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SUMMARY. Differential-algebraic equations arise from the equation based modelling of phys-
ical systems, such as those found for example in engineering or physics. This thesis is con-
cerned with square, sufficiently smooth, potentially non-linear differential-algebraic equa-
tions. Differential-algebraic equations can be classified by their index. This is a measure of
how far a differential-algebraic equation is from an equivalent ordinary differential equation.
To solve a differential-algebraic equation one usually transforms the problem to an ordinary
differential equation, or something close to one, via an index reduction algorithm. This
thesis examines how the index reduction (using dummy derivatives) of differential-algebraic
equations can be improved via structural analysis, specifically the Signature Matrix method.
Improved and alternative algorithms for finding dummy derivatives are presented and then
a new algorithm for finding globally valid universal dummy derivatives is presented. It is
also shown that the structural index of a differential-algebraic equation is invariant under

order reduction.
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CHAPTER 1

Introduction

Differential-algebraic equations (henceforth DAEs) arise from the equation based mod-
elling of physical systems, such as those found in engineering or physics, with problems
specifically arising from chemical distillation [61], electronic circuits [60] and robotics [7].
Models are now frequently built interactively using different components from large libraries
in environments such as GPROMS [43], MAPLESIM [26], SIMULINK [27] and an assort-
ment of tools that use the Modelica modelling language (e.g. OpenModelica [16], Dymola
[12] and SimulationX [23]). This way of modelling systems can lead to large scale DAEs
[17]. A common notion in DAE theory is the differentiation index [6], see §1.2 It is well
known that solving a high index (larger than one) DAE directly is numerically difficult [19],
hence modelling tools usually perform some structural analysis to determine the index of the
problem. Up until recently this analysis was usually based on Pantelides’ algorithm [41],
although we will be using the Signature Matrix method [45] (see Chapter [2)) for our analysis,
as it applies to DAEs of arbitrary order (see Chapter |5) and provides us with extra structural
information we wish to exploit (see Chapter [3). After finding a DAE’s index the problem is
usually to convert (or reduce) the DAE to an equivalent system of index 1 or 0 (an ODE), as
these problems are easily solvable by commonly used solvers, e.g. DASSL [42], SUNDIALS
[22] and recently the MATLAB solver odelbi [57]. Thus our aim is to reduce a large class
of high index DAESs to index 1 or 0 algorithmically. We now provide a brief overview of this
thesis. Chapter [1| provides an introduction to differential-algebraic equations and different
ways of classifying them. Chapter [2| provides an overview of the Structural Analysis via
a Signature Matrix, with detail and derivations not previously seen in the literature. The
chapter concludes with new material on classifying different potential offset vectors, which

has proved fruitful for developing new index reduction algorithms. Chapter |3| gives a brief
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overview of the Dummy Derivative index reduction procedure and then goes on to give new
algorithms to speed up the procedure. The chapter provides new material on unifying the
method with the Signature Matrix method and goes on to give several algorithms for finding
necessary dummy derivatives and dummy derivatives efficiently using a block form. Chap-
ter 4] gives a new algorithm for finding dummy derivatives that are globally valid, thereby
removing some of the complications inherent in the original algorithm. Finally Chapter
provides a proof that the structural index is invariant under a specific form of order reduc-
tion. Such a result was not known in the literature previously and is of course very important
in practice. If the structural index could increase under order reduction then one would have
to be particularly careful when applying the dummy derivative algorithm, since it can yield
an index 1 DAE (or ODE) with order larger than 1 when applied to a high index DAE of
order 1. Chapter [6] provides a summary of conclusions for each chapter and future works the

author believes would prove fruitful.

1.1. Motivation

Before giving any motivation we need to define what we mean by DAEs. We write

<$§-€)>(ﬂ)ej with J = {(j,¢) | j € {1,....,n}and ¢ € {0,...,[;}} to compactly denote n
variables and their derivatives with respect to ¢t up to some order [;, where [; depends on

variable z;. We define a general DAE:

DEFINITION 1.1.1 (A Differential Algebraic Equation). A differential algebraic equation,
DAE, is a set of m equations and n variables, dependent on a variable t usually considered
to be time. We label equations by ¢ and variables by 7 so that we have derivatives of each

variable up to some order /;. More compactly
1) fit: (7)) =0,
where £ € {0,...,l;} andi e {1,...,n1}, 7€ {1,...,na}.

We avoid the case where the DAE is over or under determined and only look at the

case where n = n; = ny for the majority of this thesis. Perhaps the most straightforward
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and informative physical example of a DAE is found by considering the simple pendulum in
Cartesian coordinates. We measure from left to right in the = direction, downwards in the
y direction and employ Newton’s law to find equations for the force in these directions. We
keep the length of the pendulum fixed, so that it will be moving in a circle. The variables x
and y represent displacement in the horizontal and vertical directions respectively and A is
a multiple of tension in the rod, all of which depend on time ¢. We let G be the constant for

acceleration due to gravity, L be the length of the rod and obtain the following equations:

(1) = mi(t) + A1) _o, yl_.
(2) b(t) = mij(t) + At)y(t) — mG =0,
c(t) = 22(t) + y2(t) — L2 _ 0 Pendulum bob, mass=m

3
For the duration of the thesis we will assume m = 1 for simplicity. We now briefly check these
equations make sense via dimensional analysis and discover how A relates to tension. Firstly
[#] = [LT~?] which from @ means that [Az] = [AL] and thus for consistency [\ = [T2].
Now, [tension] = [MLT~?] and thus for consistency we must have that [\] = [f2lon] =~ We
also note that b and c¢ are dimensionally correct, since b concerns only the dimension [LT 2
and c¢ has terms only in [L?]. This formulation contains both differential and algebraic
equations and it will be shown later that it requires differentation in order to solve for z, y
and \. Hence is indeed an interesting DAE (all ODEs are DAEs, albeit not interesting

ones for the purposes of this thesis). Clearly this is an artificial example, as one could instead

write the simple pendulum in polar coordinates as an ODE in 6:
e

Rewriting any arbitrary DAE as an ODE, or something ‘close’ to an ODE (index 1 DAE, see
Definition for more details), is an open non-trivial problem. There have been techniques
developed that attempt to solve this problem, the Dummy Derivative method [29] being the
most commonly employed. This thesis aims to develop a method of doing such a conversion

by exploiting the structural analysis of the Signature Matrix method of [45] to inform the
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Dummy Derivative algorithm [30] to efficiently find globally valid conversions for a wide

class of DAEs.

1.2. Common Issues, A Summary of Notation and Terms

We begin by considering the simple DAE (where u(t) is some arbitrary function):

Solving this DAE requires integrating x2(t) = [wu(t) dt +C where C' is a constant. So this is
actually an ODE (or index 0 DAE, see Definition [L.2.1)). Consider however the DAE where

instead of differentiating x5(t) we differentiate z;(¢) in the second equation:

(4)

Z1(t) — x2(t) = 0.
Solving requires differentiating the first equation, yielding z5(t) = (), so this is not an
ODE (it’s an index 2 DAE).

Let us consider again the simple pendulum example and attempt to solve it naively.
First let’s try to reduce the problem to an ODE where we can solve for the highest order
derivatives of each variable in each equation. First A appears undifferentiated throughout,
so we will need to differentiate equations a and b. This will mean we now have equations
for 3 (t) and y® (), so we will have to differentiate c(t) three times. This gives us the
following, which can be solved to an ODE in 2®(¢), y®(¢) and A(t):

;

a(t) = ¥ () + AB)x(t) + At)a(t) =0,
(5) b(t) = y@ () + AB)y(t) + A()i(t) =0,

() = 62(t)i(t) + 2x(t)x® () + 65(t)i(t) + 29y P (t) =0.

\
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However, it turns out this problem has 7 degrees of freedom, whereas our original DAE
formulation has only 2—one will obtain the same solution when starting at a consistent
point of , but there are many solutions to (5| other than just those that satisfy . This
phenomenon is called integration drift. This drift occurs because in solving our ODE (/5] we
do not satisfy the so called hidden constraints of the problem:

"

at) = &(t) + A(t)z(t) =0,

b(t) = ij(t) + At)y(t) — G =0,

(6) c(t) = 2*(t) +y*(t) — L* =0,
c(t) = 2w ()i (t) + 2y (t)y(t) =0,

| @) = 22 (t)% 4 22 ()& (t) + 29(t)* + 2y(t)ij(t) = 0.

e.g for the pendulum the length of our rod will vary, since the circle constraint equation ¢
is not explicitly satisfied. There are two intuitive ways one may attempt to satisfy these
constraints that will be explored in this thesis. The first is to think of these equations as
specifying a consistent manifold and project to it—this is done in the Signature matrix
method, see Chapter [2 and [45]. The second is to add the equations to the system directly,
then locally choose some of the variables to be considered as algebraic (so as to retain a
square system) — this is done in the Dummy Derivative method, see Chapter (3{ and [29].
The above example motivates us to define a concept of distance from an equivalent ODE,

given in [3] for first order DAEs:

DEeFINITION 1.2.1 (Differentiation Index). The minimum number of times that all (or
part) of a DAE F(t,x,%) = 0 has to be differentiated with respect to ¢ to determine x as a

function of x and ¢t is the differentiation index.

Note: this index may be locally valid depending on the underlying structure of the
DAE. For the purposes of this thesis we consider it to be the largest globally valid number of

differentiations. The differentiation index is only defined for first order DAEs, F'(¢,x,x) = 0.
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If we reformulate to order 1 we get:

(7) #(t) —u(t) =0,
(8) y(t) = o(t) =0,
(9) u(t) = A(t)x(t) = 0,
(10) o(t) = AB)y(t) — G =0,
(11) (@(t)* + (y(1))* = L* = 0..

Differentiating and using and to simplify gives:

(12) u(t)z(t) +v(t)y(t) = 0.
Differentiating and using equations — to simplify yields:
(13) AL = Gy(t) + (u(t))” + (v(t))* = 0.
Differentiating and using equations — to simplify leads to:
(14) A(t)L? — 3Gu(t) = 0.

We can now use equations (7)—(14)) to solve for @(t), y(¢), A(t), 4(t) and ©(t) so the DAE

has differentiation index 3.

1.3. Different Index concepts

There are several different concepts of index for DAEs other than the differentiation
index, such as the perturbation index, tractability index, geometric index, strangeness index,
kroneker index, nilpotency index and structural index to name a few, for more information
see [34]. What follows is a brief overview of some of these concepts to give the reader an
overview of what is meant when one talks about the index of a DAE. Throughout this thesis

we shall use the differentiation and structural index.
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1.3.1. Derivative Array. A common notion in DAE index classification is the Campbell-
Gear derivative array equations [25]. This is a the set of equations necessary such that one
can find the differentiation index (i.e. solve for first order derivatives of all variables.) For

example, consider the first order DAE:
F(t,x,x) = 0.

Following the process illustrated for the simple pendulum in the previous section one will
have to differentiate some set of these equations to solve for each derivative uniquely. Given
a more complicated DAE than the simple pendulum it may not be obvious which equations

need to be differentiated, so we differentiate each equation v, times say:

d

ZF(tx%) =0,
2

%F(t,x, x) =0,

v

—F(tx.%) = 0.

This enlarged set of equations is called the derivative array (of level v,). If we are able to
solve for all first order derivatives of all variables at level v; (and not able to at a previous
level) then vy, is the differentiation index of the DAE F(t,x,%) = 0. As we can see from
considering such an array for the simple pendulum the number of equations one has to
consider in this approach can become very large, so we have a preference to working with a

reduced derivative array if possible.

1.3.2. Strangeness Index. The strangeness index was developed by Kunkel and Mehrmann
in [24]. It is found as the result of a larger hypothesis, for simplicity we illustrate the concept
on the linear constant coefficient DAE of differentiation index 2 and delay the definition until

after:
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xz(t) —v(t) =0
In matrix form this is given by:
I, 0\ [a(t) 0 I\ [x(¢) u(t)
- -
0 0/ \y(®) I, 0) \y(t) v(t)

Here wu(t) and v(t) are arbitrary forcing functions and I, is an identity matrix of size s,
corresponding to the number of differential variables. Kunkel and Mehrmann consider the
I entry in both position (1, 1) of the left hand matrix and (2,1) of the right hand matrix
as ‘strange’, one has some number of differential and algebraic variables and thus must
differentiate as was demonstrated above in order to find ¢(¢). If one differentiates the second

equation and subtracts the first from it then they get:

y(t) +u(t) +o(t) =0

and a new matrix system:

where this strangeness has been eliminated. Hence this problem has strangeness index 1.

Given an arbitrary first order constant coefficient linear DAE

Ex(t) = Ax(t) + £(t),
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one looks for permutation matrices P and Q (via a singular value decomposition (SVD))

such that the DAE reduces to a canonical form:

I, 0 0 O 0 x 0 =«
0 I, 00 0 x 0 =«
x(t) = x(t) + £(1).
0 0 0 0 0 0 I, O
0 0 00 I, 0 0 O

Here * is some potentially non-zero entry. If I, exists then the system exhibts some strange-
ness, a differentiation is performed, new permutation matrices are found and the new differ-
entiated system’s I are checked iteratively. If I, does not exist then the system is strangeness
free and we stop our iteration. The number of iterations of this procedure to arrive at a
strangeness free DAE is called the strangeness index. For a full discussion of the strangeness

index concept and its use in numerical simulation we refer to [54].

1.3.3. Perturbation Index. A DAEs index in some sense quantifies how difficult a
DAE is to solve numerically, the perturbation index considers this problem explicitly. When
solving a DAE numerically the resulting solution will be slightly removed from the actual
solution, this index gives us a way of measuring the sensitivity of the DAE to such pertur-

bations, [4] and [13].
DEFINITION 1.3.1 (Perturbation Index). Consider a DAE and a slightly perturbed DAE:
F(t,x,%) =0,
F(t,%,%) =6.

If x is a solution to the unperturbed DAE, then the DAE has perturbation index k along x
if £ is the smallest number such that for a solution to the perturbed DAE X the following

bound holds with constant C":
Ix — %] < C(||x(to) — %(to) |l + 6] + 18] + - -+ + [|6V).

For example, recall DAE and perturb the system to:
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n) -t = 0,
so that 73 (t) = u(t) + 6(t) and & = u(t) + 6(t). Consider our norm to be the standard

Euclidean norm for simplicity, although the following argument works for any norm:

5(t) 5(t) 0 6(to) ;
x(t) =) = || . l< I . <C<. HM@WWMMO-
5(t) 0 o(t) d(to)

o0
Hence we have a perturbation index of 2. From [18] we have that the perturbation index
is always equal to or one greater than the differentiation index. The perturbation index
is extended for k£ = 0 in [34] so that, when defined, the perturbation index equals the

differentiation index, but a further discussion is outside the scope of this thesis.

1.3.4. Geometric Index. The leading principle behind the geometric index [50] and
[52] (which given a smooth DAE is equal to the differentiation index) is to think of DAEs
as differential equations on manifold, e.g. an ODE is differential equation on the manifold
R"™. The idea is to construct a sequence of sub-manifolds via local charts (each stage in the
sequence being equivalent to a level of differentiation in the derivative array). The number
of differentiations one goes through to write the DAE as a differential equation on a manifold

is called the geometric index.

1.3.5. Structural Index. Rather than looking at the numerical features of a given
DAE the structural index aims to use structural properties to generate a necessary set of
differentiation steps to produce a reduced derivative array. In practice this is usually done
either by the graph theoretical Pantelides algorithm [41] or the matrix based signature matrix
method [45]. We defer an in depth discussion of how this index is calculated to Chapter
2l In all that follows, unless otherwise stated, when we refer to the index of a DAE we will

mean its structural index, denoted v;.



CHAPTER 2

Structural Analysis

2.1. Introduction to Structural Analysis - The Signature Matrix Method

The Signature matriz method originally given in [45] by Pryce is a technique that studies
a DAEs underlying structure to identify all necessary hidden constraints. Originally the
approach was discovered by means of looking for a Taylor series solution to arbitrary order
for fully non-linear DAE’s [44], although we show in Chapter |3|that we can use the method
to inform other solution methods. The general idea is that, given a high index DAE we
know there exist some number of hidden constraints that are derivatives of equations given
by the original problem formulation in variables at higher order than in the original problem.
One seeks to match some subset of all derivatives of each equation at an arbitrary order to
a minimum number of derivatives at an arbitrary order that are necessary to solve for the
highest order derivatives of each variable. In and §2.4] we show how one can derive the
method from first principles, which has not been done in detail in the literature. In
we give an overview of the method and demonstrate how it works on simple examples. In
2.8 we describe the different types of offset vector the method can use to provide a valid
solution scheme—such distinctions have not been previously studied in the literature and
are new material for the purposes of this thesis, without which the method of §4] would not
be possible. In §2.7 we give natural sparsity patterns and block forms one can consider when

applying the signature method.

2.2. A Brief Overview

We give a brief overview of the signature matrix method to give later exposition context.
Take a system of n equations f; = 0 in n unknowns z;, where the equations may have

derivatives of the n unknowns. The unknowns z; are all functions of ¢, usually considered to

11
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be time, so that we do not have any partial derivatives in our initial formulation. We begin

by finding the problem’s signature matrix Y, with entries:

1) Order of highest derivative of z; in f; if z; occurs in f;,
15 045 =

—00 otherwise.
The approach then finds a highest value transversal (HVT) for our problem. A transversal T
is any choice of n positions (7, j) in an n X n matrix, say H, such that only one entry in each
row and column of H is selected. We say the value of a transversal T is Val(T) = > o0;;.
A HVT, say Ty, is such that Val(77) > Val(T') for all transversals T. We denote (éﬁ)ee::/alue
of a HVT as Val(X) and say a DAE is structurally non singular if Val(X) > 0.

We then find non-negative integer valued offset vectors ¢ and d satisfying:
(16) oi; <dj—¢ with equality on a HVT,

and we call such offset vectors valid. We will usually consider another constraint on the
offsets, min ¢; = 0, and we call such offsets normalised.
7

The method uses a System Jacobian J with entries:

ofi
ch;gi’j)

If dj — C; = Ji,ju

ofi

k (dj—ci)
al'j 0

elsewhere.

A stage by stage solution process, with stages indexed by k, is constructed using equations

(18) FE) i such that k + ¢; > 0

(2

to solve for variables

(19) x§k+dj) Vj such that k+d; > 0

at each stage.

Throughout our analysis we will write ¥ and J in tableau form as appropriate, e.g. for a
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3 x 3 DAE:
T, Ty Ty G xﬁdl) :védQ) :Egdg) ci
fif = * *x\¢ fl(cl) * * *x \c
Yo fofl x * x| J = fQ(CQ) * * S
fs\x *x */)c3 fle\ -« * x ] e3
di dy dy ds di dy  dy d3

entries * that equal —oo and (structural) 0’s will be left blank in 3 and J respectively. We will
also make use of a sparsity pattern (a subset of positions (i, j)) corresponding to non blank
entries in these tableau’s, S for ¥ and Sy for J. From this we have the following equation
for calculating the structural index, which is always an upper bound on the differentiation

index v,:

1 if some d; is zero,
(20) Vg = maxc; +
’ 0 otherwise.

2.3. Linear Assignment Problems

We seek to find an algorithm for finding the offsets from an arbitrary structurally non-
singular signature matrix X, as specified by . We consider linear programming problems
(specifically, primal problems) and their duals. It is worth noting the dual to a dual problem
is the primal problem. We will view maximisation problems as primal and minimisation

problems as dual. They are of the form given in Table[l} We now give an explanation, from

TABLE 1. Primal and dual problems.

Maximise f; | Minimise fo
e'x=f by = f
Ax <b ATy > e
x>0 y>0

[2], as to why these problems are considered dual to each other. Let x and y be feasible

solutions (satisfy all constraints) of the primal and dual problems respectively, then we have
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that yTA > el so yT Ax > eTx because x > 0. Similarly, y’ Ax < y’b, combining these
inequalities gives e’x < y’b. We now note b’y = yTb, since b and y are column vectors.

Thus it follows that f; < fo. This gives us the following theorem:

THEOREM 2.3.1. (The Weak Duality Theorem) If x € R"™ is a solution to the primal and

y € R™ s a solution to the dual problem, then
e'x < yTAx < bTy

as proved above. In fact this can be strengthened to give the following theorem from [5]

and [2]:

THEOREM 2.3.2. (The Strong Duality Theorem) If either the primal or dual problem has

a finite optimal value then

i) The optimal values coincide.

ii) Optimal solutions to both problems exist.

We now formulate the structural analysis of the pendulum as a minimisation problem
as an illustration of the general method that applies to an arbitrary DAE. Firstly we need

the DAE’s signature tableau as in §2.2}

\g|
I
ST SR
o b
8
o v
8
8| o o
N o o
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The objective function is Val(¥) = > d; — > ¢;. The constraints come from d; — ¢; >
j i

J
oi; V(i,7) €S, see (34). So in the pendulum we have the following constraints:

(

dy —c1 > 2,
d3_0120a
dy —cy > 2,
dz —c2 > 0,
dy —c3 >0,
d2_c320a
\
which give the following matrix system:
-1 0 0 1 00 c 2
-1 0 0 001 Co 0
0O -1 0 010 C3 2
>
0O -1 0 0 01 dy 0
0O 0 -1 100 do 0
0O 0 -1 010 ds 0

This gives us a problem of the form ATy > e which we now find the dual of, using Table .
The primal problem is thus to maximise 2z, + 0z 3 + 2x29 + Oz 3 + 0231 + 0z32—We've

chosen this way of numbering the entries of x for comparison with the o;; later. We have
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the following constraints:

—T11 —T13 < -1,

—T22 — T23 < -1,

—r31 —x32 < —1,

T +x31 <1,

Too + 32 < 1,

T13+ 223 <1,

which in matrix notation yields:

-1 -1 0 0 0 0 T11 -1
0 0 -1 =1 0 0 |/|aws ~1
0 0 0 0 -1 -1 T2.2 —1

<
1 0 0 0 1 0 Z23 1

0 0 1 0 0 1 X311 1

0 1 0 1 0 0 T3.2 1

The vector b (the RHS of the above inequality) corresponds to the coefficient vector in the
objective function of the dual problem. This leads us to formulate the system as a linear
assignment problem as given in Table [2] We now prove that these problems are in fact the

TABLE 2. Pendulum primal and dual problems.

