 11 4

In this case we consider inductors with coupling, that is why the matrix L
has nonzero entries in the o -diagonal. Now we proceed to construct the RL
factorization of the matrix as it was done in chapter 4, we will consider I = 1.
First we need to construct the permutations matrices ; and ,, by applying
algorithm 4 we nd:

0 1 0 !
001 Lo !
1=@ 1 0A; ,= o 1 andde neQZ% ! §
100 2
2
(6.3)
Then we have:
0 1 0 1
7 4 1 1
RT=R=@ 6 A; [ T=L=@ 3 1A (6.4)
5 1 1 2
and
0 1
10 10
P ,=@0 1A and identify P, = g 1 P2=1 1 (65
1 1

Furthermore we rst compute P, ! and by de ning (remember that m = 2

and n; = 3):
0
12
1 % l2 E
Pt = L7 = Iy (6.6)

And we nd
0 1
7 0 4 1 0 1 1 0 0 0
O 6 1 3 0 1 0 1 0 0
4 17 0 1 0 0 0 1 0
13 0 6 1 0 0 0 0 1
o0 1 15 2 1 1 0 0
QAQ =B, | o 0 2 5 0 0 1 1 6.7)
100 0 1 0 0 0 0 0
o1 0 0 1 0 0 0 0 O
o0 1 0 0 1 0 0 0 O
00 0 1 0 1 0 0 0 0
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We recognize the structures (see theorem 7):

0 1 0 1 0
70 4 1 0 1 10
_Bo 6 1 3§_ _%0 1§_ _%o 1
Ai=@y 1 7 oK A2T@ oK BiT@p o
1 3 0 6 1 0 0 O
00 1 1 , _ 5 2 1 10
Ai= 3 1 o o AT o 5 B2T o o g
Then we can calculate:
0 1
7 0 4 1
0 6 1 3
BllAnBlT:%4 L7 O§;
1 3 0 6
from here we conclude (see again theorem 7),
0 1 0 1 0
7 0 0 O 0 0 0 O 0 0 4
_oeoo__%oooo__oo
Dy = 07 oA'liT@ 4 1 o oKW1 T 0 0
0 0 0 6 1 3 0 O 0 0 O
With the information above we nd:
0 1
7 1
76 6 5 _%6 1§
M= 11 7 6 ‘F @6 7
5 6
Finally we nd that:
W=A,, B,DiB] B,F MBj = 18 151518

(6.9)

(6.11)

(6.12)

Now we need to decompose this matrix as stated in lemma 2. Thus we realize

that:
Lg;l =1 and D2;1 =18

hence we can compute

1 15
Loo =WoL, D, =15(1)— = =
2:2 21bp.1 Dyg 5()18 18

and it is only left to nd
1
L2;3D2;2L—2r;3 = \/\\/11 + !2W21W111W21 =18+ ( 15)(T8)( 15) =

Thus we have,

1 0 18 0 1 L
. — 18
0o 3 Uz 0 1

Despite some extra permutations, this completes the factorization.
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6.2 RL Complexity

Now we will analyze the time complexity of solving the circuit equations with
the RL factorization. For this purpose let m + 1 be the number of nodes in the
circuit, n; the number of inductors (in series with a resistor) and n; the number
of current sources. Then the circuit equations have the form:

R L D
achar oo CEBLE-BN K ow
o PT 0 0 Vi 0

The size of the matrix A, is then 2n; + 2m, the number of current sources does
not play a role in the size of the system actively. Then we can conclude the
complexity of solving the equations via the LU decomposition is:

O (2(ni +m))® + (2(ny + m))> (6.18)

The cubic term comes from computing the LU decomposition the quadratic term
comes from the solving the respective upper triangular and lower triangular
systems.

Now we analyze the complexity of solving the circuit equations using the RL
factorization. In this case the size of the system equation remains 2(n; + m).
The algorithm to solve the equations using the RL factorization is conformed
roughly as follows.

Algorithm 5 RL Solution Algorithm

INPUT: circuit equations matrices: A,Aj, R, L and a frequency !
OUTPUT: solution vector x for the frequency ! with, X = (ir; ii; Ve vi)T
1. Determine permutation matrices 1 and », transforming P into
lower trapezoidal form (see algorithm4)
2. Transform the system matrix A with Q leading to R,L and P
3. Arrange the system matrix in blocks A;; (see (4.14)
4. Determine P, L and thus nd the matrices D;,L; and U, (see theorem?7)
5. Perform the Chosleky decomposition on Wy, and Wiy + 12\W,, W, "Wy,
leading to the matrices D,, L, and U, (see lemma2)
6. Apply the correspondent permutations, solve with backward substitution
the upper triangular system 8, solve with forward substitution
the lower triangular system E and apply B ! (see theorem8)

The rst step of the algorithm is performed by using algorithm 4. Thus we
incur in n,2 operations. Multiplying by the permutation matrix Q as well as
the arrangement of the system matrix, are basically read and write operations.
Performing Cholesky decomposition needs %(n. m)?) operations, in our case
we need to apply this algorithm twice. Solving the resulting upper and lower
triangular systems requires O((2(n; + m))?) operations.

