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Preface

As General Chair of the International Conference of Advanced Computational Applica-
tions of Geometric Algebra, I am extremely proud of all the outstanding contributions
in this proceedings. It has been a long and arduous process to bring this conference to
life, and I am honored to have been part of it.

It is my utmost conviction that all manuscripts in this publication are of great rele-
vance and importance, as they genuinely contribute to advancing the field of Geometric
Algebra and related fields. I want to thank all the authors, editors, and reviewers who
contributed their time and effort to make this conference a success. I would also like
to recognize all sponsors, volunteers, and other supporters who directly and indirectly
contributed to the conference and its proceedings.

I have great expectations for the contributions presented in this work, and I believe
they will have a lasting impact on the field of Geometric Algebra. I am confident that
the ideas and perspectives presented here will significantly interest anyone who reads it.

Thank you all for your hard work and dedication to making this conference a reality.
I am honored to have been part of this incredible journey.

Part I on geometric applications begins with Yao, Mann and Li, using the double
conformal GA (DCGA) model for ray tracing. In particular, the intersection of a line
with a cyclide is explored, and how four points can be extracted from the resulting col-
inear point quadruple. Conversely, a colinear point quadruple can be constructed from
four points, and the line containing these points can be found. Next, Derevianko and
Vasik construct an algorithm for similarity search between 2D images using Geomet-
ric Algebra for Conics (GAC) with intrinsic transformations of rotation, translations,
dilations and isotropic scaling. Image objects are represented by ellipses fitted into the
contour points and the is search for transformations between GAC objects. The result
is a low-cost similarity test applied to real object images. Then, Havel reviews in CGA
the representation of line-bound vectors, plane-bound bivectors, tetrahedra and of some
elementary geometric concepts, and discusses their connections to a recently discovered
extension of Heron’s triangle area formula to the volume of a tetrahedron. Furthermore,
Sobczyk defines universal geometric algebras of compatible null vectors following rules
of addition and multiplication of real and complex square matrices. Then he defines
the concepts of Grassmann algebra, dual Grassmann algebra, associated real and com-
plex geometric algebras, and isomorphic real or complex coordinate matrix algebras.
Finally, he discusses the horosphere, as well as affine and conformal transformations.
Part I concludes with Hitzer’s study of the inner product of oriented points in conformal
geometric algebra and its geometric meaning. The inner product of two general oriented
points is computed, and analyzed (including symmetry) in terms of distance, and angles
between the distance vector and the local point orientations. Examples illustrate the
result, followed by a generalization to n dimensions.

Part Il is about Computer Science applications based on GA. Pepe et al. demonstrate
GA as a powerful tool to model and predict the structure of proteins which is important
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for their properties. This avoids expensive and time-consuming experiments. Neto et al.
show that Clifford Convolutional Neural Networks are able to outperform real valued
networks of equivalent size in their application: the diagnosis of acute lymphoblastic
leukemia (ALL) which is a type of cancer identified by malformed lymphocytes, known
as lymphoblasts in the bloodstream. Riter et al. present a new approach to the prob-
lem of recognizing a Euclidean distance matrix based on GA. This can be used to model
problems for instance in sensor network localization, molecular geometry and GPS mod-
elling. Neumann et al. present their algorithm called GA Align for point cloud registration
using GA. They are able to show that their sampling-based algorithm outperforms the
conventional methods in terms of robustness. Hrdina et al. present a new mathematical
system for quantum computing based on GA. This Quantum Register Algebra QRA is
able to directly use the Dirac notation and its computations can be executed by the GA
algorithms optimizer GAALOP.

Part I1I deals with technological applications based on GA. Montoya and Eid present
a geometric procedure for computing differential characteristics of multi-phase electrical
signals using GA. It is shown how the concept of instantaneous frequency in electrical
networks can be intimately linked to the so-called Darboux bivector. Byrtus and Frolik
use conformal transformations in the kinematic chain of a specific planar mechanism
in order to describe the forward kinematics of generalized robotic snakes. They present
two possible ways to describe the configuration of a three-link generalised snake robot
using Compass Ruler Algebra, which allows us to point out the nature of the generalized
snake as an extension of the classic snake robot. Zamora et al. use the IMU sensor of
their camera for hand-eye calibration based on QGA. In the proposed method, the linear
acceleration and angular velocity of the sensor attached to the camera is employed with
the kinematic model of the robot articulation to find the relative camera position and
orientation.

InPartIV, on applications to physics and mathematics, Hamilton shows how fermions
and all forces of nature fit elegantly into a supergeometric algebra in 11+1 spacetime
dimensions, proposed as a new language of physics. Next, Xambod-Descamps reanalyzes
the fundamental Stern-Gerlach (SG) experiment by elucidating the Hermitian structure
of the algebra of geometric quaternions (the even algebra of the Geometric Algebra of
the Euclidean 3D space) which allows us to regard it as the Hilbert space of a g-bit, and
checks that the computed probabilities obey the statistics of the SG experiments. Then,
Filimoshina and Shirokov study Lie groups in degenerate geometric algebras. These
Lie groups preserve the even and odd subspaces under the adjoint and twisted adjoint
representations. The results are important for the study of generalized spin groups in
degenerate cases. Furthermore, Wieser and Lasenby apply computing with the universal
properties of Clifford algebras and even subalgebras. They observe that for operations
defined in terms of coordinates on a multivector basis it can be difficult to rigorously show
coordinate-independence. They apply the “universal property” to ensure “coordinate-
free” operations by construction. Parallels are seen to the process of writing recursive
programs. They derive a universal property of the even subalgebra, and apply it to explic-
itly construct equivalences between Clifford algebras. These ideas can be formalized in a
theorem prover. Finally in Part IV, Mcleod Price and Staples explore binary linear codes
via Zeon and sym-Clifford algebras. Zeon (“nil-Clifford”) and “sym-Clifford” methods
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are used to reformulate essential concepts of binary linear coding theory, i.e., to generate
linear codes and to illustrate Clifford-algebraic formulations of encoding, decoding and
error-correction.

A unique feature of ICACGA was a round table on Geometric Algebra applied to
Power System Engineering by Prado (Spain), Eid (Egypt), Arsenovic (USA), Montoya
(Spain), and Mira (Spain). Understanding power systems and power theory or circuit
analysis is crucial for reliable and effective operation. Generation, transmission and dis-
tribution power systems have a multidimensional nature, and GA excellently tackles
such problems, better than matrix algebra and complex numbers in traditional electrical
engineering, which has difficulties in the proper interpretation of the physical phenom-
ena involved. GA unifies the tools of tensors, quaternions or differential forms and
interprets power flows in power systems from an intuitive, physical point of view. Major
applications developed to date were presented and discussed by experts.

A total of 24 papers were sent for review in a double-blind process, of these 18 were
selected for presentation at the conference, and inclusion in these proceedings.

October 2022 Dietmar Hildenbrand
Eckhard Hitzer
David W. Silva
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Modeling and Computing with Geometric Algebra (GA)

David Hestenes

Abstract. Concepts of “Circle” and “Sphere” have been central to geo-
metric thinking since ancient times. Today we proclaim that their con-
ceptual power can be vastly enhanced by formulation with Geometric
Algebra and implementation with computers.

The Block sphere is basic to Quantum Computing while the Poincaré
sphere is basic to optics. But it is not commonly understood that these
spheres are more than mere analogues, they are expressions of basic
structure in the electron itself. Geometric Algebra makes that manifest
as we aim to explain today.

The primacy of GA in understanding the electron is ample reason
for advocating it as the lingua franca across the entire physics and engi-
neering curriculum. Moreover, GA curriculum materials are already well
developed for (a) Rigid body dynamics, (b) Electrodynamics, (c¢) Quan-
tum mechanics, (d) Gauge gravity, (e) physics pedagogy, and even (f)
neuroscience.

The task remains to develop GA software that cultivates geometric
and algebraic intuition for students at all grade levels. Tools are available
at: bivector.net.

A discussion of how to use and improve them will be a prime subject
for this conference.



Toward the Open Metaverse

Michael Kass

Abstract. In 1992 science fiction writer Neal Stephenson coined the
term “metaverse” for a large-scale shared virtual world where people
can interact with one another in a simulation of reality. The notion is
certainly compelling. Why connect to each other in the 2D world of the
current internet when we have the technology to interact in 3D? Today,
as virtual worlds pervade the world of entertainment and as a variety of
businesses start to deploy “Digital Twins” to simulate and control real
buildings, factories and infrastructure, it’s clear that the metaverse no
longer belongs in the realm of science fiction. It has entered the realm
of the possible. But how will the metaverse come into existence, and
how can it end up being based on open standards? Can our current web
evolve into the metaverse, or will it need to be something fundamentally
different? At the core of any true 3D web or the open Metaverse, we need
an open, powerful, flexible and efficient way to describe a shared virtual
world. In this talk we will explore how NVIDIA Omniverse makes use
of such a description to take some key steps toward turning the notion of
the open metaverse into a genuinely useful reality.



Interpolation and Design: Lessons and Opportunities
from CAGD for Geometric Algebra

Alyn Rockwood

Abstract. Computer-aided geometric design (CAGD) is primarily con-
cerned with the design of curves and surfaces in CAD/CAM/CAE, ani-
mation, analysis, styling, simulation, etc. In the last half-century it has
developed into a mature, widely used, and indispensable technology. Ini-
tially, it was thought that CAGD was a simple application of interpolation
and approximation theory. Although CAGD relies heavily on such con-
cepts, many surprising subtleties, questions, and ramifications arose that
had not been anticipated, nor easily handled within the traditional theory.
As GA develops its own version of interpolation theory it may be well
to understand the lessons from CAGD, as well as the opportunities it
provides. We give a review of some of those issues, which have direct
implications for GA.



Ilustrating Geometric Algebra and Differential Geometry
in 5D Color Space

Werner Benger

Abstract. Geometric Algebra is popular for its immediate geometric
interpretations of its algebraic objects and operations based on Clifford
Algebra on vector spaces. For instance, in Euclidean 3D space quater-
nions are known to be numerically superior to rotation matrices. Geo-
metric Algebra allows for an intuitive interpretation in terms of planes of
rotations and extends this concept to arbitrary dimensions. The space of
colors forms a vector space, too, though one of non-geometrical nature,
and spun by the primary colors red, green, blue. The formalism of Geo-
metric Algebra can be applied here as well, amalgamating surprisingly
with the notion of vectors and co-vectors known from differential geom-
etry: tangential vectors on a manifold correspond to additive colors red,
green, blue, whereas co-vectors from the co-tangential space correspond
to subtractive primary colors magenta, yellow, cyan.

Geometric Algebra in turn considers vectors, bi-vectors and anti-
vectors as part of its general multi-vector scheme. In 3D space vectors,
anti-vectors, bi-vectors and co-vectors are all three-dimensional objects
that can be identified with each other, so their distinction is not obvi-
ous. Higher dimensional spaces exhibit the differences more clearly, but
our intuition of higher dimensional geometry limits our understanding.
However, using color spaces we can intuitively go further by considering
“transparency” as an independent, four-dimensional property of a color
vector. We can thereby explore four-dimensional Geometric (Clifford)
algebra independent of spacetime or special/general relativity which is
usually used for 4D GA. Though even in 4D space, ambiguities remain
between vectors, co-vectors, bi-vectors and bi-co-vectors. Bi-vectors and
bi-co-vectors — both six-dimensional objects — are visually equivalent.
They become uniquely different only in five or higher dimensions.

Envisioning five-dimensional geometry is challenging to the human
mind, but in color space we can add another property, “texture,” to con-
stitute a five-dimensional vector space. The properties of a bi-vector and
a bi-co-vector become evident visually by inspecting the possible combi-
nations of colors/transparency/texture. This higher-dimensional yet intu-
itive approach demonstrates the need to distinguish among different
kinds of vectors before identifying them in special situations, such as
3D Euclidean space.



Closing the GA2P: Making Geometric Algebra a Regular
Expression of Aerospace Engineering

Todd Ell

Abstract. Herein is a discussion of aerospace industries’ key initiatives
and the subsequent use of digital engineering through model-based design
and analysis. This points to the ‘goodness of fit’ of Geometric Algebra
models and techniques to describe various cyber-physical systems preva-
lent in upcoming aerospace systems. A Geometric Algebra Adaptation
Program (G[A]?P) is being stood up within Collins Aerospace to address
these evolving needs. This requires giving attention to the set of tools and
training material needed to enable that adaption. The talk with will briefly
touch on the several early applications within Collins Aerospace and Geo-
metric Algebra tools being crafted to meet those application needs. Early
observations about the adaptation program will be shared to inform the
strengths & weaknesses in regard to in academic/technical material cur-
rently available. Finally, future technical challenges, the solutions that
would be of benefit to aerospace in general, will be described.



The Initial NIST Post-Quantum Cryptography Standards,
and What’s Next?

Daniel Apon

Abstract. In recent years, there has been a substantial amount of research
on quantum computers — machines that exploit quantum mechanical phe-
nomena to solve mathematical problems that are difficult or intractable
for conventional computers. If large-scale quantum computers are ever
built, they will be able to break many of the public-key cryptosystems
currently in use. This would seriously compromise the confidentiality
and integrity of digital communications on the Internet and elsewhere.
The goal of post-quantum cryptography (also called quantum-resistant
cryptography) is to develop cryptographic systems that are secure against
both quantum and classical computers, and can interoperate with existing
communications protocols and networks.

The question of when a large-scale quantum computer will be built is
a complicated one. While in the past it was less clear that large quantum
computers are a physical possibility, many scientists now believe it to be
merely a significant engineering challenge. Some engineers even predict
that within the next twenty or so years, sufficiently large quantum com-
puters will be built to break essentially all public key schemes currently
in use. Historically, it has taken almost two decades to deploy our modern
public key cryptography infrastructure. Therefore, regardless of whether
we can estimate the exact time of the arrival of the quantum computing
era, we must begin now to prepare our information security systems to
be able to resist quantum computing.

In this talk, we briefly survey the state-of-the-art in post-quantum
cryptography, at the point that the survivors of this half-decade, interna-
tional process have just recently emerged from the NIST PQC competition
to become the initial post-quantum cryptographic standards. We discuss
the new standards, their design, their security, as well as what else may
be coming in post-quantum cryptography in the near future.



Introduction to Quantum Computing

Tristan Miiller

Abstract. Quantum computing is a rapidly growing field that has drawn
considerable interest in the recent years. While development of quantum
computers was mostly driven by fundamental and academic research
not too long ago, quantum computing is now on the edge of widespread
industry adoption — as shown by an increasing number of vendors offering
access to quantum computers as well as an ever-increasing number of
users from different industry areas.

In my talk I will present why quantum computing is fundamen-
tally different to classical computing and how this could provide drastic
speedups for specific problems. To that end, I will first review some fun-
damental concepts from quantum mechanics. Afterwards, I will provide
a brief overview of quantum computing hardware and common qubit
architectures, as well as projected future developments. In addition, I
will present IBM’s software stack, including the IBM Quantum Tools.



Computational Image Processing Workflows Using
Quaternions

Nek Valous

Abstract. Image pixels can be encoded by a linear combination of the
three basis vectors in a hypercomplex algebra framework; this encoding
provides the opportunity to process color images in a geometric way.
The proposed approach is based on a rapid and versatile method, using
quaternions, that can enhance computational image processing work-
flows applied to natural and biomedical images. This pixel-based app-
roach is computationally efficient, thus taking advantage of parallel archi-
tectures in modern computing systems, and has applications either as a
standalone tool or integrated in image processing pipelines. Essentially,
the method demonstrates that feature-rich mathematical frameworks can
provide efficient solutions for computational image processing.



Geometric Algebra Computing for Computer Graphics
Using GAALOP

Dietmar Hildenbrand

Abstract. Two courses at the SIGGRAPH conferences in 2019 and 2022
demonstrate the increasing interest of the computer graphics commu-
nity in Geometric Algebra and especially in Projective Geometric Alge-
bra PGA. GAALOP (Geometric Algebra Algorithms Optimizer) is a
tool used to visualize Geometric Algebra as well as to generate opti-
mized code for many programming languages such as C/C++, OpenCL,
CUDA, Python, Matlab, Mathematica, and Rust. Based on GAALOP
and its online version GAALOPWeb, we present how Geometric Algebra
can advantageously be used for geometric operations such as intersec-
tions, reflections, and projections, and for transformations with geometric
objects such as lines, planes, circles, spheres, conics, and quadrics. Leo
Dorst in his presentations shows how PGA unifies the rotational and
translational aspects of Euclidean motions resulting in easily integrable
equations of motion. We present GAALOP examples dealing with these
results.



Quantum Register Algebra: Quantum Circuits

Jaroslav Hrdina, Rafael Alves, Ales Navrat, Petr Vasik, Dietmar Hildenbrand,
Ivan Eryganov, Carlile Lavor, and Christian Steinmetz

Abstract. We introduce serial and parallel quantum gates in the Quan-
tum Register Algebra (QRA) framework, which is an efficient tool for
quantum computing. We present a GAALOP (Geometric Algebra Algo-
rithms Optimizer) implementation of our approach. We illustrate these
principles by presenting one example of serial gates and two examples
of parallel gates.



Complementary Orientations in Geometric Algebras

Leo Dorst

Abstract. Oriented elements are part of geometry, and they come in two
complementary types: intrinsic and extrinsic. Those different orienta-
tion types manifest themselves by behaving differently under reflection.
Dualization in geometric algebras can be used to encode them; or, alter-
natively, orientation types inform the interpretation of dualization. We
employ the Hodge dual, to include important algebras with null elements
like PGA. Oriented elements can be combined using the meet operation,
and the dual join (which is here introduced for that purpose). We sug-
gest a visualization of all oriented elements of 3D DGA (the algebra of
normal directions) and 3D PGA (the plane-based algebra of Euclidean
motions). Using the proposed framework, software written to process
one orientation type can be employed to process the complementary type
consistently.



A Lightweight Implementation of GA in Julia

Chris Doran

Abstract. Julia is a modern programming language that is rapidly gain-
ing popularity in the scientific community. It offers the ability to code
in a high-level functional style while still achieving the performance of
C/C++. There is a strong ecosystem in place, and tight integration with
VSCode. With care, Julia is even capable of compiling the same code
for both CPU and GPU implementation. In this talk I discuss a simple,
lightweight implementation of various geometric algebras in Julia. Some
of the ideas are drawn from earlier experience with Haskell, and the dif-
ficulties encountered with achieving high performance in that language.
The talk concludes with a discussion of what hardware changes could
yield even greater performance for low-dimensional geometric algebras.
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Line—Cyclide Intersection and Colinear
Point Quadruples in the Double
Conformal Model

Huijing Yao'®, Stephen Mann?®)®, and Qinchuan Li®
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3 Mechatronic Institute, Zhejiang Sci-Tech University, Hangzhou 310018, Zhejiang,
People’s Republic of China
lgchuan@zstu.edu.cn

Abstract. In this paper, we look at using the double conformal model
for ray tracing. In particular, we explore the intersection of a line with
a cyclide in the double conformal model, and how to extract the four
points from the resulting colinear point quadruple. Further, we show
how to directly construct a colinear point quadruple from four points,
and we show how to find the line containing the points of a colinear point
quadruple. We also briefly touch on barycentric coordinates in DCGA.

Keywords: Cyclides * double conformal model - colinear point
quadruples

1 Introduction

The double conformal geometric algebra [3] (DCGA) allows for the representa-
tion of tori as well as planes, quadrics, and cyclides. Further, we can intersect
these cyclides with lines, giving a form of a point quadruple. This suggests that
the model can be used for ray tracing tori and more general cyclides. However,
to be of use in ray tracing, we need to extract the points of intersection for the
point quadruples, and perform a lighting calculation at the point closest to the
origin of the ray.

In this paper, we explore how to extract these points of intersection, extract-
ing a quartic equation from the point quadruple. Additionally, we look more
closely at point quadruples, showing how to construct a point quadruple directly
from four points. Further, we investigate barycentric coordinates in DCGA, for
which we perform the computations by converting to the conformal geometric
algebra and perform the computation there; we briefly present this conversion
in this paper as barycentric coordinates are required in ray tracing. We verify
the correctness of our ideas using a simple ray tracer.

Our focus in this paper is on the ideas required to implement this DCGA ray
tracer, and we defer many of the proofs to a future publication.
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2 Background

The Double Conformal Geometric Algebra (DCGA) contains two subspaces of
the Conformal Geometric Algebra (CGA) [2]. Using the notation of Easter and
Hitzer [3], the first CGA subspace (CGA1) is generated by the vectors

li=j, 1<i<4
€;-€; = *12‘:]':5 (1)
0i#j
while the second subspace (CGA2) is generated by the vectors
li=j6<i<9
eirej=¢ —-1i=35=10 . (2)
0i#j
In both subspaces, there is a point at the origin,
€1 = (—es+es)/2, en=(—eg+en)/2
and a point at infinity
ex1 = (e1te€5), ex2=(ey+ei),
all four of which are null vectors,
€01 €1 = €42+ €52 = €501 * €ool = €502 * €nc2 = 0.

Further, e,1 - €501 = €02 - €502 = —1.
A point in CGA1 with an embedding vector p,1 = xe; + yes + zes is repre-
sented as
Pcl = Pc + %pzleool + €o1,

with a point in CGA2 defined analogously for a vector p.2 = xeg + yer + zes:
Po: = pez + 3pliess + €on.
A sphere in CGA1 with center C.1 and radius r is defined as
Sc1 =C. — %rgeool.
Similarly, a sphere in CGA2 with center C,.2 and radius r is defined as
Sc2=C2 — %7’26002.
In DCGA, the point at the origin is defined as
€, = €01 N €p2
and the point at infinity is defined as

€00 = €501 N €02.
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Easter and Hitzer showed that
e,-€e, =0, ex-€ex=0, ande, e, =—1.

Given t.1 = ze; +yes + zes and t.2 = zeg + yer + zeg (with the same x,y, z
values for both), Easter and Hitzer define a point Pp = D(t.) = D(x,y,2) in
DCGA as

D(J?, y,l‘) = PD = Pcl AN Pc2. (3)
Expanding the DCGA point Pp gives

Pp = (tgl + %tzeool + 601) N (taz + %t26002 + 602)
ta ANtz +ta Aegs+ egr Atz + 3t2enct A (t2 + €n2)

1
+3t3(to + €01) N e + 16 T €o

X X X
= 5(1:2 — 1)619 + 5(122 + 1)61’10 + 5('[32 - 1)646

X
+5 (8 + Dess + %(t2 —1)eso + %(fﬁ + eso
z
+g(t2 +1)es + g(tQ + Lesy + (¢ — Les
z z z
+§(t2 + 1)63’10 + 5(132 — 1)648 + 5(‘[32 + 1)658

+xyeir + ryegs + yzegs + Yyzezr + rzeig + rzesq

1
+2%e16 + ylear + 22e3s + Z(t4 —1eso

1 1 z
“!‘1(134 — 1)659 + 1(154 —2t? + 1)649 + §(t4 + t? + 1)65’10

where

t=1.1=uxe; +yes + zes,
t.2 = zeg + yer + zeg,t2 = 2? +y2 + 22,
th =2t 4yt + 2t 4 2027 4 20727 + 22222

Using the extraction operator T, in Tablel, the scalar component a can be
extracted from a point Pp as a =T, - Pp.

Table 1. The DCGA bivector extraction operators

T, = %(616002 +ecres) | Ty = %(623002 +exier) T: = %(638002 +exies)

Tzz = €ge1 Tyz = erez Tzz = eges3

1 1 1
Toy = 5(ere1 +esez) [Ty = 5(eres +eses) | Tix = ;5(eser + eces)
T, = ei1eo02 + €166 T2 = ezeo2 + €01€7 T.;> = eseos + €o1€8

T = —ex T2 = €02€c01 + €cc2€01 | Tha = —4e,
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2.1 Objects in DCGA

In this paper, our primary interest is in lines, tori, and cyclides in general. Tori
and cyclides will be objects that we ray trace (as well as quadrics and poly-
gons), while lines will be used to represent rays when performing intersections
with the objects in our scene. The following is a review of Easter and Hitzer’s
constructions for these objects.

For any implicit quadric surface

a$2x2 + ayzy2 + azzz2 + ArpyXY + Ay Y2 + 2028 + 0z + ayy + a2 + a1 = 0

where a; are scalar coefficients, Easter and Hitzer define the quadric surface as
a bivector in DCGA:
Qi = a,2T,> + aszyz +a,2T,2 + arysz + ayZTyz + agr Ty

+G,£Tx + ayTy + CLZTZ + alTl, (4)
Easter and Hitzer also define quartic surfaces like torus and cyclides in DCGA.
The implicit equation for a quartic surface is

apt* + apnt? + aypect® + aytzth + aype2t? + apx? + ayzy2 +a,ez?
FazyTY + Ay Yz + 0202% + azxT +ayy +az +a; =0

where t = xe; + yes + zes is a test point and the a; are scalar coefficients.

Easter and Hitzer define the 2-vector quartic surface entity (more specifically, a
Darboux cyclide quartic surface) Q; as

Qt = at4Tt4 + at21"t2 + axtsztz + ayt2Tyt2 + athth2
4a,2T,2 + aszyz + a2 Ty + agy Ty (5)
+aszyz + 2y T + a; Ty + ayTy +a, T, + aTy.

The implicit quartic equation for a circular torus positioned at the origin
that surrounds the z-axis is

'+ 262(R? — %) + (R? —1%)? —4R*(z* + y*) = 0 (6)

where t = ze; + yes + zes, R is the major radius, and r is the minor radius.
Easter and Hitzer defined a corresponding the DCGA GIPNS 2-vector torus
surface entity O as

O =Ty +2(R* — r*)Tp2 + (R?* — r?)°Ty — 4R* (T2 + T)pe). (7)

An arbitrary torus can be obtained by rotating and translating O.
A point Pp is on a surface @ if and only if

Pp-Q=0.
The DCGA GIPNS 4-vector line 1D surface entity L is defined as

L=L.a AL, (8)
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where

Lcl = Dsl - (p51 : Dsl)eool (9)

LCQ = D52 — (p52 . DE2)6002. (10)
Thus, the DCGA line L is the wedge of the line as represented in CGA1 with the
same line as represented in CGA2. L is also called a bi-CGA GIPNS line entity.
The D are unit bivectors perpendicular to the line, and p is any point on the
line. The dual unit vector d = D/I5, or d.1 = D1 /I = dxey + dyes + dzes
and d.2 = D.2/I.2 = dxeg + dye7 + dzesg, is in the direction of the line, where
I.. =e; Nex Nes, I.2 = eg A e7 A eg are the Euclidean 3D unit pseudoscalars.

The DCGA dual of an object T is defined as T™*:

T =T/Ip=TI,' =T I, =-T - Ip (11)

where ID = Icl /\IC2, Icl =€ /\62/\63/\64/\65, Icz =eg/NerNeg/Neg/Neig.
In our derivations, we will use the following properties of the inner product
and of the outer product [7]:

((apA---ANay)-by)-(bagA---Abg) T > s

(al/\.../\a7,_1)~(a,.~(b1/\--~/\bs))7"<5
(12)

(al/\~-~/\aT)'(b1/\~-~/\bs):{

and

M=z

((11/\"'/\ar)'b: (—1)’“‘ia1/\-~-ai_1/\(ai~b)/\ai+1/\~--/\aT (13)

Il
_

n

M=

a - (byA--Abg)= Y (=)t A---b 1 A(a-b) Abigr A~ Aby  (14)

n=1

2.2 Transformations

While our ray tracer uses transformations of canonical representations of spheres
and tori to model our scene, we otherwise do not use transformations in this
paper. We refer the reader to Easter and Hitzer’s paper for the relevant details
of transformations in DCGA [3].

2.3 Surface Normals

For the lighting calculation in ray tracing, we need the surface normal at the
point of intersection. We use the differential operators and normal formula of
Breuils et al. [1] (see also [3] for an earlier form),

Dx = (61 A\ €501 + €g A 602)

D, = (e3 N ew1 + €7 Ney2)

D. = (e3s Nex1 +es N en),
with Breuils et al.’s CGA1 normal formula to the DCGA surface T' at the DCGA
point Pp being

n = ((_l)T X T) . PD)81 + ((Dy X T) . PD)EQ + ((DZ X T) . PD)63,

where X is the commutator product.
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3 Line—Cyclide Intersection

In ray tracing, we need to compute the intersection of rays from the eye with
all the objects in our scene, and in the case of multiple intersections, we need to
determine the closest point of intersection to the eye. At times, we can use the
DCGA line containing the ray to compute the intersections, but at other times,
we need a parametric representation of the ray, r(t) = P + tv, t > 0, where P
is a point and v is a Euclidean vector. DCGA does not have a strong concept
of a Euclidean vector, so in our ray tracer, we construct our ray r(¢) in CGA,
requiring us at times to map back and forth from DCGA and CGA1.

To compute the intersection of the ray with the torus (or cyclide in general),
we use the method of the Easter and Hitzer [3] to compute the intersection of the
DCGA line containing r(t) with the cyclide. However, while Easter and Hitzer
show that the outer product of a line with a cyclide gives the intersection between
the two objects, they do not show how to extract the points of intersection of
the resulting object. In this section, we show how to extract these points of
intersection.

The intersection of an arbitrary cyclide O and a line L is

OL=0OAL. (15)

Let v = (vg, vy, v;) be the CGAL direction of L (where v = L - (ex A €5 A
(e +e7r +es)), and let D(xg, Yo, 20) be a point on L. A point on a line through
D(x0, Yo, 20) in direction v is (expanding (3))

D(xo + tvg, yo + tvy, zo + tv,) =
( xo + tvg)er + (yo + tuy)es + (20 + tvs)es) +
1
2

(o + tvs)es + (yo + tvy)es + (20 + v, )es) et + eol> A
(((mo + tvy)es + (Yo + tuy)er + (20 + tv.)es) +
(w0 + tvg)es + (Yo + tvy)er + (20 + tv.)es) eccs + 602>
= ([.13061 + yoes + 20€3 + 2 (23 + y§ + 25)€co1 + €01] +
[vze1 + vyes + v.e3 + (Tove + Yoy + 20Uz )€co1]t +
L (02 + 02 +v§)eoo1]t2) A
<[9€066 + Yoer + zpoes + %(33(2) + Y5 + 25)ecc2 + €o2] +
[vzes + vyer + v es + (Tovy + Yoy + 20Vz)€cca]t +
(502 + 02+ v2)eccalt?) (16)
The point D(xg + tvg, Yo + tvy, 20 + tv,) ison OL = O A L if

D(xg + tvg, Yo + tvy, 20 + tv,) - OL = 0. (17)
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Expanding Eq.17 gives 100 terms. While merging duplicate terms reduces
this to 89 terms, this number of terms would make implementation challeng-

ing. We can ease the implementation computing the intersection by assigning
K, M ,N,G,H, R to each row of (16); i.e., let

= xoe1 + Yoez + zpes + %(503 +Yg + 25)eco1 + €01

= vye1 + vyes + vye3 + (ToUy + Yoy + Z0Vz)€co1

3V + vy +v2)es

= zoeg + Yoer + z0€s + 3 (2§ + Yg + 25)€cc2 + €02

= V€6 + vyer +vz€s + (ToUs + YoUy + 20Vz) €002

=12+ U; + %) en0s (18)

B ZQ 22X
|

so that

D(z0 + tvg, yo + tvy, 20 + tv,) = (K + Mt + Nt*) A (G + Ht + Rt?).
Then expanding D(z,y, z) - OL gives

D(z,y,2) - OL = (K + Mt + Nt*) A (G + Ht + Rt?*)) - OL
=t%KANG)-OL +
t'(KANH+MAG)-OL +
t*KANR+MAH+NAG)-OL +
t3(M/\R+N/\H) OL +
t'(NAR)-O (19)

Solving for the roots of Eq. 19 and substituting these roots into D(zo + tvo, yy +
tyo, 20 + tzo) gives us the four points of intersection between the line and the
cyclide. In a ray tracer, we are interested in the first intersection along the ray,
which is given by the smallest, positive real root. If none of the roots are real
numbers (or if all the real roots are negative), then our ray did not intersect the
surface.

Remark 31. Note that (16) is the parametric equation for a line in DCGA.
Further note that (16) is a fourth degree equation. While it may seem odd that
the parametric equation for a line in DCGA is a fourth degree equation, the high
degree results from the line being constructed as the outer product of two CGA
lines, each of which are degree two equations. If we apply the extraction operators
T,,T,,T. to (16), we find the linear equations we expect for a line.

Remark 32. While the solutions of (19) will likely work for the intersection
of a line with an arbitrary quartic, in ray tracing we are primarily interested in
finite volumes having a well-defined inside and outside; thus, in our ray tracer
(Sect. 6), we only tested our method on cyclides.
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3.1 DCGA and Quadrics

In this section, we study the polynomial equation resulting from the intersection
of a line with a quadratic in DCGA. While the resulting polynomial appears to
be quartic, we note that the degree three and four terms of the latter are zero,
and that the polynomial is only quadratic as expected.

The intersection of a quadric @ and a line L is

QL=QAL. (20)

Let D(xo, Yo, 20) be a point on L and let v = (vg, vy, v;) be the direction of
L. Then an arbitrary point D(z,y,2) on L is

D(z,y,2) = D(xo + tvg, yo + tvy, 20 + tv.) =
(K + Mt+ Nt*) A (G + Ht + Rt?)

with K, M, N,G, H, R from (18). Then expanding D(z,y, z) - QL gives

D(z,y,2) - QL= ((K + Mt+ Nt*) A (G + Ht + Rt?)) - QL
= t%KAG)-QL+
t'(KANH+MAG) QL+
t*(KAR+MANH+NAG) QL +
t’(MAR+NANH)-QL +
tY(NAR)-QL. (21)

Expanding the > and t* terms of Equation (21), we find that both are identical
0. Thus, Equation (21) is a quadratic polynomial. Since the degree three and
degree four terms of (21) will be zero for a quadratic, if it is known that QL is a
quadric (as is typically the case in a ray tracer), we can reduce the computational
costs by not evaluating the inner product coefficients for these two terms.

4 Colinear Point Quadruples (CPQ)

The intersection of a line with a torus gives an object whose inner product
with a point is zero at the four points of intersection between the torus and
the line, and non-zero at any other point. We refer to this object as a collinear
point quadruple (CPQ). In this section, we show how to create a collinear point
quadruple directly from four points.

Theorem 1. Given four collinear but distinct DCGA points, Ppy = Pcl1 A
Poz2 = D(21,y1,21), Pp2 = Poy AN Poz = D(22,Y2,22), Pps = Poy A Pz =
D(xs3, Y3, 23), Ppa = Poy A\ Ppz = D(24, ya, 24), where

I +yi+ 2 # 2 +ys+ 2 (22)
T3+ 3+ 25 £ 2l +yi+a (23)
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Let

CPQ = ((Pp1 (€01 N €xo1)) A (Pp2 - (€02 A eooz)))
+((Pp1 - (€02 N €002)) A (PP2 - (€01 N €cc))) (24)

where Ppy, = Pp1 A Pps and Pps = Pps A Ppy. Then for an arbitrary DCGA
point Pp,

P PQ/Ip) - * 0 if Pp € {Pp1, Ppy, Pps, P
b AE /To) = Po-CPQ" = { non-0 Zoftherwisi o1, P2, Pos, Poa}
(25)

and
CPQ = (k3 — ki) (ki — k3)(Pc2 A Pez A Py A Pey + Poy A Py A Poz A Pes).
where kI = e, Py =—3(@?+y?+27), exj Poy=-1(i=1---4,j=1,2).