Maximise f; Minimise fy
> oigmig=fi | Xdi =) c=fr V(i))
(i,5)€S J i
Z Tij = 1V dj —c; > 05 V(Z,j) eSS
i|(4,5)€S
jl(@.5)€s
zij >0 V(,j) =0 Wi

dual of one another. We consider only the primal and using techniques outlined in [2] recover
the dual. We begin by noticing that it’s possible to write the equality-to-1 constraints in

Table 2] on x; ; in several forms, as given in the Table [3] We choose the formulation given
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TABLE 3. Cases for the primal formulation.
Case 0 Case 1 Case 2 Case 3
Z Ty = 1 V] Z X 5 S 1 V] Z X 5 S 1 VJ Z X 5 2 1 VJ
i|(4,5)€S il(z,5)eS i|(4,5)€S i|(4,5)€S
Z X5 = 1 Vi Z X5 = 1 Vi Z X j Z 1 Vi Z X5 = 1 Vi
Jl@i.g)es Jl@i.4)es jl(i.g)es jli.g)es
Case 4 Case 5 Case 6
Z $i,j Z 1 V] Z ind' =1 VJ Z ﬂfi’j =1 Vj
il(z,5)eS i|(4,5)€S i|(4,5)€S
jl(i.g)es jl(i.g)es jl(i.g)es
by case 3:
(21) Maximise Z 0i,jTij,
(i,5)€S
subject to:
(22) - Z T < —1,
i|(4,5)€S
(23) Z Lij = 17
jl(i.g)€es
If any 0, ; = —oo, and the corresponding x;; # 0, then the objective function is always

negative infinite and thus no feasible solution will exist. Hence, o0;; are only considered
when (i, j) € S. We also note that b = (—1,...,1)7 with a number of components equal to
the number of o, ; € S with the —1’s coming from the RHS of and the 1’s coming from
the RHS of (23)). Also, we note that e = (0;; | (i,j) € S)7 with entries ordered in rows
and then columns, so that we read off values in ¥ from left to right row by row. We now
notice that this choice of constraints will give us a matrix, A, that has a —1 in it for every
o;; € S corresponding to and a 1 in it for every o;; € S corresponding to , SO in
each column there are exactly two entries, one —1 and one 1. Hence, A” will have exactly

one 1 and one —1 in each row. Hence ATy > e will give equations of the form (something

from the second half of y) — (something from the first half of y) > (0, | (¢,) € S), which
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are exactly the equations generated by as we predicted, thus our y is (¢;’s, d;’s)”. From
[2] we have ‘If there are any equality constraints in the primal problem the corresponding
dual variables are not sign restricted’. Hence the different ways to formulate the primal
problem, shown in Table [3] will give several possible choices of non zero variables in the
dual. It is therefore possible to get unconstrained ¢; values. However, if we had all ¢; < 0
then we would try to find invalid canonical offsets, which is why we reformulated to give us
unconstrained d;’s using Case 3. Thus, Case 3 gives us d; — ¢; > 0, j on a transversal (since
we restricted ourselves to S) and ¢; > 0 which give us one hidden constraint, namely d; > 0,
since 0;; > 0 V(i,j) € S, showing the problems in Table [2 are dual to one another.

It is always possible to permute 3 such that a HVT is on the main diagonal by permuting
rows and columns and provide an algorithm for finding the offsets from an n x n signature
matrix, with a HVT on the main diagonal (Note: we use Python-style in all algorithms in

this thesis, i.e. indentation is used to show the scope of a statement):

Algorithm 1 Algorithm to Find Offset Vectors
1: for j=1:n

2: d; = max o; ;
j = maxX g,
n

1=

6: for 1=1:n
7 Al = ¢

8 for 1=1:n
9: ¢ = d; - 0y

10: for j=1:n

11: dj = max (Ui,j + Ci)
i=1mn

12: return c,d
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We now prove that this algorithm terminates if and only if a HVT is on the main diagonal.
Firstly suppose it terminates. Then ¢; = d; — 0;; and therefore o;; = d; — ¢;, which from
(34) means there is a HVT on the main diagonal.
Conversely, if there is a HVT on the main diagonal then the algorithm will terminate, since
each d; will either increase or remain constant with each iteration of the loop. If they remain
constant over all iterations then the algorithm will terminate, since each c¢; will be fixed. If
however during the loop we raise a ¢; in the second for loop then the equations will satisfy
the condition of having equality on a HVT, but may not be greater than o; ; everywhere. The
third for condition in the loop will increase the d; so that is satisfied, although possibly
without equality on the HVT. This process will then repeat. Formally, if we consider each
loop iteration as a function, at each stage we input a vector ¢ and get a new one c¢’. So that

we have a map:
(25) ¢: e,

which is a weakly monotone function. That is, if we have two n-vectors ¢ and c* with

¢; <cf Yied{l,...,n} then ¢(c) < ¢(c*).

PROPOSITION 2.3.3. Index the c found at each call of ¢ in the algorithm by c™, the

algorithm yields an element-wise weakly monotone sequence c® < ¢t < -.. < c.

Proor. We start by setting ¢® = 0 with lines 4-6 of the algorithm. We have:

#(c?) =ct, p(ct) =c3,. ..,

and since ¢® = 0 we have:

and thus the argument follows by induction. O
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Since our algorithm is weakly monotone and starts at the zero vector it must terminate
at the canonical offsets if there exist valid offsets. Take a valid offset c*, so ¢(c*) = c*
and ¢* > 0, since ¢! = ¢(c?) < ¢(c*) = ¢* we have ¢! < ¢* and hence by induction and
choice of ¢ found by the algorithm has the property ¢® < c*s and we have a bound on our
offsets. There are a finite number of c™, so the algorithm must terminate at some point,
say ¢ < c¢*. Since c* is an arbitrary valid offset we have termination to the element-wise
smallest offsets, clearly these offsets are normalised, consider a c* with all entries larger than
m, then c* — m is a normalised offset - but we can always choose a element-wise smaller valid

offset to be ¢* and hence c** must be canonical. For a full description of valid, normalised

and canonical offsets see Definitions [2.5.3] 2.5.4] and [2.5.5] although for now it is sufficient to

have an understanding from ([16]).

THEOREM 2.3.4 (Existence of canonical offsets). There exists an element-wise minimal

pair of offset vectors, called the canonical offsets, provided there exists valid offsets.

We proved this above, but we provide a second proof to help the reader understand the

algorithm.

PROOF. If there exist valid offset vectors there will exist normalised offset vectors, found
by subtracting unit vectors from ¢ and d repeatedly until we have normalised offsets. Hence
we can use existence of normalised offsets. Given two normalised sets of offset vectors ¢/,

d’ and ¢”, d” we take the element-wise minimum and produce element-wise smaller offset

vectors ¢ and d. These offsets satisfy the following inequalities, with equality on a HVT:

! /
dj — Ci Z Ui,j?

iz Z

It is easiest for explanation to consider taking the first set of offsets and amending them
with any lower values in the second set. Clearly if a ¢ < ¢/ then choosing it will not change
the inequality, although it might break equality on a HVT. If it broke equality on the HV'T

at position, say o;; then it must be true that dj < d}, since there is still equality on a HVT
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in the second set of equations. If reducing a non HVT d} to a dj makes an inequality false
in some position o; ; then it must be true that the ¢/ < ¢}, since that same inequality holds
in the second set of equations. Hence taking the element-wise minimum of two normalised
offset vectors produces a new normalised offset vector and there must exist canonical offsets

if there exist valid offsets. O

Note, since finding a HVT is dual to finding valid offsets, from Theorem we have

that our algorithm terminates provided there is a HV'T on the main diagonal.

2.4. Signature Method By Example

Recall the simple pendulum DAE . We look for a solution by means of a power series,

specifically a Taylor series. That is, z is to be of the form ) z,t", and y, A similarly, where
n=0
without loss we take ¢t = 0 as the point to be expanded about. If we expand each variable

as a power series and then substitute into equation ([2)) we obtain:

a(t) =1.2x9 +23z5t+ -+ (ko +z1t+ ... ) (Ao + Mt +...) =0,
(26) b(t) =12y +23yst + -+ (Yo +yat + ... ) (Ao + Mt +...) = G =0,
c(t) = (wo+ a1t +... ) (xo+zit+...)+ (o +yit+...)(wo+yit+...)—L> =0.
Each of a,b,c can also be represented as a power series where coefficients a,,, b,,, ¢, must

vanish for all n. Thus if we simplify we can equate coefficients and get constraint

equations on the variables. Expanding brackets yields:

(L(t) = 12%2 + 231’3t —+ 4 i) + )\0 + (1’0)\1 + 1’1)\0)t + (l’o)\g + 1'1)\1 + 1’2)\0)t2 + ... = 0,
(27) b(t) = 1.2y2 + 2.3yst + -+ yo + Ao + (YoA1 + y1 Aot + (Yoo + Y1 h1 + y2Xo)t> + - =G =0,

c(t) = :cg + 2zt + (2x020 + gcf)t2 4+ yg + 2yoy1t + (2yoy2 + y%)t2 4+ —L? =0,
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TABLE 4. Power series coefficient equations for the simple pendulum.

Stage -2 Stage -1 Stage 0 Further Stages
1.2x9 4+ 2z0Xg = a9

1.295 + yoro — G = by

xg + 5 — L? = co | 2mo1 + 2yoyr = c1 | 2w022 + 27 + 2y02 + YT =

collecting terms

Cl(t) = (1.2.132 + -’EO/\O) + (2.31‘3 + 2o + %1)\0)t + (3.4%‘4 + 2oXo + 1A + l‘g)\o)tQ +... =0,
(28) b(t) = (1.2y2 + yoro) + (2.3y3 + yoA1 + y1Xo)t + (3.4ys + yora + 1 d1 + Y2 o)t + . .. =0,
c(t) = (zg + yg — L) + (2zox1 + 2y0y1)t + (2x0m2 + 27 + 2y0y2 + ¥3)t> + . .. =0,

and equating coefficients yields Table dl We have arranged the coefficients in Table [4] by
noting that only cq involves xg, 3o and no higher order terms (h.o.t.s) so we can solve it for
xo or Yo by giving one as a trial value. Now we have a similar situation with ¢; and can use
it to solve for x1, y; giving one as a trial value and using already computed zy and gy from
¢o. Consider the system given by ag, by and cs, we now have equations for xs, yo and \g and
no other h.o.t.s, so can solve this system, similarly we can use a, b; and c3 to get x3, y3 and
A1 and so on. We have indexed the stages starting from —2 because we have to solve two

systems before getting a 3 x 3 system. We write the equations at stage 0 in matrix notation:

1.2 0 x T 0
0= 0 12 9w | |wn]|+t+ -G 5
29 2yo 0 Ao zi + yi
and stage 1
23 0 T3 l.ots
0=10 23 yo!l|-|wys| T |lots],
29 2yo O A1 l.o.ts

where [.0.ts means terms involving lower order coefficients. The positions in the first two

diagonal entries appear to have the form (n + 1).(n + 2), in general we have the following
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formula for the coefficients:

(

ap =M+ 1)(n+2)x,0+ Z Tidn—is
0

(29) by = (n+1)(n+ 2)Yps2 + Z Yirn—i,
0

n n
Cp = E TiTp—i + E YiYn—i,
0 0

\

so that at each stage we solve
(
an = (n+2)(n+ 1)x,2 + oA, + Lots,

by = (n+ 2)(n + 1)Yn+2 + Yo, + Lo.ts,

\ Cnta = 2T 1020 + 2YnaoYo + l.0.1s.

We would like to have the same matrix multiplying our unknowns being solved for at

each 3 x 3 stage so we make a change of unknowns so that Ay = a;k! (and similarly for other

variables), which gives us the following equations at each stage:

A, X, YA,
— = +2 + 0 + l.o.ts\
n! n! n!
B, Y, Yo,
(30) T = —TQ 0| +1l.ots
C, 2X,, 12X 2Y,,12Y(
2 _ +220 270 1 1 ots
n+2)!  (n+2)  (n+2)! J

which gives us the following system in matrix form at stage n

1 0 Xo XnJrQ l.o.ts
0 1 Y, Yo | +|lots]| =0.
2Xy 2y O A, l.ots

Since the ay’s are power series coefficients the Aj’s are derivatives (at t = 0), our solution

method is to find:
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= 2(to) ,,
(31) w(to+h) = —
n=0 ’

where h is a given step size and N, is the final order of Taylor series used for variable z.
For illustration purposes we present a solution to simple pendulum done via this method in
Matlab with: (z(0),(0),4(0),4(0)) = (6,8,—.8,.6), L = 10, G = 9.81 with a step size of
.001 and a Taylor series of order 18 in Figure [l and see it looks as expected. For an error

heuristic we see how well energy is preserved in Figure 2l The Matlab script is presented in

Appendix [A]
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FIGURE 1. A solution to simple pendulum DAE via a Taylor series approach.

In general we will consider the idea of a consistent manifold. That is, a manifold speci-
fied by all the equations involving initial variables. For the pendulum our consistent man-
ifold could live in (x,2,y,y) space and be given by (¢,¢) = 0 but could equally live in

(x,2,%,y,9,9,\) and be (a,b, ¢, ¢ ¢) =0 and so on. We find all required Taylor coefficients
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x 1071

Initial Energy-Current Energy
A

_9 1 1 1 1
0 20 40 60 80 100

t
FiGURE 2. Change in energy for simple pendulum DAE via a Taylor series approach.

at to for the initial variables, which will give us a point off the consistent manifold (speci-
fied by cg = 0 and ¢; = 0 for the pendulum). We choose to project our solution onto this
manifold by dropping a perpendicular, for example using a Gauss-Newton method, and then
starting again at time ty + h. For the pendulum we find Taylor coefficients for x and y up
to some order N + 1 and then differentiate them to get N coefficients for & and y. We then
project this solution onto the consistent manifold and repeat the process for our new time
eventually reaching the desired end time and reading the values of x, y and A. It is worth
noting that the consistent manifold will always lie in the space of all initial conditions, but

can be considered as ‘living in” some larger space, given by any number of coordinates.

2.5. Signature Method - Basics

Given that we now have an idea as to how a Taylor solution scheme should look for an
arbitrary DAE we proceed to give the signature matrix method. Firstly we need to define

what is meant by a signature matriz for a DAE of form :
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DEFINITION 2.5.1 (Signature Matrix). The signature matrix, 3, for a DAE with a set of

equations f; and variables x; where 4,5 € {1,...,n} has entries :

Order of highest derivative of z; in f; if x; occurs in f;,
(32) Tij =

—00 otherwise.

The signature matrix for the simple pendulum is therefore:

where we write corresponding equation and variable names around the matrix.

DEFINITION 2.5.2 (Transversals). A transversal for a square matrix is any set of matrix
positions (7, j) so that an entry in each row and column is chosen only once. A transversal
for an m x n matrix, with m > n is a set of n positions (¢, ) so that ¢ € {1,...,m} and
j €{1,...,n} where no ¢ or j is repeated, similarly for the case when m < n we look for m
matrix positions. The value of a transversal is the sum of all entries in the matrix, say a; j,

such that (7, j) belongs to the transversal.

It is useful for our purposes to consider the, non-unique, highest value transversal, HVT.

Consider the signature matrix for the pendulum

x Y A
alf 2° —o0 0O°
X = bl —oc0 2° 0°

c\ 0° 0* —o©

This has two HVTs, marked by e, {(1,1),(2,3),(3,2)}, and o, {(1,3),(2,2),(3,1)}, in the

signature matrix above.
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DEFINITION 2.5.3 (Valid Offsets). We call positive valued n-vectors ¢ and d satisfying
(34) 0ij < dj —c¢; with equality on any HVT
valid offset vectors.

DEFINITION 2.5.4 (Normalised Offsets). We call valid offsets ¢ and d normalised if

min; ¢; = 0.

DEFINITION 2.5.5 (Canonical Offsets). We call the element-wise minimum normalised

offset vectors the canonical offsets.

Theorem shows us that given valid offsets the canonical offsets exist. Historically
canonical offsets have always been used for the structural analysis of a DAE (since they
represent doing less differentiations), we will show in Chapterthat it is sometimes preferable
to drop this restriction. The offsets represent the way in which solving for some variables

must be ‘pushed back’ a stage in the Taylor series the solution of a DAE, as was demonstrated

in Table [l

DEFINITION 2.5.6 (Degrees of Freedom). The number of degrees of freedom, DOF, of a

DAE is the number of initial conditions required to specify a unique solution.

For example, the pendulum has 2 DOF; the first might be imposed by specifying either
x or y and the second by specifying either & or y, the position and velocity of the pendulum
respectively. The degrees of freedom are given by
j i

We delay the proof of this because we need notation not yet introduced.

DEFINITION 2.5.7. (The function Val(X) ) Consider a HVT, T', then we say Val(X) =
2. i

(i,9)€T

LeEmMA 2.5.8. DOF = Val(X) iff dj —¢; = 0, for all (i,7) in a HVT.
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PrOOF. Consider an arbitrary HVT T}, then

Z Oi,j :DOF:ZdJ_ZC“

(i»j)eTl j
using and hence,

0= Z dj—Ci—O'iJ‘.

(1,9)€T1

From (34) each individual term in the summation is non-negative and hence 0. Meaning
0;; = d; —¢; for all o; ; on the HVT T}, since T} is arbitrary we have equality on any HVT.
Conversely if we have equality on any HVT in then summing across a HV'T T, we have

Z 05,5 :Zdj—Zci = DOF
j i

(4,5)ET

using . U

2.6. Standard Solution Scheme

We now seek to develop a way of solving our DAE given a signature matrix. From ,
19) it is clear that at stage 0 we have exactly derivatives up to order ¢; of equations f;, for
example consider ¢;=I[, then at stage [ we use f;, at stage [ + 1 use f/ etc... until at stage
0 we are using fi(l). Similarly we solve derivatives up to order d; of variables x; at stage 0,

which is what we meant earlier by ‘pushing back’ the solution of some variables.

DEFINITION 2.6.1 (System Jacobian). The n x n Jacobian matrix used for finding Taylor

coefficients in SA is called the System Jacobian, denoted by J.

Ofi

N
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Hence, recalling the signature matrix , for the simple pendulum we have the following

System Jacobian:

Ty A g
afa; 0 ax\O0
J= 010 b; 0,10

Since the ¢;’s belong to equations they are written around the matrix in their corresponding
row, similarly the d; are written in their corresponding column, we also write equations
being used and variables being solved for in their respective rows and columns—we call
such a representation the matrix tableau, above we have a Jacobian tableau, similarly such a
representation for ¥ (we omit derivatives of equations and variables in this case) is termed

the signature tableau. To proceed in our analysis we need the following lemma, from [20]

(and [10]):

LEMMA 2.6.2 (Griewank’s Lemma). Suppose f(t,x1,2a,...,x,) is a smooth function

that contains derivatives of x; not exceeding order m;. Then the (m; + 1)* derivative of x;

df

2 and

occurs linearly in f =

af’ of

(mj+1) (my) -~
azcj J (’3xj J

The first assertion of this lemma follows by way of the chain rule when proving the second

assertion, which we now prove.

PRrooF. Take a DAE:
w=f () =0,

(4,0 eJ

then by the chain rule

(36) i = fouts (2t Fn (e (20 ) 4
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where f,, = %fj and + ... is contributions from zs onwards. Writing (36)) as a sum over J

yields:
U= Z fx(() (t; (ng)))x§€+l).
Ghes

Therefore, letting ;« be the highest order derivative (HOD) of variable z -«

o 0 O\y,.(+1) (1%
- ) (Ijx+1) Z fzy)(t; <SUj ))x] = x]i :

(I;+1)
O L Ghes

(lf*“) does not appear in any other terms of the series. O

because ;

Following this lemma we can give a more informative formula for the System Jacobian

ofi : —
(37) 3, = O arn i —a=oy,
i,j = — = 7

(dj—ci)
Ox j ’ 0 elsewhere.

This final equality comes from the condition that d; — ¢; = o,; on a HVT and that if
d; — ¢; > 0; ; then we will be differentiating by a variable that doesn’t occur in the function.
This ensures we only ever differentiate equations by variables that occur in them and thus
have a well defined System Jacobian. If we have a HVT then guarantees that there will
be a structural non-zero, at least one in every row and column, in the Jacobian and hence
ensures it’s structurally non-singular and the problem is thus solvable provided we don’t get
numerical non-singularity along the solution process. We wish to use this System Jacobian
to develop a stage-wise solution process. We illustrate this with the simple pendulum, for
ease we will rename the variables and equations as follows: a = f1, b = fo, ¢ = f3, x = xq,
y = x9 and A\ = z3 giving us the functions and variables at each stage listed in Table 5] At

any stage k we use equations

(38) FFe) i such that k4 ¢ > 0

2
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TABLE 5. Stage for the simple pendulum

31

k | Equations being used | Variables being found
_2 f3 X1, T2
- ]- f3 '/JU'I ) x:Q
0 flaf?)f?) fllyféax3
1 f17f27f3(3) x53)7x53)71:3
to solve for variables
(39) x§k+dj) V7 such that k& +d; > 0.

Thus at any stage k& < 0 we are using derivatives found either at stage k or at a previous stage,
due to the incremental nature of the formula. The stage where we first get an n x n matrix
for the n equations and variables is stage 0. We use k as our stage number, and begin at
stage kpin = —max; d;. Our stages are therefore numbered: kyin, Emin+1,...,0,1, ..., kpaas
where k., is some arbitrary Taylor series order being used.

Recall the formula for the System Jacobian . We show this is the natural Jacobian

when we use these equations and variables at each stage of our method. To do this we will

consider the System Jacobian using equations which tell us that at step 0 we are
(d;

using equations fi(c") to solve for variables x; ), if we form the matrix with entries

o4 (49))

6x§dj )

(40)

and use the fact d; > ¢; and d; must be at least as large as the maximum derivative of z;

we can apply Lemma to obtain:

of 0w (7)) okt (7))

(dj) (dj—ci)
&cj J 8xj I

9

whenever d; — ¢; is the highest order derivative of variable z; in f; and 0 otherwise. Hence,

from (37)) we have that is just the (7, j)th entry of the System Jacobian evaluated at a

point. From (40)) we have a matrix of the coefficients of xg.dj " in fi(ci) by Lemma [2.6.2] For
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example, if ¢; = 1 by the chain rule we have:

(41) df’ =y fyat0® S

(ja)ed

Here fi7x§a) is the partial derivative of f; with respect to variable a,éa). Our solution method
from equations , means that at the next stage we solve for the derivative of the
variable previously solved for using the derivatives of the equations previously used. This is
due to us considering the equations at each stage as our new ‘starting equations’ so instead
of considering f as the second differential of f we consider it as the first differential of f,
which is why considering ¢; = 1 is sufficient.

We will now use the notation Jj to denote the System Jacobian at stage k (where k < 0),
that is the System Jacobian found by considering only equations and variables being used
at stage k and changing d; to d; + k and ¢; to ¢; + k in the formula above. To proceed we

need the following definition:

DEFINITION 2.6.3 (Submatrix). Given two matrices A and B, the matrix B is a submatrix
of A if it can be obtained by deleting rows and columns of A or possibly reordering rows and

columns of A.

Since the above definition does not take order in to account given a matrix:

a1,1 air2 G13
A= 51,1 51,2 b1,3

C11 C2 C13

the following two matrices are both submatrices of A:

a1 Aai2 51,1
Bl - ) BQ -

b1,1 b1,2 11

DEFINITION 2.6.4 (Leading Submatrix). Given two matrices A and B, the matrix B is
a leading submatrix of A if it comprises the first p rows and first ¢ columns of A for some

choice of p and q.
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From Lemma [2.6.2] it can be seen that this leads to us having a nested form for the
Jacobian at each stage, where J; is a leading submatrix of Jx VK > k, assuming rows and
columns are ordered in descending order of offsets. From , it can be seen that after
ordering rows and columns J; will start in the upper left corner of Jx. Formally we have

the following lemma

LEMMA 2.6.5. If we order rows and columns of J in descending order of offset values

then Ji 1s a leading submatriz of J for all k < 0.

PROOF. By definition the System Jacobian at negative stages is:

B ) fi(Ci+k)

g 8x§dj+k)

(dj—

if dj—c¢; > 0;; then f; is has no terms of order z; Ci), so by differentiating ¢; +k times using

Lemma [2.6.2| we see fi(c"Jrk) must have no terms of order x;lj * and J k., = 0. Alternatively

consider the case d; —¢; = 0; j, by definition o, ; is the H.O.D. of z; in f;, so by Lemma

we have:

B afi(cz’-Fk) afi(ci)

ij 6x§dj+k:) - ax‘gdjfci)’

which is by definition J. O

Ji

From above it is clear that the System Jacobian, when ordered with respect to descending
offsets, at each negative step is a submatrix of J, and J, =Jg VE > 0, thus we write J for
any Ji, k> 0.

For example with the pendulum there are two System Jacobians throughout the solution
process, the smaller at negative stages and the larger at non-negative stages. For convenience

we order the signature tableau with descending offsets and show the submatrix relevant for
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negative stages:

x Y Ao

|
g

™
I
> IS
|
8 [\
o |
8
s} e}
) e}

We have two Jacobians, separated by a line below, the smaller occurs at stages k = —2, —1

and the larger for all £ > 0:

Cz Cy| 0
J = az; 0 ay
0 by by

DEFINITION 2.6.6 (Structural Full Row Rank). We say a numerical matrix of size m x n,
where m < n, has structural full row rank if and only if it has a transversal that contains no

0 elements.

