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Computation of sensitivities in engineering problems has become a necessity in many areas, including
mechanical, chemical and biomedical engineering. Recently, the use of hypercomplex algebras, like multi-
complex and multidual numbers, has increased in the context of derivative computation as they are machine
error accurate and easy to implement. However, current hypercomplex implementations suffer from a dou-
bling process where the amount data required for a computation doubles each time a new order of derivative
is required. In this work, Cayley-Dickson algebras like quaternions and octonions were used as a first step
to optimize computation of multiple first order derivatives, in finite element analyses. While significant
performance improvements were achieved, steps toward a more efficient algebra were found. In this disser-
tation a new hypercomplex algebra named Order Truncated Imaginary (OTI) numbers is proposed to tackle
the excessive growth of current algebras when computing high-order derivatives of multivariable functions.
The algebra truncates imaginary directions whose order exceeds a specified value n. As a consequence,
when a function is evaluated using a particular OTI number, the result is another OTI number that contains
all derivatives up to order n within its imaginary directions. The OTI Finite Element Method (OTIFEM)
is proposed in order to integrate OTI capabilities into Finite Element analysis. This allows computation of
high order multivariable derivatives efficiently. The key ingredient to this integration is the developed OTI
matrix form, that seamlessly integrate the OTI numbers with standard linear algebra procedures. Compu-
tation of up to 30th order derivatives were performed in heat transfer, linear elasticity and fluid dynamics
analyses and were used to generate a reduced order model that approximated the finite element solution.
Results show that derivatives with respect to shape, material and loading parameters are accurate, and can
be computed effortlessly and efficiently; and higher truncation orders increase the region of validity of the
reduced models obtained with OTIFEM solutions.

Keywords: finite element method, high order derivatives, hypercomplex algebras, numerical differenti-

ation, order truncated imaginary numbers
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Chapter 1: INTRODUCTION AND PROBLEM STATEMENT

The ability to easily calculate highly accurate first and higher-order derivatives across the broad spectrum of
finite element modeling has the promise to transform engineering and computational mechanics. Access to
first and higher derivatives with respect to shape, material properties, and loads will provide improvements
in material modeling, design and optimization, structural dynamics, machine learning, reliability analysis,
structural health monitoring, uncertainty quantification, among others.

In a more detailed manner, the scientific community demands for the following characteristics of sensi-

tivity computation methods in Finite Element analyses:
1) Highly accurate: it must provide accurate and usable results,

1) Step-size independent: it must not depend on heuristic determination of its parameters for the method

to be reliable,

iii) Variable-type independent: (regardless of shape, material property or other parameter),

iv) Problem independent: elliptic, parabolic and hyperbolic; linear and nonlinear problems should not

impose re-formulation or dismissal of the method,

v) Efficient: low memory and low computation time are desired so that impulse the incorporation into

larger problem:s,

vi) High-order support: it must provide derivatives of second and higher order,

vii) Multivariable support: it should be able to obtain sensitivities with respect to multiple parameters,

viii) Low programming effort: complexity of the implementation is proportional to the adoption rate of the

method,

ix) Re-compilation free: When a modification to the derivatives are required (new sensitivity parameters,

new function to compute the sensitivity, etc) should not require to re-compile the program; and

X) Easy to use: it should not impose major intellectual restrictions to those that will use the finite element

method to obtain the desired results.



Much progress has been made within the area of computation of derivatives within the last 40 years but its
application to finite element programs is lacking. For example, the current state-of-the-art is encompassed
by direct differentiation [1], adjoint methods [2], automatic differentiation (AD) [3] in the form of source
code transformations [4], reverse mode AD [5] and forward mode AD [6]; and hypercomplex methods [7,8].
Each of these methods has limitations that prevent widespread application and use. Direct differentiation
requires extensive analytic chain rule formulations and source code modifications, and usually only for first
order derivatives. This method is efficient but time consuming to implement and not practical for large-
scale finite element programs that contain a large variety of element formulations. Adjoint methods require
the analytical formulation and programming of an adjoint system of equations and derivatives are usually
limited to first order. Source code transformations interrogate the existing source code and develop a new
code that computes the numerical derivatives. This method is specific to the supported languages, e.g, C,
C++, Fortran, and must be specifically programmed to compute derivatives with respect to the parameter
of interest. Both first and second order derivatives can be computed. Reverse AD requires coupling with
the analytical adjoint method for efficient finite element implementation; therefore it is problem specific
and requires source code modification. Truncated Taylor series polynomials provide high-order derivatives
for forward AD, and it is usually implemented through operator overloading. This method can compute
arbitrary order derivatives but its current implementation is very inefficient. Hypercomplex methods use
complex and dual numbers for first order derivatives and multicomplex [7] and multidual [8] algebras for
computation of high order derivatives. The method only lacks efficiency because it does not scale well when
increasing the number of variables and order of derivatives required.

Hence, the open requirement in the scientific community, to be studied in the current work, is: there is
no one method that meets the needs for computation of multivariable high-order derivatives in large-scale
finite element analyses. For reasons stated above, the integration of differentiation methods within finite
element codes is not prevalent and is not standard practice. In response to this, the present work focuses
to address the current limitation of hypercomplex differentiation methods in finite element application by

improving the efficiency of the computation of multivariable high order derivatives.

1.1 Research objectives

The general objective of this thesis is to develop and implement a new hypercomplex Finite Element method-

ology that is specific for efficient derivative computation, such that it empowers the Finite Element Method



with the capability to compute multivariable-high order derivatives of any kind in an easily implementable,

accurate and efficient fashion for small and large 1D, 2D and 3D problems.

1.1.1 Specific Objectives

The general objective can be subdivided in the following specific objectives:

1) Explore, implement and validate the use of other hypercomplex algebras, e.g. quaternions, octonions,

etc; to compute derivatives more efficiently by avoiding repetition of coefficients.

ii) Develop, implement and validate a new hypercomplex method to efficiently compute large number of

high order multivariable derivatives.

iii) Develop, implement and validate a method to integrate the new hypercomplex method into the finite

element method to allow the computation of a large number of derivatives*.

*The goal of this thesis is to achieve at least 50 derivatives for a finite element system with 500.000 nodes.

1.2 Outline and Scope of the Thesis

To accomplish the proposed objectives, three main contributions are presented in this dissertation: i) the
novel use of current hypercomplex algebras to compute multiple first order derivatives efficiently by using
quaternions and octonions in finite element analyses; ii) a new hypercomplex algebra, called Order Trun-
cated Imaginary (OTI) numbers, that scales accordingly to the number of derivatives computed, and iii) a
methodology to integrate the new algebra into the Finite Element method based in its matrix form to allow
the computation of a large number of derivatives.

This document is organized as follows. Chapter 1 introduces the current methods for computation of
derivatives in finite element analysis, problem statement, research objectives and scope of the study. Chapter
2 presents an overview of the state-of-the-art of differentiation methods, with specific focus to finite element
analysis. Appendix A compliments this chapter and is provided to the reader who is not familiar with
hypercomplex differentiation methods.

Chapter 3 introduces a novel use of Cayley-Dickson algebras for computation of multiple first order
derivatives more efficiently. The Complex Taylor Series Expansion was extended to quaternion, octonion

and any order Cayley-Dickson algebra. The advantage of this new approach is that highly accurate multiple



first order derivatives can be obtained in a single analysis. Quaternion and octonion-based finite element
analysis methods were developed in order to compute up to three (quaternion) and up to seven (octonion)
first order derivatives of shape, material properties, and/or loading conditions in a single analysis.

Chapter 4 introduces a new hypercomplex algebra for efficient computation of multivariable high order
derivatives, named Order Truncated Imaginary (OTI) numbers. A thorough description of OTI algebra is
provided by defining the algebraic operations, elementary function evaluation and the steps required to com-
pute derivatives. An equivalent matrix form of the algebra is derived and a method to create reduced order
models from OTI evaluations is presented. A library that implements the algebra is described and tested in
multiple scenarios. The accuracy of the method is addressed and performance comparisons provided against
multicomplex, multidual and forward mode automatic differentiation implementations. The accuracy of an
OTI reduced order model was evaluated for a two variable function formed by computing up to 50th order
derivatives with respect to all variables in a single evaluation (for a total of 1326 derivatives).

Chapter 5 introduces the Order Truncated Imaginary Finite Element Method (OTIFEM) method, an OTI
empowered finite element analysis tool to compute multivariable high order derivatives. The key component
of the method is the matrix form of the OTI number as it allows to formulate an efficient integration with
real linear algebra programs. A finite element module was added to the OTI library is described and tested in
implementations for heat transfer, linear elasticity and fluid dynamics. Derivatives of up to 30th order were
computed and evaluated against the corresponding analytical solutions and used to generate reduced order
models. Finally, chapter 6 recapitulates the major findings and contributions of this thesis, and proposes

challenges for future research.



Chapter 2: BACKGROUND

Finite differences is probably the most adopted methodology for computation of derivatives in any computer
application. The method approximates the first order derivative by evaluating the difference of the function

at two points and averaging it by the separating distance h (step-size). Examples of this are

Forward Difference: f,(zg) ~ flao+ h}z f(z0) 2.1)
Backward Difference: f,(z9) =~ f(zo) - i(l’o —h) 2.2)
Central Difference: f,(z9) ~ f(@o+ 1) th(:vo —h) (2.3)

where f(z) is a scalar function, xg is an evaluation point and f . (o) represents the first order derivative of
f(z) with respect to x evaluated at . In order words, the method applies a small perturbation to the variable
in the real direction to compute the derivative. Higher order derivatives may be also obtained, requiring more

evaluations. Second order derivatives can, for example, be obtained by evaluating the function three times:

f(zo+h) —2f(x0) + f(wo — h)

2 2.4)

f,a:2 (‘7;0) ~

where the notation f 2 corresponds to the second order derivative of f with respect to x, 0 f|0x>.

In a computational perspective, only a variation of the input values are necessary and no modifications
to the program are required. This makes finite differences applicable to almost any method, and usable by
anyone without specific knowledge of the problem (i.e., easy-to-use and easy-to-implement). Hence, this
justifies its large adoption among the wide range of scientific areas.

As seen in equation (2.1), the result is an approximation of the derivative and its accuracy depends on
the step size value. A large step size reduces the approximation accuracy, and hence a small step size is
required. In computational applications however, a small step size might induce subtractive cancellation
error [9]. Therefore, selection of the step size is a relevant and difficult task because it depends on the value

of the variable of interest, and the value of the function to be evaluated.



2.1 Analytic methods

Direct differentiation [1] consist in extensively applying the chain rule to the analytical formulation of the
problem. Consider a scalar function g(u, p) that depends on the solution u of a linear system of equations
and an input parameter p. For instance, in the sense of a physical problem, g(-) could be, e.g. the strain

energy and u the solution of

Ku=b (2.5)

where K is the global stiffness matrix, b is the load vector and u the state function vector. The differentiation

of g(u, p) with respect to p results in

dg

dip(uvp) = g,p(u7p) + <g,u(u7p)7 u,p> (26)

where dg(u,p)/dp is the total derivative of g(u,p) with respect to p, g ,(u,p) is the partial derivative
dg(u,p)/0p and u , = du/0p.
Differentiating equation (2.5) with respect to any parameter p, the general expression to obtain the

derivative of u with respect to p is

(Ku), = (b)y (2.7)

Ku, = b,-K,u (2.8)

where b, = 0b/dp and K ;, = 0K /0p.
This new system of equations will solve for u , given the derivatives of the global matrix and load vector

with respect to p. Second order derivatives are obtained by, e.g. differentiating with respect to a parameter

q,

Kug = bgp-Kgu,-K,u,-Kg u (2.9)

where u g, is the second order mixed derivative of u with respect to g and p, 0%u /0qOp.



In general, the method is computationally efficient and it can be used to obtain high order derivatives
given that derivatives of K and b are known. In practice, derivatives of the global matrix and load vector
are problem dependent, and generally difficult to obtain. Expressions for higher order derivatives, such as
(2.8) or (2.9), will become more complex to obtain, as well as the higher order derivatives of K and b.
Each required derivative is therefore difficult to obtain, and require extensive implementation details, as
each one of them must be coded. If a new derivative is required, the whole code must be added and hence
recompilation is necessary.

The semi-analytic method [10, 11] complements direct differentiation by computing the derivatives of
K and b with a numerical algorithm, e.g. finite differences. This method still requires analytical derivation
of some derivatives, e.g. equations (2.8) or (2.9), and is bounded by the accuracy of the method to compute
the adjacent derivatives.

The Adjoint method [2] for differentiation is another commonly used analytic method. It is most attrac-
tive to problems that require derivatives of one function with respect to a large number of variables. Such a
case is present, e.g. in Finite Element Analyses that require derivatives of scalar functions that depends on
the (energy, compliance, total force, drag coefficient, etc) with respect to multiple nodal coordinates. The
method uses the solution of a secondary problem (adjoint problem) in order to replace the computation of

u,, using equation (2.5), and reformulated using its adjoint system,

A=K Tg,(u,p) (2.10)

where A is the Lagrange multiplier. The following expression summarizes the adjoint derivative approxi-
mation.
dg(u, p)

Tp = gp(u,p) + (A, (b, — K, u)) (2.11)

The beauty of this method is the fact that A is independent of the sensitivity variable p. Therefore,
computing another derivative of g with respect to any other parameter, say g, requires only b, and K .
However, formulation of the adjoint system is highly dependent on the problem, because of its dependence
on gu(u,p), b, and K j,, which are difficult to obtain and to code. In the general case (where K is not
symmetric), A requires a solution of a full secondary system of equations (equation (2.10)). A variation

to function g(-) will require re-formulation and recompilation of the code and re-solution of the numerical



problem.
2.2 Automatic Differentiation

Automatic Differentiation (AD) [3, 5] is a set of numerical methods that use the sequence of elementary
operations that computers execute to evaluate the function and compute its derivatives. By applying the
chain rule to each operation, it can be propagated in order to obtain the desired derivatives of the functions
of interest. Two approaches generalize the application of AD: Forward mode and Reverse mode, and two
implementation methods have been reported: source code transformation and operator overloading.

Source code transformation [12] is a technique to pre-process the source code of a program so that
every relevant operation is transformed to apply the corresponding chain rule (in either forward or reverse
AD mode). The advantage of this approach is that compiler-wise optimizations can be applied to every
operation and therefore code may run in an efficient manner. However, the resulting programs compute a
fixed set of derivatives and will not be able to provide new derivatives unless reprocessed and recompiled [4].
Many approaches, such as [13], will also require source code modifications.

Operator overloading [6, 14, 15] method provides more flexibility to compute derivatives than source
code transformation. It is a strategy to modify the behavior of arithmetic operations and functions (+, —, *,

/, exp, etc) according to the type of variable being used.
2.2.1 Forward mode AD

Consider a function f(p) that can be decomposed into a set of intermediate evaluations w;, such that first

wyis evaluated, then wsand so on. Its chain rule decomposition is considered as

fp) = wale..wi(...wi(p))) (2.12)

fp®) = fuw.(D)... W41 0 Wiaw;_ - Wi,p (2.13)

Forward mode AD [3] propagates the chain rule by computing every derivative of the intermediate variables
w; with respect to input parameter of interest p, i.e. every wj p,, evaluating derivatives in the same ’direction’
the function is evaluated (first w1 , then wo p,etc). Taylor truncated polynomials (TTP) [6] is an implemen-

tation of forward mode AD in order to compute high order, multivariable derivatives. The method consist

10



of matching the variables of the function with polynomial variables (e.g., x, y, etc). Then, replacing the

variable by its corresponding Taylor polynomials, e.g.,

1
p—=Ty = ptppr+ gp,pzﬁ (2.14)

T, = p+a 2.15)

Then, functions are overloaded by the polynomial equivalent of the variables and operations are overloaded

by its polynomial equivalents. Hence, function f(p) will become
f(p) = TyoT, (2.16)

where T is the Taylor polynomial of f(p), and the expression Ty o T, represents the composition of
the two functions. The resulting polynomial will contain the derivatives of the function within its coeffi-
cients. The degree of the polynomial term matches explicitly the order of the derivative to be obtained,
e.g. 22 — 9(-)/0x2, xy — O(-)/0xdy. In spite of its ability to compute high order derivatives, current
implementations do not provide the required performance for a large scale computer implementation. Dense
univariate implementations, such as Arbogast or Sacado [14, 16], can compute derivatives with respect to
only one variable per run, and since they manipulate the full polynomials, it becomes expensive. Dense
multivariate implementations, e.g., ADOL-C [15], also suffers performance drawbacks from manipulating
the full polynomials for high order derivatives, and are very difficult to use. Sparse multivariate implemen-
tations, e.g., AUDI [6], depend on arbitrary precision arithmetics for the polynomial manipulations [17, 18],
increasing the overall computational cost. In every case, interface with linear algebra solvers is a bottle-
neck, and similar to the reverse mode AD, integration with an analytic method is required, in this case the
semi-analytic method. This makes the method problem dependent, complicated to use and inefficient.
Another forward AD high order method is the nilpotent matrix approach [19]. In this approach the
variables are overloaded by sparse matrices that will evaluate the derivatives through the operations. This is
particularly inefficient because every real arithmetic operation are replaced by sparse matrix algebra opera-

tion.
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2.2.2 Reverse mode AD

Reverse mode AD [5] applies the chain rule in the backward direction so that derivatives of the function f
with respect to every intermediate variable are computed, i.e., every f ;. To do so, the method requires
storing every intermediate variable w;. Reference [20] pointed out that application of the reverse mode
to problems with linear system of equations will result in excessive CPU and memory loads. Strategies
are therefore required to avoid passing through the linear algebra solvers. Also, reference [5] highlight the
need to use the analytic adjoint formulation of the problem in order to obtain the desired derivatives, which
therefore implies the disadvantages of analytical methods: high difficulty to formulate, problem dependent,
necessity to re-compile a program, dependency of the type of variable needed, and high programming effort.
Although reverse AD has been used in computational fluid dynamics to compute shape derivatives [21-23],

it is not attractive for a large scale application in the finite element method.
2.3 Hypercomplex Algebras

The complex Taylor series expansion (CTSE) method has been shown to be an effective procedure for
obtaining accurate numerical first order derivatives from arbitrary holomorphic functions [24, 25]. The
method is simple in concept and straightforward to implement: convert a real-valued code to complex-valued
and introduce a small perturbation along the imaginary axis of the parameter of interest. The derivative of
each degree-of-freedom with respect to the parameter of interest is then contained within its imaginary
component. Derivatives of auxiliary results can then be obtained using standard post-processing methods
such as obtaining strains and stresses and their derivatives within an elasticity analysis. This method obtains
results with machine precision accuracy if the step size is sufficiently small, say < 1070 times the parameter
of interest. CTSE is subtractive cancellation error free, meaning that derivatives can be computed with an
arbitrarily small step size.

The set of hypercomplex algebras [26] contain those formed by one or more “imaginary” units. Ex-
amples of algebras with one imaginary unit are complex (i> = —1), dual (¢2 = 0) and double (¢2 = 1)
numbers. Dual numbers provide an equivalent method to CTSE regarding the computation of first order
sensitivities [27]. In dual algebra, the first order sensitivities are obtained by perturbing the variable in the
imaginary direction € by h. In contrast to CTSE, dual algebra analyses are insensitive to the step-size h and

thus the derivatives are always machine error accurate. However, dual libraries are not standard in most pro-

12



gramming languages, while complex types are more widely available to the end user and most programming
languages have efficient complex implementations.

The extension of CTSE or dual methods to compute more derivatives requires larger algebras. For
instance, quaternions [28], can be used to compute up to three first order derivatives [29]. Multiple higher
order multivariable derivatives require the use of hypercomplex algebras such as multicomplex [7, 30] or
hyperdual [8] (herein referred as multidual). For example, computing two first order derivatives requires
a bicomplex or bidual implementation, three derivatives requires tricomplex or tridual, etc. This approach
is accurate but becomes grossly inefficient as more derivatives are added because the resulting size of the
matrix representation increases by a factor of 2 with each increase in dimension. That is, a bicomplex
matrix is 4 times larger and a tricomplex is 8 times larger than a real-valued analysis. As a result, using
multi-complex/dual methods to compute multivariable high order derivatives is not advantageous within a
finite element formulation as the size of the element and global stiffness matrices becomes intractable.

Successful implementation of hypercomplex algebras in the Finite Element Method include applica-
tions in heat transfer [31, 32], structural dynamics [33], thermoelasticity [34], solid mechanics [35], plas-
ticity [36], fluid dynamics [37, 38], aerodynamics and aero-structural analysis [39, 40], dynamic system
optimization [41], pseudospectral [42] and eigenvalue sensitivity methods [43], among others. In [32], com-
plex algebra was used to improve the performance of the semi-analytic method in order to reduce both the
computational time expense and the sensitivity to the perturbation size compared with the standard finite-
difference-driven semi-analytic method. This, however, was only developed for first order derivatives. A
particularly successful application area of hypercomplex differentiation methods is to determine the energy
release rate for linear [44] and nonlinear fracture mechanics [45]. The energy release rate is the derivative
of the strain energy with respect to a crack extension. Multicomplex and multidual numbers can be used
to compute high order strain energy derivatives with respect to the crack extension in [46,47] to perform
2D curvilinear progressive fracture analyses. Up to 6th order derivatives with respect to the crack tip exten-
sion were reported. This methodology, however, requires multiple solutions of finite element problems to
compute all high order derivatives required, making the method computationally intensive.

Multiduals were used in [48] to generate reduced order models by generating a Taylor series expansion
of a finite element solution using derivatives with respect to shape and material input parameters. Re-
duced order models were generated to the vibration analysis of a beam, and results showed that third order

derivatives were sufficient to generate a reduced model for the 100% variation of material inputs but not as
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successful for a shape inputs, as evaluating the model with less than 5% variation to the shape inputs was
enough to exceed 1% of error from the solution.

The key element for a successful finite element hypercomplex method is the equivalent matrix form of
the algebras that allows a direct integration with linear algebra solvers [33, 47,49, 50]. The disadvantage
of the methodology is that the number of degrees of freedom of the analysis is multiplied by the size of
the algebra, exponentially increasing the computational resources needed to solve the problem with large
algebras hypercomplex algebras. A novel approach presented in [51] for computation of the energy release
rate, avoided forming the larger system of equations by computing the derivatives of the stiffness matrix
and force vector at an element level. The method is mostly equivalent to the adjoint method in the sense
that an analytical approach was required to bypass the computation of the derivatives of the displacement
vector with respect to the crack extension via equation (2.11). It is, however, a particular solution for the
computation of the energy release rate, thus not a solution generalized for any derivative computation.

A broader adoption of the hypercomplex differentiation methods has been limited by the availability of
support libraries, as only the complex variable type is supported in the majority of languages. Linear algebra
routines can be used with the matrix form of the algebras to avoid requirement of specific implementations,
as discussed in [52] for multiduals, but the overhead of matrix computations make this type of implementa-
tions not fit for large problems as in finite elements analyses [19]. A library with support for multicomplex
and multidual algebras was developed [53] with support for Python and Fortran programming languages.

Current hypercomplex algebras, therefore, do not scale well when computing high order multivari-
able derivatives because of the excessive growth in the size of the algebra does not match the number of
derivatives required. As a result, the method is not computationally efficient. The reader not familiar with

hypercomplex algebras is referred to Appendix A for an extended insight.

2.4 Summary

Table 2.1 summarizes the state-of-the-art methods with deficiencies marked as empty blocks. It can be
observed that the full suite of these demands are not all satisfied by any current method to date, specially
in regards of the Finite Element Method. This work will address this open gap in knowledge by three main

contributions: i) A novel method that extends the use of use current hypercomplex algebras to efficiently

compute multiple first order derivatives by avoiding the repetition of coefficients; ii) a new hypercomplex

algebra, called Order Truncated Imaginary (OTI) numbers, which is efficient to compute derivatives of high
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order multivariable functions and iii) a methodology to integrate the new algebra into the Finite Element
method to allow the computation of a large number of derivatives.

Demand

(ii) Step-size independent
(viii) Low programming effort

(i) Highly accurate

Method
Finite Differences
Direct Differentiation
Adjoint Method
Source Code Transformation
Reverse Automatic Differentiation
Truncated Taylor Polynomials
Current Hypercomplex Algebras

+ | (iii) Variable-type independent
+ | (ix) Recompilation free

+ | (x) Easy to use

+ + +/| (iv) Problem independent

+ + + l (v) Efficient
+ 4+ + + + + +| (vi) Support of high order derivatives

+ + + + + + +|(vii) Support multivariable derivatives

+ + + + + +
+ + + + + +

Table 2.1: Comparison between methodologies (deficient areas marked as black)

15



Chapter 3: QUATERNION AND OCTONION-BASED FINITE ELEMENT ANALYSIS
METHODS FOR COMPUTING MULTIPLE FIRST ORDER DERIVATIVES

M. Aristizabal, D. Ramirez-Tamayo, M. Garcia, A. Aguirre-Mesa, A. Montoya and H. Millwater

Journal of Computational Physics 397 (2019) 108831

Disclaimer: This section corresponds to the publication [54] “Quaternion and octonion-based finite
element analysis methods for computing multiple first order derivatives” published in the Journal of Com-
putational Physics 397 (2019) 108831 and is a partial contribution of this thesis. The publication has been
reformatted to fit the style of this thesis and some sections may have been modified and renamed to better fit
this document. The author of this thesis acknowledges the contributions from all other co-authors.

Current hypercomplex differentiation methods do not scale well for computation of first order deriva-
tives with respect to multiple variables as either high-order derivatives are also computed or multiple re-
evaluations of the problem are necessary (see Appendix A). This chapter describes an extension of the
complex Taylor series expansion method to quaternion, octonion and any order Cayley-Dickson algebra.
The advantage of this new approach is that highly accurate multiple first order derivatives can be obtained in
a single analysis. Quaternion and octonion-based finite element analysis methods were developed in order
to compute up to three (quaternion) and up to seven (octonion) first order derivatives of shape, material
properties, and/or loading conditions in a single analysis. The traditional finite element formulation was
modified such that each degree-of-freedom was augmented with three or seven additional imaginary nodes.
The quaternion and octonion-based methods were integrated within the Abaqus commercial finite element
code through a user element subroutine. Numerical examples are presented for thermal conductivity and
linear elasticity; however, the methodology is general. The results indicate that the quaternion and octonion-
based methods provide derivatives of the same high accuracy as the complex finite element method but are

significantly more efficient.

3.1 Motivation

Quaternion algebra was introduced by Hamilton in 1843 to represent the mechanics of motion in three-
dimensional space [55,56]. Quaternion numbers contain a real coefficient plus three coefficients along

three imaginary directions. Their main application today is in three-dimensional computer graphics and
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computer vision, where they are used to compute three-dimensional rigid-body rotations [57]. Quaternions
have also been used within the finite element method in order to represent rotations for beam element
formulations [58—60].

Quaternion numbers are a subset of the Cayley-Dickson (CD) hypercomplex numbers [26]. CD alge-
bras are formed by doubling a member of CD numbers, which contains the duplication of the number of
dimensions of the initial algebra. For example, complex algebra (2 dimensions) is the result of doubling the
real numbers, quaternion algebra (4 dimensions) is the result of doubling the complex numbers, etc. This
process generates the set of CD numbers, which includes Octonions (8), Sedenions (16), etc, and associated
algebraic rules. Figure 3.1 shows the algebraic hierarchy available from the Cayley-Dickson doubling pro-
cess. The number of real values required to describe a number for each case is doubled for each new algebra;
Real (1), Complex (2), Quaternions (4), etc. In each case, n — 1 imaginary units are available for computing
derivatives in a manner analogous to the complex Taylor series expansion method; Real (0), Complex (1),

Quaternions (3), Octonions (7), Sedenions (15), etc.

Quaternions

Figure 3.1: Cayley-Dickson doubling process.

Turner presented a method that used quaternions to compute up to three first order derivatives [29].
The work used all three imaginary directions with small perturbations, such that when using the equivalent
quaternion operations, the result contained the gradient of the function with respect to the perturbed vari-

ables, stating quadratic convergence with respect to the step size h. Turner also presented a method to solve
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systems of linear quaternion equations, which required programming a quaternion-based solver.

The present work extends Turner’s work through the use of higher dimensional algebras such as oc-
tonions. It also shows that quadratic convergence of the derivatives with respect to the step size is only
achieved under certain conditions and that linear convergence, not quadratic, is the expected convergence
rate of the derivative results.

Moreover, the present work incorporates the quaternion and octonion Taylor Series expansion method
into the Finite Element Method. A quaternion-based finite element formulation (QFEM), as described in this
article, is capable of computing up to three first order derivatives in a single analysis without increasing the
size of the stiffness matrix and an octonion-based finite element method (OFEM) can compute up to seven
first order derivatives. This approach can be extended to sedenions (15 derivatives) and higher dimensional
CD algebras in a similar manner, thus generalized in the CDFEM method. The advantage of these methods is
that the QFEM, OFEM, etc, can obtain multiple first order derivatives in a single analysis far more efficiently
than, for instance, an equivalent multicomplex/multidual implementation.

Also, the present work introduces two methods for solving systems of linear hypercomplex equations
using standard real-based solvers consisting of: ¢) a method based on the Cauchy-Riemann equivalent matrix
form of the hypercomplex algebra, and 77) a new block solver method that subdivides the hypercomplex
system into multiple real-only systems of equations that can be solved using multiple right hand sides with

a single factorization of the real-valued stiffness matrix.

3.2 Quaternion Taylor Series Expansion Method

The quaternion Taylor series method (QTSE) is an extension of the complex Taylor series method (CTSE).
CTSE [25, 61] is a methodology to compute the sensitivity of a real function with respect to a variable of
interest that is analogous to the finite difference (FD) method in the sense that a perturbation is applied to
the parameter of interest. However, in CTSE the perturbation of the variable of interest x is applied along
the imaginary axis, becoming x* = zy + hi, where xz( represents the point at which the derivative of the
function is required and h is the perturbation step, addressed after Equation (3.3). The typical procedure
consists of replacing every operation in the real function of interest f by its complex-equivalent operation
(a process known as complexification of f), e.g. real multiplication is replaced by complex multiplication,

etc. Using the complex-variable Taylor series, a function F' can be expressed as
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F(z*) = F(wo + hi) = f(x0) + fz(z0)h i — %f,ﬁ(ﬁﬂo)h2 - %f,ﬁ(%)hs i+O(h") (3.1

where F is the result of complexifying f. Also, f, represents the first order derivative with respect to x,
f 2 the second order derivative, etc. Note that the negative signs in Equation (3.1) come from factoring
terms with 7 and replacing it by the complex identity i> = —1. Taking the real and imaginary parts of both
sides, Re[:] and Im[-] respectively; and solving for the function and its first order derivative, the following is

obtained

flzo) = Re[F(z")] + O(h?) 3.2)
1

falwo) = SIm[F(z)]+O(h?) (3.3)

Note that the perturbation step size h can be made arbitrarily small with no concern about subtraction

cancellation error. Hence, higher order effects of O(h?) can be made negligible through the use of a small
h. A typical value for h is 1070 times the value of the parameter being perturbed.

The Quaternion Taylor Series Expansion (QTSE) method uses quaternion algebra (see Appendix B) to

compute up to 3 first order derivatives of a real function evaluated at x = xg, ¥y = 4o, 2 = 2¢. The variables

x, y and z are perturbed by a small step size h in imaginary directions 4, j and k respectively:

z* =x9+ hi + 05 + 0k,
y* =yo + 0i + hj + Ok, (3.4)
2 =20+ 0i+0j + hk

The quaternion-variable Taylor series expansion (see B.3) adapted for the perturbations as shown in

Equation (3.4), becomes

F(*,y*,2*) = f(20,90, 20) + h (f.2(0, Y0, 20)i + fy (20, Y0, 20)F + f (w0, Y0, 20)k) + O(h*) (3.5)

where F is the quaternion-equivalent function of the real function f, which corresponds to the quaternion-
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ization of the operations in f. The result of F(x*, y*, 2*) is a quaternion containing the real function result

and first order derivatives of f with respect to x, y and z, one lying along each imaginary direction:

f(z0,90,20) ~ Re[F(z",y" 27)] (3.6)
fz(x0,90,20) ~ Im;[F(z*, y" 2%)]/h (3.7)
fu(xo,90,20) ~ Imy [F(z*, 4", 2%)]/h (3.8)
f2(zo,y0,20) =~ Imy[F(z*,y", 2")]|/h (3.9)

where Re -] extracts the real coefficient of the quaternion number, Im, [-] extracts the coefficient associated
with the imaginary direction ¢, etc. See B.3 for a more detailed elaboration.

Since no subtractions are performed during quaternion algebra operations, the method does not suffer
from subtraction cancellation error. In practical numerical applications, the minimum possible error is

usually bounded by machine error.
3.2.1 Convergence with Respect to the Step-size

Although Turner [29] expressed that when using quaternions to compute derivatives the convergence of the
first order derivatives is quadratic with respect to the step size (as in CTSE), it can be shown that it is not the
case when quaternion multiplication is present.

For the most general case, the function value converges quadratically with respect to the step-size h
whereas the derivatives, Equations (3.7) - (3.9), converge linearly. These convergence rates are shown in
the numerical examples section. In some special cases but not generally, quadratic convergence may be
obtained in the first order derivatives. See B.3 for more details.

On the other hand, CTSE converges quadratically on both function, Equation (3.2), and its derivative,
Equation (3.3). However, since both complex and quaternion methods are subtraction cancellation error free,

both will converge to the same error when using a sufficiently small & with no implication in performance.
3.2.2 Extension to Higher Dimensional Hypercomplex Algebras.

In order to use higher dimensional CD algebras to compute multiple first order derivatives, e.g. octonions

[62], sedenions [63], etc., each variable is associated with and perturbed independently along a unique
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imaginary direction, analogous to Equation (3.4). The maximum number of variables that the algebra is

capable to compute derivatives with respect to in a single analysis is given by the total number of imaginary

directions. This forms the generalized Cayley-Dickson Taylor series expansion method (CDTSE).

In the case of octonions (see Appendix C), a total of 8 coefficients are present in the algebra, corre-

sponding to the real and 7 imaginary directions. Therefore, the algebra can be used to compute up to 7 first

order derivatives in a single analysis. In addition, the 16-dimensional algebra of sedenions (one real and 15

imaginary directions) is able to compute 15 derivatives in a single analysis.