So far we have discussed most of the steps in the algorithm, now we go a bit
deeper into step number 4. This step seems to be rather simple but it deserves
more discussion. The easy part is the computation of P, 1 this involves O(m?2)
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operations, because P, is lower triangular and sparse (it contains at most 2
nonzero entries per row). The most delicate issue here, is the computation of
the product P, *A;3P; 7. The computation of P, *L;1P; T acts in the same
way. The matrix P; was set to be lower triangular and very sparse, hence the
inverse is also lower triangular, but it might be full though. This might happen,
for example, when

0 1
1
1 1
P]_ = . . . (619)
11
In this special case we have that the inverse is full, in fact:
0 1
1
11
Pp,'=B. . | ; (6.20)
11 1

From this we can conclude that performing the products P, 1R11Pl T and
P, 11 11P1 T, depends on the properties of P1, in bad cases it might take up
to the order of O(m3) operations. In some other cases it might happen that we
require no operations, for instance if P; = I,. Adding altogether and omitting
factors, we can conclude that the worst case complexity of the algorithm is:

O nf+(n m)®+md+ (2(n +m))? (6.21)

In the previous expression some factors were left in order to identify the problem
from which they come from. For instance, the term m® comes from the problem
of calculating the product associated with P; 1 Provided that P, 1 remains
sparse, the complexity of solving by using the RL decomposition,

O nZ+(n  m)®+ (2(n +m))? (6.22)

the other terms can not be avoided. From this, we can conclude that the RL
solution algorithm performs the best when P, ! remains sparse and n; m is
small. In any case we can conclude that, for systems big enough, solving with
the RL factorization is better than solving by using direct LU decomposition.

An extra comment deserves to be made here. In the discussion before we
assumed to be interested in solving the system only for a xed frequency 1I.
In general one is interested not only in one speci ¢ value of ! but rather in a
whole frequency range. In chapter 4 it was shown how many of the matrices of
the factorization are either independent or linearly dependent of . This means
that all these matrices need to be computed only once. The only matrices
that need to be recalculated are L,.3 and D2.» (lemma 2). Meanwhile, with
the LU decomposition everything needs to be recomputed again. This provides
one extra argument for solving with the RL factorization, specially when one is
interested in nding the solution for many di erent values of I.
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6.3 RL Study Case

Above we discussed the time complexity of solving the circuit equations with
direct LU decomposition and with the RL factorization. Now we will analyze
this more quantitatively. In order to do so we will consider the circuit in Figure
6.2.

Figure 6.2: RL Circuit

The size of this system can be measured with the number N. Our circuit has
2N + 1 nodes and hence m = 2N. The number of RL branches is nj =3N 2.
The matrices corresponding to this circuit take the form.

0 1
M1 0

A=@0 M2A; (6.23)

In In

where
0 1 0 1
0 1 1 1
1 1 1 1
M1= o M2 = o . (6.24)
1 1 1 1

Here A is of size (B3N 2) 2N, the blocks M1 and M2 are of size (N1) N.
Additionally we have A; = ( 1;0;:::;0). All the resistances are assumed to
have the same value r = 2:5, the inductances are set to | = 1:25 10 °. Further
more we assume a coupling between parallel inductors that are next to each
other (see Figure6.2). The coupling will be denoted by aa factor0O p 1, 1i.e.
a proportional value to the value of the inductances. Thus R =rlgy 2 and

0 1
1

In 1 pIn 2 p 1 p
L=@ply 1 In 1 A : where M3 = o : (6.25)
p 1

We selected this circuit because we can vary its size arbitrarily with the
parameter N. Furthermore we can also observe how the introduction of coupling
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a ect the performance of the methods. For the case N = 2 we computed
the solution for the voltage at node 3, using the RL decomposition and using
Systems and Control toolbox of MatLab. In Figure 6.3 we observe the result
obtained with Systems and Control Toolbox, meanwhile in Figure 6.4 we can
see the results obtained after solving with the RL factorization. Since the RL
factorization is exact (despite roundo error), both graphs coincide as expected.

Figure 6.3: Solution of the System and

Control Toolbox for the voltage at node Figure 6.4: Solution with RL algorithm
3 at node 3

The previous observation validate the results obtained with the RL factor-
ization, now we will brie y explore the e ect of the coupling factor. In Figure
6.5 we can observe how the curve of the voltage in node 3 changes with di erent
coupling factors. The higher the coupling factor is, the less steep the magnitude
plot is. The phase changes in a similar way, for higher coupling factors the phase
curve is "pulled” to the right (Figure 6.6).