DEFINITION 2.6.7 (Structural Full Row Rank of ). We say a signature matrix ¥ of size

n X n, has structural full row rank iff S has a transversal.

LEMMA 2.6.8. If J has a transversal then the System Jacobian at a negative stage is of

structural full row rank.

Proor. To the right of any nested matrix all values will be —oo in ¥ and 0 in J, due
to dj — ¢; < 0 in those places when ordered with descending offsets. Hence, if there’s a valid
transversal for J it must have m values in an m x n submatrix found from a negative step.
Thus, each negative step System Jacobian of size m x n has a transversal of size m and is

thus of structural full row rank. OJ

We make a distinction between matrices which are structurally singular and genuinely,

that is numerically, singular.
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DEFINITION 2.6.9 (Genuinely Non-Singular). A matrix A(t) is genuinely non-singular if

there exists a non-zero expression for its determinant at some t = ¢.

EXAMPLE 2.6.10. The matrix:
Ty

y T

is genuinely non-singular, as it’s non-singular for all values except when z = +y

DEFINITION 2.6.11 (Structurally Non-Singular). A matrix A(t) is structurally non-singular

if there exists a transversal that contains no zero-entries (or —oo entries for X).

EXAMPLE 2.6.12. The matrix:
r oy
00

is structurally singular as every transversal uses a zero entry.

It is important to note a matrix may be structurally non-singular but be genuinely
singular, e.g.
Ty
Ty
LEMMA 2.6.13. If J is genuinely non-singular then the System Jacobian at all negative

stages is genuinely of full row rank.

Proor. If J is of genuine full row rank then any subset of rows of J is of genuine full
row rank. If we order our Jacobian with descending offsets then consider a subset of rows so
that all the rows of a negative stage System Jacobian are included, and then disregard the
columns that are all zero (on the right hand side of the matrix), since d; — ¢; > 0;; there.
This has no effect on the rows being linearly independent, then we have the negative stage

Jacobian which must be of genuine full row rank. O

We now consider each stage k as using my equations to solve for n, variables. Here my
is the number of ¢ for which £ + ¢; > 0 and ny, is the number of j for which k +d; > 0, so

that the following then holds.
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LEMMA 2.6.14.
1. The my and ny both increase with k, from 0 for k sufficiently negative, to n for
k> 0.
2. ng >my Vk.

3. Y (g —my) = DOF =3 "d; — > ¢
k j i
We seek to prove each statement in turn.

1. As k increases towards 0 there are clearly going to be more, or at the least the same
number of, equations and variables that satisfy the inequalities than there were at a previous
stage, since it is only the stage number that changes the 2n equations for my and ny at each
stage, not the offsets. This holds until we reach step 0, where there will be n equations and
n variables, since ¢; > 0 and d; > 0. We can also increase these values from 0 by setting

k = —max(d;, ;) — 1 as our initial stage. O
17]

2. 0,5 > 0V(i,j) € S. Now assume X is structurally non-singular and pick a HVT
from S, say T. Let (i,j) € T, from we have d; — ¢; > 0 and hence d; > ¢;, meaning
k+d; > k + ¢; and hence from , there are at least as many variables as equations at
any stage k, since there is a one to one map, T, between the ¢’s and the j’s. Any (i,7) ¢ S

yields a 0 entry in J; ; and thus plays no role in the solution scheme. O

3. Consider a matrix, F, with a 1 in entry F; if equation ¢ is used in stage k£ and a 0
otherwise, and another, V', which is the same for variables. Here the number of stages starts
at —maxd; (since all prior stages will have columns with only 0’s in) and goes up to stage

J

—1 (since stage 0 and on will have column’s with all 1’s in). For example, for the simple

pendulum we have:
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The DOF of a DAE is defined as the dimension of the set of valid initial conditions. An
initial condition is needed every time there is one or more variable than equation. Therefore
the DOF is given by the sum of all entries in V' take the sum of all entries in £, because this
will give us the total number of variable found minus the total number of equations used, as
all non-negative k stages will have an equal number of equations and variables as outlined
above. If we number the columns of £ and V by k then a sum down the k column of FE is
my, and down the k column of V' is n;. Hence summing down columns and then across rows
gives:

k

We now consider a sum across rows first. It should be clear that row j of V' will give us d;,
since we have d; occurrences of variable x; before stage 0, hence the name offset. Similarly

row ¢ of E will give us ¢;. Hence a sum across rows and then down columns gives us:

J

i

2.7. Exploiting DAE BTFs

We discuss block triangular forms (BTFs) natural to the Signature method, for more
detail see [47] and [49]. We previously discussed two useful sparsity patterns for the signature
method. We recap and expand on them here, giving an example to illustrate the ideas. We

have the natural sparsity pattern for a DAE, the set where the entries of ¥ are finite:
(42) S ={(4,7) ]| 0s; > —o0} (the sparsity pattern of ¥J).

and we have a more informative BTF coming from the sparsity pattern of the system Jacobian

J:

(43) So = So(c,d) ={(i,4) | dj — c; = 04} (the sparsity pattern of J).
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So(c,d) €S for any c,d.

Unless otherwise stated we will only consider an irreducible BTF, that is one such that each
block contains no possible sub-blocks based on the sparsity pattern associated with the BTF.
In applications a Block BTF based on 5 is usually significantly finer than one based on S
and as such we call an irreducible BTF (unique up to possible re-ordering of blocks [47])
based on S the coarse BTF and on Sy the fine BTF. We now define the concept of a local

offset:

DEFINITION 2.7.1 (local offsets). The offsets found by treating each fine block in the fine

BTF as a stand alone DAE are termed the local offsets and are denoted & and d.

Local offsets are useful when trying to break a large DAE down in to smaller problems,
one can then solve the whole DAE using the blocks in a stage-wise manner due to the

following theorem from [48] and [40]:

THEOREM 2.7.2. The difference between local and global offsets is a constant over a fine

block.

We call the difference between local and global offsets the lead time of a block [ and

denote it K.

ExAMPLE 2.7.3. Consider a modified double pendula DAE:

(

Jfi =121+ 7123 =0,
Jo=d2 + 003 — G =0,
fSZx%_I_'rg_[P =0,

(44) .
J1= 34+ T476 =0,
f5 = (SL’ég))2 + T5xg — G :0,
\fﬁzxi+x§—(L+ca:3)2+fv'3 =0.
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We present the different BTFs indicated by dotted lines in Figure 3] We see the fine BTF
does indeed produce more blocks than the coarse BTF. The local offsets associated with the
fine BTF allow us to consider a different staged solution scheme, i.e. we can solve each block
using stage counters determined by the local offsets think of variables found by previous

blocks as driving functions, see [48].

2.8. Classifying Non-Canonical Offsets

In the literature only canonical offsets are considered (due to uniqueness and providing
a shorter solution scheme), this section expands the classes of potential offset vectors to be
used in the structural analysis. We seek to illuminate the space of all possible offset vectors
to better understand other solution schemes that could be employed. We start by noting

that an offset vector classified by Definitions [2.5.3], [2.5.4 and [2.5.5| will potentially have some

overlap, for example the canonical offset vectors are both valid and normalised. Let V be
the set of valid offset vectors, N/ the set of normalised offset vectors and C the singleton
set containing the canonical offset vectors, i.e. C = {(canonical c,canonical d)}, so that
C C N C V. When we refer to a set of offset vectors we will mean those that belong that set
only, i.e when we say valid offsets ¢ and d we mean those in V \ N, unless context clearly
requires a different meaning. Given a structurally non-singular n x n ¥ there exist n equality

constraints found on a HVT, T, of the form:
dj — ¢ = 03,

and some number of inequalities equal to the entries in S that are not on a HVT. It is
possible to use the n equalities to substitute for d (or ¢) in the inequalities and be left with
only inequalities in ¢ (or d), generating a feasible region of offset vectors ¢ (or d). We can
then use these feasible regions to recover an equivalent diagram for d (or c), below we show

these regions for c.
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MODIFIED2PENDULA

Size 6, structural Index 7, DOF 5 MODIFIED2PENDULA: Coarse BTF
Shaded: structural nonzeros in system Jacobian J Size 6, structural index 7, DOF 5
Boxed: HVT Shaded: structural nonzeros in system Jacobian J
Boxed: positions that contribute to det(J)
Indices of Variables Indices of Variables
1 2 3 4 5 6 ¢ 5 6 4 1 2 3 ¢

1| B o 4 5 0 0
0 2 0 4 0 4 b B 0
c c
2 ie]
s3 [0 @ 6 S6 0 [0 2 | 2
fin} i} :
S S
4 2 o | o @3 o [ 6
Qo Q
2 2
=5 8|o =2 4

6 2 [ o 2 1 4

d 6 6 4 2 3 o0 d 3 o 2 6 6 4

(a) original structure (b) coarse structure

MODIFIED2PENDULA: Fine BTF
Size 6, structural index 7, DOF 5
Shaded: structural nonzeros in system Jacobian J
Boxed: positions that contribute to det(J)

Indices of Variables

5 6 4 1 2 3 G ¢
5 0 0 0
o 4 o 2 0 o
s
S6 o 0 20 2
w X
23 o] 2 6
Q
2
=2 |0 4
1 |0 4
d 3 o o 0
di 3 0 2 6 6 4

(¢) fine structure

FIGURE 3. Structure of Equation and its block-triangularizations.

ExAMPLE 2.8.1. We consider a DAE with structure given by:
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This system has the following signature tableau:

T Yy G
A0 —)0

= 5\o 1 )0
d 0 1

If we explicitly write out the equations for the offsets given by we get the following

system of equations:

’
d1—01:0,
dg—ngl,

\dl_CQZO.

If we solve the first two to get the ¢’s in terms of the d’s then substitute our values into the
third the constraints reduce to ¢ < ¢1, ¢4 > 0 and ¢, > 0. For normalised offsets we have
c1 =0 and cs € Ng or ¢; € Ny and ¢ = 0. This is represented graphically in Figure EI, where
the blue dots represent a normalised choice of offsets and the green dots represent a valid
choice, with red shading to indicate infeasible regions. The canonical offset vector is found

2

by means of a dual linear programming method with objective function min »_ ¢;.
i=1

@® Normalised offsets
® Valid offsets

°
‘25
°
05
° ° L °
0 05 1 15 2 25 3

FIGURE 4. Feasible ¢; for example with infeasible region shaded.
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ExXAMPLE 2.8.2. We now present an example where there is a finite choice of normalised

offset values, specifically two. Consider a DAE with structure given by:

A, y) =0,
B(z,y) = 0.
with signature tableau:

T Y G

Af1 0)\0
Z:

B\0 0/0
di 1 0

Writing out the equations given by gives us:

(

di—c1 =1,
dy —co =0,
dy —cy >0,
dy —c1 > 0.

When simplified to inequalities involving only the ¢’s yields:
o <+ 1,
Ccy > C.

Here we have two constraints, as shown by Figure [f

ExaAMPLE 2.8.3. We now stretch our understanding to systems of 3 equations in 3

unknowns. Consider a DAE with structure given by:
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@® Normalised offsets
® Vvalid offsets

FIGURE 5. Feasible ¢; for example [2.8.2]

with signature tableau:

oS
|
8
|
8

yw_ Bl 0 —-oco 0

o

d; 1 0 0
Once again we look at the equations generated by , the equality constraints are:

dy —c3 =1, di =1+ c3,

dy—c1 =0, = § dy=cy,

d3—02:0, d3202,
and inequality constraints are:
(
di —cy >0,
9
d2 —C3 2 07
\
which reduce to: )
C3 Z Cy — 17
\
c3 < C,
\

which gives rise to Figure [} We have two planes of possible offset vectors, with an infinite
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@ Normalised offsets
@®  valid offsets

FIGURE 6. Feasible ¢; for example [2.8.3]

number of both valid and normalised offsets.



CHAPTER 3

Dummy Derivatives

3.1. Introduction to Dummy Derivatives

Usually to solve a DAE one differentiates parts of the DAE in order to reveal the hidden
constraints of the problem, as done in Chapter . The Dummy Derivative (DD) approach
adds the hidden constraint equations to the system directly, as opposed to solving them stage-
wise as done above in the signature matrix method. This makes the DAE over-determined.
To get a square DAE again the method adds extra dependent variables to the system for each
constraint equation added, specifically the method finds a subset of appearing derivatives
of variables to be considered algebraic. In [30] it is proved that this approach yields a
DAE with the same solution as the original DAE. The advantage of this approach is by
solving the resulting index 1 DAE we satisfy all constraint equations of the original DAE
automatically. Unfortunately this approach is inherently local, as will be shown in §3.2]
which means one may have to reformulate the problem (sometimes periodically) throughout
numerical simulation, as explained in §3.6] In and §3.5] we use the signature matrix
method to inform our choices of dummy derivatives by finding so-called necessary dummy
derivatives, removing choice in the algorithm and increasing computational efficiency, this
yields different classes of DDs and new algorithms not before seen in the literature. In
particular this Chapter highlights choice in the block form not previously known, gives new
insights in to why certain derivatives must or can be DDs and gives several new ways of

approaching dummy derivative reformulation, linking our approach to a new method from

[54] in §3.5.2]

45
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3.2. Original Dummy Derivative Algorithm

We will be re-ordering the original method of [30] somewhat, thus to avoid confusion with
readers already familiar with DDs we present the original algorithm in §3.2.1 for reference

and provide a brief example for illustration.

3.2.1. The method as presented originally. Although originally the algorithm was
given using a block lower triangular (BLT) form we shall, at least initially, consider the algo-
rithm over one block. This simplifies notation considerably and allows us to note interactions
between blocks later to find a reduced block triangular form (BTF) with which to find DDs.
It also highlights a subtlety in the block form choice not mentioned in the original paper
[29].

We define notation needed in the DD method, but first present a necessary definition for

our analysis of the algorithm, see [45] for more details:

DEeFINITION 3.2.1 (Differential Algebraic Operator). A differential algebraic operator
(DAO) is a vector of size m acting on n dependent variables, say xi,...,z,, which are
themselves regarded as functions of an independent variable t. More formally we have an R™
valued function f of an independent variable ¢, dependent variables x4, ..., z,, and finitely
many derivatives of the dependent variables. If we index derivatives so that x;y corresponds

to x;(t), z;1 to 2(t) and so on then we have the following map:

(45) f:RxR7 = R™,
where 7 is the index set:
(46) J=A{GD):j=1,...,n;1=0,1,...}.

Consider a DAE to be given by Fx = 0, where F is a (column n-vector) differential-
algebraic operator (DAO) and z are n unknowns dependent on some variable ¢, we then have

the following notation:
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(1) v = v(F), a column n-vector of non-negative integers, containing the minimum
number of differentiations of each equation to get an ODE, usually found by Pan-
telides’ Method [41] or as the ¢ in SA. We use ¢ in throughout this thesis as it
provides more information than Pantelides’ method that we wish to exploit [45].
(2) D" = diag(%, ce jt%:), regarded as a DAO.
(3) The differentiated problem denoted by Gz = D' Fx = 0.
(4) A symbolic vector, z, of highest order derivatives (HODs) of x;(t) in Gz, with first
entry equal to the HOD of z; etc...

(5) A system of equations ¢g(z) = 0—The equations in Gx = 0—.

There are three main stages in finding DDs:

(1) Get v.
(2) Obtain a differentiated problem Gz = 0.
(3) Perform the index reduction algorithm. Loop through stages that select derivatives

to be considered as algebraic variables in the solution process.

For ease of analysis later we will assume, without loss of generality, that the equations
(and variables) have been sorted into descending order with respect to number of differen-
tiations needed, i.e. have been sorted with descending d; (and ¢;). We consider each stage
in turn by the superscript [x]. The index reduction part of the algorithm, given in as much

brevity as reasonable—for full details see [30]—is given in Algorithm [2|
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Algorithm 2 The Dummy Derivative Algorithm

Initialise: 21 < 2 | gll(zl) < ¢(2), G =

gt dg
62[” <— &, KR = ].

1: Let m be the number of differentiated equations in gl.

2. while gl*! has m differentiated equations, with m > 0

3:

4:

5:

10:

Let Al®l = 0 be the first m rows of gl*! = 0, so that HI* = gl:—[[:]]

Choose m columns of H*I producing a square non-singular M,

Form z¥"!, the HODs of variables occuring in M,

Make variables occuring in 2! into dummy derivatives.

Add equations hl*l = 0 to the DAE.

Omit one differentiation: gt «— D=1plel 2l o D12 Glst1] o pplsl,

Let m be the number of differentiated equations in gl*+1.

Set k =k + 1.

EXAMPLE 3.2.2. We use an example found in [30] and apply the algorithm above to

find DDs. Consider a linear constant coefficient DAE, with known smooth forcing functions

wur(t), ... ug(t):

(47)

x1(t) a(t) =x1(t) (1) +uy(t) =0,
x3(t) c(t) =ux1(t) +ah(t) +xa(t) +us(t) =0,
z4(t) d(t) =2a1(t) +aa(t) +a3(t) +24(t) +us(t) =0.
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We need a number of differentiations for each equation to get Gxr = 0, to do this we’ll

compute the signature matrix to find c:

I ) T3 Tyq ci

0° 0 —oo —o0\ 2

IS

0 00
| 40 0
0 0 £ 0
0 O 1
and the differentiated problem DY Fx = Gz = 0 is:
a(t) =a1(t)  +aa(t) +dy(t) =0,
b(t) =a1(t) +is(t) +@s(t +aix(t) =0,
) o prre ) MO SO 0O+ 2 (1)
c(t) = a4(t) +a5(t) +24(t) +us(t) =0,
d(t) =2x1(t) +a2(t) +a5(t) +24(t) +ug(t) =0.
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The vector of HODs, for Gx = 0, is given by z!) = (2, 4, #'5, #4) and the current equations

are gl(zl) = (d,b, ¢, d)T and

T Ty Ty T4

Stage 1

Let h!Yl = (4,b,¢)7, i.e. the differentiated equations, then

T1 Ta Tz T4

We now have two possibilities for selecting columns to get a non-singular matrix, either we
choose 1,3,4 or we choose 2,3,4. For the purposes of this example we can make either selection
arbitrarily (since the resulting matrices M are the same). In practice this selection would
usually be made using an estimate of the condition number of MM at each (or at least some)

time steps. Choosing columns 1,3,4 yields:

N
afl 0 O
MU=yl 0
J\o 1 1

We have differentiated variables zl'! = (2, 2, 24) which are to be made DDs. We now omit

one differentiation (re-initialise for the next stage of the reduction procedure) by setting
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gl = D hY = (a,b,¢)7, 2 = D12 = (21, 45, 24) and Gl = M.
Stage 2

We now have a vector of differentiated equations h!? = (@,5)7 and thus:
1:1 1:3 T4
g2 _ af1 0 0

b\1 1 0

We have to remove column three to get a square non-singular matrix:

T1 X3

We have differentiated variables z?! = (21, 2°3) which are to be made DDs. We now omit one
differentiation by setting gl¥ = D*hl% = (a,0)7, 2B = D712 = (2;, 23) and GB¥) = M.
Stage 3

We have no undifferentiated equations, so the algorithm ends. Equation presents the
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resulting index 1 DAE, with DDs marked in prime notation, i.e. £ = 2’ and & = z”:

a(t) =z (t)  +aa(t) () =0,
b(t) =x1(t) +xo(t) + x3(t) +us(t) =0,
( a(t) =z1(t) +aq(t) +ui(t) =0,
b(t) = 2| (t)  +aa(t) + xh(t) +ig(t) =0,
(50) | clt) = n(t) +ah(t) +za(t) +us(t) =0,
() = 2"(t)  +in(t) aiy(t) =0,
b(t) = 2(t)  +an(t) + 24 (t) +1iy(t) =0,
c(t) = 24 (t) +a3(t) +a)(t) +us(t) =0,
d(t) =227(t) +aa(t) + a5(t) +a)(t) + us(t) =0.

\

3.3. Reordered Dummy Derivative Algorithm

To make it simpler to draw comparisons between SA and DDs we reorder the index
reduction part of the original algorithm as presented in [29] to become Algorithm , doing this
allows the DD Jacobians G to be directly comparable with ‘equivalent’” stage SA Jacobians
J. We start the algorithm from stage O rather than 1. We remove the appearance of the
matrix MW", since Gt = MW this matrix is only useful for bookkeeping. We also now
compute H at the end of a stage as opposed to G so that we can have matrix GI*! computed
at stage x rather than stage x — 1. Computing our matrices somewhat out of order means
it’s easier to treat stage 0 as a special case in the algorithm, since we need to initialise stage
r with matrix H*1 but H needs to be computed from G° and thus cannot be given as

an input initially.

ExXAMPLE 3.3.1. We use the same example as before (Example [3.2.2)) to illustrate this
altered dummy derivative algorithm. Consider again equation and its corresponding
signature matrix As before the HODs are z% = (&, iy, #3, #4), the current equations

are gl%(zl%) = (i, b, ¢,d)T. Our algorithm is thus:
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Algorithm 3 The Reordered Dummy Derivative Algorithm

Initialise: z = 2% g(2) = g9 (z[%), k =0

1:if k=0 54/0
g

2: G[O] — m

3: Let m be the number of differentiated equations in g[O}(z[O])

4: Let HI be the first m rows of G°)

5: k=kK+1

6: else

7 while HI1 £ [ ]

8: Let Gl be m columns of H*~! such that we have a non-singular matrix
9: Make the corresponding variables used in G into DDs
10 Omit one differentiation to get 21, gl<l(2[])
11: (where we only consider variables and equations in GI))
12: Let m be the number of differentiated equations in gl*(z*])
13: Let H"! be the first m rows of Gl ...
14: (the rows using differentiated equations in gl*l(z1"))
15: k=kK+1

16: Consider the new system using all equations gl (z/"!) where x > 0,...
17: and dummy derivatives for zI*/, where £ > 0, as well as all original variables.

Stage 0

Initialise and then remove undifferentiated equations, since m = 3 we get:

By By B
if1 1 0 0
co_9%8% _jl1 o1 o1 o ol _

Stage 1
We now have two possibilities for selecting columns to get a non-singular matrix. Choosing
to omitt column 2 gives G!Y below. Therefore #;, i3 and &4 are made DDs, denoted by

2", 2 and 7). Reducing the order of differentiation by 1 gives z!*! = (i, &3, 24), current
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equations are gltl(z[Y) = (a,b,¢)T, so m = 2 and we get H as below:

Ty T3 T4
] 0 0 T1 T3 T
a
all = il 1 o and gil—af1 0 O
b\1 1 0
¢c\0 1 1

Stage 2

We now have only one possibility, so must have:

T, T3
a2 — afl 0
b\1 1

Thus 4 and @3 are made DDs, denoted by 2 and 2. Reducing the order of differentiation by

(2]

1 gives z[?l = (z,,23), the current equations are g?/(z?) = (a,b)”, so m = 0 and H? =[]

and the algorithm ends, yielding an index 1 system equivalent to the one found in [29],

Equation .

Note: The zeros in the third column of HY mean we never choose x, as a DD, this is
(as one would hopefully expect) always the case for undifferentiated variables, as explained
in the following section. Also, the variables and equations used in GI*! are just Dz and

Dg[“] (Z[K’})

3.4. Using Structural Analysis to Simplify Dummy Derivatives

If we consider H*! to be a matrix of size n, X m,, then from the algorithm in we
have (:’;:) potential index 1 systems at stage x + 1. Thus the potential number of index
1 systems obtainable by the method can be very large for practical examples. We would
like to use the structural analysis of Chapter §2] to inform our choice of DDs and thus limit
the potential number of systems considered at each stage. Note, it is of course possible and

done in practice to compute all possible Jacobians at a stage then store only those that are
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numerically non-singular, but this again can be costly or lead to memory issues for large

problems [46].