For octonions, forming the octonion Taylor series expansion (OTSE) method, the following perturbation

scheme is used for a 7 variable function f : R” — R, f(x,v,2,a,b,c,d):

x* = xg+ hi + 05 + 0k + 0¢’ + 0i’ + 05" + OK’,

y* = yo + 0i + hj + 0k + 0¢’ + 0i’ + 05’ + 0K/,
2% = 29+ 0i 4 05 + hk + 0¢’ 4 0i' + 05 + Ok,
a* =ag+ 0i + 0j + Ok + he’ + 07 + 05" + 0K’

b* = bg + 0i + 0j + Ok + 0e’ + hi’ + 05’ + 0K/,

c¢* =co+0i +0j + 0k + 0¢’ + 0i' + hj’ + OK/,

d* = do + 0i + 0j + 0k + 0¢’ + 0i' + 05’ + hk’

(3.10)

Derivatives are obtained by evaluating f at (z*, y*, 2*, a*, b*, ¢*, d*), which results in a hypercomplex

octonion number, then extracting the imaginary coefficients and dividing each by the perturbation h. In the

case of the perturbed variables in Equation (3.10), the evaluated function gives

Q

f(zo,yo, 20, ao, bo, co, do)

Q

[ (20, Y0, 20, a0, bo, co, do)

Q

f,y($07y07 207 a07 bO; COv dO)

%

f.2(z0, Y0, 20, a0, bo, co, do)

%

f.a(z0, Y0, 20, a0, bo, co, do)

Q

fv(x0, Yo, 20, ao, bo, co, do)

Q

f (o, Y0, 20, ag, bo, co, do)

Q

f.a(zo,yo, 20, a0, bo, co, do)

Re [f(z*,y*, 2", a",b", c",d")]

Im; [f(z*,y", 2", a% b c*,d")]/h
Im; [f(z*,y", 2%, a*,b", c*,d")]/h
Imy, [f(z*,y", 2", a",b% c*,d")|/h
Img [f(z*,y", 2%, a", b, c*,d")]/h
Imy [f(x*,y", 2%, a", 0%, c*,d%)]/h
Imj [f(z*,y", 2%, a", b%, c", d")]/h

Imk/ [f(x*,y*,Z*,a*,b*,C*,d*)]/h
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Similar to QTSE, using CDTSE methods, the convergence with respect to the step size is quadratic for

the function value and linear for the derivatives. All results are also subtractive cancellation error free.
3.3 Numerical Example: Analytic 7 variable function

The proposed sensitivity method is applied to an analytic function of seven variables

fla,bye,d,x,y, 2) = sin(a362c3d4x3y224) (3.19)

to compute f o, fu, fe» fa» fur fy and f at the valuesof a = 0.1, b = 0.2, ¢ = 0.3, d = 0.4, x = 0.5,
y = 0.6 and z = 0.7. In particular, this example will be computed using seven CTSE, three QTSE and one

OTSE analyses to serve for comparison purposes.
3.3.1 Complex Taylor Series Expansion

Using CTSE, seven analyses must be performed to obtain the desired derivatives. In this case, each analysis
computes the first order derivative with respect to one variable. Table 3.1 shows the perturbations required

per function evaluation in order to obtain all seven derivatives.

Evaluation
Variable 1 2 3 4 5 6 7
a* 0.1+ht 0.1 0.1 0.1 0.1 0.1 0.1
b* 0.2 0.2+ ht 0.2 0.2 0.2 0.2 0.2
c* 0.3 0.3 0.3+hi 0.3 0.3 0.3 0.3
d* 0.4 0.4 0.4 044+ hi 04 0.4 0.4
x* 0.5 0.5 0.5 0.5 0.5+ht 0.5 0.5
y* 0.6 0.6 0.6 0.6 0.6 0.6+ hi 0.6
z* 0.7 0.7 0.7 0.7 0.7 0.7 0.7+ hi

Table 3.1: Perturbation scheme for 7 complex Taylor series expansion analyses to compute 7 first order
derivatives.

According to Table 3.1, the first evaluation computes the first order derivative f ,. The second evaluation

computes f, the third f ., etc.
3.3.2 Quaternion Taylor Series Expansion

Three evaluations are required to compute all seven derivatives using quaternion algebra. The perturbation

schemes per evaluation are described in Table 3.2.
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Evaluation

Variable 1 2 3
a* 0.1+ hi 0.1 0.1
b* 0.2 + hj 0.2 0.2
c* 0.3 + hk 0.3 0.3
d* 0.4 0.4+ hi 0.4
x* 0.5 0.5 + hj 0.5
y* 0.6 0.6 +hk 0.6
z* 0.7 0.7 0.7+ hi

Table 3.2: Perturbation scheme for 3 quaternion Taylor series expansion analysis to compute 7 first order
derivatives.

According to Table 3.2, the first evaluation computes f 4, f; and f ., contained in the imaginary direc-
tions 4, j and k respectively. The second evaluation computes f 4, f . and f,. Finally, the third evaluation

computes f ..
3.3.3 Octonion Taylor Series Expansion

Octonion algebra is formed by 7 imaginary directions, namely 4, j, k, €', 7/, 7 and k’. For a description of
the algebra see Appendix C.
In order to evaluate the function in Equation (3.19) with octonions, only one analysis is required in order

to compute all 7 derivatives. The perturbations are done as shown in Table 3.3.

Evaluation
Variable 1
a* 0.1+ hi
b* 0.2 + hj
c* 0.3 + hk
d* 0.4 + he'
¥ 0.5 + hi'
y* 0.6 + hj’
z* 0.7 + hE'

Table 3.3: Perturbation scheme for an octonion Taylor series expansion analysis to compute 7 first order
derivatives.

Convergence of the relative error for first order derivatives and function results with respect to the step-
size are shown in Figure 3.2. Notice that the convergence rate of the derivative for the quaternion and
octonion analyses is of first order. Also, all CDTSE methods evaluated: CTSE, QTSE and OTSE reached

machine precision accuracy using step sizes h equal to 1078, 10716 and 10~!7 respectively. In practical
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terms, all analyses can be evaluated with a step-size h = 10~!7 or smaller. The source code for this example

is given in B.4.

Error in the Function f(z,y,2) Error in the First Derivative 0f/0x

y

1071 J
1074 D
CDi
L CTSE
107 QTSE
OTSE
10713
1074 5 9 13 17 Lol 1072 5 9 13 17 o1
10 1072 10 10 10 10 10 107 10 10 10 10
h h
(a) Relative error of the function f(a,b,c,d,z,y, z) value (b) Relative error of the first derivative 0 f /Ox with respect to
with respect to the step size h. the stepsize h.

Figure 3.2: Convergence of the relative error of function f(a,b,c,d, z,y, z) and first derivative 9 f /0x for
forward differences (FD), central differences (CDi), CTSE, QTSE and OTSE analyses.

3.4 The Truncated Taylor Series Approach to Compute Functions of Cayley-Dickson Num-

bers

The equations to compute typical functions of quaternions are well known [29] and it is possible to use them
within the QTSE method described in section 3.2. However, the computational complexity of quaternion
functions is usually high, and the methods for evaluation of other CD functions are not widely available.
Hence a new method to evaluate functions of quaternions, octonions, and other hypercomplex algebras is
presented here for use with the CD numbers containing very small imaginary components. The method is
based on a Taylor series expansion of the CD function, extending the multicomplex and multidual function
evaluation method proposed in [53] to CD numbers, with the condition that in the context of CDTSE, the
step size h is small so that high order terms can be neglected.

For a single variable function f(z) : R — R, e.g. sin(x), the proposed truncated Taylor series approach
consists of the following. Consider a hypercomplex function f(¢*). Its second order Taylor series expansion

18
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F@*) = £@) + Falar) v + 3 Faw(ar) () (3.20)

where ¢, is the real coefficient of the number and v* is the whole imaginary part of ¢*. For example, in the

case of a quaternion ¢*,

¢ =q +aqi+qij + gk (3.21)

v* is equal to the same quaternion number with real coefficient equal to zero, i.e.

v =q" —qr = @i+ q;J + @k (3.22)

Since v* is only imaginary, and in particular to CDTSE applications all imaginary coefficients are mul-
tiplied by small values of h, its square and higher powers will result in terms multiplied by 22 and higher.
Thus, only for CDTSE applications, higher order terms may be neglected. Therefore, a function for CDTSE

applications is evaluated as:

(@) = flgr) + fa(gr) v* (3.23)

For instance, evaluating the sine function of a CD number g*can be evaluated as:

sin(¢*) = sin(g,) + cos(g,)v* (3.24)

where sin(g,) and cos(g,) are the standard real trigonometric functions, evaluated at the real-value ¢,,_.
The error induced by the higher order terms is negligible due to the accompanied power of the imaginary

part of ¢*. Hence, the effect of higher order terms can be made negligible through the use of a small h. The

result is that functions of quaternions, octonions, etc, can be evaluated using one evaluation of a function of

a real variable. Table 3.4 summarizes some commonly used functions.
3.5 Quaternion Finite Element Method

The Quaternion Finite Element Method (QFEM) is based in the Hypercomplex Finite Element Method
(ZFEM) that consists of replacing the real-valued variables with hypercomplex (quaternion) variables in

order to compute the desired derivatives. In the case of quaternions, derivatives with respect to a maximum
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Function Symbol Equivalence

Sine sin(¢*)  sin(gr) + cos(g)v*

Cosine cos(¢*)  cos(gr) — sin(gy)v*
1

Square root vVa* qr + V"

Power (g*)™ q." + m%(“mil)v*

Exponential e el 4 el v*

*

Natural logarithm  In(q*) In(g,) + Z

r

Table 3.4: Alternative truncated Taylor form to evaluate functions of Cayley-Dickson numbers for CDTSE.

of three variables. For simplicity, a heat transfer and a linear elasticity finite element implementations will
be used to show the methodology, see Appendix D. However, any other physics can also be implemented

similarly.

3.5.1 Hypercomplex Finite Element method

The Hypercomplex Finite Element Method (ZFEM) formulation [44, 50, 64] is described here in terms of
quaternion variables but can be similarly extended to octonions, and other hypercomplex algebras. The
Quaternion Finite Element Method (QFEM), a particular flavor of ZFEM, has been developed based on the
QTSE method described in section 3.2. The finite element computations are conducted using quaternion
variables in order to compute first order derivatives with respect to up to three variables of interest ¢, ¢
and ¢3 per QFEM analysis (see Table D.2 or Table D.3). In order to perform the quaternion analysis, these

variables are perturbed in specific imaginary directions, e.g.

¢t = ¢1+hi+0j+0k (3.25)
5 = ¢ +0i+hj+0k (3.26)
¢35 = ¢3+0i+0j+hk (3.27)

where the step-size for a quaternion analysis is typically h = 10! or smaller times the value of the per-

turbed parameter for a double precision analysis due to the linear convergence of QTSE. The three perturbed
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variables may be any combination of the input parameters of the problem, which may come, for instance,
from Table D.2 or Table D.3. For example, to obtain the sensitivity in a heat transfer analysis of the temper-
ature solution with respect to the thermal conductivity «, heat generation rate s and convection coefficient
hc, the variables are perturbed as: a* = « + hi, s* = s+ hj and h); = h. + hk. Note that the real part of
the quaternion input variables corresponds to the input values of the conventional finite element analysis.
Due to the quaternion inputs, additional degrees of freedom have to be defined in order to obtain the
derivative information. As an example, Figure 3.3 shows an 8-noded quaternion quadrilateral element ap-
propriate for a thermal analysis with 4 degrees of freedom per node (u, u ¢, 1, u ¢, h and u 4, h) witha 3 x 3

integration scheme in natural coordinates with a node for each hypercomplex direction.

Figure 3.3: 2D 8-noded quaternion quadrilateral element with the corresponding duplicates given by the
imaginary directions ¢, j and k in natural coordinates and the 3 x 3 full integration scheme. A 3D 20-noded
brick element with 20 DOF can be similarly constructed.

Due to the quaternion inputs, the QFEM analysis generates a quaternion system of equations:

K*u* = f* (3.28)

where u* is the hypercomplexified nodal solution vector which represents either the nodal temperature if
solving a heat transfer analysis or the nodal displacements if solving a linear elastic problem. Regardless of
the problem being solved, the result of the QFEM analysis is composed of quaternion numbers and thus it
is formed by the sum of vectors directed along imaginary directions:

u' =u, +wit + ;) + ugk (3.29)

where u, is equivalent to the conventional finite element nodal solution vector (e.g. nodal temperature or
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nodal displacements), u; is a vector containing the derivative of nodal solution with respect to parameter ¢,

u; is a vector with the derivative with respect to ¢2 and uy, contains the derivative with respect to ¢3, that is:

u < u (3.30)
u; ~ huy, (3.31)
u; &~ hugy, (3.32)
w, o~ g, (3.33)

In general ZFEM, the number of imaginary directions in the hypercomplex algebra determines the num-
ber of additional vectors contained in u*. The relation of the imaginary components and the derivatives is
dependent on the capabilities of the algebra.

As in the conventional finite element method, traditional real-valued element shape functions are used

in QFEM for interpolation of the nodal solution within a finite element:

u*(z,y,z) = Nu* (3.34)

where N is the matrix of real-valued element shape functions. Consequently, the derivatives of the solution

field u(x, y, z) with respect to the input parameters are approximated using the shape function matrix N as

u(z,y,2) =~ Nu, (3.35)
U, (2,9, 2) = %Nui (3.36)
U gy (T,Y,2) & %Nuj (3.37)
U gy (T,y,2) = %Nuk (3.38)

The quaternion global system matrix K* is a matrix whose elements are quaternion numbers, and f*
is the force vector which is also formed by quaternion elements. Each K* and f* can be separated by its

imaginary coefficients as follows:
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£ = £+ fi+ £ + £k (3.40)

where K. and f;. are the conventional global system matrix and global vector of independent terms, K; and f;
contain approximations of the derivatives with respect to ¢1,i.e. hK 4, and hf 4, respectively. Analogously,
the matrices and vectors in j and k directions contain the derivatives with respect to parameters ¢o and ¢3
respectively. Both K* and f* depend on the input parameters of the problem being solved. They are formed
using an element-by-element approach as done in a traditional FE method albeit now using quaternion
degrees-of-freedom.

The Jacobian matrix J depends on the coordinates (x,y, z) of the nodes that define the element in the
original domain. Since the nodal coordinates are input parameters, they may be perturbed in any imaginary
direction and thus they are quaternion-valued inputs. As a consequence, J becomes a matrix of quaternion

numbers and is computed as follows:

Nig Nog --- A T
J = Niy, No, - T (3.41)
Niy Noy

where the elemental shape functions (N, Na, ...) correspond to the conventional FEM shape functions for

the corresponding element interpolation. The quaternion nodal coordinates are defined for the p’th node as:

Ty = Tp, + Tpit + TpiJ + Tppks Yy = Yp, T Ypit + Ypid T Ypkk, 25 = 2p, + 2pit + 2pi + zprk (3.42)
Nodal coordinates are perturbed when shape derivatives are required using the imaginary nodal coordinates
[44]. For instance, consider a 2D analysis with a domain that has a circular hole. If the derivative with
respect to the location of the hole is required, say in the horizontal direction, a perturbation is applied to the
nodes adjacent to the circle boundary in the x coordinates as shown in Figure 3.4a. If the sensitivity with
respect to the radius of the circle is required, then a perturbation is applied to all adjacent nodes in the radial

direction as shown in Figure 3.4b, representing virtual displacements of the nodes in the imaginary direction.
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In QFEM, for example, imaginary directions 7 and j can be used to compute sensitivities with respect to the
location of the hole in the = and y directions respectively. Meanwhile the & imaginary direction can be used

to compute the sensitivity with respect to the radius of the hole.

(a) Perturbation to obtain the sensitivity with re- (b) Perturbation to obtain the sensitivity with re-
spect to the horizontal location of the hole. spect to the radius of the hole.

Figure 3.4: Examples of the nodal perturbations to obtain shape derivatives of a circular feature in a domain.
The green circle marks the perturbed region inside which all nodes are perturbed, while the blue and red
arrows determine the magnitude of the perturbation, h and h/2 respectively.

In particular to the heat transfer problem, the element system matrix is formed by

K™ = K + K (3.43)

where K¢ is the portion given by heat conduction and K3" is the contribution of convection to the problem.

The element heat conduction matrix is computed as:

Ko — / o BB, |1 d0 (3.44)

e

where o* is the quaternion-valued thermal conductivity. The temperature gradient matrix B%; also becomes

a matrix of quaternion numbers because it depends on the Jacobian J:

Nie Nog
By =T | Ny, Noy oo (3.45)
Niy Noy
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The determinant of the Jacobian matrix J* is computed using the standard matrix determinant operations and
thus the result is a scalar quaternion value. As an example, the determinant of a two dimensional analysis

with a 2 x 2 Jacobian matrix is calculated as follows:

* *
‘]1 1 J12

* *
JZ 1 J22

\J*| = = Ji1J3e — JiaJ5 (3.46)

In standard applications, Equation (3.44) is carried out using the Gaussian integration scheme for each

element type. In the case of a quaternion implementation such integration is carried out as:

Ngp~ Ngpy Ngpy

K&~ > YN WeWiW, "B 5(&, m %) B (&, ) 13 (S 7)) (3.47)
7" l P

where W,., W;, W), and (&, n;, ) are the conventional real-valued weights and evaluation points for the
corresponding quadrature.
Similarly, taking into account the quaternion-valued convection coefficient A, the element convection

matrix is formulated as

Ky = / h:NTN |J*| dT (3.48)
Qe

and is integrated using real-valued Gaussian integration weights and points.

The element force vector is composed by

FO* = F5* 4 £7% 4 £ (3.49)

where f;* is the force vector due to a prescribed heat flux, f*elemental heat conduction matrix is the force

vector due to convection and £5* is the force vector due to a heat source. The force vectors are defined as
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for = / b*NT |J*| dr (3.50)
Qe

£ = RETENT |J*| dT (3.51)
0Qe

for = / s*NT | 3% dQ (3.52)
Qe

For the linear elastic problem, the element system matrix K¢* is formed by

K = / B*T, D%,B%, |J*| dQ (3.53)

e

where B, is the strain-displacement matrix. The element force vector is composed by

£or = g% 4 £O (3.54)

were f™ is the force vector due to surface tractions and fi* is the force vector due to body forces which are

calculated as

for = NTt* |J*| (3.55)
Qe

for = / NTb* |J*| dQ (3.56)

e

3.5.2 Dependency of Intermediate Variables

Until now, this paper has discussed the hypercomplexification of all variables and intermediate variables in
the finite element analysis in order to provide the capability of computing sensitivities with respect to any
input variable for any analysis. However, only certain elements of the code may need to be hypercomplexi-
fied in order to provide the correct capabilities for computing the desired derivatives, and hence, increasing
computational performance.

Figure 3.5a summarizes the dependency of the intermediate variables with respect to the input variables

for the heat transfer problem and Figure 3.5b analogously summarizes the dependency of the intermediate
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variables of the linear elastic finite element problem. The nodal temperatures u*, solution of the QFEM
analysis, will always be hypercomplex. However, if the desired analysis does not require sensitivities with
respect to shape variables nor nodal coordinates (z, y, z), then neither the Jacobian matrix J* nor the
gradient matrix B* are required to be hypercomplexified, hence they can be used as standard real-only
matrices. Moreover, e.g., if the sensitivity with respect to the heat conduction coefficient k is required,
then it is mandatory that the heat conduction matrix K} and the global system matrix K* be defined as

hypercomplex-typed arrays.

Figure 3.5: Dependency of the intermediate variables of the finite element problem with respect to the input
variables for (a) heat transfer and (b) linear elasticity problems.

3.5.3 Assembly and solution of the global system of equations

The quaternion/octonion finite element method produces element matrices and vectors formed by quater-
nion/octonion numbers. Instead of implementing a quaternion/octonion solver, this paper describes two
methods to solve the system of equations using real-based solvers: 7) convert the quaternion/octonion sys-
tem of equations to an equivalent Cauchy-Riemann form of all real numbers (see B.2), and then use a
conventional direct solver, or iz) reduce the system of equations to lower triangular then use a block solver
method, as discussed below. Both solution methods provide the same result; however, the block solver
method is more efficient.

For method 7) mentioned above, a single system of equations with all-real coefficients is formed based
on the corresponding matrix-vector forms of quaternion/octonion numbers. The system matrix K* is trans-
formed into its matrix form and vectors u* and f* are transformed into vector forms, and thus an equivalent

system of equations composed of all real numbers is formulated as:
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Kr —K, —Kj —Kk u, fr
Ki KT —Kk Kj u; fi
= (3.57)
K, K. K, -K, u; f;
Kk —K] Kz Kr ug fk

where T'(-) and t(-) are the matrix and vector transformations of the quaternion algebra (see B.2), respec-
tively. Notice that this conversion can be performed at the local element level before assembly or at the
global level after assembly. The resulting system of equations (3.57) is unsymmetric. However, in the case
of symmetric problems, e.g. heat transfer and linear elasticity, where K, is symmetric; the Cauchy-Riemann
matrix of Equation (3.57) can be transformed to symmetric by changing the sign of all the elements of its
upper triangular portion, Equation (3.58). This does not affect the overall result of the QFEM/OFEM anal-
ysis since the product between imaginary terms, e.g., K, u;, are of order h? and thus insignificant to the

QFEM/OFEM analysis. Therefore, a symmetric solver is used.

K, -K -K, -K, K, K K5, K,
K, K, -K, K, K, K, K, -K;

= (3.58)
K, K., K, -K, K, K, K, K
K, -K, K K, K, -K, K K,

The system of equations for a quaternion implementation forms a system of equations that is 16 times
larger than the real-only system K, u, = f,.. In the case of octonions, the equivalent system of equations is
64 times the size of the real-only system.

In the case of method i) as mentioned above, the system of equations (3.57) can be expanded and
subdivided into simpler blocks in order to optimize its solution. First, expand Equation (3.57) to form four

systems of equations, then remove the terms of order h? as shown below
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K, o, K KK
K, u +K, ui_;ﬁgw\ﬁi
K; u, +K{£+Kruj—5i/:10k
Ky u — K a4 K+ Ko,

fr.

(3.59)
(3.60)
(3.61)

(3.62)

Using the QTSE method, each coefficient in the imaginary directions %, j and k contains a factor h, e.g.

K; = hK 4,. Therefore, each multiplication between two imaginary components will become a term of

order h?, e.g. K;u; = h2K7¢1u,¢1. As a consequence, the terms formed by the multiplication between two

imaginary coefficients can be neglected such as K;u; or K uy. Using this reduction method, the system of

equations can be rewritten as

Kyu, = f

Kou = f-Ku,
Kruj = f; - Kju,
K,u, = f;—-K;u,

(3.63)
(3.64)
(3.65)

(3.66)

where the solution of the system (3.63) solves the standard real system of equations, obtaining the con-

ventional finite element solution u,. The real stiffness matrix K,, the real solution u, and the imaginary

components of f* and K* are used to solve the imaginary coefficients of u*, Equations (3.64)-(3.66). All

systems (3.63)-(3.66) share the same matrix of coefficients K., the conventional stiffness matrix of the finite

element formulation, and thus Lower-Upper (LU) decomposition or Cholesky decomposition may be used

to take advantage of the formulation with multiple right-hand sides. This approach does not require the

formation of the full Cauchy-Riemann matrix form for the system. The Cauchy-Riemann form was used

only to deduce the method. It only requires the matrices and vectors described in Equations (3.64)-(3.66).
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3.6 Abaqus Implementation

The quaternion finite element formulations for heat transfer and linear elasticity analyses of 2D bodies were
implemented within the Abaqus commercial finite element software through the implementation of user
element subroutines (UELSs).

To convert a traditional, real-only Abaqus finite element code into a quaternion-based one, a support
library is required to define the quaternion number type and overload its operators. The minimal operations
to be supported and overloaded are given in Table 3.5. Although matrix and vector functions are optional,
in the general case the code is simplified by writing it in matrix form, thus these operations are included in

Table 3.5.

Operation
Addition/Subtraction
Scalar  Multiplication/Division
Power
Dot product
Addition/Subtraction
Matrix multiplication
Matrix Matrix transpose
Matrix inverse

Vector

Table 3.5: Basic operations required to hypercomplexify a Finite Element code.

Both approaches for solving the system of equations discussed in section 3.5.3, ¢) the direct Cauchy-

Riemann approach and i7) the Block Solver approach were implemented in the Abaqus software.

3.6.1 Direct Cauchy-Riemann approach

The Cauchy-Riemann solution approach requires the least modification of a conventional real UEL code
compared to the Block-Solver method. In this paper we extend the strategy proposed previously [44] to
quaternions and octonions. To implement this approach, the traditional real Abaqus UEL code is quater-
nionized/octonionized by defining every intermediate variable (see Figure 3.5) as quaternion/octonion type
instead of real. In addition to this, the input and output parameters should also be defined as quaternion/oc-
tonion variables. Since Abaqus is restricted to real-only parameters, the Cauchy-Riemann vector and matrix
forms are used within the UEL. In this case, the UEL is defined with 4 x the number of degrees-of-freedom

(DOFs) of the real element to contain the imaginary coefficients of the quaternion algebra and 8 x the num-
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ber of DOFs for the octonion algebra. For example, an 8-noded quadrilateral element with one DOF per
node will become a 32-noded element (see Figure 3.3) with a total of 32-DOFs; each DOF has 4 values at
each node, e.g. u, du/dp1, Ou/dpa, du/Ips for quaternions. The real coefficients of the nodes and their
degrees of freedom correspond to the traditional FEM. Each additional imaginary DOF contains derivative
information with respect to the perturbed input parameters. In Abaqus, increasing the number of DOFs
automatically generates a system with 4 x the number of equations and thus a matrix of 16 x the size of that
of the real analysis for quaternions and with 8 x the number of equations and 64 x the matrix size of the real
analysis for the case of octonions.

Increasing the number of DOFs requires the definition of additional nodes, which therefore requires the
definition of the corresponding coordinates. Since all new nodes correspond to imaginary directions, the
coordinate values of the added nodes correspond to the perturbation applied to the real associated node in
the corresponding imaginary direction in z, ¥ and z respectively (see Figure 3.4). Other input parameters
such as the modulus of elasticity, thermal conductivity, etc., are defined as input parameters to the UEL
containing its imaginary coefficients as well. Each input parameter is converted from a set of 4/8 independent
values to quaternion/octonion variables at the start of the UEL. Boundary conditions are also expanded to
4/8 inputs per condition each, where consistency is required while associating boundary conditions to the
corresponding imaginary nodes.

After the quaternionized/octonionized UEL computes the stiffness matrix and load vectors, the UEL
converts the system matrix and load vector to the real-only Cauchy-Riemann corresponding forms following
the structure defined in Equation (3.57) with the symmetric matrix as defined in Equation (3.58). Afterwards,
no further modification to the Abaqus conventional routines is required, thus the assembly procedure is
performed by conventional Abaqus calls and the solution is found using conventional real-only solvers.

After the analysis, post-processing is required to collect the derivative information, which is contained

within the nodal solutions of the DOFs associated to the imaginary nodes as described before.
3.6.2 Block-Solver approach

As previously discussed in Section 3.5.3, the quaternion/octonion system of equations can be reduced to
lower triangular and then subdivided into multiple subsystems. This approach results in a more efficient
implementation than the direct Cauchy-Riemann method.

The implementation of the block solver solution scheme within Abaqus is composed of two steps. First,
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an initial step is performed as a conventional finite element analysis to solve the real system of equations,
Equation (3.63). Then, a second and final step is used to form and solve the subsequent systems (see
Equations (3.64)-(3.66)), using the “multiple load case analysis” in Abaqus, which is used to study the
linear response of a structure subjected to distinct sets of loads and boundary conditions. In the second step,
the UEL uses the solution from the previous step (u,_) and quaternion/octonion algebra to form the right
hand sides of the system of equations. The total number of load cases (right hand sides) corresponds to the
number of imaginary directions of the algebra, three for quaternions and seven for octonions. Each load
case is uniquely associated to a right hand side and thus to a unique imaginary direction of the algebra. The
boundary conditions of a particular load case represent the perturbation of that boundary condition in the
corresponding imaginary direction. Perturbations to the nodal coordinates are defined as field variables and
the perturbations to the modulus of elasticity, thermal conductivity, etc., are defined as input parameters to
the UEL.

The advantage of using the multiple load case approach is that Abaqus shares the stiffness matrix for all
right hand sides. This is possible due to the fact that systems (3.64)-(3.66) share the same stiffness matrix,
KRre. Notice that both steps generate systems with the same number of DOFs as the conventional real-only
finite element analysis.

This approach results in significant advantages over the direct Cauchy-Riemann approach where the
number of DOFs grows 4x (quaternions) and 8x (octonions); and the system of equations grows to 16X
(quaternions) and 64 x (octonions) the size of the real-only system. Then the system is assembled element

by element, in which each element matrix is transformed to its Cauchy-Riemann equivalent system.

3.7 Numerical Examples

3.7.1 Finite Element Abaqus example: Hollow Cylinder with Internal Heat Generation and Convec-

tive Surfaces

A two dimensional axisymmetric thermal sensitivity analysis was conducted for a hollow cylinder with in-
ternal heat generation in which the inner and outer surfaces are under convective conditions. This example
possesses an analytical solution presented by [65]. Also, [34] presented a complex-valued FEM for sensi-
tivity analysis of thermoelastic problems in which the same example was analyzed using CTSE. For each

sensitivity, a complex-valued finite element analysis was required. However, using a quaternion/octonion
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based FEM, three/seven different sensitivities can be obtained in a single analysis. The quaternion and
octonion FEM were implemented using an Abaqus User Element (UEL).
The non-dimensional analytical temperature through the thickness of the cylinder presented by [65] is

defined as:

T —1T; 1 |

O(R) = T, —T, 4 4

K,+ L. (3.67)

where R is a normalized radius defined as the ratio between the radial coordinate r, and the inner radius r;,
i.e. R = r/r;. R lies within the interval [1, p], where p is defined as r,/r; with r, as the outer radius. The

term 5 in Equation (3.67) is a normalized heat generation parameter, defined as

37’-2

<§ = m (368)

where T; and T, are the temperature of the fluids at the inner and outer surfaces, respectively. Also, the

terms K. and L. from Equation (3.67) are given by:

2Bi,§ — Bi;Bi,s + 2Bi;3p — 4Bi; Bi, + Bi;Bi,5p*
K. = BB : : (3.69)
1;iBiopln (p) + Bi; + Biyp

Lo 125p* — 4Biop + Biodp® — 2BioépIn (p) + BiiBioépln (p) — 25 + Bi;é (3.70)
4 Bi;Biypln (p) + Bi; + Biop ‘

where Bi; and Bi, are the Biot numbers at the inner and outer surfaces, defined as follows:

Bi; — el (3.71)
(6%

Bi, — [eofi (3.72)
«

where h.; and h., are the convection coefficients at the inner and outer surfaces, respectively.

The analyses were computed using Abaqus 6.12, and were performed using a computer containing a
compute node with an Intel(R) Xeon(R) CPU E5-2650 v2 processor @ 2.60GHz and 377.80 GB of RAM.
User element subroutines were implemented to perform the analyses. For the CFEM case, the user ele-
ment used the standard complex type of the Fortran language and for the QFEM and OFEM user element

subroutines, two libraries based on operator overloading were developed and used as described in section
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Figure 3.6: (a) Problem schematic (b) Finite element mesh for axysimmetric model

3.6.
3.7.1.1 Results

The cylinder was modeled using a QFEM 8-noded 32-DOF axisymmetric element. The non-dimensional
parameters were p = 1.5, Bi; = 0.1, Bi, = 1, T,/T; = 0.7 and § = 5. The finite element model contained
a total of 20 32-noded (8 real and 24 imaginary) axisymmetric elements. A schematic of the problem and
the finite element mesh are shown in Figure 3.6.

Figure 3.7 shows the comparison of QFEM against the values obtained using the analytical solution for
the normalized temperature, 0, and the three requested derivatives, a0 /Ohei, 00 /Oh., and o0 /OT;. When
using octonions, in which seven imaginary directions are available, seven sensitivities were computed in a
single OFEM analysis. In this case, additional to the QFEM sensitivities, four extra derivatives, 06 /0T,
90/dr,, 8005 and 80 /c, were obtained. The sensitivity results are the same for complex, quaternion or

octonion FE analyses.
3.7.2 Finite Element Abaqus Example: Cantilever Beam

The purpose of this analysis is to compare the performance of the methods for solving the system of equa-

tions, direct Cauchy-Riemann versus block-solver approach. Therefore, a two dimensional elastic analysis
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Figure 3.7: CFEM, QFEM and OFEM dimensionless nodal temperature sensitivities with respect to h.;,
hco, T:iy To, T0, $ and «.

was performed for a cantilever beam fixed at the left end and subjected to body forces defined by accelera-

tions in the = and y directions and a contact force at the unsupported end as shown in Figure 3.8.

a
L P

L

S ————

Figure 3.8: Sketch of a cantilever beam anchored at the left end with a vertical load at the right end.

A set of CFEM, QFEM and OFEM analyses was performed in order to compute one, three and seven
derivatives respectively, with different meshes ranging from 320 to 1,310,720 elements. The following
derivatives were computed: Derivative of the displacement vector field u (u; and u,) with respect to: the
modulus of elasticity F, the Poisson ratio v, the accelerations a, and a,, the applied load P, the height H
and the length L of the beam. All derivatives were computed using a step size h = 10~!7 for all algebras.

The analyses were computed using Abaqus 6.12, and were performed using a computer containing a
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compute node with an Intel(R) Xeon(R) CPU E5-2650 v2 processor @ 2.60GHz and 377.80 GB of RAM.
User element subroutines were implemented to perform the analyses. For the CFEM case, the user ele-
ment used the standard complex type of the Fortran language and for the QFEM and OFEM user element

subroutines, two libraries based on operator overloading were developed and used as described in section

3.6.

3.7.2.1 Results

The performance results for both CPU time and memory consumption are summarized in Figure 3.9. The
results are normalized with respect to the CPU and memory consumption of a conventional real analysis
for the same mesh, with no derivative computation. The direct Cauchy-Riemann (CR) solution was both
the most time and memory consuming approach. The CR approach constantly increased the compute time
relative to a real-only analysis as the number of degrees-of-freedom is increased. For example, an OFEM
analysis using a CR approach may take longer than 100x the CPU time and 100x the memory of a real-only
solution.

The Block Solver (BS) approach, on the other hand, is far more efficient than the CR method. To
compute one derivative, CFEM using the BS approach used the least computational resources of up to 2x
the CPU time and up to 4% extra memory compared to a real-only analysis. To compute three derivatives,
QFEM used up to 2.8 the CPU time and 6% of the memory of a real-only analysis. To compute seven
derivatives, OFEM used up to 3.3 x the CPU time and 13% of the memory of a real-only analysis (see Figure
3.9¢ and 3.9d).

Table 3.6 summarizes the computational expense relative to a real-only analysis on a per derivative basis.
Using CFEM, computing one derivative takes up to 95% of the time of the real solution. Using QFEM, the
derivatives are computed using only 58% the time of the real solution and using OFEM the derivatives are
computed using only 32% the time of the real solution. OFEM is most efficient on a per derivative basis
because the cost of solving the real system is amortized across a larger number of derivatives.

In Table 3.7, the number of Complex (C), Quaternion (Q) and Octonion (O) finite element analyses re-
quired to compute up to fourteen derivatives and the relative computational expense compared to a real-only
analysis is shown for each case. The results were obtained for a mesh containing a total of 81920 elements.
For multiple derivatives, CFEM is the most inefficient because only one derivative can be computed per

complex analysis. However, if only one derivative is required by the user, a CFEM analysis is most efficient.
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Figure 3.9: Performance results of the linear elastic problem with different mesh densities showing (a) CPU
time and (b) memory normalized with respect to real analysis of CFEM (1 derivative), QFEM (3 derivatives)
and OFEM (7 derivatives) approaches using both the direct Cauchy Riemann (CR) approach and the block-
solver (BS) method. A closeup is presented showing the normalized (c) CPU time and (d) memory of the
block-solver approach only.