Figure 6.5: Magnitude plot for di erent Figure 6.6: Phase plot for di erent cou-
coupling factors pling factors

In order to analyze the time complexity, we implemented both solution meth-
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ods in MatLab. We increased the size of the circuit (see Figure 6.2) by increasing
the parameter N. First we can express the time complexity in terms of the vari-
able N. Using that for our circuit m = 2N and nj = 3N 2, we have that the
complexity of solving, with direct LU decomposition, the RL circuit in Figure
6.2 for a xed frequency is:

O(26N 2P +[2(5N  2)]?): (6.26)

When solving with the RL algorithm we have the following. For this special
circuit, the generated P, 1 is unfortunately not sparse enough. For instance in
Figure 6.7 we can observe the sparsity structure of the matrix for the case when
N = 20. This structure is not sparse enough to avoid expensive computation
time for the calculation of the product P, lRllP1 T In Figure 6.8 we can check
that in fact the product becomes a full matrix, incurring in O(m?3) ops.

Figure 6.7: Matrix P, * Figure 6.8: Product P, 'P, T

From the discussion above we can conclude that for this special circuit the
time complexity of solving the circuit equation with the RL algorithm is:

O(N 2P +[2NPE+[3N 2]2+[26N 2)?): (6.27)

This will re ect in the numerical results. The following computations were
performed in MATLAB on a PC with processor IntelPentiumCoreDuo2 1.86GHz
with 1GB RAM. In Figure 6.9 we can observe the computation times for di erent
values of N. Here we consider p = 0, i.e. no inductive coupling. As expected,
for small values of N, we can see that the RL Algorithm takes more time that
solving with direct LU decomposition. This happens because, for small values
the terms that determine the running time are the second order terms. The RL
ALgorithm performs more procedures of order 2 than the LU decomposition this
leads to more operations for small values of N. Nonetheless, once N is bigger
that 102, the dominant terms determining the computation time are the terms
of order 3. Consequently the computation time of the RL algorithm starts to
be shorter than the one of the direct LU decomposition. The di erence might
not look very large, but this is only due to the logarithmic scale. For instance,
when N = 512 direct LU decomposition uses 147:2sec, while the RL algorithm
needs only 55:98sec,i.e. almost one third of the time.

When we include a coupling factor p = 0:1 (Figure 6.10), the computation
times for the RL algorithm remain almost the same. This is not the case for
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6.3 RL Study Case Time Complexity

Figure 6.9: Solution running times for Figure 6.10: Solution running times for
RL circuits without coupling p =0 RL circuits with coupling p = 0:1

direct LU decomposition. For instance, when N = 256, the computation time of
the RL algorithm is 0:861sec for the problem without coupling and 0:995sec for
the problem with coupling. Meanwhile, for the same value of N the computation
time of direct LU decomposition is 1:129sec for the problem without coupling
and 3:962sec for the problem with coupling. This e ect becomes more clear
for higher values of N. For N = 1024, the computation time of direct LU
decomposition increases from 147:2sec to 294:3sec, while the computation time
of the RL algorithm changes only from 55:98sec to 56:8sec.

Figure 6.11: Executions time for the Figure 6.12: Executions time for the
modi ed RL circuits without coupling modi ed RL circuits with coupling

In order to explore how the structure of the network a ects the complexity
of the RL algorithm, we will consider a modi ed version of the circuit in Figure
6.2. We will keep the parameter N, but we will consider only two vertical
branches instead of N. This leads to a circuit with m = 2N nodes and n; = 2N
branches. Thus solving with direct LU decomposition leads to the order of
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[2(2N)]2+[2(4N)]? ops. Using the RL algorithms needs about [2N ]2 +[2N]3 +
[2(4N)]? operations. It is important to notice that the the term \n, m", in
the complexity of the RL algorithm (6.21), vanishes. This means that for this
special case Cholesky decomposition does not need to be applied.

In Figure 6.11 we can see the computation times for the problem without
coupling. Figure 6.12 displays the results for the problem with a coupling factor
of p = 0:1. For the case without coupling the RL Algorithm is more expensive
when N 256, for bigger values of N the RL algorithm it is already cheaper.
Moreover, it might be a bit di cult to observe it in the Figure, but the slope
of the curve of the RL algorithm is smaller than the one for direct LU. This
means that if we increase the size of N, then the di erence in time will also
increase. This e ect can be observed more clearly, for the case with coupling
(see Figure 6.12), here for N = 256 the computation time with the RL algorithm
is of 0:49sec, while with direct LU is 1:08sec.