3.4.1. Similarities in the methods. There are several similarities between SA and
DDs, a preliminary summary is given in [32] and a more detailed expansion is given in [33],
this section expands on both these papers. Firstly, as was said above, the v used in DDs is
the same as ¢ in SA, as from [45] we see that Pantelides algorithm [41] and SA can be used
interchangeably. Therefore we have that D¥ = diag(i%, ey %) and have the following

equality:
Gr =DV Fx = D°Fux.

We are differentiating each equation f;, ¢; times, so the maximum derivative for each variable
zj in Gr = 0 will equal max;(o; ; + ¢;); from this is d;. Hence, the 0™ stage system in
DDs (Algorithm [3) is the 0*® stage system in SA. Thus the differentiated problem can be
written:

fi(ci)(t, xg.dj); lower order derivatives) =0, fori,j=1,...,n.

Therefore we must have that:

70 = (x(ldl), . ,x;d”)).

The formula for the DD Jacobian matrix GI° can now be written in this SA based notation
to show it actually equals SA’s stage 0 Jacobian J.

8g[0] o fﬁCi)
(51) Gl = d =

02101 e

Going to the next stage in DDs by reducing the order of differentiation by 1 is equivalent to
reducing the offset vector ¢ by 1 after removing its zero entries (and consequently reducing
d by 1 also). Therefore at stage 1 in DDs we will be considering the equations used in stage
—1 of SA, since SA increases the order of differentiation by one at each stage. This leads us

to the following observation.
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LEMMA 3.4.1. The equations used at stage k in SA are equal to those used at stage

k = —k in DDs (when writing down G™), for each stage k between ki, and 0.

Proor. We have already shown that at stage 0 both methods use the same equations.
In DDs we now remove all equations such that ¢; = 0. We then omit one differentiation and
repeat. Hence we remove, at stage 1, equations such that ¢; — 1 = 0, and by induction, at
stage k equations such that ¢; — k = 0, where x is the stage number. From these are

exactly the equations considered at stage —x = k in SA. U

Due to the above lemma we will now use the term ‘equivalent stage’ to mean DD stage
x when talking about SA stage —k = k and vice versa. We take notation from [45] in order
to write down the k™ stage System Jacobian found in SA. Consider each variable x; as a

function of an independent variable ¢ and let x; represent ZIJ;I) (t). Then for an n x n DAE

we have the index set:
J={00|ji=1,...,n1=0,1,...},
similarly for the equations we use the set:
T={@Gl)]i=1,...,n1=0,1,...}.
This gives us a notation for the variables used at each stage in the SA:

L={G)eT|l=Fk+al,

J=10,1) € T |l =k +d;},

where the offsets are taken to be canonical (see Definition [2.5.5)) unless otherwise stated. At

each SA stage we have:

my =| L |[=|{j | dj + k= 0} [, ne=[Te|=[{ilci+k=0}].
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TABLE 1. The results of SA on the linear DAE (47)—also showing DDs by a prime.

k | Equations being used | Variables being found
—2|a,b Z1,%2,T3

—1|a,b,c XY, Tg, Ty, Ty

0 |a,b,éd all ig, )

We write fy, to mean the set of equations used at stage k in SA and fi_, to mean the set of

equations used between SA stage ki, and k—i.e. (flkmmafl 1511, ), We use a similar

Kmin
notation for the variables.
Again, from [45] we have that the system Jacobian used at stage k in SA is given by:

Of,
- aXJk .

(52) Ji
Recall the note at the end of §3.3] which gives us the following lemma:
LEMMA 3.4.2. In DDs if at stage k, dj = k+ 1 then column j cannot be in Gl

Proor. If 1 <i <my and j > my, then k+¢; > 0 and k+d; <0, hence d; —¢; < 0 and
thus cannot be equal to o, j, so that (Ji);; = 0 due to the definition of the System Jacobian
in Equation . Since we have Gl = J; = J and the DD algorithm is reducing the order of
differentiation by one at each stage, if the column referring to z; appears in J;, and H [=k=1]

then its entries must be the same. Thus columns with d; = k+1 cannot be selected to form

GI=# | as they will be columns of structural zeros. ([l

Thus columns representing variables that are undifferentiated cannot be chosen as DDs,

as one would expect, otherwise we would not introduce new dummy variables to the system.

ExAMPLE 3.4.3. Consider example |3.2.2| and recall the index 1 system given in equation
(50). Compare this with the SA results in Table , the variables that became DDs are
marked by prime notation. In Example we make a subset of the variables found at
stage k in SA into DDs at stage —k+ 1 = k+ 1 in the DD scheme, using the same equations
in both cases, see Table [T}
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The total number of DDs introduced will be . ¢;, since this is the total number of new
equations introduced and we identify one DD with each new equation. At each stage the
variables that produced DDs are a subset of the variables that produced DDs at the previous
stage (necessarily excluding those with d; = k + 1), of size my_y, with each variable being
differentiated one time less than in the previous stage. So, the DDs will be a subset of the

variables solved for at the equivalent stage +1 of SA, thus we have the following:
THEOREM 3.4.4. The matriz G is a submatriz of (it may be equal to) Jy,, where k = —k.
Before going into a deeper comparison we consider the 0 DOF case as this simplification
yields some interesting observations.
3.4.2. DDs and SA in the 0 DOF case. We begin by noting the following lemma

for the offsets of a 0 DOF DAE:

LEMMA 3.4.5. If a square non-singular DAE has 0 DOF and, without loss, has been

reordered to put a HVT on the main diagonal of ¥ then d = c’.
PRrROOF. If we have 0 DOF then Zj dji—=> .¢=0 fromand by di—c; >0, Vi.
Hence, the non-negative numbers d; — ¢; sum to 0 and thus must equal 0. U
We also include a second shorter proof to help illustrate the point to the reader:
PRrOOF. From (34) we have d; = ¢;+0;; =c;ona HVT as all 0; ; = 0 on the HVT. O

This gives us the following theorem:
THEOREM 3.4.6. If we have 0 DOF then GI7* = J, for each stage k between ki, and 0.

PROOF. We have no choice in our selection of GI*l since HI*~U (of size m x n say)

must contain only m columns of structural non-zeros, since n —m other columns correspond
to undifferentiated variables due to Lemma Noting that J, = Gl completes the

proof. O

Hence in the 0 DOF case Theorem can be made more precise.
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EXAMPLE 3.4.7. In [7] the authors introduce a DAE for modelling a robot arm. It is

reformulated to be structurally well posed in [44]:

(53)
(0= D =ity — [2(iy + @) c(xs) + i2d(x3) + (205 — 2)-(alzs) + 2b(xs)) + alzs)w]

0=FE =iy — [~(2(#1 + #3) c(w3) + #3d(23)) + (223 — 22).(1 — 3a(w3) — 2b(w3)) — a(z3)w + us]
0= F = iig — [~ (2001 + @5) c(xs) + i2d(23)) + (225 — ). (a(x5) — 9(x3)) — 2i3¢(x3)

—d(x) (i1 + d3)" — (alxs) + b(xs))w] |
0 =G = cosxy + cos(zy + x3) — pa (),

0= H = sinz; + sin(x; + x3) — p2(t),

kOZK:w—(Ul—UQ).
Here

p1(t) = cos(e’ — 1) + cos(t — 1),

pa(t) = sin(1 — e') +sin(1 — ¢),

2 CcOoS S
a(s) = —— b(s) = ———
(5) 2 —cos?s’ (5) 2 —cos?s’

sin s cos ssin s
c(s) = ——mM8— d(s) = ———.
(5) 2 —cos?s’ (5) 2 —cos? s

We arrange the equations and variables such that we clearly illustrate the block triangular
structure of the problem. Structural Jacobian, signature matrix and offsets (with a HVT

marked by e and —oo entries left blank) for this DAE are, where F,, means 0F /0w and so
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on:
Ty T3 W T2 U Uy ¢ x(4) x(4) 0 5
1 3 2 Uz Uy
G(0° 0 1
Gw (G, G, 0 0 0 0
H| 0 0° 4
H®|\H,, H, 0 0 0 0
D2 1 0° 0 2 .
_ _ D |D; O D, D, 0 0
= pl1 2 0 o 2 J .
Fl 0O Fy, F, F, 0 0
El1 1 0 2 0° 0
E|l 0 0 0 Ey E, 0
K 0 0 0°/o0
K\X0 0 0 0 K, K,

dj 4 4 2 2 0 0

For later observations we note 3 has four coarse (also fine) blocks, two of size 2 x 2 and two
of size 1 x 1, although for the time being we will treat it as having only one block. Working

through the DD algorithm yields v = (4,4,2,2,0,0), and thus the differentiated system G

is:

GW =0, HYW =0
D® =, F® =0,
E =0, K =0

Stage 0
The vector of HODs is 2/ = (2", (" 10, &5, up, u1)7 and gl = (GW, HW D@ F@ E K)T.
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Thus we have a DD Jacobian of the form:

x§4) xgl) W To Uy U ¢
G Gi‘?) Gi?) 0 0 0 )4
H® Hi‘(fi) Hi?) 0 0 0 0 |4
oglol o D Dmg@ 0 Dy Dz, 0 0 |2
ozlol — R 0 Fxé‘*) Fy B 0 0 |
E|l 0 0 0 Ei, E, 0|0
K\0 0 0 0 K, K,/JO0
d; 4 4 2 2 0 0

By Griewank’s Lemma this is equivalent to J. Removing equations with ¢; = 0 yields:

(4) (4)

T T W Ty Uy UL ¢
G Gi‘?) GS@) 0 0 0 0)4
o H® Hi?) Hi? 0 0 0 04
Dw 0 Da Dy 0 0|2
F\ 0 Fw Fy Fp 0 0)2

d 4 4 2 2 0 0

Stage 1
We are now forced to remove the last two columns of HI” to get a non-singular matrix,

choosing x§4), a::(f), w, T9 as DDs and reducing the order of differentiation:

O R O NORC

Ty T3 w o Ty g T3 W Ty g
4) 4) 3 3
GW(IGE, G 00\ G® Gigg) Gi§> 0 0 \s3
HOHY HY 0 0 |4 HO|HY H® 0 0 |3
Ggi= _|." N . HWU N N : .
D D (4) 0 Dw l)gc2 2 D (3) 0 Du', ngQ 1
x Ty
F 0 Fzé‘l) Fw F@ 2 F 0 Fxgs) Fw Frz 1

dj 4 4 2 2 dj 3 3 11
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Stage 2
Since HIY is square G2 = HU. As ¢; — k = 0 no rows (and therefore no columns) are

removed at this stage, so that:

Ty T3 W Ty ¢

G(Gs: Gz 0 0 \2

H| H;, Hy, 0 0 |2

HY = D|p;, 0o D, D, o
F\ 0 F;, F, F,)o

Q&
[\
[\
o
o

Stage 3

Again, H? is already square so G = HP.

@Q
Q
§
D
ci:g.
=)
o

HY = Hy Hy, 0 0/1
dj 1 1 0 0
Stage 4
Then:
T I3 ¢
G([Gs Gi\1
=y Hy Hi )1
dj 1 1
Finally we get HY = [] and the algorithm terminates. By Griewank’s Lemmawe have

GI=H = J,. for all k between —4 and 0 inclusively. We list a comparison between the SA and
DD algorithms in Table [2|
The DDs are equivalent to the differentiated variables solved for at each prior stage in

SA as expected and we have no choice in selecting them, due to the 0 DOF in this example.



3.4. USING STRUCTURAL ANALYSIS TO SIMPLIFY DUMMY DERIVATIVES 63

TABLE 2. DDs and SA stages for the robot arm.

DD stage | SA stage | Equations being used | Variables being found | DDs selected
4 —4 G, H T, T3 T, Ty
3 -3 G,H il,l"g x’l’,xg
2 -2 G,H,D,F T1, T3, W, To x?),x?),w’,xg
1 -1 GO, H® D, F :Bg?’),m?), W, To x§4),$§4),w”,$§’
0 0 GO H® D P EK |29 2 0, 60, u0,u1 | N/A

3.4.3. Structurally Necessary Dummy Derivatives. Because the equations used
in each equivalent stage of DDs and SA are the same and variables in each DD stage are a

subset of those in the SA stage we have the following theorem:

THEOREM 3.4.8. If there are an equal number of variables ny and equations my used at
stage k in the SA then we will have no choice when finding GI=*1 in the DD scheme, i.e.

H s square.

That is, if there is a stage in the SA that introduces no degrees of freedom then we can

use that stage to find some dummy derivatives without carrying out the algorithm:

COROLLARY 3.4.9 (Structurally Necessary Dummy Derivatives). If my=ny in the SA
scheme at stage k then all subsequent derivatives of variables in zIF! used by the DD scheme
at stage k = —k must be DDs in the final index 1 system, i.e. Dz, ... DRzl must be

DDs. We call such DDs structurally necessary.

More precisely we have the following:

THEOREM 3.4.10. If there exists a k such that my, = ny and d;j—k > 0 then :L’g-dj_kﬂ), . ,xyij)

must be DDs irrespective of the numerical values in the Jacobian (i.e irrespective of the choice

of index 1 system) and are hence termed structurally necessary dummy derivatives.

This gives us the following improved DD algorithm, where we can identify structurally
necessary DDs (unless there are 0 DOF a these will only be a subset of all DDs needed to

give an index 1 formulation) without computing numerically the Jacobians:
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Algorithm 4 myg = ng Algorithm
1: for K = ki : —1

2: Find SA solution scheme
3: Note stages where myg = ng
4: Make subsequent derivatives of such variables DDs

5. for K =0: —kpin
6: Work through DDs algorithm, but:

7 keep columns for already known DDs from step 4 when finding G

For 0 DOF systems this identifies all DDs as one might expect. Clearly Algorithm {4|finds
all structurally necessary DDs. Applying the first half of 4] (finding structurally necessary
DDs) to the robot arm gives us the following staged solution scheme, produced by a prototype

extension (not yet released) to the authors’ code DAESA [31]:

Do a pass through the Structural Analysis scheme:

K = -4: Make the following derivatives into dummy derivatives

Xl) Xl)) X1)}) Xl)))) X2) X2)) X2))) X2)))}.

K = -3: No dummy derivatives can be discovered structurally at this stage;
K = -2: Make the following derivatives into dummy derivatives

x37, x3’7, x4, x4°7;
K = -1: No dummy derivatives can be discovered structurally at this stage.

One should compare this with Table [2] to convince themselves of the result.

ExXAMPLE 3.4.11. Recall the modified double pendula DAE and the associated
signature matrix and offsets in Figure [3] Table [3] gives the SA solution stages for this
problem. In Table |3] we see all higher order derivatives of variables found at stage 4 in
DDs will be made DDs (i.e. those used in SA stages —3, —2 and —1 or DD stages 1,2 and
3). Consider now the different BTFs as shown previously in Figure (3| Applying Corollary
[3.4.9] corresponds to solving the first coarse block as a stand alone system and then using

it to solve the second coarse block. Compare this with the z!*! and gl*l(z!"!) found in DDs
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TABLE 3. SA stages for equation (44)).

SA stage

myg

—6

)

—4

-3

—2

—1

o x| x| wo| wo| = =

0

o o ol x| o po| o] 3
=

65

in Table {4 (we have re-ordered equations and variables so they correspond with the coarse

block ordering). Note we get the same result applying our DAESA function to the problem:

Dummy Derivative solution scheme for ’modified2pendula’ problem

Do

e
I

~ ~ o~ W
|

a pass through the Structural Analysis scheme:

-6: No dummy derivatives can be discovered structurally at this stage;

-5: No dummy derivatives can be discovered structurally at this stage;
-4: Make the following derivatives into dummy derivatives
x1’°7, x1°°°7, x1°(5), x1°(6), x2’?°, %2’’’ , x2°(5), x27(6), x3°,
x3’’, x3’77, x37777;
-3: No dummy derivatives can be discovered structurally at this stage;
—-2: No dummy derivatives can be discovered structurally at this stage;
-1: No dummy derivatives can be discovered structurally at this stage;
0: No dummy derivatives can be discovered structurally at this stage.
TABLE 4. Dummy derivative stages for equation (44]).
Dummy derivative stage k zl! gltl(zl4))
0 (11 w3 5" 2 i, ) | (f57 1 150 Fo far 15)T
! (@, 28, 2§, is) " 17 17 fo)"
2 (2", 2", ) (13", i Jor Jo)"
3 (217, 2" 5, 75) (13" fro f2)"
4 (21, %9, 73) (fS;flny)T
5 (1) ()"
6 (z1) (fs)"
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Due to our ordering in the DD algorithm we introduce DDs for Dzl at stage &, e.g.
at stage 4 we are left with the 3 x 3 system given by the first coarse block in our BTF as

expected. We note this algorithm for structurally necessary DDs looks similar to solving for

DDs based on the coarse BTF, see §3.5.1] for why this is not quite the case.

EXAMPLE 3.4.12. This improved DD algorithm does indeed achieve our goal of reducing
the total number of potentially needed index 1 systems: Consider again the DAE (44),
working through the structural analysis we see that at stage k = —4 we have my = n;. At
stage —4 we are solving for Iy, @2, x3, so we know to keep columns corresponding to these
variables when working through DDs. For example, with e indicating a structural non-zero

and a blank indicating a structural zero we have GI% and H:

xgﬁ) xgi) x:(;l) Ty xés) Te ¢
f1(4) ° ° 4 :1:56) :Ug6) x;(f) T4 a:ég) Te ¢
f2(4) ° ° 4 1(4) ° ° 4
J 356) i i 6 2(4) ° ° 4
fa ° e |0 356) ° ° 6
f5 e o |0 T o o 2
fo o o 2 4 6 6 4 2 3 0

dj 6 6 4 2 3 0

We must keep the first three columns and hence only have to check 3 matrices for non-
singularity (in practice for best condition number), as opposed to the 15 we would otherwise

have to check—although clearly in this case inspection tells us we choose the first 4 columns.

3.5. Alternative Algorithms

3.5.1. Using BTF's. Using a block decomposition may yield a way of reducing the size
of potential GI*! matrices at each stage, which should offer computational speed up when
checking the condition number of each Jacobian when doing dummy pivoting. Before giving
an algorithm for finding DDs on blocks we ask if Algorithm [4] was already doing something

similar to a BTF for us. We consider a fine block decomposition (which is itself a BTF
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within the coarse BTF, see §2.7)) and ask if we could further reduce potential index 1 choices

when considering my being equal to n; during our SA stages.

THEOREM 3.5.1. If given an n x n DAE and there exists a k € {kyn,...,—1} such that
ng = my = p for some 0 < p < n, then the DAE must decompose into 2 coarse blocks of size

w and (n — p) (it may decompose further).

PROOF. Similar to the proof of Lemma [3.4.2| one partitions the matrix into the following

and then notes the top right block is empty (i.e. all its entries are —o0) by .

| 1 1
k+d; >0 E+d; <0
k+c¢; >0 k+c¢ >0
W
>= p+1
k+d; >0 E+d; <0
k+c; <0 k+c; <0
| ] n
1 pwop+1 n

O

This means, we cannot have a coarse block irreducible DAE with n, = my, unless k > 0
or k < kyin and therefore ny = my never occurs when solving via fine blocks unless the
DAE has m fine blocks and we are solving fine block m, i.e. are at global stage 0. Hence we
turn our attention to the interactions between blocks rather than trying to optimise further

within a block. We define local offsets associated with an arbitrary block form:

DEFINITION 3.5.2 (Block Local Offsets). We denote the canonical local offsets associated

with an arbitrary block form, were its blocks treated as stand alone systems, as ¢; and dj.
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Note: the local offsets & and d are the block local offets for the fine BTF. Given a block

form of ¥ with L blocks we have Algorithm [5] In the following discussion we will call DDs

Algorithm 5 Block based Dummy Derivatives

1: forl=1:1L
Initialise: zl[o], gl[o}(zl[m), k=0

2: if 7=0

3: Gl[o] = ag—{j

0z,

4: Let m be the number of differentiated equations in gl[o](zl[o])

5: Let H I[O] be the first m rows of GEO}

6: k=~rk+1

7: else

8: while H/" ' £ []

9: Let GE"”} be m columns of H. l[m_l] such that we have a non-singular matrix
10: Make the corresponding variables used in G}'”] DDs

11: Omit one differentiation to get 2™, gl*I(2l"], .

12: (where we only consider variables and equations in Gl[”l])

13: Let m be the number of differentiated equations in gl[”l](zl[”l])
14: Let Hl['”] be the first m rows of G}”l],...

15: (the rows using differentiated equations in gl[”’}(zl[”l]))

16: Ki=rK1+1

17: Consider the new system using all equations gl[ﬁl](z["‘”),where ki > 0,...
18: and dummy derivatives for zl[m, where x; > 0 and original variables,...
19: as well as all equations gl(é), . ,gl(c),... ]

20: and dummy derivatives for all variables xg»dj ), . ,:cg.dj ),

block necessary dummy derivatives if they are found at the end of Algorithm [f] i.e. if they
can be found by using a block form’s local offsets and the global canonical offsets. There
is no explicit interaction between blocks in Algorithm |5 (the inter block dependencies are
taken into account on lines 19 and 20) and therefore the majority of the algorithm could be
performed in parallel. In our discussions that follow we will restrict ourselves to thinking
about coarse and fine BTFs, as described in §2.7] as these tend to be the most natural when
using the signature matrix method.

To prove that Algorithm [5] gives a suitable choice of DDs, we would like an analogue of

a theorem in [48] that asserts the difference between local and global offsets is constant on
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a fine block form to hold for an arbitrary block form. This would mean that we introduce
only as many DDs as differentiated equations when taking the interactions between blocks

into account. Consider however the following example:

ExaMPLE 3.5.3. Consider a DAE with the following signature matrix:

¢ G

0]1 0 0

0 OJ1 o

0 1/o o
di o 1 1
di 0 0 1

Here we are block triangularising over coarse blocks. There is not a constant difference
between coarse local and global offsets, so it’s possible we introduce more DDs than we do

equations when using Algorithm [5]

The potential issue in Example is actually not a problem at all due to the follow-
ing theorem (if it were, then Algorithm |5 would not be a valid method for producing DD

schemes):

THEOREM 3.5.4. Given a BTF of X the difference between the sum of any block’s local

offsets and global offsets is equal with respect to ¢ and d.

PrOOF. Take an n X n signature matrix > and put its HVT on the main diagonal. Let
S be any subset of {1,...,n} and € and d be any valid offsets. Then, since d; —¢; = 0 wWe

have:
ZCZZ — Zéz = ZO'M' = Zdz - ZCZ' = Val(S),
€S €S i€S €S €S

which is independent of & and d. So, for any other valid offsets, say ¢ and d we have:

S-S d=%a-Ye

€S €S €S €S
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This is not what one might first expect: in our coarse block algorithm one might expect
to differentiate an entire block a number of times to solve a later block, this theorem shows
that actually you may only need to differentiate some parts of the block to retain a square
index 1 system using lines 19 and 20 in Algorithm 5] a subtlety in the choice of block form

not explored in [30].

THEOREM 3.5.5. Algorithm [J gives a suitable choice of DDs that could otherwise have

been found by considering the entire system and original DD algorithm.