Block-Solver Cauchy-Riemann
Number of elements CFEM QFEM OFEM CFEM QFEM OFEM
320 0.64 0.33 0.20 0.82 1.27 2.07
1280 0.80 0.52 0.30 1.56 2.94 4.89
5120 0.91 0.56 0.32 2.07 3.80 7.18
20480 0.95 0.58 0.30 2.56 4.87 9.91
81920 0.90 0.53 0.29 2.99 5.94 14.00
327680 0.88 0.49 0.26 3.65 7.99 N/A
1310720 0.81 0.43 0.23 4.75 N/A N/A

Table 3.6: CPU time overhead per derivative (1 for CFEM, 3 for QFEM and 7 for OFEM) normalized to a
real analysis.
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QFEM is the most efficient method to compute 2 or 3 derivatives, whereas OFEM is most efficient if 4-7
derivatives are required.

For more than seven derivatives, a combination of analyses is required. For example, to compute ten
derivatives, one can use 10 CFEM, 4 QFEM, or 2 OFEM analyses; however, the optimal approach is to use
1 QFEM and 1 OFEM. In that case, the run time will be five times longer than a real-only analysis. To
compute eleven derivatives, the optimal approach is to use 2 OFEM analyses whereas only 11 are requested.
The column marked optimal shows the combination of analyses that can compute the required number of

derivatives in minimum computer time.

Number of Number of Analysis Required Relative Computational Cost

Derivatives CFEM QFEM OFEM Optimal CFEM QFEM OFEM Optimal
1 1C 1Q 10 1C 1.90 2.59 3.03 1.90
2 2C 1Q 10 1Q 3.80 2.59 3.03 2.59
3 3C 1Q 10 1Q 5.70 2.59 3.03 2.59
4 4C 2Q 10 10 7.60 5.18 3.03 3.03
5 5C 2Q 10 10 9.50 5.18 3.03 3.03
6 6C 2Q 10 10 11.40 5.18 3.03 3.03
7 7C 3Q 10 10 13.30 7.77 3.03 3.03
8 8C 3Q 20 1C+10 15.20 7.77 6.06 4.93
9 9C 3Q 20 1Q+10 17.10 7.77 6.06 5.62
10 10C 4Q 20 1Q+10 19.00 10.36 6.06 5.62
11 11C 4Q 20 20 20.90 10.36 6.06 6.06
12 12C 4Q 20 20 22.80 10.36 6.06 6.06
13 13C 5Q 20 20 24.770 12.95 6.06 6.06
14 14C 5Q 20 20 26.60 12.95 6.06 6.06

Table 3.7: Computational cost relative to a real-only analysis required to compute derivatives using a block-
solver solution scheme for a mesh of 81920 elements.

Figure 3.10 shows the most efficient combination of analyses to compute up to 28 derivatives for the
same FE mesh. The most efficient sequence of analyses is the one that uses the most number of full OFEM
analyses, this is, computing 7 derivatives per run. Then, the remaining derivatives are computed using
an extra CFEM analysis if one more derivative is required, an extra QFEM analysis if 2-3 derivatives are
required or an extra OFEM analysis if 4-7 derivatives are required. For example, to compute 23 derivatives,
three OFEM analyses compute 21 derivatives and then the remaining 2 derivatives are computed using a

QFEM analysis.
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Figure 3.10: Optimal selection of analyses type based on the required number of derivatives for a mesh of
81920 elements.

3.8 Discussion

The complex Taylor series expansion method (CTSE) was extended to Cayley-Dickson algebras (CDTSE) in
order to compute multiple first order derivatives in a single analysis. In particular, quaternion (3 derivatives)
and octonion (7 derivatives) - based examples were demonstrated. It is well known that a property is lost
in each doubling of the algebra, commutativity is lost with quaternion algebra, associativity is lost with
octonion, etc. However, the loss of these properties does not affect CDTSE in that for small step sizes the
effect of the loss of properties is contained in the higher order terms and these terms are driven to below
machine precision through the use of a sufficiently small step size.

Although the method is analogous to CTSE, the truncation error for the derivative is of order h, not h?,
as in CTSE. This is clearly seen in Figure 3.2b. The implications are that a smaller step size is needed for
QTSE or OTSE than CTSE. However there are no numerical implications in practice as the truncation error
can be driven below machine precision in all cases through the use of a sufficiently small step size.

Figure 3.2b also shows that the relative error for octonions is slightly higher than quaternions, however
preserving the same convergence rate. This is explained by the increase in the number of operations oc-
tonions will perform in comparison with quaternions. Sedenions will have a larger truncation error than
octonions, etc. However, this is an academic topic since the truncation error can be driven below machine
precision in practice because reducing the step size h does not generate subtraction cancellation errors.

Both the direct Cauchy-Riemann and block-solver approaches solved for the same value and number of
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outputs. The block-solver method is a better approach in terms of its computational performance because
it required several orders of magnitude less CPU time and memory than the direct approach. The block
solver method lies within the same order of magnitude of CPU performance metrics as the conventional
real analysis, even though the number of derivatives increased up to a number of 7 in the OFEM case. The
direct method, however, was easier to implement since it was all performed within one step of analysis.
However, the paradigm of the implementation in a commercial software such as Abaqus is still open, since
the multiple right-hand-side solvers are usually available only to linear analyses.

Using the block-solver method, QFEM shows a better performance per derivative than CFEM. QFEM is
at least 1.54 x faster per derivative than CFEM. In the case of OFEM, it is at least 1.71 x faster per derivative
than QFEM. However, the total CPU time of QFEM is longer than CFEM. Similarly, the total CPU time of
OFEM is slower than QFEM. It is therefore more efficient to use CFEM to compute one derivative, QFEM
to compute 2-3 derivatives and OFEM to compute 4-7. It is expected that higher dimensional algebras, e.g.
sedenions, will be more efficient for larger number of derivatives, than multiple CFEM, QFEM or OFEM
analyses.

The Taylor series method for computing functions of quaternions and octonions is a convenient tool
because the required operations are the function and its real-derivative evaluated at the real value. Hence, a
formal comprehensive method of computing functions of quaternions and octonions is not required.

The proposed methodology is far superior in run times and memory consumption than equivalent meth-
ods using multi-complex or multi-dual implementations. However, CDTSE is limited to first order deriva-
tives, unlike multi-complex or multi-dual implementations which can compute first, second, or higher order

derivatives.

3.9 Conclusions

The complex Taylor series expansion (CTSE) method has been extended to Cayley-Dickson algebras (CDTSE)
in order to compute multiple first order derivatives. In particular, quaternion algebra can compute 3 first or-
der derivatives, octonion algebra can compute 7, and sedenion algebra can compute 15. This strategy can be
extended to any number of first order derivatives in powers of 2.

Similarly to CTSE, CDTSE does not require subtraction of terms in order to compute a derivative.
As a result, the truncation error can be driven below machine precision through the use of a very small

step size. Contrary to CTSE, the error for CDTSE is of order i whereas for CTSE the error is of order
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h?. However, this difference in error is of no practical importance once a sufficiently small 4 is used for
numerical computations.

Quaternion and octonion algebras were implemented within the commercial finite element code Abaqus
as a user element in an analogous manner as CTSE. The key elements were to a) define a set of imaginary
nodes added to each real node, b) use the coordinates of the imaginary nodes to define the perturbation
in the geometry, c) compute the element stiffness matrix using mathematical operations that support the
Cayley-Dickson algebra (quaternion, octonion, etc.), d) convert the stiffness matrix to all real values before
returning the results to Abaqus, e) solve the system of equations using the Abaqus built-in direct solver
or use the block solver approach, and f) post process the derivatives of the degrees-of-freedom to obtain
auxiliary results.

The conversion of a traditional real valued finite element routine to quaternion and octonion algebra was
facilitated through the definition of quaternion and octonion types, implementing operator overloading of
addition/subtraction, multiplication/division, and the implementation of an approximate but accurate method
for computing functions of quaternions/octonions using a truncated Taylor series. The truncated Taylor
series approach was shown to have the same accuracy as the traditional quaternion/octonion functions but it
was simpler to program and faster to execute.

The accuracy, versatility and performance of CDTSE in the finite element method was shown in two
numerical examples implemented in Abaqus through the use of user element subroutines. The use of QFEM
and OFEM user elements allowed one to compute accurate three and seven first order derivatives respectively
in heat transfer and linear elasticity problems. Two solution methods were discussed and compared: a direct
Cauchy Riemann and a block solver approach. The block solver approach was significantly more efficient

than the direct approach, although both resulted in the same output values.
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Chapter 4: ORDER TRUNCATED IMAGINARY ALGEBRA

Current hypercomplex algebras capable of computing high-order multivariable derivatives, multicomplex
[30] and multidual [8] numbers, suffer from exponential increase in their size, while the number of deriva-
tives to be computed does not match such growing rate. Lessons were learned from the development and
implementation of the QFEM and OFEM methods (see chapter 3). It is possible to optimize the computa-
tion of multiple first order derivatives with respect to traditional multicomplex/multidual analyses, by using
every imaginary direction in the algebra to compute first order derivatives with respect to an independent
variable. The size of quaternions and octonions, however, may not match the required number of derivatives
to be computed, and as shown in Table 3.7, and optimal computational performance may require the use
of different algebras as well as multiple evaluations of the computational model. In general, the effective
number of derivatives being computed does not scale in the same way the size of the current algebras grow,
implying that some computations may not be required and so additional resources are unnecessarily spent.
Analyzing the deficiencies current hypercomplex algebras, the steps toward a more efficient hyper-
complex algebra were identified and led to the development of a new hypercomplex algebra called Order
Truncated Imaginary (OTI) numbers. This section is dedicated to introduce OTI algebra, which is capable
of computing derivatives without repeating computations and can adapt according to the required order and
number of variables of the derivatives being analyzed. The result is a step-size independent method to com-
pute derivatives that is capable of computing high order multivariable derivatives with high accuracy (up
to machine precision) in a single function evaluation. The equivalent OTI matrix form was developed. It
is lower-triangular, sparse and smaller in size compared to equivalent multidual/multicomplex forms. The
matrix form allows a natural integration of the algebra with linear algebra procedures. A support library was

developed to provide a computational interface to the OTI algebra.

4.1 Motivation

Simplicity of the methodology and easiness of implementation are strong points in favor of hypercomplex
differentiation methods. However, large problems where many derivatives are required, e.g. 3-dimensional
shape optimization and crack propagation analysis, may not be best suited for these algebras due to the
inefficiency given by the exponential growth of the size of their algebras to compute high order multivariable

derivatives.
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A simple analysis to current algebras shows that there are steps toward a more efficient hypercomplex

algebra. Consider z* € D5 a bidual number as follows:

¥ = x0 + €1 + €9 + Oepen 4.1)

Evaluating functions f(z*) and g(z*) will result in bidual number,

f(@®) = f(wo) + fa(zo)er + fo(xo)e + f 42 (20)eren 4.2)

g(x*) = g(xo) + gz(zo)er + gaz(zo)e2 + g z2(z0)e1€2 (4.3)

By multiplying f(z*) and g(«*) in an equivalent matrix-vector form results in the following:

feo) 0 0 0 ]| @)
z(T T 0 0 z(x
T (/) b (g(a") = fa(zo)  f(z0) 9.x(wo0) “44)
fa(zo) 0 f(zo) 0 9.2(20)
| fa2(w0)  fa(mo) fa(wo) f(xo) | | 9u2(w0)

where the result of the coefficient in the €;¢e9 direction is

Ime, e, (f(z%)g(2")) = fr2(20) g(x0) + fz(0) 92(70) + fu(®0) gz(0) + f(20) ga2(0)(4.5)
—_—— N o o L —
(€1€2) (1) (e2) (e1) (€1) (e2) (1) (e1€2)

where each term shows below its corresponding imaginary direction source.
Notice that the term f . (z0) g..(z0) is repeated twice, although it was formed by the multiplication of

different imaginary coefficients from f(z*) and g(x*). Equation 4.5 can be simplified as

Ime, e, (f(z")g(z")) = fa2(x0) 9(x0) + 2f2(20) 9,2(20) + f(20)g,42(20) (4.6)

This shows the operation can be achieved with a single computation of the term f ,(x¢) ¢,(x0), and

hence f(z*) and g(z*) should provide only one coefficient of the first order derivative. Therefore, two
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modifications are necessary:

i) if term f,(20) 9,2(x0) is to be computed only once, it needs to be formed by multiplying the coeffi-
cient of €; by itself (because it comes from multiplying two first order directions). However, current

multidual algebra conditions do not allow this because €7 = 0. Therefore, €2 must not be truncated.

ii) a factor must be added to guarantee the correct formulation of equation 4.6 (in this case 2).

If item ii is applied as in equation (4.6), the matrix form becomes

f(xo) 0 0 9(z0)

fa(@o)  flwo) 0 9.2(20) 4.7

fa2(z0) 2fa(x0) f(20) 9,22(70)
noting that the first order derivatives, f,(xo), appear with different factors in the matrix. This requires
that the matrix formation and algebra operations track every coefficient and factor for every computation,
which is expensive. It is more convenient to avoid this by creating a more homogeneous representation such
that every term appears with the same factor in the matrix form. Therefore, dividing equation 4.6 by 2 and
reforming the matrix form, all first and second order terms have homogeneous facotrs, with the first order

derivatives having a factor of 1 and second order derivatives a factor of 1/2. The matrix system becomes

f (o) 0 0 9(xo)
fa(20) f(zo) 0 9.(T0) (4.8)
fa2(20)/2 fa(zo) flzo) 9.22(20)/2

This shows that it is possible to optimize current hypercomplex algebras (multiduals and multicomplex)

to compute derivatives avoiding repetition of coefficients and thus avoiding unnecessary calculations.
4.2 Order Truncated Imaginary Numbers

The hypercomplex Order Truncated Imaginary (OTI) algebra is formed by a tuple of coefficients associated
to a set of imaginary directions constructed by the multiplication of imaginary basis €1, €2, etc. In OTI al-
gebra, the imaginary condition truncates those directions with order greater than a specified value n, instead
of considering the basis nilpotent as multiduals do. The order correspond to the sum of basis exponents in

the imaginary term. For instance, if truncation order n = 3, then 6%62 and 6?1 are a non-zero, but Eé 1s zero,
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whereas multidual conditions would have zeroed these directions.

Formally, an OTI number a* is a N-tuple of real coefficients a,» associated with a set of imaginary
directions of (s = 1,...,Nb; p = 0,...,n); where p is the order of the imaginary direction, N}, is the
number of imaginary directions of order p with m bases and s is the unique index of the imaginary direction
among directions of order p. Similar to multiduals, a basis ¢; is an imaginary unit that has no “divisors”
other than 1 and itself, in a sense analogous to the concept of prime numbers. Also similar to multiduals,
imaginary directions are formed by multiplication of bases. However, in contrast to multiduals, OTI algebra
allows imaginary directions formed by bases with multiplicity higher than 1, e.g. directions €? and 3¢5 may

be different than zero. A general form of an OTI imaginary direction is:

m m
P p p
p _ Kl Kog kb Kls o P _ p
al = e e? e = Hel *with k), € N,p = Kpg (4.9)
=1 =1

where m is the number of bases, Iﬁf < 1s the multiplicity of basis ¢; for direction k. The order p of an
imaginary direction corresponds to the sum of the multiplicities of its bases. The imaginary direction o = 1
represents the real direction, similar to other hypercomplex algebras (where N2 = 1).

Table 4.1 shows a subset of imaginary directions for OTI algebra, where s corresponds to the index of

the imaginary direction among all imaginary directions of order p. The table can be easily extrapolated to

larger orders and larger indices.

Index s
1 2 3 4 5 6 7 8 9 10
1 ¢ € €3 €4 €5 €6 €7 €8 €9 €10
2 & e € €1€3 €2€3 €3 €1€4 €2€4 €3€4 €
3 & e aéd o €3€3  €169€3  €3€3 €163 €2€3 €
o 4 & e E3 e e e3es €lere3  €165e3  €se3 e2e
E 5 & e &8 a8 ae etes €leres  €ledes  eredes
5 6 ¢ e €l G ey e €5 €res cteses € eses
7 € e S el ey e €165 € Ses €Teaes
8 & e & A e e €2eS €1€h 5 €les
9 & e €2 S ey €le e3eS €2l €165 €
10 % e &3 e fed e eres €3el 7€l €165
Table 4.1: OTI imaginary directions o in terms of multiplication of imaginary bases. For instance,

af = eled and oy = €).

Multidual algebras truncate the exponent of each basis from 2 onwards, i.e., o = 0 if /@fs > 2. In
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contrast, OTT algebra truncates imaginary directions whose order exceeds a specified value n:

#0, ifp<n
ol (4.10)

S

=0, otherwise

OTI directions are commutative, e.g. qe%, ez€1€3 and 6§€1 are equivalent. In order to form an OTI
number, a set of coefficients (a,r;s = 1,...,NP;p = 0,...,n) is associated to the set of imaginary
directions. OTT};, denotes the set of OTT numbers of m bases and truncation order n, and is represented as
follows:

n NB

a* = ZZ%@ o?, a* € OTIZ, 4.11)

p=0 s=1
where a,» € R is a real coefficient associated to of. The total number of coefficients N* with order p and

m bases is given by

NP — ptm—1\ _(p+m—1 :w (4.12)
D m—1 (m—1)!p! ’

In section 4.2.4, it will be shown that the total number of bases m and truncation order n are defined

by the number of variables and order of derivatives to be calculated in an analysis, respectively. These two

parameters determine the total number of coefficients IV of a particular OTI number, given by:

m T mln!

N:<m+”> (m +n)! ZNP (4.13)

It is convenient to group terms of OTI numbers by order p. Let [a*]P contain all terms of order p from

OTI number a*. Thus, a¢* can be re-written in the form

n

at = Z[a*] , where [a*]P = Za p ol (4.14)

p=0

Examples of OTI numbers are shown below.
Example 1. OTI number with truncation order 7 = 3 and number of bases m = 1, OTIT3:
For this number, the total number of coefficients is found via equation (4.13), which gives N = 4. Using

equation (4.12), the number of coefficients per orderis N = 1, N' = 1, N?> = 1 and N3 = 1. Considering
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the infinite ways to form imaginary directions from a given number of bases, order truncation limits the

available imaginary directions to only 4: those that have order less than 3.

2 4
ot = ar+a6161+a6§61+a6?6?+w

at = artaq e +fa: & tas €
~— T~ 1
o of o

Notice that the terms organized by order are given by:

[a*]O = Qr, [a’*]l = Qe €1, [a*]Q = CLG%G%, [a*]g = CLG?G?
Example 2. OTI number with truncation order n = 2 and number of bases m = 3, OTI3:

3

The total number of coefficients is N = 10, with NY = 1, N! = 3 and N? = 6:

a* =ay +ae, € +ae, € +a. €3 +ao e% +ae e, €162 a2 e%
~— ~— ~— TN N’ 2

2 2
a2 ag

2
F Qeqey €1€3 FUegeq €2€3 +a2 €3
~—~ ~—~ 3

af a3 of
where by the notation from equation 4.14, the number can be written as
@]’ = a
11
[a*]' = g €1+ ac €2 + aey€3
¥12 2 2 2
[@*]7 = agzel + a6+ ag€; + dee;€1€3 + Geyes €263 + A2€5

(4.15)

(4.16)

4.17)

(4.18)

(4.19)
(4.20)

4.21)

The following sections will define the algebraic operations of OTI numbers: scalar addition and scalar

multiplication. It can be shown that with these operations OTI numbers form a vector space.
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4.2.1 Addition

Addition of two OTI numbers a* and b* is operated by adding the coefficients of identical imaginary direc-
tions, that is:

n N

a0 =) ) (agr +ber) oF (4.22)

p=0 s=1

As it can be seen, OTI addition is commutative.

Example 3. Addition of two OTI numbers.

Consider two OTI numbers as follows

a* = ar+aqea +agel +agef, a* € OTL (4.23)

b* = b+ b€l +bael +bgel, b € OTI (4.24)

then the addition operation c* = a* + b*, the result is given below

& =a"+b" = (a, +b) + (ae, +be,) 1 + (a% + bE%> e+ (a6§ + be%) €3, a*,b*, ¢ € OTE (4.25)

4.2.2 Multiplication

Given two arbitrary imaginary directions, o and o , the multiplication is defined by adding the exponents

of the same basis. As a result, multiplication of a? and o result in an OTI direction o defined as follows:

m

m p m q mn P q o
af = odaj = <H ff“) (H 67”) = H 6l(nls+ﬂ”) = H e (4.26)
=1

=1 =1 =1
The order of the resulting imaginary direction (o) corresponds to the addition of the orders of the multipli-
cands. The index t of the resulting imaginary is extracted from the corresponding sequence as in Table 4.1
for order o. Notice that multiplying the real direction & = 1 times any other imaginary direction o/} results
q

in af. Also note that the multiplication of two imaginary directions cics always result in an imaginary

direction of order greater than any of the orders of the multiplicands when p # 0 and g # 0. Consequently,
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if the resulting order o = g + p is greater than the truncation order n of the algebra, then the result will be
truncated. For that case, multiplication can be avoided explicitly. Examples of multiplication between OTI

directions are shown below.

() () = g7=¢ 4.27)
(€1) (e%) = eﬁo eg+3 = eleg (4.28)
(616%) (e2€3) = eﬁo 63“ egH = 616%63 (4.29)

Multiplication of two OTI numbers is defined as

n N [n—q NE,

cf=a'b" = Z Z Z Zaagbagagaé’ , for a*, 0%, ¢* € OTT},, (4.30)

q=0r=1 \p=0 s=1

Multiplication of OTI numbers is commutative and distributive:

a*(b*+c")=0"+c")a* = ab*+a’c” (4.31)

As a particular case, the multiplication of a real number times an OTI number reduces to

n NB
ab* = Z Z abarod, fora € R, b* € OTI}, (4.32)
p=0 s=1

Using the notation as in equation (4.14), the multiplication between OTI numbers can be equivalently

written as

¢ =a"b =) [P (4.33)

Example 4. Multiplication of two OTI numbers.

As an example of multiplication between two OTI numbers, consider numbers a* and b* as
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a* = ap+ G €1+ ae, €2 + aefe% + Qe cn€1€2 + ae2 e%, a* € @TH% (4.34)

b = b+ b€t +beer + 026t + b erer + b, bF € OTI; (4.35)

the multiplication results in an OTI number ¢* € QTTI3 as follows.

" =a"b" = ayby + (arbe, + ae,br) €1 + (arbe, + ac,br) €2 + (arb% + Qe bey, + aE%b,«) e%

o (@rberes + Geybey + Qb + acabr) e + (arbg + agbe +agh ) & (4.36)

4.2.3 Evaluation of elementary functions

Elementary functions of OTI variables such as power, sine, cosine, logarithm, exponential function, etc;
are evaluated following Taylor Series Expansion (TSE), extending the method developed in section 3.4 to
OTT algebra. A similar methodology was presented in [53] that generalized the evaluation of multidual and
multicomplex elementary functions for the particular case of computation of derivatives using a truncated
TSE of the function.

For the case of single-variable functions such as sine, logarithm, etc., the TSE is as follows.

f(z) = fla)+ f:(a) (z —a) + %fzz(a) (z — a)2 + %ﬁzs (a) (z — a)3 +H.O.T (4.37)

Replacing the evaluation points z and a, by a* and a, respectively, the equivalent function is given by:

F(0%) = Ja) + fo(ar)a” = an) + oo f (@)@’ = )+ ot o fon (o) =) (439

where the result is an OTI number with the same number of basis and truncation order as the input OTI
number.

Notice that the value a* — a,. is an OTI number formed by only the imaginary elements of a*. Hence,
a* — a, is nilpotent to order n + 1, naturally truncating the TSE of the function. Also note that derivatives

[.2(ar), f ,2(a;), etc; are the conventional real derivatives of the function evaluated at the real coefficient
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This method can be extended to two or more variable functions, such as the generalized power function

xY, following a multivariable TSE.
Example 5. Power function.

Consider the power function f(z) = 2'%0, with its p’th derivative given by:

|
00T w00, < 100

far(z) = { (100=p)! (4.39)

0 otherwise

Consider an OTI number a* € (O)T]I%, with truncation order n = 2 and m = 2 bases,

2 2
a* = ay + ag €1 + ac,€2 + a2€] + e ey €162 + A3€S (4.40)

The evaluation of f(a*) = (a*)!%° following equation (4.38) gives the following expression:

fa fa2/2
— —— 9
a*1% = ¢,19°41004,% (aelq + o + az€] + agpeer + ag eg) 149500, % (ac, €1 + ac,€2)° (4.41)

Note that the term next to the second order derivative only has the terms of a* with order 1. This is
because terms with order 2, e.g. €2, when multiplied by any non-real imaginary direction will result in an
imaginary direction with order 3 or higher, naturally truncated for a* € QT3 and can be avoided explicitly.
The operation (ae, €1 + a, 62)2 is performed using conventional multiplication rules defined in section 4.2.2.

The final result is

a1 = 0,1 11000, a1 + 1000, Pac,ez + (100, as + 49500,%a2, ) &+

€1

(100a,%ac, e, + 9900a,%ac, ac, ) erea + (100ar99a65 n 4950ar98a62) & (4.42)

Example 6. Sine function.
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Consider the sine function f(z) = sin(x). Its p’th order derivative, f,», is given by

far = sin (x n pg) (4.43)

In order to evaluate f(a*), for a* € OTI3 as in equation (4.40), equation (4.38) results in:

f a2/
f
: . — sin (a
sin(a*) = sin (a,) + cos (a,) (aelq + ae €2 + aefef + Ay e €162 + CLE%EQ) - é r) (e, €1 + aey€2)?

(4.44)

After reorganizing the terms in equation (4.44), the result is

sin(a®) = sin (a,) + cos (ar)ae, €1 + cos (ay)ae, €2 + (COS (a,«)aef -

sin (ar)ag > 2

2 €1 61+

. sin (a
(cos (ar)ae e, — Sin (ay)ae, ae, ) €162 + <COS (ar)agz — é T)aé) €2 (4.45)

4.2.4 Computation of Derivatives with OTI Numbers

The process to compute derivatives of real functions using OTI numbers is similar to that of dual and Com-
plex Taylor Series Expansion methods. The method consist on hypercomplexifying the input parameters of
the function whose derivatives are wanted with OTI numbers. The hypercomplexification process consists
in perturbing the real value of the input variable of intetrest in an OTI imaginary direction. The resulting
input OTI value is selected to have truncation order equal to the maximum order of derivative required.

Consider a univariate real function f : R — R and its Taylor Series Expansion (TSE):

fx) = f(a)+ fe(a) (x —a)+ %f’xg(a) (x — a)2 + %f@s (a) (x — a)3 +H.O.T (4.46)

The first step is to hypercomplexify the input x of the function by perturbing its real value g with an
OTI imaginary direction,

¥ =xz9 + €, F € OTI} 4.47)
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The value x( corresponds to the value at which derivatives will be evaluated. Then, selecting the center

point a = xg, the following expression is obtained:

f(*) = f(wo+e1) = f(x0) + fa(wo)er + %fﬁ(%)ef +oo %f,a:n(xo)f? (4.48)

Notice that the resulting expression is truncated for terms n + 1 due to the truncation order n of the number.
As a consequence, evaluating any function at the OTI number as perturbed according to equation (4.47),
will result in an OTI number whose coefficients contain the derivatives of f(x) evaluated at the real coeffi-
cient of the input OTI number. For this case, €; is directly associated to variable z. The truncation order of
2* matches the maximum order of derivative to be obtained.
In contrast to equation (4.46), equation (4.48) has finite terms due to the OTI truncation order n. Since

the result is an OTI number containing function derivatives, they can be recovered as shown below.

far(z0) = p!Imer [ f(27) ] (4.49)

note that the order p of the OTI imaginary direction €] matches the corresponding order of derivative ob-
tained f ,». Note that no subtractions are performed to compute the p’th order derivative, thus the result is
free of subtraction cancellation error.

This concept is extensible to multivariable functions. Consider the m variable function f : R0™ — R,
f(x) with x = {21, Z2, ...,z }" . Analogous to the single variable case, the function is expanded using its

TSE and its input variables are perturbed as x;] = x; + ¢, 2] € OTI},, | = 1,...,m, as follows

( ) ( 3
I’f 1+ €1 1 €1
. 5 T + € T2 €2
X = = = + =Xx-+€ (4.50)
*
T T € x €
\ m m +€m J \ ™ mo)

Notice that each variable is perturbed in one imaginary direction of order 1, different for each variable. That

is, each variable is associated to one basis. Evaluating f(x*) produces the following OTI number:

f(x*) = f(x)+ %Vf(x) te+ %V2f(x) L€l 4 %V?’f(x) cEe .+ %V"f(x)e" (4.51)
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Since the chosen representation is compact it requires a brief description: V f(x) is the well known gradient
of the function f evaluated at x, i.e. (V ® f)(x). The symbol ® represents the tensor outer product.
Expression V f(x) : € represents the Frobenius inner product between tensors. In this case. V f(x) and €

are first order tensors, therefore the product is equivalent to the dot product:

( 3
f,af1 €1
f,:L‘Q €2

Viix):e= . : ' = fo€1+ fa2+ o+ famem (4.52)
f7337n \ €m

In addition, V2 f(x) is the Hessian matrix of f evaluated at x, i.e. (V® (V® f))(x)'. The term €2

summarizes the tensor outer product €2 = € ® € = €€’ . Therefore, the term V2 f(x) : €2 becomes

for faows o farem € ae - eaen
DY 2 .« ..
Vi) e = | P e fazan | | @01 2o (4.53)
| f7$7rzx1 f7$7rzx2 e f,CC%l i | €m€1l €me€2 - 6%1 |

= f,xfe% + 2f7x1x25162 +...+ 2f,:c1ocm€15m +

fw%e% o+ 2f gz €26m o+ a2 €0 (4.54)

This is extensible to the other terms of Equation (4.51). Therefore V3 f(x) is the tensor of third order
derivatives, i.e. (V® (V® (V® f)))(x); and € is equivalent to €2 = € ® € ® €, a third order tensor
containing all imaginary directions of order 3.

For example, consider a two variable function f(z,y) with perturbation as in equation (4.50).

¥ = xo+e€, zF € OTE (4.55)

y* = yo+e, y* € OTIH (4.56)

'In this document, expression V2 f(x) does not represent the Laplacian of f. The Laplacian operator is represented as A f (x) =

V- (Vf(x))
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both OTI numbers with truncation order n = 3. This perturbation generates the following expansion ac-

cording to equation (4.51)

. s 1 1
f(@*,y") = f(xo,y0) + ff,x(xo,yo)q + Ff,y($0,y0)€2+

1 1 1 1
Ef,xQ (0, yo)et + ﬁf,xy(xmyo)eleQ + gf,gﬁ(ifo,yo)% + gf,x3 (0, Yo0) €3+

1 1 1
Wf,cﬁy(x07 Yo)€i € + ﬁf,x;ﬁ (20, Yo)e1€5 + gf,yz (z0,y0)€3 (4.57)

Notice that equation (4.57) generates all derivatives of f up to order 3 for all two variables, with no
repeated derivatives. In order to get each derivative, the coefficient of the imaginary direction with the basis
multiplicity that matches the number of times the function was differentiated with respect to its associated

variable is extracted and then multiplied by the corresponding factor in the TSE.

fﬁﬂy(x(}v yo) = (U)Ime e[ f(z%y")] (4.58)
f,zQy(x()a yO) = (2'1') Ime%eg[ f(x*v y*) ] (459)
fpleo) =  ()Img [fy")] (4.60)

In general, any p’th order derivative of the function f with respect to variables x1, xo, ..., ., ; is extracted

in the following manner:

P i
f = f e b= <H,@§’s!> Imge[ f(2], 25, ..., 2, ] 4.61)

D D
8x1“1s8x2“2s 8acm"?"s CSWEES I—1

where o is the imaginary direction with the basis multiplicity that matches the number of times the function

p P
. . . . . . . K K P
was differentiated with respect to its associated variable, i.e., ok = €167 .epms.

4.2.5 OTI Reduced Order Models

As seen in section 4.2.4, OTI numbers can be used to compute derivatives of functions when evaluated at
perturbed input variables following the described methodology. The derivatives are contained within the

resulting OTI number multiplied by factors following the Taylor Series Expansion of the function, as seen

61



for example, in equation (4.57). If one assumes that any OTI number is the result of evaluating a function
following perturbations as in equation (4.50), then the TSE of the function truncated to order n can be
formed naturally from the coefficients in the OTI number.

Therefore, this expansion can be used to approximate the function at a different evaluation point x’ =
xg + Ax. That is, the OTI number performs as a reduced order model of the evaluated function by using
all derivatives up to order n to generate a polynomial approximation to function f. This forms the OTI
reduced order model (OTIROM) of function f. Consider for example the function as in equation 4.57. An
approximation of the function evaluated at the new points ' = x¢ + Az and v’ = yo + Ay can be achieved

by replacing the imaginary bases ¢; and e by Az and Ay, respectively:

1 1
f@'y) = flwo+ Az, yo + Ay) ~ f(xo,y0) + *fa:(ﬂfo,yo)AfU + Ff,y(mo, yo) Ay+

1 1
gf,ﬂ (ﬂﬁo,yo)Aﬂﬁ2 + 7 f 2y (20, yo)ASCAy + fy2(x07 yo)Ay® + *f,:cS (w0, yo) Az’ +

1'1‘

e Fa2y (20, ) AT Ay + —— f 12 (w0, yo) Az Ay® + ,f,yQ(fCo,yo)Ay?’ (4.62)

2'1' 1|2|

which forms the TSE of the function centered at (¢, yo) and truncated to order 3, with the coefficients of
the OTI number.

In general, the OTIROM is formed by replacing every imaginary basis by the desired change in value
of its associated input variable. That is, if perturbation to the input variables occurred as in equation (4.50),
then ¢; is replaced by Az, for all [ = 1, ..., m. Finally, the reduced order model is obtained by adding every

imaginary coefficient multiplied by its corresponding product of delta values, as follows:

n N

OTIROM (a*, {Ax}) = > >~ <a » HAg;l ) , a* € QTI?, (4.63)

p=0 s=1
where OTIROM(-) is the n’th order reduced order model generated from the OTI number a* and the input
variations { Ax}.
The approximation error of the OTIROM is a function of the truncation order n of the OTI number,

explored in section 4.4.5 and in chapter 5. An example is provided next to further clarify the concept.

Example 7. Reduced order model of an analytic function using OTI numbers.

As an academic example, consider the bivariate function f : R® — R, defined as follows
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f(z,y) = sin(xy) (4.64)

The derivatives of the function up to order n = 2 are sought evaluated at point o = 1/2 and yo = 7/3.

Derivatives are computed using OTI-perturbed input values as follows

1
= Ste,at e QT2 (4.65)

gt o= %* €2, y* € OTI2 (4.66)

The function is evaluated using standard multiplication as defined in section 4.2.2 and the sine function

is evaluated following example 6.

f(™,y") = sin <(; + 61) (g + 62)) (4.67)

1
F@*y) = sin( =+ 2+ zea+ €16 (4.68)
6 3 2
. . 1 V3 V3 1 V3 o1 1
flaty) = 5+ STt e %w%f + (2 — mw) €re — geg (4.69)

A second order OTIROM is generated to approximate the value of the function evaluated at 2’ = 1/2 +

0.01 and ¥/ = 7/3 — .01, with Az = 0.01 and Ay = —0.01. Applying it in equation (4.69), the OTIROM

becomes
1 1
OTIROM (f(a*, "), {0.01,-0.01}) =+ ?W(M) + \f(Ay) - oAy
V3 o1 1 )
V2 ) (An)(Ay) — = (Ay)? @
+<2 ) (A (Ay) — L(Ay)? @70
OTIROM (f(z*,y*), {0.01,—0.01}) = 0.5046447816328694 @.71)

The exact function evaluation at the new values f(2,4') is 0.5046450303730787. The relative error
between the approximation using the OTIROM and the exact result is ¢ = 4.92 x 107%. The method is
simple and can expand to more complicated functions. This will be shown later in section 4.4.5 and in

chapter 5.
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4.2.6 Matrix representation

Similar to multicomplex [66] and multidual [8] numbers, OTI numbers can also be represented and operated
in matrix form. One of the uses of a matrix form is that arithmetic operations between OTI numbers can be
analogously performed using its corresponding matrix form and matrix algebra. Therefore, operations such
as addition, multiplication, evaluation of analytic functions, etc.; can be performed using the matrix form.
Another advantage of the matrix form is that it allows to use conventional real-algebra solvers when trying
to solve linear systems of OTI equations.