Remark 41. We note that the representation of a collinear point quadruple
is not unique. In particular, the CPQ constructed using point pairs Ppio =
PpiANPps and Ppsy = PpsAPpy in Eq. 2/ is not equal to the CPQ constructed
using point pairs Ppis = Pp1 A Pps and Ppsy = Ppo A Ppy in Eq. 24, although
both CPQ’s have the same zero set.

Remark 42. While the representation of a CPQ in Theorem 1 gives a fairly
concise representation for a CPQ, a CPQ created in this manner is coordinate
system dependent. In particular, conditions (22) and (23) result in a CPQ
that s identically zero in one coordinate system but valid in another coordinate
system. This coordinate system dependence complicated the proof of Theorem 1.

Remark 43. If the set of four points fails the condition in Eq. 22 or Eq. 23, then
reordering the points by swapping either of Pp1, Pps with either of Pps, Pps will
yield of set of four points that meets these conditions and can be used to construct
a non-zero CPQ.

The method in Sect. 3 allows us to compute the four points of a CPQ given
the line L containing the four points, a point on L, and the direction of L.
However, we might want to find the four points on a CPQ without knowing
the line L containing the CPQ. While we do not have general results for an
arbitrary CPQ, we can show that for CPQ’s constructed either as in Theorem 1
or as the intersection of a line with a quartic, the CGA1 direction d; of the line
containing Py, P, P, Py is

d; + aes1 = CPQ - (eoo A\ 602) (26)

and
S =CPQ (e, Nex2)/CPQ - (e, Nex) (27)

is a CGA1 sphere through the origin whose center is a point on the line containing
PlaP25P37P4-
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5 Barycentric Coordinates in DCGA

In the homogeneous model (e? = 1,e2 = 0) a 3D point with coordinates (z, vy, 2)
is represented as P = xe; +yes+ zes+e,. If a point P lies in a plane APy P Ps,
then P can be represented as a linear combination P = agPy + a1 Py + as Ps.
ag, a1, as are called barycentric coordinates. Barycentric coordinates are used for
a variety of purposes in computer graphics; in particular, they are used when
performing lighting calculations on triangles.

We can find the barycentric coordinates of a point P relative to a triangle
APy P, P, by computing [2]:

ao = (P—Py) N (P — P)
(Py— P) A (P — Py)’

0 = (P—P) N (Py— Py)
(P, — P) A (Py— P)’

as=1—ag—a;.

We note that the homogeneous model is a subspace of CGA, and we can map
a point P in CGA to a point P’ in homogeneous by

P'=—(Phex) e =P— 312" +y*+%)ex.

Note that if P = ey, or P = e, then (P Aey) - e, = 0. For ray tracing, we are
only interested in finite closed surfaces, so the case of P = e, is of no concern;
when P = eg, note that P’ = P, and no computation needs to be done, but
if an expression that works for all P is desired, see [3]. Regardless, we can find
barycentric coordinates of a point P in CGA relative to a triangle APy P Py
in CGA by mapping all points to the homogeneous model and using the above
method.

Likewise, in DCGA, we can map a point Pp in DCGA to a point P’ in
homogeneousl by (Pp A ex1) - €5, and again find the barycentric coordinates of
a point Pp in DCGA relative to a triangle APy P; P, in DCGA by applying the
above method.

6 Ray Tracer Verification

We implemented the methods described in this paper, and integrated them in a
simple ray tracer [5] in gaigen [4]. Our focus in the ray tracer was on ray tracing
tori (and cyclides in general), although we also ray traced quadratic surfaces and
planes.

In ray tracing, an image is created by casting rays starting at a view point,
through each pixel of the desired image, and intersecting the ray with all the
objects in the scene. Using the closest intersection, a lighting calculation is per-
formed to determine the colour of the pixel. The ray tracer we implemented
performs a diffuse lighting calculation, shadows, and constructive solid geome-
try operations.
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Hierarchical modeling techniques are typically used in creating scenes for
a ray tracer. The resulting data structure is a tree of transformations, with
primitives (such as spheres and tori) as leaf nodes. These primitives are defined in
canonical positions (such as a sphere at the origin). When ray tracing, we traverse
this tree structure, and when traversing down the hierarchy, at a node with
transformation T, we apply T~! to the point and vector of the ray. At the leaf
nodes, this transformed ray is intersected with the canonical primitives. We used
such a hierarchical approach in our ray tracer, and thus the ray-intersect-tori
computations we computed using the special torus defined as in Eq. 6. However,
we also ray traced other cyclides as seen in the picture, intersecting rays with
arbitrary cyclides.

Figure 1 shows a scene ray traced with our software.

Fig. 1. Ray traced image.

We note that while ray tracing can be performed in DCGA, the constructions
are at times a bit awkward. In particular, there is no concept of a DCGA vector.
As such, to construct a ray, one needs to map from DCGA into one of CGA1l
or CGA2, and perform various computations in one of these subalgebras. Other
than that, implementing the DCGA ray tracer was straightforward.

7 Conclusions

In studying how to use the representation of cyclides in DCGA for ray tracing, we
investigated the colinear-point-quadruple resulting from a line-intersect-cyclide,
finding how to extract the points from a CPQ, as well as how to construct a
CPQ directly from four points. We further investigated some other constructions
needed in a ray tracer.

Acknowledgement. This work was funded in part by the National Sciences and
Engineering Research Council of Canada and National Natural Science Foundation of
China (NSFC) under Grant 51525504.
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Abstract. We introduce a novel way of searching for the similarity
transformation of pictures using Geometric Algebra for Conics (GAC).
In our approach, we do not represent the image objects by their contour
but, instead, by the ellipse fitted into the contour points. Such represen-
tation makes the consequent similarity search fast and memory-saving
and makes the search for the needed transformation easier. Examples of
application on the real object images are also included.

Keywords: geometric algebra - Clifford algebra - transformation -
picture comparison - image processing

1 Introduction

The problem of image comparison and recognition is still popular. There are
many different methods such as Blob detection technique, template matching,
SURF feature extraction etc. [1].

The paper considers the search for a transformation, consisting of translation,
rotation and scaling, which allows one object to be as close as possible to another
in order to simplify their further comparison. However, existing methods are com-
putationally demanding: neural networks or iterative closest point search require
plenty of time and memory [8]. Therefore, we have presented a relatively fast
method. As a fundamental contour of our object, we consider ellipses inscribed
into the extracted contour points in a specific way, namely, using GAC-based
Iterative Conic Fitting Algorithm. This will simplify the search for the required
transformation.

2 Perceptual Hashing

Perceptual hashing is widely used for the tasks that require matching of similar
images. Generally, perceptual hashing algorithms generate a fingerprint for each
image so that similar images will be mapped to the same or similar hash code.

Five of the most used hashing techniques are well known: A-Hash, D-Hash,
P-Hash, W-Hash, SVD-Hash. Let us describe the main idea of each of the types.
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— A-Hash
The average hashing technique (A-Hash) produces the hash value of the image
based on its low frequencies, representing the image structure, and points out
the higher frequencies, which correspond to the image details. The goal of the
A-Hash is to find the average color of the image by calculating the mean of
the image matrix values.

— D-Hash
The difference hash technique (D-Hash), is similar to the A-Hash. They both
focus on the image structure, which is achieved by eliminating the higher
frequencies from the image. The main difference lays in generating hashes by
computing the difference based on the change of color gradient between the
adjacent pixels in the image matrix.

— P-Hash
The perceptive hash (P-Hash) is a technique extending the A-Hash by adding
the Discrete Cosine Transform (DCT) to obtain the most sensitive informa-
tion of the human vision system (HVS). Instead of using image intensities for
the hash generation process, it uses a range of low frequencies obtained after
applying the DCT technique.

— W-Hash
The wavelet hash technique (W-Hash) is using the Discrete Wavelet Trans-
form (DWT) for generating perceptual hashes.

— SVD-Hash
The Singular Value Decomposition hash(SVD-Hash) was first introduced by
Kozat et al. [10]. The general idea of the technique is to derive a secondary
image from the original one using a pseudo-randomly (PR) extracting features
that approximately demonstrate geometric characteristics. [4]

Perceptual hashing algorithms use perceptual features of images (see [12]) to gen-
erate their hashes. The primary goal is to generate hashes that remain unchanged
or change slightly when content preserving modifications are made to the image.
Given two images I and I',)h] = H(I) and hI'’ = H(I') their corresponding
perceptual hashes, and D(hI,hlI’) is a similarity metric, and 7 is an empiri-
cally determined threshold, D(hI,hI’) < 7 indicates that I and I’ are copies of
the same image with minor content preserving modifications. The main three
steps involved in perceptual hashing algorithms are image pre-processing, per-
ceptual feature extraction, and quantization or compression to generate the final
hash string. One of the problems with this approach is that even the same, but
rotated images have different hash due to the intrinsic limitation of perceptual
hash algorithms.

For the experiment we use the module OpenCV in Python, that brings imple-
mentations of different image hashing algorithms, slowing to extract the hash of
images and find similar images in huge data set.
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3 Geometric Algebra for Conics

Let us briefly describe the basic concepts of GAC.

By geometric algebra we mean a Clifford algebra with a specific embedding
of a Euclidean space in such a way that the intrinsic geometric primitives as well
as their transformations are viewed as its elements, precisely multivectors. For
more details see [3,5,7].

For our goals we will use the algebra for conics, proposed by C. Perwass to
generalize the concept of (two-dimensional) conformal geometric algebra Gs 1,
[14] with the notation of [6]. In the usual basis 7, e1, e2, n, embedding of a plane
in Gs,; is given by

1
(z,y) — 1+ zey + yea + 5(932 +y°)n,

where e, e5 form Euclidean basis and 7 and n, defined by specific linear com-
bination of additional basis vectors es, e, with e3 = 1 and e = —1, are the
coordinate origin and infinity, respectively, [14]. Hence the objects representable
by vectors in G3 1 are linear combinations of 1, z, y, x> +y?, i.e. circles, lines, point
pairs and points. For the general conics, we need to add two terms: %(12 —y?)
and zy. It turns out that we need two new infinities for that and also their two
corresponding counterparts (Witt pairs), [11]. Thus the resulting dimension of
the space generating the appropriate geometric algebra is eight.

Let R>3 denote the eight-dimensional real coordinate space R® equipped
with a non—degenerate symmetric bilinear form of signature (5,3). The form
defines Clifford algebra G5 3 and this is the Geometric Algebra for Conics in the
algebraic sense. To add the geometric meaning we have to describe an embedding
of the plane into R>3. To do so, let us choose a basis of R>3 such that the
corresponding bilinear form is

0 0 —13x3
B = 0 12><2 0 ) (1)
—13x3 0 0

where 1oxo and 13x3 denote the unit matrices. Analogously to CGA and to the
notation in [14], the corresponding basis elements are denoted as follows

ﬁ+7ﬁ—7ﬁX761a627n+5n—7n><~

Note that there are three orthogonal ‘origins’ 7 and three corresponding orthog-
onal ‘infinities’ n. In terms of this basis, a point of the plane x € R? defined by
X = ze; + yes is embedded using the operator C : R? — Cone C R%3, which is
defined by

1 1
C(z,y) = ny +xzer +yes + 5(5172 +yP)ng + 5(1?2 —y)n_+ayny. (2
The image Cone of the plane in R%? is an analogue of the conformal cone. In fact,
it is a two—dimensional real projective variety determined by five homogeneous
polynomials of degree one and two.
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Definition 1. Geometric Algebra for Conics (GAC) is the Clifford algebra Gs 3
together with the embedding R? — R53 given by (2) in the basis determined by
matriz (1).

Note that, up to the last two terms, the embedding (2) is the embedding of the
plane into the two-dimensional conformal geometric algebra Gg ;. In particular,
it is evident that the scalar product of two embedded points is the same as in
Gs.1, i-e. for two points x,y € R? we have

C(x)-Cly) = 5l — vl 3)

where the standard Euclidean norm is considered on the right hand side. This
demonstrates linearisation of distance problems. In particular, each point is rep-
resented by a null vector. Let us recall that the invertible algebra elements are
called versors and they form a group, the Clifford group, and that conjugations
with versors give transformations intrinsic to the algebra. Namely, if the conju-
gation with a G5 3 versor R preserves the set Cone, i.e. for each x € R? there
exists such a point x € R? that

RC(x)R = C(X), (4)

where R is the reverse of R, then x — % induces a transformation R? — R?
which is intrinsic to GAC. See [6] to find that the conformal transformations are
intrinsic to GAC.

Let us also recall the outer (wedge) product, inner product and the duality

A* = AT (5)

However we use the definitions as in [14]. Note that in GAC the pseudoscalar
is given by I = nin_nxejeanin_ny. For our purposes, we stress that these
operations correspond to sums and products only. Indeed, the wedge product
is calculated as the outer product of vectors on each vector space of the same
grade blades, while the inner product acts on these spaces as the scalar product.
The extension of both operations to general multivectors adds no computational
complexity due to linearity of both operations. Let us also recall that if a conic
C'is seen as a wedge of five different points (which determines a conic uniquely),
we call the appropriate 5—vector E* an outer product null space representation
(OPNS) and its dual F, indeed a 1-vector, the inner product null space (IPNS)
representation.

Let us recall the definition of inner product representation. An element A; €
Gs,3 is the inner product representation of a geometric entity A in the plane
if and only if A = {x € R? : C(x) - A; = 0}. Hence, given a fixed geometric
algebra, the representable objects can be found by examining the inner product
of a vector and an embedded point. A general vector in the conic space R in
terms of our basis is of the form
+

V=04 + 0 - + 0% 0y +otep F0v%es FuTng FuTnl Fu¥ng
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Hence a conic is uniquely represented (in a homogeneous sense) by a vector in
R53 modulo this subspace. This gives the desired dimension six. In other words,
the inner representation of a conic in GAC can be defined as a vector

Qr=7v"L + 7 _ + 7 7y +vle; +vies + v, (6)

The classification of conics is well known. Among the non—degenerate conics
there are three types, the ellipse, hyperbola, and parabola. Now, we present the
vector form (6) appropriate to the simplest case, i.e. an axes—aligned ellipse E
with its centre in the origin and semi—axes a, b. Correctness may be verified easily
by multiplying its vector by an embedded point which means the application of
(1) and (2). The corresponding GAC vector is of the form

Er = (a® + )iy + (a® = b*)n_ — a®b’ny. (7)

More generally, an ellipse E with the semi—axes a, b centred in (u,v) € R? rotated
by angle 0 is in the GAC inner product null space (IPNS) representation given
by
E=n4 — (acos20)in_ — (asin 20)n«
+ (u + uacos 20 — vasin 20)e; + (v + vacos 20 — uasin20)e;  (8)

+ 3 (¥ +0* = B— (u® — v*)acos 20 — 2uvasin 26) n..

For proofs and further details about other conics see [6].

3.1 Parameter Extraction

It is well known that the type of a given unknown conic can be read off its matrix
representation, which in our case for a conic given by

—t@t+o7) —1oX %vl
Q= —io* Lt —v7) 0% | (9)
1ot 102 —t

q22 = Qr -
q33 = Qr - Ny,

Q12 = q21 = Q1 - %nm
13 = g31 = Q1 - 5€1,

q23 = q32 = Q1 - 5€2.

qu = Qr - %(n+ +n_),
1
2

It is also well known how to determine the internal parameters of an unknown
conic and its position and the orientation in the plane from the matrix (9).
Hence all this can be determined from the GAC vector Q; by means of the inner
product.
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The parameters of a conic can be obtained from the matrix (9) of its IPNS
representation, for example:

— center of an ellipse or hyperbola:
12923 — 2922413 713912 — 2411923
= 2 0 Y= 5
4411922 — 1o 4411922 — i

— semiaxis of an ellipse:

. \/(QA(QM +q20 £/ (q11 — q22)2 + ¢35) (11)
’ (411922 — 435)) ’

where A = q11633 + ¢22435 — q12¢13G23 + (432 — 4q11622) ¢33
— angle of rotation

q22—q11—/(q11—q22)%+45
— arctan (qm ) 2 g2 #0

f=40, q12 =0, q11 < @22 (12)
g’ g2 =0, q11 > qo2

Other parameters can be derived with the help of eigenvalues of the quadratic
form matrix. For more details see [9].

3.2 Transformations

The main advantage of GAC compared to other models (for instance, Gg) is that
it is fully operational in the sense that it allows all Euclidean transformations,
i.e. rotations and translations. But not just that, it also allows scaling in the
sense of (4). Hence, like in the case of CGA (or Gg,1), one obtains all conformal
transformations. The exact form of GAC versor for rotation (rotor), translation
(translator), and scaling (scalor) is given as follows.

The rotor for a rotation around the origin by the angle ¢ is given by R =
R+ (Rl N RQ), where

Ry = cos(%) +sin(F)er Aeg, (13)
Ry = cos(p) + sin(p)ix An_, (14)
Ry = cos(yp) — sin(p)n_ A nx. (15)
The translator is given by T'= T, T_T\, where
Ty =1— tue; Any (16)
T-=1-3uey An_+ 2uPng An_ (17)
Ty =1— Jues Any (18)

for a translation in the direction e; around wu. Similarly, for a translation in the
direction ey around v one has

Ty =1—lves Ang (19)
T_ =1+ $ves An_tv’ny An_ (20)
Ty =1— %ve; Any (21)
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The scalor for a scaling by a € RT is given by S = S,.5_ Sy, where

Sy = 3&1 3\;1 ANty (22)
S_ = 3\4}1 2\Fn An_, (23)
Sx = §82 + § 20 Any. (24)

For proof see [6]. All transformations apply on a vector in GAC by conjugation
(4) of the appropriate versor formal exponential. This holds also for translations
and rotations, for their precise form see [6]. Consider python implementation
of transformations. Now let us demonstrate transformations by visualization on
example.

Ezample 1. Consider axis-aligned ellipse with the semi-axes a = 2,b = 4 centred
in (u,v) = (0,2).

The result of applying the rotation by angle ¢ = %, scaling by 2 and trans-
lations by vectors (0,2), (2,0), (—3,2) respectively is shown in Fig. 1 [2] (Fig. 2).

L |
IS i o ~ IS
~ IS By @

|
b ° ~ I £y

Fig. 1. Transformations

4 Algorithm for Finding the Transformation

Scaling parameter for our transformation can be found by Algorithm 1.

Algorithm 1

Inputs:two co—centric ellipses, where one is the scaled copy of another
Output: scaling parameter SP

1: Construct a line [ passing through the points 7" and es:
l=exAny Ay An_— Anx.

2: Find the intersection points C' = E1 NI, B = E3> N1 of the line and both ellipses,
i.e. solve a quadratic equation in a Euclidean space.
3: The scale parameter between ellipses is

_ ()]
e
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(a) Direct fitting (b) Iterative fitting

Fig. 2. Comparison of conic fitting algorithms applied on a differently translated sam-
ple point set. Precision prescribed for the iterative algorithm was ¢ = 107° and, in all
cases, 3 or 4 iterations sufficed to achieve the precision.

For more details, see [2]. Therefore, we may find the desired transformation,
using the following algorithm.

Algorithm 2
Inputs: Image:, Imagea
Output: Transformation T'r
1: fori=1,2do
2: Upload I'mage; and create a binary thresholded I'mageT;
3 Find the contours in the thresholded I'mageT;
4: Find the contour (Contour;) enclosing the biggest area
5: Apply Algorithm 1 to Contour;
6.
7
8

Extract parameters z%,y%, as, bi, 6; from the fitted conic C;
Apply translation T of conic C; by vector (—xz%, —y)
: Find the transformation Tr = SR for the conic Cs, where
R is rotation of a conic around the origin by the angle 6; — 62;
S is scaling of a conic by factor s; which is found in Algorithm 1

By applying transformation T'r to the conic Cy in a way T’ ngﬁ we get the
conic, aligned with the C;. By applying that transformation to the all points in
set it is possible to get aligned pictures. To apply the transformation, we need
to crop images as circles, co-centered with ellipses and bigger ellipse’s semiaxis
as circle radius and then to rotate images on the angle difference.

Perceptual hash algorithms describe a class of functions for generating com-
parable hashes. Image characteristics are used to generate an individual (but not
unique) fingerprint, and these fingerprints can be compared with each other. For
our research we use perceptual hashes. In cryptography, every hash is random.
The data used to generate the hash acts as a source of random numbers, so that
the same data will give the same result, but different data will give a different
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result. If the hashes are different, then the data is different. If the hashes match,
then the data is most likely the same (since there is a possibility of collisions,
the same hashes do not guarantee that the data will match). In contrast, per-
ceptual hashes can be compared with each other and inferred about the degree
of difference between the two datasets [13].

5 Simulation

As a demonstration, let us compare two photos of the same object taken by a
drone. The images are shown in the picture Fig. 3a,3b.

e
Yo 1

(a) Image 1 (b) Image 2

Fig. 3. xx

First let us compare two images using perceptual hashes. The parameter shows
the degree of similarity of the images. For similar images the output parameter
is up to 15, for different images it is more than 15. Comparing the pictures gives
us the result:

hashl 1111100111110000111100110011001100011001000110110110111101111111
hash2 0000001111100011111001111111111111100000011100000011111000111111
result: 30

So the hash comparison shows that pictures are very different. Now we will
find the transformation and apply it to the image (rotate and translate). Con-
sider the image in Fig.5. After highlighting the contours, the maximal one was
selected, it is shown in Fig.4b. After fitting the ellipse into the given contour,
an ellipse was obtained with the following parameters:

S = [285.1305490824287 , 325.1182024501176]
a = 156.15972309402093
b = 89.45721142437789

theta = 139.62977432632437
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Fig. 4. Simulation

We carry out a similar procedure with another image and, as a result, we obtain
an ellipse with the following parameters:

S = [348.97305779468377 , 275.565547053376]
a = 152.99108015608545
b = 93.58490358200152

theta = 47.82948709748718

Therefore, the necessary translation for moving the ellipse center to the origin
is T = T(—209.28270157371304, —219.21051222645468).

Note that transferring conics to the origin was necessary for the scaling pro-
cedure to work correctly. After cropping images as circles we get the following
photos. Now we can rotate images on the angle difference, i.e. 91.80028722883719
degrees.

Now the parameter is already equal to 0, so objects on the pictures are found
to be same (Fig.6).

hashl 1111101111111001111110000011010000110100100111001101100111001111
hash?2 1111101111111001111110000011010000110100100111001101100111001111
result: O

Therefore objects on the pictures are found to be the same object.
Perceptual hashes method works well in the case when the pictures have
different sizes, and it also works when there is a little noise in the image (the
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Fig. 5. Simulation

(a) Image 1 after object  (b) Image 2 after object  (c) Image 2 after object
cutting cutting cutting and rotation

Fig. 6. xxx

noise disappears when the picture is scaled). Using our transformation (rotation,
translation and scaling) we solve the problem of rotated images, that are usually
found to be different by this method.

6 Conclusion

The algorithm, searching for transformation, consisting of translation, rotation
and scaling, allowing one object to be aligned to another, was presented. It
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was proposed to consider ellipses inscribed into the contour of an image object
in a specific way, namely, using GAC-based Iterative Conic Fitting Algorithm.
The example of applying the transformation search algorithm on the real image
taken from a drone was demonstrated and the corresponding transformation was
found. In future it is planned to use more complex images and extend the list of
used transformations.

References

10.

11.
12.

13.
14.

. Andersson, O., M., S.R.: A comparison of object detection algorithms using unma-

nipulated testing images: Comparing SIFT, KAZE, AKAZE and ORB (2016)
Derevianko, A., Vasik, P.: Solver-free optimal control for linear dynamical switched
system by means of geometric algebra. arXiv:2103.13803 [math.OC]
Gonzalez-Jimenez, L., Carbajal-Espinosa, O., Loukianov, A., Bayro-Corrochano,
E.: Robust pose control of robot manipulators using conformal geometric algebra.
Adv. Appl. Clifford Algebras 24(2), 533-552 (2014)

Hamadouche, M., Zebbiche, K., Guerroumi, M., Tebbi, H., Zafoune, Y

Hestenes, D.: Space-time algebra. Gordon and Breach, New York (1966)

Hrdina, J., Navrat, A., Vasik, P.: Geometric algebra for conics. Adv. Appl. Clifford
Algebras 28(66) (2018). https://doi.org/10.1007/s00006-018-0879-2

Hrdina, J., Navrat, A., Vasik, P., Matousek, R.: Geometric algebras for uniform
colour spaces. Math. Meth. Appl. Sci. (2017). https://doi.org/10.1002/mma.4489
Khazari, A.E., Que, Y., Sung, T.L., Lee, H.J.: Deep global features for point cloud
alignment. Sensors 20(14) (2020). https://doi.org/10.3390/s20144032. https://
www.mdpi.com/1424-8220/20/14/4032

Korn, G., Korn, T.: Mathematical Handbook for Scientists and Engineers: Defini-
tions, Theorems, and Formulas for Reference and Review. Dover Civil and Mechan-
ical Engineering Series, Dover Publications (2000). https://books.google.cz/books?
id=xHNd5zCXt-EC

Kozat, S., Venkatesan, R., Mihcak, M.: Robust perceptual image hashing via
matrix invariants. In: 2004 International Conference on Image Processing, 2004.
ICIP 2004, vol. 5, pp. 3443-3446 (2004). https://doi.org/10.1109/ICIP.2004.
1421855

Lounesto, P.: Clifford Algebra and Spinors. CUP, 2nd edn., Cambridge (2006)
Mojsilovi, R., Gomes, J., Rogowitz, B.: Isee: Perceptual features for image library
navigation. Proceedings of SPIE - The International Society for Optical Engineer-
ing 4662 (05 2002). DOI: https://doi.org/10.1117/12.469523

Niu, X.M., Jiao, Y.H.: Overview of perceptual hashing 36, 1405-1411 (07 2008)
Perwass, C.: Geometric Algebra with Applications in Engineering. Springer Verlag
(2009)


http://arxiv.org/abs/2103.13803
https://doi.org/10.1007/s00006-018-0879-2
https://doi.org/10.1002/mma.4489
https://doi.org/10.3390/s20144032
https://www.mdpi.com/1424-8220/20/14/4032
https://www.mdpi.com/1424-8220/20/14/4032
https://books.google.cz/books?id=xHNd5zCXt-EC
https://books.google.cz/books?id=xHNd5zCXt-EC
https://doi.org/10.1109/ICIP.2004.1421855
https://doi.org/10.1109/ICIP.2004.1421855
https://doi.org/10.1117/12.469523

®

Check for
updates

Line-Bound Vectors, Plane-Bound
Bivectors and Tetrahedra in the Conformal
Model of Three-Dimensional Space

Timothy F. Havel &)

MIT, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
tfhavel@gmail.com

Abstract. The representation of some elementary geometric concepts
in the conformal geometric algebra of three dimensions are reviewed, and
their connections to a recently discovered extension of Heron’s formula
for the area of a triangle to the volume of a tetrahedron are discussed.
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1 Background and Introduction

The intuitions which inspired Hermann Giinther Grassmann to invent the inner
and outer products of vectors and points are seldom emphasized in modern
presentations of geometric algebra [7]. This is unfortunate because they still
have something to offer, both pedagogically and as a source of inspiration for its
applications and further developments. I have recently had the rare pleasure of
experiencing some of Grassmann’s spirit in the course of discovering a natural
extension of Heron’s formula to the tetrahedron, and envisioning how those same
geometric principles can be applied in higher dimensions [6]. The algebra was
tough going, but the payoff was in the geometric insights it led to.

In order to emphasize the elementary nature of those results and render them
accessible to the widest possible audience, I eschewed the use of modern geomet-
ric algebra in that work and confined myself to the better-known vector algebra
of Gibbs and Heaviside. Nevertheless, the conformal model would seem to be
the ideal framework within which to build upon the geometric insights obtained
in three dimensions in order to extend Heron’s formula to yet higher dimen-
sions. Doing so, however, will require some combinatorial analysis in addition to
algebraic and geometric, and as such is outside the scope of the present paper.
Instead, some of the techniques utilized in Ref. [6] will here be reformulated
within the conformal model [2,9], with emphasis on their intuitive aspects.

2 Barycentric and Affine Sums in the Conformal Model

One curious feature of the 5D conformal model is that, although it contains the
4D homogeneous model as a subspace, barycentric sums in that subspace do
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not correspond to weighted sums of the corresponding conformal points.! This
is because a naive barycentric sum of conformal points a = ng + a + n., a?/2,
b=mnp+b+ny,b?/2 (nZ=n%2 =0, ng-n. = —1) is not itself null vector:

(Baa + Bob)? = 2Bafba-b = —Bifplla—Db|*  (G+f = 1) (1)
Instead a non-linear correction term has to be added on, specifically:
faa + Pob + fafha-bne = no + faat+fob + 3llfaa+t b’ ne. (2)

For a general indexed sum vail B; a; of points with Zfil B; = 1, the corre-
sponding formula is:

2n<x, (3)

N
Z Bi ai
i=1

Far from being an encumbrance, this correction contains valuable metrical
information. For example, if b is such a corrected barycentric sum of the a; we
can easily derive Lagrange’s first identity [4] for the radius of gyration of {a;}
about the barycenter b thereof as follows:

0= b = b-(Zi Biai + noe Yo, mﬂjai-aj)
= Y Biai-b—3 ., BiBja;-a; (4)
= > Billai—bll> = X, 80 lai —a;]?

We can also derive Lagrange’s second identity, which connects these distances
with those to an arbitrary third point ¢, namely:

c-b= ) Bicra; +c-ny Z]‘>i BiBj a; - a;
— S Blai—cl? = [b—cl? + X, B lai—ay2  ©)

N N N )
> Biai + ne Y BiBjai-a; = no+ > Pia; + B
i=1 i=1

j>i=1

Finally, from Lagrange’s first and second identities together we get the Huygens-
Leibniz identity:

> Billai —c|* = |b—c|* + 3Z; fillai — b|? (6)

If we are given a second barycentric sum b’ = >, f; a;, the squared distance
between the two is

Ib—b'|> ==2b-b =-2b-3, Bja; — 2b-ns >, Bifjai-a;, (7)
but since oo + ax = —1 for all k and »2; 3 =1, we have b- >, Bia; =
Yoo BiBai-a; + (5, Bifjai- a;) (X B nec - ak)
= 2., (BB — L B:B)ai-a; . (8)

! Such sums can nonetheless be interpreted as a “pencil of coaxial spheres”
(cf. e.g. §15.2.4 of Ref. [2]).
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Together with Eq. (7), this yields: ||b —b’||? =

205 (Z28:8; + BiBs + BiB;)ai-a; = 32, (B — By)(B — B;)ai - a;
= _% Zz,g(ﬁ’b - BB — ﬁ;) la; — aj||2

This last expression is known as Schénberg’s quadratic form [1]. It is well known
that it is non-negative for all values of the variables 6; = 3; — 3] with . d; =0
if and only if the coefficients |la; — a;||? are indeed the squared distances among
a system of points in Euclidean space. The geometric interpretation of this form
as being itself a squared distance shows very clearly why this is so.

In the homogeneous model the difference between two points ng+a and ny+b
yields a “free” vector v =b — a. It acts as a translation by addition, producing
in particular ng + b = ng + a+ v. The difference between two conformal points
a and b, however, contains another term proportional to n.,, namely

vi=b-a=v+3i(b-a’)n.. (10)

Even though b = a + v and v? = ||b — a||?, the addition of v to an conformal
point does not yield the translated point in general. Instead, multiplying it
from the right by n., yields the bivector vn.,, which in turn generates a rotor
exp(vns,) = 14 vng, that translates a point ¢ = ng+ ¢ +mnq.c?/2 via the usual
multiplicative two-sided action:

(I1+vna)e(l+nev) = ng + c+v + ing(c+v)?. (11)

The difference between two “flat” points 1, A b — N, A @ = NV generates
this same rotor exp(—n,v), and more generally any affine sum of flat points
Yo 0i(NocNa;) = noe Y, 04 = N v with ) . 6; = 0 also generates a translation.

3 Line-Bound Vectors and Tetrahedra

The next step up from flat points are line-bound vectors, which have the form

N AaAb = no A(ng+a+a®n./2)A(ng+b+a’n./2)
N A (g +a)A(ng+b) = neo A(ngA(b—a) + aAb) (12)
= NA(b—-—a)+noNaAb = N(b—a) + ngaAb

with IN := 1o, Ang . The inner product of this with ng is a bivector (b—a)n., —
a A b which generates a Euclidean “screw” motion (translation and rotation
about an axis thereof). This line-bound vector itself is determined by an oriented
segment [a, b] of a line in space, where the line’s direction is (b —a)/||b—a|| and
its (minimum) distance from the origin is ||aAb||/(||b—a||). The position of this
oriented line segment on the line is however indeterminate, or alternatively, the
line-bound vector only determines the equivalence class of all collinear oriented
line segments with length ||b — a.
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The length of the oriented line segment may be obtained by squaring the
line-bound vector, which yields a simple example of what is widely known as a
Cayley-Menger determinant [1,3,5]:

(Moo AaAb)? = —(bAaAny) (e AaAb) = (13)
Moo * Moo Moo * @ N + b 0 1 1
—det| no-a a-a a-b = det| 1 0 illa — b|?
Neo:b a-b b-b 11lla—bl? 0
= 3lla=b*+3lla=b[|* = la-b|?
A little more generally, the inner product of two line-bound vectors is the inner
product of the corresponding free vectors:

—(bANaAng) (Mo AeAd) =
~%(la=cl” = lla=dl’ = [p—c|’+ [b—d|*) = (b—a)-(d—c) (14)

In order to obtain the higher-grade parts the geometric product of two such
line-bound vectors, we expand it via Eq. (12) to get:
(N NaAb)(Ne AcAd)
= (N(b—-a)+n(aAb))(IN(d-c)+n(cAd))
= (b—a)(d—c)+ (nw-N)(@aAb)(d—-c)— (N-ny)(b—a)lcAd)
= (b—a)(d—c) + no(@aAnb)(d—c) + n(b—a)(cAd)

(15)

The two-vector part of this, which is easily seen to be the same as the commutator
product of the line-bound vectors, is:

((noo NaAb)(ne Aend)), = (16)
(b—a)A(d—c) + no((anb)-(d—c)+(b—a)-(cAd))

Finally, the four-vector part of this product of line-bound vectors is:

<(nm/\a/\b)(nm/\c/\d»4
=nx ((@Ab)A(d—c) + (b—a)A(cAd))
=nex(@aAbAd —aAbAc+bAcAd —aAcAd)
=n. ((b—a)A(c—a)A(d—a)) (17)

This may be interpreted as 3! n., times the volume of the oriented tetrahedron
[a, b, c,d]. Since the line-bound vectors do not change when [a, b] and [c, d] are
translated along their respective lines, we see that the volume of the tetrahedron
is also unchanged by such translations, as well as translations of its other edges
along the lines they span.