PROOF. If one is able to carry out the above algorithm then we have a block form whose
diagonal sub-matrices are structurally non-singular. Because each block’s coarse local offsets
are a constant away from the global, by Lemma [2.6.2] we must have a non-singular Jacobian
at each global stage of DDs if we have a non-singular Jacobian at each coarse local stage.
Again, by Lemma [2.6.2| we see that a valid choice for the global stage DD algorithm is an
amalgam of variables found at positive and negative local stages, using each block’s lead
times (if we consider adding variables and equations at the end of the algorithm as doing

local stages 0, ..., max; (d; — d;)). O

Due to Theorem and Example|3.4.7|one may think when restricting to coarse blocks

Algorithm [f] is just a restating of Algorithm [f}—consider a DAE with signature matrix:

1 T2 I3 Ty Ty Tg ¢

fifb 0 0
fo 0 4 0
£l o 0 0 |4 k —6|—-5|—-4]|-3|-2|—-1
fi 0 0 6 me| 1| 1 | 44|44
fs 9 0 |4 ng | 2315|555
fe 2 0/ 4

dj 5 0 4 6 6 4

Looking for stages where m; = n; we find no structurally necessary DDs. However, using

Algorithm [5| we find block necessary DDs for xf’), e ,xff), xg‘g), e ,xgﬁ) and g, . . . ,ZBgl).
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We see that Algorithm [5|restricted to the coarse BTF yields a valid set of DDs that could

be found using the global offsets and no BTF. All we’ve done is take a BTF, so one might
assume in general it generates all possible sets of valid DDs that could be obtained globally,

as certainly seems to be asserted in the original paper [29]. Consider however:

ExXAMPLE 3.5.6. Consider a DAE with signature tableau as follows:

Ty T2 X3 Ty Ty ¢

fifl1 0 0\1
2l 2 1 0
Y f3 10 2
fa 2 1 0|1
f5 2 1/o

d 2 1 3 2 1

Note that the coarse BTF given above is the same as the fine BTF and ¢ = ¢ = ¢ and
d=4d =d. Algorithm [5| will give a DD for either #; or @5 from the first block, that is
Algorithm [5| cannot find a set of DDs where neither of #; and 75 are selected. However, if
we carry out the original DD algorithm we see that there is an index one system that uses
only derivatives of variables x3, x4 and x5 as DDs. Thus there are index 1 systems we may

‘miss’ using a BTF that would otherwise be available if considering the DAE as a whole.

We now show that the choice of block form does directly affect the number of block
necessary DDs. We assert the fine BTF is a good choice. Before giving an example of
Algorithm [5| using the fine BTF we wonder if there exists a more informative version of
Algorithm 4] based on the fine BTF. Consider again equation , its signature matrices
in Figure [3 and its stages in Table [l For stages —2 and —1 my, # ny because we have to
introduce initial values for 5 and z5. If we did not have to do this we would again have
a square system, this time with 4 equations—the original coarse block containing equations
1,2, 3 and variables 1,2,3 and a fine block containing equation 6 and variable 4. We note

that variable 5 does not actually appear in the DD solution scheme until stage 0 because
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it does not have an associated equation. Note: because they will not appear in the DD
scheme we can ignore any variables that must be specified as IVs by the SA when checking
for square systems. This gives rise to the following definition
DEFINITION 3.5.7. Fine block local numbers of equations and variables are written as:
gy = |{j in block I | d; + k > 0}

s ﬁm:{zmblockﬂa—i-kZO},

where k is taken to be a local SA stage associated with a fine block.

Doing this we end up with an improved fine block based analogue of Algorithm [4] For

each fine block [ do the following (where /k\min,l is the -max; d; such that j is in block [):

Algorithm 6 Fine BTF based structural DD algorithm
1: for K = Emin,l c—1

2: Find SA solution scheme
3: Note stages where my,; = N,
4: Make subsequent derivatives of such variables DDs

~

5: for K =0 : —kminy
6: Work through DDs algorithm, but:

7: keep columns relating to already known DDs from step 4 when finding G*!

Knowing this it motivates us to continue using the fine BTF to find DDs, since we have
a better set of structurally necessary DDs (we will term such DDs fine block structurally
necessary DDs) than was previously found using the entire signature matrix. Before proving

this is indeed a valid method we illustrate it on a double pendulum:

ExAMPLE 3.5.8. Consider again Equation (44). We carry out Algorithm [5|on this DAE
to illustrate the advantages of the fine BTF. The local offsets tell us that we must have DDs
shown in Table [f—found by comparing the offsets via lines 19 and 20 of the Algorithm. The
only block we have to select DDs in is block 4 (equivalent to the simple pendulum). For ease

of checking the Jacobians that follow we now consider this as a stand alone DAE (as would
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TABLE 5. DDs from the fine blocks for example .

Block Number Fine block structural DDs

1 No dummy derivatives for this block

2 No dummy derivatives for this block

3 Ty, Ty

4 x(13), x§4), x§5), xﬁG), x§3), :Egl), m§5), xéG), T3, I3, xég), a:gl)
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be done should Algorithm [5{ be done in parallel over fine blocks) and give the differentiated

problem Gz = 0:

e

fi=21 + 71738 =0,

fo=2s+x015 -G =0,

f3 = f1 = 23171 + 20979

kfg,:ac%jtycg—LQ =0,

=0,

fs = fs = 2iy21 + 242 + ¥y 4 202 =0,

Performing the DD algorithm gives two possible index 1 systems, where the choice of

DDs is given in Table[6] We are able to find 14 block necessary DDs without ever having to

compute a numerical Jacobian and reduced our problem size by half at the outset.

TABLE 6. Possible DD choices from ({44)).

Stage 1 | Stage 2

A brief complexity analysis follows. Assume the DAE decomposes into L fine blocks

labelled by a subscript [. At each stage of DDs the original algorithm has a complexity of

order:

kmin

Z (nk)gv

k=—1
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because the selection of DDs is usually done via a QR decomposition in practice, which is

an O(n?) operation. The proposed algorithm has a complexity of order:

L kmin,l

> O k),

I=1 k=—1
where ¢; in the second summation is taken to be in block I. Assuming the system decomposes
into relatively small fine blocks, i.e. 7 < n and some ¢; < ¢;—from test models in DAESA
this is usually the case—this should offer good numerical speed up.

Importantly the large reduction in potential DDs and problem size makes dummy pivoting
less problematic, since we will have to consider smaller systems of equations with a reduced
number of potential variables to choose from, see for more detail.

Consider again Example [3.5.6] we are reminded that there are index 1 systems we may
‘miss’ using a fine BTF that would otherwise be available if considering the DAE as a whole.
Whilst this seems like a rather large oversight of our method, this potential ‘oversight’ will

never make an otherwise solvable (by DDs) DAE unsolvable:

THEOREM 3.5.9. If the DAE is solvable then Algorithm [ restricted to the fine BTF will

always be able to select a valid set of DDs.

PROOF. If the system is solvable then there must exist DD matrices globally, i.e. there
is a choice G, ... GM@*icl for which each matrix is non-singular. We also know that
there exist global SA system Jacobian Jo,...,J_ . that have full row rank. If the SA
scheme succeeds globally then it succeeds over fine-blocks. That is, over each fine block [
there are Jo;, ..., J_max, ¢, that have full row rank. Since we have that any Jo = GO and
subsequent DD matrices are sub matrices of previous SA matrices it must be possible to

select a non-singular DD matrix on each fine block if each SA Jacobian has full row rank in

that block. 0
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Thus, although it is possible to find non-singular choices of DDs globally that cannot

be found over a fine block these choices are somehow a redundant selection—although ad-
mittedly it might be possible the global selections have better condition numbers there will

exist a fine block selection if the DAE is solvable.

3.5.2. Relation to another approach in the literature. An approach in the litera-
ture that seeks to improve upon the Dummy Derivative method is found in [54] and [55] and
is termed the structural approach for reqularization. One begins by adding to the system all
equations fi, cee fi(ci) for each equation 4, this gets us a reduced derivative array, see [8] or
. We now have a system with M = ). ¢; +n equations in only n unknowns, so we have
to introduce ) . ¢; new unknowns we wish to solve for, i.e. the approach is similar to doing
DDs in one go, rather than in stages. The method does this by using a HV'T, T" with entries

given by (1, j;). It adds new variables as follows:

O'.L','/.-‘rl O'i,',-“l‘l
Ry (o)

Ji Ji

(54) Wy = : - : fore; >0 and wy =[] fore; =0.

(Ui,ji+Ci) $<Ui,ji+ci)

Ji Ji
Of course this choice of HVT is, in general, non-unique. A weighting is suggested to choose
a HVT that is valid in a maximal neighbourhood of a consistent point, so that one may have
to change their selection dynamically as one does in dummy pivoting. Each HVT is assigned

a local weighting coefficient:

wr = H |J1,]|

(i.5)€T
Intuitively this method looks very similar to DDs, one seeks to add the same equations to
the system and introduce an equivalent number of ‘new’ algebraic variables to solve for that

were previously derivatives of our original variables. In fact one can see any index 1 system

found by the above approach must also be obtainable using Dummy Derivatives.

LEMMA 3.5.10. Adding variables to the DAE as in equation produces a valid Dummy

Derivative system.
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PRrROOF. Each entry of ¥ that is on a HV'T must have a structurally non-singular System
Jacobian entry. Consider a DAE that is one irreducible coarse block for simplicity without
loss of generality. In DDs if ¢; = 0 we remove that equation, in this approach if ¢; = 0 we
add no variables to ‘match’ to that equation, essentially removing it from consideration. If

c; > 0 we consider the approach above as stage-wise and note since we are using a HVT

d;, = 0, j,+c;, we add variables for xi.znaxji dji), then set d;, = d;, —1 and iterate until d;, = 0—
which is exactly what we do in DDs. Since we are working on a HVT each equivalent DD
Jacobian must be (at least structurally) non-singular, so we have an alternative way to find

a DD system. 0]

This looks similar to the approach based on a BTF above—we have a method that
identifies a potential DD system, so we ask if it can identify all potential DD systems.

However, the following example tells us it cannot.

ExAMPLE 3.5.11. Consider a DAE:
fl :$1+I2+tI3 :0,

f2:3$'1+l;2+333 :0,

\f3:213'1+$"2+113'3 =0,

which has signature tableau (with HVTs marked by #, o, @ and A):

v f2 1°0° 1*A 0 1
f3 2A 9e o [



3.5. ALTERNATIVE ALGORITHMS

We therefore have initial DD Jacobian:

T1 Ty T3

Af1 1 ¢

GH = Rl3 1 0
sl 2 1 1

Which is non-singular provided 2 — ¢ # 0. Proceeding with the algorithm produces:

By dy
go_ fif1 1 ¢
\3 1 0

We therefore have 3 potential choices for G, listed in Table [7}

TABLE 7. Possible DD choices for Example [3.5.11

Choose 27 and 2 | Choose 2 and z% | Choose x4 and x4

T, To T, T3 Ty T3

agu_ A1 1\ gu_ Af1 t\lgu_o Af1 ¢
f2\3 1 Ja\3 0 fo\1 0

7

In Table |8 we present all possible index 1 DD systems and indicate which can be found

using a HVT above and note there are 2 systems (from 2 different branches) that the method

cannot find.

TaBLE 8. All DD choices for Example [3.5.11}

Choose z7, x4, ) HVT: % | Choose 2/, 24, 25, HVT: o | Choose 2/, z%,2] HVT: N/A

Choose 27, x4, x5 HVT: e | Choose x4, x4, 5 HVT: A | Choose x4, z5,25 HVT: N/A
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ExaMPLE 3.5.12. To further example [3.5.11] consider a DAE with signature matrix,

offsets and HVTSs (given by *, o, @ and A) given below:

T i) T3 Ci
fl 0* 0° OQA 9
Y f2 1A 1° 1*° 1

f3 9oe Q*A —/ o

This has System Jacobian:

flo o o
fQQ o o

fa\e e 0

where e indicates a structural non zero. The method above can only select index 1 systems

using either 2/ and z4 or x4 and x, however DDs can select the following G!:

T1 T
Gl — fife e

fa\eo o

Hence we have an index 1 system that cannot be found using the structural approach for

regularization, that can be found using DDs.

The following remains an open question: if every choice of index 1 system the above
method produces has a singular Jacobian then will every index 1 system it misses also have
a singular Jacobian? Clearly for this example this is the case, if columns 1 and 3 and 2 and 3
are linearly dependent then so are columns 1 and 2, we conjecture this is the case in general,

which if true would give us a more practical way of finding DDs.
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3.6. Dummy Pivoting

We briefly discuss the issue of dummy pivoting as first examined in [30], we give an
insight in to how best to visualise the problem and present an example that shows a ‘worst’
case number of potential index 1 systems. When proceeding along a numerical solution it
is possible that some chosen matrices G will become singular, [28]. The above examples
don’t have time dependent G* although there’s no reason a G* can’t be time varying—which
may lead to singularity at some time ¢. Consider for example the simple pendulum , when

proceeding through the DD algorithm [3| we get:

Ty A
HO — . _
C (220 2y O)

We have a choice between selecting either column one or column two. As our solution
trajectory approaches the x axis we want to select column one, as it approaches the y axis
we want to select column two, assuming our pendulum is moving across the x axis we will
have to change our choice of index 1 system dynamically. It is therefore necessary to change
our choice of GI*! as our numerical solution evolves with time. Such a change is called dummy
pivoting or dynamic selection of states [28]. The main problem with making such a change
is that changing a G*! will (frequently, but not necessarily) produce a need to change all
subsequent GI**. This problem is worsened the higher the DAE index (there will be multiple
stages and thus more potential G*! to change) or when the larger the problem size (this will
result in estimating condition numbers of potentially large matrices frequently throughout
the solution process). One method of avoiding the former problem is to start by attempting
to reduce the order of the problem and block triangularising as in §3.5 a technique that in
practice frequently reduces the order. The solver Dymola seems to do this (it seems to also
do behind the scenes algebraic manipulations to reduce the block sizes as well), however it
is sometimes not possible to reduce the DAE this way and one can crash the solver due to
there being too many matrices to dynamically switch between. If one slightly modifies the

example of [51] (see Example|3.6.2) so that every entry in ¥ is a structural non-zero then the
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DAE with a structural index of 13 (of size 25 x 25) is enough to crash Dymola (using > 1GB
of system memory before running out of memory [21]), as the number of potential index 1
systems grows with the index (one has to consider more stages). Clearly such a large index is
unlikely to occur in a practical example, but less extreme cases are indeed feasible. Another
alternative is to select which states must or cannot be chosen as DDs, this is implemented
in some tools, such as is done in Dymola with each variable given a stateSelect parameter
that can be prefer, default or avoid. Selecting dynamic states before solving however
needs to be informed by problem specific knowledge, which it is not always possible a user
will have. It is also dangerous as the user may avoid choosing structurally necessary DDs
and thus not find any index 1 system at all if they are not careful. There are few effective
ways to measure when it is necessary to perform dummy pivoting, one such method is to
monitor the condition number of G, as in [15] or to use an adaptive step size ODE solver
and monitor the step-size as in [14] the former potentially being computationally expensive
whilst the latter risks dummy pivoting when it is not needed. It is also possible that if
the step size is too large one misses points where a pivot was needed and thus has solution
regions that are not valid, similar to what happens when checking switching conditions for
hybrid systems [59]. The following example offers some insight in to the number of different

potential Jacobians G

ExXAMPLE 3.6.1.

fir=310t) + @35t +w(t) =0,
fa = @3(t) + @5(t) + ua(t) =0,
(55) f3 = #1(t) + 25(t) + us(t) =0,

fa = xi(t) + 25(t) +ualt) =0,

fs = @2(t) + 22(t) +us(t) =0.
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Here wy(t),...,us(t) are arbitrary driving functions. The non-linearity gives stages in the

DD algorithm that may need pivoting. This DAE has signature tableau and offsets:

Ty T2 T3 T4 Ty ¢

fif2° 1°\ 1
fa 2° 2° 0
v fs]1° 0° 2
fa 0° 0° 2
s 1° 1°/1

4 3 2 2 2 2

Equation is irreducible and has two HVTS, marked by e and o. Every entry of
Y. corresponds to a structurally non-singular entry in each J; and their related DD stage
Jacobians. For ease of checking entries in the DD stage Jacobians that follow we present all

equations and their derivatives specified by c:

(= @2(t) + 2(0) +ui(t) =0, (f1 = s = 20D (1)1 (t) + 285 (8)is () + an(t) =0,
fo = @2(t) + 2(t) + us(t) =0, fs = fr =281 (t)d1(t) + 2i5(t)2s(t) + us(t) =0,
fs = @3(t) + 23(t) +us(t) =0, fi= fs = 2a4(t)za(t) + 223(t)2s(t) + () =0,
fa=ai(t) + 25(t) +ualt) =0, | fs = fo = 205(t)as(t) + 282(D)da(t) + us(t) =0,
fs = @5(t) + #5(t) + us(t) =0,

fa= fio = 20 (£)a1(£) + 283(t) + 25 (t)as(t) + 202(t) +iiz(t) =0,

fo= fu = 284(O)wa(t) + 2E5(8) + 2(D)2s(t) + 245(8) +da(t) = 0.
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In the DD algorithm, we have initial Jacobians:

fi
2
Gl — fs
fi
f5

dj

Stage 1

o

224
0
21
0
0

3

T
0
279
0
0

2%

T3
0
0

2x3
2x3
0

2

T4
0
234
0
274
0

2

T
2
0
0
0
215

2

Ci

Ty

fi [ 2i
HO = f3| 244
ful 0

£\ 0

We need to find GI). We do this by choosing any 4 columns, since all 5 possibilities are (at

least structurally) non-singular. Numerically one potentially has to pivot between different

systems, for example say you chose columns 1, 2, 3, 4, and @5 — 0 at some time ¢ then you

would pivot to the system with columns 1,3,4,5. Choose columns 1, 2, 3, 4, giving DDs for

3)

Ty

Gl —

Stage 2

fi [ 22

fs
fa
fs

, Lo, T3 and Z4. The new Jacobians are:

and

fa

T

Gy @y

gl — fsf28 0 223 0

0 0 2x3 2x4

Choose two columns from H!! to form a square non-singular matrix. There are three choices.

As above it may be necessary to pivot chosen DDs numerically. Say we choose columns 1
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and 3, then we introduce DDs for #; and @3 and get the following Jacobian:

1 X3

G2 — f3 227 23

Ja\ 0 2z3
Removing undifferentiated equations yields H?l = [] and the algorithm terminates. Note:
we have selected the following dummy derivatives: z7, 3:53), xhy, xfy, x4 and 2. If we do not
check for non-singular matrices at each stage we would have (Z) (3) = 30 possible index 1
systems at the end of the algorithm. If however we check for structural singularity at each

stage (as is done above) we get 9 possible index 1 systems. Listed in Table @] are selected

DDs.

TABLE 9. Possible DD index 1 systems from (55)).

Stage 1 Stage 2

@ oo "o "o )
Zl’fl N .TQ, .7}3, ZU4 ﬂfl, .Z'g or .Tl, .fE4 or $3, x4

() R "o

() T "o

(3) " " " " / " / ! !
Ty, T3y, Xy, Ty | Ty, Xy O Ty, Ty OI Ty, Ty

/i 1 1 "
Loy Lgs Ty, Ty | T3, Ly

If one thinks of the number of possible DD index 1 systems as a tree diagram, with stage
1 producing the root and each subsequent stage producing branching nodes it is possible to
make pivoting easier. In applications where the DAE is usually of large size but (relatively)
low index the tree will likely be wide but shallow. Pivoting can then be done across nodes
on each level, i.e. you can pivot between all nodes at one level (restricting yourself to nodes
coming from one parent node), starting at the node that gives you a singular matrix G*! and
considering its leaves, then if no nodes at the current level give a non singular matrix go up
a level and repeat. Storing such a diagram may take a lot of memory, but it’s highly likely

many nodes will in fact have the same GI*. Consider Table [)) We see there are actually



84 3. DUMMY DERIVATIVES
only three distinct nodes at stage 2, so we only have to store 3 Jacobians, not 9 and check

3 Jacobians for non-singularity in the worst case.

ExXAMPLE 3.6.2. We conclude this section by looking at a ‘worst case scenario’. The
example from [51] forms a DAE with arbitrarily high structural index (if n is the problem
structural index it has size 2n — 1). Such a DAE will also therefore have arbitrarily many
DD stages (A DAE of structural index n will have n — 1 DD stages, as each stage reduces
the index by 1). We modify the example to have a signature matrix that is dense (all finite
entries in 3 are on a HVT), which causes a great deal of choice at each DD stage. Using
such a trivial example it’s possible for current DD solvers to break down with relatively
small problem size due to running out of system memory. Since the equations are arbitrary
for actual DD stages (one assumes they're picked so that any possible DD selections can be
non-singular at some time step) we omit the equations and instead present the first three
signature matrices for the process, produced by DAESA in Figure [Il Consider for example
the 5 x 5 DAE of index 3, at stage 1 one has to choose 3 from 4 variables, then at stage 2
one has to choose 1 from 2, giving a total of 8 potential index 1 systems. For the index 4
DAE of size 7 x 7 one has 6 choices at stage 1, 4 choices at stage 2 and 2 choices at stage 3,
giving 48 possible index 1 systems. In general we will have (2n—2)-(2n—4)- ... -2 possible

index 1 systems for an index n DAE of this form.
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CHAPTER 4

Exploiting Non-Canonical Offsets—Universal Dummy Derivatives

This chapter provides a new algorithm that eliminates the inherent problem of dummy
pivoting (see by transforming the DAE to a new problem where the same selection of
DDs can work throughout the numerical integration. If it’s possible to find globally valid
DDs for a system that previously only had local ones, we no longer run into problems where
we cannot store a sufficient number of index 1 DD systems due to running out of memory
(see Example [3.6.2) at the end of §3.6). We can also then exploit structural information
(e.g. block forms) throughout our solution, rather than in potentially small regions. The
algorithms given in this chapter are only suggested for use if a static selection of DDs cannot
be found, either by noting there are 0 DOF, or by finding a set of non-singular GI*! that do
not depend on ¢ and are non-singular or by using problem knowledge to find a set of G

that depend on ¢ but are still non-singular throughout integration.

4.1. The Basic Algorithm

We would like to consider again the simple pendulum , where we rename a, b, c as
f1, f2, f3 for clarity later. It is a small physical example that exhibits pivoting so we hope to
gain insights into why we need to pivot and how we could avoid it in general by attempting

to eliminate pivoting in this problem.

EXAMPLE 4.1.1. We proceed to carry out the DD algorithm [3] Recall from §3.4] that the
DD algorithm proceeds in stages, using matrices G and H"! for k = 0,1, ... where GI is
the n x n system Jacobian J = 9 fi(c")/ 8x§dj ), Deleting appropriate rows of G gives HI¥.
Deleting appropriate columns of H! to form a nonsingular matrix gives G+, We have

an initial Jacobian (with highest order equations and variables) and a secondary non-square

87
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Jacobian:
A R N
fl 1 0 z\o
T g A
o _— fof 0 1 yfo d go—
“=7 w ji (20 2 0)

fa\2x 2y 0) 2

dj 2 2 0

We have to select 1 column from H[% to get a square non-singular matrix G, We cannot
choose column 3 because it is structurally 0, as was shown is always the case with columns
corresponding to non-differentiated variables in §3.4 We thus either choose column 1 or
column 2. We will have to change our choice depending on if x or y are close to 0, in practice
this means changing our dummy derivatives whenever the pendulum comes close to crossing
an axis. Assuming we have a pendulum that doesn’t loop back on itself and starts in say
the upper left quadrant this means in one period of oscillation dummy derivatives will have
been changed at least five times (start with #, &) or potentially as many as 6 times (start
with ¢, y). We want to eliminate the need to choose between any variables and instead
pick both, since any choice may become invalid and it will be expensive to pivot between
potential systems as this happens for a general DAE, see example at the end of
for a worst case scenario.