The di erence in computation times keeps increasing together with N. For
example when N = 1024 the direct LU needs 85:12sec, while RL algorithm
takes 22:76. The RL algorithm changes from being 2 times cheaper to be 4
times cheaper than direct LU decomposition. We can check again that the
introduction of the coupling factor does not greatly a ects the performance of
the RL algorithm. For example for N = 256, the computation time of the RL
algorithm moves from 0:38sec for the case without coupling, to 0:49 for the
problem including coupling, meanwhile the time of the direct LU changes from
0:46sec to 1:08. This fact is more clear when N = 1024, in this case direct LU
changes from 26:88sec, for the problem without coupling, to 85:12sec to the
problem with coupling. This is not the case for the RL algorithm, the time
here moves from 16:02sec, for the case with no coupling to 22:76sec for the case
with coupling. If this property holds in general, then this will be an extra pro
for choosing the RL algorithm to nd the solution of RL circuits. In any case,
due to the analytic analysis of the complexity, we can conclude that the RL
algorithm will perform better, for circuits large enough.

6.4 Example: RLC Ladder Circuit

Above we discussed the RL factorization in detail, now we will do the same with
the RLC factorization. To this extend we will use a circuit that is used as basic
model for transmission lines, the so called RLC Ladder circuit (see Figure 6.13).

We will use N, the number of blocks, as a variable to measure the size of the
circuit.

Figure 6.13: RLC Ladder Circuit with N Blocks

The RLC ladder with N blocks, contains m+ 1 = N + 2 nodes and 3N
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branches. To be more precise we have, nj = N, ng = N and nc = N, where
ni, Ng, N denote the number of inductors, conductances and capacitors in the
circuit. The matrices A;, Ay, Ac are of size N N + 1 and have the form:

0 1 0 1
1 1 0 01 O
0 1 1 0 0 1
A= - s Ag=Ac= N (6.28)
0 O 1 1 0 0 ::: 0 1

ization works we will rst consider the case N = 1. For appearance purposes
we will consider R =2, L =3, C = 7 and ! = 1. The matrix of the circuit
equations in standard form (2.19) is:

O n a0 0p ot
1t R o P §
b BT 0 & e (6.29)
0o PT 1€ G
and substituting the chosen values we have:
0 1
2 3 1.1 0 O
3 2 0 O 1 1
10 0 O 0 O
1 0 o ! o 1 (6.30)
0 1 0 0 0 0

1 1
o 1 0 1 o !

On the other hand, the reformulation of the circuit equation (5.20), which
we need in order to apply the RLC factorization, are:

0 G 1 0 Ay 1
0 ic1? Ac
R ) LA
1 A
0 g1 ¢ 0 A (6.31)
' N R A
Ay A A 0
Ay AL A O 0
and substituting the correspondent values we get:
0 1
5 0 0 0 0 0 0 1 0 0
0 0 0 0 4 0 0 1 0 0
0 0 2 0 0 3 1 1 0 0
o0 0 o 5 0 0 0 o0 O 1
0 4 0 0 0O 0O O 0 O 1
o 0 3 0 0 2 0 0 1 1 (6.32)
0 0 1 0 0 0 0 0 0 0
1 1 1 0 0 0 0 0 0 0
0 0 0O 0 O 1 0 0 0 O
0 0 o0 1 1 1 0 0 0 O
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We can clearly observe how the size of the matrix increases by 4 = 2(ng + n¢).
We also recognize the matrix arranged in blocks P, X and ¥,

0 1 0 1 0 1
0 1 500 0 0 O
P=@o 1A;X=@ 0 0A;¥=@ 4 0A (6.33)
1 1 0 0 2 00 3
After applying algorithm 4 to P we nd:
0 1 0 1
100 01 1 0
1=@ 0 1A; ,= 1 o sthen P T=@1 1A =P (6.34)
010 1 0
and identify
- 1.0 5 _ _ 1_ 1.0
P, = 1 1 P,= 1 0 ;thenP, "= 11 (6.35)

Furthermore, as it was done for the general case, we de ne the following

permutation matrices:

0 1 . 1
! I
2
Q= ! § ;3= % Iy E (6.36)
2 Il
2 |4
Then we have:
0 1 0 1
5 00 0 0 O
X T=X=@ 2 0A; ;¥ [==Y@ 3 0A; (6.37)
0 0O 0O 0 4
and thus 0 1
Air A Bx
3QAQT I =@A, Ay ByA; where (6.38)
Bl BJ 0
0 1 0 1 0 1
5 0 0 0 00 1 0 0 0
_Bo 2 0 3 _ %8 0 ~B1 1 0 o0
Ai=@y o 5 oK A2 @ oK'B1T@0 o 1 o0
0 3 0 2 00 0 0 1 1
(6.39)
0 0 0 0 . _ 0 4 . 1 0 0 O
A21 - 0 0 0 O 3 A22 - 4 0 3 Bz - 0 0 1 0 (640)
Then we have:
0 1 0 1
55 0 0 5 0 00
1 T _RB5 7 0 3 . _ RO 7 0 O
Bl AllBl - 0 5 5 ’ Dl - 0 5 O (641)
0 35 7 0 0 0 7
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0 1 0 1
0 0 0 0 0 50 0
B 5 o o o§_ _%8 0 0 3§
Ll—%o 0 o oXK:U1=T 0 0 5 (6.42)
0 3 50 0 0 0 O
and 0 1
5 0
550 0 . _% o§
M= 0 g5 5 iF= c (6.43)
05