The vector form of an OTI number a* is represented by the expression t(a*). It is formed by the tuple
of coefficients of the OTI number. The location of coefficients in the vector is given by associating each
imaginary direction to a single element of the vector. The vector form of a* is not unique. However, in this
document it will follow the same arrangement of OTI number directions as described before. For example,

given an OTI number ¢* € OTI3 with 7m = 2 bases and order n = 3,

*

2 2 3 2 2 3
a7 = Qp + Qe €1 + Aey€2 + A 261 + Uey €162 + Q265 + AB€ET + A2, €1€2 + A 26165 + Q36 4.72)

€2

its corresponding vector form is:

T

* p—
t(a ) - ar a€1 a€2 ae% a‘€1€2 ae% ae? G‘E%EQ aqe% aeg (473)

The matrix form of an OTI number a* is represented by T'(a*). The shape of the matrix form is N x N,
given by the number of coefficients of the OTI number. In order to define the position of the coefficients
of a* within the matrix, a simple procedure has been developed. First create an empty N x N matrix and
associate each row and column to an imaginary direction in the same sequence as in the vector form (see
Figure 4.1a). It follows to determine the position of the coefficients of a* within T'(a*). The position of each
coefficient is determined by multiplying the coefficient’s imaginary direction times the imaginary direction
associated to each column. For a specific column, the resulting imaginary direction, if not truncated, gives
the row at which the coefficient is located.

As an example, the procedure is applied to a* from equation 4.72. In order to locate the real coefficient

a, inside the matrix, its direction (real direction a = 1) is multiplied by the imaginary directions associated
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(e) Location of all coefficients of a™ in T'(a™). (f) Final matrix form of a*.

Figure 4.1: General distribution of coefficients in OTI matrix form.
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to each column, as illustrated on top of Figure 4.1a. Since multiplying 1 times any other imaginary direction
results in the same imaginary direction, then the real coefficient is always located at the diagonal of the
matrix.

Now consider coefficient a.,, whose imaginary direction is €; (see Figure 4.1b). For the first column,
multiplication is €1 - 1 = €1 as illustrated on top of Figure 4.1b, which means that a, is placed at row 2
column 1, or (2,1). For column 2, multiplication ¢; - €] = e% which is located at row 4, hence a., is placed
at (4,2). The same follows for column 3, multiplication €; - €3 = €€ results in location (5,3). For column
4, the multiplication results in €1 - €7 = €3, thus location (7,4), and the same is applied to the following
columns. Notice that from column 6, the associated directions have order 3. Thus multiplying them by €;
will result in directions with order 4, which are truncated because the truncation order of ¢* isn = 3. As a
consequence, it is known in advance that a., and other coefficients of order 1 and above will not be located
at matrix positions beyond column 6. See the full locations of a., in Figure 4.1b. The same is applied to
a.,, locating the coefficient at (3,1), (5,2), (6,3), (8,4), (9,5) and (10,6).

The same procedure is applied to ae with imaginary direction €7 of order 2. Multiplying with the first
column results in €2 - 1 = €2, location (4,1). Multiplying with column 2 and column 3 results in €2 - ¢ = €}
(7,2) and €2 - €3 = €2e3 (8,3) respectively (see Figure 4.1c). Notice that every imaginary direction from
column 4 onwards has order 2 or greater, thus after multiplying by € the order will be greater than 4,
therefore truncating the imaginary directions. Similarly, applying the procedure to a.,, results in locations
(5,1), (8,2) and (9,3). Coefficient a2 is located at (6,1), (9,2) and (10,3). Applying the same procedure to
coefficients with order 3 directions such as ER these coefficients will only be located at column 1 since
multiplication with any other imaginary direction will truncate the result. Therefore, coefficients U3, U2eys
R and a3 are located at (7,1), (8,1), (9,1) and (10,1) respectively, as shown in Figure 4.1d.

The careful reader may have noticed that because of sorting the OTI number by order, the coefficients
in the matrix form are placed in blocks of coefficients with the same order. This can be seen more clearly
in Figure 4.2. For example, notice the block made from row 4 to row 6 and column 2 to column 3. All
elements within this block are either zero or coefficients of order 1 imaginary directions. Also, the block
below (rows 7-10 and cols 2-3) contains coefficients of order 2. This arrangement is most useful for solving

linear systems of OTI equations, as will be discussed later in section 5.2.

In general, an OTI matrix representation has the following characteristics:

* The elements are all real and its shape is N x N, ie. T(a*) € RIV*N),
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Figure 4.2: Blocks determined by order separation of the OTI matrix form for an OTI number OTI3.
* All diagonal elements are equal to the real coefficient of the OTI number.
* The first column of the matrix is formed by the vector form of the OTI number.
* An imaginary direction coefficient is not repeated in a column or in a row.

* The matrix is formed by rectangular blocks containing coefficients sharing the same order, as shown

in Figure 4.2.
* Every element above the diagonal is zero. Hence, the matrix is always lower triangular.

* In general, a large portion of the lower triangle is zero. The total number of non-zero coefficients N
in the matrix representation depends on the number of imaginary bases m and truncation order n of

the OTI number as follows:

_(2m4+n\  (2m+n)!
NT_< 2m >_ (2m)! n! 474

Matrix and vector forms have equivalent arithmetic operations to OTI algebra. Consider OTI numbers
a*, b* and c*. Its corresponding vector forms t(a*), t(b*) and t(c*); and matrix forms T(a*), T(b*) and

T(c*); have the equivalent operations as described in Table 4.2.

Addition/Subtraction Multiplication Functions
OTI a* +b* =c* a*-b*=c* fla*) =c*
Matrix Equivalence T(a*) £ T(b*) = T(c¢*) T(a*)T(b*)=T(c*) F(T(a*))=T(c*)
Vector Equivalence  t(a*) £ t(b*) = t(c*) T(a*)t(b*) = t(c¥) N/A

Table 4.2: Corresponding operations of OTI matrix and vector forms.
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The advantage of matrix and vector forms is that there is no need of specific libraries to implement the
OTT algebra, only linear algebra support. However, the computational cost (both in memory and CPU time)
increases either by the square of the number of coefficients /N (matrices instead of vectors) or by use of
sparse matrices. The matrix form is, however, an important step to deduce an optimal procedure to solve

hypercomplex linear systems of equations as it will be shown in the section 5.2.
4.2.7 Relationship with other hypercomplex algebras.

The OTT set contains other hypercomplex algebras. The first, and most obvious case, is that OTI numbers
contain R, the real number set, because if truncation order n is set to zero all imaginary units are truncated,
then the only remaining coefficient is the real one. The same applies if the number of bases is m = 0. As a
consequence OTI) = R.

It can be shown that OTI numbers contain Multidual numbers. For example, consider a bidual number

x* € Dy and an OTI number y* € OTIZ as follows

¥ = Ty T €] + Tey€2 + T,y €162 , ¥ ey 4.75)

Y = Yrt Ye €1 T Yey€2 + yefe% + Ye,en €162 + yegeg, y* e (O)'IFI[% 4.76)

Note that every imaginary direction of z* is contained in the imaginary directions of y*. The particular,
imaginary directions €2 and €2 are eliminated from the bidual number by the nilpotent condition, namely
e =e=0.

In general, the multidual set ID,,, with m bases is contained in the OTI set of m bases and truncation

order n = m,i.e. D, C OTL".
4.3 Support Library

A library, named OTIlib, has been developed in C programming language with the goal to provide support
for core OTTI algebra algorithms with the better performance associated with a compiled language. C was
selected since it allows the programmer to control most low level aspects of the implementation. Also, a
wrapper to Python 3 has been developed using Cython in order to add operator overload support and hence

make it easier to interface with the algebra and algorithms. Python language was selected as it is widely
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adopted in the scientific community. The current state of the implementation does not implement parallelism
for any of the core algorithms.

The library has two main data representations: static dense and sparse numbers. The coefficient type

“coeff_t” used for all representations is the 8-byte, double precision real type provided by the C-language.

The static dense data representation of OTI numbers provides better performance in terms of computational

n

., while restricting the implementation to specific truncation order n and

time for a given algebra OTI
number of bases m, and lacking versatility to increase or decrease the number of imaginary directions or
truncation order, as its memory implementation is static. On the other hand, the sparse data representation of
the number allows dynamic memory allocation, permitting both variable number of imaginary directions and
variable truncation order with the added benefit of only storing the non-zero coefficients in order to reduce

the overall number of operations and memory usage. Both approaches have computational advantages,

justifying its coexistence in the library. A brief description is provided in the following sections.

4.3.1 Static dense implementation

The static dense representation is implemented to provide a fast implementation for OTI operations in the
sense of three factors: (7) a static memory implementation such that the memory for the OTI number is pre-
served constant through the execution of the program, avoiding explicit memory allocation calls which may
negatively impact the performance of the implementation; (z¢) a full representation of the OTI number such
that all coefficients are always available and easily accessed and (z¢7) arithmetic operations are explicitly de-
fined in the code such that no computational resources are spent to “find” the way the imaginary coefficients
must be operated. It is important to note that the code to support static dense OTI numbers, as shown here,
is generated automatically by using a helper function for that matter.

Figure 4.3 shows two examples of the data structures used to define static dense OTI numbers. Figure
4.3 left, shows the representation of an OTI number for a total of m = 2 bases and truncation order n = 3.
Figure 4.3 right shows the structure of an OTI number for a total of m = 3 bases and truncation order n = 2

(note that for both cases, the total number of coefficients is N = 10).
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Static dense OTI; scalar Static dense OTI scalar

typedef struct { typedef struct {
coeff t 58 coeff t 558
coeff t el; coeff t el;
coeff t e2; coeff t e2;
coeff t ell; coeff t e3;
coeff t el2; coeff t ell;
coeff t e22; coeff t el2;
coeff t elll; coeff t e22;
coeff t ell2; coeff t el3;
coeff t el22; coeff t e23;
coeff t e222; coeff t e33;

} onumm2n3_t; } onumm3n2_t;

Figure 4.3: Static dense data types for an OTI number with truncation order n = 3 and m = 2 bases OTI;
(left) and truncation order n = 2 and m = 3 bases (O)’]I‘]I% (right).

Static dense implementations of multidual numbers is also supported and automatically generated.
4.3.1.1 Arithmetic operations

Arithmetic operations are provided via C-functions. An example of the multiplication implementation be-
tween two (O)’H% numbers is shown in Figure 4.4. Note that the advantage of this implementation is that
manipulation of coefficients is explicitly programmed in the code, that is, it does not require additional

computational resources to find how the imaginary coefficients are operated.
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Static dense multiplication

onumm3n2_t onumm3n2 mul oo( onumm3n2_tx+ lhs, onumm3n2_ts* rhs) {
onumm3n2_t res;

// Multiplication like function ’1lhs % rhs’

// Real;

res.r = lhs->r » rhs->r;

// Order 1;

res.el = lhs->r » rhs->el + lhs->el % rhs->r;

res.e2 = lhs-—>r » rhs->e2 + lhs-—>e2 * rhs-—>r;

res.e3 = lhs-—>r x rhs->e3 + lhs-—>e3 * rhs->r;

// Order 2;

res.ell = lhs->r % rhs->ell + lhs->ell * rhs->r + lhs->el * rhs->el;

res.el2 = lhs->r x* rhs->el2 + lhs->el2 x rhs->r + lhs->el % rhs->e2
+ lhs—>e2 x rhs—>el;

res.e22 = lhs->r % rhs->e22 + lhs->e22 x rhs->r + lhs->e2 x rhs->e2;

res.el3 = lhs->r » rhs->el3 + lhs->el3 x rhs->r + lhs->el x rhs->e3
+ lhs->e3 * rhs->el;

res.e23 = lhs-—>r » rhs-—>e23 + lhs->e23 * rhs->r + lhs-—>e2 x rhs—>e3
+ lhs->e3 x rhs->e2;

res.e33 = lhs->r x* rhs->e33 + lhs->e33 x rhs->r + lhs->e3 x rhs->e3;

return res;

Figure 4.4: Sample of a static dense multiplication between two static dense OTI numbers with m = 3
bases and truncation order n = 2, QTT3.

An important characteristic of the implementation is that all OTI input data is passed by reference to
avoid excessive memory copying. Unary arithmetic operations such as negation is supported, and binary
arithmetic operations: addition, subtraction and multiplication, are implemented analogously to the oper-
ation shown in Figure 4.4 for OTI-OTI, real-OTI and OTI-real (the latter only for subtraction, as addition

and multiplication are commutative operators). Elementary functions are implemented in C following the

1 1

method described in section 4.2.3. Finally, division is implemented as z*/y* = x*y*~', where y* ™" is

computed using the single variable power function, similar to the one presented in example 5.
4.3.2 Sparse implementation

A sparse implementation is provided in OTIlib because it is common to find applications that do not utilize
all available imaginary coefficients of the algebra, i.e. must coefficients may be zero. As such, by knowing
in advance that some coefficients are zero, operations with these zero coefficients can be avoided directly
reducing computational costs. For this matter, the data structure defined for the sparse OTI representation is

shown in Figure 4.5.
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Sparse OTI

typedef struct {
coeff t re; //<-- Real coefficient.
coeff tx*x p_im; //<-- Array with all imaginary coeffs.
imdir t«*x p_idx; //<-- Array of indices of directions.
ndir_t« p_nnz; //<-- Number of non zero coefficients per order.
ndir_t»* p_size; //<-— Size per array.
ord t order; //<-— Truncation order of the number.
} sotinum t; // Sparse OTI number type.

Figure 4.5: Data structure used for the sparse OTI implementation in the C portion of OTIlib.

The truncation order of the number is stored in order, where oxd_t is a 1-byte unsigned integer. The real
coefficient of the number is stored in re. It is separated from the other imaginary coefficients to allow faster
access in the case the object represent a real-only number, i.e. OTI) = R.

The attribute p_im represents an n-element list of arrays with the imaginary coefficients of the number.
The first component of p_im, p_im[0], is an array with all non-zero coefficients of order 1 in the OTI number.
The second element of the list, p_im[17, is an array with all the non-zero coefficients of order 2. In general
the p’th element of the list contains all non-zero coefficients of order p. Similarly, p_idx is a n-element list
of arrays containing the indices of the imaginary directions for every coefficient in p_im. The type imdir_t
used in the current version of the library is 8-byte unsigned integer. There are two more lists, p_nnz and
p_size. The p’th element in each list indicate the number of active non-zero coefficients and the size of the
p’th array, respectively, for both p_im and p_idx.

For more clarity, a visual depiction of the sparse data structures is sketched in Figure 4.6. Note that,
for example, imaginary coefficient Gl is located in the first element of the first array of p_im. Its index
s1 1s located in the first element of the first array of p_idx. Notice that the p’th number of active non-zero
elements may be lower or equal to the size of the p’th array, namely nzP < szP, because the structure may
reserve more memory if the current object is expected to increase the number of non-zero coefficients later
in the program.

An example for both static dense and sparse implementations is presented considering OTI number

a® =3+ ey + 4eg + 2¢€1 €9, (O)’]I‘]I%, of order 2 and three bases. The explicit OTI number representation is

a*=34+0 € +1 e +4 e +0 e% +2 €169 +0 e% +0 €163 +0 €9e3+0 e%
—~ O~~~ =" = =

2 2 2 2
=31 3] a3 oy a3 g oy a5 og
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Real coefficient: re a,
Aol A1
asl asnzl
A2 An2 Ap2
. ) ) g X2 g 2
Array of coefficients: p-im <
(laz}l (La;t2 aa% ce aa?nzz
S1 e Snzl
] q1 q2 e (nz2
Array of indices: p-idx <
™ T2 T3 s Tnz2
Number of non zeros: p-nnz nz! nz2 e nz"
Size of arrays: p-size sz sz’ e sz"
Truncation order: order n

Figure 4.6: Visual representation of the sparse data structures defined in OTIlib.

Figure 4.7 shows how static dense and sparse implementations will set the data in the respective memory
structure. Note that the sparse implementation only stores 4 coefficients, and only use those when it is
operated by another number. In contrast, the dense implementation stores all 10 coefficients even though 6

of them are equal to zero.
4.3.2.1 Arithmetic operations

Addition and subtraction are trivial implementations because imaginary directions with the same order and
index can be added/subtracted together. Every binary operation implemented in OTIlib for sparse numbers
preserves the maximum truncation order from the two given operands.

Multiplication, on the other hand, requires a brief explanation. The result of multiplying directions

af =al-af =aof

- o is stored in a precomputed multiplication table MT;,?, where ¢ < p and m is the
number of bases supported for order o. Tables are generated for every order o supported in the library, for all
orders ¢ = 1, ..., |0/2]? such that o = q + p. The size of every multiplication table is given by (N}, x N7,).

In general, the element (r, s) in the table contains the index ¢ of the resulting imaginary direction of order

The symbol |- | represents the floor operator.
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Static dense Sparse a*:

a*:
r 3.0 re 3.0
el 0.0 (
|10 4.0
e2 1.0 p-im <
|20
e3 4.0 \
et | 00 2 3
p-idx <
el2 2.0 ‘ 2
\\
e22 0.0
p-nnz 2 1
el3 0.0
_size 2 1
e23 0.0 P
33 | 0.0 order 2

Figure 4.7: Comparison between sparse and dense implementations

o, thus MTy)(r,s) = t. As an example, consider multiplication of imaginary directions of order 1 times
imaginary directions of order 2 for a total of m = 2 bases. All imaginary directions of order 1 are associated
to the rows of the table, and similarly order 2 directions are associated to the columns as shown in Figure
4.8a. The resulting imaginary directions of order 3 are contained in the elements of the table. The indices of
the resulting imaginary directions are extracted as in Table 4.1, and the final form of the multiplication table

MT%’1 is shown in Figure 4.8b.

Order 2 Order 2

) )

6§ ae 6 ag e G 12 3 4 5
(e € | ey | €163 | ey €162€3] €162 (1 1 2 3 5 6 8
Order 1 < €2 ey | 162 | €8 16263 e2ey €2€§ Order 1 < 2 2 3 4 6 7 9
‘;‘ €3 €l€3 (€1€2€3| €2e3 | €165 | €263 | €5 (3 5 6 7 8 9 10
(a) Multiplication table using imaginary bases. (b) Final form of multiplication table using indices.

Figure 4.8: Example of multiplication table for imaginary directions with order 1 times directions with order
2 and 3 bases, using (a) a representation using imaginary basis and (b) the final form of the multiplication
table using indices.

Multiplication tables are generated automatically using helper functions provided with OTIlib. The
standard distribution of the library automatically generates data to support the order and number of bases
shown in Table 4.3. According to Table 4.3, the library supports operations with OTIs of order 1 and up to

65000 bases, however for directions of order 2 it only supports operations with up to 1000 bases. Directions
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with order 3 are supported with up to 100 imaginary bases. Directions of order from 4 to 10 support up to 10
imaginary bases. Directions with order 10 to 20 support up to 5 bases. Directions with order 20 to 50 support
up to 3 imaginary bases. Finally, directions with order 50 up to 150 support up to 2 bases. In other words,
the standard distribution of OTIlib can be used to compute first order derivatives of up 65000 variables as
well as derivatives of order 150 for up to 2 variables. These limitations arise from the available precomputed
data, so if greater number of variables or order is required, the provided helper function can generate the
required data. Precomputed multiplication tables for the standard capabilities of OTIlib as shown in Table

4.3 occupy a total of 497.1 MB, for a total of 5626 multiplication tables.

OTI Order Maximum number of bases

1 65000
2 1000
3 100
4to 10 10
10 to 20 5
20 to 50 3
50 to 150 2

Table 4.3: Capabilities of the standard distribution of OTTIlib.

Other precomputed data are the arrays forming the full imaginary directions for each order. These arrays
are 2 dimensional, in which the s’th row of the p’th array correspond to the expanded list of basis indices
for imaginary direction . For example, imaginary direction e3¢5 has an expanded list of basis indices
[1,1, 3], since €2e3 = €1€1€3. This list is the Sth component of the full imaginary direction array of order 3,
as the index of 6%63 is 5 (see Table 4.1). The full imaginary direction arrays occupy a total 12.2 MB for the
standard distribution of OTIlib with a total of 150 arrays. The total memory cost of precomputed data for

the standard capabilities is 509.3 MB.
4.3.3 Python OTI Library (pyOTI)

A Python 3 wrapper was developed to provide a user friendly interface to OTI number algebra. Cython
0.29 [67] was used to easily integrate C programmed functions with Python specific functions. Operator
overloading allows easier-to-read code than if implemented using function calls.

The library implements overloads to basic algebraic operations such as addition, subtraction, negation
and multiplication. . Table 4.4 shows currently supported operators in pyOTI.

The library implements the method described in section 4.2.3 to support elementary function evaluation.
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Operation  pyOTI operator

Addition a + b
Subtraction a - b
Negation - a
Multiplication a x b
Division a /b
Power a ** b

Table 4.4: Overloaded operators supported in the current version of the pyOTL

Power function and division are implemented as elementary functions. The library, in its current form,

supports the functions listed in Table 4.5.

pyOTI call Mathematical symbol pyOTI call Mathematical symbol

cos (x) cos(z) acos (x) cos™1(x)
sin (x) sin(x) asin (x) sin_l(a:)
tan (x) tan(x) atan (x) tan_l(a:)
sinh (x) sinh(z) asinh (x) sinh™!(x)
cosh (x) cosh(x) acosh (x) coshfl(x)
tanh (x) tanh(z) atanh (x) tanhil(az)
power (x,n) " sqrt (x) NZ
log (x) In(z) exp (x) e
1logl0 (x) logo() logb (%, b) log; ()
atan2 (x,vy) tan~—! <:?j>

Table 4.5: pyOTI support for elementary functions (for both sparse and static dense versions).

To implement an algorithm that uses the OTI library, the crucial step is to hypercomplexify the input
variables. This is done in the library by adding an imaginary direction of choice to the variable whose
sensitivity is required. Operator overloads carry on the basic algebraic computations, however it is necessary

to point to the pyOTT’s elementary function calls in order to support evaluation of functions correctly.

In order to do so, the next steps must be followed:

1) Import the library,

ii) perturb the input variables using OTI imaginary directions

iii) evaluate your algorithm with minimum to none syntax modifications, and
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iv) retrieve/use derivatives with the built-in methods.

As an illustrative example, Figure 4.9, shows both an example of how to evaluate function f(x,y,z) =

cos (z3y?z*) using the pyOTI and how the code compares with an equivalent real-valued code in Python 3

that does not get derivatives.

Standard real code OTI code
# Import math function cosine # Make OTI library available
from math import = from pyoti.sparse import =x

# Define the variables by perturbing them

# Define the variables # in OTI directions.
x = 0.2 x = 0.2 + e( 1, order = 4)
y = 0.5 y = 0.5 + e( 2, order = 4)
z = 1.4 z =1.4 + e( 3, order = 4)
# Evaluate the desired function. # Evaluate the desired function.
f eval = cos( xx*x3 * yx*2 x zZ*x*x4 ) f eval = cos( x*x*x3 * y*xx2 * zZxx4 )

# Get derivatives.

df dx = f eval.get_deriv([1])

d2f_ dxd f _eval.get_deriv([1,2])

# c.

d4f dxdydz2 = f _eval.get_deriv([1,2,[3,21])

Figure 4.9: Sample codes for evaluation of function f(z,y, z) = cos (m3y2z4) using real algebra (left) and

OTI numbers for computation of fourth order derivatives with pyOTI (right).

The OTI direction generator function, i.e. e ( 3, order = 4), returns a sparse OTI number with
a coefficient of 1 in the given direction and truncation order n = 4. If order is not specified in the
call, the order of the imaginary direction given is used as truncation order. The function takes as in-
put the “human readable” version of the OTI imaginary direction. In this case, 3 represents the imagi-
nary basis e€3. A general imaginary direction, e.g. eseser is represented by [ 4, 5, 7]. In the case
of more complex imaginary directions, e.g. eiege‘%, the direction can be given in the following man-
ners: [ 4, 4, 5, 5, 5, 7, 7, 7, 71 by explicitly listing all imaginary basis or more compactly
[ [4,2], [5,31, [7,4] 1, associating each basis with its corresponding exponent.

The variable £_ewval for the example case is an OTI sparse scalar containing the derivatives of the
evaluated function. The method £_eval.get_deriv( imdir ) extracts the derivative associated to
the imaginary direction imdir, which must follow the format described previously.

The method £_eval.rom_eval ( bases_list, deltas ) evaluatesthe OTIROM given in the

OTI number by assigning each given basis the specified variation. The input bases_1list is a list of

integers and deltas is a list of real numbers such that deltas [i] is the variation of the input variable
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associated to basis bases list[i].
4.4 Results

This section describes some numerical and analytical examples with OTI numbers. The numerical examples
were run in a machine with an Intel® Core™ i7 4770 at 3.6 GHz, 32 GB ram at 1600 MHz and the operating
system was Ubuntu 18.04. The compiler used for C and Cython [67] was the GNU C Compiler GCC 7.5.0
(the version of Cython used was 0.29.20). Python 3.7.4 [68] from the Anaconda distribution 2019.10 [69]
was used. Scipy 1.5.2 [70], Sympy 1.6.2 [71] and Numpy1.19.1 [72] were used.

4.4.1 OTI numbers vs Multicomplex and Multidual Algebras

The complexity and memory consumption of an algebra can be quantified by its size, i.e, by the total number
of coefficients each the algebra has. As explained in Appendix A.2, the total number of coefficients in
multicomplex and multidual algebras is given by N = 2" when used to compute n order derivatives with
respect to m variables in a single analysis. These number of coefficients correspond to the vector form of
the numbers. In contrast, as explained in Section 4.2, the total number of coefficients of OTI numbers is
given by N = (m;g”) Instead, the matrix forms of the numbers will contain: 22™" non zero coefficients in

2m+n .
5. Figure

the multicomplex case; 3™ non zero coefficients in the multidual case and in the OTI case (
4.10 shows how the number of coefficients escalate in both cases for different values of order of derivative

n and number of variables m.
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Figure 4.10: Comparison of the number of coefficients of multicomplex, multidual and OTI numbers forms.
The number of coefficients of the corresponding vector forms (left) and number of non-zero coefficients of
the corresponding matrix forms (right) are displayed.
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For computation of 10 first order derivatives, multicomplex and multduals need 1024 coefficients and
OTI numbers require 11 coefficients, a difference of two orders of magnitude. For the case of 10 second
order derivatives, multiduals and multicomplex are 4 orders of magnitude larger than OTI numebers. This
clearly shows the advantages of using the OTI algebra over other hypercomplex algebras if one function
evaluation is sought. The memory consumption of multicumplex and multidual algebras and the execution
time multicomplex/multiduals grow exponentially compared to equivalent OTI evaluation. The repetitive
scheme can be used to reduce the computational complexity when multivariable derivatives are required,

see Appendix A.2.2.2. This scheme requires, for multidual and multicomplex algebras, a total number of

m-l—n—l).

evaluations of the function given by ( 1

Figure 4.11 shows how the number of repetitions grow with respect to the number of variables and order
of derivatives. OTI number only require a single evaluation. Figure 4.11 is not a reference of the complexity

of time usage. This will be addressed later in a computational comparison.
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Figure 4.11: Number of function evaluations required by multicomplex and multidual algebras for comput-
ing multivariable derivatives. OTI numbers in contrast only requires 1 evaluation.

4.4.1.1 Analytic comparison

To appreciate the difference between OTI and multidual numbers, an example is shown for the single vari-

able function f : R — R,

f(z) =2? 4.77)
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and derivatives up to second order are computed at z = 2. To do so, an OTI of order 2 with only one basis

is required. A bidual is required in the multidual case. The OTI perturbation required is

z* 2+ € (4.78)

while the bidual perturbation is

¥ = 24e+e 4.79)

Table 4.6 shows the required steps both OTT and bidual algebra perform in order to obtain the results. It
can be observed that in general, the OTI algebra performs less steps, and hence it is easier to execute. Also,
it shows that bidual algebra obtains two repeated results (f ;) in its imaginary directions €; and €3, and it

also shows that many intermediate operations are repeated, making the overall computation more complex.
4.4.2 Computational Comparison

In order to compare the performance of OTI numbers against multidual numbers, an implementation using
matrix forms has been developed in Python 3 and Scipy [70]. The goal of using matrix forms is to provide
an implementation independent comparison, i.e. to avoid performance differences due to implementation
specific optimizations. Particularly, sparse matrices are used to define the equivalent hypercomplex num-
ber matrix form, using Compressed Sparse Row (CSR) matrix format. This provides fast matrix-vector
multiplication.

The function to compare the performance is the following 60 variable function f : R — R,

60
f(z1, 29, ..., x60) = Hsin(xl) (4.80)
=1

Implementation was performed in Python using Scipy [70] library and its built in sparse matrix sine
function. Multiplication between two elements is done using matrix-vector multiplication. All derivatives
were computed using Multidual, repetitive Multidual and OTI algebras.

Figure 4.12 shows the execution time for the computation of up to 70 variables and OTI matrix form
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OTI algebra Bidual algebra
fa*) = (@) f@) = (")
= (2+4€)? = (2+e +e)?
= 2+e)2+a) = 2+ea+e)2+e+e)
= 2Q2+ea)+ea+e) = 2Q2+ea+e)tal+tete)tealteate)
= 4+261—|—261+6% = 4—|—261—|—262+261+;’17+6162+262—|—;g+6162
= 444 —l—e% = 4+ 4e1 +4eg + 26169
f2) = Re [f(a7)] f2) = Re  [f(z")]
= 4 = 4
df _ * df _ .
2@ = 1, [f@)] 2@ = g [f@)]
= 4 = 4
df _ .
%(2) - Ime2 [f(x )]
= 4
d f . d?
5 = z' g [f@)) = @1 Th@) = e, (6]
= = 2

Table 4.6: Comparative example to evaluate f(x) = 22 using OTI and bidual numbers in order to compute

all up to second order derivatives.
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Figure 4.12: Computation time of function OTI comparison with two multidual implementations.

implementation is, for almost every case, below the CPU times of the other methods. While OTI order 1
computation time remained almost constant for all variables, the standard implementation grows exponen-
tially and repetitive multidual grows polynomically. OTI order 2 and order 3 computation time increases
after 10 variable analysis. The CPU time of 3us is due to the overhead of the sparse matrix algebra. The
repetitive multidual implementation is driven by this overhead as the number of repetitions require the func-

tion to be re-evaluated at a different perturbation scheme.
4.4.3 Numerical Example using pyOTI

As an academic example, consider the three variable function f : R? — R,

f(z,y,z) =sin (log(x2eyzg) cos (m3y2z4)> (4.81)

The goal is to illustrate the use of the method to compute all derivatives up to 7’th order evaluated at x = 1.5,
y = 2.0 and z = 3.0 and assess its accuracy. The total number of derivatives, including the function
evaluation, is 120. In order to compute the derivatives, the variables are perturbed using OTI imaginary
directions following the methodology described in section 4.2.4. Each variable is associated and perturbed

with an independent basis as follows and the truncation order is set to n = 7 as 7°th order derivatives are

sought:
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¥ = 1.5+ €, 2% € OTI (4.82)
v = 2.0+, y* € OTI (4.83)

2 = 3.04e3, 2* € OTI (4.84)

The Python code used to evaluate this example is shown in Figure 4.13. The sparse algebra implemen-
tation included in pyOTI is used. Note that compared with a real only implementation, the difference is

localized in the perturbation of the input variables in the respective imaginary directions.

# Make OTI library available
from pyoti.sparse import e, sin, log, exp, cos

# Define the variables and its OTI perturbations.
x=1.5+ e( 1, order = 7)

y =2.0 + e( 2, order = 7)

z =3.0 + e( 3, order = 7)

# Define and evaluate the desired function.

f eval = sin( log( x*x*x2 * exXp( y * Z*x%x3 ) ) % cos( Xx*3 % y**x2 x z*x%x4 ) )

Figure 4.13: Implementation of the analytic function f(x,y,z) = sin <log(:c269'zs) cos (x3y224)) to

compute all 7°th order derivatives.

Results obtained with the previous implementation are compared to derivatives computed with the sym-
bolic library Sympy [73]. A total of 120 coefficients containing the derivatives up to 7’th order are retrieved.

The relative error of the result is computed as

(4.85)

apfSympy - 8pfpyOTI )

Ep = IMax
P
( orf Sympy

where ¢, represents the maximum relative error obtained in any p’th order derivative. The maximum relative
errors are shown in Table 4.7.

4.4.4 Comparison of OTI implementation with an automatic differentiation library.

OTI Python implementation pyOTI was compared to pyAuDi [6], an automatic differentiation tool that im-
plements Truncated Taylor Polynomials in a sparse manner. pyAuDi’s core is implemented in C++ and
wrapped to Python. The version used for this comparison was pyAuDi 1.6.5 which supports threaded paral-

lelism and it is claimed to provide fast overall performance compared to other Truncated Taylor Polynomial
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Order of Derivative (p) Ep

1 1.3585e-16
1.3585e-16
6.1473e-16
6.1473e-16
1.7288e-15
1.7288e-15
5.0329e-15

NN AR W

Table 4.7: Maximum relative error per order of derivatives obtained after evaluating function f(z,y,2) =

sin (log(mzeyzs) cos (a;3y224)>. Relative error compared with the derivatives obtained using Sympy.

implementations [6].
The comparison was performed using the m variable function f : R” — R shown in equation 4.86.

Derivatives of up to 4th order and up to 50 variables were computed.

The computational performance was compared by computing the CPU time ratio )}, of the CPU time

f(x) = (4.86)

spent by pyAuDi divided by the CPU time spent by pyOTI to compute derivatives of m variables of n’th

order.

n o __ CPUpyAuDi

r’ =
" CPUpyOTI

(4.87)

Results are shown in Table 4.8. It can be observed that the performance ratio in every computation case
evaluated is greater than one, meaning pyOTI was faster in every case. The minimum ratio is obtained when
computing fourth order derivatrives of single variable, where pyOTI performed 7.3x faster than pyAuDi.
Moreover, the largest ratio is observed when computing second order derivatives of 50 variables to the

function in equation (4.86), when pyAuDi used 187.1x the time pyOTTI used for the same computation.
4.4.5 Numerical Example of OTI Reduced Order Model.