Since we do not have to dummy pivot for DAEs where a static choice of G+l exists or
where only one choice for GIF+1 exists, we wish to try to reformulate our problem to be close
to the latter case. If we want to eliminate the choice of candidate dummy derivatives (DDs
that can be selected as dummy derivatives in at least one DD reduced index 1 formulation)
at this stage one way we can do this is by adding equations to the DAE so that we can
choose a square submatrix of H” that contains the columns corresponding to all candidate
dummy derivatives, i.e. Z and §. This will still give us multiple choices (e.g. one could pick
some subset of old variables and new variables) so we try to add equations that can give us

a choice that’s valid for all time. Note: introducing new equations and variables and then



4.1. THE BASIC ALGORITHM 89
choosing the new variables’ derivatives to be DDs is counter intuitive to the method whereby
we seek to ‘match’ each differentiated equation with a differentiated variable (if we're just
adding equations and matching variables we're not progressing our anti-pivot fix). Since
in this example we have one more candidate DD than we do equation we need to add one
equation to ‘square-up’ the system. Since we're at stage 0 — 1 in the DD algorithm our
equation will have to have (at least) one differentiation specified by the offsets, i.e. will have
a c offset > 1. To keep the equation simple (and because we don’t intend to use the new
variable in the DD scheme) we will look for an equation of the form (where f is some as yet

unknown function):
(56) Zy = flx,2,%,9,9,9,t) — z1(t) = 0.

Noting that we only care about coefficients of # and 4 in Z; (these are the only ones that

appear in H[%') means that we can actually look for an equation of the form:

(57) Z1 = f(ZE, y,t) - Zl(t) = 07
where f is some as yet unknown function. For simplicity take it to be linear, so we add:
(58) Zy =ai+ py— () =0

to the original DAE, where o and [ are some parameters that are yet to be determined and
21 is some new variable to solve for. We would like the H!9 for our new DAE to be of the
form:
A TR W
O — fsf2x 2y 0 0
Zila B 0 -1

where now the parameters o and [ can be chosen at run time so the row using new equations
(newly introduced equations of the form Z; = 0) in G is roughly orthogonal to the row

using old equations (equations part of the original DAE including hidden constraints) in
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GM. We chose (a, ) to be orthogonal to (x,%) so that the resulting DDs matrix G/ has
good condition number. It is now possible to pick z” and 3" as DDs for all time provided we
update a and 8 along the solution to keep the resulting G matrix non-singular. Checking
the condition number of the corresponding GG matrix and using a Gram-Schmidt or QR type
procedure for ‘new’ rows if the matrix becomes ill conditioned would be a reasonable way of
updating o and # dynamically in practice. We have now eliminated the pivot choice at this
stage (it will be shown later in the example that we’ve actually just pushed the choice back

to a later stage). Consider our new DAEs signature matrix and canonical offsets:

x Y A 21 ¢
fif 2° —oo 0° | —0c0)\ 0
fol —o0  2° 0* |[—oco | o0
Y= ,
fal 0O° 0* —oo|—0| 2
Zl \ 1 1 —00 0 / 0
dj 2 2 0 0

where the block structure is shown, see Unfortunately we see that entries in positions
(4,1) and (4,2) are both structurally zero (meaning d; — ¢; # 0; ), so won’t appear in HU.
Recalling Equation one can see that changing dy = ¢4 (because entry (4,4) must be on
a HVT) to 1 will not affect the other offsets—the block structure means the change in dy
does not change any of ¢q, ¢y and c3 and a change to 1 for ¢4 satisfies Equation SO none
of dqi,dy and ds are affected. Due to our choice of Z; we see that dy = ¢4, = 1 makes the
entries in positions (4,1) and (4,2) structurally non zero and therefore the matrix H% will

be as we want it. We therefore have the modified problem:
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fi(t) = mi(t) + At (?) )
fo(t) = mij(t) + A(y(t) —mG =0,
(59)
falt) = 2(t) + (1) — L2 )
Zi(t) = ai(t) + By(t) — a(t) =0,

\
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We proceed to carry out the DDs algorithm for this new problem to see if we have eliminated

the need to pivot. Our initial Jacobians are:

oy A
210 1 y 0 [o .
G = Alor 2y 0 0|2 and g — fs {2z 2y O
3 €T ay .
Zl (6% ﬁ O
Zl (0] /B 0 -1 1
dj 2 2 0 1

As expected we can now choose z” and y” as DDs.

We proceed to finding the subsequent stage Jacobians for this new DAE:

X y ci
fa[2x 2y\1 oy
Gl = z\a 8/0 and HY = f (2:1: 2y>.
1 1

21
0
—1

We see that we have actually just delayed our choice of DDs by a stage. If we repeat the

procedure as before we hope to eliminate all DD choices from the DAE (since there are no

further stages to push the choice back to). We seek to add an equation to the system so that

we can always choose the variables that are DD candidates at this stage. Using the same
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rationale as before, we need the equation to appear at stage 2, so need the corresponding c;
to be at least two. We also only care about coefficients of & and ¢ in Zs, which gives us the

following equation:
(60) Zy =z + 0y — z3(t) = 0.

Here again v and 0 are parameters to be chosen at run time (ideally using an orthogonality
condition) and z, is some new variable to be solved for. So that our new DAE’s signature

matrix with canonical offsets is:

T Y A 21 29 ¢

fif 22 —o0 0° | —0c0|—00)\ 0

fol —o0 2° 0°* | —oco| -0 |0

w— fs| 0° 0* —o0|—00|—00]| 2

Al 1 1 —o0| 0 |—c0] o0

Za\ 0 0 —oo|—0cc| O 0

dj 2 2 0 0 0

Now to have all necessary entries of HI® and H structurally non zero we need to set
¢y =dy =1 and ¢5 = d5 = 2. Note that adding these equations to the system does not
change the original solution of the DAE, because the equations we add form a new block
dependent on the original DAE’s (block 1 above) solution. We now consider the DD stages

of our new system to ensure we have indeed eliminated the need to pivot to get:

2y N 2 2 g

s (2x 2y 0] 0 | O ) 2

go— Zila B 0|—=1|0 |1
Zy\y 6 0| 0 |—-1) 2
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We see that a valid choice is 2", " and zj—what we’re doing is adding DDs for all variables
in an old block that doesn’t contain an equation introduced at this stage in the original
system and ‘borrowing’ DDs from the new blocks that do use an equation introduced at this
stage in the original system. We’re forcing ourselves into a scheme that is unobtainable by
performing a block decomposition of the new DAE and doing DDs on each block. We note
this as an important consequence of this method—we are directly showing that it’s possible
to find useful DD schemes by not doing a block decomposition, a fact missed in the original
paper [30]. We also note that this provides a useful application for non-canonical offsets
(see section —previously it was assumed canonical offsets were always the best choice
for making a DAE amenable to numerical solution. When proceeding to find HI! we see
that the equation introduced for stage 1 is removed and we select ' and ¢ as DDs and the
DD algorithm then finishes. Hence we have found a way to have a static selection of dummy

derivatives, albeit with a dynamically varying set of parameters.

Before giving a general algorithm for adding such equations to the system we need the

following definition:

DEFINITION 4.1.2. Let the m, and n, be the number of rows and columns in the DD

matrix H*~ Y respectively.

We now use the insight gained by Example to produce an algorithm (Algorithm

for adding such equations and finding globally valid (universal) DDs for an arbitrary DAE.
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Algorithm 7 The Universal Dummy Derivative Algorithm

1: When finding the matrix GI*:

2: if m, =n,

3:

4:

10:

11:

12:

13:

14:

15:

16:

Proceed according to Algorithm

else

Create a vector say, candidatelist, of variables occurring in H*1, ...

with structurally non zero columns, to order d; — k

S =size(candidatelist) —m,

for

j =1:5 (using a new vector, parameterlist, in each equation)

Add an equation to the DAE of the form:

Zsize(candidatelist)
=1

candidatelist(i) x parameterlist(i) — v; = 0
Set each new equation’s offsets equal to x
Add DDs to the system for the differentials of entries in candidatelist
if k>1
for j=1:5

(max ¢;)

Add DDs to the system for v](?), -

Form the now non-square G comprising of all rows for variables in candidatelist

Proceed with DD algorithm, i.e form H!" and proceed to the next stage

Because Algorithm [7] is quite involved we go through each line here, giving the intuitive

reason it makes sense referring to Example where needed. The initial if statement on

lines 2-4 tell us that we do indeed have a choice of dummy derivatives at stage . It is of

course possible that the choice is in fact not present due to structurally zero columns, always

static selections or problem specific knowledge, but this condition is general enough to be

easily implementable. In Example we needed to know all potential variables that could

be made DDs at stage k so that we could choose them all, e.g. stage 1 we have both 2’ and

y' in candidatelist for the simple pendulum. We then need to know how many equations

to add to ‘square up’ the system, which is what S tells us in line 6. We then work out the
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structure of each new equation to add to the DAE (lines 8 and 9) and change to valid offsets
rather than canonical so they appear at the relevant DD stage (line 10). Lines 11-14 are
DD bookkeeping, adding DDs for everything that was previously a potential DD as well as
DDs should the block be used in previous stages as an S x S block. Note: the DAE changes
structure on each pass of this algorithm, which is why we need to reform G and H! at the
end of the algorithm. We simplify our additional equations by the following observation in

the following section, to yield a reduced Universal Dummy Derivative (UDD) formulation.

4.2. The Reduced Universal Dummy Derivative Form

In this section we aim to further our understanding of UDDs to find a reduced formulation
that eliminates the need to pivot whilst also removing unnecessary equations introduced by
Algorithm [/, We saw in example that the equation Z, is somehow redundant at stage
1, since we end up choosing 24 as a DD. However, since we need this equation for stage 2 it
is neccessary for the method to eliminate pivoting and so we are in a sense ‘stuck with it’
introducing an extra DD at stage 1. We revisit Example to gain further insights into

this problem:

ExXAMPLE 4.2.1. Recall example and note that the second equation we introduced
is almost the antiderivative of the first (structurally the equation can be considered to be the
antiderivative). We can therefore condense both Z; and Z, into only one additional equation
and finish with a DAE that has signature matrix and valid offsets as shown in Equation (61))
and now only selects z”, 2/, " and 3" as DDs (i.e. we no longer need zJ). The reason this
is possible to do is perhaps not clear at first glance (since whilst such a reduction is clearly
structurally valid it may fail numerically). Due to Griewank’s Lemma [45] our new DAE’s

DD Jacobians GIY and G are equal, so if a set of parameters works for stage 1 it will also
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work for stage 2.

x Y A Zo ¢
fif 22 —oo 0° | -0\ o0
fol —o0  2° 0* | -0 | o0
(61) X = fal 0° 0* —oo|—0]| 2
Zg\ 0 0 —oo| O / 2
dj 2 2 0 2

We have the following algorithm to find a static selection of DDs and remove unnecessary

added equations, which is an improvement on Algorithm
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Algorithm 8 The Improved Universal Dummy Derivative Algorithm

1:

2:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

When finding the matrix G
if m,=n,
Proceed according to Algorithm
else
Create a vector say, candidatelist, of variables occurring in H*1, ...
with structurally non zero columns, to order d; — k
S =size(candidatelist) —m,
for j=1:5 (using a new vector, parameterlist, in each equation)

Add an equation to the DAE of the form:

Zsize(candidatelist)
=1

candidatelist(i) x parameterlist(i) — v; = 0
Set each new equation’s offsets equal to x
Add DDs to the system for the differentials of entries in candidatelist
if k>1
for j=1:5

Add DDs to the system for v](?), . ,vj(.maxc")
Form the now non-square G comprising of all rows for variables in candidatelist
Proceed with DD algorithm, i.e form H!" and proceed to the next stage
Tidy up final system:
Check if any equation introduced is the antiderivative (barring new variables and pa-
rameters) of one introduced at a later s stage.
Remove all such equations and any corresponding new variables and DDs from the

system.

The final check at the end is not needed to keep a static selection of dummy derivatives

(without it we have Algorithm , but can reduce the size of the resulting index 1 problem.

Note also line 14 where we introduce extra dummy derivatives for the new variables—we

need the new equations at some stage x but we do not need them at previous k stages and
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will instead solve their block based DD system at those stages, which by construction is

always square. Let us consider the following example:

ExAMPLE 4.2.2. Consider a problem with signature and initial H matrix as below, for
the purposes of this example we do not need full equations for this DAE as the algorithm
works on a purely structural level we will just assume equations are chosen so that all possible

candidate DDs are in fact candidate DDs:

X1 T2 T3 T4 Tz ¢

fif 2 1\ 1 o wy @ @ 4
f2 2 2 0 fif «# 0 0 0 e
= f3| 1 0 2 and go_ fs] ¢ 0 e 0 0
fi 0 0 2 ful 0 0 e e 0
fs 1 1/ 1 N0 e 0 0 e

In H e is being used to denote a structurally non-zero entry. We have
(62) candidatelist = (a7, x}, x5, 2y, x7)

and S = 1. This makes sense: there are only two possible choices of GIU. All variables that

appear in a G are also in candidatelist, either we have

By @y T3 d @ @y Ty @

fife 0 0 0 fife 0 0 e
al— fz e 0 e 0 or al— fz| e e 0 0
fal0 0 o e filo e e 0
f5\0 e 0 0 f\0 0 0 e

We add an equation of the form:

(63) 7 =l + fay + Yx3 + 0%4s + €5 —v; =0
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to the DAE and choose 2", 25, x4, «j and 2% to be Universal DDs, setting dg = ¢ = 1.

We form the following non square Jacobian:

1 ! ! ! !
Ty L9 T3 Ty Ty

fife 0O 0 0 o R A R

gl — f3l e 0 e 0 0 and get gu_ fs5[e 0 e 0 0
710 0 e e 0 fi\0 0 e e 0
f5\0 e 0 0 e

again, this system is not square, we have

(64) candidatelist = (2, x3, 14)
and S = 1 again. We add an equation of the form:

(65) Zy = (o) +nrs + 0xy —vvy =0

to the DAE and choose 2, x4, 2, and vv{ to be Universal DDs, setting d; = ¢; = 2.
Let us just confirm our choice of DDs is valid (given the potential need to update our
parameters to keep any structurally non singular G matrix numerically non singular). Our

enlarged system has signature matrix and initial H matrix:

Tr1 T9 X3 T4 Iy V1 VU c;

Al 2 1 1 2 dy @ @ d U v
fa 2 2 0 fife 0 0 0 | 0] 0
f5] 1 0 2 fs] ¢ 0 e 0 0] 0] 0
s f 0 0 2 and HO— fi|l 0 0 e e 0] 0|0
fs 1 1 1 fs] 0 ¢ 0 0 | 0|0
Zil2 1 1 1 1]0 1 Zil a B v & €e|-1]0
Zy\ 1 0 0 0/ 2 Zs\N¢C 0 n 6 0|0 |-1
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Here as expected a valid G is:

ZE“1 Zlfg ZL;3 ZL;4 ZL:5 U?.Jl

fife 0 0 0 e | O
f‘ 0 0 0 0 1 T2 .’If3 .’ﬁ4 .f5 Ui)l
3 [ J [ J
] fsfe 0 e 0 0] 0
m_ f410 0 e e 0| O ieldi g —
’ 5|0 0 0 0 o A L
5 [ J [ ]
Zila B v 0 €| 0 Z2\< oY 0‘_1/
1

T1 T3 X4

Jafe e 0

G = f1]0 o o
Zo\¢ n 6

where the algorithm terminates.

One may think a way to tidy up the above system would be to increase cg = dg = 2 and
remove the final equation and variable. Structurally this will still work, but numerically we
may fall into trouble as G!? may be singular since Z, is not the structural antiderivative of

Z, . e.g. consider the following Gl and G matrices:

10001
10100 110

GW=100110 and GP=1011
01001 110
1110 2

so that G is non singular (with determinant 1) whereas G2 is singular.
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We now go about proving the above algorithm provides a valid DD scheme (one that
would be found by doing the DD algorithm to the enlarged DAE in one pass) with same

solution as the original problem.

THEOREM 4.2.3. If a variable’s derivative does not appear in any potential structural DD

scheme the corresponding entries in the H matrixz are all structurally 0.

PRrROOF. For a variables’ derivative to be chosen as a DD it must be that there exists
a transversal using an entry in its correspond H matrix column. For there to exist such
a transversal there must be a structural non-zero in that column. If there is not then any
subsequent GG matrix found by selecting that column will be structurally singular and thus

not produce a valid DD scheme. O

We further clarify all potential DD candidates (i.e. DDs that exist in some potential DD

scheme) by the following Theorem:

THEOREM 4.2.4. Given any rectangular matriz with more columns than rows, and of

structural full row rank every non empty column contains an element of some transversal.

PROOF. Assume for the sake of contradiction there exists a non empty column that does
not contain any elements that belong to a transversal. Without loss of generality rearrange
so that a non 0 entry is in the bottom right corner, say position (m,,n,). Since we have a
valid DD scheme at the stage (i.e. the system is of full row rank) we know there exists some
transversal, T say. This transversal contains some element (m, J), for some J € {1,...,n,—

1}. We can therefore form a new transversal of the form {T" (my, J)} U (ms, ny). O

Theorems(4.2.3|and [4.2.4] are why we consider all non empty columns in our candidatelist,

of course if one knew some extra information about the DAE they are trying to find a UDD
formulation for then one could further reduce the candidatelist accordingly. We now seek to

justify our removal of equations in the last part of the algorithm above.

THEOREM 4.2.5. If a scheme produced by the above algorithm yields equations that can

be removed the solution is the same as the scheme without removing those equations.
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PROOF. Structurally it is clear that such removal still leaves us with the same potential
choice of DDs, since if such a removal is possible we will have (at least) structurally identical
equations at some stage k, (at least one) of which is being treated as its own block system
until its new variable is needed to make a square G matrix. Numerically if such a reduction
is possible then the size of the candidatelist vector must remain unchanged. Since we only
remove equations in our DD stages we have two possibilities, either the difference between
the size of candidatelist and m, has stayed the same, or it has increased. If it has stayed
the same then the proposed removal of equations gives us the same structural matrix, and
by Griewank’s Lemma the same numerical matrix. If it has reduced we will be adding
new equations that are not the antiderivatives of equations previously introduced. In which
case we can still make our corresponding G matrix non-singular by varying only the new

parameters introduced at this stage, since we know the rows are linearly independent. [

Note: The above proof yields a necessary condition for introducing equations that can be
removed that could shorten our algorithm. If at some stage ¢; —+x > 1 for each ¢ considered at
that stage then at the next stage we must introduce equations which are the ‘antiderivatives’
of the ones introduced at this stage. We could shorten Algorithm |8 by introducing such a

condition. Finally we have the following:

THEOREM 4.2.6. The above algorithm provides an always static selection of DDs that is
always valid (provided one chooses suitable parameters throughout integration) and has same

solution as the original DAE.

PROOF. Theorem [4.2.3] and Theorem [4.2.5 give us that we have a valid DD scheme,
hence all that is left to prove is that such equation additions do not change the solution
set. As illustrated in above examples the inclusion of additional equations in the described
manner is equivalent to adding more dependent blocks to the system (of size S x S at each

stage), which will not change the original block’s solution. O
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Note: ‘same solution’ in the above Theorem may be confusing on a first read since the
reformulated DAE is of a larger size. We mean that the value of any x;(¢) in the original

DAE is also the value of that same z;(¢) in the reformulated DAE.

4.3. Numerical Results for Universal Dummy Derivatives

We solve the simple pendulum index 1 universal DD reformulation given below:

/

fi(t) = 2" () + A(t)2(t) =0,
f(t) = y"(t) + M)y (t) — g =0,
fs(t) = 2*(t) + y*(t) — L? =0,
6) Zy(t) = ya(t) + 0y(t) — 2(t) =0,
f3(t) = 2z(t)x'(t) + 2y(t)y/ (t) =0,
Zy(t) = va'(t) + 8y (t) — 2(t) =0,
falt) = 2e(t)2" (1) + 227(1) + 2y(0)y" (1) + 2y(t) =0,
Zy(t) = ~a"(t) + 8y (1) — %) =0,

0
in MATLAB using ode45 (using variable step size with initial conditions =z = 6, y = —8,
2’ =y = 0 and parameters L = 10 and G = 9.81) by reformulating the problem as an ODE
in zp and zj and switching parameters whenever the angle between (z,y) and (7, J) becomes
small as a proof of concept. The Matlab cod for this can be found in Appendix Bl We give
a plot of the result (using a tolerance of 107® in ode45) in Figure .

We compare the solution with one produced by DAETS ( see[39], [36], [37], [38] and
[9]), an accurate order 30 Taylor series solution using a tolerance of 107!, see Figure .
We briefly present some information on switching the system (changing v and ¢). If we
choose our switching condition so that we switch when the angle between (v,4) and (z,y)
(say ) is less that 7/4, i.e. trying to keep the G matrices well conditioned then the change
in energy from ¢ = 0 to t = 100 grows to around 107° for a reasonable tolerance of 1078, If

we instead switch after every time to step to a new (v, ) orthogonal to (x,y) this change is
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Plot of simple pendulum solution using universal dummy derivatives
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F1GURE 1. A plot of the numerical solution for Equation .

greatly reduced to around 107!'. We show some indicative numerical results, showing the
maximum difference from t = 0 to ¢ = 100 for the simple pendulum with initial conditions
as above using the theoretical energy from:

i* + y?
2

(67) -Gy

and the actual energy found in our numerical solution in Tabldl} We conclude this chapter

TABLE 1. Energy error for simple pendulum.

Tolerance | Switch Every Step | Switch when 6 < I Switch when 6 < 5 Switch when 6 < 2
le-5 7.36e-10 8.8¢e-2 1.8e-1 3.33e-1
le-6 7.45e-11 6.5e-3 2.34e-2 1.95¢e-2
le-7 1.28e-11 5.56e-4 1.2e-3 1.5e-3
le-8 le-11 5.18e-5 1.13e-4 1.31e-4
le-9 6.49¢-12 4.78e-6 8.86¢-6 8.37¢-6
le-10 1.49e-11 4.75e-7 7.83e-7 9.03e-7

with three figures showing the change in energy with tolerance set to 10—=8 with switching

conditions to switch at every step (Figure and switching when 6 < T (Figures
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. Error in universal DDs vs DAETS solution of simple pendulum
10 T T T T T T T T T

—14

10 X A

Ty

-16 )

10

1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
Time

FiGURE 2. Difference between the solution of the Universal Dummy Deriva-
tive index 1 formulation of the simple pendulum solved in MATLAB by refor-
mulating to an ODE and using ode45 and the solution to the original index 3
formulation solved via an order 30 Taylor Series method using DAETS.

and . We see that the choice of a suitable tolerance and switching condition for the
method needs further development, the author conjectures using an index 1 solver rather
than converting to an ODE and using an ODE solver is a good starting point for such future

works.



106 4. UNIVERSAL DUMMY DERIVATIVES
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FIGURE 4. Zoom for the change in energy when switching if 6 < 7.
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CHAPTER 5

Order Reduction Leaving the Structural Index Unchanged

Some notes on the history of the material in this chapter are in order. The author first
noted that though it is clear order reduction for DAEs can be done in the same way as for
ODEs and in an obvious sense does not change the solution set, it is less clear that it does
not essentially change the structural analysis. The author, Ned Nedialkov and John Pryce
worked on this problem together during a research visit of Nedialkov to Cardiff University.
The three of us formulated how order reduction changes the signature matrix and then
Guangning Tan formulated and gave initial proofs of some of the theorems in this chapter.
This chapter restates that material with expanded proofs. This chapter therefore represents
the joint work of all those involved. In particular the author would like to acknowledge Tan
for his contributions.

When one applies the SA of Pryce and the index reduction methods of Chapters 3| and [4] the
DAE’s order will likely increase. Most standard DAE solvers (e.g DASSL and SUNDIALS)
can only solve order 1 DAEs, so some order reduction procedure will thus be necessary. If
this order reduction is not done carefully one can increase the index of the DAE, negating
the previously done index reduction. This chapter provides a method of carrying out order
reduction that does not change the structural index. Whilst the method is somehow the

intuitive approach to the problem such a result was not previously known in the literature.