Letting L :=n. AaAband M := n, AcAd, the product of LM with its
reverse is easily seen to be just

LMML = MLLM = |b—al?|d-c|?. (18)
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This product, however, can also be written as

LMML = (LM)(LM)j + (LM)y(LM)5 + (LM),(LM);  (19)
+ 2(LM)o(LM)3 + 2(LM)o(LM)7 + 2(LM)o(LM)y

Because (LM )4 contains a factor of n., by Eq. (17), (LM)4(LM)7; = 0. In
addition, by Eq. (14), (LM)o = (b — a) - (d — c), while the last three terms
on the right-hand side of Eq. (19) contain no scalar part. It follows that the
magnitude of (LM, is:

(LM | = (M), (LM = ((LM), (LM)3), = (20)
Ib—al?d—c|> - (b-a)-(d—ec)* = [[(b—a)A(d—c)|

Geometrically, this quantity is the square of 4 times the area of the medial
parallelogram [(a + ¢)/2,(c + b)/2,(b + d)/2,(d + a)/2] of the tetrahedraon
[a,b,c,d]. To see that this is indeed a parallelogram, note first that

(a+c)A(c+b)A(b+d)A(d+a)= (21)
aANcAbAd +cAbAdAa =0

since the other 14 of the 16 blades obtained on expanding the left-hand side
contain a repeated factor. Thus the midpoints of the four edges [a,c], [c,b],
[b,d], [d,a] are coplanar. Furthermore, the outer product of the vectors from
the midpoint of any edge, say (a + ¢)/2, to the midpoints of its adjacent edges
(c+b)/2 and (d + a)/2, is simply

L{(e+b)—(a+c)A((d+a)—(a+c)) = I(b—a)A(d—c), (22

whence this paragraph’s first assertion follows.

In general, the sum of line-bound vectors is not itself a line-bound vector,
but a composite entity which can be interpreted in various ways. Classical inter-
pretations include the result of a system of forces acting at various points on a
rigid body, and the result of a system of infinitesimal motions applied to a rigid
body. We will not develop these theories here, but refer to interested reader to
the extensive literature on the subject [8]. Instead we shall seek to interpret the
graded components of the product of such an entity with itself in the context of
the conformal model, as above.

Hence consider an arbitrary composite line-bound vector of the form:

L+M = noAaAb+noAehd = noA(laAb+ceAd) (23)
By Eq. (14), the inner square of this expands to:

(Moo AlaAb+cAd)) - (o A(aAb+cAd)) =
b—a)’+2(b-a)-(d—c)+(d—-c)® = 4[(b+d)/2— (a+c)/2|* (24)

Thus we see that the length of this diagonal of the medial parallelogram (which
is also a bimedian of the tetrahedron) remains unchanged as [a,b] and [c,d]
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are translated along their respective lines. The lengths of its sides ||b — al|/2
and ||d — c||/2 are of course also invariant under such translations. Finally,
Eq. (16) shows that the bivector of the medial parallelogram is likewise invari-
ant. Together, these observations prove that translations of [a, b] and [c, d] along
their respective lines merely translate the corresponding medial parallelogram
in space without changing its shape or aspect.

The anti-symmetry of Eq. (16) under the (a,b) < (c¢,d) swap shows that
the 2-vector part of the square of a composite line-bound vector vanishes. The
4-vector part, however, is:

<(noo/\(a/\b+c/\d))2>4 — 2n, ((b—a)A(cAd) + (aAb)A(d—c)) (25)

This clearly does vanish if b—a =d —coraAb =cAd, ie. the line-bound
vector in question is simple (non-composite). On taking its dual with respect to
the pseudo-scalar ¢ = ejeses of the free-vector subspace, we obtain:

L<(noo/\(a/\b+c/\d))2>4 =
214 ((b—a)-(icAd) + (taAb)-(d—c)) = (26)
2ns (b—a)-(cxd) + (axb)-(d—c))

The vanishing of the coefficient of 2n., on the right is a well-known condition
for the lines spanned by [a, b] and [c,d] to either intersect or be parallel [§]. It
is in fact just a way of writing the famous Pliicker identity for the six Pliicker
coordinates of a line in projective three-space.

It is seldom noted, nevertheless, that this same expression is equal to +3!
times the volume |[a, b, c, d]| of the tetrahedron. This follows from the fact that
the 4 vector parts of 2 LM and (L + M)? are obviously the same (cf. Eq. (17)).
Given this observation, it is perhaps no surprise that the real algebraic variety
of all degenerate (volume = 0) tetrahedra should be intimately related to the
Klein quadric K := {x € RS |x126 — w225 + 2324 = 0} [6]. A thorough study of
the representation of the more general Grassmann-Pliicker relations in geometric
algebra was recently given by Sobezyk [10].

4 Plane-Bound Bivectors and Tetrahedra

We now consider the relations between two plane-bound bivectors, along with
the space-bound trivector (oriented volume) which a flat point and plane-bound
bivector mutually define. In the conformal model, a plane-bound bivector has
the form:

N AbACcAd = no A(ng+b)A(ng+c)A(ng+d)
N(cAd—bAd+bAc) + nobAcAd
= N(c—b)A(d—Db) + ncbAcAd (27)
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The free bivector (c — b) A (d — b) has a squared magnitude (area) of
2
l(e =b)A(d=Db)[I* = fle=Db[*|d=Db[* = ((c—b)-(d - b)) (28)

Its normal vector parallel to (c —b) x (d —b) = —¢ (c —b) A (d — b) determines
the direction of the plane containing [b,c,d], while the distance of the plane
from the origin is ||b A ¢ A d]|/(]|(c — b) A (d — b)]||). The same plane-bound
bivector, however, is obtained for any other triple of points b’, ¢/, d’ that lie in
the same plane and span a triangle [b’, ¢/, d’] with the same area.

The three-point Cayley-Menger determinant obtained by multiplying the
plane-bound bivector with its reverse is:

(dANeANbANG) (N ADACAA)
=2((b-c)(b-d)+ (b-c)(c-d)+ (b-d)(c-d))
(b e+ (b ) + (c-d)?)
=1 (b —cll+[b—dl+]e—dl)([b—ecl]+[b-d|—ec—d])
(I —cl = [Ib —dll + e =d[) (=Ib—cl| + [[b—d] + [lc — d]]) (29)

The factorized formula on the right-hand side of this equation is of course Heron’s
formula for the squared area of a triangle [b,c,d] (times 4). It can be written
rather more compactly as |[b,c,d]|2 = suvw, where s is half the triangle’s
perimeter (i.e. the first factor above), and u, v, w are half the deviations of
the three triangle inequalities from saturation (i.e. the last three factors). By
expanding the squared dot product in Eq. (28) via the law of cosines x -y =
(Ix11? + llyll* = |Ix — yl|?)/2, it is readily shown that this three-point Cayley-
Menger determinant also equals the free bivector’s squared magnitude.

The inner product of different plane-bound bivectors gives a non-symmetric
Cayley-Menger determinant. Providing the planes are not parallel, we may
assume the point triples a, b, c and a, b, d have a pair a,b in common, so that:

(N AaAbAC) - (N NaAbAd) =
(N(b—a)A(c—a)+ncaAbAc))- (N(b—a)A(d—a)+ncaAbAd))
= (b—a)A(c—a))-((b—a)A(d—a))(30)

We also have the trivial identity among free bivectors,
(b—a)A(d—c) = (b—a)A(d—a) — (b—a)A(c—a), (31)
which in turn implies

I(b—a)A(d—c)]* = [I(b—a)A(d—a)|* + [|(b—a)A(c—a)|*

—2((b—a)A(d—a))-((b—a)A(c—a)). (32)
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The symmetry of the inner product of bivectors together with Egs. (20), (30)
and (32) thus gives us the areal law of cosines,

(N ANaAbAC) - (N AaAbAd)
= [l(b—a)A(c—a)l[[[(b—a)A(d—a)l cos(wa)
= 3 (lb—a)r(c—a)|* + [(b—a)A(d—a)|* — [[(b—a)A(d-c)|)

— %(Hnoo/\a/\b/\cHQJr Hnoo/\a/\b/\d||2f ||<LM>2||2), (33)

where L and M are the line-bound vectors from Eq. (18) and ¢}, is the dihedral
angle between the planes spanned by [a, b, c| and [a, b, d].

There is also a corresponding areal law of sines, which is obtained from a
simple case of the dual (Grassmann’s regressive) outer product “V” which cor-
responds to the meet of the associated subspaces. Letting X be an arbitrary
non-null blade and y, z be vectors with X Ay, X Az # 0, this may be written as

(XAy)V(XAz) = X(XAyAz)' = X[|[XAyAz], (34)

where (X Ay A z)* is the dual w.r.t. the unit pseudo-scalar of the subspaces’
join. Upon taking norms and recalling [2] that the norm of such a dual outer
product is || X Ay||||X Az sin(¢) where ¢ is the angle between the subspaces of
X Ay and X A z, this implies:
[(nee AaAbAC)V (neo AaNbAQ)
= [[(b—2a)A(c—a)ll[[(b—a)A(d-a)| sin(pa)
— [b—al|(b—a)A(c—a)A(d—a)|
= [N AaAb]|||nc AaANbACAd|

(35)

where ¢, is the dihedral angle as above.
Now consider the product of a flat point with the plane-bound bivector:

(Moo Aa) (Nec ADACAd) =
(N+nea) (N(c—b)A(d—b) + nobAcAd)
=(1+nwa)(c—b)A(d—b) — ncbAcAd
=(c—=b)A(d—Db) + nwa- ((c—b)A(d—b))
+ne(@a—b)A(c—Db)A(d—Db) (36)

The noa- ((c —b)A(d- b)) term is unfortunately not translation invariant,
but the rest of its 2-vector part (c — b) A (d — b) is, as is its 4-vector part
oo (2 —b) A (c — b) A (d — b). The latter shows that the volume Ha, b, c,d']|
of the tetrahedron is the same for all b’, ¢/, d’ in the same plane as [b,c,d]
and spanning a triangle of the same area. It is also the same, of course, for any
translate of a in the plane through a parallel to [b,c,d]. We can put a at the
origin by translating all the points with the rotor To:=1-— an.., obtaining:

Ta(MooAa)TaTa(noo NbACAd) Ty (37)
= (c=b)A(d=Db) — nobAcAd
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Thus our remarks following Eq. (28) show that the height of n., A a above the
plane of noc AbAcAd is
I(b—a)A(c—a)A(d—a) [N AaAbAcAd]

ha = [(c—b)A(d—Db)]| T lncAbAcAd] (38)

which is the same as the ratio of the norms of the corresponding translation-
independent terms in Eq. (36).

Finally, we have the following discrete corollary of Stoke’s theorem amongst
the plane-bound bivectors of the four faces of the tetrahedron:

neo AN(bAeANd—aANecANd+aAbAd—aANbAc) = (39)
noAb—a)AN(c—a)AN(d—a) = no(b—a)A(c—a)A(d—a)

This implies, in particular, that the sum of the free bivector parts of these plane-
bound bivectors vanishes, a result usually attributed to Hermann Minkowski
although it must have been known to Grassmann. The bivectors of the four faces
determine that of the medial parallelogram (b —a) A (d —c) via Eq. (31) and its
analogues for the other two medial parallelogram bivectors (c —a) A (d —b) and
(c—b)A(d—a). This system of linear relations among these areal bivectors can
be inverted to express the areal bivectors of each face as a signed sum of those of
the three medial parallelograms. These analoges of Minkowski’s identity justify
the heterodox point-of-view that the tetrahedron actually has seven faces, where
its three medial parallelograms qualify as interior faces. Further justification
derives from the fact that the areas of these seven faces mutually determine a
non-degenerate tetrahedron up to isometry [6].

5 Heron’s Formula for Tetrahedra, and Their In-Spheres

The author’s extension of Heron’s formula to the tetrahedron is based on the
above linear relations amongst the bivectors of its seven faces, along with their
connections to the in-sphere thereof. This section summarizes these results using
the language of conformal geometric algebra, and discusses how they might be
extended to yet-higher dimensions within that framework.

The in-radius p of a tetrahedron is p = 7/0, where 7 := |[nc AaAbAcAd ||
is 3! times its volume and o is twice its surface area:

o= adtactapta, = |[noAaAbAC] (40)
+nc AaAbAd||+ || ANaAceAd||+ [N ADACA|

As is likewise well known, the barycentric coordinates of the in-center 2 are just
the ratios of these four areas to their sum o, whence it follows from Eq. (3) that
the dual representation of the in-sphere itself is:

s = (ta+ - +agd)/oc + ne(caapa-b+ - +acage-d—77/2) /0 (41)

The in-sphere touches the (exterior) faces of the tetrahedron at four points known
as its in-touch points j, k, £, m, where their free vectors relative to ng satisfy
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€ [b,c,d], k € [a,c,d],]1 € [a,b,d], m € [a,b,c|. These divide the exterior
faces into three triangles each, and the six pairs of triangles each sharing a
common edge of the tetrahedron can easily be shown to be congruent. The
areas (times 2) of these triangles also determine the areas of its seven faces
(vide infra) and hence the tetrahedron itself (up to isometry if non-degenerate).
Accordingly, these six areas have been named the natural parameters of the
tetrahedron. Any assumed non-negative values for the areas of the seven faces,
in turn, determine the natural parameters of a tetrahedron, providing they satisfy
certain consistency relations.

To formulate these consistency relations, suppose the areas of the interior
faces (times 4) are aap = aeg = ||(b — a) A (d — ¢)||, and similarly for a,c = apg
and aay = apc. Then the triangle inequality for vectors vi = vo + vy —
|[v1]] < ||va]| + ||vs]|, applied to the three bivectors in Eq. (31), implies:?

O < ctag, g < actaed, a < ag+ ao (42)

The deviations of these inequalities from saturation will be denoted by 7.} :=
Qe+ g — Qg 'Tcg = Qg+ — g and ’1;3 1= Qied + g — e, While Tcg = qc+ogq+
Qg 18 a non-degeneracy factor that vanishes if and only if ac = ag = ag = 0.
More generally, Txf will be the corresponding quantities for the other edges of the
tetrahedron with k = 0,1,2,3 and x,y € {a,b,c,d} (x # y). There are 18 such
inequalities in all (6 triples), which will be called the tetrahedron inequalities.
Finally, the linear dependencies among the seven areal bivectors can be used to
show that they also satisfy a quadratic relation known as Yetter’s identity [12]:

ol +op+altal = o tai+aly (= o+ agg+ai) (43)

Using the areal laws of sines and cosines plus a little trigonometry, one can
show that the natural parameters of the tetrahedron [a, b, c,d] are given by the
following simple rational functions of the seven areas:

U = [N AaAbAL| = |[neAharAbrm]| = T.7.5/(20)
v = R AaAcAk| = |noAarheAm| = ’ZLd'ZLd/(2U)
w = [N AaANdAk|| = |[neAhardAE | = T2 TL/(20) (44)
= [N ADACAF || = |Rec AbACcAM| = ad T.5/(20)
Yy = [N ABAAAG || = |neo ADAAAL || = T.L/(20)
2z = [N AcAdAG || = [neoAcAdAk || = T,0 7,0/ (20)

The fact that each exterior face is divided into three subfaces by its in-touch
point allows their areas to be expressed in terms of the natural parameters as:

a4 = utv+r, o = utwty, oap = v+w+z, 0 = T+Y+z (45)

2 The notation here is a bit confusing in that aq signifies the face [a, b, c] opposite the
vertex d, etc., but it is standard and the alternative aapc is cumbersome.
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These relations in turn imply ¢ = 2(u+v+w—+x+y+2). The squared interior
areas, however, are quadratic in the natural parameters:

aly = (wrwrzty)? —4duz = o), oy = (utwtr+2)? —4dvy = o,
al. = (utv+y+2)? —dwr = o’ (46)
Since the natural parameters determine the areas, they likewise determine a
non-degenerate tetrahedron up to isometry.

With these definitions, the extension of Heron’s formula to tetrahedra is:

™ = o2 (2 vwry + 2uwrz + 2uvyz — u’z? — vy — w2x2) (47)
0Ouwovw
9 _ 9 u0zy
= o° Qu,v,w,z,y,z) = —4(ut+v+w+z+y+z)° det vz 0 2
wy z 0

Thus ©Q > 0 is a necessary (and, it turns out, sufficient [6]) condition for any
U, ..., z > 0 to determine a non-degenerate tetrahedron. Note also that the
parameters u, v, w in the compact version of Heron’s formula suvw (given after
Eq. (29)) equal the lengths of the line segments into which the triangle’s sides
are divided by their in-touch points, and that their product uvw likewise equals
the analogous 3 x 3 determinant. Together with Eq. (47), this leads to a rather
obvious conjecture as to how the formula should extend to higher dimensions
(see Conjecture 4.9 in Ref. [6]).

The observations made in this paper should inform efforts to prove that
conjecture. Nevertheless, it is not so obvious how the expression ||(LM )s|| for the
area (i, = Qg Of that interior face should be extended to the “medial sections”
(as they are known) of general n-simplicies, and this expression is already a bit
unwieldy even for n = 3. A clue as to what might be a better approach may be
found in a generalization of Cayley-Menger determinants to the “hyper-areas” of
general medial sections discovered by Istivan Talata [11]. In particular, Talata’s
determinant expresses the squared area of an interior face as e.g.

0
I
2
Qap = Qg = Zdet 1 ab 0 Ape Apg | (48)
0
0

where A,p := ||a — b||? etc. Having a double border of 0’s and 1’s, however, it
seems unlikely that this determinant admits a geometric interpretation within
the conformal model. Therefore an extension of the conformal model will be
proposed that allows this to be done.
This extension posits two pairs of null vectors, ng, n., and ny, n’_ such that
/

NN =n( N, =—1 and ng-nj = ng - NL, = Neo * N = N - 1S, = 0. The

vertices of the tetrahedron are then represented by null vectors of the form:

a =mnyg+n)+a+nea’/2, b= mny+n)+ b+ n,b?/2

c =n / / 2 _ / / 2 (49)
=mng+ny,+c+mn_c/2, d=mny+n;+d+ n,d/2
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It is readily verified that the inner products among mng, ne, nj, nL, reproduce

the double border in the above Talata determinant, while the inner products
among a, b, ¢, d are still equal to half the negative squared distances. It will, of
course, be necessary to use four such pairs of null vectors, and four copies of
each vertex each with its own point at infinity, in order to represent the Talata
determinants of all three (2, 2)-medial sections (parallelograms).

Although this algebraic trick clearly works, its geometric implications are
not entirely clear. It would be particularly interesting if those led to a simple
geometric interpretation of the zeros of the polynomial © in Eq. (47), which
were studied in depth in the original reference [6] but remain rather mysterious.
Almost all these zeros, in fact, are the limits of sequences of non-degenerate
tetrahedra the vertices of which go off to plus or minus infinity along a line while
the ratios of the distances amongst them remain finite. This “areal” boundary of
the set of non-degenerate tetrahedra is wildly different from the usual boundary,
which consists of all quadruples of points in the (finite) Euclidean plane.

Note Added in Proof: A greatly expanded version of this paper is currently
in press at “Advances in Applied Clifford Algebras.”
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Abstract. A (Clifford) geometric algebra is usually defined in terms of a
quadratic form. A null vector v is an algebraic quantity with the property
that v> = 0. The universal algebra generated by taking the sums and
products of null vectors over the real or complex numbers is denoted by
N. The rules of addition and multiplication are taken to be the familiar
rules of addition and multiplication of real or complex square matrices. In
a series of ten definitions, the concepts of a Grassmann algebra, its dual
Grassmann algebra, the associated real and complex geometric algebras,
and their isomorphic real or complex coordinate matrix algebras are
set down. This is followed by a discussion of affine transformations, the
horosphere and conformal transformations on pseudoeuclidean spaces.

Keywords: affine plane - geometric algebra - Grassmann algebra -
horosphere

1 Introduction

The development of the concept of duality in mathematics has a robust history
dating back more than 100 years, and involving 20th Century mathematicians of
the first rank such as F. Reisz and S. Banach, but also encompassing first rank
19th Century mathematicians such as Gauss, Lobachevsky and Bolyai. A fasci-
nating history of the seminal Hahn-Banach Theorem, and all its ramifications
regarding the issue of duality in finite and infinite dimensional Hilbert spaces is
given in [1].

Considering infinite dimensional vector spaces broadens and immensely deep-
ens the mathematical issues involved in the concept of duality [2,3]. In this paper
we consider duality only in regard to a finite dimensional vector space, where it
is well known that duality is equivalent to defining a Euclidean inner product
[4]. The purpose of this paper is to show how a new concept of compatibility of
a pair of null vectors, over the real or complex numbers, not only captures the
notion of duality but nails down the corresponding isomorphic real or complex
coordinate matriz algebra of a Clifford geometric algebra.

A series of 10 definitions, given in Sect.2, is used to define a Grassmann
algebra, its compatible dual Grassmann algebra, and their associated geometric
algebra. A pair of compatible null vectors is used to define the affine plane and the
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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horosphere of a general pseudoeuclidean geometric algebra. In Sect. 3, conformal
transformations in pseudoeuclidean space is defined in terms of Ahlfors-Vahlen
matrices, and their corresponding linear fractional transformations in geometric
algebra.

2 Ten Definitions

1. Null vectors are algebraic quantities v # 0 with the property that v? = 0.
They are to be added and multiplied together using the same rules as the
addition and multiplication of real or complex square matrices. The trivial
null vector is denoted by 0, and the universal algebra generated by taking
the sums and products of null vectors is denoted by N

2. Two null vectors a1, as € N are said to be anticommutative if

aias + asa; = 0.

3. A set of mutually anticommuting null vectors {a1,...,a,}r is said to be
linearly independent over IF = IR or C, if a; ---a, # 0.' In this case they
generate over IF the 2"-dimensional Grassmann algebra

Gn(IF) := genw{ay,...,an},

6]
4 Let A; = <14

K2

) for i =1,...,n. The right directed Kronecker product,

<1> 91 L
Go(IF) := A BAy = ?1 = | ® ;
o

az
ai12

gives the ordered basis elements defining the Grassmann algebra G (IF),
written in a column matrix. More generally, the right directed Kronecker
product

Gu(F) := A\ --- B A,

gives the ordered 2"-column matrix of the basis elements
T
{1501, ... an;...5ax, -~ Qx.;---;01 " Ap

n

of the 2"-dimensional Grassmann algebra G, (IF) C N. The < A

) elements
AXp- g ~= AXq "7 Gy,

! More general fields IF can be considered as long as characteristic IF # 2. For an
interesting discussion of this issue see [5].
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for 1 < A\ < -+ < Ay < n are called k-vectors. Similarly, the left directed
Kronecker product

Go(IF) := AT@AT = (1% (1 1) a2® (1a1)) = (L a1 az az1)

gives the ordered basis elements defining the Grassmann algebra Gs(IF),
written in a row matrix. More generally,

G, (F) = (AT .- & AT),

gives the ordered 2"-dimensional row matriz of the basis elements of the
Grassmann algebra G, (R) C NV, |7, p.82].

. A pair of null vectors a,b € N are said to be algebraically dual, or compatible

if
ab+ba = 1. (1)

The dual null vectors a and b satisfy the easy to remember, and easily
verified, Multiplication Table 1:

Table 1. Multiplication Table.

b |ab|ba
a [0 |ab a
b |ba|0 0

abla |0 |ab|0
ba|0 |b |0 |ba

In this case, we define a* := b and b* := a, from which it follows that
(a*)"=b"=a.
Particularly noteworthy is the fact that ab and ba are idempotents.

The corresponding anticommuting pseudoeuclidean vectors e := a+ b and
f :=a—b, satisfy €2 = 1 = —f2, and define the bivector v := ef in the
geometric algebra Gy 1 := R(e, f) C N, with the matrix of basis elements

Gy = AbaBT = (2) ba (1b) = (b(j ;’b) . @)

Note, we have slightly abused notation by defining the geometric algebra G; ;
both as an extension of the real number system to include the pseudoeuclidean
vectors e and f, and in terms of its basis elements given in (2).

A geometric number g € G;,; is determined by its coordinate matriz
[g] = [glj]v for Gij € ]Ra by

1
g=A"balg]B = (1a) ba (i; Sg]Z) (b> = g11ba + gi2b + g21a + g20ab,

see [7, p.67].
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6. More generally, let
Go(R) =48 ®A, CN and G#(R)=BT®-.- @B c NV

be two 2"-dimensional real Grassmann algebras. The Grassmann algebras
G,(R) and G¥(IR) are said to be compatible Grassmann algebras if there
exists generating bases

Gn(R) := genr{ay,...,a,} and G#(R):= genr{bi,...,bn}

such that
20,7; . bj = aibj 4+ bja,; = 51J (3)
In this case, G*(IR) := G# (IR). Of course, nothing is surprising because it is
well known that any standard vector space V', and it dual space V* can be
represented in terms of an equivalent inner product, [4].
7. For the compatible Grassmann algebras, defined in Definition 6, the real
geometric algebra G, ,,(IR) is defined by

Gnn(R) :=G,(R) @ G (R) = genr{ai,...,an,b1,...,bs},

where for 4,7 = 1,...,n, the null vectors a; and b; satisfy (3).
8. Defining the idempotents u; := b;a;, the quantity

n
Uleeop = UYL * " " Up = Hbzaz = blal cee bnan
=1

is a primitive idempotent in the geometric algebra G,, . The spectral basis
of null vectors of the geometric algebra G, ,, is specified by

Gn,n = A1§ R @Anulntg tee (@BT = (@?ZlAz)uln (@?:IA,L) 5

where Af := BI for i = 1,...,n. In the spectral basis, any g € G,,, is
explicitly expressed in terms of its coordinate matriz [g] := [gi;] for ¢;; € R,
by

— —

[7, Chapter 5|.

In Definition 5, we derived the geometric algebra G 1, see equation (2).
Referring back to Definition 4, for the geometric algebra G 2, define u; =
bia, and up = baas. The spectral basis for Gg o is

1 UU b#W bouy b21T
a1uz ujuz ajby —bou;

15y by b = 4

urup (1 by by b) arur ashy wul bl | (4)

ai2 a12 —aguJ{ alug uiug
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where the reverses of u; and us are defined by uJ{ := a1b; and u; = agby.
The geometric number g € Go 5 is defined by its coordinate matrix [g;;] €
My(R) by

1

b
g= (1 ai as 012) U1U2 [gij] b; )

b21

[7, p. 84].
9. The standard basis of G, 4 := G(IRP'?) is specified by

Gp,q = R(ela"'vepvfla"'qu) :gen]R{ela'"aepaflv-'-afq}

where e; :=a; +b; and f; :=a; —b; fori=1,...,pand j =1,...,q9. The
basis vectors are mutually anticommutative and satisfy the basic property

2
€;

=1, and ff = -1,

as can be easily verified. For p,q > 0, let n = p + ¢q. The position vector
x € IRPY is defined by

P q
1.2 j j
v = (2 2%, 2Pt = E x'e; + g P f;.
i=1 j=1

More details in the construction of the standard basis can be found in [7, p.
71].
10. The real geometric algebra

Gn,n+1 = R(ela-' '7enaf17'-')fn+1) = Gn(@))

where the imaginary i has the geometric interpretation of the oriented unit
pseudoscalar in Gy, ,,11:

i=V—1:=(e1f1)  (enfu)fus1 <= fay1:=i(e1f1) - (enfn).

How geometric matrices arise as algebraically isomorphic coordinate matri-
ces, and a practical application to the classical Pliicker relations, is explored in
[8]. A general introduction to geometric algebras and their coordinate matrices
is given in [7]. A periodic table of all of the classical Clifford geometric algebras
is derived from three Fundamental Structure Theorems in [9].

3 Affine Plane and Horosphere

Many ideas of projective geometry have been efficiently formulated in geometric
algebra [5,10,11]. Following the approach given in [12, p.321-326], the basic ideas
of the affine plane and horosphere are presented in terms of null vectors.
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Fig. 1. The affine plane A%? and horosphere H??.

The affine plane A?? ¢ RPTL4T! is defined by
AP = (g, =z +a] x€RP?CRPHHITLY
and the (p, ¢)-horosphere
HPY = {x, = xobx,| € RPYC RPTHITLY

where a,b € G are compatible null vectors (see Definition 5.) in RPTh4+!
orthogonal to the subspace IRP*?. A drawing of the affine plane AP*¢ and horo-
sphere 1?9 is given in Fig. 1. We now easily establish basic relationships between
these fundamental constructions [12, pp.321-325|.

For the point x4 = z +a € AP?, 22 = 22, and for z, = z,bx, € HPY,

a =

1
zc:(ma-b+xa/\b)xa=ixa—k(ma/\b)xa:ma—x%

= (a + xba + zab — b) = (1 + xb)a(l — zb) = e"Pae~"".
We also calculate
1 1
Te Yo = (Ta = 2°0) - (ya —y*0) =w-y — 52 +47) = —5(z —p)*,

giving the relationship between the inner product of the points z.,y. € HP¢
and the pseudoeuclidean distance between x and y. The point z, € AP>? can be
recovered from z, € HPY,

g =2(z.ND) - a,

and the point z € IR”? can be recovered from z., by

x=2(xAb)-a=4x.ANbANa)- (bAa).
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The importance of these formulas follow from the expression of conformal
transformations in terms of the Ahlfors-Vahlen matrices [12, p.287], [13], and
their linear fractional equivalences. Let c1,ca,c3,c4 € Gy ¢, and define the lin-
ear fractional transformation L(x), and its corresponding Ahlfors-Vahlen matrix
transformation [L(z)], by

L) = (et el +e) ™ — [2lall = (22 (7).
C3 C4 1
A conformal transformation is defined by its Ahlfors-Vahlen matrix provided
that its pseudodeterminant

et (Cl 02> = clcjl - czc; #0,
4

C3 C

where the T denotes the operation of reverse, [13, p.271]. When restricted to the
values given in the table below, the mapping L(x) defines a conformal transfor-
mation L : IRP? — IRP”Y mapping the horosphere HP:? onto itself [12, p.325],
[13].

G [G] (c1z 4 c2)(cax + ca) ™
1
Translation | e¥? Y z+y
01
01
Inversion a+b 1
10 e
l¢ 0
2
Dilation e du <e 1 ) e’
0 e 2
0
Reflection y (y —yxy !
0 -y
: ca 10 -1
Transversion | e ) z(1 —cx)
—c
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Abstract. We study the inner product of oriented points in conformal
geometric algebra and its geometric meaning. The notion of oriented
point is introduced and the inner product of two general oriented points
is computed, and analyzed (including symmetry) in terms of point to
point distance, and angles between the distance vector and the local ori-
entation planes of the two points. Seven examples illustrate the results
obtained. Finally, the results are extended from dimension three to arbi-
trary dimensions n.

Keywords: Conformal geometric algebra - oriented points - point
geometry

1 Introduction

In this work we apply conformal geometric algebra (CGA) to the description of
points, including a planar orientation. An excellent general reference on Clifford’s
geometric algebras is [13], a short engineering oriented tutorial is [10], and [14]
describes a free software extension for a standard industrial computer algebra
system (MATLAB). Alternatively, all computations could be done in the opti-
mized geometric algebra algorithm software GAALOP [6]. Introductions to CGA
are given in [2,4] and efficient computational implementations are described in
[6]. CGA has found wide ranging applications in physics, quantum computing,
molecular geometry, engineering, signal and image processing, neural networks,
computer graphics and vision, encryption, robotics, electronic and power engi-
neering, etc. Up to date surveys are [1,8,12]. An introduction to the notion of
oriented point can be found in [5]. A prominent application could be to LIDAR
terrain strip adjustment [11].

In the current work, we begin with the CGA expression for oriented points
in three Euclidean dimensions and compute their inner products (Sect.2). We
study the geometric information included in this inner product with the help of
a wide range of representative examples (Sect.3), analyze the most important

Dedicated to the truth. Please note that this research is subject to the Creative Peace
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D. W. Silva et al. (Eds.): ICACGA 2022, LNCS 13771, pp. 48-59, 2024.
https://doi.org/10.1007/978-3-031-34031-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34031-4_5&domain=pdf
http://orcid.org/0000-0002-5587-6750
https://doi.org/10.1007/978-3-031-34031-4_5

Inner Product of Two Oriented Points in Conformal Geometric Algebra 49

term that includes the direction of the line segment connecting the two points
and their two point orientations in detail (Sect.4), and study the symmetries of
the inner product of oriented points (Sect.5). Finally, we extend our framework
from three to n Euclidean dimensions (Sect. 6).

2 Computation of Inner Product of Oriented Points

We consider the inner product of two oriented points in conformal geometric
algebra [5], as reference for practical CGA computations in this section we rec-
ommend [7]. Note that inner product and wedge product have priority over the
geometric product, e.g., i, - ¢F = (i; - @)E, etc. An oriented point is given by
the multivector expression of a circle with radius zero (r = 0) in CGA,

. 1 5. . . .

Q=i Nqg+ [qulq —4q(q-ig)]ex +ige0 +1i, - qE, (1)
where the three-dimensional position vector of @ is the vector ¢ € R3, the unit
oriented bivector of the plane (orthogonal to the normal vector n, of the plane)
is iy € CI%(3,0), eg is the vector for the origin dimension, e, is the vector for
the infinity dimension, and the origin-infinity bivector is F = e, A €y, with

el=e> =0, ey-exn=—1, (2)

and ey and e, are both orthogonal to R3. For comparison we also state the
expression of a conformal point (without orientation: no) and circle! in CGA:

Qno =q+ %qQQOO + eq, C= Q + %TQiqeooa (3)
where Q. is simply given by the three-dimensional position vector g € R? plus
two terms in e, and ey, while the conformal expression for the circle is the same
as the oriented point (1), albeit with finite radius r > 0.

The Euclidean bivector i, specifying the Euclidean carrier of the circle,
respectively the orientation (local plane information) of the oriented point, can
be obtained as (right contraction: |)

i =—(CNhex) E=—-(QANex)|E. (4)

The point @Q,,, geometrically at the center of the circle C, can be directly
obtained from?

Qno = 66000 = @eooQa (5)

! Two ways to obtain a circle in CGA are: (1) by the outer product of any three
conformal points on the circle, (2) by combining center vector g, carrier bivector i,
and radius r as specified by (1) and (3).

2 For comparison one can norm the result, such that the ep-component becomes one:

Qno/(_Qno ° eoo)~
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the three-dimensional position vector g € R? from

E)|E
o QuABLE .
_Qno *€x
and the radius of the circle as R
cc
7'2 = iT (7)

q
We take a second oriented point P positioned at the origin p = 0 with plane

orientation bivector i,
P= ip60. (8)

Now we compute the inner product of P and @) by taking the scalar part of their
geometric product

P-Q=(PQ)= <(ip60) {iq NG+ [%QQiq -q(q- iq)] €x +igeo +1ig - qE}>
= <ip60 [%quq —q(q-i,)] e<>0> = _{%q2<ipiq> — (i (q- iq)>}

1o, . . .
:_§q21p'1q+<(1p'Q+lp/\q) (q'lq)>

= @iy i+ (- @)a-1)) = 0%, i~ (@ b)(a-i). )

Note that in this situation g becomes the Euclidean distance vector from P to
Q.

We now use the fact that the unit oriented bivector i, of the plane is dual
to the unit normal vector m, via multiplication with the three-dimensional
Euclidean volume pseudoscalar iz = ejeses,

iq = ’I’Lqig7 ip = ’I’Lpig. (10)

This gives by (70) and (67) in [10], where x is the standard cross product of
three-dimensional vector algebra,

g i, =q-(nyiz) =(gAny)is=—qgxny, ¢q-ig=—qXxng. (11)
Therefore
—((g-ip)(q-iy)) = —((g x ny)(g X ny)) = —(g@ x 1p,) - (g X My). (12)

Note: The resulting quadruple product appears in the proof of the spherical law
of cosines [15]. The quadruple product can be expanded to

—(g xmny)-(gxng) = —[anp “ng —(q-ng)(q-ny)]
= _q2[np “ng — (G- 1g)(G-mp)l, (13)

with unit distance direction vector §, such that g = |g|§. Note also that from
(10)
ip i, = —np - ng. (14)
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Then we can write the full inner product of two oriented points as

1
P.-Q= iqznp ‘Mg — [q2"p g —(q-ng)(q-myp)]

1
= —§q2np ‘ng +(q-ng)(q-ny)

= =gy g+ (@ 1)@ )

1
= ¢? [—5 COS Qrpg + €os O cos O], (15)
if we define cos oy, = 1y - 1y, c0sOy = § - ng, and cos O, = § - Ny, Where ap,
is the dihedral angle between the two planes, and O, is the angle between the
distance vector g and n,, while 6,, is the angle between g and n,,, respectively.
See Fig. 1 for illustration, with P at the origin, and q replaced by d.