This example is intended to evaluated the performance of pyOTI when used to generate reduced order

models of functions, as described in section 4.2.5. Consider the two variable function f : R — R,
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Order (n)

Number of Variables (m) 1 2 3 4
1 11.8 11.2 8.8 7.3
2 153 134 10.5 10.1
5 19.6 219 248 242
10 286 487 654 309
20 48.5 106.1 63.7 16.6
30 66.3 1339 652 228
50 125.6 187.1 1609 254

Table 4.8: CPU time comparison of current implementation of pyOTI vs pyAuDi runtime for evaluation of
function f(x) = sin (T2 (z1%)) cos ([T/%; @) / [T~ #; computing all derivatives of m variables up to
order n.

f(z,y) = log(zy) (4.88)

The goal is to generate an 50’th order OTIROM centered at z = 0.5 y = 0.8, and analyze the behavior in this
numerically challenging function. This function is chosen because the exact high order mixed derivatives of

f(x,y) are zero. This can be seen by expanding the logarithm as follows

f(z,y) = log(z) + log(y) (4.89)

which shows more clearly that the there are no mixed terms. If evaluated in the form of equation (4.88),
referred here as the compact form of the function, OTT algebra is not ’aware’ that the mixed derivatives are
zero, thus its best efforts will lead to computing the mixed derivatives with machine precision (which induces
an error). The question that arises is whether the values obtained with machine precision will propagate the
error to the high order derivatives and make the results of the OTIROM unusable.

In order to generate an OTIROM, OTI perturbations are applied to the evaluation point number repre-
senting the function is found by perturbing the input variables in OTI imaginary directions and truncation

order is set to the desired order, in this case n = 50,

¥ = 054 ¢, 2F € OTLE (4.90)

y* = 0.8+e, y* € OTI 4.91)

then an OTI number is generated by evaluating the function at the perturbed input values
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g = f*y") (4.92)

Finally, the OTIROM is evaluated at the required input variations Az and Ay, as

f(x 4+ Azx,y + Ay) ~ OTIROM (g*, { Az, Ay}) (4.93)

Figure 4.14 sketches the code used to generate the 50’th order OTIROM of the compact form of the
function using pyOTI sparse implementation. In particular, line 12 performs the OTIROM evaluation at
specific variable deltas Az = 0.5, Ay = 0.8. Evaluation of the expanded function led to a sparse OTI
with 100 non-zero imaginary coefficients while evaluation of the compact function led to 1325 imaginary

coefficients stored.

1 # Make OTI library available

2 from otilib import e, log

3

4 4 Define the variables by perturbing them
5 4 in OTI directions.

6 x=0.5+ e( 1, order = 50)

7 y =0.8+ e( 2, order = 50)

8

9 4 Compute the desired function.

10 = log( x * y )

11

12 £ new = g.rom_eval([1,2],[0.5,0.8])

Q

Figure 4.14: Sample code for the generation and evaluation of an 50th order OTIRO for function f(z,y) =
log(xy) using pyOTL. The evaluation point, as implemented in this code example, is ' = 0.5, ¢y’ = 0.8 and
the approximated evaluation pointis ' = 1.0, ¢/ = 1.6.

The behavior of the even order mixed derivatives fy»,» is shown in Figure (4.15) for evaluations of the
function in compact and expanded forms, equations (4.88-4.89). It can be observed that the second order
mixed derivatives are exactly zero for both evaluations. However, the fourth order mixed derivative of the
initial function is not zero but a value that is "'numerically’ zero, i.e. meaning machine error. The propagation
of this error is exponential with respect to the order of derivative. The maximum error achieved was 10" at
the maximum evaluated order of 50. In contrast, evaluation of the expanded function (equation (4.89)) leads
to mixed order derivatives that are exactly zero.

The behavior of the OTIROM approximation to the function is assessed by evaluating the relative error
of the OTIROM result with respect to the function evaluated at the corresponding point, using truncation

orders ranging from 1 to 50. Figure 4.16a shows the contours delimiting the regions where the relative
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Figure 4.15: Values of the even 2p’th mixed derivatives of function f(z,y) = log(xy) by evaluating it
using the traditional form and the expanded form using pyOTIL.

error of the reduced order model is below 10~'# for p’th order OTIROM using the expanded form of the
function, equation (4.88). On the other hand, Figure 4.16b shows the contours delimiting the region where
the relative error of the p’th order OTIROM is below 1071 for the expanded function in equation (4.89).
For instance, the 40’th order OTIROM can be evaluated with confidence of obtaining errors below 1014
for 2/ = x + 50%x and v = y + 50%y.

Although the mixed order derivatives deviates from the exact result when evaluating the compact form
of the function, it does not affect in a significant manner the approximation accuracy for OTI evaluations
with n = 40 or lower. The case of the 50th order model is affected mostly in the ’edges’ of the region, more
specifically the positive diagonal direction (~45° angle) of the input variable variations, which are values that
require better accuracy of the mixed derivatives because they are more sensitive to its values as it variates

both variables simultaneously.
4.5 Discussion

The Order Truncated Imaginary numbers were developed to compute high order multivariable derivatives
efficiently because the size of the algebra adapts to the number of derivatives required. As the order of
required derivatives increases, the number of required hypercomplex directions grows. The grown rate
of OTI directions is significantly lower when compared with other algebras. The capacity to evaluate the

complete set of m variable n’th order derivatives in a single evaluation also reduces the implementation
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Figure 4.16: Contour lines delimiting the regions where the relative error of the OTI reduced order model
is below 10~ of the function (a) f(z,y) = log(xy) and (b) f(x,y) = log(z) + log(y) using pyOTL
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complexity of computing higher order derivatives, as minimal code is required to set-up the evaluation and
post-process the code.

As observed in section 4.4.5, a correct selection of the evaluation function may lead to better accuracy for
high order derivatives. The accumulation of machine error through all derivatives, specially if derivatives are
’machine-error’ zero, is exponential with respect to the order of derivative. It may affect the approximation
of OTIROMs for high order approximations. Multiduals may theoretically be capable of computing 50th
order derivatives, but practically a multidual with 50 imaginary basis will have a total number of coefficients
of 259, which requires 8 PB (Peta Bytes) to store all its coefficients. By contrast, a sparse OTI number
with 1325 imaginary directions can compute and store all two variable 50’th order derivatives, requiring
approximately 27 kB. This shows that OTI enable computations of derivatives that were not possible before
with other hypercomplex algebras.

Although the implementation of the algebra in pyOTI is serial, the sparse implementation of the algebra
is faster in all situations studied compared to automatic differentiation parallel implementations. Better

performance is expected after the parallelization of core algorithms is performed in future updates.
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Chapter 5: ORDER TRUNCATED IMAGINARY FINITE ELEMENT METHOD

This chapter describes the Order Truncated Imaginary Finite Element Method (OTIFEM). The integration of
OTT algebra into the Finite Element operations is highly based on the general Hypercomplex Finite Element
Method (ZFEM), described in section 3.5.1. However, differences arise in terms of the capabilities of the
algebra, interface with real linear algebra solvers and some performance considerations are discussed in this
chapter.

Section 5.2 presents the block solver method where instead of using the full matrix form of OTI numbers
to interface with real linear systems of equations solvers, the resulting hypercomplex system of equations is
reformulated into a set of smaller subsystems that share the same matrix of coefficients. This allows to use
LU or Cholesky decomposition methods to solve linear system of equations.

OTIFEM allows not only to compute high order derivatives of the solution the finite element method
with respect to shape, material, boundary condition inputs, etc; but also to generate reduced order models of
the solution with the naturally occurring Taylor series expansion contained in the OTI result, applying the
method described in section 4.2.5.

Section 5.4, presents some numerical examples using different physics. Heat transfer, linear elasticity
and fluid dynamics problems are solved using OTI numbers and derivatives up to 30th order are calculated
be computed using the developed method and that . The be applied to various physics.

Also, OTI algebra is used to compute the derivatives required for the elemental computations of FEM, in
order to simplify programming. For example, the Jacobian of the element transformation for isoparametric

elements is formed by perturbing the basis functions of the element at OTI-perturbed natural coordinates.

5.1 OTI Finite Element Method

The integration of OTI numbers in the Finite Element Method (FEM) is heavily associated to the Hyper-
complex Finite Element Method (ZFEM), described in section 3.5.1. Additional to support perturbations
of the input variables of the FEM problem, OTI numbers are also used to compute the derivatives of the
elemental basis functions, required in finite element computations.

The hypercomplexification of the FEM allows computation of derivatives by uplifting every input vari-
able of interest ¢; to the hypercomplex algebra of choice. OTI Finite Element Method (OTIFEM) allows

computation of high order multivariable derivatives, by applying OTI perturbations to the input variables of
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the problem, in the form

¢ = ¢1+ea, ¢ 0T, (5.1
¢35 = ¢a+e, ¢5c QT (5.2)

(5.3)
P = Omtem, ¢, € OTL, (5.4

where the truncation order n corresponds to the maximum order of derivative required in the computation
and the number of basis m is the number of variables to compute derivatives, see chapter 4. The input
variable ¢; depends on the problem, see appendix D, and can represent a shape, material, boundary condition
input variable of the problem. Note that the real part of the input variable perturbed correspond to the real
input value for the traditional finite element method.

Due to OTI perturbations, the OTIFEM analysis generates an OTI system of equations

K'u* =f* (5.5)

where every element in K*, u* and f* is an OTI number. The solution of equation 5.5 is discussed in section
5.2.

Vector u* is the hypercomplexified nodal solution vector which represents either the nodal temperature
if solving a heat transfer analysis, the nodal displacements if solving a linear elastic problem or the nodal
velocity and pressure in fluid dynamics analysis. It contains the derivatives with respect to the perturbed
input parameters.

In the case that two input variables were perturbed as ¢7 = ¢1 + €1 and ¢5 = ¢2 + €2 both with
truncation order 2. The solution u* can be used to generate a reduced order model of the function u for the

input variables perturbed, in this case ¢; and ¢2, as described in section 4.2.5.

2 2
u* = u,+uge€ + uge + U2€] + Ueyey €162 + U 26 (5.6)

where the imaginary coefficients from the result are additional degrees of freedom added to the problem, as
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sketched in Figure 5.1, containing the derivatives of u with respect to the perturbed inputs.

Figure 5.1: 2D 8-noded OTI quadrilateral element with the corresponding duplicates given by the imaginary
directions €1, €3, etc, in natural coordinates and the 3 x 3 full integration scheme. Other elements for 1D
and 3D analyses can be similarly constructed.

The OTI perturbed finite element solution u* can be used to create an OTIROM of the traditional fi-
nite element solution with respect to the perturbed input parameters. As a consequence, evaluation of the

OTIROM becomes

u’¢1+A¢177¢7n+A¢7n ~ OTIROM(U*, {AQSl, ceey AQS’TTL}) (5.7)

Additionally, the resulting K* and f* are expressed as follows:

K' = K, +Kqea + Koo+ Ko + K gae + Kae (5.8)

£ = £ +f,a +f,e+fad +fgae + a6 (5.9)

where K. is the matrix with all the real coefficients of the elements in K*; K, is the matrix containing all
coefficients in direction €1, etc. For example, matrix Kef and vector fﬁ? contain the second order derivatives

of K and f with respect to ¢1,

K,(;S% = 2!Im6% [K*] s f,(b% = 2!11116% [f*] (510)
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In particular, shape perturbations that deform the domain boundary limits are performed in the way
depicted in Figure 5.2. To compute the derivative of the state function u with respect to the horizontal
dimension of the domain L., then a perturbation function is applied in the normal direction of the boundary,
in this case in x direction, as shown in Figure 5.2a. The dimension of the region [, of elements to which
the perturbation is applied is selected by the user. The perturbation can be seen as a virtual displacement
of the domain in the imaginary direction. Analogously, perturbation can be applied to compute derivatives
with respect to the height L, of the domain, in y direction, as shown in Figure 5.2b. If both perturbations
discussed are applied in two independent imaginary directions, derivatives with respect to both boundary
movements are obtained, including the mixed derivatives if the truncation order of the algebra greater than

2.

~

(a) (b)

Figure 5.2: Sketch of the OTI nodal perturbations of a rectangular mesh for computation of shape derivatives
with respect to (a) the base L, and (b) the hight L, of the domain.

In addition to the traditional ZFEM computations, OTI numbers are used to compute the derivatives
of the basis functions. The computation of derivatives of the basis functions with respect to the natural
coordinates is common to isoparametric and affine formulations. For instance, the isoparametric definition

of the coordinate transformation from the natural coordinate space to the global coordinate space as

x*(&) = ZM(&)X;* (5.11)
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where N; is a real valued basis function associated to node 7 and &; = [£;, m;, (;] is the [’th integration point
natural coordinate and x} = [z}, v}, z/] is the i’th OTI perturbed nodal coordinate in the global cartesian
space.

The computation of the gradient of x* with respect to the natural coordinates, e.g. x ¢(§;), is performed

as follows

x¢(§) = ZNi,g(ﬁz) x;, x,(§)= ZNi,n(fz) x;, x¢(&§)= ZNi,c(Sz) x; (5.12)

where V; ¢ is the derivative of the i’th basis function with respect to §, etc. Traditional FEM and ZFEM
methods require an explicit definition of the derivatives of the basis functions. However, taking advantage of
OTI capabilities and since the basis function N; is explicitly defined as a function of the natural coordinates,

OTI numbers are used to compute the derivatives as

N = Ni(&]) (5.13)

where £* is the OTI-perturbed nodal coordinate values, defined as

& =G =g +ea,mte+el” (5.14)

where £, 1/, ¢ € (O)']I‘]I;li. Higher order derivatives with respect to the natural coordinates can be achieved
if the truncation order is increased, but for most finite element formulations higher order derivatives are not

necessary. Derivatives are retrieved following equation 4.61,

Ni(§) = Re[Ni(&)] (5.15)
Nig(&) = Ime [Ni(§)] (5.16)
Niy(&) = Ime, [Ni(&])] (5.17)
Ni¢(&) = Img [Ni(&])] (5.18)

Note that the computation of the i’th basis function and its derivatives is performed in a single evalu-
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ation of the basis function, as in equation 5.13, for every evaluation point §; required. This simplifies the
implementation of higher order elements and new elements, as only the nodal basis functions need to be
defined. Its derivatives are obtained by evaluating them using OTI numbers.

Computation of the Jacobian follows as in the standard FEM, equation 3.41. The inverse of the Jacobian
J*~1 is required to transform the derivatives of the basis functions in terms of the global coordinates z, ,

z, as follows

Ni Ni¢
Niy ¢ =377 ¢ N, (5.19)
N; . Ni¢

where J*~! can be computed with conventional algorithms, using OTI algebra. Equation 5.20 illustrates the

computation of the inverse Jacobian for a two dimensional problem with a 2 x 2 Jacobian.

Ji Jis 1 30 =iy

J 1 = =
%]

(5.20)
B T I Jh
where the determinant |J*| can be computed as in equation 3.46. An alternative methodology to compute

the inverse of OTI matrices is proposed in section 5.2, that allows the use of conventional real matrix inverse

programs.
5.2 Solution of Linear Systems of OTI Equations

Many problems are solved by means of solving Linear System of Equations (LSE), see equation (5.21). A
popular example is the Finite Element Method, as seen in section . The buildup of the matrix of coefficients
K e R or vector of independent variables f € R(Y) may depend on certain variables, making the
solution u € R(? sensitive to them (d is the number of degrees of freedom of the linear system of equations).
Thus, in some applications, it is of interest to compute the derivatives of the solution vector u with respect
to the input variables. This means that derivatives of the solution vector u can potentially be computed
by hypercomplexifying the input variables, transforming the standard system into a hypercomplex linear

system of equations (HLSE), where every element of K, u and f are OTI numbers, as in equation (5.22).
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Ku = f (5.21)

K'u* = f* (5.22)

where K* € OTL, ", £* € OTI,? and u* € OTLL .

The hypercomplex linear system of equations (5.22) can not be solved as is using conventional real linear
algebra libraries because the elements of matrix K* and vectors u* and £* are OTI numbers. However, as
described in section 4.2.6, an OTI number has equivalent matrix and vector forms with all real coefficients.
A real only system of equations can be obtained by transforming each member of K* into its matrix form
and every member of u* and f* into its vector form. If input variables consist of OTI numbers in OTI3, then

the system of equations can be reorganized as:

T(K*) t(u*) 6(F)
(K, 0o 0o o o0 o |[w f,
K, K. 0 0 0 0 u,, £,
K, 0 K, 0 0 0 u, | fo 523
K: K, 0 K. 0 0 us f.o
K., K, K, 0 K, 0 Uc,e fe
Kz 0 K, 0 0 K ||ug f.s

where K, is the conventional real matrix of coefficients, K, is the matrix of coefficients of imaginary
direction €1, 0 is a matrix of zeros of same shape as K, etc. For this example the transformation T(K*) €
R(64x6d) hag shape 6 times larger than the real LSE, meaning it has 6 times the number of degrees of
freedom. This size increases as the truncation order and number of bases increase in the algebra, which
would make the solution of the system of equations for large systems computationally expensive. In general,
the number of degrees of freedom becomes d N, and the transformations become T(K*) € R(NdXNd) and
t(u*) € RV,

Notice, however, that the new system of equations is lower triangular due to the nature of the matrix
form of OTI numbers. Therefore, it is possible to subdivide the system into blocks and generate a set of

equations of smaller size, using a forward substitution scheme.
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Kou = f, (5.24)

Kou, = f, —K,u, (5.25)
K,u, = f,—-K,u, (5.26)
Kru€% = f€§ - Kqu, — K%ur (5.27
K,uee, = fee, — Keou,, —Keue, — Kegur (5.28)
Krlleg = feg - Kqu, — Keg u, (5.29)

Notice that the system of equations (5.23) is now transformed into 6 systems of equations all sharing the
same matrix of coefficients K, with the same shape as the original real only system in equation (5.21). Also,
notice that system 5.24 is equivalent to equation (5.21) as the result is the same real LSE. It can be shown
that the systems of equations (5.24-5.29) are equivalent to the result of direct differentiating the system of
equations (5.21), but were obtained naturally from the OTI matrix form. Before, expressions to generate the
computations had to be derived analytically, but with OTI matrix form it can be generated automatically for
any order and number of variables.

All systems in equation (5.23) share the same matrix of coefficients K,, the standard real matrix prob-
lem. Because of that, the solution of the system of equations can be done using standard LU decomposition
for non symmetric systems or Cholesky decomposition for symmetric ones. Therefore, a single decompo-
sition of K, is required to solve all 6 systems, which can significantly reduce the computational complexity
to solve the system (5.22), compared with using the full system (5.23).

Additionally, notice that systems (5.25-5.29) all depend on u,. Hence, system (5.24) should be solved
first. Systems (5.25) and (5.27) only depend on u, to solve for u., and u., respectively. Therefore, they
are independent of each other and thus both can be solved concurrently after solving u,.. These two systems
share the fact that both correspond to the solution of the directions of order one of the OTI algebra. Systems
(5.26), (5.28) and (5.29) solve for U2, U e and u: respectively; and depend on the solution of the real
and ¢; solutions of u*. Since they are independent from each other, they can be solved concurrently after
finding u,, and u,,.

In general, the number of systems to be solved is given by the total number N of imaginary directions

of the OTI algebra (see equation 4.13). The sequence to solve the problem is determined by the order of the
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imaginary directions of the system. That is, first solve directions with order O (real solution), then solve all
directions with order 1 (first order derivatives), then directions with order 2 (all second order derivatives),
etc. A convenient way to reorganize the solution of the HLSE is to re-write the system of equations by order

of imaginary directions as follows

K ]’ = [ (5.30)

K] = [ - K [’ (5.31)

K = [ - K ] - K [u) (5.32)

K = [ - KT ] - (K ] - (K [’ (5.33)

K ] = [ =) K [ (5.34)
=1

where [K*]° = K, and the operation [-]P extracts all p’th order imaginary directions of the given OTI array,

as shown in equation (4.14). The system for imaginary directions of order p,

K [P =[] = ) KT '] (5.35)
=1

[rhs*]?
is solved by forming a real only system concatenating all imaginary directions of [u*]” horizontally, gener-
ating a matrix of shape (d x NJ,). The same is applied to the right hand side [rhs*]?, forming the following

system of equations

K. Uyp, Ugp, ..., U pp] = [rhsazlv,rhsag,...,rhsap (5.36)

aN m NgL
which can be solved using the factorized K,.. Modern real solvers can solve the system of equations (5.36)
concurrently using optimized parallel procedures.

The inverse of a hypercomplex matrix can be computed as a particular case of this solution scheme,

becoming:
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KK =1 (5.37)

K"K = -k K (5.38)
K = > ] e 539

where equation (5.37) solves the conventional inverse of the real part of K*, K71, and then equations (5.38-
5.39) solve the imaginary directions of K*~!. Since [K* _1] 0= K; ! is computed explicitly, the imaginary

coefficients can be computed as follows,

7

e

e e 540

1

meaning that the imaginary coefficients of the inverse of matrix K* are solved by means of matrix-matrix
multiplications. This method can be used to accelerate computations of the Jacobian inverse in finite element
computations (equation 5.19).

Since multidual numbers are a subset of OTI numbers, see section 4.2.7, the methods presented in this

section can be applied also to multiduals. The derivation is trivial.
Example 8. Matrix inverse.

In this example the computation of a matrix inverse is performed. The matrix to be inverted is

A= (5.41)

The goal for this example is to compute all first and second order derivatives of the inverse matrix with
respect to z and y for x = 2 and y = 1 using OTI algebra. The analytical solution for the inverse of this

matrix is:

1 1

. x2 3
Al= 1 (5.42)

0o

ry

In order to compute the derivatives of the inverse with respect to z and y, then OTI algebra is used. The
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input variables x and y are perturbed in OTI bases €; and €2, respectively, selecting OTT truncation order

n = 2 as derivatives up to second order are required:

¥ = 2+4e€, 2* € OTI (5.43)

v* = 14 e, y* € OTI (5.44)

The hypercomplex form of A is therefore:

4+ 4ep + €2 1+e
A* = (5.45)

0 24 €1+ 2e2 + €162

Note that [A*]°, [A*]" and [A*]? are:

4 1 4eq €9 e% 0
(A0 = , (A= . (A = (5.46)
0 2 0 €+ 2¢ 0 €169

The real part of A*~! is computed using the conventional real procedure as it correspond to the inverse

of the real part of A1, yielding:

0.25 —0.125
(A" =aArt = (5.47)
0 0.5
Order 1 imaginary coefficients are obtained by
A1 = (A0 (A [A ) (5.48)

producing the following result:
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0.95¢;  —0.1875¢
(A1 = ' ' (5.49)

0 0.25€¢1 4 0.5¢2

The order 2 imaginary coefficients of the inverse matrix are obtained

(A = A (A (A s (AT (A7) (5.50

yielding the following result

2 2
A = —0.1875¢% 0.1875¢? 550
0 —0.125¢2 — 0.25¢1€2 — 0.5¢€3

The final OTI form of the result is obtained as

AT = AT (AT (AT (5.52)
) 0.25 — 0.25¢1 + 0.1875¢€7 —0.125 + 0.1875¢; — 0.1875¢%
A = 5.53)
0 0.5 — 0.25¢; — 0.5€2 + 0.125€¢2 + 0.25€71 €2 + 0.5€3

In order to retrieve the derivatives of A !, the imaginary components of each element is extracted ac-
cording to equation (4.61). Only the second order derivatives are shown below. The second order analytical

derivatives of A~! and its corresponding values for = 2 and y = 1 are
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T 6 12
—~ 0.375 —0.375
X X
A= (2)Ime [AT] = s | = (5.54)
0 —— 0 0.25
L oy
0 0 0 0
A:Ml/:(llll)Im5162 [A*fl] = . = (5.55)
_0 222 |0 05
0 0 0 0
A= (2)Img [AT] = , | = (5.56)
0 — 0 1
L r y° J L

Using OTI, the derivatives are retrieved using equation (4.61) and correspond to the exact values of the

evaluation analytical solution.

5.3 Computational Implementation

Linear algebra and finite element modules were added to the OTI library. This section briefly describes the

capabilities added to the pyOTI library for computation and solution of finite element problems.
5.3.1 Linear algebra support

Linear algebra routines are supported for both static dense and sparse data structures at C-level, see section
4.3. An interface is provided for Python use, following a similar syntax to Numpy [72]. Element-wise
operations such as addition, subtraction, multiplication and division are supported for matrix and vector
structures. Also, element-wise evaluation of elementary functions is supported for all functions in Table 4.5.
Select linear algebra operations are also supported for matrices/vectors whose elements are OTI numbers,
which include matrix-matrix multiplication, dot product, determinant, p-norm, matrix inverse and transpose.
Solution of linear systems of equations and matrix inverse are performed using the block-solver approach
described in section 5.2.

Sparse matrices of OTI numbers are also supported in two representations: linked list (LIL) format
[74], useful for matrix creation; and compressed sparse row (CSR) format [75], useful for matrix-vector
multiplication. Support of sparse linear algebra operations is limited in the current version of pyOTI, but

minimal support for CSR matrix - dense matrix multiplication is provided.
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All linear algebra operations, to the exception of the external matrix factorization algorithms, are cur-
rently implemented as serial routines. It is expected to add support for parallelism in the near future. The
factorization algorithms for solution of sparse linear systems of equations supported are: for LU decom-
position, SciPy’s distribution of SuperLU [76] and UMFPACK [77]. Cholesky factorization is supported
through the scikit-sparse package [78]. All SuperLU, UMFPACK and Cholesky factorization algorithms
are incorporated in the standard distribution. All three decomposition programs support parallelism with
multithreading.

A real only linear algebra module is integrated to pyOTI with the same function and operator overloading
support as for the OTI array support, used for comparison purposes. It is highly based in C double precision
arithmetics and is implemented with serial routines. This was developed for comparison purposes because
other linear algebra libraries (in particular Numpy), present a high overhead for matrix operations, highly
significant for the CPU performance small matrices (e.g. matrices smaller than 20x20). This overhead
is driven by, e.g. data type checks, rather than by the actual matrix operation. This overhead becomes
predominant for applications such as elemental computations in finite element analysis. The developed real

only routines minimizes the computational overhead.

5.3.2 Finite Element support

A finite element module was integrated into pyOTI. The module uses OTI algebra routines in the hyper-
compex finite element procedures. The finite element routines are defined in Python 3, using linear algebra
operations associated to the selected algebra. Additionally, problems are defined using a syntax strongly
associated to the mathematical formulation of the problem, similar to the syntax of FreeFem++ [79] and
FEniCS [80]. Multi-physics problems can be simulated because problems are defined using the weak form
of the partial differential equation. Currently, only partial differential equations of up to second order and
up to three dimensions are supported.

Mesh creation is supported using the GMSH’s [81] Python API, and visualization is performed using
PyVista [82]. Multiple finite element types are supported for 1D, 2D and 3D analyses, including geometries
like lines, triangles, tetrahedra, quadrilaterals and hexahedra. A complete list of the current supported Finite
Elements is shown in Appendix E. Addition of new elements is easily achieved as only the main basis
functions have to be defined. OTI algebra is used to compute the derivatives of the basis functions with

respect to the natural coordinates. As an example, consider the 2-node linear element (see Figure E.1) with
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basis functions

(5.57)

—~
—_
|
)
~—

(1+¢) (5.58)

N — N —
+
I

and the implementation of this element with pyOTI becomes

def line2_ iso( xi, eta, zeta):

NO = 0.5 * (1.0 - =xi)
Nl = 0.5 = (1.0 + =xi)
return [ NO, N1 ]

Figure 5.3: Sample implementation of the 2-node element basis functions in natural coordinates for pyOT]L.

The library will evaluate these elemental basis functions at the natural coordinates required for Gaussian
integration with an imaginary perturbation like xi = xi_r + e(1), where xi_r is the array with all the real
natural coordinates to be evaluated, hence obtaining all required derivatives with respect to £. The other

coordinates are zero for this element, but are required for compatibility across elements.
5.3.3 Usage of the library
The general steps to use the library are the following:

i) Import the library to use OTI capabilities,

i1) Define a discretization of the domain (mesh), T},;

iii) Create a Finite Element space V}, that assigns a discretization 7}, with interpolation functions of a

selected degree,
iv) Define the test and state functions of the problem,
v) Define the problem by its weak form equation,
vi) Assemble and solve the problem; and

vii) Export/use the results.
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In order to better understand these steps, consider a 2D Laplace problem defined over a rectangular domain

as shown in Figure 5.4,

—Au=0 in Q (5.59)
u=g on Iiest (5.60)
u=1 on Iight (5.61)

Vu-n=20 on I'iop U Tpotiom (5.62)

where u is the state function, Aw is the laplacian of u, u ;2 + u ,2; 2 is the domain of the problem (see
Figure 5.4), Lieft, I'vottoms I'right and I'yop are boundary segments of €2 and Vu - n is the normal derivative of

the state function. The value of w at the left boundary is g = 0.

r (Vu-n=0)

top
T Y Xz
4 Fleft (u=0) ? Pright (u=1)
Q
Fbottom (Vu-n=0)
20

Figure 5.4: Example domain for Laplace problem.

The weak form of the problem [83] is defined as follows

/Vu-Vde—W:O — /Vu-Vde:O (5.63)
Q N Q

where the boundary integral term cancels out because of the boundary conditions applied. OTIFEM is used
to compute the sensitivity of u with respect to the left boundary condition g, i.e. u 4.

The finite element solution is found by approximating the domain €2 by a discretization 7} made of
elements €).. Every function defined in 7} belongs to the functional space V}, that is defined by the linear

combination of a specific set of basis function N;. As a consequence, the state and test function become
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up, vp, € Vi, and the weak form is transformed into

Z/ Vuy, - Vop, dQ =0
e Qe

The program that evaluates the problem defined by Equation (5.63) is shown in Figure 5.5.

1 import pyoti.fem as fem # Import pyoti FEM.

2 from pyoti.sparse import e # import creator e.

3

4 Th = fem.square( 20, 4, he=1l, # Create a [20 x 4] square mesh

5 quads = True ) # of 4 - node quads.

6

7

8 Vh = fem.fespace( Th, 1) # Define a Finite Element space, establishing that
9 # its for ’'first’ order elements.

10

11 u = Vh{() # Define a new function in the FE space.
12 v = Vh() # Define a new function in the FE space.
13

14 laplace = fem.feproblem( [ u ], [ v ], #

15 int2d( dx(u ) *»dx(v) ) + #

16 int2d( dy( u ) » dy( v ) ) + # Generate the FE problem

17 on( "left", wu, 0.0 + e(1l) ) + # <- OTI perturbation.

18 on( "right", wu, 1.0 ) #

19 ) #

20

21 laplace.solve (solver = ’SuperLU’) # Assemble and Solve problem
22 # using LU decomposition.

23

24 Th.export( "oti_laplace.vtk", #

25 pd =[ u 1, # Export results

26 pd_names = [ ‘u’ ] ) #

Figure 5.5: Example program that implements the 2D Laplace variational equation using the pyOTI Finite
Element module.
Lines 1-2 step i, make pyOTI available to the current Python environment.

Lines 4-5 step ii, define the domain as a discretization 7}, (Th in the code). It creates a rectangular mesh

that defines the discretization shown in Figure 5.6.

Line 8 step iii, define the finite element space V},, Vh in the code, associating the discretization T}, with an

interpolation scheme, in this case 4 node quads quad4.
Lines 11-12 step iv, create the state and test functions that come from the finite element space V/,.

Lines 14-19 step v, define the problem using its weak form (5.63). Notice the similarity to the mathe-
matical expression and notice that the Dirichlet (essential) boundary conditions are defined using the

function on (identifier, StateFunction, value). The input identifier is a string

106



or id associated to the boundary of interest. Input StateFunction is a state function variable such
as the one defined in line 11, and value is the corresponding value at the domain, which can be a
function (array of values) or a scalar as in the current example. In particular, since derivative u 4(z, y)
is required, line 17 shows that the left boundary value is perturbed in the imaginary direction €7, using

the sparse OTI implementation.

Line 21 step vi, assembles and solves the problem using SuperLU, as described in section 5.2. The solver

assigns the numerical results to the state function u automatically.

Lines 24-26 step vii, export the solution in VTK [84] format. A new file is created to export results associ-
ated to T}, with name "oti_laplace.vtk". The nodal data (“PointData” in VTK nomenclature)
is an optional input pd that defines the list of nodal information to be exported. In can be vector or
scalar valued array. The optional argument pd_names define a list of strings to name each array in

the in pd.

¢ o ¢

Figure 5.6: Mesh example for domain in the 2D Laplace equation.

The results of the analysis are shown in Figure 5.7.

5.3.4 Expression Equivalence

As seen in Section 5.3.3, the library syntax is related to the mathematical expressions of the variational
formulation. To that end, Table 5.1 shows useful functions that resemble commonly used expression. The

considerations to read Table 5.1 are:
e u: State function u,
e v: Test function v,

* g, £: Functions interpolated by a finite element space, i.e. array of values corresponding with all

nodes in the elements of the mesh.
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Figure 5.7: Result of the 2D Laplace problem contained in "oti_laplace.vtk". The real solution (top
figure) shows the standard solution of the problem. The imaginary solution of direction €; (bottom figure)
shows the sensitivity of the solution u(z, y) with respect to the variation of the left boundary condition value.

e "left": Identifier for boundary I'jes, and

e "right": Identifier for boundary I'jgp.

Analytical expression Equivalent pyoti.fem expression (for 2D analysis)

1 Uy —> dx(u)
2 Uy —> dy( u)
/Vu-Vv dV —  int2d( dx(u)*dx(v) + dy(u)+dy(v) )
Q
4 /fv dV —  int2d( f£sv )
Q

5 / gu dS —  intld(’left’, g«v )

Dleft
6 u = gonlhg — on('right’, u, g)

Table 5.1: Equivalence between analytical variational expressions with its corresponding pyOTTI functions.

5.4 Results

This section describes some numerical and analytical implementations with OTIFEM. The numerical exam-
ples were run in a machine with an Intel® Core™ i7 4770 at 3.6 GHz, 32 GB ram at 1600 MHz and the
operating system was Ubuntu 18.04 (with 2GB of swap memory). The compiler used for C and Cython [67]
was the GNU C Compiler GCC 7.5.0 (the version of Cython used was 0.29.20). Python 3.7.4 [68] from
the Anaconda distribution 2019.10 [69], and the following libraries were used: SciPy 1.5.2 [70], Sympy
1.6.2 [71] and Numpy 1.19.1 [72].
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5.4.1 High-Order Gradients and Shape Derivatives

A case study to validate OTT algebra to compute high order shape derivatives and gradient has been imple-

mented following an example presented in [85]. The differential equation is defined as follows,

—Au+u= sin(z) inQ (5.64)
u = 0 on Fleft (5.65)
w= 0  onlygm (5.66)

where 2 is the 1D domain [0, a], I'ief; is the left boundary (x = 0), I'ign is the right boundary (z = a),
operator A is the Laplacian (A = V- V) and u is the state function, thus Au = u ;2 for the current problem.

The analytical solution of problem is given by the following expression [85]:

1/ . sin(a) .
= — _— h .
u(x) 5 <sm(a:) sinh(a) sin (x)) (5.67)
The weak form of the problem is
/Vu -Vou dV + /uv dv = / sin(z) v dzx (5.68)
Q Q Q

where v is an arbitrary function that belongs to the same functional space as w.
5.4.1.1 Gradient of u(x)

The gradient refers to the derivatives of u with respect to the spatial coordinates that define the domain.
In this case, the gradient is defined by the derivative of u with respect to x. In the standard Finite Ele-
ment method, the spatial derivatives are defined by the derivatives of the basis functions that interpolate the
solution.