The matrix which need to be LDU decomposed (see theorem 9) is:

- 5 4.
W=7, o (6.44)

and after applying the LDU decomposition we nd:

10 1 0 5 0 1
e= o 1 L : (6.45)

Lo = D= 5 a U2 0

SIS
Il
[ENTTIN

This nishes the factorization, just some reordering, to nd the matrices E, B
B, is left to the reader. In Figure 6.14 we can observe the magnitude and the
phase plots of the voltage at node 2, for the RLC circuit with N = 1. The curve
of the magnitude starts to bend for frequencies higher that ! = 10 ?(rad=sec).

Figure 6.14: Magnitude and Phase of the Voltage at node 2 in a RLC Ladder
with 1 block
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6.5 RLC Complexity

In the previous section we saw more clearly how the RLC factorization can be
computed. This RLC factorization can be used to solve the equations of an
RLC circuit. But rst let us make a comment on the complexity of solving the
equation with direct LU decomposition. For this case we can use the normal
formulation (2.19). The size of the matrix is then 2(n,+m), thus the complexity
is:

O([2(ni + m)P + [2(n + m)I%); (6.46)

where, n; is the number of inductors (in series with a resistor) branches and
m + 1 is the number of nodes in the RLC circuit. Now we will discuss the
complexity of using the RLC factorization for a direct solver. The steps to do
this are put together in algorithm 6.

Algorithm 6 RLC Solution Algorithm
INPUT: circuit matrices: Aj,A¢, Ag, Ai, R, L, G, C and a frequency !
OUTPUT: solution vector x for the frequency !
xT = (igrs icr; i gisicis s Ve vi) T
1. Determine G %, C 1, write the equations as in (5.20) and nd permutation
matrices 1 and , transforming P into lower trapezoidal form (see algorithm4)
2. Transform the system matrix A with Q leading from the matrices X,¥ and P
to X,Y and P
3. Arrange the system matrix in blocks A;; (see (5.27)
4. Determine P, L and thus nd the matrices D;,L; and U, (see theorem?7)
5. Perform an LDU decomposition on W (see theorem 9), leading to
the matrices ¢, Dy, L, and U,
6. Apply the correspondent permutations, solve with backward substitution
the upper triangular system 8, solve with forward substitution
the lower triangular system E and apply B ! (see theorem10)

Since G and C are diagonal, the computation of G * and C ! is a problem
of linear complexity. Finding the permutation matrices 1 and , takes about
(ni+ng+nc)? ops with algorithm 4. Multiplying by Q and 3 is cheap because
both matrices are permutations. Since Py is lower triangular and sparse (at most
two nonzero values per row), then the calculation of P, * takes only m? ops.

Computing the products P, *X31P; T and P, 'Y1;P, T might take up to
O(m?®) operations, in case P, 1'is not sparse enough. If the matrix is sparse
then then computing the products is cheap. Performing an LDU decomposition
on the matrix W costs about [2(n; + ng +nc m)]3 operations. Finally solving
the resulting lower and upper triangular systems needs [2(n; + ng + Nn¢ + m)]?
operations. Altogether the complexity of the RLC algorithm is:

O([n+ng+nc*+m?+m3+[2(nj+ng+n;  M)P+[2(nj+ng+n+m)?): (6.47)
Provided P, 1 is sparse enough the complexity reduces to:

O([y +ng +Nel? + M2+ [2(n +ng +ne - M +[2(ny +ng +ne+m)P): (6.48)
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It should be clear that the RLC algorithm might be more expensive that
applying direct LU decomposition. This happens mainly because the RLC al-
gorithm increases the size of the system equations in order to provide the fac-
torization. Nonetheless, in some cases, the RLC algorithm can be faster than
direct LU decomposition. We will show this by analyzing the case of the RLC
ladder circuit.

The results displayed in Figures 6.15, 6.18, and 6.19 were performed in
MatLab in a PC with processor AMD Turion64X2 1.60GHz with 2GB RAM. In
Figure 6.15 we see the running times for solving the RLC ladder with di erent
number of blocks. For this case direct LU decomposition is always faster than
the RLC algorithm. We observe how the curve for the RLC algorithm always
lies above the one for direct LU decomposition.