Remark 1. Note that the above relation is fully general, even if P is a point
in general position. Because our special situation, with P at the origin, is only
different from the general situation by a global translation, which will not change
the inner product P-Q = (PQ). In the general case, the vector g will simply be
replaced by the Euclidean distance vector between the two positions d = q — p,
see Fig. 1.

>
Q
]

S
o
>

Fig. 1. Illustration of inner product of two oriented points P and @), with Euclidean
distance vector d = q — p, apq dihedral angle between the two orientation planes i,
and ig, ©4 angle between d and ng, and ©, angle between d and n,, respectively.

For the special case that the two planes are parallel®, i.e. n, = ng, n,n, =1,
we have with the consequence © = 6, = 6,, that

1 1 1
P-Q= q2(—§ +cos’ @) = —§q2(1 —2c0s?O) = §q2 cos 20, (16)

using the trigonometric identity 1 — 2 cos? @ = — cos 26.

3 This will also approximately be the case, if two matching oriented points are com-
pared.
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For the special case that additionally © = 0, i.e. both planes are parallel and
the distance g perpendicular to the planes we have

P.Q= éqz (17)

3 Examples

To gain some intuition of what the inner product of two oriented points in CGA
(15) means, we compute several examples, always assuming for simplicity that
the first point P is positioned at the origin: p = 0.

Ezample 1. First we look at two parallel planes at orthogonal distance three.
i,=i,=en, m,=n,=e3, gq=3e3, ¢°=9, §=es. (18)
Then we can compute directly
1 1 9
P-Q= <612 ep [5 9e1x — 3e3 (363 : 612)} eoc> = *5 ez e1n = 57 (19)
because 60[%9612 —3e3(3e3 - e12)] = [%9612 — 3es(3es - e12)]eg, €9 - €0 = —1,

e3-ex =0, and e?, = —1. The result also confirms (17).
We obtain the same result, if we apply (15) instead. Toward this we compute

cosapg =ez-e3=1, cosO@;=e3-e3=1, cosO,=e3-e3=1. (20)
Hence, as expected
15 1 9
p.oY o5 +1) =5 (21)

Ezample 2. Next we look at two parallel planes, and the points are separated
by a vector in the plane, i.e. the P glides along its own plan by g to become Q.
Assuming

1, =13 = €12, n, =ng = €3,

1
=e; + e, 2292 G=-—=(e; +e), 22
q 1 2, 4 q \/5( 1 2) (22)
we obtain
1
COS Qg = €3 - e3 = 1, COS@q:7(61+62)'63:0,
2
1
cosOp = —(e1 +e3)-e3=0. (23)

V2

Applying (15) the inner product becomes
1
P Q=2(-5;+0)=-1L (24)

In this case only the first term in (15) proportional to n, - , contributes.
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Ezample 3. We now look again at two parallel planes, but the Euclidean distance
vector g is at angle m/4 with the planes. We assume

ip=1i; =e2, my,=n4=es3,
g=ei+es, ¢ =2 §=—(e1+es), (25)

and obtain

COSQpy =€e3-e3 =1, cosOy=——

1 1
cos@,=—(e; +e3) e3=——. 26
b \/5( 1tes)es =7 (26)
Applying (15) the inner product becomes
1 1 1
P-Q=2(—=14—=—7)=0. 27
Q=251+ 25 —) (21)

This is a special case, where both terms in (15) are non-zero, but happen to
cancel each other.

Ezample 4. Now we take two planes vertical to each other, and the distance
vector is perpendicular to the first and parallel to the second. We assume

ip=e, ig=e3, n,=e3, ng=e,
2 A
q:3e37 q :97 q = €3, (28)
and obtain
cosap, =esz-e; =0, cosO@,=e3-e; =0, cosO,=ez-e3=1. (29)

Applying (15) the inner product becomes
1
P-Q:9(—§0+0):0. (30)

Obviously, if the two planes are vertical to each other, and the Euclidean distance
vector is parallel to one of the planes, the result is always zero.

Ezample 5. This example is simply a variation of the previous one, with a dif-
ferent orientation of i;. We assume

. . 1 1
i, = e, lq:7(613+623), n, = es, nq:ﬁ(feerel),

2
q= 3635 q2 = 9’ lj = es. (31)
and obtain
1
cosap, =e3- —=(—ex+e;) =0, cosO,=e3- (—ex+e1) =0,

V2

cosO, =e3-e3 =1 (32)
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Applying (15) the inner product becomes zero again

PQ=9(~10+0)=0 (33)
Example 6. In this example the second plane is tilted with respect to the first by

a dihedral angle of 7/4. The distance vector is perpendicular to the first plane
and at angle 7/4 with the second:

. . 1
i, =€, ij= ﬁ(em +eg), np,=e3 MNg= ﬁ(eg +e1),
q= 3637 q2 = 9’ ‘j = €3. (34)
We obtain
1 1 1 1
cosapq:eg-ﬁ(eg—i—el):ﬁ, cos9q:eg-—2(eg+el):ﬁ,
cosO, =e3-e3 =1. (35)

Applying (15) the inner product becomes

11 1 9
—— 7) = .
2V2 V2T 2V2

Here both terms in (15) contribute and the second term cos ©, cos ©,, dominates.

P-Q=9(— (36)

Ezample 7. Here we take the two planes to be parallel, and a more general
Euclidean distance vector:

1, = €12, 1g=¢€12, Np=E€z, MNg=E€3,

1
qg=2ey+3e3, ¢°=13, {= \/—173(262 + 3e3). (37)
We obtain
1 3
cosap, =esz-ez3=1, cosO,=e3- \/—Tg(Zeg + 3e3) = \/TT),’
1 3
cos®, =e3- ——(2e5 +3e3) = —. 38
p 3 \/ﬁ( 2 3) \/ﬁ ( )
Applying (15) the inner product becomes
1 9 5
P-Q=13(——=+—)=-.
Q=13(-5+3)=3 (39)

4 About the Term (G- ny)(§-np) in P-Q

— For n, }f n, the two plane normal vectors together define a plane that can be
specified by the bivector ny A n,. This allows to split the Euclidean distance



Inner Product of Two Oriented Points in Conformal Geometric Algebra 55

vector q into parts parallel q| and perpendicular g, to the n, A ng-plane. In
the inner products of (¢ - ny)(§ - 1) of (15), the perpendicular g, part will
not contribute, because it is perpendicular to both n, and n,. So we get

(G-ng)(G-ny) = (QH : nq)(‘j\l ‘M), (40)

— For n, = n,, the part g, perpendicular to n, drops out, and only the part
g parallel to n, contributes.

(G- nq)(q : np) = ((j\l : np)Q' (41)

(q- nq)(q : np) =0. (42)

— For § =n, =n, or § = —n,; = —n, we the get a maximal contribution of
(¢ - nq)(g - mp) to the inner product. Then

PQ=1d (43)

— For ¢ =ny = —ny, or § = —ny = n, we the get a minimal contribution of
(¢ - nq)(g - myp) to the inner product. Then

1

P.-Q= f§q2. (44)

5 Symmetries of P - Q

The inner product of two oriented points in CGA of (15) is a function of the
three unit vectors g, n,, and n,, i.e. the unit direction of the Euclidean distance,
and the two unit normal vectors of the two planes.

P-Q= ‘f[‘%np “ng+ (4 ng)(d - 1p)] = f(np,mg,4). (45)

The function f(n,,n,, §) has the following symmetries
f(_np7nq7 q) = f(np, _nqa (j) = _f(npa nqad)a
f(npynm_(j) = f(np>nqaq)- (46)

That is changing the sign of any one of the two plane normal vectors changes
the sign of P - (@, while changing the sign of the Euclidean distance vector leaves
P - @ invariant.
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6 Inner Product of Oriented Points for n-Dimensional
Euclidean Space

In this section we aim to show that the inner product relationship (15) of oriented
points in CGA, applies in any dimension n > 2, up to an overall sign.

We are now working with CGA Cl(n+1, 1) of n-dimensional Euclidean space
R™. Its pseudoscalar is

I= In—l—l,l = InE; I, =eez--- €n, E=ex N €o, (47)
with squares

+1,nmod 4 =1,0

—1,n mod 4 =2,3. (48)

E*=1, IP=(I,Ey=I’FE*=1= {

Depending on the dimension n we therefore have the inverse of the pseudoscalar
to be

1 J+I,nmod4=1,0
I _{—I,nmod4:2,3. (49)
The dual of a multivector M € Cl(n + 1,1) is given by
M*=MI"Y, M=M"I. (50)

Especially for two bivectors M} and N, we have the inner product relationship
with the duals of the bivectors to be

(Mg Ny) = (My(£I)No(£1)) = (M Ny I?)
_ +1,nmod 4 =1,0
- <MbNb>{1,n mod4—2,3}’

where we used the commutation of I N, = N,I for bivectors N,. For example in
the case of n = 3 we have

(51)

(MyNy) = —(MyNy). (52)

We now construct an oriented point in Cl(n 4+ 1,n) by taking a dual sphere
vector centered at the Euclidean position of the point p € R™ intersected with
a dual equator plane* orthogonal to normal unit vector n, € R, nf) =1, and
take the limit of the sphere radius r — 0. The dual sphere is

1
c=8"=C,— 57"2600, (53)
with conformal center point
1
Cp=p+ zDP"ex + €p. (54)

2

4 Strictly speaking this is a hyper-plane of dimension n — 1.
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The dual equator plane that has to include the center C), and be normal to n,
is
p = Plane” =n, +deoc =np + (P Np)eoo, (55)

using oriented distance d € R from the origin

1
d:Op'"p:(P+§P2€oo+60)'”pzp'"p- (56)

The dual of the equator circle® is given by the outer product of dual equator
plane and dual sphere
. L,
Circle* =uNo=[n,+ (p-np)es] N (Cp — 37 €co)- (57)
Taking the limit of sphere radius » — 0, and inserting the expression for C,,, we
get the dual of an oriented point in CGA Cl(n + 1,1) located at p € R™ and
oriented normal to m,,

1
P =(ny,+p-npe) N(p+ —p2ess +ep)

2
L,
=n, \p+ 3P Moo + (P np)ecep +npeo + (P nyp)(eso A eg)
1
=n, Ap+ [§p2np —p(P-np)les +npeg + (p-my) B, (58)
where we used the anti-commutation e.op = —pes. A second dual oriented

point located at g € R™ and oriented normal to n, is then given by

N 1
Q" =ngNg+ [tinq —q(q-ny)lece +nq4e0+ (q-ng)E. (59)

Locating the first dual oriented point at the origin, i.e. p = 0, it becomes
P* = npe(]' (60)

The inner product with the second dual oriented point in general position g, g
therefore marking the oriented distance vector of the two points, becomes

(P*Q") = (npeo{ng A g+ [1112 —q(q-ng)lecs + ngeo + (g ng)E})

2
= (myeol 5a°ny — ala- m)lewc) = (my[LaPng — ala-ny))
= S (ny mg) — (g m,)(a - my) (61)

5 Note that in general dimensions this is a hyper-circle in the sense that for n = 2 it is a
point pair, for n = 3 a normal circle, for n = 4 the circle is itself a three-dimensional
sphere embedded in four dimensions, etc.
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using eqv = —wveq for any vector v € R", especially for v = [%anq —q(q-ny)],
and —(epes) = 1. Because P* and Q* are bivectors, the inner product of P and
@ becomes by (51)

i ose ) H1,mmod 4=1,0
(PQ) = (P"Q >{—1,nm0d4:2,3}

+1,nmod 4=1,0] 1
B {—1, n mod 4 = 2,3} [59° (- mg) = (@~ 1,)(q - g, (62)

and obviously agrees by (52) in three dimensions (n = 3) with (15).

The analysis of the preceding Sects.2, 4 and 5 therefore fully applies in
general dimensions n > 2, up to an overall sign® due to the value of I2, which is
easy to take into account. And examples analogous to Sect. 3 are obviously easy
to construct.

7 Conclusion

In this work we have reviewed the formulation of oriented points in conformal
geometric algebra (CGA), and computed the inner product of two oriented points
in terms of their distance vector (its direction and length) and their two point
orientations. The geometric meaning of this inner product is elucidated based
on a set of representative examples, analysis of the key term in the inner prod-
uct, and symmetry analysis. Finally, the approach is extended from three to n
Euclidean dimensions. Our new results may find application in LIDAR terrain
strip adjustment computations, where points on overlapping strips need to be
compared together with the local plane orientation of the respective strip, see
e.g. [11].
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Abstract. A protein can be regarded as a chain of amino acids with
unique folding in the three-dimensional (3D) space. Knowing the folding
of a protein is desirable since the folding controls the protein properties.
However, determining it experimentally is expensive and time consum-
ing: estimating the 3D structure of a protein computationally - known
as protein structure prediction (PSP) - can overcome these issues. In
this paper, we explore the advantage of using Geometric Algebra (GA)
to model proteins for PSP applications. In particular, we employ GA to
define a metric of the orientation of the amino acids in the chain. We
then encode this metric in matrix form and show how patterns in these
images mirror folding patterns of proteins. Lastly, we prove that this
metric is predictable through a standard deep learning (DL) architec-
ture for the inference of pairwise amino acids distances. We demonstrate
that GA is a powerful tool to obtain a compact representation of the
protein geometry with potential to improve the prediction accuracy of
standard PSP pipelines.

Keywords: Protein Structure Prediction - Deep Learning - Geometric
Algebra

1 Introduction

The 3D structure of a protein - known as tertiary structure - is the arrangement
in space of its amino acid chain - the primary structure - and it determines the
protein behaviour and cellular function. Determining the structure experimen-
tally, however, is expensive and time consuming.

For this reason, there has been a great deal of recent interest in deep learning
(DL) algorithms to predict the protein structure starting from the amino acid
sequence [1,2]. By cutting time and cost and achieving unprecedented accuracies,
protein structure prediction (PSP) has a huge potential impact on medicine and
biotechnologies. The state of the art in PSP is represented by [3]: the AlphaFold2
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pipeline can directly predict the 3D coordinates of heavy atoms and reach a
median backbone accuracy of 0.96 A (as the interresidue distance is of the order
of A) on the CASP14 dataset [4]. From a geometrical point of view, proteins are
represented as a residue gas: each amino acid - also called a residue - is associated
with a rigid body (triangles) for the backbone and an angle for the sidechain.
Similar processing strategies are found in [5], where 1D, 2D and 3D data are
combined in a pipeline of several neural networks producing mutual predictions.

Most PSP pipelines based on DL have contact and distance maps as their
end goal, which are then used to predict the protein structure. However, in [6],
it has been demonstrated that adding orientational information improves the
accuracy of the structure prediction: adding angle maps (three in total, one for
each dihedral angle associated with a residue) can improve the precision of the
top L long-range contacts of up to 2.2% on the CASP13 dataset.

In this paper, we propose a single map based on a Geometric Algebra (GA)
description of the protein geometry. This has two main advantages compared to
common angle maps: (1) it has a clear correspondence to the protein’s secondary
structure and (2) can be represented as a single, symmetric map instead of three
asymmetric ones.

The rest of the paper is structured as follows: in Sect. 2, the fundamentals
of Conformal GA are introduced. In Sect. 3, the proposed protein model is pre-
sented and the GA cost and cost maps are introduced. In Sect. 4, the prediction
algorithm and strategy are presented, while in Sect.5 the prediction results are
shown. Lastly, in Sect. 6, conclusions are drawn.

2 Conformal Geometric Algebra

Conformal Geometric Algebra (CGA) maps GA G, , - of dimension n = p+q+r
to Gpi1.4+1,» Dy introducing two basis vectors, e and €, with e = +1 and

€2 = —1. Having introduced e and &, we can compose the vectors

N =€+ €

1 (1)

which help define a mapping of the kind

S gp,q,r — F(IL’) € gp+1,q+l,r (2)
in which F(z) is defined as

1
F(z)=—=(z — e)no(x —€)
2
; 3)
F(z) = §(x2noo + 2z — ny)
In the case in which we are dealing with a 3D space (i.e. Gs,0,0), the equivalent
CGA will be G4,1,0. When working in CGA, point pairs, lines, planes, circles and
spheres are all conveniently represented by blades in the 5D CGA. A summary
is provided in Table 1.
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Table 1. Objects in CGA

Grade | Symbol Object

1 A point

2 AAB point pair
3 AABAC circle (C)
3 AABA D, line (L)

4 AABACAD |sphere (X)
4 A AB A C A ne | plane (IT)

3 CGA in Protein Geometry

3.1 Cost Function

A protein can be simplified into a backbone chain and several side chains. The
backbone is responsible for the 3D shape of the protein, and it is composed of
a series of carbon, nitrogen, and oxygen atoms. The a-carbons are the main
feature of the backbone, to which the side chains that differentiate each amino
acid are bonded. Each a-carbon is preceded by a nitrogen atom and followed by
a carbon atom. Hence, to each amino acid 7 we can associate a triplet of atoms
{N,C,,C},.

Each {N, C,, C} triplet lies on a plane, constraining the protein folding (see
Fig.1). We can hence conveniently model a protein backbone in CGA so any
three {N, C,,C} atoms will lie on a plane (not too dissimilar to the residue gas
of [3]): let A;, B; and C; be the Euclidean coordinates expressed in Conformal
space of the atoms {N, C,, C};, respectively. The plane associated with residue
i can be expressed as the 4-blade:

II, = A; AN B; ANCiy Ao (4)
Given two planes II;, II; corresponding to the amino acids ¢, j, we can compute
the rotor that brings one to the other as described in [7]:
1
(K)o

where K = 2 — (I[;II; + II;II;) and (-) is the grade projector operator. We now
use the cost function Cy(R) that measures how much the rotor R varies from
the identity, as defined in [8]. C(R) is a weighted sum of a translational and a
rotational term:

Caung(R) = A (R Ryho + Ao (R — 1) (R — 1)) (6)

Rij = (1 — IL;11;) (5)

in which the translational error is represented by R = R - e, and the rotational

error by (R —1)(RyL — 1)) = ((R — 1)(R — 1))o. As we are interested in
an orientational feature, we will focus exclusively on the rotational part (case
A1 =0,22=1).
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sixe Z

Fig. 1. First 70 {N, C,C} planar triplets of the haemoglobin backbone.

3.2 Cost Maps

Inter-residue interactions are commonly represented as matrices - also called

maps. A contact map C of a protein consisting of M residues, for example, is a
binary M x M matrix of the type:

1 ifd;; <15A

Ci; = { v (7)

0 otherwise

where d;; is the distance between residues 4, j expressed in A measured as the
Euclidean distance between the C,, coordinates of residues i and j. A cost map
can be interpreted as: two residues are in contact if they are within a certain
distance from each other. A more informative metric, usually real valued, is given
by distance maps, which are similarly defined as:

Dij = dij (8)

From either or both contact and distance maps it is possible to obtain accu-
rate 3D shape estimation. However, when contact or distance maps are predicted
and not exact, errors are introduced into the 3D reconstruction step. Having an
additional map grasping the orientation between residues can help to further
constrain the search space for the protein folding. We can hence employ our
cost function to produce a cost map which contains orientational information as
follows:

M, — {CMQ(R”-) if di; < 15 A o)

0 otherwise

3.3 Examples

A comparison between contact map C, distance map D and cost map M is given
in Fig. 2 for an example protein. We label protein according to their 4-character
alphanumeric PDB identifier [10]

It is possible to establish a relation between patterns in cost maps and the
protein secondary structure. By secondary structure we refer to the local folding
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Fig. 2. From left to right: contact, distance and cost map for protein 2hc5a.

of a segment of a protein, e.g. a-helices, B-sheets or turns. Secondary structure
information is a common feature in PSP pipelines and one of the most important
in predicting distance and contact maps, as shown in [5,9].
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By assigning a colour to each secondary structure, it is possible visualize
the secondary structure of each amino acid pair. We arbitrarily assigned red
to a-helices, green to [(-sheets, blue to turns and white to all the others. Any
combination of these four colours gives the possible secondary structures of the
pair, for a total of 10 different colour combinations. As shown in Sect. 3.3, it is
possible to find a clear correspondence between secondary structures and pat-
terns in the cost maps. To the best of our knowledge, this is the first example of
an orientational map that also encodes the secondary structure of the protein.
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4 Predicting Cost Maps

We verified the predictability of our cost maps by employing a deep residual
network as presented in [9]. We will refer to both the network and the associated
dataset as PDNET.

4.1 PDNET

PDNET is residual neural network composed of 128 blocks. Each residual block
consists of a batch normalization layer, a ReLU activation function, a 2D convo-
lutional layer with 3 x 3 kernel, a dropout layer with o« = 0.3, a ReLU activation
function, and a 2D convolutional layer, for a total of ~ 9.5M tunable parameters.

PDNET was originally designed to predict either: (i) contact maps, (ii)
binned distance maps or (iii) real-valued distance maps. We demonstrate that
from the same features and with the same architecture originally presented in
[11], cost maps can also be estimated. The task of distance map prediction is
comparable to the problem of depth estimation: the three RGB channels of a
colour image are replaced by tens of feature matrices derived from the amino
acid sequence, and the depth map is replaced by the distance map.

Specifically, the total number of channels is N = 57, corresponding to 7 fea-
tures: position specific scoring matrix (PSSM), secondary structure, entropy,
FreeCon, CCMPred, surface area and potential energy. Of these CCMpred,
FreeCon and potential energy are pairwise features, the rest are 1D features
relative to a single amino acid. The 1D features are encoded twice as identical
columns and rows for each amino acid in the sequence. The features are identical
to those of the PDNET dataset of [9], which includes a more detailed description
of their biochemical meaning. They are either derived from previous DL based
prediction or multiple sequence alignment queries.

When PDNET is employed to predict real valued distances, it employs the
reciprocal logcosh as a loss function:

. K K
Lg = log [ cosh o) -5 (10)
Dy +e¢ Dy +e

where DS;) is the predicted distance matrix, Dg,f) the true distance matrix, € a
small positive number and K is a scalar set equal to 100. The inverse of the maps
is taken in order to prioritize short-range interaction, for which higher accuracy
is desirable, over long-range interaction, which is less relevant in terms of the
overall 3D structure. The loss is evaluated pixel by pixel and summed over the

total number of pixels.
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4.2 Training Details

The GA-based cost maps are also real valued and bounded in the range [0, 2],
as we verified empirically by evaluating Cj, »,(R). However, since the cost does
not increase for residues further away as it is a purely orientational measure, we
changed the loss to be:

La(i) = log (cosh (Mﬁi’ - MQ)) (11)

where Mg),Mgf) are the predicted and true cost maps for protein (i) in the
training set, respectively.

For training the network, we kept the features unchanged from those of
PDNET, namely a stack of images of the type {X@}N  with N = 57 and
X e RM*M “in which M is the length of the protein sequence. The change
comes in substituting the target Dy € RM*M _ the true, real-valued distance
maps, with My € RMXM _ the true, real-valued cost maps, obtained from the
protein coordinates in the protein database [10]. Again, the loss is evaluated per
pixel.

The training set has been kept to 1000 proteins from the DEEPCOV dataset,
and the testing set to 150 proteins from the PSICOV dataset, as in the original
PDNET pipeline. The code has been implemented using the Keras API of Ten-
sorflow for the Machine Learning modules, the Clifford library for operations in
Geometric Algebra and the PDB Module of the Biopython library for handling
protein data. The code was written in the form of Jupyter Notebooks on Google
Colaboratory and all the experiments have been run on an NVIDIA Tesla K80
GPU. All the scripts and data are available upon request to the authors.

We considered scenarios (see Fig. 3): (a) predicting cost maps with 57 feature
channels (standard PDNET), (b) predicting cost maps with 57 feature channels
+ 1 (real) distance channel (ideal case, as distance maps would not be available),
(c) predicting cost maps with 57 feature channels 4+ 1 (predicted) distance chan-
nel also via PDNET (realistic case, as distance maps also need to be predicted
in PSP).

5 Results

We evaluated two metrics, namely: (i) mean absolute error (MAE), as in com-
mon regression problems, and (ii) structural similarity index (SSIM) between
Mp,Mr, since a low MAE does not necessarily mean that the patterns in the
cost maps are captured successfully. The MAE is measured in A, while the SSIM
ranges between [0, 1], with SSIM = 1 meaning fully similar matrices and SSIM =0
fully dissimilar matrices. They are defined as follows:

M M
1
MAEMp,My) : WZZ IMpi; — Moy (12)

i=1 j=1
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Fig. 3. The three processing schemes: (a) predicting costs from PDNET; (b) predicting
costs from PDNET + true distance maps; (c) predicting costs from PDNET + predicted
distances, themselves predicted from PDNET.

(2IJ“MPIU’MT + Cl)(QUMPMT + 62)
(HRn, + 13g, + 1) (0%, + 0%, + C2)
with pn, being the mean of My, un, the mean of Mp, om,m, the covariance
of Mp and My, 0'12\/[P the variance of Mp,crlszT the variance of Mrp, ¢ =
(k1L)?,co = (koL)? with k; = 0.01, ke = 0.03 and L being the dynamic range,
set to L = 255.

Results are summarized in Tables 2 and 3.

SSIM(Mp, M) :

(13)



GA Models of Proteins for 3D Structure Prediction 71

Table 2. MAE between original and predicted cost maps (A)

no distance with distance with pred. distance
Max Mean | Min Max Mean | Min Max Mean Min
DEEPCOV (val) | 0.1080 | 0.0218 | 0.0009 | 0.0418 | 0.0108 | 0.0005 | 0.0607 | 0.01825 | 0.0005
PSICOV (test) 0.0342 | 0.0158 | 0.0029 | 0.0275 | 0.0125 | 0.0028 | 0.0327 | 0.01490 | 0.0029

Table 3. SSIM between original and predicted cost maps.

no distance with distance with pred. distance
Max | Mean | Min Max | Mean | Min Max Mean | Min
DEEPCOV (val) | 0.9946 | 0.9041 | 0.4990 | 0.9986 | 0.9652 | 0.8387 | 0.9991 | 0.9360 | 0.7442
PSICOV (test) |0.9937|0.9431|0.8592 | 0.9941 | 0.9632 | 0.9130 | 0.9936 | 0.9519 | 0.8851

It can be noticed that cost maps are indeed predictable based on features
commonly used to predict distances. However, when predicting cost maps with-
out distance information, only close range contacts (i.e. the pixels close to the
diagonal) are predicted accurately. Adding predicted distance information, on
the other hand, allows us to significantly improve the prediction of the patterns
in cost maps, with a mean MAE decrease by 16.3% for the training set and by
5.7% for the testing set. The average SSIM increased by 3.5% and by 1% for the
training and testing sets, respectively. The better the prediction of the distance
information (i.e., the closer the predicted distance maps are to the original ones),
the higher the improvement on cost prediction.

Examples of the predicted cost maps in comparison with the original cost
maps over the testing set are given in Fig. 4.

Lastly, we evaluated the which is intuitive feature importance (PFI) to rank
the most relevant features in the prediction of cost maps. We did so by training
the network by permuting one feature at a time and then taking the ratio of our
metric with and without permutation of that feature. By permutation we refer
to the shuffling of a single feature across the training set, meaning that when we
evaluate the PFI for feature n, each protein will have associated an erroneous
feature n belonging to a different protein during training, while leaving the
testing set unchanged. We then measured the PFI of feature n as:

() MAE(Mp,My)

PFI{M, . = TAEC (Mo M, (14)
n SSIM™ (Mp, Mr)

PRI, = (15)

SSIM(Mp, Mr)

In which f(Mp, Mry) is the metric f measured with standard training procedure,
and f(Mp,Mr)™ is the metric f measured when permuting feature n during
training.

Results for the validation set (DEEPCOV) and for two testing set (PSICOV
and CAMEO HARD) are shown in Fig. 5. The PSSM and secondary structures



72 A. Pepe et al.

predicted predicted predicted

(a)

original

1bebA

3borA

Fig. 4. Examples of the GA cost map for four protein chains predicted with the three
approaches (a,b,c) of Fig. 3. Note how adding distances significantly improves the qual-
ity of the prediction.

appear to be the two most relevant features, a result which mirrors that found
for distance maps in [9]. This is in agreement with the findings of Sect. 3, where
we saw the close relationship between cost patterns and secondary structures.
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Permutation Feature Importance (MAE) Permutation Feature Importance (SSIM)
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Fig. 5. Permutation Feature Importance over MAE and SSIM for each of the 7 features
across validation and test sets.

6 Conclusions

In this paper, we have introduced a new feature based on GA describing the
relative amino acid orientation for PSP. We firstly presented the criterion behind
the modeling of a protein backbone as a collection of planes. We then evaluated
the rotor between each pair of planes and associated a cost to it. The pairwise
costs were then arranged in matrix form to produce cost maps. We proceeded
to show how patterns in cost maps can be directly associated to the protein
secondary structure and verified how features and algorithms employed in PSP
to predict distance maps can also be used to predict our proposed GA cost maps.
Adding distance information - even if only predicted - can further improve the
predicted cost maps in terms of MAE and SSIM.

Our cost maps therefore constitute a useful tool for protein modelling and
may provide new orientation-based features that could improve the 3D structure
prediction. We believe that GA could hence constitute a successful tool to model
proteins and provide new orientational features that can improve the precision
of the 3D structure prediction and reduce the number of required features.

Future work might include employing predicted costs, along with feature
and distance maps, to predict the 3D coordinates of C,, atoms in the protein
backbone on the basis of [5,12] and verify whether the cost maps can further
constrain the search space and improve the accuracy of the 3D coordinates, or
employing different GA modeling choices.
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Abstract. This paper features convolutional neural network (CNN)
models on Clifford algebras applied to a medical image classification
task, namely the diagnosis of acute lymphoblastic leukemia (ALL). ALL
is a type of cancer identified by malformed lymphocytes, known as lym-
phoblasts, in the bloodstream. The image classification task aims to dis-
criminate healthy cells from lymphoblasts. This work shows that CNNs
featuring parameters in Clifford algebras significantly outperform real-
valued networks of equivalent size in this application. Indeed, the real-
valued and a Clifford CNN achieved an average accuracy of 94.60% and
97.02%, respectively, in the ALL-IDB dataset with a 50% train-test split.
Moreover, we present smaller versions of Clifford CNNs with roughly 75%
fewer parameters that yielded a 96.50% average accuracy. The results
reported in this work are comparable to high-end models in the litera-
ture despite having several orders of magnitude fewer parameters.

Keywords: Clifford algebra * convolutional neural network - deep
learning - acute lymphoblastic leukemia - computer assisted diagnosis

1 Introduction

Neural networks (NNs) are artificial intelligence models inspired by the human
nervous systems [12]. NNs seek to mimic the synapse process, responsible for
carrying information between neurons in the brain. Learning is achieved by
strengthening synaptic connections that are frequently activated. Likewise, NNs
learn by processing examples and adjusting their synaptic weights to match the
expected output. Apart from biological motivation, an NN can be interpreted as
a non-linear parametric function in mathematical terms. The parameters corre-
spond to the synaptic weights and are adjusted by minimizing a loss function
built on a set of examples called the training set.

A branch of NNs that flourished in the recent decades is the so-called deep
learning (DL) [12]. DL uses networks with numerous layers and a high number
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of free parameters to learn alternate representations of data. These deep neural
networks (DNNs) rose in popularity due to an exponential increase in compu-
tational power in the last decades. One such type of DNN is the convolutional
neural network (CNN). CNNs feature a particular type of operation based on the
convolution of filters with the inputs, and are incredibly well-suited at learning
and representing local patterns. Consequently, CNNs are often regarded as the
basis of state-of-the-art models in image processing and pattern recognition.

Traditional NNs are based on real-valued inputs, outputs, and synaptic
weights. In contrast, hypercomplex-valued NNs (HvNNs) such as Clifford neural
networks use hypercomplex values instead of real numbers [1,15]. Because hyper-
complex values can be interpreted as vector space elements, HvNNs are ade-
quate to process multidimensional data. Furthermore, they can benefit from the
geometric properties of the hypercomplex algebras. Several works showcase the
advantage of hypercomplex networks over their real-valued counterparts, espe-
cially on tasks involving multi-channel data such as image processing [5,17,21].
Recent works also show that CNNs in hypercomplex algebras excel at reducing
computational complexity while delivering similar or higher performance when
compared to real-valued models [8,13,17].

This paper addresses an application of HYNN for acute lymphoblast leukemia
(ALL) diagnosis. ALL is a type of blood cancer that appears and multiplies
rapidly. It is characterized by the presence of many lymphoblasts in the blood
and also in the bone marrow. A common diagnosis technique is the peripheral
blood smear, in which a hematologist counts the number of lymphoblasts in a
blood sample with a microscope. However, manually counting lymphoblasts is
a rather monotonous task that is prone to error and takes the time of a pro-
fessional who could be more productive in other matters. For this and several
other reasons, computer models to perform automatic lymphoblast counts have
been proposed in the literature [4,7,18,19,23]. In particular, successful auto-
mated ALL diagnosis has also been achieved by combining deep learning mod-
els with transfer learning and unsharpening techniques [10,11,23]. Besides the
results using real-valued models, a quaternion-valued CNN exhibited robust per-
formance for computer-aided ALL diagnosis with only 34% of the total number of
parameters of the corresponding real-valued NN [13]. In fact, CNNs on multiple
hypercomplex algebras were applied for ALL detection in [22], noticeably out-
performing an equivalent real network. In this paper, we investigate further the
performance of HvNN models for ALL diagnoses by considering Clifford algebras
besides quaternions. On top of extending the quaternion-valued CNN to other
Clifford algebras, this paper improves the HVNN proposed in [13] by reducing
the number of parameters without compromising the network performance.

This work is organized as follows: Sect. 2 provides an overview of basic con-
cepts on Clifford algebras; the core concepts of Clifford neural networks are
discussed in Sect. 3; Sect. 4 introduces the application of the proposed Clifford
networks in a lymphoblast classification task; lastly, Sect.5 provides concluding
remarks regarding the attained results.



Clifford CNNs for Lymphoblast Image Classification 7

2 A Brief on Clifford Algebras

In a very simplified manner, this section presents the basic concepts of Clifford
algebras. The readers interested in further details are invited to read [14,20].

Let V be a finite-dimensional vector space over the real numbers, that is,
Y = R". A Clifford algebra is obtained by enriching the vector space V with
scalars and multivectors. Multivectors generalize the concept of vectors. From
a geometric point of view, while vectors have length, multivectors are associ-
ated with properties like area and volumes. Besides their geometric properties,
multivectors are derived algebraically by the product of vectors as follows.

Consider an orthonormal basis {v1,...,7v4¢} of V. We define a multivector ;;
as the product of two distinct basis vectors 7; and +y;, that is, v;; = v, for
1,7 €{1,...,d} with ¢ # j. Moreover, the square of vectors and multivectors are
scalars, and we denote the scalar unit by vy = 1.