5.1. Introduction to Order Reduction - Why It’s Non-Trivial for DAEs

Usually texts dealing with numerical solution fo DAEs restrict themselves to order 1
DAEs, [3], however in practice when modelling e.g multi-body mechanical systems higher
order derivatives can occur. The natural solution to this is to treat a high order (larger

than 1) DAE as one would treat a high order ODE (see for example [58] and [56]) and
109
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introduce new equations and variables that reduce the order of the problem. However, such
a technique is shown in [62], [T, [11], [35] and [53] to potentially change the (differentiation
and strangeness) index of a DAE. We take the following DAE with signature tableau from
[62] where it is shown the differentiation index can increase if one naively carries out an

order reduction process and see how the structural index behaves:

1 T2 ¢
Si(t) = @1 (8) + 21(F) + 22(t) =0, fif2 0)o
(68) =
fa(t) = z1(¢) =0, J2\ 0 2
d 2 0

From (20) we have v, = 3. This makes sense, one differentiates f, twice in order to solve
for 27 and then to solve for Z5 one must differentiate both f; and fy one more time, using ng")
to solve for 5. We carry out a naive order reduction procedure where we add the following

equations and variables:

fa(t) = 3(t) —21(t) =0,

fa(t) = x4(t) — 22(t) =0,

(69)

so that our new order 1 DAE and signature tableau are:

Ty T2 T3 T4 ¢

[ Fi(t) = aa(t) + w3(t) +22(t) =0, A 01\
fo(t) = 21(2) =0, fa] O 3
(70) 5 = .
Fa(t) = a5(t) — a1 (1) ~0. f3] 1 0 2
fa 1 0/o
f4(t) = .234(t) — Z’Q(t) = 0,

N di 3 1 2 0
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Therefore our order reduced equation has index 4 and our method of order reduction
has indeed increased the structural index. Of course this approach to order reduction is very
alien if one is working in the above framework, so we take a moment to explain the motivation.

If one has everything written vectorised, i.e. Equation were written as it is in [62]:

10 10 0 1
X+ x+ x = f(t),

00 00 10
then perhaps the most natural approach is indeed to do as is done above and reduce the
higher order vector x. Intuitively the index increasing makes some sense, we have added
a derivative for xo that otherwise did not appear in the system, therefore to solve for the
highest order of derivative of x5 we will have to do more differentiations, which will increase
the index. If we instead only replace high order derivatives that occur in the original DAE
we would have the following order one formulation with signature tableau:

Ty T2 T3 ¢
4

fi(t) = 23(t) +23(t) + 22(t) =0, fi 0 1\o
(71) fo(t) = 21(2) =0, = Jf2| 0 2
3\ 1 0/1
| t) = w(t) — (1) —o,
di 2 0 1

Therefore our new order reduced DAE has structural index 3, which is what we would
expect. We will mean this approach to order reduction for the remainder of this chapter and

show it leaves the structural index unchanged.

5.2. Order Reduction and the Structural Index

We wish to develop an order reduction method that does not change the index (and
DOF) of our original DAE. To do this we consider a stage wise process where we eliminate
the HOD of a given variable if it has HOD larger than 1. We do this iteratively until all

derivatives are at most of order 1. This approach allows us to consider just adding one
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equation and variable to our DAE and then observe how ¥ reacts, clearly if the index does
not change over any iteration it will not change over all iterations. We start by defining
some notation. Given an n xn DAE of form we denote the HOD of variable z; occurring

in the system as h;, i.e.

(72) h; = max o, ;,

we then form the set of all variables that occur at a higher order:

(73) J={j1h; =2}

We choose some z;, with £ € J and introduce a new variable x,,,; and a new equation:
(74) Fait = Tnp1 — 2 = 0,

and replace all :c,gp ) by a:,(lpgll) for p > 1 in our original equations. We term our new (n + 1) x
(n+1) system as an order reduced system of our original DAE and similarly call z; an order
reduced variable. To reduce to an order 1 DAE one will have to repeat the above process
for each k € J a number of times equal to each hy — 1 for k € J.

We now consider how such a process changes our signature matrix. Assume we have an n xn
DAE, for the sake of convenience later we assume we have an HVT on the main diagonal,
so that o, is on the HVT and want to order reduce variable z,,. We therefore have the

following signature matrix:

€ T
i 01,1 O1n

M=
fn On,1 - Onn

We now construct the signature matrix resulting from applying one stage of order re-
duction, denoting our new sigma entries by a bar, i.e. our new signature matrix is denoted

Y with entries 7; ;. We only replace instances of the variable that we are order reducing.
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Hence
(75) oij=0;; fori=1,...,n and j=1,....,n—1.

In the enlarged system’s signature matrix ¥, the last two columns are trivial only in the last

row, so we have:

T1 c. Tp—1 Tn |
fi 011 .-  Olp—1 T1n O1n+1
(76) Y= < _ —
fnfl On—11 -++ Op—1pn—1 On—1n On—-1n+l
fn On,1 cee On,n—1 En,n Emn—i-l
fogi\ —00 ... —00 1 0
We now make the following observations about @;,.; based on o;,, fori =1,... n:

e If 0;,, = 0 then z,, appears in f; and thus must appear in f. with no replacements.

Therefore 7;,, = 0 and 7; 41 = —00.

e If 0;,, > 0 then z, may appear in fl Therefore @;,, = 0 or 7;,, = —oo and

Ei,n—‘rl =0in — 1.
o If 0;,, = —oo then x) does not appear in either f; or f,. Therefore 7;,, =7, ,+1 =
—00.

The above observations along with equation allow us to break our problem in to the

following two cases, which we will refer to throughout this chapter:

Case 1: 0,,, =0. Then 7,,,, = 0 and 7,, ,+1 = —00.

Case 2: 0,,, > 0. Then 7,,, =0 or 7,,,, = —00 and 7, 11 = O, — 1.
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We proceed in stages to show the index doesn’t change, first in §5.3 we show the DOF of
our DAE are unchanged under order reduction. In §5.4] we examine the canonical offsets in
Case 1 and Case 2 respectively. Finally in [5.5] we show the index remains unchanged under

order reduction, if the order reduction is done as above.

5.3. Invariant DOF Under Order Reduction

We begin by recalling Lemma and seeing that a DAE’s DOF is equal to Val(X) .
We make a short observation about HVTs in 3: from equation (76)) it is clear that since
other entries in the last row of 3 are not finite an HVT of ¥ must have an entry either using
Tnt1n O Opt1ni1, which should (it will be proven shortly) make either @, 41 or 7,, be in

an HV'T respectively. This fact is a result of the following theorem:
THEOREM 5.3.1. For an order reduced DAE Val(X) = Val(3) .

PROOF. We begin by showing that in both Case 1 and Case 2 Val(X) > Val(2) .

Case 1: choose a transversal in ¥ given by:
T ={(1,1),(2,2),...,(n,n),(n+ 1,n +1)}.

The first n — 1 terms on the diagonal of ¥ are in the HVT of ¥ so are finite. Since we are in

Case 1 0,5, = Opt1m+1 = 0, so this is a finite transversal. We now try to find a lower bound

on Val(X) in Case 1:

Val(f) 2 Z Ei,j

(i,9)eTy

n—1
= Z Ei,i + En,n + EnJrl,nJrl
(77) i=1

n—1
= E 054 + On,n +0
i=1

= Val(X) .
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Case 2: choose a new transversal Th:
T ={(1,1),(2,2),...,(n—1,n—1),(n,n+1),(n+1,n)}.

As before this transversal is finite, the first n — 1 terms are part of an HVT in X while

Onntl = Onn — 1 and 0,41, = 1. We now try to find a lower bound on Val(¥) in Case 2:

Val(Z) > Y 7y
(i,4)€T2
n—1
= Zﬁi,z’ + O0nn+1l T Ontin
(78) )

n—1

:Zgi,i +0n,n_1+1
=1

= Val(X) .

Hence we have that Val(X) > Val(X) in both cases.
We go on to bound Val(X) above by Val(X) . Since ¥ has a finite transversal in both cases

it must have an HVT, say T5:

Ty = {(i1,1), (i2,2), . . ., (in,n), (ins1,n + 1)}.

We now make some observations on where each ¢; must lie. For j = 1,...,n — 1 we must
have i; between 1 and n, since 7,41 ; = —oo. Therefore either i, = n 4+ 1 (Case A) or
int1 =n+ 1 (Case B). We consider Case A, using equation we must have:

b Ein,n = En+1,n = 1.

® i, is between 1 and n, since we have an HV'T entry in the final row.

® Gium+Tip i ny1 = 1+ 04, ny1, Dy construction of 2.
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We also note that since @;,,, n41 is finite (it’s in an HVT) then o;, ., , is also finite, by
definition of ¥. We also have that iy, ..., 4,4 is a permutation of 1,...,n+1 and i, = n+1

we have that i1,...,%,_1,%,41 iS a permutation of 1,...,n and therefore the transversal:

T4 = {(’il, ].), (ig,?), ey (in_l,n — ].), (in+1,n)}

is a transversal of X. Now we bound Val(¥) from above:

Val(i) = Z Eivj
(i.5)€Ts
n—1
= Zﬁij,j +0ipn t Oipyyntl
j=1
n—1

= E Eij,j + 1 +Ein+17n+1
j=1

n—1

= Zaij’j —|—O'in+17n
j=1

< Val(2) .

We now treat Case B, that is if 4,41 = n + 1. In this case we have 7, ny1 = Ops1ne1 =0
and i, is between 1 and n, since we have an HVT entry in the final row. We can also
take, without loss of generality, ;,, = 0 and @;, ,+1 = —00, as otherwise we take a new

transversal:

TE) = (Td\ {(invn)ﬂ (n+ L,n+ 1)}) U {(in’n+ 1)a (n+ 1777’)}
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and observe the following:

Z Oij = Z Gij  — (Cipn + Ongins1) + (Cipnt1 + Tnsin)
(4,)€T5 (4,§)€Ts
= > Ty —(0+0)+ @i +1)
(i,4)€Ts
> Z Tije

(i.5)€Ts
This is a contradiction, since Ty is an HVT. Therefore we have:
Val(f) = Z Ei,j
(1.5)€Ts

n—1

= E Oijj 1t 0inn+ 0ipyntl
j=1
n—1

— E Eij,j + O ‘|‘ 0

Jj=1

< Val(y) .

We have bounded Val(X) above and below by Val(X) , so they must be equal, i.e. the DOF

doesn’t change between matrices, completing the proof. 0

As stated prior to Theorem [5.3.1f we can now say something about an HVT in Case 1

and Case 2:
COROLLARY 5.3.2. Ty and Ty are HVTs in Cases 1 and 2 respectively.

PRrROOF. Due to equations and . 0]

5.4. Order Reduction and Canonical Offsets

We now go on to study how our order reduction procedure changes the offsets. In §5.4.1]

we revisit Algorithm [I] and make an observation necessary to study the offsets in Case 1

(§5:29) and Case 2 (13).



118 5. ORDER REDUCTION LEAVING THE STRUCTURAL INDEX UNCHANGED
5.4.1. The c-d Algorithm Revisited. Recall Algorithm [I] for finding the canonical
offsets of a DAE given its signature matrix, as in that algorithm we assume henceforth that

an HVT is put on the main diagonal of ¥. For ease of notation going forward we reorder

Algorithm [1] slightly in Algorithm [0

Algorithm 9 Reduced Algorithm to Find Offset Vectors
1: Initialize: ¢ <— 0

2: while Not converged
3: Set d «+ d(c)

4: Set ¢ < c¢(d)

5. Return: Canonical offsets ¢ and d.

Where:

d < d(c) means d; = max(¢; —o;;) for all j

and:

c + c(d) means ¢; = d; — o0;,; for all i.

We then have the following lemma that lets us initialise Algorithm [9|at a ¢ # O:

LEMMA 5.4.1. Denote the canonical offsets as ¢* and d* for . Initialising Algorithm [9

by a vector ¢’ which is element wise smaller (or equal to) cx will still produce the canonical

offsets ¢* and d*.

PRrROOF. As was done in Equation we define a function ¢ that performs one iteration

of Algorithm [9

By proposition ¢ yields a monotone increasing set of new vectors c at each stage until

we reach a canonical ¢, more specifically (for fixed j) we have:

(79) HllaX(C; + Uz‘,j) — 04 S m?X(Ci + O'Z'J‘) — 04
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thus we will never ‘overshoot’ our canonical c. Since Algorithm [9] converges monotonically
to canonical offsets this means we will still converge to canonical offsets if we initialise at a

non zero ¢ vector. [l

5.4.2. Canonical Offsets in Case 1. We begin our investigation of how the offsets for
an order reduced DAE behave by considering Case 1, everything in this section only applies

to Case 1. We begin with the following observation for d,, and ¢,:

LEMMA 5.4.2. Let ¢ and d be canonical offsets of X2, then:

(80) dy, =c¢, = max (¢ + 0;p).

1<i<n—1

PRroOOF. Let T' be an HVT of X. We begin by showing:

(81) max (¢;+0,,)+0,; <d; forj=1...,n—1,

1<i<n—1

that is:

dj_o—n,jzci"i_o—i,n fori,j:L...,n—l.

Assume for the sake of contradiction we have some r and k such that:
(82) dy, — Onk < Cp+ Orpe

We split our analysis in to two cases. Case A: r =k and Case B: r # k.

Case A: Take a transversal:

Ty = (T\A{(k, k), (n,n)}) U{(k,n), (n, k)}.
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Then:

Val(Ty) = Val(T') — ok — Onn + Okn + Onk
=Val(T) —dp + ¢k + Opn + Onge
> Val(T)
= Val(X) .

This contradicts the fact that T is an HVT in .

Case B: We form a new n x n matrix I with entries:

dj — ¢ ifti="Fkandj=r,
(83) Vig =

Oij otherwise,
That is, we form a new matrix that is equal to 3 everywhere except where holds, where
we force a structural non-zero. We observe that in I' Equation holds and therefore T’

must be an HVT of I'. We now take a new transversal of I':

Ty = (T\ {(kv k)? (Tv r)’ (n7n>}) U {(nv k)7 (7”, n)? (k‘ﬂﬂ)}
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We now try to find a lower bound on the value of this transversal:

Val(Ty) = Z Vi

( 7.7 GTZ

= Z Yii — Vk,k — Ve — Tnn + Tn,k + Yron + Yie,r
=1

= E Yi,j —Okk —Orr — Onn + On,k + Orn + (dr - Ck)
(6.4)ET

Z Yij — (dx—cx) = (dr —c) =0+ 0np + 0ppn +dr —
(4,9)€T

Z ’y’i,j - dk + ¢+ On,k + Orn

(¢,9)€T
> Z Vi, by Equation
(4,9)€T

which contradicts 7" being an HVT in I' and hence Equation holds. We now choose
an initial vector ¢’ to initialise Algorithm [9] that is element wise smaller than ¢ so that by

lemma Algorithm [9] converges to the canonical offsets:
c = (Cl7 ey Cp—1, 0)

Note that in the first n — 1 positions this vector is canonical and therefore Algorithm [9] will

return:
(84) dj =max(c; +0;;) forj=1,...,n—1
and

(85) Ci:di_o-i,i forizl,...,n—l.
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Hence a full run of Algorithm [9] will produce:

d <« d(c) = (di,...,d, — 1, max (¢;+0;n)),

1<i<n—1

c+c(d)=(cry...,cn— 1, 131?31}(;—1(@ +0in)),

by Equation the next iteration is:

d<«+d(c)=(dy,...,d, — 1, max (¢;+ 0in)),

1<i<n—1
c«c(d)=(cr,...,c— 1, 15131};_1(0@- +0in))
Hence:
d=(dy,...,d,— 1, lgrlngil(ci +0in)),
c=(c1,...,ch — 1, 1512551(6" +0in))s
is a fixed point of Algorithm [9] which completes the proof. 0

We now seek to use the above lemma to write the canonical offsets of ¥ in terms of those

for ¥ in the following lemma:

LEMMA 5.4.3. Let c and d be canonical offsets for 3, then:

c=(c1y. . 0n,dy — 1),

d=(dy,...,d,,d, —1),

are the canonical offsets for X.

PROOF. Let ¢ and d be valid offsets for 3, i.e. we have:

dj — Ez 2 E@j for all Z,j
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with equality on an HVT of ¥, say 7. We begin by finding a lower bound on offsets of ¥ so

that we can initialise Algorithm [0 at a suitable ¢ vector. We show:
(86) G>c¢ and d;>d; forallij=1,....n—1.

We prove this bound by contradiction, assume there exists a £ between 1 and n — 1 such

that ¢, < ¢ and hence Jk < d;,. We form two new vectors:
C=(c,...,001,max(dpi1 + 1,dy)) and D= (dy,... dp1,max(dpss +1,dy)).

We verify that C and D are valid offsets for X, that is Equation holds with equality on
an HVT of ¥. We treat various ranges of 7, j values separately:

(a):i=1,...,n—1and j=1,...,n— 1. We have the following inequality:

Dj — Cl = d]' — C; Z Ei,j = Uz’,j-

(b): i=mnand j=1,...,n— 1. We have the following inequality:

Dj — Cn = dj — max(c?nﬂ —+ 1, (’in)

= c@ —Cp (since c?n — Cp =0pn =0)
Z En,j
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(c): i=1,...,n and j = n. We have the following inequality:

D, —c¢; = max(glvn+1 +1, Jn) — G
= max(glvn+1 +1-4¢, glvn —G)
> max(Cipt1 + 1,0in)
2 Oin-
Finally we need equality on a HVT constraints (and to address position (n,n)).
(d:i=j5=1,...,n—1.
D, —-C;=7;; = 0i;.

)

(e):i=j=n.
Dn_Cn:O:Un,n

Therefore C and D are valid offsets for >, which is a contradition since ¢ and d are the

canonical offsets for >. Thus Equation holds and we can initialize Algorithm @ with:
Cc = (Cl, e 7Cn—17070)

and arrive at the canonical offsets of ¥ by lemma m Due to Equations and

Algorithm [0] will return:
d; = max(c¢; + 0, ;) forj=1,...,n—1

and

¢ =di— 0 =di — 0
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We proceed to run Algorithm [9}

d <« d(c) = (di,...,dp, é?gx_l(ci +Tin), | Jnax I(Cz‘ + Tint1)),
c(d) = (c1,...,cno1, 1§I?S%L{1(Ci +Tin), ), max 1(cz- +Gint1))

The next iteration is:

a <~ d(E) = (dla s >dn—17 1< max (Ci +5i,n+1) + 17 max (Ci + 5i,n+1))7

<i<n-—1 1<i<n—1
c<c(d)=(cy,...,cno1,  Jnax 1(ci +Gint1) + 1, 1<rln<%LX_1(c,~ +Tint1))

The next iteration is:

d « d(é) = (dl, R ,dnfl, 2 max (Ci +6i,n+1) + 1, max (Ci -+ Ei,n+1))>

i<n—1 1<i<n—1
c(d) = (c1,...,Cno1, g max 1(ci +Tint1) + 1, .. rflglx 1(Ci + Tint1))

We are therefore at a fixed point. To complete the proof we note:
max (Ci +0; n—l—l) = max (Ci + Oin — 1) = dn —1

1<i<n—1 ’ 1<i<n—1

and therefore have:

c=(ci,...,cndy—1), and d=(dy,...,dp,d,—1).

which completes the proof. 0

To complete the section we have the following lemma that writes the canonical offsets

for ¥ in terms of those for X

LEMMA 5.4.4. Given canonical offsets of & (say € and d) then:
c=(¢,...,¢,) and d=(dy,...,d,)

are the canonical offsets for 3.
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PrROOF. Let ¢, d and ¢, d be valid and canonical offsets for 3 respectively, i.e:

dj - EZ Z Oij) dj — C; Z 045 for all Z,j

with equality on some HVT, say T. We wish to find a suitable ¢ to initialise Algorithm [9]
We show:

(87) G>¢ and  d;j>d;  forij=1,...,n—1

Assume for the sake of contradiction there exists a k£ between 1 and n — 1 such that ¢, < ¢,
and hence él; < dj. By Equation (86) we have that ¢, > ¢ > ¢ which is a contradiction by

lemma [5.4.3] Hence we choose the following vector to initialise Algorithm [0}
C = (El, ce ,En_l, 0)

which produces:

d < d(e) = (s, . do1. ),
c<c(d) = (¢1,...,Cn1,Cn),

The next iteration is:

dd(c) = (..., dy1,dn),

c+c(d)=(¢,...,60-1,Cn),
since:
Imax (€ + 0in) = max{ max € +Tin), Imax (€ +0ins1) +1}
= max{d,, d,41 + 1}
=d,.
Therefore:
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which completes the proof. O

5.4.3. Canonical Offsets in Case 2. We now restrict ourselves to Case 2. The struc-
ture of this section is similar to that of §5.4.2] first we seek to represent the canonical offsets
of ¥ in terms of those for ¥ and then we do the converse. We begin with the following

lemma:

LEMMA 5.4.5. If ¢ and d are the canonical offsets for ¥ then:
c=(c1y.-,Cno1, Cn, max{l,riréz}?(ci} - 1)

and

d=(dy,...,d,_1,max{1l, maxc;},d, — 1)
icK
are the canonical offsets for X, where:
K={i|o,, =0}

PROOF. Let € and d be valid offsets for 5. We seek a lower bound on canonical offsets

for ¥, so that we can initialise Algorithm @ at a non zero c vector. We show:
(88) G>c¢ d;j>d; forij=1,....n—1.

Assume for the sake of contradiction there exists a k& between 1 and n — 1 such that ¢, < ¢

and hence Jk < dj. We let:

C=(c,....001,6,) and D= (dy,... dp1,dps1+1)

We verify such offsets are valid for X, treating various ranged of i, j separately:

(a): 4,7 =1,...,n— 1. We have the following inequality:

Dj — Cl = dj — G Z Ei,j = O'iJ'.
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(b): i=mnand j=1,...,n— 1. We have the following inequality:

Dj - Cn == dj — Cp, Z 6”73' =0On,j-

(¢): i=1,...,n—1 and j = n. We have the following inequalities:

~ _ CTintl = Oin if oy, >0
D, —ci=dp1+1—¢ >

En+1+1—a:dn—azaiyn:0'i’n ifO'Z"n:OOI' —0OQ.

Finally we need equality on a HVT constraints (and to address position (n,n)).

(d):i=j=1,....,n—1.

(e):i=j=n.
Dn - On = dvn—&-l +1 _En :En,n-‘rl +1= On,n-

Therefore C and D are valid offsets for X, which is a contradition, since ¢ and d are the

canonical offsets for ¥. Hence we initialise Algorithm [9] with:

c=(c1y...,6,,0,0)
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we have:
(
d«d©) =(d,...,dy1, 1§r£1§e31>i1(ci +Tin)s 1§1211§87Ll)<+1(ci +Tint1))
= (dy,...,dp—1,max{l, max¢;},d, — 1),
ieK
c«c(d) =(c,...,cn1,dp_1, max{l, max Ci} — Ontinm)
= (¢1,...,Cn_1, Cp, max{1, 5%%3“2'} —1)

d«d©) =(di,... ,dn_l,max{l,ma}gcci},dn - 1),
1€

c<«c(d) =(ci,...,cn1,Cn,max{l, ma}gcci} —1).
1€
Here we used:
1§r?§%LX+1(Ci + Tint1) = 1§5a§}fz(ci +0in) =1 =dn—1,

dn —1 _En,n—‘rl :dn — Onn = Cp.