Figure 6.15: RLC Ladder Circuit with N Blocks

We can explain this in an analytic form as well. We just need to remember
that nj = ng = nc = m = N then using direct LU needs:

O([4ANT3 + [4N]?) (6.49)

operations. To calculate the complexity of the RLC algorithm we can use ex-
pression (6.48). We can in fact use this expression, because for this case P, !
is sparse enough, the sparsity structure of P, * and P, 'P; T can be seen in
Figures 6.16 and 6.17 respectively. Using the expression we get the complexity:

O([3N]? + N2 + [4N]3 + [8N]?): (6.50)

This expression is clearly bigger than the one for direct LU decomposition,
because of the extra terms of order 2.

At rst glance it might seem not such a good a idea to use the RLC algorithm,
but luckily this is not always the case. For instance, if we considered a modi ed
version of the RLC ladder circuit the RLC algorithm performs better than
direct LU decomposition. We will consider the RLC ladder with the same block
structure, but we will \delete™ some of the vertical branches. The way in which
we will remove the vertical branches is as follows.

Given a proportion of vertical branches to be removed 1 p, we rst compute
bpNc, where bxc denotes the biggest integer smaller or equal than x. Then we
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Figure 6.16: Matrix P, * Figure 6.17: Product P, P, T

start by removing capacitors branches from left to right (see Figure 6.13), till we
have removed bpN ¢ capacitor branches in total. In the same, but this time from
right to left we remove the same quantity of conductances. Thus the modi ed
version of the RLC ladder satis es nj = N,m = N and ng = n. = pN, where
N is the number of blocks in the circuit.

In Figure 6.18 we can see the computation times for the modi ed version of
the RLC ladder circuit with factor p = 0:5. For small values of N direct LU is
still faster that the RLC algorithm, but in contrast to the previous case, this
time the RLC algorithm reaches the performance of direct LU for N = 256. For
di erence in performance increases with N. When N = 1024 direct LU needs
12:83sec, while the RLC algorithm needs 10:35sec. Later for N = 2054 LU
needs 96:53 and the RLC algorithm needs 76:13, the di erence in computation
times changes from about 2sec to about 20sec. For this case the RLC algorithm
behaves better than direct LU decomposition. We can again explain this, using
the expressions for the time complexity.

Since for the modi ed RLC the number of resistor-inductor branches n; and
the number of nodes m + 1 do not change, then the complexity of direct LU
remains the same. Meanwhile, ng = nc = b0:5Nc, thus n; + ng + nc = 2N and
n+ng+n. m=N. Then the expression for the complexity of the RLC
algorithm now reads:

O([2N]? + N2 + 2N + [2(3N)]?); (6.51)

the only term of third order in the previous expressions is [2N]3, which is smaller
compared to [4N]3, the leading term in the complexity of solving via direct LU
decomposition.

This e ect is more clear when we study the running times for solving the
modi ed version of the RLC ladder with factor p = 0:2. For this case the
complexity of the RLC factorization is:

O([1:4N]? + N2 +[0:8N ] + [2(2:4N)]?): (6.52)

while the complexity of solving with direct LU stays the same. Numerical results
appear in Figure 6.19. The di erence between the computation times is now
evident. Already for N = 64 the RLC algorithm performs better than direct
LU. For larger values of N the RLC algorithm is much faster. For instance for
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Figure 6.18: RLC Ladder Circuit with N Blocks

N = 256, the elapsed time for RLC is 0:03sec while the one for direct LU is 0:24.
As another example, when N = 2048 direct LU needs 95:89sec while the RLC
algorithm needs only 2:58sec, this is a time reduction factor of 36. Con rming,
that for this case, the RLC algorithm performs much faster than direct LU.

Figure 6.19: RLC Ladder Circuit with N Blocks

With these examples we can get some useful information to know when it
is advisable to use the RLC algorithm instead of LU decomposition for solving
directly the circuit equations. First it is very important to remark, that for RL
circuit circuit case, the RL algorithm is always better than direct LU. Provided
that the circuit is big enough.

For the case of RLC circuits, we can say the following. If the circuit contains
just some few capacitors and few conductances, then the RLC algorithm should
perform better than direct LU. We can give a reason for this by examining the
expression for the complexity of the RLC algorithm. We immediately observe
that we require ng +nc ~ 2m for the RLC algorithm to be faster than direct
LU decomposition. If this condition is not ful lled then there is no chance for
the RLC algorithm to perform better than direct LU decomposition. For this

55



6.5 RLC Complexity Time Complexity

cases is better to discard the RLC algorithm.