The traditional finite element approximation of u, uy, is given by uj, = >, w3y (x), where u; is the value
of the function at node [ and ;(z) is the basis function of node I. Therefore, the gradient is approximated

as
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U () & wp () = Y Wiy, (@) (5.69)
l

using the derivatives of the basis function with respect to the spatial coordinate v; .. The second order

gradient is approximated by

w2 (1) & Uy g2 (x) = wphy e () (5.70)
[

using the second order derivative of the basis function with respect to the spatial coordinate 1 ;2.

Using a finite element space V}, of P1 polynomials defines v;(x) as linear interpolation function. A
standard P1 solution of equation (5.64) is shown in Figure 5.9a for a = 1. Note however, that since P1 basis
functions are linear, the first order derivative with respect to x is constant across every element and second
order and higher derivatives are always zero.

Alternatively, OTI numbers can be used to compute the gradient of the finite element solution. The
method consist in perturbing all the nodal coordinates inside the domain, excluding those of the boundary,
in an imaginary direction formed by one basis, e.g. ;. Figure 5.8 sketches the perturbation scheme for a 5

element discretization. A sample code is provided in Appendix F.1.

8 O—> O—> O—> O—>

Figure 5.8: Imaginary perturbations applied to every node in the domain in direction €; in order to compute
the gradient.

The nodal coordinates of the nodes in the domain are therefore perturbed as x; = x; + €;. Thus, the
result will contain derivatives with respect to the position of those nodes, and hence approximating the
derivative of u(z) with respect to x. Results are shown in Figure 5.9b.

It can be observed that despite the problem is analyzed with linear elements, both first and second
order derivatives are obtained by performing the corresponding hypercomplex perturbations to the nodal

coordinates. The results obtained are only valid within the domain and exclude the values of the boundary.
5.4.1.2 Shape derivatives
Two types of shape derivatives can be computed [85]: Eulerian and Lagrangian derivatives. Both can

be obtained using OTI perturbations. In order to obtain Eulerian derivatives, the perturbation is shown
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(a) Standard FEM (b) OTIlib-FEM with imaginary perturbations.

Figure 5.9: Gradient derivatives using P1 basis functions. 5.9a shows the approximation of u using the
conventional basis functions and 5.9b shows the gradient using OTI perturbations along the nodes that does
not belong to the boundary.

in Figure 5.10a. It is accomplished by perturbing the coordinate of the node related to the boundary of
interest. In contrast, the computation of a Lagrangian derivative is accomplished by perturbing also the

nodal coordinates in the domain as shown in Figure 5.10b. In the Lagrangian derivative case, all nodes are

perturbed in €1, however by a factor proportional to the distance from the left node.

O Oy —————>
0 a T
(a) Perturbation to obtain Eulerian derivatives.

O D> & O=3> O3> OmePp————>
0 a T

(b) Perturbation to obtain Lagrangian derivatives.

Figure 5.10: Imaginary perturbations to obtain shape derivatives.

Figure 5.11 shows the result of perturbing the domain for both Lagrangian and Eulerian derivatives.
Figure 5.11a shows the results of perturbing the boundary as in Figure 5.10a, i.e. to obtain the Eulerian
shape derivative. Figure 5.11b shows the results of perturbing the boundary as in Figure 5.10b, i.e. to obtain
the Lagrangian derivative.

It can be observed that in the Lagrangian shape derivative results, all nodes visually correspond to the
analytic result. However, the Eulerian derivative is only obtained in all nodes except the node at the perturbed

boundary.
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Figure 5.11: Shape derivatives using P1 basis functions and OTIFEM.

Additionally, if the perturbation of the domain to obtain the Lagrangian derivative is applied to only
to certain nodes and all other nodes remain unperturbed; the result is that both Eulerian and Lagrangian
derivatives can be reconstructed. An example of this perturbation is shown in Figure 5.12 where every other
node is perturbed. The corresponding result of the analysis is shown in Figure 5.13 for a domain with 33

nodes. The Python code used to simulate this is provided in Appendix F.1.

O D> > O O e s>
0 a T

Figure 5.12: Selective perturbations of the domain.

It can be observed that every node perturbed correspond to the Lagrangian derivative but the solution at

the nodes that were not perturbed correspond to the Eulerian derivative.
5.4.2 Heat Transfer: Hollow Cylinder with Internal Heat Generation and Convective Surfaces.

A two dimensional axisymmetric heat transfer analysis was conducted for a hollow cylinder as presented
in section 3.7.1, with the same real input values. In this numerical implementation, however, OTI numbers
and pyOTT library were used to perform an OTIFEM analysis to compute high order derivatives of the
normalized temperature 6 with respect to some input variables of the problem. Computation of derivatives of
up to 30th order with respect to 3 variables were carried out in a single analysis, for a total of 5455 derivatives

plus the real result. The derivatives were computed with respect to the normalized heat generation term 5
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Figure 5.13: Result of the selective perturbation to obtain both Eulerian and Lagrangian shape derivatives
in a domain with 33 nodes.

and the Biot numbers at the inner and outer surfaces, Bi; and Bi, respectively. The perturbations were as

follows

§ = §+e, §* € OTI (5.71)
Bif = Bij+e, BijcOTI (5.72)
Bif = Bi,+e3,  Biiec QTR (5.73)

The finite element analysis was performed over a mesh with a total of 8005 nodes and 2000 8-node
serendipity quadrilaterals, with 1000 elements distributed along the radial direction and 2 elements in the
direction. The error of the finite element solution is compared against the analytical solution of the problem,
shown in equation (3.67) at the normalized radial coordinate 2 = 1, representing the internal surface at r;.
The relative error is computed as the error between the p’th order derivative obtained with OTIFEM analysis

with respect to the p’th order analytical derivative, as follows

| fa — frem]

5.74
7l 679

Relative error —

Figure 5.14 shows the relative errors obtained after performing the perturbations shown in equations
(5.71-5.73). From the analytical solution, equation (3.67), 6 is linear with respect to the normalized heat

generation term §, thus it is expected that the second and higher order derivatives of 6 with respect to §
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are zero. It is observed that the OTI-FEM analysis correctly addressed this, generating exact results. The
derivatives with respect to the Biot numbers, however, start with the similar accuracy compared to the
traditional FEM solution, depicted by the result at p = 0. However, the error increases with respect to the
order of derivative computed in the analysis. The error, however, does not exceed 10~ for any order of

derivative, sufficiently accurate for most applications.
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Figure 5.14: Relative error of the p’th order derivatives of the non-dimensional temperature 8 with respect
to the source 5.

5.4.3 Linear Elasticity: Thick Walled Cylinder Subject to Uniform Pressure.

A two dimensional linear elastic analysis was conducted for a thick-walled cylinder with uniform pressures
at both the internal and external faces. The chosen domain (£2) for the computational analysis was a quarter
of the cross section of the cylinder, as shown in Figure 5.15. The domain {2 is delimited by the inner and
outer radii, r; and r,, respectively. Symmetry boundary conditions are applied at both faces at the symmetry
axis, I'; and I',. The cylinder is subject to uniform inner and outer pressures P; and P,, at the inner and
outer boundaries I'; and I',,, respectively.

The analytic solution of this problem is given in [86]. The displacements are defined as:

up(r) = 7“(1E+”) <(1 —w)B - ;‘;) (5.75)

ug(r) = 0 (5.76)
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Figure 5.15: Sketch of the thick walled cylinder with internal and external uniform pressures and its
computational analysis domain {2.

where up and ug are the radial and tangential displacements respectively, E' is the Young modulus and v is

the Poisson’s ratio of the cylinder wall material. Finally, A and B are constants defined as follows

22(P, — P,
A = W (5.77)
o )
2P, — r2P,
B = gt (5.78)
o %

The analysis were performed using the input data shown in Table 5.2. The evaluation point ¢ corresponds

to 5 = 30°and |G| = r;. All analyses were performed with 6-node triangular elements.

Item Value Unit
FE 2100000 Pa

v 0.28

T 1 m
o 2 m
P, 10 Pa

P; 1000 Pa

Table 5.2: Input variable values used in the simulation of the thick walled cylinder analysis.
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5.4.3.1 Accuracy of high order derivatives.

Computation of up to 30’th order derivatives with respect to different input variables was carried out using
OTI perturbations. The mesh used for this analysis had 19800 6-noded triangles with a total of 40000 nodes.

Table 5.3 summarizes the characteristics of the Finite Element problem.

Item Value
Elements in the mesh 19 800
Nodes in the mesh 40 000
Degrees of freedom of the problem 80 000
Non-zero coefficients in K* 1827 974

Table 5.3: Properties of the system of equations for an OTIFEM analysis with 80k degree of freedom for a
2D linear elastic problem, using pyOTL.

The computation of derivatives with respect to Poisson ratio v, outer and inner pressures, P; and P,

respectively, was carried out in a single analysis with the following perturbations

Vo= ve, v* € OTIZ (5.79)
P} = Pi+te, PrcOTI (5.80)
P = P,+e, PrcOTR’ (5.81)

On the other hand, the derivatives with respect to the Young modulus E and the outer radius r, were

computed in a single analysis. The perturbations applied to £ and to the ¢’th nodal coordinate were

S N Gl VI (5.82)
r (rg —r1)
E* = E+ e, E* € OTI3Y (5.83)

where r = |x;|, and the nodal perturbation was applied to every node in the mesh. The perturbation to the
nodal coordinates correspond to a Lagrangian shape derivative.

The relative error of the p’th order derivative with respect to each variable evaluated at point § is com-
pared with the derivative of the analytical solution, see equation (5.75). Results are shown in Figure 5.16. It

can be clearly seen from equation (5.75) that the analytical solution is linear with respect to both the outer
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and inner pressure, thus only first order derivatives exist. The finite element solution of the derivatives is

exact to this result. Also, u is quadratic with respect to v, thus only second order derivatives are non-zero.
This is however not represented correctly by the finite element solution as the third and higher order deriva-
tives with respect to v are non zero. Figure 5.16 shows the absolute error of the derivatives with respect to

v with a dashed line. It can be observed that the error is accumulated by the increase in order of derivative

this performs similarly to the example shown in section 4.4.5.
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Figure 5.16: Relative error of the p’th order derivative of the displacement field with respect each of the
following input variables: Poisson ratio v, Young modulus F, outer P, and inner P; pressures and outer
radius 7,. The absolute error of the derivative of the displacement field u with respect to v is shown with a

dashed line as the corresponding analytical derivative is zero.

5.4.3.2 Analysis of the nodal coordinate perturbation region.

Computation of sensitivities with respect to shape parameters requires the perturbation of a region of the
mesh, as described in section 3.5. Choosing the perturbation region is a task left usually to the user. In this
section the effect of the perturbation region over the accuracy of the shape derivatives will be investigated

by computing derivatives with respect to the outer radius r, for four perturbation regions, namely 25, 50, 75

and 100 per cent of the area of the domain, as indicated in Figure 5.17.
The perturbation to the nodal coordinates is carried out in the radial direction using a linearly decreasing

function from outer boundary (with a value of 1) decreasing to some region in the mesh. The perturbation

of the 7’th node in the mesh is performed as follows
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Figure 5.17: Perturbation regions for the evaluation of the high order shape derivative behavior for a total
of (a) 25%, (b) 50%, (c) 75% and (d) 100% of the elements in the mesh.

X! =% + 2 f(r) e1, x* € OTE’ @ (5.84)
T

where r = |x;| and f(r) is a function defined as follows

0 ifr <pcry+ (1 —pc)re
flr) = (5.85)

— —(1— .
roperi=(1=po)rz g oice
pe(ra—r1)

where pc is the proportion of the area perturbed and the total area of the mesh, i.e. pc = Aperwurbed /Atotal-
For this implementation, the values of pc were 0.25, 0.50, 0.75 and 1.00.

The properties of the mesh used in this analysis are shown in Table 5.3, and the analysis was solved
in pyOTI using the sparse implementation. The relative error of the p’th order shape derivative of the
nodal displacements u with respect to the outer radius r, evaluated at ¢ is shown in Figure 5.18. It can be
observed that the best accuracy and stability of the derivatives is obtained with the perturbation of 100%
of the elements. If a threshold is set to a relative error of 1072, then the analysis with 25% of elements
perturbed exceeds the threshold first after the 9th order of derivatives, the analysis with 50% up to 16’th

order derivatives and the analysis with 75% of the elements perturbed up to 27th order.

5.4.3.3 Accuracy of OTIROMs for shape and material perturbations.

A reduced order model was generated using the results from an OTIFEM analysis perturbing the Young
modulus E and the outer radius r, as in equations (5.82-5.83) on a mesh with properties described in Table

5.3. The OTIROM from this result is able to capture variations from shape and material inputs. The results
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Figure 5.18: Relative error of the p’th order shape derivative of the displacement field u with respect to the
outer radius 7, evaluated at the point ¢ for different number of perturbed elements in the mesh.

from the OTIFEM analysis results in a solution with a total of N = 496 directions. The goal of this
section is to evaluate the behavior of the variations to the outer radius and Young modulus, Ar, and AF
respectively, by evaluating the relative error of the OTIROM predicted value against the analytical solution
for the corresponding evaluation points.

The approximated value of the OTIROM for the finite element solution is computed as follows

ul, i ar.E+ar ~ OTIROM(u®, {Ar,, AE}) (5.86)

Figure 5.19 shows the contours delimiting the region where the relative error of the p’th order OTIROM
is 1074, It can be observed that the evaluations performed generate rectangular regions, with an increased
dimension for the material property values. The mixed derivatives computed in the OTIFEM analysis are
useful to the reduced order model since the accuracy of these derivatives is crucial to the diagonal extension
of the confidence region. It is the opposite to the example shown in section 4.4.5, where the inaccuracy of
the mixed derivatives led to a decrease in the diagonal dimension of the confidence region.

For illustration purposes, Figure 5.20 shows the transformation of the nodal displacement magnitude
with the variation of the outer radius and Young modulus as v, = r, + 40% r, and E' = E 4+ 70% E. It
can be observed that although the transformation is significant, the OTIROM model accurately represents

the solution for the given input values for every evaluation point in the domain.
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5.4.3.4 Computational performance.

The estimation of the implementation overhead with respect to the traditional real finite element method
is addressed first to evaluate the additional time given by the operator overloads and function calls that a
new algebras minimally require in comparison to the traditional methods. This is addressed by comparing a
real FEM implementation using C double precision operations against equivalent-to-real OTI numbers using

both the static-dense and sparse modules from pyOTIL.

5.4.3.4.1 Library overhead. Three evaluations were performed on a mesh with approximately 250k
6-noded triangles, 500k nodes and 1M degrees of freedom for the real FEM (available in pyOTI) and
real-equivalent static dense (@Tﬂg) and sparse (no imaginary perturbations) implementations. The exact

characteristics of the system of equations is summarized in Table 5.4.

Item Value
Elements in the mesh 249 852
Nodes in the mesh 501 156
Degrees of freedom of the problem 1002 312
Non-zero coefficients in K* 23 009 590

Table 5.4: Properties of the system of equations FEM analysis solving a 1M degree of freedom 2D linear
elastic analysis, using the real module in pyOTTI.

Two solution algorithms were used to factor and solve the system of equations from each problem: LU
decomposition through SciPy’s distribution SuperLU [76] and Cholesky factorization from Scikit-Sparse
[78] package. CPU-times measured were the assembly time of the global system matrix and force vector
(K* and f*), and time to factor the matrix and solve the real system of equations for each case. The CPU-
time measurements were averaged over 3 evaluations of the complete finite element solution run for every
analysis. All results were normalized to the real FEM computation time for the respective solver algorithm.

For reference purposes, the real FEM evaluation times are shown in Table 5.5.

Solution method Assembly Solution Total time
Cholesky 23.42 s 9.07s 3249 s
SuperLU 2342s 250.60s 274.02 s

Table 5.5: CPU time in seconds of the real FEM analysis solving a 1M degree of freedom 2D linear elastic
analysis, using the real module in pyOTTI.

The SuperLU solver took 27 x the Cholesky solver and represents a 91% of the total solution time of the
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problem. Cholesky solution, on the other hand, represents the 28% of the total solution time. This difference
is significant when normalizing the total CPU time with respect to the real analysis, as the factorization
algorithm is common to all evaluations. For this problem Cholesky is more efficient, but limited to positive-
definite symmetric matrices. Therefore, both methods are reported for generalization purposes. The CPU
time used by real-equivalent implementations with static-dense and sparse modules from pyOTI are shown

in Figure 5.21.

B Assm 3 Fact B Assm [ Fact

w
o
w
w

w
o
w
o

2.40x

Ind

o
Ind
o

,_.
[
-
[
1.00x
1.02x
1.18x

=

o
=
=}

o
13

o

w\

Relative CPU time to real Analysis
N
o

Relative CPU time to real Analysis
N
o

l

o
o

Real Static Dense Sparse Real Static Dense Sparse

(a) Cholesky factorization. (b) SuperLU factorization.

Figure 5.21: Normalized CPU time of the static dense and sparse implementations of real-equivalent num-
bers in pyOTI for a 2D linear elastic finite element analysis of a mesh with 1M degrees of freedom using (a)
Cholesky and (b) SuperLU factorization algorithms.

The computational overhead of the static dense implementation was 19% when compared with the
Cholesky implementation, and 2% when compared with the SuperLU implementation. The sparse im-
plementation was slower, showing 140% and 18% overhead compared to the real FEM for Cholesky and

SuperLU solutions.

5.4.3.4.2 Static dense implementation. The behavior of the complete hypercomplexification of the fi-
nite element operations with dense algebra was evaluated to compare OTI and multidual implementations
in a finite element use case. Complete hypercomplexification is understood as uplifting every input variable
and intermediate operation to the selected algebra, even if that input variable or intermediate operation is
not perturbed in a specific analysis. The analyses were performed in a system with the properties listed in
Table 5.4.

Both OTI and multidual implementations used the developed solution-by-blocks method, and the repet-
itive evaluation scheme was used for computation of multivariable derivatives with multidual numbers (see

Appendix A). Since the block solver always use the same factored K., the repetitive multidual implementa-
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tion used a single factorization of the matrix for all re-evaluations required. Evaluations with both the static
dense and sparse implementations are shown, and the sparse implementation considered only perturbations
to material parameters.

The CPU time relative to the real FEM analysis is presented in Figure 5.22 for single and bi-variate
derivatives using Cholesky and SuperL.U factorization for up to 10th order derivatives. The CPU times are
subdivided by the assembly time, the time to factor K, and solve u, and the time to solve for the higher order
imaginary directions for all cases. All implementations used the corresponding static dense implementation
of the selected algebra. For instance, biduals were used for computation of second order derivatives by using
module pyoti.static.mdnum2, triduals for third order derivatives with pyoti.static.mdnum3
and so on. Results from Multiduals with 7 or more bases required more memory than what was physically
available to the machine, as the total number of coefficients per element in every operation was 27 = 128
or larger. The system matrix K*, stored in compressed stored row format, required an estimated 22.2 GB
of memory and due to the other computations needed, the total 34 GB (32GB physical and 2GB swap)
of memory was not enough and the simulations were unsuccessful. OTI with only one basis were used
and the truncation order matched the required derivatives. All 10th order derivatives could be evaluated
using OTI numbers for both single (module pyoti.static.onummlnl0) and bivariate static dense
implementations (module pyoti.static.onumm2n10) as well as the sparse implementation (module
pyoti.sparse). The maximum memory consumed was shown by the static dense implementation for
the two variable analysis (n = 10, m = 2) with 66 imaginary coefficients, requiring a system matrix of 11.5

GB.
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Figure 5.22: Normalized CPU time of the static dense OTI, static dense multidual and sparse OTI im-
plementations using pyOTI for a 2D linear elastic finite element analysis on a mesh with 1M degrees of
freedom for computation of single variable high order derivatives using (a) Cholesky and (b) SuperL.U fac-
torization algorithms; and for computation of high order derivatives of two variables using (c) Cholesky and
(d) SuperLU solvers. Multidual evaluations are implemented using the repetitive scheme.

Computation of first order derivatives of one variable reduces to dual numbers (OTI! = Dy = D), which
is equivalent for OTIs and multiduals. Results show that it takes 4-30% extra time to compute a single first
order derivative using pyOTI static dense implementation. Computation of 6th order derivatives of one
variable requires 790% more time when using hexaduals, but 43% when using OTIs with truncation order 6
OTIY, in the case for a Cholesky implementation. With the SuperLU factorization algorithm, computing 6th
order derivatives for two variables (instead of one), increased the CPU time by 19% when OTTs, in contrast
to 317% with multidual, which required 7 hexadual evaluations. It can be observed that in general, multidual
CPU time increase exponentially with respect to the order of derivative required. However, OTI increase
in CPU time is considerably slower. It is also observed that the sparse implementation has an overhead
with respect to the static dense library, which grows with respect to the order and is more significant when

computing single variable derivatives. Also, it is observed that the overhead does not increase as significantly

124



when more variables are considered (variation is up to 3% when computing 6th order derivatives), in contrast
to the static dense OTI and multidual implementations.

Hypercomplexification to enable computation of first and second order derivatives from 3 up to 10 vari-
ables was also compared implemented and compared. The normalized CPU times are shown in Figure 5.23
using both static dense OTI and multidual implementations. Results show that the CPU time grows more
with multidual implementation than with OTIs when increasing the number of variables. The difference
in CPU time for an OTT analysis for 3 to 10 variable first order derivatives is 15% for Cholesky and 4%
for SuperLU. In contrast, the difference in CPU time for an OTI analysis for 3 to 10 variable second order

derivatives is 239% for Cholesky and 32% for SuperLU implementations.
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Figure 5.23: Normalized CPU time of static dense OTI, multidual and sparse OTI implementations using
pyOTI for a 2D linear elastic finite element analysis on a mesh with 1M degrees of freedom for computation
of multivariable derivatives of first order using (a) Cholesky and (b) SuperLU factorization algorithms; and
for computation of multivariable second order derivatives using (c) Cholesky and (d) SuperLU solvers.
Multidual evaluations are implemented using the repetitive scheme.

5.4.3.4.3 Sparse implementation Sparse OTI numbers allows computation derivatives with respect to

any number of variables as the size of the algebra is adjusted automatically according to the basis and
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truncation order needed. Thus, a single implementation is needed for any derivative required, in contrast
to the dense implementation which needs a specific module for every combination of number of basis and
truncation order. The performance of the OTI sparse implementation was evaluated on a mesh with 19800 6-
noded triangles as indicated in Table 5.3. The measurements were performed using a Cholesky factorization.

In a first analysis, nodal coordinates were perturbed in two different manners. A first perturbation
correspond to treat every nodal a value as an independent input. Thus, every component of every node was
treated as an independent variable and perturbed in two independent imaginary directions, i.e. ] = x; +€g;,
y; = y; + €2;4+1. This may correspond, for example, to an analysis where every boundary node moves in an
independent direction. A second perturbation was implemented, where every nodal coordinate in the mesh
was perturbed in m imaginary directions, i.e. 7 = x; + » ., hie,. This perturbation corresponds, for
example, as perturbing the mesh to compute Lagrangian shape derivatives with respect to variation of m
boundary parameters, independently. The relative CPU time to a real FEM implementation is presented in

Figure 5.24 for computation of up to 800 derivatives in a single analysis.

1201 BB Assm 1 Nodes perturbed: < 1%
[ Fact Nodes perturbed: 100%
1001 EE Sol

93.23x

Relative CPU time to real Analysis

1 200 400 800
Number of variables

Figure 5.24: Normalized CPU time of sparse OTI numbers in pyOTI a 2D linear elastic finite element
analysis in a problem with 80k degrees of freedom for computation of first order derivatives of up to 800
variables, when perturbing less than 1% of the total number of nodes and the total number of nodes in the
mesh.

The difference in the CPU-time spent to compute a first order derivative of a nodal coordinate compared
to a the total boundary perturbation is negligible, as the boundary perturbation was 3% slower than the
perturbation of a single variable. Perturbation of the whole domain spent 7.35x more CPU time than the

perturbation to 1% of the nodes.
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Computation of higher order multivariable derivatives were used in a different analysis to the same mesh,
to produce a 30th order OTIROM for shape derivatives with respect to the outer radius 7, (100% of the
domain was perturbed) and the Young modulus F, see section 5.4.3.3. Figure 5.25 shows the normalized
CPU times for the OTIFEM evaluations computing derivatives with respect to E only (30 derivatives),

computing shape derivatives (30 derivatives) and perturbing both variables (495 derivatives).
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Figure 5.25: Normalized CPU time of sparse OTI numbers used for 2D linear elastic finite element analysis
in a problem with 80k degrees of freedom for computation of up to 30th order derivatives with respect to
the Young modulus E and the domain outer radius 7,, when derivatives were computed independently or in
a single analysis.

The effect of using the sparse OTI implementation can be analyzed from Figure 5.25. Computation
of 30th order derivatives with respect to the Young modulus E takes 53% of the time to compute 30th
order derivatives with respect to the domain boundary. It however only takes 10% more time to solve
the additional 465 derivatives when solving all 2 variable 30th order derivatives. The total CPU time of
evaluating derivatives of the modulus of elasticity is heavily driven by the time to the OTI linear system of
equations. However, for the other two simulations containing mesh perturbation, the CPU time of assembly
and solution time contributed almost equally to the total simulation time.

The normalized CPU time for evaluating an OTIROM is shown in Figure 5.26 for different truncation
orders. Results are normalized with respect to the total CPU time of a real FEM analysis. The evaluation
time increases with respect to the truncation order of the OTIROM evaluated. For 80k degrees of freedom,

evaluation of 30’th order OTIROM required 39% the time of a real analysis.
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Figure 5.26: Normalized CPU time of an OTIROM generated from a 2D linear elastic OTIFEM in a problem
with 80k degrees of freedom for up to 30th order reduced order models with respect to the Young modulus
E and the domain outer radius r,. The OTIROM evaluation time correspond to the evaluation of all 80k
degrees of freedom. Results are normalized with respect to the total CPU time of a real FEM analysis with
80k degrees of freedom.

5.4.4 System of Stokes: Lid-driven cavity.

The lid-driven cavity is a well-known benchmark problem for fluid flow analysis [87]. In this numerical
example, OTI numbers were used to generate a reduced order model of the velocity u and pressure p fields
using OTIFEM method, see section 4.2.5. The problem consist of simulating the fluid flow in a square cavity
with tangential velocity at the top boundary I'y,, and non-slip boundary conditions elsewhere, as shown in
Figure 5.27. The evaluation point for error comparison is § = {0.4L;,0.9L,}.

Stokes equation is used to simulate the fluid flow neglecting effects of inertial forces, see appendix
D.4. The simulation was run using a structured triangulation of the domain with a total of 20 000 6-noded
triangles, see Table 5.6. The finite element spaces used for this analysis depend on the state function, for the
case of the velocity field u second order 6-node triangle interpolation was used and for the pressure field p

first order 3-node triangle was used (P2-P1 interpolation).
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Figure 5.27: Domain of the cavity analysis.

Item Value
Elements in the mesh 20 000
Nodes in the mesh 40 401
Degrees of freedom of the problem 91 003
Non-zero coefficients in K* 1 757 807

Table 5.6: Properties of the system of equations for an OTIFEM analysis with 91k degrees of freedom for a
2D lid driven cavity problem, using pyOTL

OTIFEM was used to generate a 30’th order OTIROM for shape transformations of both L, and L,
domain dimensions, independently, and took 583.25 x the solution time of a real equivalent FEM evaluation.
The nodal coordinates were perturbed in two independent imaginary directions as shown in Figure 5.28. The
perturbations were performed as to compute the Lagrangian shape derivatives, applied for all nodes in the

mesh,

= ozt B, e OTI® (5.87)
Ly,

Y, = yi+ % €2, y* € OTI3° (5.88)
Yy
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Figure 5.28: Perturbation applied to compute shape derivatives with respect to the domain dimensions L,
and L,. Note that this image shows quadrilateral elements for simplification purposes only and the actual
OTIFEM analysis was performed using triangular elements.

The velocity u* and pressure p* fields were solved using the OTIFEM method for the given perturbations
using pyOTI sparse implementation, computing a total of N = 496 coefficients for every node. An example
code to perform the finite element analysis calculations is provided in Appendix F.3. Finally, the OTIROM

for both the velocity and pressure fields were evaluated for specific domain perturbations AL, and AL,

ul, anz,ian, ~ OTIROM(u* {AL,, AL,}) (5.89)

Plo,4ar,,n,+an, ~ OTIROM(p™,{AL;, ALy}) (5.90)

The real results corresponding to the traditional FEM solution are shown in Figure 5.29. The pressure
field and characteristic streamlines of solution is in accordance with the reported solutions [88], showing the
occurrence of vortices at the center and at the lower right and left corners.

The application of the domain variations AL, and AL, using the reduced model was compared against
the finite element solution of the problem on the warped mesh. The new nodal positions can be calculated

using an OTIROM of the OTI perturbed nodal coordinates:
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Figure 5.29: Magnitude of the velocity field and pressure distribution of the lid-driven cavity problem with
dimensions L, = L, = 1.

Xy, 1AL Ly4an, ~ OTIROM(X', {ALg, ALy}) (5.91)

The relative error distribution of the 30’th order OTIROM evaluated is shown in Figure 5.30 for both the
velocity magnitude and pressure at point ¢ . The velocity reaches lower relative errors than the pressure field,
possibly due to the different interpolation functions given by the adopted P2-P1 implementation. A signif-
icant area can reach relative error below 10712 for the velocity field, while the pressure error distribution

shows that errors below 10~% are possible, with some scattered regions reaching errors below 1075,
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Figure 5.30: Relative error distribution of the 30’th order OTIROM generated from OTIFEM analysis to
the lid-driven cavity problem for variation of the domain dimensions L, and L,. The relative error of (a)
the velocity magnitude and (b) the pressure are evaluated at point g.

The contour lines delimiting the regions where the relative error of the p’th order OTIROM solution lies
below 10~ are shown in Figure 5.31. An increase in the order of the OTIROM evaluation, increases the
effective region where the solution has an error below 10~#. This implies that the derivatives contained in
the OTIFEM result are accurate for the different orders evaluated. For each order, some spikes are noted
that locally extend the region of confidence for each OTIROM model. The general shape of the regions of
confidence are oval contours, whose major axis is directed along the positive diagonal of the perturbation
space, i.e. AL, ~ AL,; and the minor axis correspond to the negative diagonal where AL, ~ —AL,.
The major axis of the oval region represents domain variations that conserve the aspect ratio of the square
domain, which preserves the physical response of the flow (the same vortices are present). In contrast, the
minor axes represent significant variations to the aspect ratio of the original domain, and this variation highly
changes the physical response of the flow to the new geometry [88] (a transformation of the fluid flow is

present).
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Figure 5.31: Contour lines delimiting the regions with relative error of 10~ for the p’th order OTIROM of
the lid-driven cavity problem for (a) the velocity magnitude and (b) the pressure at the point § with respect
to the FEM solution on the warped mesh.

Figure 5.32 illustrates the result of applying a perturbation of AL, = 0L, and AL, = 0.7L,, for
equivalent mesh dimensions of L/, = 1 and L; = 1.7 to the 30th order OTIROM generated. This variation

of the domain is very close to the limit of the 30th order error contour in Figure 5.31 for both pressure and
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velocity. The FEM solutions on the deformed domain are shown in Figures 5.32a and 5.32c for the velocity
field and pressure distribution (both streamline plots have the exact same source starting points). It is noted
that there is a transformation of the vortices from initial the solution (see Figure 5.29), to three vortices in the
bottom of the domain, a main vortex that spins along the whole width of the cavity and two inner vortices to
the left and right of the center of the main bottom vortex. The pressure field preserves the characteristic two
hot-spots at the upper right and left corners of the domain, although reducing the overall magnitude. The
approximation from the OTIROM model captures these topology variations as shown in Figures 5.32b and
5.32d. The vortices are captured in the same overall position, showing perceivable differences with respect
to specific stream line locations.

The absolute error distribution for the OTIROM result is shown in Figure 5.33 for both velocity magni-
tude and pressure field. The error is concentrated in two regions close to the 65%L,, and for the horizontal
coordinates 30%L, and 7T0%L,. The pressure field has a more even distribution compared to the veloc-
ity error distribution, with small regions with lower error, in particular the vertical line at the center of the

domain.
5.5 Discussion

The hypercomplex Order Truncated Finite Element Method (OTIFEM) was developed to enable compu-
tation of multivariable high order derivatives using OTI numbers. Accurate shape, gradient, material and
load (boundary condition) high order derivatives were demonstrated in 2D problems of heat transfer, linear
elasticity and fluid dynamics. The method can be extended to 3D and other elemental interpolations. First
and second order elements were sufficient to accurately represent derivatives of higher order. OTI numbers
were capable of computing higher order of derivatives compared to other hypercomplex algebras such as
multiduals, as the algebra is smaller in size for an equivalent computation.

For instance, computation of 30th order derivatives is theoretically possible using multidual numbers; it
is, however, not possible in practical terms because of memory limitations. Since the number of multidual
basis required for this task is 30, then the number of coefficients for a single 30 basis multidual number is
N = 230 In practice, for 8-Byte double precision coefficients, the total memory required for this multidual
scalar is 8 GB, it is not practical for large problems like finite elements with matrices made by millions
of scalars. In contrast, the OTI number used for computation of 30th order derivatives of two variables in

examples 5.4.3 and 5.4.4 had a total size of N = 496, which uses approximately 8.2 kB in the sparse repre-
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Figure 5.32: Comparison of the results of the simulation of the lid-driven cavity problem for a domain
dimensions L, = 1 and Lj = 1.7. The first row shows the magnitude of the velocity field for (a) the
finite element solution on the domain L/, and L;; and (b) the OTIROM generated solving the problem with
domain L, = 1 and L, = 1 with perturbed nodal coordinates. The second row of figures show the pressure
distribution for (c) the finite element solution on the domain L/, and L;; and (d) the OTIROM approximation.
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Figure 5.33: Error distribution of the OTI reduced order model for a domain perturbation of L! = 1
and L; = 1.7 for (a) the magnitude of the velocity field and (b) the pressure field of the lid-driven cavity
simulation.
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sentation. This shows that OTI numbers were able to overcome memory limitation of current hypercomplex
algebras by allowing the 30th order derivatives to be computed even for cases with large matrix of coeffi-
cients. For instance, the Stokes analysis in section 5.4.4 had system matrix with a total of 1.7M non-zero
OTI numbers, which requires an estimated 14 GB of memory for computing 495 derivatives of up to 30th
order and with respect to two variables.

Memory usage of OTI implementation is, however, proportional to the number of imaginary directions
for the required computation. In some cases, the memory required may exceed the capacity of the system, for
example when increasing considerably the number of variables perturbed. This can be addressed by adopting
the repetitive multidual philosophy the computation of derivatives into batches of variables. For example,
when the second order derivatives are required with respect to 3 variables, e.g. z, y and z, then 3 analyses of
OTTIs with two bases and truncation order n = 2 can be performed. A first analysis perturbs z and y finding
all mixed derivatives of these variables. Then x and z are perturbed to find all their derivatives. Finally, y
and z are perturbed to find the missing mixed derivative. In contrast, multidual requires 6 evaluations of the
function to compute all 6 second order derivatives. An alternative solution is to perform the computation of
derivatives with an element-by-element approach. This is discussed in [89].

The perturbation region directly influences the accuracy of higher order shape derivatives. The per-
turbation region for computation of Lagrangian shape derivatives is critical for a stable behavior of high
order derivatives. The error of the derivatives of the lower orders was similar with all perturbations ap-
plied, however differences were observed as the error accumulated with the computation of the higher order
derivatives. Therefore, a correct selection of the perturbation function will allow the correct computation of
the higher order derivatives, forming better reduced order models when used for that matter.