Let us denote by I the set of products of all combinations of up to d vectors
as well as the scalar unit 1 and the d vector basis. Note that I" has the same
number of elements as the power set of {1,...,d}, that is, Card(I") = 2¢. For
example, if {~1,72,73} is an orthonormal basis for a vector space V, we have

I' = {1,91,72,73, 712,713, Y23, V123 }- (1)

Alternatively, we can write I = {7, : A € A}, where A denotes the set of all 27
ordered indexes defined by

A:{i1i2~-~ik:1§i1<i2<-~'<ik§d, 1§k‘§d}U{0} (2)

A Clifford algebra is defined on the set G(V) of all linear combinations of
scalars, vectors, and multivectors derived from V. Formally, G()) denotes the
vector space spanned by the set I" given by (1), that is,

g(V){ZOé)\’}/)\SOL)\ER7V)\€A}. (3)

A€

Note that, because Card(I") = Card(A) = 2¢, we also have dim (G(V)) = 2%.
Finally, a Clifford algebra is obtained by endowing G(V) with an associative
binary operation called Clifford or geometric product. The geometric product is

defined as follows on the basis elements 71, ...,74 of V:
—YjYis 1 F s
ViYi = +1, i=jandi=0,...,p, (4)

-1, i=jandi=p-+1,...,d,

where p € {0, ..., d}. We note that (4) can be computed on multivectors by using
the associativity and anti-commutativity properties. For example, assuming 75 =
v1v1 = —1, the product of 12 and v yields

Y1271 = (7172)71 = —(7271)’71 = —72(71’71) = —’72(—1) = V2
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Table 1. Product of vectors and multivectors in four-dimensional Clifford algebras.

cl20)| v v e cey| oy Y2 M2 cl0,2)| » Y2 M2
" ‘ 1 o2 Y2 " ‘ 1 T2 V2 " ‘ -1 M2 2
V2 ‘ —72 1 - V2 ‘ —72 -1 " V2 ‘ —72 -1 "
Y12 ‘ —72 " -1 Y12 ‘ -2 1 Y12 ‘ Y2 - -1

The pair (p, q), with p+ g = d, identifies the Clifford algebra C4(p, ¢). In this
paper, we focus on four-dimensional Clifford algebras. This choice is motivated by
the successfull applications of four-dimensional hypercomplex algebras, mostly
quaternions, for image processing tasks [9,17,21]. Table1 shows the product
of vectors and multivectors in all four-dimensional Clifford algebras, i.e., the
algebras derived from a two dimensional vector space V whose orthonormal basis
is {71,72}. Note that the Clifford algebra C£(0, 2) corresponds to the quaternions.
The algebras C¢(1,1) and C¢(2,0) are isomorphic and can be identified with the
coquaternions, also called split-quaternions.

3 Clifford Neural Networks

Neural networks (NNs) are powerful machine learning techniques inspired by
the human brain processing capabilities. Convolutional neural networks refer
to the broad class of neural networks that combine convolutional and pooling
layers sequentially, followed by one or more dense layers. This section offers a
brief overview of dense (fully-connected), convolutional, and pooling layers for
real-valued and Clifford algebras.

3.1 Dense Layers

Dense layers are the building block of several NN architectures, such as the
famous multi-layer perceptron (MLP) network. Dense layers are composed of
several neurons in parallel, in which each neuron receives all inputs through
synaptic connections. They are also commonly known as fully-connected layers.

Dense layers process data by means of a linear combination of its inputs
by the synaptic weights (trainable parameters), to which a scalar bias term is
added. A non-linear activation function can be applied to yield the neuron’s
output. Formally, let x, ..., xzn denote the inputs, the output of the ith neuron
in a dense layer is given by

N
Yi = @ (8]) , with s; = Zwijxj +b; (5)
j=1

where w;; denotes the weight associated with the jth input variable, b; is the
bias term of the ith neuron, and ¢ represents the activation function.

Despite being computationally expensive due to the numerous parameters,
dense layers are widely used since they support the universal approximation
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theorem. In a few words, the universal approximation theorem asserts that the
family of neural networks with at least two dense layers is dense in the set of
continuous functions on a compact subset. The universal approximation theorem
ensures that simple dense feedforward networks can approximate any continuous
function within any desired precision. We would like to remark that, although
Cybenko proved the universal approximation theorem in the late 1980s for real-
valued dense neural networks, the universal approximation theorem also holds for
several hypercomplex-valued neural networks. Indeed, the universal approxima-
tion property was proven for complex- and quaternion-valued dense networks by
Arena and collaborators [2,3]. The universal approximation theorem has been
further extended for Clifford-valued dense neural networks by Buchholz and
Sommer in the early 2000s [6].

Clifford dense layers are analogous to the real-valued case but the trainable
parameters as well as the inputs and the outputs are all Clifford numbers. They
are given by (5) but the products and sums are carried out in a Clifford algebra.
Additionally, in hypercomplex-valued networks it is common to use split activa-
tion functions. A split activation function ¢ : G(V) — G(V) in a Clifford algebra
G(V) is defined using a real-valued function ¢g : R — R as follows

@ <Z 04A’YA> = > pr(a)n (6)

AeA xeA

where A is the index set given by (2). In other words, the split-activation func-
tion is merely the application of the associated real-valued function to each
component’s scalar part individually. It is important to remark that the univer-
sal approximation theorem holds for hypercomplex-valued neural networks with
split activation functions [2,6]. This paper only considers this kind of activation
functions.

3.2 Convolutional Layers

Convolutional layers are particular types of layers in which the trainable param-
eters are arranged in spatial structures called filters [12]. The filter structures
allow the network to process data in a locally cohesive manner, learning local
patterns. Convolutional neural networks are named so because the filters act as
the kernels in convolutions, and the image being processed acts as the input.
These networks have been widely applied to image processing tasks, taking full
advantage of the spatial nature of its learning mechanism and the translation
invariance of filters.

Let G(V) be a Clifford algebra and let us take an image I with C' channels,
where I(p,c) € G(V) denotes the Clifford number of the cth channel at the
pth pixel. A filter in a convolutional layer that receives I as input is a spatial
structure, in general a rectangular grid G, with the same number C' of channels.
We express the synaptic weight associated with the gth pixel in the grid G of the
cth channel of the kth filter as F(q,c, k) € G(V), with k € {1,2,..., K}, where K
is the number of filters in the layer. In other words, a Clifford convolutional layer
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is represented by a three-dimensional array F with entries in G(V). The output
of a convolutional layer with K filters is an image J with K channels, each of
which is produced by applying the convolution operation of one of the K filters
to the image I. Formally, the convolution of the image by the filter k£ at pixel
p is denoted by (I« F)(p, k) and defined as the linear combination of the filter
weights by the pixel values in a window defined by the filter domain. Intuitively
this can be seen as superposing the filter grid over the image centered at the
pixel p and multiplying the corresponding weights by the underlying intensities.
In mathematical terms, let S(q) denote the translation relative to a pixel p, for
every q € G. Then, we can represent the convolution by the equation

C
T+F)(p, k) => > Ip+S(q),c)F(g,c, k) (7)

c=1qeqiG

where ¢ = 1, ..., C are the channels of I. Finally, the intensity of the kth channel
at pixel p of the output is given by

I(p.k) = o((T+F)(p, k) + b(k)), (8)
where ¢ : G(V) — G(V) is the activation function and b(k) is the bias term.

Remark 1. We note that the sum and product operations in equations (7) and
(8) are carried out in the underlying Clifford algebra. In fact, the definitions
above are the same for real-valued convolutional layers, except in that case the
sum and product operations are simpler since they are real sums and products.

3.3 Pooling Layer

A pooling layer operates a downsampling effect in the input. Moreover, this
layer structure contains no trainable parameters. The most common pooling
layers are the max and average pooling layers. In this work in particular we use
the max pooling layer, exclusively. Roughly speaking, a max pooling layer has
a kernel shape, usually a rectangular grid G, and it operates by collapsing each
set of pixels contained in the grid into the single maximum value present. This
operation reduces the dimensionality of the input while also highlighting the
“stronger” signal in each window. The max pooling operation is conducted on
each filter separately, i.e., it acts as a split maximum function for elements of a
Clifford algebra.

4 Lymphoblast Image Classification Task

In this section we describe the experiment conducted to showcase the proposed
convolutional Clifford neural network. It consists in a classification task in a
medical-image dataset containing blood smear images.

Acute Lymphoblastic Leukemia (ALL) is a rare type of blood cancer that
occurs more frequently in children of ages 2-5 and can be lethal in under a
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b) Healthy cell

a) Probable lymphoblast

Fig. 1. Example of images from the ALL-IDB dataset used for the classification task.

few weeks if left undiagnosed. The main indicator of ALL is the presence of
lymphoblasts, a type of malformed lymphocyte, in the blood. The most common
diagnosis method is the inspection of microscopic blood smear images. The ALL-
IDB [16] is a public benchmark aimed at computer assisted ALL diagnosis and
consists of 2 datasets: one directed at a segmentation and classification, and the
other directly aimed at the classification task itself. In this work we use the latter
dataset which contains 260 images, each containing a single blood element, and
perform a binary classification task in which the model decides whether or not
the presented image is a lymphoblast. Figure 1 shows examples of a probable
lymphoblast and a healthy cell, respectively.

The baseline Clifford CNN model (C/CNN) used in this work is composed
by a convolutional layer with 4 filters, followed by two consecutive convolutional
layers with 8 filters each and a convolutional layer with 16 filters. All layers
use the split-rectified linear unit (split-ReLU) activation, i.e., the real ReLU
applied separately to each channel of a Clifford number, and filters of size 3 x 3.
Each of these layers is followed immediately by a max pooling layer with 2 x 2
kernels. The output of the final max pooling layer is then flattened and fed to a
real-valued dense layer containing a single unit whose output is the label, 1 for
lymphoblast, 0 otherwise. This defines a total of 3 C/CNNs, one based on each
algebra with multiplication table presented in Table 1.

For comparison, we propose a real-valued network with similar number of free
trainable parameters and, hence, we shall refer to the C/CNNs defined above as
“equivalent”. Since each hypercomplex-valued channel is roughly equivalent to
four real-valued channels, we take the real-valued architecture with a larger num-
ber of filters per layer. Precisely, the real-valued CNN (RvCNN) is composed of
the same four convolutional layers with 3 x 3 filters, each followed by a max pool-
ing operator with 2 x 2 kernel. The number of filters per layer is 8, 16, 16 and
32, respectively, i.e., twice the number of filters in the corresponding equivalent
hypercomplex-valued layer. The activation function used is the ReLU. The output
of the fourth max pooling operation is then fed to a real-valued dense layer with
a single neuron which outputs the calculated label. Lastly, to illustrate the vast
learning capabilities of the C/CNNs we take much smaller versions of the equiv-
alent C/CNNs and use these to perform the same task. These henceforth called
“small” models use the same architecture of four convolutional layers followed
by max pooling layers and a dense layer with a single neuron for labeling, yet
each convolutional layer is taken with half the number of filters in the equivalent
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Table 2. Sequential architecture outline and the number of trainable parameters.

RvCNN C{CNN (equivalent) | C/CNN (small)
Conv Layer 1| (3,3) filters | 8 4 2
Parameters | 224 160 80
Max Pooling |2 x 2 - - -
Conv Layer 2| (3,3) filters | 16 8 4
Parameters | 1,168 1,184 304
Max Pooling |2 x 2 - - -
Conv Layer 3| (3,3) filters | 16 8 4
Parameters | 2,320 2,336 592
Max Pooling |2 x 2 - - -
Conv Layer 4 | (3,3) filters | 32 16 8
Parameters | 4,640 4,672 1,184
Max Pooling |2 x 2 - - -
Dense Layer | Neurons 1 1 1
Parameters | 1,153 2,305 1,153
Total 9,505 10,657 3,313

model. This leads to 3 small models with considerably less parameters than the
real-valued and equivalent Clifford models. Thus, we end up with a total of 7 net-
works, namely, a real-valued model, 3 equivalent Clifford models with similar size
to that of the real-valued model, and 3 small Clifford networks. All the architec-
tures include a dropout layer before the dense layer with rate 0.5. This layer acts
on a random behavior of setting inputs of the layer to the value 0 with a 0.5 rate.
This layer helps avoiding overfitting the network to the training examples. Table 2
outlines the architectures and shows a comparison of the total number of param-
eters. Despite the architectural similarity, the equivalent and small networks pro-
posed in this paper have respectively 29% and 9% of the trainable parameters of
the hypercomplex-valued CNNs considered in [22].

The dataset contains 260 images evenly divided between the two classes. We
resize images to 126 x 126 upon loading. Next, we perform 100 experiments with
each of the 7 networks, a total of 700 experiments. We adopted the same 50%
train-test split used in [10] and performed vertical/horizontal flips to augment
the training set. To showcase the proposed model’s ability to learn on scarce
datasets, we prioritized the use of compact (i.e. lower total number of parame-
ters) networks, which help reduce the risk of overfitting on small training sets,
a frequent issue with deep-learning applications in the medical field due to the
inherent data scarcity. The proposed neural networks were implemented using
Tensorflow v2.9 and Keras. We trained for 300 epochs, using the Adam opti-
mizer, with learning rate of 0.001, batch size of 32, and binary cross-entropy
loss function. Performance is gauged using the accuracy in the test set.!

! The complete code is available at https://github.com/mevalle/Hypercomplex-
valued-Convolutional-Neural-Networks.


https://github.com/mevalle/Hypercomplex-valued-Convolutional-Neural-Networks.
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Fig. 2. Boxplot of test set accuracy performance by model.

Remark 2. The original images are encoded in RGB channels. This means each
pixel contains 3 values representing the red, green and blue values respectively.
An alternate encoding for images is the HSV, which stands for hue, saturation,
and value. This color scheme displays colors in a radial slice, and better rep-
resents the human eye perception of color elements. In mathematical terms, a
HSV encoded color pixel is represented as follows in a four-dimensional Clifford
algebra derived from an orthonormal basis {v1,72}:

I(p) = (S(p) + V(p)n) (cos(H(p)) + sin (H(p))72). (9)

where H(p) € [0,27) and S(p), V(p) € [0,1] denote respectively the hue, sat-
uration, and value, of pixel p. We tested the 7 networks on both RGB- and
HSV-encoded images and the results reported here are the best for each net-
work. Namely, the RvCNN uses RGB-encoded images while all C/CNNs use the
HSV-encoded images.

Results for the 100 experiments of each model are depicted in Fig. 2. The real-
valued model shows a larger range and a wider interquartile range (IQR) when
compared to the Clifford models. Furthermore, the maximum and minimum
values attained by the RvCNN are lower than the maximum and minimum for
the remaining models respectively. This clearly indicates that the Clifford models
outperformed the RvCNN.

When comparing the 6 CCCNNs we observe that the equivalent models show
smaller IQRs and ranges than the small models. Also, the equivalent models
achieve a superior mean accuracy in the test set than their respective small
counterparts. Thus, the equivalent networks perform better and are statistically
more reliably than the respective small models. Nonetheless, the accuracy show-
cased by the small models is impressive in the light of their reduced number
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Model

Train Set

Test Set ‘

Real-valued

C£(0,2)-small

99.71 £ 0.89
99.72 £1.45
99.81 £0.75
99.91 £0.35
99.97 £ 0.24
99.92 £ 0.52
99.96 £ 0.25

94.60 £ 2.76
95.55 +£2.30
96.05 - 1.88
96.40 +1.92
96.96 £ 1.69
97.02 + 2.22
96.94 £+ 1.54

Table 3. Average accuracy (%) in train and test sets per model. Bold numbers are
used to indicate the best performing small and equivalent models.

‘ Model ‘ Test Set

State of the art model [11]:

‘ ResNet18 ‘ 97.92 £ 1.62

of parameters. Table 3 shows the detailed metrics for all models, including the
accuracy achieved by the ResNet18 combined with histopathological transfer
learning [11].

Finally, Fig. 3 presents a Hasse diagram of the 7 models used. This diagram
represents a hypothesis test with 95% significance level. Models higher up in
the hierarchy perform better than the ones to which they are linked and also
better than the ones below those models. As expected, at the top are located
the equivalent C/CNN models. The RvCNN model is the poorest performer,
being at the bottom of the diagram. The small C¢CNNs lie in the middle, with a

CL(0,2)-equiv CL(1,1)-equiv CL(2,0)-equiv

N A

CL(1,1)-small CL(2,0)-small

N S

CL(0,2)-small

Real

Hasse diagram of paired Student's t-test
(confidence level at 95.0%)

Fig. 3. Hasse diagram of the seven models present. A solid line linking two models
indicates that the one on top performs better than the one below on a hypothesis test
of 95% significance.
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special mention to the C¢(0,2) (quaternion-valued) model showcasing the worst
performance of the three small CCCNNs. Notably, the small CCCNNs outperform
the RvCNN despite having significantly less parameters.

5 Concluding Remarks

In this work we propose an implementation of a convolutional neural network
on Clifford algebras, C/CNN, and outline the operations involved in the model.
We present an application of the proposed model to a medical image classifi-
cation task used in a computer-aided diagnosis task. We compare the results
attained by the C/CNNs to a real-valued CNN of equivalent size to find that
the proposed model outperformed the real counterpart by a significant margin.
Then, we introduce a more compact version of the C/CCNN which features signif-
icantly less trainable parameters, and show that this model’s performance sits
between the initial C/CNN’s and the real-valued CNN’s performance. On the one
hand, this shows that despite having around 34.8% of the trainable parameters
of the real model the small CCCNN model performs noticeably better. On the
other hand, the C/CNN with a number of trainable parameters similar to the
real-valued one performs vastly better, and close to state-of-the-art models in
the literature. Indeed, the best result attained, namely the CNN based on the
algebra C£(1,1), corresponds to 99.08% of the average accuracy reported in [11]
but uses only 0.0093% of the approximately 11.4 million trainable parameters of
the ResNet18.

In sum, we implement the proposed C/CNN architecture and apply it to a real
world dataset of a medical image classification task. The results attained show
that C/CNNs are extremely more compact than real-valued networks, all while
presenting a gain in generalization capability. Moreover, the proposed models
show performance levels close to state-of-the-art models up to 6 orders of mag-
nitude larger in terms of parameters, hence posing C/CNNs as more adequate
solutions for small portable devices.
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Abstract. We present a new approach to the problem of recognizing
an Euclidean distance matrix, based on Conformal Geometric Algebra.
Such matrices are symmetric and hollow with non negative entries that
are equal to the squared distances among the set of points. In addition
to find these points, the method presented here also provides the mini-
mal dimension of the related space. A comparison with a linear algebra
approach is also provided.

Keywords: Geometric Algebra - Euclidean Distance Matrices -
Sphere Intersection

1 Introduction

In Distance Geometry (DG) the fundamental object of study is the concept
of distance [9], being established as a field in mathematics after the works of
Blumenthal [2]. In recent years, DG has been applied to model problems in
several areas of computer science, engineering and mathematics, such as sensor
network localization, molecular geometry, GPS modelling among others [10].

An n xn matrix with real entries is called a distance matrix if there exists an
ordered set {z1,...,x,} of points in R™ such that each entry a;; is the squared
distance between z; and x;. When the Euclidean metric is used, we refer to a
matrix of this type as an Euclidean Distance Matrix (EDM). In this case, the
set {x1,...,z,} is called a realization of the EDM. It is clear that an EDM is
symmetric, has zeros in its main diagonal and all other entries are non-negative
real numbers.

We present a geometric algebra (GA) based method to recognize an EDM,
which provides also a realization in a space with the minimum possible dimen-
sion. The motivation for the use of GA was the geometric description based on
sphere intersections of the approach presented in [1].

In the next section, we provide some important theoretical results on EDM’s.
In Sect. 3, we describe a linear algebra approach for recognizing an EDM, based
on the method presented in [1]. Finally, in the Sect.4, we present the main
contribution of this work, which is a Conformal GA (CGA) approach developed
to simplify the notation and the understanding of the problem.
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2 EDM Recognition Problem

We start giving a formal definition of an EDM to make it clear that this does
not depend on a specific set of points.

Definition 1. Let D be an n x n matriz with real entries given by D(i,7). If
there exists a sequence {x;}_; C RE, for some positive integer K, such that

D(i,j) = ||z — 24|45 € {1,...,n}, (1)
we call D an EDM.

The EDM recognition problem consists in finding a sequence of points that
satisfies (1), called a realization. If there is a solution, there are infinitely many
realizations for a given EDM, since any isometric transformation preserves the
distances among the points of the realization. Also, if we add null coordinates at
the right of each point, we obtain realizations in spaces with dimensions greater
than K. We synthesize these results in the next proposition, given in [1].

Proposition 1. Let an n X n matrizc D be an EDM. If D has a realization
{z;} 1, x; € RE, then there are infinitely many realizations of D in RP, for
any p > K.

The idea of the method we discuss here is to find the minimum K such
that there is a realization for an EDM. This number is called the embedding
dimension of the EDM [1].

Definition 2. Let an n x n matriz D be an EDM and let us suppose that there
is a realization for D in RX. If for any other realization of D in R™, m > K,
then K is called the embedding dimension of D, denoted by dim(D).

There is an upper bound for the embedding dimension related to the dimen-
sion of the matrix. In [1], the authors prove that

dim(D) <n-—1,

for an n x n EDM D with n > 2.

3 A Linear Algebra Approach for the EDM Recognition
Problem

The method presented in [1] is based on the proof of Theorem 1, given below,
which depends on the two following lemmas.

Lemma 1. Let an (n+ 1) x (n 4+ 1) matric D be an EDM and let D,, be the
submatriz of D given by its first n rows and columns. If dim(D,,) = K, then
dim(D) is either K or K + 1.



90 V. Riter et al.

Lemma 2. Let D as in Lemma 1 and let m be such that dim(D) < m. If {x;}1
in R™ is a set of points that realizes D,,, then there exists a point x,41 € R™
such that {z;}!"! realizes D.

The proof of the next result, given in [1], yields an algorithm to recognize an
EDM, which also finds a realization for that.

Theorem 1. Let K be a positive integer and D a symmetric matriz n X n,
n > 2, with null diagonal and no negative entries. D is an EDM with embedding
dimension K if, and only if, there exists a set of points {x;}"_, in RE and an
index set I = {i1,...,ix+1} C{1,2,...,n}, such that

Ty =0
Li; (] - 1) 7& 0,j¢€ 12,K+1
,TZ](Z) ZO,jEIZK, iEIj’K

where {x;}}_, realizes D and I, = {a,a+1,...,b} (x4(p) is the p-th component
of the h-th vector).

The idea of the algorithm is to build the given matrix from its submatrices
checking whether each one is an EDM and finding a solution for them. In the
positive case, the results above are used to ensure that the initial matrix is an
EDM and to construct a solution.

Given a hollow n x n symmetric matrix A = (a;;) with non-negative entries,
let Ay, kK = 1,...,n, be the principal submatrices of A. Let us consider the
submatrix As, which is an EDM with a realization in R given by x; = 0 and
xo = \/ai2, where dim(Az) = 1. From Lemma 1, if A3 is an EDM, then dim(As3)
is 1 or 2. From Lemma 2, there is x3 € R? such that the set of points z; = (0,0),
x2 = (y/@12,0), and x3 realize As. Therefore, if we find a solution for x3, we
guarantee that Az is an EDM, we give a realization for it, and also determine its
embedding dimension. To find x3, it is necessary to solve the following nonlinear

system:
{ llz1 — $3H2 = ais
22 = z3)* = azs.
Geometrically, it means that x3 lies on the intersection of spheres centered at
xy and xg, with radius \/ar3 and /a3, respectively. Since z; = (0,0), the first
equation is simply ||z3||* = a13, and subtracting it from the second one, we have

1
angﬂUs = §(||332||2 — az3 + ai3).

This equation returns a unique solution for the first coordinate of xz3, say z31,
but not the second since xo = (y/a12,0). To find x32, we use the first equation
to get

T3y = a13 — 3.

If 23, is non-negative, we ensure that Az is an EDM, otherwise it is not. If 235 >
0, we have two solutions for x3, say x}f and x5, and we increase the embedding
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dimension to 2, i.e., A3 is an EDM with dim(A43) = 2 and {x1,79,25} is a
realization for A3 (23 could be used instead of 3 ). However, if 235 = 0, we have
only one solution for x3 and we can get rid of the second coordinate of the three
points to have a realization for A3, which means that the embedding dimension
was kept in 1, and the realization would be simply given by {0, \/a12, z3:}. For
both cases, the realizations satisfy the conditions of Theorem 1. The procedure
above is repeated until we reach the whole matrix A, increasing the size of the
system to be solved if all submatrices are indeed EDM’s. As the realizations
satisfy the conditions of Theorem 1, supposing that dim(4,—-1) = K, we have
at the end the following configuration for a realization {x; ?;11 e RE of A,_1:

x1=(0,...,0)
$2:($21,0,...,0)

Tn—1 = (xnfl,h cee 7xn71,K)~

We do the same we did before and insert zeros in the last coordinate of each
point. Again, from Lemmas 1 and 2, if A is an EDM, dim(A) is either K or
K +1 and there exists z,, € RE+! such that {z1,...,2,} is a realization for A.
The system to be solved is given by

Hxl _anQ = Q1in

Hxnfl - :En||2 = ap—1,n

and the procedure is a generalization of what was made for As. That is, we
subtract the first equation from all the others, recalling that 21 = (0,...,0), to
obtain:

||xn||2 = Qin

Ty Ty =by

T —
Tp_1Tn = bn—1

where by — 25012 — ajm + a1n

, for 2 < j < n — 1. Now, from the structure of

the points x;, ¢ = 2,...,n — 1, there is a triangular linear system that has either
a unique solution or no solution for the first K coordinates of x,. If no solution
is found, A is not an EDM. Otherwise, we use the solution found, say z, to find
the last coordinate x,, xy1. As we did before, we get

wZ,KH = G1n — ||95;kl||2

If 27 ., is negative, A is not an EDM. Otherwise, if 2} ;,, > 0 and dim(A) =
K + 1, we have two solutions for x,, say z;7 and z,, and choose one to give a
realization for A. If 22 ;- , = 0, there will be only one solution for x,,, we get
rid of the last 0 coordinate of each point, and the embedding dimension remains
unchanged, implying that dim(A) = K.
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4 A Conformal Geometric Algebra Approach

Now, using CGA, we present a new formulation for the problem taking advantage
of the geometric interpretation of the approach described in the previous section.

We recall that in CGA over R"™ we use two extra basis vectors {es, €0}
together with the canonical Euclidean basis to work in a space with dimension
n + 2. In this space, we can easily represent geometric objects such as points,
planes, and spheres by vectors. A powerful tool of CGA is that operators and
operands are entities of the same algebra, which means that transformations like
reflections, rotations or translations are performed by elements of the algebra. It
is important to notice that the increase in the dimension of the space along with
the metric used make these transformations to be orthogonal. Another highlight
of CGA is the intuitiveness of intersecting objects. A circle, for instance, can
be constructed by the intersection of two spheres, the same for a line in the
intersection of two planes. These intersections are achieved with the exterior
product. The geometric objects we mentioned have also another representation,
given by points that lie on them, and there is also another way to intersect these
objects, using the inner product. Here, we mainly focus on the first representation
and in the intersections with the exterior product. For more details about CGA,
we recommend [4,5,11].

It can be proved (see, for instance, [11]) that a sphere in R™, with center
¢ € R™ and radius r € R, can be represented in CGA by the vector

S=C- %7“2600, (2)

where C is the representation of ¢ in the conformal space R"*1:!. This result
can be achieved developing the inner product S - C, regarding S as the con-
formal representation of s € R™ and using one of the most important relations
between vectors in R™ and its conformal representations, which says that the
inner product S - C' is proportional to the square distance between s and c:

1
§-C = —5lls =l 3)

The next key definition is the intersection of spheres through the exterior
product. Given two spheres S7 and Sy as in (2), the bivector S; A S2 represents
their intersection. This result can be directly extended to any number of spheres
and we also check a prior if, in fact, there is any intersection. For more details,
see [7]. The next result, given in [7,8], will be important for the new approach.

Proposition 2. The intersection of k spheres with affine independent centers
in R™ is either an empty set, a single point or a (n — k + 1)-sphere'.

Also from [7,8], it is possible to check the nature of the intersection, com-
puting the parameter

t=o0-0,

1 An i-sphere is the intersection of a sphere with an affine subspace of dimension 3.



Geometric Algebra and Distance Matrices 93

where o = /\f:1 S; is the intersection of spheres S;, i = 1,...,k, and & is the
reverse? of o. If t < 0, there is no intersection; if ¢ = 0, it occurs in a single
point; and if ¢ > 0, the intersection is a (n — k + 1)-sphere. The parameter ¢ can
be computed as a determinant of a matrix with ij-th entries given by S;-5;. It is
also possible to compute explicitly the radius and the center of the intersection

by the following formulas. If ¢ is the intersection of k spheres, then

1 ocexo

Co = *§m (4)
2= 6

are respectively the conformal center and squared radius of o. Note that r, also
returns the nature of the intersection analogously to what we did for ¢.

The idea of the method we are developing is to have always at most two
points in the intersection. So, from Proposition 2, to satisfy this requirement
in R™ it is necessary to have n spheres. Another important remark is that in
the case the intersection is exactly a point pair, these points cannot be in the
hyperplane generated by all centers. In fact, they must be symmetric (relatively
to this hyperplane) in order to satisfy all distance restraints. Note also that the
center of this point pair® lies on this hyperplane.

Let n + 1 spheres in R**! with different centers in R", i.e., with the n + 1-th
entry equal to zero. The space generated by these n + 1 points is normal to the
vector e, 1. In fact, if ¢; is the center of each sphere and Cj is its conformal
representation, ¢ = 1,...n + 1, then

Ci = are1 + ape, + alo + €,

fori=1,...,n+1, and a; € R, j = 1,...,n. Since the n + 1-th coordinate of
each point is null, we have that C; A---ACj41 is a linear combination of (n+1)-
blades that does not contain e,41. Moreover, there is only one (n + 1)-blade in
this combination that does not have the vector e, given by e; A--- Ae, A eg.
We are interested in this one because the plane given by all of those centers is

H:Cl/\--~/\Cn+1/\eoo,

and since e, A ey = 0, the plane IT is a scalar multiple of e; A---Ae, Aes Aeg,
which means that the vector e, is normal to the plane IT.

Now, let us suppose that those spheres intersect at a point pair given by
{p+,p-}, implying that p; and p_ are symmetric relatively to the plane given
by the centers. Let m be the center of this point pair, which lies in the plane
II as we commented earlier. It is easy to see that the segment connecting each

2 We recall that the reverse of a blade is another blade with the reverted order of the
factors in the exterior product.

3 The center of a point pair is regarded as the midpoint of the segment connecting the
two points.
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center ¢; to m is perpendicular to the line given by the point pair. Indeed, for
each ¢; this is the height of an isosceles triangle whose equal sides meet at c;
and are the radius of the sphere S; (the base is exactly the segment connecting
the point pair). So, given m, it is possible to obtain p; and p_ walking from m
through the directions e, 41 :

D+ =M+ Teny1, P— =M —TCnil, (6)

where r € R is the radius of the point pair. This is an alternative manner to
extract the points of a point pair that takes advantage of the knowledge of the
direction of the point pair.

We can now state the main result of this section, which suggests a CGA
method to solve the EDM recognition problem. Let us first define the application
P that maps a conformal point into its corresponding point in the Euclidean
space:

P RUEL L R

X -z

Theorem 2. Let K be a positive integer and A an n X n hollow and symmetric
matriz with non-negative entries, forn > 2. A is an EDM with dim(A) = K if,
and only if, there exists a realization {x;}"_; C R¥ for A and a set of indexes
I=A{i,...;ig+1} C{1,...,n}, such that

o (1)
Tiy; = P(A;;i S;) T, J €k,

o 1 . .
where S;, = C(x;,) — 50i,,i;€x0, for each j,, are the conformal representations

of the spheres in RI~1,

Remark 1. Note that P(/\;: S;,)T refers to the corresponding point in R™ of
one of the conformal points in the point pair computed by the exterior product.

Proof. The proof is by induction on the dimension of the matrix A. Beginning
with n = 2, the matrix A is given by

0 a12
A= |:a12 0 } '
Supposing that all the entries outside the diagonal are strictly positive, we have
that a1 > 0, A is an EDM with dim(A) = 1, and the points ;1 = 0 and
Ty = /a2 define a realization for A.

Let us suppose, by induction, that for any EDM with order n > 2 and
embedding dimension K, the theorem is valid, i.e. there exists a realization
{z;}7_, C R¥ for this EDM, with an index set I = {i,...,ixg+1} C {1,...,n},
satisfying (7). Let us consider A as an EDM with order (n+1) and dim(A) = K,
and A,, be the n-th principal submatrix of A. By Lemma 1, A,, is an EDM with
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dim(A,) = k, where k is either K or K — 1. Using the induction hypothesis,
we have that A,, has a realization {z;}"; C R* and that there is an index set
I={i1,...,ig+1} C{1,...,n}, such that

‘rll = 07
Ti; = P( ;;i Si)T, J € Iopqr.

Define y = P(P), where
k41

P= /A Swi,

j=1

is the intersection of the k + 1 spheres S, 11y, = C(wi;) — %aiwnﬂew in R+,
The points x;;, which are the centers of the spheres, lie in R¥. Then, by (6) and
the discussion that led to it, if the intersection P is a point pair, its direction
is given by ex11. Moreover, once we know the center of each sphere and their
(squared) radius given by the entries of A, the solution set for y cannot be empty,
otherwise A would not be an EDM.

Using formula (5), we check the nature of the intersection looking to the sign
of r2. If r2 = 0, we take

Int+1 = G,

where ¢ is the unique point in the intersection, obtained by (4). On the other
hand, if 72 > 0, then the intersection ¥ results in a point pair, where we can still
compute ¢ and choose

Zpi1 =Py, (or p_ equivalently),

obtained by (6). For both cases, the sequence {z;}!%]' realizes the matrix A and
satisfies the theorem conditions for n + 1. Therefore, the theorem is proved for
every n > 2. O

This proof induces an algorithm (see Algorithm 1) to check if a given matrix is
an EDM, to find a realization for it, in the positive case, and also to provide its
embedding dimension.

The algorithm starts with the submatrix As. From As, it computes the exte-
rior product among the spheres to obtain P (step 5) and the value r? to find
the nature of P (step 6). In the next steps, the algorithm proceeds accordingly.
It is very important to note that the increment on the embedding dimension
only happens when 72 > 0 (steps 11 to 14). In fact, when r? = 0, the point to
be included in the solution lies on the plane generated by the centers, i.e. the
dimension of the space containing the realization does not change. The embed-
ding dimension is incremented by one when the new point is out of this plane,
which implies that the realization will be in RE+! with x; (in step 12) and all
the previous points in RX gaining a new null K + 1-th coordinate.
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Algorithm 1
Input: A = (as;), with a;; =0 and a;; = a5 >0,4,5=1,...,n

1: I={1,2}

2: K=1

3t (21, 22) = (0, /a12)

4: fori € {3,...,n} do

¥ P = /\je](fl(ij) - %aij@w)
6: p? =0T P (elio»P)};

T: If 72 < 0 then

8: return “failure”

9: else if 7> = 0 then

10: 2= P (- ek

11: else 2 > 0 then

12: z, =P (f% (5;‘?‘;;2) +rext1
13: I—T1U{i}
14: K—K+1
15: end if
16: end for

17: return K,z

5 An Illustrative Example

In this section, we illustrate the proposed approach with an example. Let us
consider

0112
1021
A= 1201
2110
The first submatrix to be used is
01
A2 = [1 o] ’
where a realization is given by z; = 0 and zo = /a;2 = 1. Following the

procedure, we insert zeros in a second coordinate of x1 and x5. The conformal
representation of these points are respectively X; = eg and Xy = e1+0.5e4, +€g,
and the related spheres we need to intersect are given by

S1 = X1 —0.5a31€5 = €9 — 0.5€4,
So = X9 — 0.5a32e = (€1 + 0.5e00 + €0) — €00 = €1 — 0.5e5 + €.
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We can use several tools to compute 2 and the center C of P = S; A Sy (for
example, [3,12]). Using Gaalop [6], we obtain:

P251A52:0.5€1/\€m—61/\60,

72 _ (_1)2+1P2 .
(€ - P)? ’
1 PeP
o—-i Ll
2 (e - P)

Since 72 > 0, we have that x3 = C + e3 = ez. Now, we have I = {1,2,3} and
K = 2. As we need the conformal points, let us see the current solution given by
X1 =¢ep, Xg=e€14+0b5esx+ey, Xz=-ey+0.5ey + egp.