On the other hand, if the condition is ful lled, the RLC algorithm might
be much faster than direct LU decomposition, as it was shown in the example
above. This nishes our discussion of the usage of the RL and RLC factorization
for implementing direct solvers. The kind of factorization developed here can
also be used to nd preconditioners for iterative schemes, but we will not discuss
it here. Such kind of preconditioner matrices has already been addressed by
Schilders [1] and also by Cao [7], leading to very interesting results.
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Chapter 7

Conclusions

In mathematical terms, the main problem we were concerned along this thesis
is the solution of inde nite and non symmetric linear equations. Such kind of
systems arise in di erent areas. We showed how these systems appear in elec-
tronics, in the simulation of RLC circuits for our particular case. In this area,
there is a special need for fast solvers, mainly because nowadays the circuits
contain a very large number of components. This last condition make direct
solvers very expensive and thus not a ordable. From the point of view of iter-
ative solvers, the poor spectral properties of the matrix, delay the convergence
of the iterative schemes. In simple words, developing e cient solvers for these
kind of systems is not a trivial issue.

The matrix associated with the RLC circuit falls in the class of saddle point
matrices. Many e orts have been done to develop solution methods for this
kind of problem. In this thesis we reviewed some of these methods, as well
as the basics of linear equations, in order to make the work as self contained
as possible. The Schilders factorization is a method in which we made special
emphasis. Based on this factorization, we were able to construct factorizations
for both, rst for the case of RL circuits and, after some extra e ort rewriting
the original equations, for the general case of RLC circuits as well.

7.1 Contribution of this work

It is important to mention that in this thesis, we constructed and provided
proofs for the existence of the factorizations mentioned above. We achieved
this in the following way. First we discussed the problem of rearranging the
incidence matrix in to lower trapezoidal form, we also included an algorithm
to perform such rearrangement. Then we treated the case RL, and by proving
the existence of this factorization we were also able to conclude that the matrix
associated with the RL circuit is invertible. In contrast, for the RLC case we

rst had to prove the invertibility of the original matrix, then reformulate the
circuit equations in to a slightly di erent form and nally we constructed the
factorization.
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7.2 Future Work Conclusions

The presented factorizations can be used for implementing direct solvers or
to construct preconditioners in order to apply iterative schemes. This was al-
ready mentioned in the literature [1] [7]. In this text we were more concerned
analyzing the use of these factorizations for implementing direct solvers. We
stated this in terms of an algorithm for each case. Furthermore we provided
a comparison, in terms of the time complexity, between these algorithms and
applying the direct LU decomposition. This was done analytically and also nu-
merically to give an idea of how the algorithms will behave in practice.

From the discussion regarding the time complexity of the algorithms we were
able to conclude the following. Provided that the circuit is big enough, the RL
factorization is always faster that applying direct LU decomposition. Unfortu-
nately, this not always the case for the general RLC factorization. In this case
we found that sometimes applying the RLC factorization is de nitely not rec-
ommended. A condition when this happens, was stated in terms of the number
of capacitors, conductances and nodes in the RLC circuit. Despite this fact,
by means of the example of the RLC ladder circuit we were able to show that
there are still some cases when applying the RLC algorithm is much cheaper
than applying direct LU factorization. One extra advantage that was appointed
but not yet exploited here, is the fact that for di erent input frequencies only
a small part of the factorizations needs to be recomputed. This could lead to
more advantages.

7.2 Future Work

We already mentioned that the frequency dependences of the factor matrices
should be further explored and exploited. This problem has a lot to do with
rearranging the incidence matrix into lower trapezoidal form. In general the
reordering is not unique and consequently there is room for trying to nd an
optimal one. In terms of graph theory, the problem of rearranging the matrix
is equivalent to nding an spanning tree in the circuit network. We already
mentioned and gave references for the possibility of constructing preconditioners
using the factorizations as basis. Another possibility would be to try to use
them, together with a model order reduction technique, in order to nd model
reduction algorithms, better suited for RLC circuits; which is very important in
the industry.

58



Bibliography

[1] W.H.A. Schilders: Solution of inde nite systems using the LQ decomposi-
tion. In P. Neittaanmki, et al. (Eds.), Proceedings European Congress on
Computational Methods in Applied Sciences and Engineering (ECCOMAS
2004, Jyvskyl, Finland, July 24-26, 2004), CD-ROM . Jyvskyl, Finland:
Jyvskyln Yliopisto.

[2] Roland W. Freund, Peter Feldmann: The SyMPVL Algorithm and Its Ap-
plications to Interconnect Simulation, Numerical Analysis Manuscript No.
97-3-04, Bell Laboratories, Murray Hill, New Jersey, June 1997. Available
on WWW at http://cm.bell-labs.com/cs/doc/97

[3] Anne Greenbaum, Vlastimil Ptk, Zdenek Strakos: Any Nonincreasing Con-
vergence Curve is Possible for GMRES, SIAM J. Matrix Anal. Appl. No.
17, 465, 1996

[4] N.M.Nachtigal, S. Reddy and L. N. Trefethen: How Fast are Nonsymmetric
Matrix Iterations? Proceedings of the Copper Mountain Conference on
Iterative Methods, Copper Mountain, CO, 1990

[5] Michele Benzi, Gene Golub and Joerg Liesen: Numerical Solution of Sad-
dle Point Problems Technical Report, TR-2004-028-A, Mathematics and
Computer Science, Emory University

[6] M. Benzi and G. H. Golub: A preconditioner for generalized saddle point
problems, SIAM J. Matrix Anal. Appl., 26 (2004), pp. 2041.