It was observed that for those real Finite element analyses dominated by the solution time of the linear
system of equations, the incorporation of OTI algebra for computation of derivatives is less significant than
for those analyses dominated by the assembly time. For instance, this could be observed by comparing
the Cholesky and SuperLU normalized time comparison. In the case of 10th order bivariate derivatives (65
derivatives plus standard solution), a problem dominated by the solution time (SuperLU) required 2.39 x the
solution time of the equivalent real analysis, meaning that each derivative required approximately 2.1% more
time to be computed. For those problems dominated by the assembly of the matrix system, the evaluation
time was 13.1x the time of the real FEM simulation, thus implying close to 19% more time per derivative.

Also, for a given number imaginary basis, it is more expensive to evaluate higher order derivatives and less
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number of variables than to evaluate lower order of derivatives and larger number of variables. This was
seen, for instance, for the cases of second order derivatives of ten variables and 10th order derivatives of
two variables (both have the same number of imaginary direction), the former required 3.2 the time the
10-variable evaluation required.

Using the repetitive approach from multiduals have the advantage that a single implementation is enough
to compute derivatives with respect to any number of variables, but additional effort from the user is required
to setup all required evaluations. As seen, multiple evaluations can hit negatively the computational perfor-
mance as it increases the computational time. In contrast, static dense OTI numbers can evaluate more
efficiently but are limited to the number of variables and order of derivatives supported by the algebra. This
inconvenience is tackled by the sparse OTI implementation, as the implementation adapts to the number of
variables and derivatives to be computed, simplifying the implementation and optimizing the computational
performance, at a small cost. The sparse implementation significantly reduces the development time, as
the computation of derivatives become merely an input variable perturbation instead of additional program-
ming. Also, sparse OTI numbers may represent significant memory/CPU time savings when the perturbed
variables do not propagate through all operations and do not *fill’ all coefficients of every OTI in the system.
Significant computational performance improvements are expected when pyOTTI algorithms are parallelized
and optimized, mostly for the assembly and solution of the first and higher order imaginary coefficients in
the solution strategy developed for linear systems of equations. As a consequence, sparse OTI numbers are

recommended for prototyping scenarios, whereas static dense are better for deployment purposes.
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Chapter 6: CONCLUSIONS, CONTRIBUTIONS AND FUTURE WORK

The complex Taylor series expansion (CTSE) method has been extended to Cayley-Dickson algebras (CDTSE)
in order to compute multiple first order derivatives. In particular, quaternion algebra can compute 3 first or-
der derivatives, octonion algebra can compute 7, and sedenion algebra can compute 15. This strategy can be
extended to any number of first order derivatives in powers of 2.

Similarly to CTSE, CDTSE does not require subtraction of terms in order to compute a derivative.
As a result, the truncation error can be driven below machine precision through the use of a very small
step size. Contrary to CTSE, the error for CDTSE is of order i whereas for CTSE the error is of order
h?. However, this difference in error is of no practical importance once a sufficiently small 4 is used for
numerical computations.

The accuracy, versatility and performance of CDTSE in the finite element method was shown in two
numerical examples implemented in Abaqus through the use of user element subroutines. The use of QFEM
and OFEM user elements allowed one to compute accurate three and seven first order derivatives respectively
in heat transfer and linear elasticity problems. Two solution methods were discussed and compared: a direct
Cauchy Riemann and a block solver approach. The block solver approach was significantly more efficient
than the direct approach, although both resulted in the same output values.

Although significant improvements were obtained, steps towards a more efficient algebra were detected
and implemented. As a result, the Order Truncated Imaginary numbers were developed to compute high
order multivariable derivatives efficiently. The algebraic operations and method to evaluate elementary
functions were described. OTI numbers are more efficient than other hypercomplex algebras as the size
of the algebra adapts according to the number of derivatives required. Although the implementation of
OTI number is serial, it performed faster in all situations studied compared to an automatic differentiation
implementation.

The matrix form of OTI numbers, key element to integrate OTI in the Finite Element Method (FEM),
was defined. A “block order” was found. It enables the automatic incorporation with real linear algebra
procedures such as Cholesky and LU decomposition for solving linear systems of equations and finding
matrix inverses, operations that are fundamental in FEM. This significantly improved the performance as a
single decomposition of the stiffness matrix is required to solve the real and imaginary coefficients of the

FEM result, which contain the derivatives.
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The accuracy of the method was demonstrated with examples in heat transfer, linear elasticity and fluid
dynamics analyses, showing that the methodology can be applied to multiple physics. The analyses were
implemented using pyOT]I, an efficient library developed during this doctoral project that supports of OTI
numbers and FEM analyses in Python. Derivatives up to 30th order with respect to two variables (495
derivatives) were computed in a single FEM analysis to generate reduced order models of the finite element
solutions with respect to shape and material parameters. Results showed that the approximation accuracy
and the range of validity of the approximations effectively increased with respect to the truncation order of
the OTI evaluation performed. Also, OTI numbers enabled computations of high order derivatives that were

not possible before with other hypercomplex algebras.

6.1 Contribution

The main contributions of this dissertation are:

* The Cayley-Dickson Finite Element Method (CDFEM), an extension of the Complex Taylor Series
Expansion (CSTE) to Cayley-Dickson algebras that allows computing multivariable first order deriva-

tives in Finite Element analyses;

* The development of the Order Truncated Imaginary (OTI) numbers, a hypercomplex algebra capable
of computing high-order derivatives of multivariable functions and allow to automatically generate

reduced order models from the evaluated functions;

* The development of the Order Truncated Finite Element Method (OTIFEM), a method that integrates
OTI numbers in Finite Element analyses using the OTI matrix form and enable accurate and efficient

computation of high-order multivariable derivatives; and

* A numerical tool, pyOT]I, that implements the developed OTI numbers and OTIFEM method with a
fast static-dense implementation and a more convenient sparse implementation that adapts better to

the problem, but with a computational cost.

The developed methods empowers Finite Element analyses with an easy to use, efficient and robust algebra
to compute multivariable high-order derivatives in a single evaluation, removing the limitations that were

present previously with other hypercomplex implementations.
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6.2 Future work

This work showed that the way the imaginary perturbation to the domain is performed affects the accuracy
of the derivatives from the OTIFEM analysis. A followup investigation is suggested to find appropriate
shape perturbations to the analysis domain that minimizes computational cost while still finding a satisfac-
tory derivative. Also, a deeper analysis to the behavior of nodal perturbations for gradient computation is
suggested, as it may enable computation, for instance, of accurate stress distributions and higher derivatives
using linear elements. The sparse implementation of the algebra shows great potential for large analyses,
however implementational optimizations are still required. For instance, parallelization of the sparse linear
algebra procedures, mainly those utilized in the solution to linear systems of equations are suggested for
development. Application to other physics is suggested as well as the implementation of OTIs for crack
propagation analysis. Finally, a research on the use of the block-solver approach to solve OTI matrix eigen-

values/eigenvectors is suggested as a method to automate the computation of its derivatives.
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Appendix A: HYPERCOMPLEX DIFFERENTIATION METHODS

In a generalized perspective, hypercomplex numbers [26] considers a N-tuple of real coefficients (ag, a1, ...,
a,_, ) related with a set of imaginary directions (o, a1, ..., ay—1) with some conditions. A total number
of NV imaginary directions exist in the algebra. In general, direction acg = 1, and represents the real direction.
Examples of hypercomplex algebras are complex, dual, Cayley-Dickson (CD) algebras such as quaternions,
octonions, sedenions; and others such as multicomplex, multidual, biquaternions, split biquaternions, split
quaternions, etc.

To the knowledge of the author, only complex/multicomplex, dual/multidual and quaternion numbers
have been reported for computation of derivatives. The purpose of this section is to introduce the concept of

hypercomplex algebra numerical differentiation.
A.1 Complex and Dual Taylor Series Expansion Methods

Complex numbers C have one imaginary unit a; = i and a corresponding imaginary condition 72 = —1.
The Complex Taylor Series Expansion (CTSE) [25,61] is a methodology to compute the sensitivity of a real
function with respect to a variable of interest that is analogous to the finite difference (FD) method in the
sense that a perturbation is applied to the parameter of interest. However, in CTSE the perturbation of the

variable of interest z is applied along the imaginary axis, becoming

5 =z + hi (A.1)

where x( represents the point at which the derivative of the function is required and h is the perturbation step.
The typical procedure consists of replacing every operation in the real function of interest f by its complex-
equivalent operation (a process known as complexification of f), e.g. real multiplication is replaced by

complex multiplication, etc. Using the complex-variable Taylor series, a function f can be expressed as

f(x*) = f(zo + hi) = f(wo) + fa(z0)hi— %f@z (zo)h?* — %fﬂcg (zo)h® i + H.O.T. (A.2)

where f(x*) is the result of complexifying f(z) (the latter one evaluated in a real number and the first

in the complex number). Also, f, represents the first order derivative with respect to x, f .2 the second
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order derivative, etc. Note that the negative signs in Equation (A.2) come from factoring terms with 7% and
replacing it by the complex identity i> = —1. Taking the real and imaginary parts of both sides, Re[-] and

Im[] respectively; and solving for the function and its first order derivative, the following is obtained

flmo) = Re[f(z*)]+O(h?) (A.3)

falwe) = LIm[f(a")]+O(R?) (A%

Note that the perturbation step size h can be made arbitrarily small with no concern about subtraction
cancellation error. Hence, higher order effects of O(h?) can be made negligible through the use of a small
h. A value for h can be 10730 [53].

Dual numbers [9] have the imaginary direction ct; = ¢ and imaginary condition €2 = 0. In contrast to
CTSE, equations (3.2) and (3.3) become insensitive to the step size h because terms multiple of €2 become

zero. For simplicity A = 1 is used, and perturbation to the input variable

¥ =x9+e (A.5)

is used to obtain exact-to-machine-error values for the function and its derivative, namely

f(xo) = Re[f(zo+€)] (A.6)

fa(wo) = Im[f(xo+e)] (A7)

Complex and Dual numbers can only be used to compute first order derivatives with respect to one

variable per function evaluation. Both methodologies are subtractive cancellation error free.
A.2 Multicomplex and Multidual Taylor Series Expansion

Multicomplex [7,30] and multidual [8] algebras can be used to compute multivariable high order derivatives

in a single analysis. For example, a bicomplex (C3) number has two imaginary bases i; and 2 that form 3
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imaginary directions, i.e. a1 = 71, @2 = 13 and a3 = %172. The number can be written as

¥ =z, + Ti 11 + Tiylo + Tiyint1io, ¥ e Cy (A.8)

where i = i3 = —1 but iyiy = igi; # —1.
Similarly, bidual numbers (D) have two imaginary basis €; and €3 and three imaginary directions, i.e.

a = €1, @y = €9 and ag = €1€9. The number can be written as

*
T =Ty + T €1 + Teg€2 + Teyen€1€2 (A9)

where €2 = €3 = 0 but €162 = €z¢; # 0. The following notation will be used to extract the coefficient

associated to an imaginary direction, e.g. the coefficient of €;eg is retrieved as x,., = Im,, [2*].

A tricomplex number has three bases i1, 72 and ¢3, and 7 imaginary directions, a1 = i1, ag = @2,
a3 = 1109, 04 = 13, 5 = 1113 , g = t2t3 and oy = 411223 (plus the real direction). Similar]y, a tridual
number has three bases €1, €3 and €3, and 7 imaginary directions, ar; = €1, iy = €2 , Q3 = €1€2, Ot4 = €3,

a5 = €1€3 , g = €ae3 and ary = €1€9€3. Hence, the numbers z* € Cg and y* € D3 can be written as:

T = T+ T8t Tiglo + Tiyint102 + Tiz83 + T41i38103 + Liniz 9203 + Tiyiniz 17213, (A.10)
*
) = Yr + Yeq €1 + Yey €2 + Yere2€1€2 + Yes3 €3 + Ye1e3€1€3 + Yeze3€2€3 + Yeiene3€1€2€3, (Al 1)
where the conditions i? = i3 = z§ = —1 are imposed for the tricomplex number and imaginary directions

1119 , 1213, 1113 and i1i9%3 exist and 4199 # i1i0t3 # —1. For triduals, the imaginary conditions are e% =

2 .
€5 = €5 = 0and €1€a , €263, €1€3 and € €2¢€3 exist and €12 # €1e2e3 # 0.

A tetracomplex number (C,) has four bases i1, 2, i3 and i4, and 15 imaginary directions,

T =Ty + Tj 1+ Xint2 + Tjint102 + Tig13 + Tipi30103

+ Ligiz1203 + Tiyigiz 110213 + T, 04 + Tijig 0194 + Tiniy 1294 + Tijinig 119204+

Tinig13%4 + Ti1izi, 019304 + Tinisis 120384 + Tijigigiy 11929304 (A12)
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In general, the total number of imaginary directions N of multicomplex and multidual numbers is de-

termined by the number of imaginary bases m as,

N =2"

A.2.1 Computation of Single Variable High Order Derivatives

(A.13)

Consider a single variable function f : R — R, and the following bicomplex perturbation of variable =z,

$*

the Taylor series expansion of f becomes

f(@*) = f(zo + hiy + hiz) = f(20) + fa(zo)hit + fo(wo)hiz + fa2(x0)h%iriz + HO.T.

= xo+@+@+0i1i2

To obtain derivatives using multicomplex,

f(xo) =
falzo) =
falzo) =
fa2(@0) =

and using multidual numbers,

Re  [f(zo+ hiy + his)] + O(h?)

hilmil [f (w0 + hiy + hiz)] + O(h?)
hilmiz [f (w0 + hiy + hiz)] + O(h?)
1

ﬁlmiué [f(x() + hil + hZQ)] + O(hQ)
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(A.15)

(A.16)
(A.17)
(A.18)
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f(xo) = Re [f(xzo+ €1+ €2)] (A.20)

fa(zo) = Ime [f(z0+ €1 + €2)] (A.21)
fa(zo) = Ime, [f(zo+ e+ e€)] (A22)
fa2(x0) = Imge, [f(xo+ €1+ €2)] (A.23)

which are insensitive to the value of h, thus A = 1 is used for simplicity. However, using a sufficiently small
step size h can achieve the same accuracy as multiduals in computer applications.
In general, the technique consists of perturbing the sensitivity variable by a step size h in n imaginary

basis. The algebra must have at least n basess, thus its number of coefficients is given by

N = 9n (A.24)

The result will contain all derivatives up to order n. Mixed directions with p bases will contain the p’th
order derivative of f with respect to z, as in Equation A.19. A tricomplex number is required to compute

the third order derivatives of f. The perturbation is done as

*

x* = x0+ hir + hig + 0i1i9 + hig + 0i1i3 + Oigiz + Oiqiois (A.25)

where the first order derivative will be contained and repeated in terms %1, 2 and ¢3; second order derivative
will be in the coefficients of 7179, 7173 and i9i3; and the third order derivative will be in the coefficient of the

mixed direction i1i913.
A.2.2 Computation of Multivariable High Order Derivatives

Considering now a two variable function f : R? — R, and the following bicomplex perturbation of variables

z and y,
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¢ = xo+ % + 029 + 02129 (A.26)

y* = yo+ 0y + hig + 0iqis (A.27)
the Taylor series expansion of f(x*,y*) can be expressed as

f@*,y%) = f(x0,90) + hfu(z0,y0)i1 + hfy(x0,Y0)i2 + h? f uy(20, yo)iriz + HO.T (A.28)

To obtain the derivatives, using bicomplex numbers,

f(zo,90) =  Re  [f(zo+ hi1,yo + hiz)] + O(h?) (A.29)
Falwoyo) = hilmil [F (20 + hi1,yo + hiz)] + O(h?) (A.30)
Fuleoyn) = oo, (o + hit, yo + hiz)] + O(R?) (A3

Fay(@0sy0) = %Imim [ (20 + hiv, yo + hia)] + O(h?) (A32)

and can be easily extended to bidual numbers. Notice that both first order derivatives are obtained but only
o the mixed second order derivative is obtained in the mixed term 2172 A.32, from the 3 second order deriva-
tives possible from function f. To compute three first order derivatives will require one tricomplex/tridual

analysis. If perturbations are performed as

¥ = x9+ hiy + Oig + Oiqig + 0i3 + 02173 + Oigig + Oiqiois (A.33)
y* = Yo+ 0i1 + @ + 02122 4+ 023 4+ 02143 + Oioig + Oiqinig (A.34)
2 = 29+ 0i1 + 0ig + 0i129 + % + 02123 + 02923 4+ 0217913 (A.35)

then, computing derivatives of a 3 variable function f : R3 — R becomes

147



f(xo,y0,20) = Re [f (0 + hi1,yo + hia, 20 + hiz)] + O(h?) (A.36)

fa(20,90,20) = hilmil [f(z0 + hi1, yo + hiz, 20 + hiz)] + O(h?) (A.37)
fy(xo,y0,20) = hilmiz [f (w0 + hi1,yo + hiz, 20 + hiz)] + O(h?) (A.38)
foay(T0, 90, 20) = %Imiﬂz [f(zo + hi1, yo + hiz, 2o + his)] + O(h?) (A.39)
f=(z0,90,20) = hilmig [f(zo + hi1,yo + hia, z0 + his)] + O(hz) (A.40)
faz(T0,90,20) = %Imilig [f (o + ki1, yo + his, 20 + hiz)] + O(h?) (A41)
f=(20,90,20) = %Imigig [f(z0 + hi1, yo + hiz, zo + hig)] + O(h?) (A.42)
foay=(T0, Y0, 20) = %Imiligz@, [f (w0 + hiy, yo + hia, 20 + hiz)] + O(h?) (A.43)

noticing that the result has the incomplete set of second and third order derivatives. For the case of tridual,
then h = 1 and the result is exact.

In particular, if the purpose is to compute multiple first order derivatives the technique consists of per-
turbing each sensitivity variable by a step size h in a basis direction. The result will contain the first or-
der derivatives in the coefficients associated to the corresponding pure imaginary directions, see equations
(A.30) and (A.31). However, the coefficients associated to the mixed directions will contain the higher order
derivatives, e.g. second order derivative is contained in the term 7172 , see equations (A.28) and (A.32).

If the complete set of n order derivatives is required, then two approaches can be followed: A single
evaluation approach where all derivatives are obtained in a single analysis and a multiple evaluation approach

where each evaluation uses a different perturbation scheme. Both are discussed in what follows.

A.2.2.1 Single Evaluation

For most applications, the complete set of n order derivatives are required, and thus the results obtained in
the previous bicomplex and tricomplex analyses are incomplete. As a consequence, a tetracomplex analysis
is required to obtain all second order terms in a single analysis. Perturbations are done, in a simplified

manner, as follows
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2" = wo+ hiy+ his (A44)

y" = yo+ hiz+his (A.45)

A total of 16 terms will be obtained after evaluating f(z*, y*), containing all first and second order

derivatives, but incomplete third and fourth order derivatives, that is

F@*,y*) = f(zo,y0) + hfair + hfzio + h* fa2ivia + hfyis + B fayivis
+ WP f ayinis 4+ WP f a2y iviois + hfyis + b2 fayivia + B2 fayizia + B f yo iviig+

K2 pigia + B2 fpyeivigia + B2 fpyeivigia + B f 42,00100030s  (A46)

In general, if derivatives up to order n are to be computed, the technique consists of perturbing each
sensitivity variable by a step size h in m imaginary basis. As a consequence, for m variable functions, the
total number of basis required to perform the full analysis is mn. Therefore, the dimension of the associated

hypercomplex algebra is

N =2"mm (A47)
A.2.2.2 Multiple Evaluations

As seen in Section A.2.1, a bicomplex analysis can be used to obtain the second order derivatives of a
single variable function by perturbing the variable of interest in two pure directions. Moreover, a bicomplex
analysis can be used to compute the mixed derivative of a two variable function by perturbing each variable
in one pure imaginary direction. As a consequence, in order to obtain all second order of a two variable
function f : R? — R using multiple analyses one proceeds as follows:

1) perturb x to obtain the first and second order derivatives of the function with respect to z,
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¥ = xo + hiy + hig + Oiqio

y* = yo+ 0i1 + 0iy + 0iyio

the Taylor series expansion of f(x*, y*) can be expressed as

F(@*,y") = f(xo,y0) + hfz(x0,v0)i1 + hf 2 (20, yo)iz + h2f,m2 (%0, y0)i1i2 + H.O.T

ii) perturb x and y in order to obtain the mixed second order derivative of the function,

¥ = xo + hiy + Oig + 0i1d2

y* = yo+ 0iy + hiz + 0iyiz

the Taylor series expansion of f(x*,y*) can be expressed as

F(@*,y%) = f(zo,y0) + hf (0, y0)in + hfy (20, Yo)iz + h* f.ay (20, Yo )iriz + H.O.T

(A48)

(A.49)

(A.50)

(A.51)

(A.52)

(A.53)

iii) finally, perturb y in order to obtain the first and second order derivatives of the function with respect

to y:

¥ = x4 01 + 0ig + 0i129

y* = y0+%+@+0i1i2

the Taylor series expansion of f(z*,y*) can be expressed as

F@*,y%) = f(zo,90) + hfy(20,90)i1 + hfy (20, y0)iz + B f .2 (20, yo)iriz + HO.T
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Using this repetitive method, the global size of the algebra was reduced from tetracomplex (16 coeffi-
cients) to bicomplex (4 coefficients). However, it requires to evaluate the function f(z*,y*) three times.
The requirement of the algebra is therefore bounded by the maximum order of derivative n to be computed.

As a consequence, the dimension of the multicomplex algebra required to compute the derivative is

N =2" (A.57)

The total number of function evaluations is given by the total number of n order derivatives that exist

for an m variable function. This is given by

n+m-—1 n+m-—1)!
Neyals = < ) = (ntm-1) (A.58)

m—1 nl(m —1)!
Table A.1 shows the values of Equation (A.58) for multiple m variables and n order of derivatives. It can be
observed that the number of function evaluations grows quickly with respect to the number of variables and
order. As shown in the table, a one variable function only needs a single multidual/multicomplex evaluation

for any order. It, however, needs

Order (n)

Number of Variables(m) 1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 1 1 1 1 1 1
2 2 3 4 5 6 7 8 9 10 11
3 3 6 10 15 21 28 36 45 55 66
4 4 10 20 35 56 84 120 165 220 286
5 5 15 35 70 126 210 330 495 715 1001
6 6 21 56 126 252 462 792 1287 2002 3003
7 7 28 84 210 462 924 1716 3003 5005 8008
8 8 36 120 330 792 1716 3432 6435 11440 19448
9 9 45 165 495 1287 3003 6435 12870 24310 43758
10 10 55 220 715 2002 5005 11440 24310 48620 92378

Table A.1: Growth of the number of evaluations the repetitive approach does with respect to the number of
variables (m) and order of derivatives (n).

A.3 Matrix and Vector Forms of Hypercomplex Numbers

Hypercomplex algebras have equivalent matrix and vector representations that let the algebras be operated

using standard linear algebra operations. The vector form of a complex number z* = x, + x;i is
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t(a") = (A.59)

t(a") = (A.60)

In general, the vector form is defined as the tuple of all coefficients in the imaginary algebra.

Re [*]
Img, [z%]
t(r") = { Img, [z*] (A.61)

\ ImaN—l I:‘,'U*:I )

The matrix form of hypercomplex algebras is referred as the Cauchy-Riemann (CR) matrix [66]. The

CR matrix depends on each algebra. For example, the matrix form of complex number x* = z, + ;i is

T(2") = ' (A.62)

Zg Ty

xz. 0
T(2") = (A.63)

Te Ty

Tables A.2 and A.3 summarize the CR matrices for multicomplex and multidual numbers respectively.
As shown in Tables A.2 and A.3, multicomplex matrix form is a dense matrix with total number of

non-zero coefficients Nt given by

Np = N x N = 22Vbuses (A.64)

The multidual matrix is a lower triangular matrix of the same dimension as the multicomplex matrix

form. However, the number of non-zero elements in the matrix form is given by
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Cauchy Riemann matrix form

Ty —Ty, — Ty Liqig
. Zz, Ly —Tiyig  —X4
Bicomplex g . ?
'Ziz _'r’iliz Ty _$i1
L Yiqig Lig Ty Ty
Ly — Ty —Tiy Liqio —Tig Tiqig Tigig —Liqigis
:L‘il Ly _:L"L'lig _':EiQ _'1"2'17:3 _xig xil’ig’ig xiQig
Lo —Tiqig Ty — Ty —Ligig Tiqigiz  —Lig Liqis
Tl‘icomplex 'Iilig :Eiz 'xil Ty 7'1“2'11'27;3 71”1'21'3 7337;12'3 7$i3
Tis —Ljqi3 —ZLjqi3 Li1i9i3 Ly —Tiqy —Tiq Liiio
$i1i3 $i3 _$i1i2i3 _:C’L'Qig Liq Ly —Zijyio — Ty
xi2i3 _wiligig xig _xilig xiz _xilig Ly _xil
L Lipinig Ligig Tiyiz Lig Lirig Lig Liy Ly i

Table A.2: Equivalent Cauchy Riemann matrix form of bicomplex and tricomplex numbers.

Cauchy Riemann matrix form

Ty 0O 0 O
. Te, . 0 0
Bidual 2o, 0 s 0
L Lerea Leo Ty Ly
[ @& 0 0 0 0 0 0 0 1
B 9By 0 0 0 0 0 0
Tey 0 98 0 0 0 0 0
. Tejes  Dey ey W 0 0 0 0
Tradual 0 7 g 0 0 2, 0 0 0
Benca Tes 0 0 Te, T, 0 0
B 0 Tey 0 e 0 T, 0
| Teresez  Leges Leyes Leg Teqeo Teoy Ley Ly i

Table A.3: Equivalent Cauchy Riemann matrix form of bidual and tridual numbers.
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NT — 3NBases (A65)
A.4 Integration with the Finite Element Method

The method to integrate hypercomplex algebras in the finite element method is named ZFEM [44, 50, 64].
Briefly, the method consist in uplifting every input variable to hypercomplex, so that imaginary perturbations
can be applied. Also, elemental computations are also uplifted to hypercomplex by adding the required
degrees of freedom to hold the imaginary coefficients from the hypercomplex algebra used. An example of

this is presented in Figure A.1 for bicomplex algebra.

19

11

Real

Nodal Coordinates

Figure A.1: Representation of the nodal layers according to the imaginary directions in the hypercomplex
number.

A hypercomplex system of equations is formed after the finite element computations,

K'u* =f* (A.60)

where u* is the solution vector of the finite element problem, now with additional degrees of freedom,

*

u = u,-—+ uilil + ui2i2 + uimilig (A.67)

where the vectors u;,, u;, and u;,;, contain the nodal derivatives of the state function with respect to the

perturbed parameters. For example, if a problem variable ¢; is pertubed as ¢7 = ¢1 + hiy + hia, then
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derivatives are obtained as follows

u ~ Re[u’ (A.68)
Uy, R~ %Imil [u”] (A.69)
ug = %Iml-2 [u”] (A.70)
ug A %Imim [u”] (A.71)

Details on specific transformation of the Finite Element Method to compute the global stiffness matrix
K* and force vector f* are included in section 3.5.1. Solution of the system of equations A.66 relies heavily

on the matrix form of the algebra, as it allows interfacing with standard real-solvers.

A.4.1 Solution of Hypercomplex System of Equations

The hypercomplex system of equations (A.66) can not be solved directly using standard linear algebra li-
braries, because every element of the matrix K* and vectors u* and £* are hypercomplex type. It is possible,
however, to transform the hypercomplex system into a linear system of equations such that every element of
the system is formed only by real coefficients. The transformation is driven by the matrix and vector forms
of the corresponding hypercomplex number (see Section A.3). The equivalent system of equations for the

bicomplex case is

T(K*) t(u”) (")
K, -K;, _Ki2 Kzlzg U, f,
Ku K, —Kii, —Ki, U, _ £, (A72)
Kiz _Kiliz KT Kn Ui, fi2
L Kz'lz‘Q Ki, Ki, K, | Wiy g fi1i2 J

The resulting system can solved using standard real linear algebra solvers, however note that since the
matrix forms of multicomplex and multidual numbers are not symmetric, therefore requires non symmetric
solver even if the original system of equations is symmetric. The size of the system has been also increased
as the total number fo degrees of freedom has been multiplied a factor equal to the number of imaginary

directions of the algebra.
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Another approach, reported using multiduals in [48], is to use ZFEM as the means to compute the

derivatives for the semi-analytic method.

A.5 Summary

The current hypercomplex differentiation methods, through multicomplex and multidual algebras, provide
a simple, highly accurately and versatile methodology to compute high order derivatives of multivariable
functions. These methods require minimum transformation of source code as computer implementations
are made usually through operation overloading. This methods have been used successfully in a large va-
riety of problems, including Finite Element simulations. However, the methods do not scale well because
the size of the algebras increase exponentially (N = 2"*), and therefore prevent a wider adoption. On one
hand, the method to compute all derivatives in one analysis (Section A.2.2.1) is not computationally effi-
cient for large problems requiring derivatives with respect to a large number of variables, because memory
requirements increase exponentially. On the other hand, the repetitive approach makes the approach viable
for few variables (< 3) and low orders of derivatives (< 3), but larger number of variables and higher orders
of derivatives require large number of evaluations. The later fact makes the method unattractive because

multiple evaluations significantly increase significantly the CPU time.
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Appendix B: QUATERNIONS

Quaternion numbers, H, are a subset of hypercomplex numbers. They extend the complex numbers to three

imaginary units. A number ¢* is a quaternion when

¢ =q +aqi +qij + gk (B.1)

where ¢, g;, q; and g; are real coefficients and 4, j, k are imaginary units governed by the following

conditions

P?=j* =k =ijk=—1 (B.2)
ij=—ji=k (B.3)
jk=—kj=i (B.4)
ki = —ik = j (B.5)

B.1 Algebra

Quaternion addition is defined by the addition of real coefficients of the same imaginary units, whereas
product operation is defined by imaginary conditions in Equation (B.2). Assume two quaternion numbers

q* and p* are defined as follows:

" = qr + qit + q;J + qk
rome (B.6)

p* = pr +pit +pjj + prk

Addition of p* and ¢* is calculated as:

¢ +p = (¢ +pr)+ (@ +pi)i + (g5 +pj)i + (qx + pr)k (B.7)

and the product of ¢* and p* results in
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*

qp* = (@Dr — GiPi — 4Pj — WePk) +

(@rpi + @ipr + @ipK — Qrpy )it
(B.8)

(arpj — @ipk + 4jpr + qrpi)i+

(@rpe + @ipj — 45pi + arpr)k
As seen in Equation (B.8), p*¢* differs from ¢*p*. Therefore, this algebra is non-commutative.
Multiplication of a quaternion by a scalar, i.e. a quaternion with zero imaginary coefficients, is defined

as

¢"a=aq" = agq + agi + ag;j + gk (B.9)

The conjugate ¢* of a Quaternion number ¢* is

=g — ¢t — q;j — @k (B.10)

such that multiplication of ¢*¢* eliminates all imaginary directions

CCE=4 ¢ =G+ G+ +ar (B.11)

Consider a quaternion number p* € H with its conjugate as defined in Equation (B.10). The norm of p*

is defined as

lp*|| = v/ p*p* (B.12)

As indicated in [26], Quaternion is a division algebra, because an inverse operation can be defined:

1 *
—=pt= P (B.13)
p [Ip*||

Therefore, division is performed as
q* . 1 q* Sk
—=q = (B.14)
pr T P
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B.2 Matrix and vector representations

Quaternion algebra is isomorphic to matrix algebra. This implies that quaternion numbers can be trans-
formed to an equivalent matrix such that operations like addition and multiplication are equivalent to its
corresponding quaternion algebra operations. In general, given the transformation T(-) from quaternion to

matrix space and two quaternion numbers ¢* and p* as Equation (B.6), then

T(¢*+p*) = T()+TE) (B.15)

T(¢'p") = T(¢)TP) (B.16)

Transformation T'(-) is not unique; however, there is no preferential form if quaternions are used for

computation of derivatives. A possible matrix form of a quaternion ¢* as in Equation (B.1) is the following:

4G  —G ¢~
% 4%~ G
T(¢") = | r ! (B.17)
G % 4G —G

Notice the transformation generates an asymmetric matrix composed by real coefficients. Therefore,
this transformation allows one to use real-only algebra with no imaginary concepts involved. This can be
useful in a computational implementation.

A vector form also exists for quaternions. For quaternion ¢*, its vector form is

T
t@)=1q @ ¢ (B.18)

The transformation from quaternion to vector space, t(-), relates to quaternion operations as follows

tig*+p*) = t(d)+t(p) (B.19)

tg'p") = T(¢)t(p") (B.20)
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Notice that only transformation of the multiplication operation requires the matrix form of the multiplier
(left term), meanwhile the multiplicand (right term) is in its vector form. Moreover, addition may be done
using the corresponding vector forms. The advantage of using using matrix and vector representation is that
arithmetic operations can be computed using linear algebra libraries.

In summary, quaternion algebra can be represented by vector and matrix forms. As shown in Equations
(B.19) and (B.20), quaternion addition can be computed using the vector form, and multiplication can be

computed using a matrix-vector product.
B.3 Quaternion Taylor Series Expansion

The aim of this section is to derive the quaternion Taylor Series Expansion for computing derivatives, shown
in Equation (3.5), and to show that the convergence of the approximated derivatives is linear with respect to
the step size. Consider a quaternion function, F : H? — H, that depends on three quaternion inputs z*, y/*

and z*. From a real function perspective, F is formed by four real functions,

Fla®, g, 2") = fe(x) + fix)i+ f3(x)j + fu(x)k (B.21)

where, % = x; + ;1 + x;j + 2k, y* =y + yit + ;5 + yrk, 25 = & + 20 + 25j + 2k, X is a vector
formed by all real coefficients of the quaternion inputs of 7, namely
T

X=1 2 ® X5 Tp Y Yi Yj Yk 2 2 Zj 2k (B.22)
where the number of real input parameters corresponds to four times the number of input quaternion vari-
ables of the function F. Also, f:(x), fi(x), fj(x) and fi(x) are real functions that generate the real, i’th,
j’th and k’th components of F, respectively. It is considered that the function F is isomorphic to a real
function f, i.e., when evaluated at * = x4+ 0i+ 05 + 0k, y* = y+0i+ 05+ 0k and z* = z+ 0i 4+ 05 + 0k,
the function behaves as

F(z,y,2) = f(x,y,2) + 0i + 05 + 0k (B.23)

The derivative of a quaternion function with respect to a real parameter ¢ is given by

Fi(t) = fre(t) + fie(@)i+ fi0(t)F + fre(t)k (B.24)
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where F¢(t) is dF /dt, f.(t) is df;/dt, etc.
The Taylor series expansion of the quaternion function can be achieved by generating the Taylor series

expansions of its four real functions with respect to all real variables in x,

fi(xo+h) = fi(xo) + Vfi(x0)Th+ %hTHr(XU)h +H.O.T. (B.25)
filxo+h) = fi(x0) + Vfi(xo) h+ %hTHi(xo)h +H.O.T. (B.26)
filxo+h) = fi(xo)+ Vfi(x0) h+ %hTHj(xo)h +H.0.T. (B.27)
fe(x0+h) = fr(x0) + Vr(xo) h+ %hTHk(xo)h +H.O.T. (B.28)

where h contains the perturbations of all variables in x,

he.