To find X4, we insert a null coordinate in the previous solution and compute

S == Sl N SQ N S3. Frorn
Sl = X1 — O.5a41600 = €0 — €0,
Sy = X9 — 0.5a42650 = (61 + 0.5es + 60) — 0.5e = €1 + €,
S3 = X3 — 0.5a436 = (62 + 0.5e + 60) — 0.5e = €3 + €q,
we obtain

3
P:/\Siz—el/\eg/\eoo—l-el/\62/\€0+61/\600/\60—62/\600/\60,

i=1
1\3+41p2
7,2:( ]‘) P :0’
(600'P)2
C_—EM_G +eyten +e
Tt 1+ e2+ e + €.

Since r? = 0, Xy = C, dim(A) = 2, and the solution is kept in R?, given by

{(0,0),(1,0),(0,1), (1, 1)}

6 Conclusion

The application of CGA to the EDM recognition problem provided a much
simpler description of the linear algebra approach used to solve this problem. In
fact, the result given by Theorem 2 makes clear how the sequence of points in
the realization is constructed and gives a geometric meaning for each of those
points as intersections of spheres, which cannot be seen in Theorem 1. Another
important remark is that, in Algorithm 1, one does not need to actually change
the dimension of the space. The description and the computation are similar for
each dimension, implying that it is possible to set the maximum dimension since
the beginning of the algorithm and update the embedding dimension according
to the value of 2. The geometric intuition given by the CGA approach will be
useful for instances of the problem involving uncertainties in the matrix entries,
since the idea of sphere intersections is preserved.
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Abstract. Geometrical 3D data is often represented in form of point
clouds. A common problem is the registration of point clouds with shared
underlying geometry, for example to align two 3D scans. This work
presents GAAlign, a new formulation of a geometric algebra (GA) based
algorithm that aims to solve this problem. While the algorithm itself is a
gradient descent based approach, the implementation takes advantage of
GAALOP, which had to be extended with a specific, so far unsupported
GA, namely projective GA.

The proposed new robust registration algorithm uses a geometric alge-
bra based motor estimation algorithm in the context of a stochastic gra-
dient descent inspired algorithmic structure and achieves state-of-the-art
results. When using synthetically disturbed input data the results show,
that GAAlign either outperforms other used algorithms (outliers) or is
comparable to the best (Gaussian noise) while having a significantly bet-
ter runtime as soon as the number of correspondences increases. When
used in a real world pipeline, GAAlign also performs on the same level
or above compared to state-of-the-art algorithms.

Keywords: 3D registration - Geometric algebra - Point cloud
alignment

1 Introduction

Point clouds are a popular way of representing 3D objects and scenes used in
many applications ranging from 3D reconstruction to interactive visualization.
A central problem in computer vision is the registration of point clouds with
(partially) shared underlying geometry. This can for example be used to tightly
align two different 3D scans of the same object.

One of the earliest and most commonly used methods for point cloud regis-
tration is called Iterative Closest Point (ICP) presented by Besl and McKay [2].
Similar to this, Chen and Medioni [4] introduced a point-to-plane distance metric
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which is optimized as a non-linear least squares problem to achieve a registra-
tion. The solution of this problem can be approximated using a linear equation
system as shown by Low [15]. Different improved objective functions for ICP
were proposed by Yang et al. [24] and Rusinkiewicz [19]. State-of-the-art regis-
tration algorithms like Fast Global Registration by Zhou et al. [25] combine least
squares optimization with a feature-based correspondence search such as FPFH
by Rusu et al. [20]. Furthermore, many recent publications like NgeNet by Zhu
et al. [26] or GeDi by Poiesi and Boscaini [17] apply deep learning based meth-
ods to point cloud registration. A comprehensive survey of recent approaches is
presented by Huang et al. [9].

In addition to traditional linear algebra based methods, several methods for
point cloud registration using geometric algebra have been introduced. Kleppe
et al. introduced a non-linear least squares based registration algorithm [11]
as well as two different descriptors that can be used for registration [10,12].
Geometric algebra enables the registration of heterogeneous sets of objects in a
unified framework as shown by Valkenburg and Dorst [23] as well as Tingelstad
and Egeland [22]. Other approaches for geometric algebra based point cloud
registration include the use of a least-mean-squares adaptive filter called GA-
LMS by Al-Nuaimi et al. [1,13,14] and the formulation of ICP in conformal
geometric algebra and subsequent application to airborne laser scanning data
by Hitzer et al. [8].

2 Preliminaries

The term geometric algebra (GA) denotes a category of algebras that contain an
intuitive representation of geometric objects (e.g. points or spheres) and opera-
tions (e.g. intersections). For GAAlign we decided to use the 3D projective geo-
metric algebra R3 ,; (PGA), as it enables an elegant representation of points,
lines and planes. While many good introductions to geometric algebra exist (see
[5,6]), we want to offer a quick overview over the relevant concepts that are used
in this paper.

The 3D projective geometric algebra consists of 4 basis vectors, also called
blades of grade 1, denoted as e, e1, €2, e3. Hereby, the algebra defines e = 0 and
e? = e3 = e3 = 1. The basis vectors can be combined using the outer product
(denoted as aAb) to form blades of higher grade. Any object in GA can be defined
by a combination of blades. In 3D PGA there are 16 unique blades, hence any
object can be expressed as a 16-dimensional vector. For example, a point can be
defined using the equation p := xeg32 +yep13 + z€p21 + €123. Furthermore, a line
through two points p1, p2 can be defined using the join product: 1 = p1 V po.
Analogous, this can also be used to form a plane from three points.

In addition to geometric objects, it is also possible to define rigid transfor-
mations as multivectors. These are called motors (see [5]) and are defined on the
basis {1, ej2, €31, €23, €01, €02, €03, €0123 - Hereby, e12,e31, and es3 square to -1
and eq1, €p2, and egz square to 0. This basis is equivalent to dual quaternions as
shown by Dorst and De Keninck [5]. Furthermore, every motor is equivalent to
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the exponential of a bivector, which can be retrieved by using the logarithm. As
the bivector space is linear, it can be used for linear interpolation. The resulting
interpolated motor can subsequently be calculated by exponentiating the bivec-
tor. As a fast approximation, motors can also be interpolated directly. Hereby,
to stay on the motor manifold, the scalar of both motors need to have the same
sign and the resulting motor needs to be normalized. Notably, this interpolation
method is not in equal steps, which can only be guaranteed in the bivector space.

3 Sampling-Based Point Cloud Registration

3.1 GAALOP

The proposed algorithm is based on two major contributions to the geometric
algebra optimizer GAALOP [7] which were key to its implementation. Those
are the introduction of 3D projective geometric algebra (PGA) as well as a more
advanced optimization strategy that identifies common subexpressions resulting
in an improved runtime performance.

PGA in GAALOP. GAALOP turns geometric algebra code written in its
custom script language into symbolically optimized code for multiple common
programming languages. New algebras can be added by defining the base blades
and calculating a multiplication table, which is subsequently used to calculate
the geometric product. In addition to this, macros for common operations like
the regressive product can be defined. This was done to introduce 3D PGA to
GAALOP.

Common Subexpression Elimination. When generating C code from GA
expressions, it often happens, that the coefficients are very similar. These coeffi-
cients often contain long terms, that are not the same, but have subexpressions
in common. In compiler development, finding subexpressions and eliminating
these redundant computations is an often used approach, and several different
techniques for it are available. We added such a method for common subexpres-
sion elimination [16] to GAALOP and were able to improve the speed of the
generated code by ~ 3.5%.

3.2 GAAlign

The proposed point cloud registration algorithm consists of two parts. First, a
method to calculate a motor from two corresponding triangles (Sect. 3.2) which
is then subsequently used inside the algorithmic structure of a stochastic gradient
descent (Sect. 3.2) to robustly perform a point cloud registration.
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Motor Estimation from Corresponding Triangles. The algorithm used for
estimating a motor from two corresponding triangles in GAALOP is shown in
Listing A.1 in the Appendix. This algorithm defines the points A_src, B_src and
C_src of the source triangle as well as the points A_tar, B_tar and C_tar of the
target triangle and computes the motor for the transformation between them.
The implementation of the algorithm follows the procedure detailed in Sect. 6.8
of the document A Guided Tour to the Plane-Based Geometric Algebra by Dorst
et al. [5]. The exclamation mark at the beginning of a line indicates that this
multivector should explicitly be computed. Hereby, GAALOP only computes
the coefficients which are needed for further computations. This is done for a
better runtime performance of the generated code.

Gradient Descent. While the previously described motor estimation algo-
rithm can accurately estimate a motor based on three corresponding points, any
noise or error in these correspondences will directly propagate to the resulting
motor and therefore also to the resulting registration. This is especially true
for outliers. To mitigate this, the motor estimation is used inside the algorith-
mic structure of a gradient descent, or more specifically a stochastic or mini
batch gradient descent, which is commonly used in machine learning to enable
a tradeoff between robustness and performance for optimization on noisy input
data [18].

Algorithm 1. Robust Sampling-based Motor Estimation

Require: Point correspondences C[i],i = 0,..., N
Require: Step size a € (0,1]

Require: Maximum number of iterations Nmax > 0
Require: Sampled triangles per iteration Niriangle > 0

procedure ROBUSTMOTORESTIMATION(CY))

Myesult < 1 > Initialize the output with an identity motor
for i < 1, Npax do
Msum <— 0 > Initialize the temporary motor sum as zero

for .7 — 17 Ntriangle do
[id1,1d2,1d3] <« SAMPLERANDOMINDICES()
triangle_correspondence «— [C[id1], C[id2], C[id3]]
Mgum “— Msum+ ESTIMATEMOTOR (triangle_correspondence)

end for
Msum “— Msum/abs (Msum ) > Normalize the motor
if i > 0 then > Do not scale the motor for the first step
‘ Msum — (1 — @) + aMsum
end if
Mresult < MresultMsum > Join the new motor with the current result
end for

end procedure
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The outline of the proposed algorithm is shown in Algorithm 1. Geometric
algebra enables an intuitive and efficient formulation, as the representation of
rigid transformations as a motor makes it possible to easily average and interpo-
late transformations. While interpolating and averaging motors is theoretically
only possible in bivector space, this can also be done directly on motor multivec-
tors as a fast and sufficiently accurate approximation (as discussed in Sect. 2).
The most common version of gradient descent estimates a number of gradients
based on sampled input data, averages them, and takes a step into the direction
of the negative averaged gradient. Instead of estimating gradients, our proposed
algorithm estimates motors based on three randomly sampled correspondences
at a time, averages them and takes a step into the direction of the averaged
motor.

As input, the algorithm requires point correspondences, which can be gener-
ated using a nearest neighbor or feature based approach. Additionally the algo-
rithm can be configured with three hyperparameters that can be set depending
on the use case: Nyax limits the number of iterations, Niiangle specifies how
many motors are estimated and subsequently averaged per iteration, and the
steps size «, also known as learning rate, controls the strength at which each
averaged motor affects the resulting transformation. The influence of the hyper-
parameters on the runtime and robustness are examined in Sect. 4.2.

Note that the step size does not influence the first iteration, leading to an
effective step size of 1 for that iteration. Because of this, the first iteration can
be seen as a coarse registration, roughly transforming the point clouds onto each
other, while the following iterations try to optimize that registration leading to
what is called a fine registration.

4 Results

To evaluate the properties of the presented algorithm, a number of experiments
were conducted. Section 4.1 explains the procedure for generating synthetic test
data that was subsequently used to evaluate the influence of hyperparameters
(Sect. 4.2), the robustness (Sect. 4.3), runtime performance (Sect. 4.4) as well as
the accuracy in a real world pipeline (Sect. 4.5). The experiments were performed
on a system with an Intel Core i5-9600K processor.

4.1 Synthetic Data Generation

The different properties of the proposed algorithm were evaluated using a same-
source approach (see taxonomy in [9]). For this, a single point cloud is used
as both the source and target for the reconstruction. Both point clouds are
optionally perturbed with Gaussian noise and then the source is transformed
with a random rotation and translation. After this, we try to register the source
point cloud to the target, effectively undoing the previous transformation. This
approach enables us to directly compare the registration result to a ground truth.
As source data five different point clouds with varying complexity were used,
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including three models from the Stanford 3D Scanning Repository. Optionally,
instead of using the same point cloud as source and target, the original point
cloud can be cut into two parts with a partial overlap. This method mimics real
world datasets more closely and is used in Sect. 4.5
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Fig. 1. Influence of the number of iterations, step size, and number of sampled trian-
gles on the runtime and RMSE for Gaussian noise with strength o. While an increased
noise strength leads to an increased RMSE, the runtime appears to be invariant. Fur-
thermore, the runtime increases linearly with the number of iterations, while the error
reaches a constant value after approximately 30 iterations. The step size value does not
influence the runtime, but the RMSE is minimal for a step size a = 0.1. Finally, the
runtime scales linearly with the number of triangles while the RMSE steadily decreases.

4.2 Influence of Hyperparameters

The proposed algorithm can be configured using its three hyperparameters.
These can be set depending on the use case and enable a trade-off between
registration accuracy and runtime performance. To test the influence of each
of the three parameters, the runtime and root-mean-square error (RMSE) were
measured over varying values of each parameter. For each experiment, the two
remaining parameters were kept constant. Additionally, multiple noise levels
were used in each experiment, to investigate the influence of noise on the choice
of hyperparameters.
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As a first experiment, the maximum number of iterations was varied, result-
ing in the runtime and RMSE values depicted in Fig.1. The runtime linearly
increases with the number of iterations and only varies slightly for different
noise values. The RMSE reaches a nearly constant value after approximately
30 iterations. While this is true for all three noise levels, the resulting constant
value depends on the noise strength. For our combination of hyperparameters,
using more than 30 iterations only increases the runtime, but does not result in
an improved accuracy and is therefore discouraged.

For the second experiment, the influence of the step size a on the runtime
performance and RMSE under different noise strengths was tested. The results
are visualized in Fig. 1. The runtime appears constant and independent of the
step size, while the RMSE varies substantially. For all three noise levels, a min-
imum RMSE is achieved for a step size a =~ 0.1. For step sizes o < 0.1 the
increased RMSE is likely caused by the algorithm not being able to converge
in the set number of iterations. In contrast, step sizes o > 0.1 can lead to an
increased RMSE, because the influence of each iteration on the final motor is
too large.

The third experiment tests the influence of the number of triangles Niriangle
that are calculated and subsequently averaged in each iteration. As shown in
Fig. 1, the runtime increases linearly with the number of triangles and is inde-
pendent of the noise strength. For small values of Ny jangle, increasing the number
of triangles can lead to a large improvement of the RMSE, while for larger values
of Niriangle a0 increase only results in a small gain in accuracy.

4.3 Robustness Against Noise and Outliers

A common property of gradient descent is its robustness against noise and
outliers. Two experiments were carried out to evaluate how well this prop-
erty translates to our proposed algorithm, especially in comparison to other
existing algorithms. Here, we used the hyperparameters Ny.x = 25, @ = 0.1,
and Niriangle = 1024. We chose to include the three variants Point2Point [2],
Point2Plane [15] and Symmetric Point2Plane [19] that are part of the PCL [21]
library in the tests.
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Fig. 2. Comparison of the different algorithms to noise and outlier. While the robust-
ness of our algorithm against Gaussian noise is comparable to other state-of-the-art
algorithms, it is significantly more robust against outliers than any of the other algo-
rithms.

Additionally, we included the two variants of the state-of the-art geometric
algebra-based algorithm GA-LMS. First the original algorithm presented in [14],
and second the steepest descent based extension presented in [1] that calculates
an optimal step size in each iteration. While the authors of GA-LMS also pro-
posed several further improvements to the robustness of their algorithm in [1],
these were not published as part of their open source project OpenGA [13] and
could therefore not be included in the comparison.

For both experiments, the procedure described in Sect. 4.1 was used to gener-
ate synthetic test data with perfect correspondences. The correspondences were
subsequently perturbed with Gaussian noise (Fig.2a) or outliers (Fig.2b). For
each noise level /outlier percentage, the tests were repeated 200 times per model
and the resulting RMSE values were averaged.

Given perfect correspondences perturbed by Gaussian noise, Point2Point
ICP and the GA-LMS variant using steepest descent consistently lead to the
smallest RMSE, with our algorithm performing only slightly worse. The three
other tested algorithms appear to be notably less robust against noise.

The second experiment (Fig.2b) shows that our proposed algorithm is sub-
stantially more robust against outliers, than any of the algorithms that are part
of the comparison. This is especially true for both GA-LMS variants, which is
consistent with the description of Al-Nuaimi et al. [1].
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4.4 Runtime Performance Evaluation

In addition to the previous experiments focusing on the influence of hyperpa-
rameters and the robustness, we also decided to separately test the runtime per-
formance of our algorithm depending on the number of correspondences (Fig. 3).

Runtime in dependence of the correspondence count

100
m— GAAlign
PCL (Point2Point)
80 4 === PCL (Point2Plane)
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_ —— GA-LMS
€ 604 === GA-LMS (Steepest Descent)
o
£
S 40
o
" /
0 T T T T
0 100000 200000 300000 400000 500000

Number of Correspondences

Fig. 3. Runtime depending on the number of correspondences. While the runtime of
our proposed algorithm is longer for small numbers of correspondences, it offers a
significantly better scalability.

For comparison, we used the same algorithms as in Sect. 4.3. While the
runtime of all other used algorithms approximately increases linearly, the runtime
of GAAlign is approximately constant. This constant runtime is due to the use of
the structure of a mini batch gradient descent with a fixed number of iterations.
Even though, GAAlign has a longer runtime than the other state-of-the-art
algorithms for small numbers of correspondences, it is significantly more scalable,
making it suitable for applications with large amounts of data. Because of this,
high resolution point clouds can directly be used as input, without requiring any
further subsampling or keypoint detection.

4.5 Performance in a Real-World Pipeline

As a final comparison, the performance of the proposed algorithm was evalu-
ated in a real world pipeline. In contrast to the previous experiments, no previ-
ously known correspondences were used to calculate the registration. Therefore,
the correspondence search is now part of the experiment. Furthermore, the test
objects were randomly cut into two parts with partial overlap, as described in
Sect. 4.1.

In addition to the algorithms in the previous experiments, we also now include
the ICP implementation of OpenCV [3] as well as the state-of-the-art algorithms
Fuast Global Registration (FGR) presented by Zhou et al. [25], NgeNet by Zhu
et al. [26], and GeDi by Poiesi and Boscaini [17]. The latter two algorithms are
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machine learning based methods, which perform very highly on the 3DMatch
Benchmark for point cloud registration. These four algorithms were excluded
from the previous experiments, as their implementation prevented the direct
input of correspondences.

For the ICP variants from PCL and OpenCV, as well as for NgeNet and GeDi,
the respective built-in correspondence search was used. FPFH features [20] were
calculated and directly used as input for FGR. The same FPFH features were
matched and filtered by applying a combination of rejections schemes built into
PCL and used as input to our algorithm, as well as both GA-LMS variants.

To compare the resulting registration error of the different algorithms, we
calculated the alpha recall (see Eq. 1), which is the fraction of tests smaller than
an error threshold a. The same metric was used by Zhou et al. [25].

#tests with RMSE < «
F#tests

a-recall = (1)
For each model, 100 different combinations of random transformations and ran-
dom overlap were tested. The experiment was repeated with and without noise
and visualized in Fig. 4. Our results show, that our proposed algorithm outper-
forms all other tested algorithms in a noise-free environment. Furthermore, in
the presence of noise, GAAlign performs on the same level as the best state-of-
the-art algorithm that was part of the comparison.
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Fig. 4. Visualization of the a-recall for different algorithms with and without noise.
Upper-left is better.

5 Conclusion

In our work we presented an original geometric algebra based point cloud reg-
istration algorithm, called GAAlign, that uses the algorithmic structure of a
mini batch gradient descent to achieve an improved robustness against outliers
compared to other algorithms. Experiments using a same-source approach on
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synthetic data showed a high robustness against noise and outliers, as well as a
better scalability for large numbers of correspondences. Furthermore, the influ-
ence of the hyperparameters on runtime and registration error was tested to
suggest an optimal choice of hyperparameters. Finally, the proposed algorithm
showed a state-of-the-art accuracy in a real world pipeline when used in con-
junction with a feature-based correspondence search.
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github.com/kai-neumann/GAAlign. We thank the anonymous reviewers whose com-
ments helped to improve this manuscript. Special thanks to Steven De Keninck for
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critical reading of the manuscript.

Appendix

Listing A.1. GAALOPScript for the Triangle Reconstruction.

1

2 /* Algorithm based on: Reconstructing a Motor from Ezact Point Correspondences
3 according to Sect. 6.8 of the tutorial A Guided Tour to the Plane-Based Geometric
4 Algebra PGA by Leo Dorst, University of Amsterdam */

5 // source points

6 !A_src = createPoint(srcl_x, srcl_y, srcl_z);

7 !B_src = createPoint(src2_x, src2_y, src2_z);

8 !C_src = createPoint(src3_x, src3_y, src3_z);

9

10 // target points

11 !A_tar = createPoint(tarl_x, tarl_y, tarl_z);

12 !B_tar = createPoint(tar2_x, tar2_y, tar2_z);

13 !C_tar = createPoint(tar3_x, tar3_y, tar3_z);

14

15 | // Transformation from A_src to A_tar (translation)

16 !VA_unnormalized = (1+A_tar/A_src);

17 !VA_norm = abs(VA_unnormalized);

18 !VA = VA_unnormalized/VA_norm;

19

20 A2 = VA * A_src *x ~VA;
21 IB2 = VA * B_src *x ~VA;
22 1C2 = VA * C_src *x ~VA;

24 // Transformation from B2 to Bt; based on the rotation from the line L2 to L1
25 [ !L1 = *(*A_tar ~ *B_tar);
26 L2 = *(xA_tar ~ %*B2);

27

28 !VB_unnormalized = (1+L1/L2);

29 !VB_norm = abs(VB_unnormalized);
30 IVB = VB_unnormalized/VB_norm;
31

32 | 1B3 = VB * B2 * ~VB;
33 | 1C3 = VB * C2 * ~VB;

35 | // Transformation from C3 to Ct; based on the rotation of two planes
36 I1P1 = *(xL1 ~“*C_tar);
37 | 'P2 = x(*¥L1 "*C3);

38

39 !VC_unnormalized = (1+P1/P2);

40 !VC_norm = abs(VC_unnormalized);
41 IVC = VC_unnormalized/VC_norm;
42

43 // complete transformation
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44
45
46
47
48
49
50
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!combined_motor = VC * VB x VA;

// Get the norm
!motor_norm = abs(combined_motor);

// Make sure the out motor %is normalized
7out_motor = combined_motor/motor_norm;

References

w

10.

11.

12.

13.
14.

15.

16.

. Al-Nuaimi, A., Steinbach, E., Lopes, W.B., Lopes, C.G.: 6DOF point cloud align-

ment using geometric algebra-based adaptive filtering. In: 2016 IEEE Winter Con-
ference on Applications of Computer Vision (WACV), pp. 1-9. IEEE (2016).
https://doi.org/10.1109/WACV.2016.7477642

Besl, P.J., McKay, N.D.: Method for registration of 3-D shapes. In: Sensor fusion
IV: control paradigms and data structures, vol. 1611, pp. 586-606. Spie (1992).
https://doi.org/10.1117/12.57955

Bradski, G.: The OpenCV Library. Dr. Dobb’s Journal of Software Tools (2000)
Chen, Y., Medioni, G.: Object modelling by registration of multiple range
images. Image Vis. Comput. 10(3), 145-155 (1992). https://doi.org/10.1016/0262-
8856(92)90066-C

Dorst, L., De Keninck, S.: Guided tour to the plane-based geometric algebra PGA,
version 2.0 (2022). https://bivector.net/PGA4CS.html

Gunn, C.G., De Keninck, S.: Geometric algebra and computer graphics. In: ACM
SIGGRAPH 2019 Courses, pp. 1-140 (2019). https://doi.org/10.1145/3305366.
3328099

Hildenbrand, D., Steinmetz, C.: Gaalop (geometric algebra algorithms optimizer)
(2020). http://www.gaalop.de/

Hitzer, E., Benger, W., Niederwieser, M., Baran, R., Steinbacher, F.: Foundations
for strip adjustment of airborne laserscanning data with conformal geometric alge-
bra. Adv. Appl. Clifford Algebras 32(1), 1-34 (2022)

Huang, X., Mei, G., Zhang, J., Abbas, R.: A comprehensive survey on point cloud
registration. arXiv preprint arXiv:2103.02690 (2021). https://doi.org/10.48550/
arXiv.2103.02690

Kleppe, A.L., Egeland, O.: A curvature-based descriptor for point cloud align-
ment using conformal geometric algebra. Adv. Appl. Clifford Algebras 28(2), 1-16
(2018). https://doi.org/10.1007/s00006-018-0864-9

Kleppe, A.L., Tingelstad, L., Egeland, O.: Initial alignment of point clouds using
motors. In: Proceedings of the Computer Graphics International Conference, pp.
1-5 (2017). https://doi.org/10.1145/3095140.3097282

Kleppe, A.L., Tingelstad, L., Egeland, O.: Coarse alignment for model fitting of
point clouds using a curvature-based descriptor. IEEE Trans. Autom. Sci. Eng.
16(2), 811-824 (2018). https://doi.org/10.1109/TASE.2018.2861618

Lopes, W.B.: OpenGA. https://openga.org/index.html. Accessed 10 May 2022
Lopes, W.B., Al-Nuaimi, A., Lopes, C.G.: Geometric-algebra LMS adaptive filter
and its application to rotation estimation. IEEE Signal Process. Lett. 23(6), 858—
862 (2016). https://doi.org/10.1109/LSP.2016.2558461

Low, K.L.: Linear least-squares optimization for Point-to-Plane ICP surface regis-
tration. Chapel Hill, University of North Carolina 4(10), 1-3 (2004)

Muchnick, S.S.: Advanced compiler design and implementation, pp. 378-396 (1997)


https://doi.org/10.1109/WACV.2016.7477642
https://doi.org/10.1117/12.57955
https://doi.org/10.1016/0262-8856(92)90066-C
https://doi.org/10.1016/0262-8856(92)90066-C
https://bivector.net/PGA4CS.html
https://doi.org/10.1145/3305366.3328099
https://doi.org/10.1145/3305366.3328099
http://www.gaalop.de/
http://arxiv.org/abs/2103.02690
https://doi.org/10.48550/arXiv.2103.02690
https://doi.org/10.48550/arXiv.2103.02690
https://doi.org/10.1007/s00006-018-0864-9
https://doi.org/10.1145/3095140.3097282
https://doi.org/10.1109/TASE.2018.2861618
https://openga.org/index.html
https://doi.org/10.1109/LSP.2016.2558461

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

GAAlign 111

Poiesi, F., Boscaini, D.: Learning general and distinctive 3d local deep descrip-
tors for point cloud registration. IEEE Trans. Pattern Anal. Mach. Intell. (2022).
https://doi.org/10.1109/TPAMI.2022.3175371

Ray, S.: A quick review of machine learning algorithms. In: 2019 International Con-
ference on Machine Learning, Big Data, Cloud and Parallel Computing (COMIT-
Con), pp. 35-39 (2019). https://doi.org/10.1109/COMITCon.2019.8862451
Rusinkiewicz, S.: A symmetric objective function for ICP. ACM Trans. Graph.
(TOG) 38(4), 1-7 (2019). https://doi.org/10.1145/3306346.3323037

Rusu, R.B., Blodow, N., Beetz, M.: Fast point feature histograms (FPFH) for 3D
registration. In: 2009 IEEE International Conference on Robotics and Automation,
pp. 3212-3217. IEEE (2009). https://doi.org/10.1109/ROBOT.2009.5152473
Rusu, R.B., Cousins, S.: 3D is here: Point Cloud Library (PCL). In: IEEE Inter-
national Conference on Robotics and Automation (ICRA), Shanghai, China, May
9-13 2011

Tingelstad, L., Egeland, O.: Motor estimation using heterogeneous sets of objects
in conformal geometric algebra. Adv. Appl. Clifford Algebras 27(3), 2035-2049
(2016). https://doi.org/10.1007/s00006-016-0692-8

Valkenburg, R., Dorst, L.: Estimating motors from a variety of geometric data in
3D conformal geometric algebra. In: Guide to Geometric Algebra in Practice, pp.
25-45. Springer (2011). https://doi.org/10.1007/978-0-85729-811-9_2

Yang, J., Li, H., Campbell, D.; Jia, Y.: Go-ICP: a globally optimal solution to
3d ICP point-set registration. IEEE Trans. Pattern Anal. Mach. Intell. 38(11),
2241-2254 (2015). https://doi.org/10.1109/TPAMI.2015.2513405

Zhou, Q.-Y., Park, J., Koltun, V.: Fast global registration. In: Leibe, B., Matas, J.,
Sebe, N., Welling, M. (eds.) ECCV 2016. LNCS, vol. 9906, pp. 766-782. Springer,
Cham (2016). https://doi.org/10.1007/978-3-319-46475-6_47

Zhu, L., Guan, H., Lin, C., Han, R.: Neighborhood-aware geometric encoding net-
work for point cloud registration. arXiv preprint arXiv:2201.12094 (2022). https://
doi.org/10.48550/arXiv.2201.12094


https://doi.org/10.1109/TPAMI.2022.3175371
https://doi.org/10.1109/COMITCon.2019.8862451
https://doi.org/10.1145/3306346.3323037
https://doi.org/10.1109/ROBOT.2009.5152473
https://doi.org/10.1007/s00006-016-0692-8
https://doi.org/10.1007/978-0-85729-811-9_2
https://doi.org/10.1109/TPAMI.2015.2513405
https://doi.org/10.1007/978-3-319-46475-6_47
http://arxiv.org/abs/2201.12094
https://doi.org/10.48550/arXiv.2201.12094
https://doi.org/10.48550/arXiv.2201.12094

l‘)

Check for
updates

Quantum Register Algebra: The Basic
Concepts

J. Hrdina'®, D. Hildenbrand?®, A. Navrat'®, C. Steinmetz*, R. Alves?®) @),
C. Lavor®®, P. Vasik!®, and I. Eryganov'

! Brno University of Technology, Brno, Czech Republic
{hrdina,navrat.a,vasik}@fme.vutbr.cz, xperyga0OQvutbr.cz
2 Technische Universitdt Darmstadt, 64297 Darmstadt, Germany

dietmar.hildenbrand@gmail.com
3 Federal University of ABC, Sao Bernardo, Brazil
alves.rafaelQufabc.edu.br
:em engineering methods AG, Darmstadt, Germany
christian.steinmetz@e-mail.de
5 University of Campinas, Campinas, Brazil
clavor@unicamp.br

4

Abstract. We introduce Quantum Register Algebra (QRA) as an effi-
cient tool for quantum computing. We show the direct link between QRA
and Dirac formalism. We present GAALOP (Geometric Algebra Algo-
rithms Optimizer) implementation of our approach. Using the QRA basis
vectors definitions given in Sect.4 and the framework based on the de
Witt basis presented in Sect. 5, we are able to fully describe and compute
with QRA in GAALOP using the geometric product. We illustrate the
intuitiveness of this computation by presenting the QRA form for the
well known SWAP operation on a two qubit register.

Keywords: quantum computing - geometric algebra - quantum
register algebra

1 Introduction

Geometric Algebra proved in recent years that it is a mathematical system cover-
ing many other mathematical systems as conventionally used in engineering and
physical science, [4-6,9]. Examples are linear algebra, quaternions, Dirac and
Pauli matrices, Plucker coordinates to mention only a few. This means, the big
advantage of Geometric Algebra is that you do not have to learn different math-
ematical systems in order to handle various application areas. You simply have
to learn only one mathematical system to handle them. Another simplification
based on Geometric Algebra is that both objects and operations are handled in
one algebra, means you do not have to distinguish, for instance, between points
or vectors as objects and matrices for the description of operations on them.
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Now, the question is: can Geometric Algebra also advantageously be used for
quantum computing? Quantum computing, currently, is based on working with
complex numbers, matrices of complex numbers and tensor computing in order
to handle operations with arbitrary numbers of qubits.

Some papers on geometric algebras and quantum computing demonstrate
application of geometric algebras G4 1 (relativistic case) and Gg o (nonrealtivis-
tic case), [3], geometric algebra G,, ,,, [1] and finally a complex Clifford algebra
Cn, 2].

In this paper, we show that quantum computing can simply be based on a
Geometric Algebra called QRA (quantum register algebra). In Sect. 2, we show
that complex numbers can easily be identified within Geometric Algebra.

The Dirac formalism is a very useful formalism to describe quantum comput-
ing. Although it is originally based on complex matrices (see Sect. 3), we show in
our definition of QRA according to Sect.4 and Sect. 5, that it can still be used
with QRA.

In order to compute with QRA, we use GAALOP, a stand alone geometric
algebra algorithm optimizer. We extended the GAALOP tool presented in [1] for
the QRA support based on the definitions presented in Sects. 4 and 5. The full
implementation is shown in Sect. 6. In order to simplify the computing as much
as possible, we also integrated it in our online tool GAALOPWeb. In Sect. 7, we
present how easy it is to compute with QRA using GAALOP, for this we present
the QRA form for the SWAP gate. The big advantage for quantum computing
beginners is that they only have to know Geometric Algebra in order to describe
the objects and operations of quantum computing.

2 From Complex Numbers to Geometric Algebras
and Back Again

The algebra of complex numbers C is an essential tool for quantum computing.
Qubits are realised by vectors in complex vector space C" and the gates by
matrices n X n over the complex numbers. In our approach, the complex linear
algebra is the language for quantum computing. More precisely, we are using
the natural concept of complex geometric algebras with the complex numbers
as one of their instances. In the sequel, we investigate these concepts in a more
detailed way.

Formally, geometric algebra G, , is a free, associative, distributive and uni-
tary algebra over the set of abstract elements {ej,...,e,} endowed with the
following identities:

ejej = —eje;, where i # j,
e =1, wherei=1,...,p, (1)
e? =—1,wherei=p+1,...,n.

In computer science notation, we understand G, , as a vector space where vectors
are built as words over the alphabet {ej,...,e,}, including an empty word,
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using the following equivalency. Two words are equivalent (they are different

representations of the same object) if the first can be rewritten into the second

and vice versa with the help of identities (1), distributivity and associativity.
For example, let us consider geometric algebra Gi 1, so we have words over

the alphabet {e1,es} and identities e = 1, €3 = —1 together with anti—
commutativity ejes = —ese;. Then the vector space basis is of the form
{1,e1,e2,e1€2}. (2)

Hence, for example the word esejesejejeses can by rewritten to —e; with the
help of identities (1) in the following way:

€9€1€2€1€1€2€9 = 626162(1)(—1) — €1€9€9 = 61(—1) = —eq.

The element e; is in the basis (2). We can see that the elements of geometric
algebra G ; are the linear combinations over the basis (2), i.e.