[7] Z.H. Cao: A class of constraint preconditioners for nonsymmetric saddle
point matrices, Numerische Mathematik, (2006) 103: 47-61,

[8] Bryant PR: The order of complexity of electrical networks. Proceedings of
the IEE (GB), Part C 1959; 106:174 188.

[9] D. Estevez Schwarz, C. Tischendorf: Structural analysis of electric circuits
and consequences for MNA. International Journal of Circuit Theory and
Applications. 2000; 28:131-162

[10] Yousef Saad, Henk van der Vorst: Iterative Solution of Linear Systems in
the 20-th Century Journal of Computational and Applied Mathematics.
Volume 123, Issue 1-2 November 2000

[11] B. Fischer, A.Ramage, D.J. Silvester, A.J. Wathen: Minimum residual
methods for augmented systems, BIT, 38 (1998), pp. 527-543

59



BIBLIOGRAPHY BIBLIOGRAPHY

[12]

[13]
[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

Peter Feldmann, Roland W.Freund: Numerical Simulation of Electronic
Circuits:State-of-the-Art Techniques and Challenges, Course Notes)

James W. Demmel: Applied Numerical Linear Algebra, SIAM, 1997

G.H Golub, C.F. Van Loan: Matrix Computations. Johns Hopkins Univer-
sity Press, 2nd edition, 1989.

R. A. Horn, C. R. Johnson: Matrix Analysis. Cambridge University Press,
Cambridge, 1985.

Hans Wilhelm Alt: Lineare Funktionalanalysis,Springer, 2006

Pieter Heres: Robust and e cient Krylov subspace methods for model order
reduction, Ph.D. Thesis, Technische Universiteit Eindhoven 2005

A. Edelman: Eigenvalues and condition numbers of random matrices,
Ph.D. thesis and Numer. Anal. Report 89-7, Department of Mathemat-
ics Massachusetts Institue of Technology, Cambridge, MA, 1989

Joost Rommes: Methods for eigenvalue problems with applications in model
order reduction, Ph.D. Thesis, Universiteit Utrecht 2007

Dirk Deschrijver: Broadband Macromodeling of Linear Systems by Vector
Fitting, Ph.D. Thesis, Universiteit Antwerpen 2007

B. Gustavsen, A.Semlyen: Rational Approximation of Frequency Domain
Responses by Vector Fitting, IEEE Transactions on Power Delivery, vol. 14,
pp. 1052-1061, 1999

B. Gustavsen: Improving the Pole Relocating Properties of Vector Fitting,
IEEE Transactions on Power Delivery, vol. 21,NO.3, pp. 1587-1592, 2006

Nelson Martins, Paulo C. Pellanda, Joost Rommes: Computation of Trans-
fer Function Dominant Zeros With Applications to Oscillation Damping
Control of Large Power Systems, IEEE Transactions on Power Systems,
vol. 22,No.4, pp. 1657-1664, 2007

60



Acknowledgements

First of all I would like to thank my thesis supervisor prof.dr. Wil Schilders, for
giving me the opportunity of making this project. He shared lots of his expertise
with me, he gave me much freedom to work, an always provided an easy going
working atmosphere. His contribution to this work was very important, just
to mention that the main ingredient for completing this work is a factorization
named after him.

I thank my second advisor dr. Joost Rommes. He was also very helpful and
always provided me with many comments and ideas for improving my work.
Besides that he also encouraged insightful discussions.

I would like to thank prof.dr. Henk van der Vorst for the time he took to
have, what for me was, a very constructive discussion. | also thank him for
pointing me to very important references for doing my work. | thank my col-
leagues at NXP, where | carried out this project. | specially mention Maria
Ugryumova, for helping me to nd very useful literature. | also thank Charles
Chilaka for reviewing this text.

I would like to thank all the persons | met at both universities, the Technis-
che Universitaet Kaiserlatuern and the Technische Universiteit Eindhoven. The
sta members, my colleague students, and specially all the friends I now have,
which are so many that | can not name all of them here.

I would like to acknowledge the committee members, dr. Sorin Pop and dr.
Jos Maubach, for investing their time reading this thesis.

I am very grateful to the European Commission. My complete studies were
supported with a grant under the ERASMUS MUNDUS scheme.

Last but de nitely not least, | would like to thank family, my brothers Abril,

Karol and Omar. Most importantly my parents Patricio and Imelda, who have
always supported me in all my projects. To them | dedicate this thesis.

61



	Contents
	List of Figures
	List of Algorithms
	Chapter 1Introduction
	Chapter 2Circuit Equations