J

hay hy By,

3

hy,

@ T J

T
h= [ ha,  he hey hs, ha, ] (B.29)

Xg is a vector containing the center or reference points of all Taylor series expansions

T
X0 = |:550r Toi Toj Tok Yor Yoi Yoj Yok Ror R0i  20j ZOk:| (B.30)

the matrices H,(x), H;(x), H;(x) and H(x) are the Hessian matrices of the real functions f;, f;, f; and
fr respectively, with respect to all parameters in x, and the term H.O.T. contains the higher order terms
from the Taylor series.

Using quaternion notation, Equations (B.25)-(B.28) can be simplified in the following manner

1
F (5 + Ax*, yg+ Ay*, 25+ A2%) = F(x5, 45, 20) + VF (25,55, 2) h+ §hT”H(wE§, Yo, 20)h+H.O.T.
(B.31)

where H contains the Hessian matrices of the the functions in F

H (x5, Yo, 20) = Hr(x0) + H;(x0)i + H;(x0)j + Hy(x0)k (B.32)

x5, Yo » 25 and Ax*, Ay*, Az*, respectively correspond to the quaternion center points and perturbations:
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x5 = Tor + Toit + TojJ + Tokk, Az* = hy, + hyi + he;j + bk,
Yo = Yor + Yoit + yojJ + York,  Ay* = hy, + hy,i + hy,j + hy, k, (B.33)
25 = Zor + 20it + 205] + 20Kk, Az* = hy + hyyi+ by g + heyk

In the context of Quaternion Taylor series for computation of derivatives of real functions as described

in section 3.2, the center points and perturbations are

xy = w0+ 0i +0j + 0k,  Az* =0+ hi+ 0j + Ok,
yE =yo+0i +0j+0k,  Ay* =0+ 0i+ hj+ 0k, (B.34)
2 =20+ 0i+0j4+0k,  Az*=0+0i+0j+ hk

Taking the values of Equation (B.34) and inserting them in Equation (B.31), leads to

F(wo + hi,yo + hj, 20 + hk) = F(zo,y0,20) + h (Fay + Fy, + Fozp)

1
+ §h2 (‘7:,13 + ]:,yj2 + ‘F,zz + ‘F:viyj + '7:71‘1‘21@ + ]:,iji + ]:,Zju’vz‘ + ‘ijzk + ]:,Zkyj> + O(h3) (B.35)

where F, represents the derivative of F with respect to o, 0F/Ja. Similarly, F .2 and F g repre-
sent the second order derivatives 92F /0a? and 0?F /0ad respectively. All derivatives are evaluated at
(z*,y*, 2*) = (x0, Y0, 20). Notice that the imaginary coefficients of the evaluation points are zero, and the
derivatives of F are with respect to real terms, thus calculated using Equation (B.24).

Since F is isomorphic to f (see Equation (B.23)), it can be shown that F and its first order derivatives

Fa; » Fy; and F ., evaluated at (o, yo, 20) correspond to:

F(@0,90,20) = f(x0,Y0,20) + 0i + 0j + Ok (B.36)
Fai(0,90,20) = 0+ fa(20,v0,20)i + 0j + Ok (B.37)
Fu; (x0,%0,20) = 0+0i+ f,(zo,y0,20)j + Ok (B.38)
F o (20,Y0,20) = 0+ 00+ 05+ f(z0,y0, 20)k (B.39)

and, similarly, the second order derivatives F 2, F y2 and F 52 are related to the second order derivatives of
g 1Jj )

f as
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5

]:x?(x()vy()az()) = _f,x2(1’07310720) +OZ+OJ + 0k (B40)

‘Fy?(:EvaOaZO) = _f,yQ(:EOvyOaZO) +07’+0] + 0k (B41)

)

F2(z0,90,20) = —f:2(z0,0,20) + 00 + 05 + Ok (B.42)

)

Notice that the derivatives of the quaternion function F, Equations (B.36)-(B.42), are directly related
to the derivatives of its isomorphic real function f. This, however, is not the case for the second order
mixed derivatives of F because in general, they are result of operations between terms with two different
imaginary directions, thus being influenced by the distribution of terms in F due to the non-commutativity
quaternion property. This makes the magnitude of the second order derivative dependant on the distribution
and arrangement of terms in the quaternion function and therefore it may differ from the second order mixed
derivative of f.

The mixed second order derivative result lays only on the direction of the product between the imagi-
nary directions of the derivands, e.g. F 4,3, lies on ¢ and so forth. Consequently, the general case of the
mixed second order quaternion derivatives evaluated at (xg, yo, zg) will be non-zero and directed along the

imaginary directions ¢, j and k as shown below.

Fonyy T Fyjm = 0+ 2%i+0j+ 0k (B.43)
Faizg + Fope, = 0400+ 275+ 0k (B.44)
Faw, T Fyme = 0+00+05+ 29k (B.45)

where ~;, ; and ~y;, are real functions that depend on the input coefficients x.

Consequently, the quaternion Taylor series expansion for the applications discussed in section 3.2 is

. . 1
F(xo + hi,yo + hj, z0 + hk) = f(x0, Y0, 20) — §h2 (fa2 + fop + f22)

+ (hfo+h2) i+ (hfy +h%y) j+ (hf. 4+ h2y) k+O(R)  (B.46)
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and taking the real and imaginary coefficients of Equation (B.46) and then solving for the function value

and its first order derivatives, the following is obtained

f(wo,y0:20) = Re [F(a™,y", )]+ h* (fa2 + o + [ 2) /2 + O(h%) (B.A7)
Falxo,yo,20) = Imi [F(a*,y", 2%)]/h — hyi(x) + O(h?) (B.48)
Fy(@o.yo,20) = Imy [F(a*,y", 2%)]/h = hry;(x) + O(h?) (B.49)
fa(xo,y0,20) = TImy [F(a*,y*,2%)]/h — hyp(x) + O(h?) (B.50)

which shows that QTSE approximates the function quadratically, but approximates the first order derivatives
linearly with respect to h.

Reorganizing terms of Equation (B.46) by first order (h) and then second order terms (h?)

.F($0+h2,y0+hj,20+hkj) = f(x(]vyOaZO) +h(f,x+f,y+f,z)

1
+h? <—2 (far + [y + f2) + it + 75 + %k‘) +O(h’) (B51)

leads to Equation (3.5) by collecting terms with O(h?) and higher.

This justification extrapolates to higher dimensional Cayley Dickson algebras such as octonions, sede-
nions, etc. The only cases where quadratic convergence is obtained in the derivative approximation are
those cases whose second order mixed derivatives of the function F have magnitude zero when evaluated at

(3707 Yo, ZO)'
B.4 Fortran support library

It is straightforward to develop a library to support hypercomplex operations needed for finite element
methods hereby presented. Operator overloading is used to simplify the development and modification of
current programs in order to use quaternion algebra. The library is composed by a single Fortran module
that defines the type structure, functions and operator overloads. It contains zero (scalar), one (vector) and
two (matrix) dimensional array support.

Scalar operations are the minimal requirement to apply hypercomplex algebras in the computation of
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derivatives. In addition, vector and matrix support is provided in order to simplify coding of finite ele-
ment subroutines. The functions currently implemented in the library are listed in Table B.1. Operations
TOMATRIX, UNFOLD and FOLD are extrinsic functions. All other implemented operations are overloads to

intrinsic Fortran functions.

Operation Fortran operator/function
Addition +
Multiplication *
Division /
Power * %
Sine SIN
Cosine COS
Tangent TAN
Exponential EXP
Logarithm LOG
Vector dot product DOT_PRODUCT
Matrix multiplication MATMUL
Matrix transpose TRANSPOSE
Conversion to equiv. matrix form TOMATRIX
Expand quaternion matrix to equiv. matrix form UNFOLD
Convert from expanded form to standard form FOLD

Table B.1: List of supported operations and functions available in the Fortran library.

B.5 Scalar Type

Table B.2 lists the minimal functions needed to support scalar operations of a hypercomplex algebra. The
library implements operations that follow the algebra as well as functions of quaternions using the truncated

Taylor series approach (see section 3.4).

Operation Fortran operator
Addition +
Multiplication *
Division /
Power * %

Table B.2: List of minimum operations and functions available in the Quaternion Fortran package

Operator overloads are linked to the quaternion type so that manipulation of the quaternion variables are
straightforward and also to reduce the modifications required to adapt current codes to quaternion variables.
Overloaded operators were “+7, “=" | “x” “/” “xx” as well as functions such as sine, cosine, etc.

2 ’

A minimal version of the quaternion module is given below in order to provide the fundamental functions

165



and operator overloads required to evaluate the example listed in section 3.3.
The Fortran source code to perform the numerical example listed in section 3.3 using quaternion numbers
is given below. The code computes the derivatives of f(a,b,c,d,z,y,2) = sin(a3b?c3d*x3y?2*) with

respect to a, b, ¢, d, x,y and z using three quaternion evaluations of the function f.
B.6 Vector / Matrix support.

The library supports vector/matrix of quaternion type.

TYPE (QTRN) :: QA (N, N) ! Matrix A*
TYPE (QTRN) :: QC(N, 2%N) ! Matrix C*
TYPE (QTRN) :: QF (N) ! Vector f*

Figure B.1: Example of how to define vectors and matrices using a Fortran quaternion module.

LRI TIR L)

Element-wise operator overloads are supported with: “+”, and

w9
*

. Also, operations of scalar-
vector/scalar-matrix of quaternions types are supported using “+7, “=", “x” and “/”.

Matrix operations such as matrix multiplications and transpose are supported through the overloaded
TRANSPOSE and MATMUL functions. Vector dot product is performed using the DOT_PRODUCT function.
An example of its use is given below.

Quaternion matrix/vector specific functions such as expand operations to equivalent vector and matrix

forms are provided using the functions FOLD and UNFOLD.

B.7 Source Code

A minimal version of the quaternion module is given in Figure B.3 in order to provide the fundamental
functions and operator overloads required to evaluate the example listed in section 3.3. The actual code used

to evaluate the function to compute all 7 derivatives is shown in Figure B.4.
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! Type definitions.

TYPE (QTRN) :: OB(N, N) ! Matrix of quaternion numbers
TYPE (QTRN) :: OD(N, N) ! Matrix of quaternion numbers
! Result quaternion variables

TYPE (QTRN) :: QK(N, N) ! Matrix of quaternion numbers
TYPE (QTRN) :: QF (N) ! Vector of quaternion numbers

! Real value equivalents
DOUBLE PRECISION :: F (4xN)
DOUBLE PRECISION :: K(4xN, 4xN)

| Perform K*=B*TD*B*
QK = MATMUL (TRANSPOSE (QB) , MATMUL (QD, OB) )

! Extract the results into real valued
K = UNFOLD (QK)
F = UNFOLD (QF)

! — or equivalently -

Real coefficients
"i" coefficients
"j" coefficients
"k" coefficients

F( 1: N) = QF%RE
F( N+1:2+«N) = QFSI
F (2xN+1:3xN) = QF%J
F (3«N+1:4%N) = QF%K

Figure B.2: Example of how to define vectors and matrices using a Fortran quaternion module.
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MODULE QUATERNIONS ! A MODULE FOR BASIC QUARTERNION OPERATIONS
IMPLICIT NONE

INTEGER, PARAMETER :: REAL_KIND = 8
! MEMORY STRUCTURE OF THE QUATERNION TYPE
TYPE QTRN
REAL (REAL_KIND) :: RE | REAL COMPONENT
REAL (REAL_KIND) I =
REAL (REAL_KIND) :: J ! | - IMAGINARY COMPONENTS
REAL (REAL_KIND) K !-

END TYPE QTRN

! OPERATOR OVERLADS

INTERFACE OPERATOR () ! QUARTERNION PRODUCT OPERATOR
MODULE PROCEDURE QPROD

END INTERFACE

|

INTERFACE OPERATOR (%) ! QUARTERNION POWER OPERATOR
MODULE PROCEDURE QPOW

END INTERFACE

|

INTERFACE SIN ! QUARTERNION SIN (TAYLOR SERIES)
MODULE PROCEDURE TSIN

END INTERFACE

|

CONTAINS ! DEFINE THE FUNCTION OVERLOADS

FUNCTION QPROD (Q1,Q2) RESULT (QN) ! RETURNS THE QUATERNION PRODUCT
IMPLICIT NONE
TYPE (QTRN), INTENT(IN) :: Q1, Q2
TYPE (QTRN) :: ON

ONSRE = Q13RE+Q2%RE- Q13%I+Q23%I - Q1%J%02%J - Q13K+Q23K

ON3I = QISRE*Q2%I + Ql$IxQ2%RE+ Ql%J*Q2%K - Q1%KxQ2%J
ON%J = QI3RExQ2%J - Ql%I«Q2%K + Ql%J+xQ2%RE+ Ql%K+Q2%I

ONSK = QISRExQ2%K + Ql%IxQ2%J - Q1l%JxQ23%I + QlKxQ2%RE

END FUNCTION QPROD
|

FUNCTION TSIN(Q) RESULT (RES) ! RETURNS TRUNCATED TAYLOR SERIES SINE
IMPLICIT NONE
TYPE (QTRN) , INTENT (IN) :: Q
TYPE (QTRN) :: RES
RES$RE = SIN (Q%RE)
RES3I = COS (Q%RE) Q31
RES$J = COS (Q%RE) «Q%J
RES3K = COS (Q%RE) Q%K

END FUNCTION
1
FUNCTION QPOW(Q,N) RESULT (QN) ! RETURNS POWER OF A QUATERNION
IMPLICIT NONE
INTEGER, INTENT(IN) :: N
INTEGER :: I
TYPE (QTRN) , INTENT (IN) :: Q
TYPE (QTRN) :: ON
ONSRE = 1.0DO
ON%I = 0.0DO
ON%J = 0.0DO
ON%K = 0.0DO
DO I=1,N
ON = ON*Q
END DO
END FUNCTION QPOW
END MODULE QUATERNIONS

Figure B.3: Implementation of a minimal quaternion number module to be used to compute derivatives of
analytic function such as the one presented in section 3.3.
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PROGRAM SEVEN_VAR EXAMPLE

! DECLARATIONS
USE QUATERNIONS

IMPLICIT NONE

! DEFINE STEP SIZE:

REAL (REAL_KIND) H = 1D-15

! DEFINE THE REAL COORDINATES

REAL (REAL_KIND)

20=0.1D0, B0=0.2DO,
X0=0.5D0, YO0=0.6DO,

€0=0.3D0,
Z0=0.7D0

D0=0.4D0,

! DEFINE QUATERNION VERSIONS OF VARIABLES

TYPE (QTRN) A, B, C, D, X, ¥, Z

! RESULT HOLDERS

TYPE (QTRN) OF

REAL (REAL_KIND) F, DFDA, DFDB, DFDC, &
DFDD, DFDX, DFDY, DFDZ

! PERTURB THE COORDINATES IN QUATERNION IMAGINARY DIRECTIONS,
A = QTRN( A0, H , 0.0, 0.0 )
B = QTRN( BO, 0.0, H , 0.0 )
C = QTRN( CO, 0.0, 0.0, H )
D = QTRN( DO, 0.0, 0.0, 0.0 )
X = QTRN( X0, 0.0, 0.0, 0.0 )
Y = QTRN( Y0, 0.0, 0.0, 0.0 )
Z = QTRN( Z0, 0.0, 0.0, 0.0 )
! EVALUATE THE SIN FUNCTION USING PERTURBED VARIABLES.

QF = SIN(Ax*3 % B#%2 * C**3 * Dxx4 x Xxx3 % Y442 % Z*x%4)
! EXTRACT RESULTS
F = QF%RE !
DFDA = QF$I/H !-
DFDB = QF%J/H ! |- DERIVATIVES
DFDC = QF%K/H !-—
! SECOND EVALUATION
A = QTRN( AO, 0.0, 0.0, 0.0 )
B = QTRN( BO, 0.0, 0.0, 0.0 )
C = QTRN( CO, 0.0, 0.0, 0.0 )
D QTRN( DO, H , 0.0, 0.0 )!
X = QTRN( X0, 0.0, H , 0.0 )! |- Second perturbations.
Y = QTRN( YO, 0.0, 0.0, H )!-
Z = QTRN( Z0O, 0.0, 0.0, 0.0 )
! EVALUATE THE SIN FUNCTION USING PERTURBED VARIABLES.
QF = SIN(A%x*3 % Bx*x2 x Cxx3 * D*%x4 % Xx*3 x Yxx2 x Z*x4)
! EXTRACT RESULTS
DFDD = QF$I/H !
DFDX = QF%J/H ! EXTRACT THE RESULTS
DFDY = QF%K/H !
! THIRD EVALUATION
A = QTRN( AO, 0.0, 0.0, 0.0)
B = QTRN( BO, 0.0, 0.0, 0.0 )
© QTRN( CO, 0.0, 0.0, 0.0 )
D = QTRN( DO, 0.0, 0.0, 0.0 )
X = QTRN( X0, 0.0, 0.0, 0.0 )
Y = QTRN( YO, 0.0, 0.0, 0.0 )
Z = QTRN( 20, H , 0.0, 0.0 )! - Third perturbation.
! EVALUATE THE SIN FUNCTION USING PERTURBED VARIABLES.

QF = SIN(A%x*3 % Bx*x2 x Cxx3 * D**4 % Xx*3 *x Yxx2 x Z*x4)
! EXTRACT RESULTS
DFDZ = QF$I/H !
! PRINT RESULTS IN CONSOLE
PRINT*, ’'== RESULT OF QUATERNION ANALYSIS ==’
PRINT*, 'F: 7o F, 'DFDA:’, DFDA, ’'DFDB:’, DFDB, ’'DFDC:’, DFDC
PRINT*, ’'DFDD:’, DFDD, ’'DFDX:’, DFDX, ’'DFDY:’, DFDY, ’'DFDZ:’, DFDZ

END PROGRAM SEVEN_VAR EXAMPLE

Figure B.4: Implementation of the quaternion program to compute all derivatives of the numerical example
shown in section 3.3.
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Appendix C: OCTONIONS

Also known as Cayley numbers [26], octonions are also a subset of hypercomplex numbers. They are
considered a doubling of the algebra of quaternions, because the total number of directions (including real
direction) is doubled. They extend complex numbers to a total of 7 imaginary units. A number o* is an

octonion when

0" = 0p 4 04i + 0] + ok + o€’ + 0pi’ + 015" + ok (C.1)

where o, 04, 05, 0k, 0/, 0y, 05+ and oy are real coefficients and 4, j, k, €/, 7', j', k' are imaginary units with
imaginary conditions summarized by the multiplication table shown in Table C.1. According to Table C.1,

the result of multiplying, e.g. k times ;' is given in the corresponding k-row and j’-column, i.e. kj' = 7.

Right factor

1 4 Jj k e 7 jK

111 4 j k e 7 ik

i i -1 k-5 i —e K j

g8 Jj|J —k -1 i K = 7
& k| k A N A L Y
g e | —i' - kK -1 i j k
= |7 ¢ K 5 - -1 -k
il K ¢ =i -5 k -1 —i
KK -5 7 e -k —j i -1

Table C.1: Multiplication table of Octonion imaginary units.

C.1 Algebra

Octonion addition is similar to quaternion addition. Assume two octonion numbers o* and r*,

0" = op+oii+0j+opk+oge +opi’ +0jj + ok (C.2)

o= gt trgk 4 ree +rpd +rpd gk (C.3)

addition of o* and 7* results in
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o' + 17 = (or +17) + (0i +1i)i + (0j +15)j + (0 + i)+

(0ur + rer)e! + (0 + 1)1’ + (01 + 77)f' + (o + 1)K (C.4)

Multiplication of octonions is performed as follows:

0"r* = (0p1y — 07§ — 0jTj — OkT| — Oe/Ter — OyTyy — 0jiTj1 — Op/Thr) +

(0rTi 4+ 0§ — 0Tk + OkTj — O/t + 0yTer + 01Ty — Op751 )1 +
(OTT]' + O;TL + OjTT — OT; — Oe/’l"j/ — 0/ Tkt —|— Oj/T‘e/ —I— Ok:’Ti’)j —|—
(Oﬂ’k — 07§ + 057 + OgTy — O/ Tk + OyTj1 — 0Ty + ok/re/)k +
(C.5)
(07er + 0i1yr + 07y + 0Tk + 0Ty — 0pTy — 0jy1j — O )€+
(orri/ — 0iTe! + 05Tk — OkTj + Ot T 4 03Ty + 01T — ok/Tj)i'—l-
(0p7j1 — 0Tk — 0jTer + 0Tyt + 07 — 0pTY + 0Ty + Opr1)j +

(0p7kr 4 0511 — 0T — OTer + 0p Ty + 0y — 047 + Oprry ) K

Multiplication by a scalar real number « results in

o*a = ao* = ao, + i + aojj + aogk + aoee’ + aoyi’ + aojj + aop k! (C.6)

Besides being non-commutative, octonion multiplication is non-associative. Consider the triplet ij¢/,

where the result varies according to the order of associative operations:

(ij)e’ =ke =K (C.7)

meanwhile
i(je') =ij = —K (C.8)
L (ig)e’ #i(je) (C.9)
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The conjugate o* of an octonion number o* is

(;* = 00y — Oii — Ojj — Okk — oe/e' — OZ'/Z'/ - Oj/j/ - Ok/kl (C.IO)

such that multiplication 0*o* eliminates all imaginary directions

Further algebraic operations are described in section 3.4.

C.2 Matrix and Vector Representations

Matrix representation of an octonion number (see [90]) is given by

Oy —O0;
0; Op
0j (2
T(O*) _ OL 0y
Og! 0y’
01 —Og
05/ —Op/
Op’ 04
and its vector representation is
t(o") = Oy

0;

0j

—OL —Og¢!/
0y —O0y/
—0; —oj
Op — O}/
(9% Oy
*Oj/ 0;
0/ 0j
—O¢/ (%
O O¢! Oy

Oj/

Of/

Ok

Op

0

T

0" = 00" = 0} + 0] + 05 + 0} + 0 + 0}y + 0% + O (C.11)

(C.12)

(C.13)

Addition and multiplication of octonions can be performed using vector and matrix forms analogously

to quaternions, see Equations (B.19) and (B.20).
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Appendix D: WEAK FORMS OF SOME PARTIAL DIFFERENTIAL EQUATIONS

The purpose of this appendix is to define the weak forms of various partial differential equations used in this

document. For this, a complementary nomenclature list is defined as a guide to the reader.
Nomenclature

(-) Prescribed value.

2 Domain

I'p Boundary of €2 with Dirichlet conditions.
I'n Boundary of €2 with Neumann conditions.
I'r Boundary of {2 with Robin conditions.
V(-) Gradient operator, i.e. [(-) ., (*).y, (-)7Z]T

V - (-) Divergence operator, i.e. (+) o + (*) 4 + () 2

A(+) Laplacian operator, i.e. V- V() = (()3;2 () 42 + ()z2)

L?() Function space {w ’/ lw|*dV < oo}
Q

/ Vw2 dV < oo}
Q

H{(€) Function space{w € H'(Q)|w =0o0nTp}

H'(92) Sobolev function space{w € L?(Q)

D.1 Laplace equation

The Laplace boundary value problem [83] is defined as follows,

—Au=20 in Q (D.1)
u=1u onI'p (D.2)
Vu-n=t on 'y (D.3)
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where u is the state function, Awu is the laplacian of wu; €2 is the domain of the problem and n is the unit
normal vector. The boundary conditions are defined with the prescribed value of the state function on I'p
and the prescribed normal derivative ¢ on I'y.

Table D.1 summarizes the input parameters that define the Laplace boundary value problem.

Input parameter Variable ¢
Geometry (z,y,2)
Prescribed state function value U
Prescribed normal derivative t

Table D.1: Input variables that define the Laplace boundary value problem.

The weak form of the equation is

/Vu‘VfudV—/ (Vu-n)vdS=0 (D.4)
Q I'n

where v € HE(Q) is an arbitrary test function, and the conditions for solving the problem have been

weakened to u € H'(1Q).
D.2 Heat Conduction for Isotropic Homogeneous Materials

The conservation of thermal energy for steady-state conditions [83] can be expressed for isotropic homoge-

neous materials as

—aAT = s in
T = T onIp
_ (D.5)
—aVT -n = b on 'y

—aVT -n = h(T'—-Tsx) onlgr

where ) is the region over which the problem is defined, 7 is the temperature field in {2, « is the thermal
conductivity, V is the gradient operator and s is the inner heat generation rate per unit volume. The boundary
0f) is decomposed into three regions: I'p represents the region with essential (Dirichlet) conditions where
the temperature 7T is prescribed; I'y represents the region with natural (Neumann) conditions where the nor-
mal heat flux b is prescribed; and I'g represents the region with mixed (Robin) conditions where convection
is developed, hence h, is the convection coefficient, 7" is the unknown temperature at the solid/fluid interface

I'r, and Tt is the fluid temperature. n is the unit normal vector to the corresponding boundary.
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Table D.2 summarizes the input parameters that define the stationary heat transfer problem for isotropic

materials.

Input parameter Variable ¢
Geometry (z,y,2)
Thermal conductivity
Heat generation rate
Prescribed temperature
Prescribed heat flux
Convection coefficient
Fluid temperature

éﬂ(?‘@\ﬂ\m )

Table D.2: Input variables that define the heat transfer problem for isotropic materials.

The weak form of this problem is given by the following expression

/VT-VvdV—/ bv dS — (hC(T—TOO))vdS—/ svdV =0 (D.6)
Q I'n T'r Q

where v € HE(Q) is an arbitrary test function, and the conditions for solving the problem have been

weakened to 7' € H*(Q).
D.3 System of Elasticity for Solid Isotropic Materials

The static equilibrium of linear elastic solids [83] is given by the differential equation

V-o(u) =b inQ (D.7)
u =u onlp (D.8)
oc(un =t only (D.9)

where b is a body force, 2 is the domain, n is the unit normal to the boundary and o (u) is the stress tensor
that directly depends on the deformation vector field u = [uy, Uy, u,]. Boundary conditions are defined as
Dirichlet (essential) with the prescribed displacements i1 on I'p; and Neumann (natural) with the prescribed
forces t at the boundary I'y. The stress is defined in terms of the strain tensor €(u) using the constitutive

equation
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o(u) = ANV -u)l+2ue(u) (D.10)

where I is the identity matrix, A and p are the Lamé constants that depend on the Young’s modulus £ and

Poisson’s ratio v as

vE FE
)\:(1+1/)(1—2V)’ AT ) (D-1D)

The divergence of the deformation vector field, V - u, is found in other textbooks as Tr(e(u)), where
Tr(-) is the trace, i.e. the sum of the diagonal elements of the tensor. Finally, the linear kinematic law
quantifies the relationship of the strain tensor and deformation

e(u) = 5 (Vu+ vu') (D.12)

N =

Table D.3 summarizes the input parameters that define the static equilibrium linear elastic problem for

isotropic materials.

Input parameter Variable ¢
Geometry (z,y,2)
Elastic modulus E
Poisson ratio v
Body force b

Surface displacements
Surface traction

1 o

Table D.3: Input variables that define the linear elastic problem for isotropic materials.

The weak form of the problem is given by

/U(U):e(v)dV t-vdS/b-vdV:O (D.13)
Q Q

I'n
where v = [0, vy,0;] is a vector function where every element v, vy, v, € HE(S2) are arbitrary test
functions, and the conditions for solving the problem have been weakened to u;, uy,u, € H L(Q). The

weak form can be expanded using the constitutive equation (D.10) as follows

[ AT (T ) 2 ey av — [
Q

f-vdS—/b-vdV—O (D.14)
I'n Q
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D.4 Stokes System for Stationary Incompressible Fluids

The Stokes system for stationary incompressible fluids neglects the effects of inertial forces with respect to

the contribution of viscous forces [88]. The boundary value problem given by the following equations:

—pAu+Vp =0 inQ (D.15)
V-u =0 inQ (D.16)

u =u onlp, (D.17)

p =p onlp, (D.18)

where u = [ug, uy, u;] is the fluid velocity field, y is the fluid viscosity and p is its pressure. Boundary
conditions are defined at the Dirichlet region with the prescribed velocity 4, I'p, ; and at the region with the
prescribed pressure p, I'p,,. The Stokes equation is valid for those flows with small Reynolds numbers, i.e.
Re — 0 (Re = p|u| L/u, where p is the density of the fluid and L is a characteristic length).

Table D.4 summarizes the input parameters that define the stationary Stokes system for fluid problems.

Input parameter  Variable ¢

Geometry (z,y,2)
Fluid viscosity W
Prescribed velocity u
Prescribed pressure P

Table D.4: Input variables that define the stokes problem.

The weak form of the problem is as follows

/uVu:VvdV—/Vp-vdV—i—/V'uqu—/qudV:O (D.19)
Q Q Q Q

where v = [v,, vy, ;] is a vector function where every element v, vy, v, € H} () are arbitrary test
functions, and the conditions for solving the problem have been weakened to g, uy, u, € H'(Q2). The
factor 3, usually 8 = 1070, is a numerical stabilization term for the global stiffness matrix used in Finite

Element formulations [87].
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Appendix E: SUPPORTED ELEMENTS IN PYOTI FEM LIBRARY

In the current state of the library, 1D and 2D elements are supported. The geometric types of supported

finite elements are: line, triangle and quadrangle, tetrahedra and hexahedra. Table E.1, shows the element

types supported in the current version of the library.

1 node line 2 node line 3 node line
linel line2 line3
0 13 0 1 3 0 2 1 3

1 node triangle

3 node triangle

6 node triangle

tril

¢

tri3

0 1 3

trié

0 3 1 3

1 node quadrangle

4 node quadrangle

9 node quadrangle

quadl

n

quad4

n

1

quad?9

n

4

1 node tetrahedron

4 node tetrahedron

10 node tetrahedron

tetO

tet4d

tetlO

Table E.1: Standard finite elements supported in pyOTI finite element module.

178



E.1 Serendipity elements.

The serendipity elements are shown in Tables E.2

1 node quadrangle 4 node quadrangle 8 node serendipity
quadl quad4 quad8
n n n
2 6
7 = +
: 3
1 4
1 node hexahedron 8 node hexahedron 20 node hexahedron
hex1 hex8 hex20

1

Table E.2: Serendipity elements supported in pyOTI finite element module.
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Appendix F: EXAMPLE PYOTI FEM SOURCE CODES

F.1 1D Example

O 001 W B WM —

from pyoti.fem import mesh, fespace, feproblem, on, intld
from pyoti.sparse import sin, e

order = 2 # Truncation order 2.

Th = mesh("line.msh",otiorder = order)

Vh = fespace( Th, 1)

x = Th.x # Create an alias for x-coordinates of the mesh.

# Perturbation for Eulerian derivative
x[1,0] = x[1,0] + e(l, order = order)

# Perturbation for Lagrangian derivative.
for i in range (x.shape[0]):

xi = x[1i,0]
x[1i,0] = %xi + xi.real * e (2, order = order)
# end for

# Pertbation for gradient.
for i in range (2,x.shape[0]):
xi = x[1,0]

x[i,0] = xi + e(3, order = order)
# end for
# Create State, test functions and independent function.
u = Vh()
v = Vh()

£f = Vh( sin(x) )

problem = feproblem([u], [v],
intld ( dx(u)xdx(v) ) +

intld( uxv) ar
intld (—£+v) +
on(’left’, u, 0) +

on('right’, u, 0) )
problem.solve ()

Th.export ("out.vtk",pd=[u] ,pdNames=["u’])

Figure F.1: Program that implements a 1D example.
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F.2 2D cylinder

1 # Import library

2 from pyoti.fem import mesh, fespace, feproblem
3 from pyoti.sparse import e

4

5 4 Import mesh.

6 Th = mesh( "cylinder.msh")

7
8

# Define Finite Element space for order 2 elements.
9 Vh = fespace( Th, 2)

10

11 # State functions.
12 ux = Vh{()

13 uy = Vh{()

14

15 # Test functions.
16 wvx = Vh()
17 wvy = Vh{()

18

19 E = 2le5 + e(l, order = 2) # Define Elasticity parameters
20 nu = 0.28 # with corresponding perturbations.
21

22 mu = E/ (2% (l+nu)) # Define Lamé constants.

23 lambda = Exnu/((l+nu)=* (1-2%nu)) #

24

25 equation = (

26 int2d( lambdaxdx (ux) ~dx (vx) + lambdaxdx(ux)x*dy(vy) ) +
27 int2d ( lambdaxdy (uy) *dx (vx) + lambdaxdy (uy)*dy(vy) ) +
28 int2d( 2xmuxdx (ux) ~dx (vx) + 2+muxdy (uy) *dy (vy) ) +
29 int2d( muxdy (ux) xdy (vx) + mu*dy (ux) xdx (vy) ) +
30 int2d( muxdx (uy) «dy (vx) + muxdx (uy) xdx (vy) ) +
31 on( ’"left’, ux, 0) +on( ’left’, uy, 0) )
32

33 problem = feproblem([ ux, uyl,[ vx, vyl, equation )

34

35 # Solve problem
36 problem.solve ()

38 Th.export ("beam.vtk", pd=[[ux,uy]], pdNames=['u’])

Figure F.2: Program that implements a 2D Elasticity analysis of a cylinder and computes second order
derivatives with respect to the modulus of elasticity.
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F.3 2D Cavity

1 # Import pyoti.

2 from pyoti.fem import int2d, on, fespace, feproblem, square

3 from pyoti.sparse import e

4

5 # Generate a triangulation of a 1xl square mesh with 6 noded triangles
6 Th = square(l,l,he = 0.01, element_order=2)

7

8

# Mesh is centered at 0,0. Move it so that left bottom is (0,0)
9 Th.x += 0.5; Th.y += 0.5

11 # Perturbation of domain coordinates.
12 Th.x = Th.x + Th.x  e(l, order = 30)
13 Th.y = Th.y + Th.y * e(2, order = 30)

15 # Define the finite element spaces for velocity Vh and pressure Qh.
16 Vh = fespace( Th, 2)
17 oh = fespace( Th, 1)

19 # State functions.
20 ux = Vh(); uy = Vh(); p = 0Qh{()

22 # Test functions.

23 wvx =Vh(); vy = Vh(); @ = Qh()
24

25 # Define viscosity

26 mu =1

27

28 # Define Variational equation
29 equation = (

30 int2d( muxdx (ux) xdx (vx) + muxdy (ux) +xdy (vx) ) +
31 int2d( muxdx (uy) *dx (vy) + muxdy (uy)*dy (vy) ) +
32 int2d ( dx (p) *vx + dy (p) *vy )+
33 int2d ( dx (ux) *q + dy (uy) *q ) +
34 int2d( (-le-10) »p*q )+

35 on(’left’, wux, 0) + on(’left’, wuy, 0) +

36 on(’bottom’,ux, 0) + on(’bottom’,uy, 0) +

37 on(’right’, ux, 0) + on(’right’, uy, 0) +

38 on (’top’, ux, 1) + on('top’, uy, 0) )

39

40 problem = feproblem([ ux, uy, p 1,[ vx, vy, 9 1 , equation )
41

42 problem.solve (solver = ’'umfpack’)

43

44 ux_prime = ux.rom eval([ 1, 2],[ 0.0, 0.7] )

45 uy prime = uy.rom eval([ 1, 2],[ 0.0, 0.7] )

46 p_prime = p.rom eval([ 1, 2],[ 0.0, 0.7] )

Figure F.3: Program that implements a 2D Stokes analysis of the cavity problem and computes the 30th
order OTIROM of the velocity and pressure fields at L, = 0, L;, = 1.7.
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