)

Therefore, since they are a fixed point of Algorithm [0}

c=(cp,... ,cn,max{l,rirg}?{ci} - 1),

d=(dy,...,d,—1,max{1l, maxc;},d, — 1)
€K
are the canonical offsets for 3. We now represent the canonical offsets of ¥ in terms of those

for ¥ in the following lemma:

LEMMA 5.4.6. Let © and d be the canonical offsets for 3, then:

(89) C = (c_l,...,En_l,En) and d= (317...,dn_1,dn+1+1)

are the canonical offsets of 2.

Let ¢, d and ¢, d be valid and canonical offsets of 3 respectively. We find a bound on

the canonical offsets for 3 so that we can initialise Algorithm [9] from a non zero ¢ vector.
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We show:

G>c and d;>d; fori,j=1,...,n—1.

Assume for the sake of contradiction there exists a k£ between 1 and n — 1 such that ¢, < ¢,
and therefore dvk < dy,, by Equation (88) € > ¢x > ¢ which is a contradiction. Therefore we

can initialise Algorithm [9 with:

We have:

d<«d(c) = (c_il, oy lyy, max (¢, + 05,))

1<i<n

= (dl, c. ,dnfl, max
1<i<n

(Ci+Tiny1) +1)

- (dla N 7dn—17dn+1 + 1)

c+c(d) =(C,...,C-1,Cn)

\

The next iteration is:

d%d(C) = (31,...,dn,1,dn+1+1)

c+c(d) =(C,...,C1,Cn)

Therefore, since they are a fixed point of Algorithm [0} the canonical offsets for ¥ are:

C:(Eh...,an> and d:(c_ll,...7dn_1,dn+1+1)

as required. O

5.5. Invariant Structural Index Under Order Reduction

We now prove the structural index is invariant under order reduction:

THEOREM 5.5.1. The structural index of a DAFE is unchanged by order reduction.
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PROOF. Let ¢ and d be the canonical offsets for ¥ and € and d be the canonical offsets

for 3, we have the following inequalities in Case 1 and Case 1 by §5.4.2/ and §5.4.3;

Case 1: ¢ypy1 =dp, —1=0¢, — 1 < ¢, < max ¢,
1<i<n

Case 2: €11 = max{l,max} — 1 < max ¢;.
€K 1<i<n

In both cases we have:

Cpt1 < mMax ¢;.
1<i<n

Therefore we have:

max ¢; = max ¢;
1<i<n+1 1<i<n

and the structural index therefore remains unchanged. 0






CHAPTER 6

Conclusions and Future Work

This thesis set out to explore if the Signature Matrix method could be better exploited
in the index reduction of DAEs. In this final chapter we give some conclusions on the work
contained in this thesis as well as offer some potential avenues for future research that may

prove valuable to the wider DAE community.

6.1. Conclusions

The following are the main research contributions of this thesis:

e Illustrating the Signature Matrix Method by example. It is the authors
opinion that uptake of new methods for analysis of DAEs is a slow process, since
the community all has their own index concepts and methods that work for their
problems. It is our hope that the exposition of Chapter |2 goes some way to illumi-
nating the method for those not familiar with it and hence increases uptake of this
powerful method.

e Use of non-canonical offset vectors. Classically only canonical offset vectors
were used when applying the Signature Matrix method to a DAE. Due to the ex-
ploration of non-canonical offsets in Chapter [2] and the use of them in Chapter @] it
is our hope that further analysis is done using non-canonical offset vectors.

e Development of alternative Dummy Derivative algorithms. The algorithms
developed in Chapter |3| shed some light on the potential dummy derivatives for a
given DAE as well as offer possibilities for numerical speed up of the algorithm.

e Provided a concise overview of dummy pivoting. It is our hope that the
material in §3.6) provides the reader with a good understanding of the issues and

challenges associated with the dynamic selection of dummy derivatives.
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e Developed a new dummy derivative style index reduction method that

avoids dummy pivoting. In Chapter [l we developed a new algorithm for reducing
the index of a DAE that removes the need to change the structure of the resulting
index 1 system locally. Since dummy pivoting is a large shortfall of the dummy
derivative algorithm it is our hope that our Universal Dummy Derivative algorithm
will allow modellers to solve problems that previously needed a large amount of
dummy pivoting much more easily.

Proved the structural index is invariant under order reduction. This result
is of course necessary if one wishes to perform order reduction on a DAE. Before this
thesis the result was assumed to be true, but not proved, we hope this exposition

of the problem can illuminate the issue for other index concepts.

6.2. Future Work

Relation between Dummy Derivatives and the structural approach for
regularization. In §3.5.2 an assertion is made about the relationship between the
two algorithms, it would prove useful if this were found to be correct or incorrect as
the proof may shed some light on how the HVT of a Signature Matrix can influence
the choice of dummy derivatives.

Further exploration of the Universal Dummy Derivatives approach. If one
could derive conditions on when is best to switch parameters it would increase the
speed and reliability of the approach—at present one has to monitor condition num-
bers of matrices (which for large problems can be expensive), or do some problem
specific trick. We believe that if the method could be extended such that by in-
troducing symbolic functions one can eliminate the need for pivoting then it would
potentially become the standard approach for reducing the index of an arbitrary
DAE.

Implementation of index reduction algorithms in DAESA. The MATLAB

code DAESA finds structural information about a DAE and provides a Signature
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Matrix method based solution scheme. We believe implementing several index re-
duction procedures (e.g. those in Chapter [3| or the Universal Dummy Derivative
algorithm) would increase uptake in the software and allow modellers to easily solve

practical problems.
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APPENDIX A

Code for the Simple Pendulum Using the Signature Matrix

Method

solves the simple pendulum DAE
x''" + xxla =0
y''" + yxla - G =0

Xx"2 + y°2 -L°2 = 0

where
%X,y are the horizontal and vertical coordinates of the pendulum,

with y pointing down.

la (=lambda) is a Lagrange multiplier, equivalent to tension in the
pendulum.
G = gravity, L = length of pendulum, both are positive constants.

It uses a Taylor series method based on Structural Analysis, taken to
torder "k-stages", which implies the series for x,y have order torder+2

and la has order torder.

On entry
t holds initial time t_0
z is a column vector holding guesses for x and y at t_0
zp 1s a column vector holding guesses for x' and y' at t_0
hstep is a fixed time-step.
nsteps is the number of steps taken, so (final t) = (t_0) +
hstepxnsteps.

On exit

tlist is a 1 by (nsteps+l) array holding the time points t,t+hstep,...,
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o

t+nstepsxhstep.

o\

zlist is a 2 by (nsteps+l) array whose i-th column holds the

o\

computed [x;y] at the i-th time point.

% zplistis a 2 by (nsteps+l) array whose i-th column holds the

o\

computed [x';y'] at the t_0+(i-1)+«hstep timestep.

o

o\

o

Algorithm note:

% The code is only valid for pendulum DAE, for other problems the code list

o\°

in onestep would need to be changed, along with J and the steps

o

projecting to the consistent manifold, as well as various FOR loop

o\

indices in line with the c_i and d_.j found via Structural Analysis.

o

% Input Note:

o\

z,zp need not contain consistent initial conditions. Consistent points

o

are computed from the inputs before finding later wvalues of x and y.

o\

o

Constants G,L,L2 are visible to main function and its subfunctions.

% So also is Binom, which holds Pascal's triangle, used by ADtimes.

% Inputs to the function are done in the following order

% simpend(initial t, inital x and y as column vector, ...

% initial x' and y' as column vector , step length, number of steps,...

% gravity constant, length constant, order of taylor series for la -

% i.e. the minimal order Taylor series used)

function [tlist,zlist,zplist] = RMsimpend(t, z, zp, hstep, nsteps, G, L,
torder)

%Get list of t's

tlist = zeros(l,nsteps+l);
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%$Creates an n+l vector that holds entries:
t+nsteps+hstep
for j=l:nsteps+l

tlist (j)=t+(j-1)xhstep;

$Set up initial zlists

zplist=zp;

$For speed define L"2

%$Get binomial coefficients
%$Preallocate binomial table
binom=zeros (torder+3, torder+3);

%$Get vector in form

binomrow=eye (1, torder+3);
%$Change first row of binomial table for binomrow

binom(l, :) = binomrow;

for k=2:torder+3

$Get new binomial row

binomrow = binomrow +[0 binomrow(l:end-1)];

%$Change row of zeros for binomial row

binom(k, :) = binomrow;

end

$Perform a first step to make initial conditions consistent
%$Project to consistent manifold set-up

h = zlist(1,1) "2+zlist(2,1) " 2-1L2;

ratio = 1/sqrt (1+h/L2);

xconsistent = zlist(1l,1)*ratio;
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85 yconsistent = zlist (2,1)xratio;

86 M= (xconsistentxzplist (l,1)+yconsistentxzplist(2,1))/L2;
87 xpconsistent=zplist (l,1)-M+xconsistent;

88 ypconsistent=zplist (2,1)-M*xyconsistent;

89

90

91 %Project to consistent manifold

92 zlist= [xconsistent; yconsistent];

93 zplist = [xpconsistent; ypconsistent];
94

95

96 for steps= l:nsteps
97 onestep (steps);

98 end

99

100 function onestep (steps)
101 %Prealocate arrays
102 x=zeros(l,torder+2);
103 y=zeros (l,torder+2);
104 la=zeros(1l,torder);
105 vl=zeros(l,torder);
106 v2=zeros (l,torder);
107 vé4=zeros(l,torder);
108 vb=zeros(1l,torder);
109 vé6=zeros (l,torder);
110 v7=zeros (l,torder+2);
111 v8=zeros (l,torder+2);
112 v9=zeros(l,torder+2);
113 fl=zeros(l,torder);
114 f2=zeros(l,torder);

115 f3=zeros (1l,torder+2);
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%$Use current initial conditions

x(1l) = zlist (1l,steps);
y(l) = zlist (2,steps);
x(2) = zplist(l,steps);
y(2) = zplist (2, steps);

$Initialise J
J = [1 0 x(1)
01 y(1)

2xx (1) 2*xy (1) 0];

%$Stage k=-2

v7(l) = ADtimes (x,x,0);
v8(1l) = ADtimes(y,v,0);
vo(l) = v7(1)+v8(1);
v10(1l) = L2;

£3(1) = v9(1)-v10(1);

%$Stage k=-1

%C'

v7(2) = ADtimes (x,x,1);
v8(2) = ADtimes (y,v,1);

£3(2) = v7(2) + v8(2);

for i=l:torder+l
%$Stage k=i
%$Initial guess

x (1i+2) = 0;

y(i+2) = 0;
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vl (i) = ADtimes (x,la,i-1);

<

[\

[
Il

x (1+2);

fl1(i) = v1(i)+v2(i);

v4 (1) = ADtimes(y,la,i-1);
v5 (1) = y(i+2);

ve (i) = v4(i)+v5(1);

if 1 == 1

£f2(1) = vo6(1l)-G;

else

end

$C™ (1i+1)

v7(i+2) = ADtimes (x,x,1i+1);
v8 (i+2) = ADtimes (y,y,1i+1);
£3(1+2) = v7(i+2) + v8(i+2);

$Get next set of variables

VAR = —J\[£f1(1);f2(1);£3(i+2)]1;
x (14+2)=VAR (1) ;

y (1+2)=VAR (2);

la(i)=VAR(3);

end

%$Get final variable values (using horners method for speed).

%preacolate taylor series'

xnew = 0;

ynew = 0;
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lanew = 0;
xpnew = 0;
ypnew = 0;

%horners method for x

for xi=torder+3:-1:2
xnew=x (xi) +xnew;
xnew=hstepx (1/(x1-1)) *xnew;
end

xnew=xnew+x (1) ;

%horners method for y

for yi=torder+3:-1:2
ynew=y (yi) +ynew;
ynew=hstepx (1/ (yi-1)) xynew;
end

ynew=ynew+y (1) ;

%$horners method for la

for lai=torder+l:-1:2
lanew=la (lai) +lanew;
lanew=hstepx* (1/ (lai-1)) xlanew;
end

lanew=lanew+la (1) ;

%$horners method for x'

for xpi=torder+3:-1:3
xpnew=x (xpi) +xpnew;
xpnew=hstep=* (1/ (xpi-2)) *xpnew;
end

xpnew=xpnew+x (2) ;

143
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209

210 %horners method for y'

211 for ypi=torder+3:-1:3

212 ypnew=y (ypil) +typnew;

213 ypnew=hstepx* (1/ (ypi-2)) *ypnew;

214 end

215 ypnew=ypnew+y (2) ;

216

217 %Project to consistent manifold set-up
218 h = xnew " 2+ynew”2-1L2;

219 ratio = 1/sqrt (1+h/L2);

220 xconsistent xnewxratio;

221 yconsistent ynewxratio;

222 M= (xconsistentxxpnew+yconsistent*ypnew) /L2;
223 xpconsistent=xpnew-Mxxconsistent;

224 ypconsistent=ypnew-Mxyconsistent;

225

226

227 %Project to consistent manifold

228 zlist (1,steps+l) = xconsistent;
229 zlist (2,steps+l) = yconsistent;
230 zplist (l,steps+l) = xpconsistent;
231 zplist (2, steps+l) = ypconsistent;
232 end

233

234 %Define ADtimes (Leibnitz Rule)

235 function w = ADtimes (u,v,p)

236 %u,v vectors, p the highest order TC

237 w = sum(binom(p+1l,1l:p+1).*u(l:p+l) .*v(p+tl:=-1:1));
238 end

239 end
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APPENDIX B

Code for the Simple Pendulum Using Universal Dummy

T_pendzode2 (xy0,tend, tol)

T_PENDZODE tests PENDZODE,

Derivatives

[t.all,xy_all,itbreak, xpyp-all,z_all,condition_all] =

which implements a solution of the pendulum by

the "DDs plus extra variable" method. PENDZODE calls a helper function

PENDZSOL, which does most of the work. Both are written as part of this

file, as nested functions,

needed otherwise.

Input:

which avoids global variables that would be

xy0 = [x0,y0], the initial position in xy coordinates. Should be

approximately consistent; note

Initial velocity is zero.

pendulum length is L=10.

tend Integration is from t=0 to t=tend.

Output:

t_all, xy-all

the solution converted back to

itbreak List of indices within t_all

switch of the extra variable z

+ b y, and the parameters a, b

X,y coordinates.
of t points where a coordinate
occurred. It is defined by z = a x

were changed at these points.

One can use itbreak by code such as this:

[t,xy,1itbreak] = T_pendzode2 (...

plOtB(tIXy(:ll)IiXy(:IZ)I

t (itbreak)

145

, Xy (itbreak, 1), —xy (itbreak,2), 'r+")
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o

An 'OutputFcn' is used. Its role is to decide when a switch of a,b is

o\

needed, and terminate the current section of integration. It can also be

o\

used to print to command window, etc.

o\°

Notes:

o

1.Solving the nonlinear stage is done by Newton iteration (it could be by

o\

solving a quadratic equation). As expected, the method runs into

o

trouble when bx-ay approaches 0, making one of the relevant Jacobians

% singular. Either stepsize goes to 0 and ODE solver gives up; or

o\°

solution jumps to "the other" quadratic branch, giving nonsense.

o\
[\

.Passing a sensible initial guess to the Newton method is a nuisance of

o\

this approach.

% Set vars & consts, global to this function & used by nested functions:

G=9.81; Lsg=100;

xy0 = xy0(:)"'; %Force to be row vector
xyguess = xy0;
% Initial velocity is 0, for now

xpyp0 = [0 0];

[

% MAIN LOOP, of sections of integration each with a constant ab = [a,Db].

[

% Choose it orthogonal to initial (x,y), and continue with that till
% orthogonality is lost too much.

solver = @oded5;

% solver = @odell3

options = odeset ('OutputFcn', Qoutfun, ...

'AbsTol',tol, 'RelTol',tol);

$Initialise arrays to accumulate over all sections:
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xy-all = [];

xpyp-all=[];

z_,all=[];

condition_all=[];

$This is a weird thing: you can't use tend - I suspect oded45 doesn't want
%$to solve from tO:tend in one step... what happens is the step size

$decreases to 0 and a Jacobian (the one in the projection) goes
$singular.

while tO<tend-1le-8

$ab = [-xy0(2); xyO0(1)]1;
Sab=[1;11];

$Do QR factorisation to get alpha and beta
[Q,~]=gr (xy0");
ab=0Q(:,2);

$ab=ab- ((ab (1) »xy0 (1) +ab (2) *xy0(2)) / (xy0 (1) *xy0 (1) +xy0 (2) »xy0 (2))) *transpose (xy0) ;

%ab = ab/norm(ab, 2);
% fprintf (' (Re)setting ab = [%8g,%8g]\n', ab);
% INTEGRATION

o\

z = ax+by and dz/dt = adx/dt+bdy/dt so compute their initial values
z0 = xyOxab; %rowxcolumn

zp0 = xpypOx*ab;

[tt,ww] = solver (@pendzode, [t0 tend], [2z0 zpO],options);
% Postprocessing to convert z solution to (x,Vy)

npt = numel (tt);

xy = zeros (npt,2);

xpyp=zeros (npt, 2);

lcondition=zeros (npt,1);

xyguess = xy0; %as we now return to start of integration

for jj=l:npt
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8 [~,xpyp(Jj,:),xy(jj,:)] = pendzsol(ww(jj,:),xyguess);
8 xyguess = xy (33, :);

87 end

88 zzz=ww(:,1);

89 % xy data to set z initial values for next section
90 [~,xpyp0,xy0] = pendzsol (ww(end, :),xyguess) ;

91

92 % Add this section to returned cumulative solution
93 for i=1:npt

94 A=[xy(i,1l),xy(i,2);a,bl;

95 lcondition (i, 1l)=cond(d);

96 end;

97 condition_all=[condition_.all;lcondition];

98 t0 = tt(end);

99 t_all = [t_all; tt];

100 xy_-all = [xy-all; xy]l;

101 xpyp-all=[xpyp-all;xpypl;

102 z_all=[z.all;zzz];

103

104 end

105

106 % Find the section-breaks: they are where t value occurs twice.
107 itbreak = find(~diff(t-all));

108

109 % NESTED FUNCTIONS

110 function wp = pendzode (~,w)

111 % Description of ODE to put into Matlab ODE IVP solvers.

112 % w holds [z, zp] where zp = dz/dt.

113

114 % xyguess 1is the main architectural problem at present.
115 % Make it accessible by using nested functions, and



B. CODE FOR THE SIMPLE PENDULUM USING UNIVERSAL DUMMY DERIVATIVES 149

116 $ — Initialise before calling ODE solver.

117 % - Update inside this function to latest values of x,y.
118

119 [xJ0,~,xJIJm2] = pendzsol (w,xyguess) ;

120 wp = [w(2); xJ0(4)]; % forms [dz/dt,dzp/dt]

121 % Update the global variables used as trial values by PENDZSOL:

122 xyguess = xJm2;

123 end

124

125 function [xJ0,xJml,xJm2] = pendzsol(z_zp,xy0)

126 % PENDZSOL is a support function for PENDZODE, which uses a "dummy

127 % derivative" approach to represent the simple pendulum DAE as an ODE in a
128 % form that can be input to MATLAB's ODE IVP solvers.

129 % Input:

130 % zZ_Zp Vector holding [z,zp], the given values of z and dz/dt (at

131 % some value of t).

132 % xy0 Vector holding initial guess of x,y to use in a Newton

133 % iteration.

134 % Defined in the main function

135 % joje) Vector of length 2 holding parameters a,b.

136 % Output:

137 % XJo Vector holding [xdd,ydd, lam, zpp] .

138 % XJml Vector holding [xd,yd].

139 % XJIm2 Vector holding [x,v].

140

141 % PENDZSOL computes (at an arbitrary time t) values of relevant state

142 % variables & derivatives, in terms of a new "genuine" state variable

143 % z =a x + by

144 % and its derivative zp = dz/dt, where a, b are constants passed in the
145 % parameter vector pp. One of the computed variables is the 2nd derivative
146 % zpp = d(zp)/dt, thus setting up a 2nd-order ODE for z=z(t). All the other
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[)

% quantities have become "dummy", given as functions of z and zp.

[

% In this way solving the pendulum is equivalent (locally, as long as a

[

% relevant Jacobian is nonsingular) to solving the ODE.

% The solution process uses trial values of x,y to get started; these are

[)

% by z, and x0,y0 just fixes which of two global solutions (roots of a

[)

% quadratic) is wanted.

[)

% For derivatives, suffix p means genuine, suffix d means dummy.

a=ab(l); b=ab(2);

z=z_zp(l); zp=z_-zp (2);

% Stage k=-2. Solve
% 0 =C=x"2+y"2 - L"2
% 0=D=12z - (ax + by

% for x & y as a function of =z.

$Newton iteration:
errold = Inf;
x = xy0(1); vy = xy0(2);

while true

G2 = [2%x 2xy; —a -bl;

CD = [(x"2+y"2 - Lsq); (z — (a*x + bxy))]1;

d_-xJm2 = -G2\CD; %Newton correction

err = norm(d_xJm2) ;

if err==0 || err>=errold, break, end%go to machine precision
X = x + d_.xdJm2 (1) ;

y =y + dxdm2(2);

errold = err;

% passed in x0,y0. Actually the solution is *locally* determined uniquely
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end
xJm2 = [x y];
3 % DEBUG!!
S fprintf ('PENDZSOL: |change|=%g from guess [%g %g] to found [%g %g]\n'
% ,norm (xy0-xJdm2) , xy0, xdm2) ;
% Stage k=-1. Solve
% 0 =C' = 2(x xd + vy yd)
% 0 =D'=2zp - (a xd + b yd)

o\

for xd & yd as a function of z & zp, using known x,y.

Gl = [2xx 2xy; —a —-bl;
CpDp = [0; zpl;
xJml = (-G1\CpDp)'; %linear so Newton gets exact result.

xd = xJdml (1) ;

yd = xJml (2);

% Stage k=0. Solve

o

0 = A = xdd + x lam

% 0 =B =ydd +y lam - G
% 0 =C'" = 2(x xdd + xd"2 + y ydd + yd"2)
% 0 =D'"'" = zpp - (a xdd + b ydd)

o\

for xdd, ydd, lam & zpp as a function of z & zp.

2xx 2+xy 0 0;
-a -b 0 17;
ABCppDpp =
[0;

-G;

2% (xd"2 + yd©2);
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01;
xJ0 = (-GO\ABCppDpp) ';

end

$linear so Newton gets exact result.

function status = outfun (tt,ww,flag)

o

o\

solver at each step,

o\

calls to PENDZODE.

o\

To break every step
status = 0;

switch flag

Also uses xyguess in the call to PENDZSOL. As OUTFUN is called by the

these values will be continually updated by

change status to 1.

case 'init's, fprintf('Initialising outfun\n');

case []

o

for j=l:numel (tt) % this is in case odeset's 'refine' is >1.

St=tt(J);
wo=ww(:,3); %z=w(l); zp=w(2);
[~,~,xJm2] = pendzsol (w,xyguess) ;

%

8g % 89 % 8g % 8qg,

o\

o\

0.5+ (xd"2+yd"2);

%

end

[)

fprintf ('t,z,zp=%9.5f % 8g % 8g, xdd ydd lam zpp=%
xd yd=% 83 % 8g, x y=% 8g % 8g\n'...

,t,2,2p,%x30,xjml, xJjm2) ;

y=xjm2 (2); xd=xjml(1l); yd=xjml(2); energy = —-gx*y +

fprintf ('t, energy=%g %g\n',t,energy);

% quit if angle between [x y] and [a b] is <= about 30 degrees:

if abs (xjm2+ab)/ (norm(xjm2) xnorm(ab)) >= cos(pi/4)

$1f cond([xJm2;transpose (ab)])>100

% fprintf ('outfun set status=1 to terminate integration\n');

status = 1;

end

case 'done'%, fprintf('Finalising outfun\n');
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238 end

239 end

240 end
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