G1,1 = {z1 + ®ae1 + x3e2 + z4€1€2|2; € R} (3)
together with multiplication given by identities (1). For example
(61 + 26162)(1 +e1 — 362) = 61(1 +e — 362) + 26162(1 +er — 362)
=e1 +e1e1 —er1des + 2e1e9 + 2e1e9e1 — 2e1e93eo
=e1 + (1) — 3erea + 2e1e9 — 2e9e1e1 — Geg (—1)
=1+ €1 — €169 — 262(1) + 661
=1+7T7e1 —2e9 —e169 € G171.

In any geometric algebra G(p,q) such that p > 1 or ¢ > 1 we can find a
subalgebra isomorphically equivalent to C in the following way: if p > 1 we have
two elements e, f € G(p, q) such that e = f2 =1 and ef = —fe, so

(ef)? = efef = —ceff = —e*f? = —1

and -
CxC={a+blef)la,beR} C G(p,q).

In the same way, if we have ¢ > 1 then we have two elements e, f such that
e2=f?2=—landef = —fe, so

(ef)? =efef = —eeff = =€ f* = —1(-1)(-1) = —L.
Note that the element ef commutes with the other basis elements in both cases.

Remark 1. The complex numbers C are in fact isomorphically equivalent geo-
metric algebra Gg ;. Indeed, Go; is a space

G(),l = {5131 -+ zgel\xi S R} (4)

such that e? = —1 which is the vector space isomorphically equivalent to C. The
specific concept for the imaginary unit used in QRA is described in Sect. 4.
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3 Matrices vs. Dirac Formalism

In this section, we show the direct link between Dirac formalism and geometric
algebras. Original quantum mechanics is based on Dirac formalism, but quantum
computing can be built up of matrices because the Hilbert space of qubits’ states
is finite. We briefly recall the link between matrices and Dirac formalism, [10].

— the n-qubit (ket)
|i) = |ay - an—1a,), where a; € {0,1} and i = a2 '+ 4 a,2°
0
<= | 1|, where 1 is on i+1 position, 0 otherwise.
0
— the dual n-qubit (bra)

(i| = {ay -+~ an_1a,|, where a; € {0,1} and i = a;2" ' +--- + a,,2°

— (O sl 0) , where 1 is on i+1 position, 0 otherwise.

The n-qubit gates are matrices A = (a;;), where 4,5 = 1,...,2". So if a matrix
A acts on coordinates in canonical basis, then its element a;; sends the j-th
element of canonical basis to i—th element of canonical basis in the same way as
Dirac expression |i — 1)(j — 1], so

aiy ... Qin

= ) agli-1) - 1.

Gnl - .- Gnn ij=1

For example, the representations of 1-qubits (ket and bra) are

10) = (é) 1) = (g) (0] <= (10), (1] = (01)

and the NOT gate is of the form

(30) = 0111 + v

4 Definition of QRA

Recall that a Geometric Algebra G,, = G, is a free, associative, unitary alge-
bra over the set of anti-commuting generators {e1,...,e,} such that e? = 1,
i € {1,...,n}. Now we finally define the Quantum Register Algebra (QRA).



116 J. Hrdina et al.

First, let us consider a geometric algebra G,, 4o with its basis elements {ey, ...,
€n,T1,72} together with the following identities

Z=el= =2 =2 =2 =1 (5)

n =

Then we define a bivector
L=T1T2

and show that the set C = {a + bila,b € R} is isomorphic to an algebra C, so
¢ plays the role of a complex unit. The set C is closed with respect to addition
and multiplication. The element ¢ is in square equal to —1. Indeed,

12 =rirariry = —rfrg =-1,
SO ((:: =~ C. Now we define QRA as a geometric subalgebra G,, with the coefficients
in C, i.e. }
QRA = {aogo + -+ angn|a,¢ S (C,gi (S Gn} C G7L+2.

Hence for any element A € G,, we have tA = At because ¢ is a bivector and

L ¢ Gp.

5 QC in the QRA Framework
To use QRA to model quantum computing we choose a different basis of QRA

based on geometric algebra Gs,. This basis is called Witt basis and it is formed
by elements {f1, f1,..., fn, f1} satisfying

fi= %(ei + teitn), (6)
i = 5le = eisn), @

where ¢ = r179. Now, we define an element I = flff o fofl satisfying

’=1, (8)
Jil =0, 9)
LT =1 (10)

then we have a straightforward identification of bra and ket vectors with the
elements of QRA as follows:

(ay ...an| = I(fn)* ...(f1)*, where a; € {0,1}, (11)
lay...an) — (FH)™ ... (f1)* I, where a; € {0,1}. (12)

For example, let us consider the space of 2—qubit states. Then the identification
(11) and (12) for the ket vectors reads



QRA: The Basic Concepts 117

100) — (fN)° ()T =1,
01) — () (DT = f1,
Iy eor _ et (13)
‘10> = (fl) (fQ) 1= flIa
11) > (FDYD = AT

So the ket vectors in 2-qubit state space are linear combinations of the basis
{fla fii‘v DI} fna f’r];} elements:

1) = (Yoo + Yo f3 + Yo ff + i fi f)1. (14)

To define the quantum gates we have to identify the bra vectors in the similar
way:

Thus the bra vectors in 2-qubit state space are combinations of the basis
{fi Ao fas £1) elements as follows:

(W] = I(too + Y10f1 + o1 f2 — Y11 f1f2)-

To demonstrate our approach we show the design of the SWAP gate [8].
Recall that in Dirac notation, the SWAP gate is represented by

|00) (00| + |01)(10] + |10) (01| + |11)(11|.
Using the identification (13) and (15), the SWAP gate may be rewritten as:
SWAP = |00)(00] + [01){10] + [10)(01| + [11)(11]
= At ffl+ fl o= L+ H RS fo (16)

Before we present how the gate acts on 2-qubits, let us mention the rules
for calculations with the Witt basis {f;, f;r} elements in the form of a list of
properties which can be verified by straightforward computations:

(F)* = () =0 (17)
fifi=~tifi, 1) =—1 1] (18)
fiflfi=fi St =11 (19)
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We present the SWAP gate functionality on 2-qubits step by step. Thus we can
calculate:

SWAP|ep) =
= (ffl fofd + 1o = Fufd + F A1 F2) (oo + or f3 + rofi + waa fl AT
= Fuf] o3 (oo + et ] + wasT] +2arf T by (17)

+ f F200 + Vo1 ] + aoT] + e fT5)I by (9) and (17)

— fufS a6 + LorTS + Yioff + et FFDI by (9) and (17)

+ 1111 Fa (b6 + orTd + basTT + ra f1F5)T by (9) and (17)
= (AL F213) (Woo) T + (] f2)($or f3)T by (10)

+ AT+ (F A f2) (o DT
= (Yoo + Youf{ + 10fd +Lir(F1 fLf])(f3 f2f3))T the last step by (10)
= (Yoo + Vo1 f1 + V1o fs + v fl DI,

where ¢ and g stand for g = 0 and g = 1. Finally, by means of (13), the final
2-qubit can be rewritten in Dirac notation as

(¥00/00) + 1001(10) + 1h10[01) + 111 [11))1

which is the expected result.

The other gates may be interpreted in the very same way and thus we showed
how quantum computation in QRA is realized. We used the Witt basis axioms
(17)-(19) together with additional axioms (9) and (10). The use of the addi-
tional axioms may seem redundant and complicated but they only simplify the
written form of calculations and thus the functionality is easier for demonstra-
tion. Indeed, these rules may be avoided completely for which we point out the
following two reasons:

— If we interpret the element I as f1f] -+ ff1, the rules (9) and (10) do not
apply because they are simple consequences of (17)—-(19). Only the expressions
will be longer.

— We are using the axioms (17)—(19) for calculations in the Witt basis which
naturally corresponds to Dirac formalism. But Witt basis is just a different
set of generators for QRA elements. Thus the axioms (17)—(19) are derived
from geometric algebra axioms (5) which are very simple.

Our approach is based on the fact that QRA and the Witt basis provide
nice language for written QC schemes. The expressions are very similar to Dirac
formalism, so they are very simple to understand for people not familiar with
geometric algebra. But unlike abstract Dirac formalism, our objects are elements
of QRA which is a geometric algebra based on very simple axioms and, further-
more, it is very easy for implementation as shown in the following section.
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6 GAALOP Implementation

The integration of QRA into GAALOP is done based on the file Definition.csv
according to Chapt. 9 of [7]. Listing 1.1 shows the file for the definition of one
qubit.

Listing 1.1. Definition.csv for QRA for one qubit

1,el,e2,erl,er2

1,el,e2,erl,er2
el=1,e2=1,erl1=1,er2=1

ISNIGUR R

In general, this file consists of 5 lines for the definition of the algebra. In the
case of QRA, the lines 2 and 5 are left blank since the used basis in Line 1 and
the standard basis in Line 3 are the same and no transformations between the
two bases are needed. The basis is defined by the basis vectors el, €2, erl and
er2 according to ey, e, 71,72 as defined in the previous sections. All their squares
are defined to 1 according to line 4.

For each additional qubit we need two additional basis vectors, while erl and
er2 are always the same. The definition of a register with two qubits is shown in
Listing 1.2.

Listing 1.2. Definition.csv for QRA based on two qubits
1,el,e2,e3,ed,erl, ,er2

1,el,e2,e3,ed4,erl ,er?2
el=1,e2=1,e3=1,e4=1,erl=1,er2=1

N

For the second qubit we need the additional basis vectors e3 and e4. For this
paper, we also made a new version of GAALOPWeb!. It allows online computa-
tions with a number of n qubits without the installation of a specific software.

7 Example in GAALOP

As an example we implemented the SWAP gate on GAALOP for a register with
two qubits. Following the Eqgs. (6) and (7), the vectors f; and f;" as

(e1 — tes)

(ea + teyq)

(e1 +tes), fl=
(e2+tes), fi=

fi=
fa=
where ¢ = r172. Then, we use the definitions in (13) to implement the basis
elements, Eq. (14) for |¢) and (16) to define the operator of the SWAP gate. We

apply the SWAP operator on the element |¢). But first, let us see the coordinates
of each ket vector basis when they are multiplied by I separately:

1
2
1
2

N= =

! http://www.gaalop.de/gaalopweb/.
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Listing 1.3. SWAP gate in QRA for two qubits.

// Imaginary untt

i = erlxer?2;

// Witt basis

f1 = 0.5%(el+i*e3);
f1T = 0.5*(el-i*e3);
f2 = 0.5%x(e2+ixed);
f2T = 0.5*%x(e2-ix*e4d);
// Element "I"

Id = £f1xf1T*£f2*%£f2T;
10 | // ket basis wvectors multiplied by "Id"
11 |?7ket00 = 1%I4;

12 |7ketO1 f2T*1d;

13 |?7ket10 = £1T*Id;

14 |7ket11 f1T*x£2T*1Id;

0O Ui Wi

Nej

This is important to show which coordinates correspond to each vector in order
to see the amplitudes interchanging when SWAP is applied to some linear com-
bination of these vectors. The output for this code is shown below:

Listing 1.4. Basic elements multiplied by I.

1 |ket0O[0] = 0.25; // 1.0

2 |ket00[42] = 0.25; // el = (e2 = (e3 ~ e4))

3 |ket00[50] = -0.25; // el -~ (e3 ~ (eri ~ er2))

4 |ket00[55] = -0.25; // e2 ~ (e4 ~ (erl ~ er2))

5 |ket01[2] = 0.25; // e2

6 |ketO01[26] = -0.25; // el ~ (e3 ~ e4)

7 |ket01[41] = -0.25; // e4 =~ (erl ~ er2)

8 |ket01[59] = 0.25; // el = (e2 =~ (e3 ~ (erl ~ er2)))

9 |ket10[1] = 0.25; // el

10 | ket10 [32] 0.25; // e2 - (e3 =~ e4)

11 |ket10[40] -0.25; // e3 = (erl1 ~ er2)

12 | ket10 [60] -0.25; // el - (e2 ~ (e4 =~ (er1 ~ er2)))
13 |ket11[7] = 0.25; // el ~ e2

14 |ket11[16] -0.25; // e3 " e4

15 |ket11[51] -0.25; // el = (e4 = (erl ~ er2))

16 |ket11 [54] 0.25; // e2 ~ (e3 ~ (erl ~ er2))

We remark that all identities given in (17)—(10) can be observed in GAALOP.
Now, let us choose a vector [)? given by:

|w> = (|00) + 2\01) + 3|10> + 4|11>)I
= (L+3f3 +3f +4f D1,

2 The vector |¢) is not normalized, so the final result should be divided by v/29.
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and apply the SWAP gate on it. The expected result is given by:

[0) = (1+3f5 +2f +4f] )1
= (]00) + 3]01) + 2[10) + 4|11))1.

We add 3 lines to the code in 1.3:

N R

Listing 1.5.
//SWAP

Definition and application of the SWAP gate on GAALOP.

SWAP=(f1*f1T*f2*f2T)+(f1T*f2) - (f1*f2T)+(f1T*f1*f2T*f2);

?psi =
?SwapPsi =

ket00 + 2*xketO1 + 3*ketl0 + 4x*xketll;

SWAP*psi;

The output is shown below and then we analyze the result.

© 00 J O U W N~

W WA NN DNDNDRNDNDRNDNDR & = e e
KO QWG E WNROW©OOW=-IO TR WNRF O

Listing 1.6. Output of the application of the SWAP gate on GAALOP.
psil0] = 0.25; // 1.0
psil1] = 0.75; // el
psil2] = 0.5; // e2
psil7] = 1.0; // el ~ e2
psili16] = -1.0; // e3 ~ e4
psi[26] = -0.5; // el ~ (e3 ~ e4)
psil32] = 0.75; // e2 (e3 ~ e4)
psil[40] = -0.75; // e3 (erl ~ er2)
psil41] = -0.5; // e4 (er1 =~ er2)
psil[42] = 0.25; // el - (e2 (e3 =~ e4))
psi[50] = -0.25; // el ~ (e3 (erl1 = er2))
psil51] = -1.0; // el =~ (e4 ~ (erl ~ er2))
psil54] = 1.0; // e2 =~ (e3 ~ (er1 ~ er2))
psi[55] = -0.25; // e2 ~ (e4 ~ (eri1 ~ er2))
psi[59] = 0.5; // e1 =~ (e2 ~ (e3 ~ (er1 ~ er2)))
psil60] = -0.75; // el ~ (e2 ~ (e4 ~ (erl1 ~ er2)))
SwapPsi[0] = 0.25; // 1.0
SwapPsi[1] = 0.5; // el
SwapPsi[2] = 0.75; // e2
SwapPsi[7] = 1.0; // el =~ e2
SwapPsi[16] = -1.0; // e3 ~ e4
SwapPsi[26] = -0.75; // el (e3 = e4)
SwapPsi[32] = 0.5; // e2 =~ (e3 " e4)
SwapPsi[40] = -0.5; // e3 ~ (erl1 ~ er2)
SwapPsi[41] = -0.75; // e4 ~ (erl = er2)
SwapPsi[42] = 0.25; // el ~ (e2 ~ (e3 ~ e4))
SwapPsi[60] = -0.25; // el ~ (e3 ~ (erl ~ er2))
SwapPsi[51] = -1.0; // el ~ (e4 ~ (erl ~ er2))
SwapPsi[54] = 1.0; // e2 ~ (e3 ~ (erl ~ er2))
SwapPsi [55] -0.25; // e2 ~ (e4 -~ (erli ~ er2))
SwapPsi[569] = 0.75; // el ~ (e2 ~ (e3 (erl1 =~ er2)))
SwapPsi[60] = -0.5; // el (e2 =~ (e4 (er1 =~ er2)))
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Note that the groups of coordinates {0, 42, 50,55} and {7, 16,51, 54}, which refer
to the coefficients of |00) and |11) respectively, remained unchanged from psi
to SwapPsi, as expected. However, note that the coefficients in the coordinates
{2,26,41,59} of psi that corresponds to |01) was exactly 2 times the coefficients
of ket01 given by 1.4 and, in SwapPsi, they became 3 times those same coef-
ficients. On the other hand, the coordinates {1, 32,40,60} changed from 3 (in
psi) to 2 (in SwapPsi) times the coefficients of ket10 in 1.4, that corresponds
to |10). So, the output vector SwapPsi is exactly the vector [1)).

8 Conclusion

In this paper, we presented how naturally Geometric Algebra can be used for
quantum computing. Based on the newly developed QRA and its support by
the extended GAALOP tool, the handling of quantum computing is strongly
simplified, especially for beginners. The big advantage for quantum computing
beginners is that they only have to know Geometric Algebra in order to describe
the objects and operations of quantum computing. We hope that this can be the
reason for Geometric Algebra to become “the” language for quantum computing
in the future.
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Abstract. This paper presents exploratory investigations on the con-
cept of generalized geometrical frequency in electrical systems with an
arbitrary number of phases by using Geometric Algebra and Differen-
tial Geometry. By using the concept of Darboux bivector it is possible
to find a bivector that encodes the invariant geometrical properties of
a spatial curve named electrical curve. It is shown how the traditional
concept of instantaneous frequency in power networks can be intimately
linked to the Darboux bivector. Several examples are used to illustrate
the findings of this work.

Keywords: Geometric Algebra - Geometric Electricity + Power
systems *+ Geometric Frequency

1 Introduction

Multi-phase power systems play a crucial role in modern society due to the
tremendous increase in energy needs. Moreover, with the proliferation of new
generation smart grids based on a decentralized paradigm and focused on renew-
able energies, it is of utmost importance to investigate new methodologies that
can deal with the distortion and unbalance scenarios produced by nonlinear
loads. In this regard, voltage and frequency control is essential to achieve ade-
quate stability, so appropriate tools are necessary for a better understanding of
transient phenomena that can potentially disturb the grid. Currently, the con-
cept of instantaneous frequency, widely used in electrical power systems, presents
some issues in its classical definition as the time derivative of the phase angle
of a signal. Apparently, this definition only holds for a sine representation of
such a signal but fails for other representations where harmonics or transients
are included [9]. Existing techniques based on the Fourier or Hilbert Transform,
for example, are unable to deal with these problems and give rise to a number
of paradoxes, described in [10].

Geometric Algebra (GA) and Differential Geometry (DG) are among the
most promising tools recently proposed, as evidenced by recent works [13,14].
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For example, in [11,12] a geometrical interpretation of the frequency for three-
phase electric circuits is proposed. Through the analysis of the invariants of
spatial curves, it is possible to find a direct relation with the generalized con-
cept of frequency that can be of interest in electrical power systems. However, a
generalization to an arbitrary number of phases has yet to be presented. In par-
ticular, the study of multiphase electrical machines or electrical power systems
with a number of phases greater than three can benefit from the investigations
presented in this paper.

This approach not only allows a generalization through the use of exterior
algebra or geometric algebra but also provides a unifying mathematical frame-
work.

In this paper, GA and DG is applied to multi-phase electrical systems com-
prising any number of electrical phases by characterizing the voltage as a vector
describing a curve in n-dimensional space. We will refer to such curves as “elec-
trical curves” (EC). A new procedure is proposed that allows to obtain a mul-
tivector representation of the geometrical angular frequency, known as Darboux
Bivector.

2 Electrical Curves and Geometric Properties

The electric curve approach is an effort for the application of concepts related to
spatial curves within electrical systems. More specifically, geometric invariants
(e.g. curvature) of the curve can accurately describe properties of interest for
the power community. For example, the instantaneous or average grid frequency
in power systems can be linked easily to curvature properties. This approach
lead us to the concept of “geometric frequency” as introduced by Milano [11].
For higher dimensional, i.e., multi-phase power systems, the procedure depends
on the derivations of Hestenes [5] (Chap.6) where arc-length parameterization
is assumed. Here we provide a procedure that expresses this idea using time-
dependent formulation of the original arc-length parameterization formulation.

2.1 Electrical Curve Definition and Parameterization

In practical power systems applications, we are typically given a uniformly sam-
pled multi-phase and periodic voltage (or current) signals v; [k] with k the sample
index and ¢ = 1,2,...,n, the electrical phase index, and n the total number of
electrical phases. We are allowed to create a discrete vector signal v[k] from v;[k]
that describes a curve in an n-dimensional Euclidean space. We call this object
an “electrical curve” (EC).

Because the method depends on differential geometric characteristics of
curves, the first step in this procedure is to use a suitable interpolation or fitting
method to obtain a time-dependent differentiable curve v(t) that closely approx-
imates the sampled signal v [k]. However, real-world signals can typically contain
a fair amount of noise and artifacts because of the Analog to Digital Converter
(ADC) quantization sampling process, transient phenomena, etc., that make this
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a hard task. Fortunately, many procedures exist in practice [3,8]. We will assume
this step is already implemented using any suitable method.

Assume now a time-dependent vector v (t) = Y., v; () o; that describes a
curve in n-dimensional Euclidean space defined on the interval ¢ € [tg,t;]. The-
oretically, we can express the curve by a reparameterization v (s) = v (t(s)) =
S, vi (t(s)) o; using the arc-length variable s (t) = fto [|[v" ()] dex, where the
relation s (t) and its functional inverse ¢ (s) = s~! () between parameters s and
t are one-to-one. Note that this reparameterization s (t),v; (¢ (s)) is not always
possible to express in closed form in most cases. Therefore, in-depth new knowl-
edge is required to overcome the exposed challenges and issues.

2.2 Time and Arc-Length Derivatives of Electrical Curves

The computation of derivatives for the EC is of paramount importance. They
can be obtained in two different ways: with respect to parameter ¢ or with respect
to arc-length s. The relationship between s and t is crucial in this regard.

To investigate this point, we can start by calculating the ¢t-derivatives of the
arc-length parameter s (t) using the vector v and basic rules of vector differen-
tiation [7]. The following illustrates the first four derivatives:

S/ (t) =Vv v
1
" o ’ "
S (t) = gv v
" (1) = 1 s (s”)z) (1)
s/
S//// (t) — l/ (3,U/l . ,v/// + ,UI A ,U//// -3 S//S///)
S

Having a suitable closed form time-dependent curve v (t) = Y ., v; () o of
class CP (i.e. differentiable up to p times in t), it is simple to find the ¢-derivatives
of arbitrary degree 0 < m < p using:

n

v (t) = O (t) = Z o) () o
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On the other hand, the derivatives of the curve with respect to arc-length param-
eter! s can be obtained in a similar fashion:

n

v (s) =0sv(s) = Z 0; (s) o
i=1

¥ (s) = d%v (s) = Zv (s) o

s
I
—

W (s) = 020 (s)

Il
INgE
<!

<
—
Vo)
S—
Q
S
—~
w
S—

s
Il
-

o (9) = 9w (5) = 3 (02w (3)]

v

i=1

Interestingly, if one wants to express the above set of equations (3) in terms
of the parameter t, it is found that they are much more intricate. For example,
using the chain rule, the first s-derivative in terms of ¢ can be obtained for every
vi(8):

b (s(0)) = s s(0) = G G~ it 1) 0

From now on, we remove the ¢ symbol to indicate dependency on time in s
and v for simplicity. The second and third derivatives follow:

.. . 14d ; 1 /o "o
i (8) = 20 (8) = Dsi (s) = Td (%) = 0k (s'vi" = s"v;)
: 1d(1d[1dv
¥i(s) = Osvi () = 0s [Ohwi ()] = G (*a (7 @ ))
— (5})5 ( 3 (8”)2 _ S/S///i| U; _ 3818”1);/ + (81)2 U;”>

()

The relation between t-derivatives and s-derivatives of degree k > 2 in v; is
algebraically complicated, not at all as simple as the first derivative where © (s) =
iv’ . To illustrate this complex relation between t-derivatives and s-derivatives,
the first 4 s-derivatives v (s),® (s), v (s), v (s) in terms of ¢-derivatives are
presented:

1 We use a dot for s-derivatives instead of a prime used in t-derivatives.
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1
v(s) = ?v'
¥ (s) = o [s'v" — ")
_ 1 "2 16! rom 1\2 ’
W (s) = o7 ()7 0" = 35's (55" = 3(s")%) v'] (6)
_ 1 N3 1 N2 1, N2 1 N\2 "
v (s) = = [(8)" 0" —6(s")" s"v" = (4(s)" " = 155" (s")" ) v
(s)
(10 $'s"s" — 15 (S//)3 _ (S/)2 S////) ’U/}
Additionally, the following relations hold:
o] =1 (7)
18] = (v ") + (s")? ®)
V- = (9)

The quantity ||9] is important as it’s the base for computing the first cur-
vature coefficient k1 of the curve v which has important implications for the
geometrical frequency as illustrated later on.

2.3 Local Orthogonal Frames in Electrical Curves

The next step in the proposed procedure involves the application of an orthog-
onalization method, such as the Gram-Schmidt process, to the s-derivative vec-
tors ©, v and so on. For a symbolic expression of the s-derivative vectors, this
is simple to compute using either the Classical Gram-Schmidt (CGS) [2], or the
Geometric Algebra-based Gram-Schmidt (GAGS) [6]. For practical numerical
computations, however, care must be taken when applying the CGS\GAGS as
they are highly unstable numerically. A much more numerically stable alter-
native is the Modified Gram-Schmidt (MGS) procedure [1,2], which we found
giving much better results when orthogonalizing higher (i.e. degree 3 or higher)
s-derivatives. In any case, we essentially compute at each instant of time a local

orthogonal frame {uy,uz,...,un},m < p from the set of p local s-derivative
vectors {v,v,...,0Pv}. We can also normalize the frame {ul,uQ, .. um} to
get a fully orthonormal local frame {e, es,...,e,} where e, = Hu U

According to the chain rule presented in (4), the arc-length derlvatlves of the
arc-length frame can be readily computed:

. 1
é;(s) = ?e; (10)
It is also interesting to find the explicit relation between vectors e, es and

vectors v, 9, v’,v"”. This will be useful later for expressing the “grid angular
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velocity” blade, on which the concept of geometric frequency is based. Applying
the GAGS process to v, ¥, we can write:

uy
[l ||

e =

And for the second vector we have:

.1 ” " _ 1 2 S 2
Uy =9 = e (v —s"e1) = |luzl| = u2 = W\/(U//) — 2? (v -v")+ (s")
u2 v’ — 5//61 " 1" N2 ).
ey = = s ==V =38 el+(s) |9]]
Juall — (s)* |5

"

ey = s”e1 + \/(U”)2 _ QS? (U’ . v//) + (S”)262
(12)

2.4 Frénet-Serret Curvature Coefficients of an Electrical Curve

The Frénet-Serret equations were formulated for three dimensions by Jean
Frédéric Frénet and Joseph Alfred Serret and generalized to higher dimensions
by Camile Jordan in the XIX century. They describe some dynamic properties of
moving objects along curves in space by establishing a relationship between an
orthonormal frame and its derivatives that also moves along the curve. The coeffi-
cients of these equations are known as curvature coefficients x;,2 = 1,2,...,n—1
with n the number of dimensions. They satisfy the Frénet equations [5]:

€1 = Kie
€y = —K1e1 + ke (13)
€ = —Ki—1€i—1 + K;€i11
én = —Kp—-1€n—1
We can re-write these equations as:
él = KR1€2
é2 + K1€e1 = Koe3 (14)
€+ Ki_1€i_1 = K;€;11
én = —Rpn—1€n—1
This directly leads to the solutions:
K1 = €1 - €2
(15)

Ki= (€ +Ki—1€i-1) €41 = €; - €11
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Another simpler alternative for computing «; is to use the relation from [4]:

llwig|
[l

Here, the vectors u; are defined as

i—1 (g
, (Oiv) - u;

u; = Ogv — ———u; 17

7 s Jz::l uj . uj J ( )
and are computed using the CGS or MGS process, not the GAGS as before.
However, in this work, a slightly different expression will be used for practical
applications in power systems where the frequency is ultimately dependent on
the time variable ¢ (instead of the arc-length variable s) through the voltage
v(t). A scaled version of x; will be used known as “scaled curvature coefficient”,
kii

k(1) = sl 18
(t)=s T (18)

These scaled curvature coefficients depend explicitly on the time variable ¢.

3 The Darboux Blades

The original Darboux bivector 2y is described in [5]. Note that we use the
subscript H to highlight the Hestenes definition. It contains a summary of the
local differential geometric information of the electrical curve. In this work, a
slight modification of this original definition is used, where we flip the order of
multiplication. The rationale behind this decision is to fit the practical definitions
of frequency in power systems and the recently proposed geometric frequency for
particular cases, such as sinusoidal and balanced conditions. We can use either
of the following relations as the definition for the new Darboux bivector {2:

1 n
0= is’Zei/\éi (19)
=1
n—1
= Z kiei A €;4+1 (20)
=1
n—1
i N\ U
=5 Z uiu;‘l (21)
i=1 i |

n—1
= Z w;t Ay (22)
i=1
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For the special case of s’ = 1, then 2 = —§2p. Using this definition for the
Darboux bivector, the following important relation holds true:

éi = e,j.Q = —.QLei (23)

For practical usage we found that it is advisable to separate the Darboux
bivector into several 2-blades §2;, which we will call the Darboux Blades (DBs),
as follows:

1n—1
2= £2;
> 2
2, =kiei Ney — [ £21]] = |k

/., —1 /., —1
2, =ki_1e;_1Ne;+kie,Ne;1 =35 u;,  Aujp1 +su; - Auy

Note that £2; are always 2-blades (i.e. represent planes in n-dimensions),
while the Darboux bivector §2 is generally a bivector, not a 2-blade (except in
3-dimensions where all bivectors are 2-blades).

The first DB £21, called the grid angular velocity blade, has special relevance
for our analysis, satisfying the following relations:

=kiey1 Ney

=5 ||| e A es

1 |2 s" I alt 2
=3 [|[v"]] *2?('1)'1))4*(8)61/\62
n—

@J(Q—Ql)ziﬂizo

The difference §2 — £2, is proportional to the bivector B of relation (3.8) in
[5], which always satisfies © | B = 0. When the curve v () is a planar one (such as
in the case for 3-phase line-to-line voltages signal), all curvature coefficients are
zero except k1. In this specific case, we have £2 — £2; = 0, and the two quantities
are equivalent £2 = 2.

4 Example Signals

A number of theoretical examples are now presented to validate the proposed
method. Sinusoidal and non-sinusoidal multi-phase systems with an arbitrary
number of phases are studied. The goal is to obtain a geometric representation
of the generalized frequency grid by using the concept of DB.
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4.1 Multi-phase Balanced Sinusoidal Signal

Assume we have a balanced multi-phase sinusoidal electrical signal. It means
that the amplitude is the same for all phases and the phase angle among them

is 27;—:” with m =0,1,...,n — 1 and n the number of phases.

n—1 n—1
v(t)=V Z cos <wt — 277%) OCmt+1 =V Z {cos (27r%) cos (wt) + sin <27r%) sin (wt)] T+
m=0 m=0

n—1
. m
E sin <27r—> Tmt1
n

m=0

n—1

m
E cos (271'—) Omit1
n

m=0

= cos (wt) a + sin (wt) b

= cos (wt) V + sin (wt) V

with
n—1 m
a=V ZOCOS (271';) Om+1
m=

n—1
b=V Z sin (271'@) Tm+1
n
m=0

In this case the two n-dimensional vectors a, b are orthogonal with ||a|® =
Hb||2 = %VQ. This signal describes a perfect circular curve in the plane spanned
by the n-dimensional orthogonal vectors a, b inside the larger signal space
defined by orthonormal basis vectors {o;};_,. We can express all relevant quan-
tities using vectors a and b as follows:

v’ = —w (sin (wt) @ — cos (wt) b)
v = —w? (cos (wt) a + sin (wt) b)
2
o[ = &
2
N
) = o fsin (wt) @ — cos (w1) b
Uy =0 = ———— [sin (wt) @ — cos (w
! NG
ux =9 = _n\2/2 [cos (wt) a + sin (wt) b]
u = oin (1) @ — cos (w) B
el = = —— [sin (wt) @ — cos (w
flue | vnV
u2 2 .
g=—= = [cos (wt) @ + sin (wt) b]
[[uzll vnV
oy o luzll _
[[ws]]

1
21 = k1e1 Nex =weqi Nes = 2w |:7:|a/\b
nV?2
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Note the constant nature of ||§21]] = w for this signal, which confirms the
curve being a perfect circle.

4.2 Multi-phase Unbalanced Sinusoidal Signal

Assume we have a general (possibly unbalanced) multi-phase sinusoidal electrical
signal. This now means that the amplitude can be different among phases and
phase angle is not regularly spaced by %Tm In this case the voltage vector is:

n

v (t) = Z Vin cos (wt — om) om = Z [Vim cos (¢pm) cos (wt) + Vi sin (¢m) sin (wt)] om

m=1

= cos (wt) Z Vim cos (om) om

m=1

= cos (wt) @ + sin (wt) b

+ sin (wt) [Z Vi sin (om) om

m=1
with

En: m €08 (om) o

m=1
n

Z m Sin (o)

m=1

This signal describes an ellipse in the plane spanned by the n-dimensional
vectors a, b inside the signal space defined by orthonormal basis vectors {o;}

1=1"
We can express all relevant quantities using vectors a and b as follows:

v’ = —w (sin (wt) @ — cos (wt) b)
v" = —w? (cos (wt) a + sin (wt) b)
2
o = o
Y=l = g

g = /(b2 — a2) cos (2wt) — 2 (a - b) sin (2wt) + (b2 + a?)

U =0 = —Q [sin (wt) @ — cos (wt) b]
g9
up =9 = —{% [(b2 cos (wt) — (a - b)sin (wt)) a + (a2 sin (wt) — (a - b) cos (wt)) b]
S —Q [sin (wt) @ — cos (wt) b]
flees]] g
, = uz _Q b2 cos (wt) — (a - b) sin (wt)a n a?sin (wt) — (a - b) cos (wt)

S uel g /a2b2 — (a - b)? \/a2b? — (a - b)?
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2
ki =s :uQH = (2 a?b? — (a - b)2) w
uy 9

2/
.Ql = ]{1161 A €y = (gz a2b2 — (a . b)2) weq A €

1 sin (2wt)

In this signal we have ||21]] = h (t) w, where the constant angular frequency of
the grid w is scaled by the periodic time dependent factor:

hit) 24/a?b? — (a - b)

- (b2 — a?) cos (2wt) — 2 (a - b) sin (2wt) + (b + a?)

Which has unit average value h = fOT h(t)dt =1 where T = I is the time
of a single cycle of h (t), which is half the time of a single cycle of the signal
v (t). This clearly indicates that by averaging £2 = £2; on one half cycle of this
signal, followed by taking the norm of the resulting bivector, we again get the
grid frequency w as intuitively expected.

4.3 Multi-phase Balanced Harmonic Signal

Finally, assume we have the following harmonic electrical signal:

v (t) = V2[200sin (wt) + 20sin (2wt) — 30sin (Twt)] o1

. 2T . 27 . 27

+ \/5 {QOOSm (wt — ?) + 20 sin (2 (wt — ?)) — 30sin (7 (wt — ?))} oo
. 27 . 2w . 27

+ V2 |:20051n (wt—l— ?) + 20sin (2 (wt—l— ?)) — 30sin (7 (wt—l— ?)):| o3

This electrical signal traces a planar symmetric curve in the plane orthogonal
to vector (1,1,1). The expression for the first DB is:

5w ( 16 cos (3wt) + 672 cos (6wt) + 84 cos (Ywt) — 691

21 (t) = —
1(® —160 cos (3wt) + 840 cos (6wt) + 168 cos (wt) — 857

7 ) (01,2 —01,3+023)

The average DB and its norm are given by:

T
51:*/ Ql(t)dtz\/§W(Ul,2—0'1,3+0'2,3) T=—
0
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The norm of the average angular velocity blade ||§1 H is proportional to the
grid nominal angular frequency w.

5 Conclusion

This paper has presented the generalized concept of geometrical angular fre-
quency applied to multi-phase systems with arbitrary number of phases, extend-
ing previous works where linear algebra were used to define the concept of geo-
metric frequency. Geometric Algebra and Differential Geometry have been used
to represent vectors in n-dimensional spaces and to compute the geometric invari-
ants associated to the generated spatial curves. Voltage signals have been used
to create such vectors and to compute the Darboux Bivector, which encodes the
specific differential geometric properties in the curves known as electrical curves.
The method can be conveniently employed for a variety of engineering problems
such as voltage stability, frequency control, to mention a few.
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Notes on Forward Kinematics
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Abstract. We use conformal transformations in the kinematic chain of
a specific planar mechanism. We present two possible ways to describe
the configuration of a three link generalised snake robot using compass
ruler algebra, which allows us to point out the nature of the generalised
snake as an extension of the classic snake robot.

Keywords: Compass ruler algebra -« Clifford algebra - Mathematical -
robotics + Non-holonomic mechanisms + Snake robots + Forward
kinematics

1 Introduction

In this paper we investigate a generalised planar robotic snake, which is inferred
from a standard robotic snake by adding one parameter. The scope of this paper
is to construct its forward kinematics using so-called compass ruler algebra. The
topic of the snake-like robots goes back to early 1970’s when Hirose formulated
the essential model design and developed limbless locomotors, for the complex
review of his work see [3]. He started the first bio-mechanical study using the
real snakes and designed the first snake-like robot based on so-called serpentine
locomotion. Original Hirose work has been followed by Downling [1], Chirikjian
and Burdick [8], and Ostrowski [6] in the next years. Recently, the theory of
robotic snakes have been developed in papers [4,5,7] in the framework of so-
called geometric algebras [2].

To investigate the mechanism, let us firstly recall the robotic snake-like mech-
anism. A robotic snake is a planar mechanism consisting of n rigid links con-
nected by n — 1 revolute joints. To each link, a pair of wheels is attached, such
that the ground friction in the direction perpendicular to the link is consider-
ably higher than the friction of a simple forward move. It means that the pair
of supportive wheels can not slip aside. Usually such a condition is referred to
as a non-slip condition. The configuration space of an n-link robotic snake is

(z,9,0,P1,...,P,_1) € B(2) x ST7H

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
D. W. Silva et al. (Eds.): ICACGA 2022, LNCS 13771, pp. 138-146, 2024.
https://doi.org/10.1007/978-3-031-34031-4_12
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where py = (x,y) is the position of the beginning of the robotic snake, 6 is
the absolute rotation w.r.t. the x axis and ®; are the relative rotations of the
respective revolute joints, see Fig. 1.

Pn+41

Pn

Fig. 1. The description of an n—link robotic snake

In a similar way, other planar mechanisms have been studied. As an example
let us mention the so-called trident snake robot. Originally the general trident
snake robot has been introduced in [9]. It is a planar robot with a body in the
shape of a triangle with three legs, where each leg can be understood as an n—link
robotic snake.

In our paper we introduce a new concept of planar mechanisms. We consider
generalised robotic snakes consisting of n prismatic joints connected by n—1 links
equipped with revolute joints. Similarly to robotic snakes, each link is equipped
with a pair of wheels with the same physical nature. The configuration space of
an n—link generalised robotic snake can be described as

(x7ya9a€174517£2 -~-7¢n—1a€n) € E(2) X (R X Sl)n_l X Rv

where (x,y,0) € FE(2) is a position and an orientation in the plane,
(P1,,...,P,_1) are parameters of revolute joints and (¢i,...,¢,) are param-
eters of prismatic joints, see Fig. 2.

Fig. 2. The description of the generalised n—link robotic snake
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From now on we will investigate a special case of such a snake. We consider
a 3-link generalised snake where not all links are prismatic. In our case a robotic
3-link generalised snake consists of three links connected by revolute joints, but
only the peripheral links are prismatic. Each link is equipped with a pair of
wheels with the same physical nature. The configuration space of such a 3-link
generalised robotic snake is

(2,y,0,1,D2,01,02) € E(2) x S1 x (R x S;)?,

see Fig. 3. We denote a point in the configuration space as q. For such planar
mechanisms we generally assume the non-slip condition as

(xuyi) = 07

where p; = (2, Yi)-

A
Y

Fig. 3. The description of the studied generalised 3-link robotic snake

2 Compass Ruler Algebra - CRA

Let R3! denote the vector space R* equipped with the scalar product of the
signature (3,1). Thus we have the corresponding Clifford algebra CI(3,1) such
that the set {ey, e, e4,e_} is the basis. To describe elements of O := CI(3,1) we
have to determine a free, associative and distributive algebra as a span of the
set {e1,es, e, e_} such that the following identities are satisfied:

e :egzeizl,egz—l,

eiej = —eje;, i # j,i,5 € {1,2,+, -}
In this case, we get a 2% = 16-dimensional vector space. Note that for sim-
plicity we will use a basis of R®! as a set {e1,ez,€0,€00} such that ey =
s(e— +ey) and e = e~ — ey, see Fig.4. In CRA, the embedding of a point
(x,y) € R? is realised by the following mapping:

1
point x — P = z1e1 + zoe9 + 5(5(}% +22)eq + €,
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Scalars 1
Vectors €1, €2, €0, Coo
Bivectors e1 Nea,e1 Nep,e1 N eso,e2 Aep,ea A eoo, oo N €

Trivectors |e1 Aea Aeoo,e1 Aea Aep,e1 A eso N\ep,e2 A esc N eo
Pseudoscalar e1 Nes A eso N eg

Fig. 4. A basis of the compass ruler algebra

and a line is given by
L=P AP ex.

Moreover we can represent a point pair as
P, =P AP,

Note that we have used the IPNS representation for a point construction whereas
we used the OPNS representations of a line and a point pair, which is more
convenient in the latter case. Notice that we can represent links of the generalised
snake-like robot as point pairs. In GA generally any transformation of the object
O is realized by the sandwich product

O +— MOM,

where M is an appropriate multivector from O. For instance, the translation in
the direction t = ze; + yes is realized by the multivector

1
T:1—§teoo

and the rotation around an axis L by an angle ¢ is realized by the multivector

chos% —Lsin%7

where L = ajejes. Moreover we will use another important transformation,
which defines our concept. We will introduce the scaling multivector (acting
from the origin) as

S = e~ Feoes
where 7y is the scaling factor.
Remark 1. The multivector S, , for scaling centered on a point (z,y) can be
obtained by a straightforward calculation:

Sey=¢€ 27,

where

1 1
L, =Tepex, T = (1 — iteoo)eoeoo(l + gteoo) = €pCoo + T€1Cs + Yereso.
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The scalor multivector allows us to elegantly represent the change of the
length of a link using the transformation. Note that while the translation and
the rotation are euclidean transformations, the scaling is not.

Example 1. Let us demonstrate the application of the scalor centered in a point
acting on a point pair. The computation is done using the Python package Clif-
ford (the library imports in the code are omitted for brevity). In short, euclidean
points A, B and the origin O (used only for visualisation purposes) are embedded
into CRA using the up function and a point pair AB is constructed using the
wedge product. The midpoint of this point pair is found and used in the con-
struction of the scalor. The scalor is then applied using the sandwich product
and visualised. The resulting visualisation can be seen in the Fig. 5.

0 = up(0)
A = up(2xel+2*e2)
B = up(-el+2*e2)
AB = A"B

gamma = log(2)
L = eo”einf

#midpoint of point pair
midpoint = AB*einf*(7AB)

#extract translation
downMidpoint = down(midpoint)
x = downMidpoint.value[1]

y = downMidpoint.value[2]
#translation from origin

T =1 - 1/2%(x*el +y*e2)+einf
T+L*"T

S = exp(gamma/2 * L)

SAB = S*AB*"S

=
]

sc = GanjaScene()

sc.add_object (0, color=(46, 94, 42), label=’0’)
sc.add_object (AB, color=(255, 0, 0), label=’PP’)
sc.add_object (SAB, color=(0, 0, 255), label=’SPP’)
sc.add_object (midpoint, color=(0,0,0), label=’p’)

draw(sc, sig=layout.sig, scale=0.5)

3 Forward Kinematics of the Generalised 3-Link Snake

As mentioned earlier, the mechanism that we will work with is the 3-link snake
robot, where the 1st and the 3rd links include a prismatic joint.
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° ° oP oPP oSPP

o0

Fig. 5. Point pair PP scaled by a factor of 2 around the point p.

We interpret the prismatic links of the mechanism in the following sense: the
change of length of the first link is realised by an extension/retraction in the
direction of the vector Q1 — Q2 and the change of the length of the 3rd link is
realised by an extension/retraction in the direction of the vector Q4 — Q3.

Let us now describe the mechanism using CRA. The i-th link can be described
as the point pair P, = @Q; A Q;41, i.e. the outer product of two points. The
mechanism is then described as the triplet of point pairs Py, P», P3. The point
pairs can be represented by their centres p;, given by

pi = Piego B

Let us show how the initial position for the point pair looks in terms of elements
of CRA. Setting the mechanism’s initial configuration asz =y =0 = ¢1 = ¢o =
0,11 =13 =1, we get

Py o = 2epe1 + epeoo,

PQ,O =4 4 2e1e + 2e9€1 + 3000,

Pg’o =12 + 661600 + 26061 + 560600.

We present two possible ways to describe the configuration of the mechanism.

The first approach is as follows. Denote the initial position of the point pair P; as

P; 0. Then we can understand P; as the current configuration of the mechanism’s
i-th link. The first description of the configuration is taken as

P1 = RyTy yS1P1 05Ty Ry,
Py = Ry, RTyy PooTr yRo Ry, ,
P3 = Ry,Rg, RgTy yS3 Py 0S3T, yRo Ry, Ry,
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where Ry is the rotor representing the change of the orientation of the mecha-
nism, Ry, are rotors representing the change of ¢;, T} , is the translator repre-
senting the translation from the origin to @1, and S; and Sy are scalors repre-
senting the change of the length of the prismatic joints as described above. Let us
now give the explicit expressions for all transformations, using the exponential
notation:

Ty, = e*%(zeﬁyea)em?TQz — e*%Qﬁm,TQB = 67%Q38°°, (1)
Ry = e_%LO, where Lo = Ty, ye1eaTy .y, (2)
Ry, =€~ 3 L1 swhere Ly = Tg,e1e2T0,, (3)
Ry, = e*%Lz, where Ly = TQ3€1€2TQ37 (4)
S = 6_1"271 Ls where Ly = TQzeOeooTsz (5)
Sy = eflnz72 La where Ly = Tq, eOeooTng (6)

where ~; are scaling factors.
The second, and more interesting approach (shown in Fig. 6) how to describe
the configuration is given by

Py = S81RyTo, P1oTo, ReSy,
Py = Ry, RyTq,PaoTg,ReRy, (7)
Py = S3R4, Ry, RoTg, P30T, RoRy, Ry, S3.

Fig. 6. Second approach to describing the configuration.

The transformations are same as in the first case. The difference lies in the
order of transformations, identification of the tracked point (z,y) with the point
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@2 and the global angle of the orientation 6 is also tracked with respect to the
second link. The argument for why this approach to formulate the kinematic
chain is more interesting is that it better coincides with the realisation of the
mechanism with respect to the order of the transformations. Take a look at
(7). Notice that if scalors S1, .53 were to be removed, the kinematic chain would
correspond to a 3-link snake without prismatic joints, thus the fact that the
generalised robot snake is an extension of the classic mechanism is clearly visible.

Remark 2. We have applied scaling, a non-euclidean transformation, to describe
the configuration of a generalised snake robot. However, a more interesting fam-
ily of mechanisms for which scaling would lead to a more natural representation
would be the generalised trident snake robot. The generalised trident snake mech-
anism is composed of a regular symmetric polygonal base, with an arm (which
can be viewed as an n-link snake robot) attached to every vertex. It would make
a sense to consider the last link of such an arm to be extensible, for example to
represent end effectors; then our approach of representing prismatic joints by a
scalor in CRA becomes much more attractive.

In fact, if we disregard the passive wheel in the middle of the central link
for our 3-link snake, we can think of it as a “degenerate” case of the generalised
trident snake, for which the base is a line segment.

4 Conclusion

We have presented a representation of the generalised snake robot using point
pairs as objects of CRA. The advantage of our approach is that we can eas-
ily describe such a non-rigid body motion using transformations represented as
bivectors (or their exponentials). This leads to a simple formalism used for the
description of the kinematic chain of our mechanism. Applying this approach to
other families of robotic mechanisms, such as the generalised trident snake, and
using the CRA approach in simulations could lead to further interesting work
topics.
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Abstract. In this work, a novel method to solve the hand-eye calibra-
tion problem for a camera attached to the end-effector of a robot artic-
ulation is proposed using the Geometric Algebra framework. In the pro-
posed method, the linear acceleration and angular velocity acquired from
an IMU (Inertial Measurement Unit) sensor attached to the camera is
employed with the kinematic model of the robot articulation to find the
relative camera position and orientation. Compared with other methods,
there is no need to employ a calibration pattern or human intervention,
allowing to implement the method easily while saving the computations
related to the image processing.

Keywords: Hand-eye calibration - Geometric Algebra + Kinematics

1 Introduction

Cameras are sensors widely used in robotics to acquire information from the
environment, like the position of objects, obstacles, and other related objects
that may imply some level of interaction with the robot. In this topic, hand-eye
calibration is a well-known problem, where the key idea is finding the rigid-body
transformation between the camera and the robot reference frame. Currently,
there is a rich literature on these methods, which includes the use of calibration
patterns and measurements taken from both camera and Inertial Measurement
Units (IMU) sensors. Despite the effectiveness of these methods, most of them
require several manual manipulations developed by users, which in practice com-
plicate the calibration process.

This paper proposes a real-time method for estimating the camera-grasping
point transformation while avoiding the processing of the camera image frames.
Instead, our approach is based on the acquired IMU signals: linear acceleration,
and angular velocity. First, we impose a sequenced prescribed movement at each
joint of the robot arm, and then we use the linear acceleration and angular
velocity to compute the transformation. The proposed algorithm is built using
the Geometric Algebra (GA) mathematical framework, in which many geometric
primitives can be operated naturally and directly.
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1.1 Related Works

The first challenge encountered during hand-eye calibration is usually the esti-
mation of the pose of the camera relative to the world as the hand pose can be
easily acquired by calculating the forward kinematics of the robot articulation.
Depending on how the camera pose is estimated, the hand-eye calibration can be
regarded as a target-based or target-less approach. In the target-based approach,
the calibration employs physical objects with measured distances or dimensions
(calibration objects). The basic idea is to estimate the camera pose by observing
a set of 3D points provided by a calibration object and their corresponding 2D
representations taken from the camera. Once the motions are calculated, the
end-effector position is calculated using the forward-kinematic model. Finally,
the homogeneous matrix is found through optimization algorithms [1,2].

In the target-less-based approach, the calibration employs just the informa-
tion acquired from sensors with no measured distances or calibration patterns: In
the structure from motion approach, the method employs the same approach as
the target approach, but the motions from the camera are estimated by detect-
ing and tracking a set of “features” through different camera frames, avoiding
the use of calibration objects [3,4]. On the other hand, there is another tech-
nique known as tool motion tracking, which is a variation where an exact CAD
model is employed to estimate the forward kinematics of the end-effector grasp-
ing an external tool, while the structure from the motion algorithm is employed
to calculate the camera motions looking at the end-effector [5].

Input periodic Estimate the

function at —— P Read sensor data acceleration ——»
selected ioin amplitude )

selected joint amplitude risy Qozis

Yaxi
Ges ey Ay Ay, Az, Wy, Wy, W, l T

Solve Forward Compute é
1
pei()

q=f(t)
Gi=0 Vj#i

and Differential F—— rotation for

q
Kinematics current axis 1

Fig. 1. Algorithm to compute the angle and distance for the selected joint.

1.2 Algorithm Description

The proposed calibration algorithm is summarized in Fig. 1. First, we select a
periodic input function for each joint axis and lock all the other robot joints,
while we acquire the linear acceleration and angular velocity from the cam-
era attached to the end-effector using the information provided by the IMU.
Then, we solve the forward and differential kinematics and compute the rotation
transformation corresponding to the axis movement using the angular velocity.
Finally, using linear acceleration, we estimate the translation part. Repeating
this process for at least six robot joints will return the complete transformation
between the grasping point of the end-effector and the camera IMU.
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The rest of the paper is organized as follows: In Sect. 2, some preliminaries
related to Geometric Algebra and Robots Kinematics are provided. In Sect. 3,
the general mathematical framework employed by the proposed algorithm is
presented to describe how the calculations are made to determine the camera
position. In Sect. 4, a sample applied of the proposed algorithm is presented for a
single joint axis. Finally, in Sect. 5 the conclusions and future work of the present
paper are covered.

2 Geometric Algebra

A Geometric Algebra (GA) is a n dimensional space G, 4, where p, ¢ stand for
the number of basis vectors (e;) which squares to 1 and -1 respectively, and fulfill
n = p+ q . In this algebra, the Clifford product (x) between two basis vectors
can be defined as the operation [8,9]

lfori=j5€1,---,p
eej = —lfori=jep+1,---,p+gq
ei; = e; Nej fori # j,

which leads to a basis for the entire algebra:

{1}, {ei},{ei nej}, {es nej ANew},...,{e1 ANea A  Aent. (1)

2.1 Gg,3 Geometry

A stereographic projection can be used to map points from R' into points on
R?! by considering a three-dimensional mapping from e;, e and es a new Ge,3
algebra is obtained:

Gg3 = R* x R*! x R*! (2)

As described in [7], Gg 3 is a 9-dimensional geometry that has six bases
squaring to 1, and three squaring to —1, respectively:

2 2 2 2
ef,--,eg =1, e5,---,e5=—1. (3)

Since this geometry allows the manipulation of quadratic entities, the points
mapped to this space are denoted by the subindex Q. A point in the Euclidean
space (z,y, z) € R® can be mapped to Gg 3 by employing the transformation:

2xe; 2yea 2zes :102—16 ‘e +y2—16 te +z2—1
22+1  y24+1  22+1 2241 y2+15 ST

TQ = eg + 69(4)
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where the point at infinity e is given by lim, , ..o { X} as:

1
Coo = g(eoow—&—eooy—keooz), (5)

where ey = (€4 + €7), ooy = (€5 + €8), €00 = (€6 + €9). The above expressions
represent the basis of a new coordinate frame at the infinity or vanishing coordi-
nate frame, being the vanish vectors in z,y, and z direction. Based on [10], Eq. 4
can be rewritten as:

1
zqQ = we1 + yez + zes3 + 5(:1:260% + Y’ ecoy + 2€ccz) + €o. (6)

2.2 Translation

By definition a translator is given by:

1 1 1
T,=1-— %1600z, T,=1- JYeaeooy; T,=1- 57€3€002, (7)

The mapping z¢g of the Eq. 6 can be represented by

xq = T.T,Tpe, T, T, T, (8)
T = Teof7 9)

where T represents the translator and can be written in exponential form as:

T — 6_%(meleoow+y52€ooy+ze3eooz). (10)

2.3 Rotation

The rotation is the product of two reflections between non-parallel planes as:

0 0
R = cos (2> —sin <2) l=e 3%t (11)

here [ denotes the rotation axis. The screw motion called motor M = TRT
represents the rotation related to an arbitrary axis L defined on

M =e 3E, (12)
where g represents the rotation angle or the translation in case of L at infinity.
Any geometric entity can be rotated doing 2/ = MazM. Conformal Geometric
algebra can also used to perform this transformation. The reason of using QGA
is not only to compute the position of the end effector, but also the orientation
of it, because every point has an embedded coordinate frame as in [10].
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3 Robot Differential Kinematics

3.1 Forward Kinematics

The forward kinematics of articulations is given by the multiplication of suc-
cessive rotations, where each rotation is associated with every axis of the robot
joints (Fig. 2):

J
.’E; = HMZ(EJ HMj,ile. (13)
i=1 i

Fig. 2. Robot Axis for a Panda Robot 7 DoF.

3.2 Differential Kinematics

According to [6] the differential kinematics describes the linear velocity v of a
point x given by:

v=1i'= zn:x’ - Lg;, (14)
1
O
q
v=(a'-Lya' - Lya' - Ly---a'- L) (jj , (15)
in

where L; represents the i —th axis of rotation as show in the Fig. 2, this equation
can be written as:

v=1Jq, (16)
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J=(a' - Lya' - Lya' - Ly---a’- L), (17)

where:

Jj—1 J—1
L= H M;L, H M;_;. (18)
=1 I=1

The computation of the linear acceleration a of the end-effector (camera) as
a function of the joint accelerations can be determined using the derivatives of
the Jacobian J as:

a=Jq+Jg, (19)
Here (Jq) can be computed by doing:

Q1
42
dn
where:
Ly Ly L4 Ly o Ly Iy
o=y | Lo Ly Ly Lo Ly Ly | (21)
LTy Ly Ly I, L,
and:
'y o -~ 0 iy o - 0
1, LLLy LLLy -+ 0 LYLy, LLLy -+ 0
L)Ly L,L,--- L] L, L,L, L4L), --- L L],
then, the acceleration is equal to
a=q" (P+V¥)q+Jq. (23)

This computed position, velocity, and acceleration are compared with the
measured position, velocity, and acceleration coming from the encoders, gyro-
scope, accelerometer, and solving for x, which gives us the position of the camera.
In the next section, we will illustrate the method used by estimating the position
of the camera using a single joint axis.
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4 Algorithm Description

In this section we will describe the steps followed to estimate the position of the
camera, we will show step by step using the information provided by a simulator
created previously (which has the dynamic model of the isolated robot). To
simplify the generated expressions, an example for a single axis is presented using
the following procedure: First, the forward kinematics of the end-effector are
calculated by manipulating a single joint. Second, the differential kinematics of
the end-effector by manipulating the same joint are calculated. Third, the camera
orientation is determined using the IMU signals. Finally, the above information
is employed to determine the camera position relative to the manipulated joint.

4.1 Compute Forward Kinematics for a Single Joint Movement

First, we produce a periodic motion in one of the joints, without moving the rest
of the motors. For the joint ¢1, any periodic motion can be selected, for instance:

Q= %(1 — cos(0.77t 4 m)). (24)
Using this equation to move the joint, the end-effector rotates following a
circular trajectory around the center of the joint axis, going back and forward
over a quarter of the circle. The value of the radius d in the estimated circle is
defined by the position of the camera on the robot. Figure 3 shows the x and z
coordinate respectively of the end-effector as a result of the forward kinematics
simulation, recreated by using the encoder information of every joint. In this
case, the position of (x, z) coordinates is given by the equations of the forward
kinematics (13).

------ Math model

. Simulated

02 £ 1\ i} ——

v
Smax = 2mm

Fig.3. X and Y - axis movement using the forward kinematics model feed with the
encoder measurements of the joints.
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4.2 Compute Differential Kinematics

After computing the kinematics, we must compute the differential kinematic to
estimate the linear velocity of the end-effector using Eq. (14), in this example,
we are moving only the first joint, then in this particular case the Eq. 2, can also

be computed as follows:

Moving

@\ onlyq 3
G2 v, = —d% cos(q) (sin(0.7ar + 7))

v= (.r' AR Y R L:l) s »
: v, = —d% sin(q)(sin(O.Tru—n))

n
Fig. 4. Linear velocity of the end-effector as a function of the input joint g1

Where d represents the unknown distance from the camera to the rotation
axis. In the following graph the linear velocity for the two end-effector axis is

presented (vg,0,v,):

Linear velocity v,

] — Smax = 0.01rads/s
\
N

N

\;7

Fig. 5. Linear velocity of the end-effector in the x and z axis.

Linear velocity v,

A

Bpmax = 8mradsfs

In this step we have to compute the acceleration (Eq. (23)). For this particular
case, since we are only moving a single joint the simplified math model can be

described as:

- a, = dsin (q)¢* — dcos (¢)§
a —,}’ (P+0)g+ J§ »
a, = dcos (q)¢* + dsin (¢)§

Fig. 6. Computation of the acceleration for a particular case of one axis movement.

A comparison between the estimated and modeled acceleration is presented in
Fig. 7. The estimated acceleration is given by the red line, while the mathematical
model is given by the blue line. As can be seen, the math model can describe

the acceleration behavior properly.
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Z axis Linear acceleration I\ I

\ | \ |

Estimated vs math model ‘\\ “ \ / \H‘
INCY T
| ()

| \/
Smax = 0.17rads/s? |

Fig. 7. Linear acceleration in z-axis. Mathematical model vs the differential kinematics
estimation of the acceleration based on the encoder of the joint position through time.

4.3 Estimation of the Camera Orientation

Ideally, when the IMU sensor is perfectly aligned with the axis of rotation, every
rotation applied on a single axis of the end-effector has no components with
other axis. Nevertheless, this is a strange situation in the real life. Whereby
it is required finding the orientation of the camera sensor respecting to the
end-effector axis. In this step we show one angle computation because we are
stimulating the rotation on this axis, to find the other angle we should repeat
this step rotating axis by axis, the following equation represents the original
rotation speed induced on the robot multiplied by h, where h is a scalar factor
that we will adjust to minimize the error interpolating the captured signal.

2
e = 3h%(0.7) sin(0.77t + ). (25)

Figure 8 shows an example of the error minimization for the interpolation
of the function, this interpolation helps us to estimate with high precision the
measured signal (removing the error of 0.03r/s in our experiments). This func-
tion ¢, was generated by the misalignment of the sensor and the angle of miss
alignment, which is given by

h = sin(@) = sin~"(¢./d). (26)

In our example it was h=0.04 with an estimated angle ¢ = 2.29° | this
orientation in the accelerometer will produce a constant component induced by
the gravity in the x-axis this offset according to:

agr = gh = gsin(¢), (27)

in this example for instance

agx = 0.04 % 9.81m/s? = 0.39m /s>, (28)
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Mﬁ\ Gyroscope signal

Ty

Interpolated
function

Fig. 8. Angular velocity measured using the gyroscope and the adjusted by interpolated
function to minimize the error.

since the IMU is rotating due to the stimulation we introduced to the robot, the
accelerations mathematically computed for each axis should be mapped to the
IMU new axis and the offset introduced by the gravity should be incorporated
as:

az = dsin (q) ¢* — dcos (q) G + age, (29)
a, = dcos(q)¢* +dsin(q) G+ agy.. (30)
the estimated acceleration on the rotated x axis is given by

a = a; cos(q) — a, sin(q). (31)
graphically for this example is given by:

Fig. 9. Estimated Linear acceleration expected to be measured by the accelerometer.

4.4 Determine the Camera Relative Position

Finally, the information from the accelerometer is compared with the estimated
previously. This comparison is presented in Fig. 10, where as can be seen, despite
the accelerometer is noisy it allows us to minimize the error and find the dis-
tance from the sensor to the rotation axis (d). By moving the joint one we have
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U

o
1S Measured by Accelerometer

Fig. 10. Estimated Linear acceleration vs real acceleration captured by the accelerom-
eter.

estimated d as the distance to this axis. The process can be repeated to every
axis to get a more accurately result for all the axis, by intersecting the circular
trajectories generated by every movement.

As the algorithm can determine the position of the camera using periodic
movements on a single articulation, some considerations need to be addressed
when performing the algorithm for multiple joints: First, every joint is manip-
ulated using periodic inputs while maintaining the other fixed; the algorithm is
developed by considering a single joint by a time. And second, to avoid matrix
singularities it is important to be sure that there are no overlaps between the
robot’s axis.

5 Conclusions and Future Work

In this paper, a novel method for the estimation of the position and orientation of
a camera attached on the end-effector was proposed, employing the movements
measured by the camera’s sensors (Accelerometer and Gyroscope) as the reaction
of the stimulated motion on the robot joints.

— A computational online method to compute the transformation from the end-
effector to a camera attached to it based on Conformal Geometric Algebra
was proposed.

— The method only uses IMU information, avoiding the need to know intrinsic
calibration parameters specific to each camera.

— The method’s accuracy does not depend on the camera resolution, lens
attached, update frame, or other camera configuration.

— Calibration can be achieved online, by developing free movements on the
robot articulation which has the camera attached.

— Our method does not require a visual pattern and visual processing algorithm,
also, this not requires human intervention.
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Abstract. It is shown how the fermions and forces of Nature fit ele-
gantly into the Supergeometric Algebra in 11+1 spacetime dimensions.
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1 Introduction

The author’s interest in spinors is sparked by the fact that spinors seem to be
the fundamental objects from which physics is built. All known forms of matter
(leptons and quarks) are made from spinors. And all known interactions, namely
the three forces of the standard model, plus gravity, emerge from symmetries of
spinors. The present paper, which is based on [1], shows how this works.

The present paper is a companion to [2], which presents a pedagogical intro-
duction to the Supergeometric Algebra (SGA), the square root of the Geometric
Algebra (GA). A central message of [2] is that a spinor, the fundamental rep-
resentation of the group Spin(/N) of rotations in N spacetime dimensions, is
indexed by a bitcode with [IN/2] bits.

2 The Electron as a Dirac Spinor

A Dirac spinor is a spinor in 341 spacetime dimensions. It has 4/2 = 2 bits, a
boost bit (ff or {}), and a spin bit (T or |). A Dirac spinor is said to be right-
handed if its boost and spin bits align, left-handed if they anti-align. Altogether,
a Dirac spinor has 22 = 4 complex components, or 8 real components. The 4
complex components of a Dirac electron, grouped into right- and left-handed (R
and L) are:

€RT €41, €4l , €L} €yt eql - (1)

The right- and left-handed components er and ey, are called the Weyl compo-
nents of the electron, and they are massless. The massive electrons and positrons
observed in Nature are linear combinations of right- and left-handed components.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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Electrons e and positrons € in their rest frames are complex conjugates of each
other:

er = Z5(ept —ieyr) ey = J5(ey —ieql) (2a)
18 = %(em +ieyr) , e = %(6@1 +ieqy) - (2b)

3 The Electron as a Spin(10) Spinor

That the chiral nature, right- or left-handed, of the electron should be taken
seriously follows from the fact that only left-handed electrons feel the weak
SUL(2) force: right-handed electrons feel no weak force.

The standard model of physics is based on Uy (1) x SUL(2) x SU(3), the prod-
uct of the hypercharge, left-handed weak, and color groups. At energies less the
electroweak scale ~ 100 GeV, the symmetry of the hypercharge and weak groups
breaks to the electromagnetic symmetry, Uy (1) xSUL(2) — Uem(1). The method
of electroweak symmetry breaking proposed by Weinberg (1967) [3], based on
the so-called Higgs mechanism [4,5], has received spectacular experimental con-
firmation, culminating with the detection of the electroweak Higgs boson, with
a mass 125 GeV, at the Large Hadron Collider in 2012 [6,7].

The success of the electroweak symmetry-breaking model prompted proposals
in the mid-1970s that the three groups of the standard model would themselves
become unified in a so-called Grand Unified Theory (GUT) group, at an energy
that was estimated from the running of the three coupling parameters to be at
~ 10'4-10'6 GeV. Three possible GUT groups fit the observed pattern of charges
of fermions, of which the most unifying was Spin(10) (the covering group of
SO(10)), first pointed out by [8,9]. The other two possible GUT groups, SU(5)
proposed by [10], and the Pati-Salam group Spin(4) x Spin(6) proposed by [11],
are subgroups of Spin(10).

As first pointed out by Wilczek in 1998 [12], and reviewed by Baez & Huerta
[13], a spinor of Spin(10) is described by a bitcode with 10/2 = 5 bits, consisting
of 2 weak bits and 3 color bits. Wilczek and Baez & Huerta proposed different
conventions for naming the bits. My own preference is to label the color bits
r, g, b, following [13], and the weak bits y and z, inspired by the fact that y and
z are infrared bands to be used by the Vera Rubin Observatory (the LSST) [14],
for which first light is expected in 2025. The sequence yzrgb is, in (inverse) order
of wavelength,

y~1000nm , z~900nm, r~600nm, g~500nm, b~400nm . (3)

This is an electron in Spin(10), labeled according to its yzrgb bits (colored
silver, bronze, red, green, blue):

er: LTLLL, ec: TTLL, er: LUTTT, er: TUTIT. (4)

Flipping all 5 yzrgb bits flips between electron and positron. Flipping the y-
bit flips between right- and left-handed. In the Spin(10) picture, each of the
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Fig. 1. The electron generation of 32 fermions arranged according to their Spin(10)
yzrgb charges. A Spin(11, 1) version of this figure is Fig. 2

right- and left-handed components is itself a Weyl spinor, with two complex
components.

In the standard model, fundamental fermions come in 3 generations, the
electron, muon, and tauon generations. The three generations of fermions differ
only in their masses: the standard model charges of each generation replicate each
other. Only fermions come in three generations. The gauge bosons that mediate
the forces, the interactions between fermions, are the same for all generations:
there is only one “boson generation.” This suggests that the 3 generations are
not just another symmetry to be adjoined to the standard model. What causes
the 3 generations remains a deep mystery of physics.

The lightest fermion generation is the electron generation. The fermions of
the electron generation comprise 8 species, consisting of electrons and neutrinos,
and 3 colors each of down and up quarks. Each of the 8 species comes in right-
and left-handed varieties, and in particle and antiparticle versions, for a total
of 32 fermion types. Each of those fermion types can be either spin-up or spin-
down, for a total of 64 degrees of freedom. The pattern repeats for each of the
3 generations. Although no right-handed neutrino has been observed in Nature,
the fact that the left-handed neutrino carries a non-zero mass strongly suggests
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that a right-handed neutrino should exist, since a purely left-handed neutrino
would be massless.

Figure 1 shows the 32 fermions of the electron generation, arranged according
to their yzrgb charges. The same information illustrated in Fig. 1 is tabulated in
the following Spin(10) chart, which arrays the fermions in columns according to
the number of up-bits (compare Table4 of [13]; see also [12]). The left element
of each entry (before the colon) signifies which bits are up, from — (no bits
up, or LLLLL) in the leftmost (0) column, to yzrgb (all bits up, or 11T T ) in
the rightmost (5) column; the right element of each entry is the corresponding
fermion, which comprise (electron) neutrinos v, electrons e, and up and down
quarks uw and d, each in right- and left-handed Dirac chiralities R and L, and
each in (unbarred) particle and (barred) antiparticle species, a total of 2° = 32
fermions:

Fermions and their Spin(10) bitcodes, arranged by the number of up-bits

0 1 2 3 4 5
Sz y: Up ¢: uf ye: a5 zrgb: vp yzrgb: vg
Z: €R Yz er rgb: er yrgb : er, (5)
c: d§ ye: dS zc: d% yze: dS
zc: u§ yze: uf

Here ¢ denotes any of the three colors r, g, or b (one color bit up), while ¢
denotes any of the three anticolors gb, br, or rg (two color bits up, the bit flip
of a one-color-bit-up spinor).

The Spin(10) chart (5) of fundamental fermions is a Christmas puzzle of
striking features. The most striking feature is that Dirac chirality (subscripted
L or R in the chart) coincides with Spin(10) chirality. Spin(10) chirality counts
whether the number of Spin(10) yzrgb up-bits is even or odd: the even and odd
columns of the chart (5) have respectively left- and right-handed Spin(10) chiral-
ity. In any GA, chirality is the eigenvalue, +1, of the pseudoscalar (normalized
by a phase so the eigenvalues are real). The coincidence of Dirac and Spin(10)
chiralities suggests that the pseudoscalars of the Dirac and Spin(10) geometric
algebras are somehow the same, in contrast to the usual assumption that the
Dirac and GUT algebras are distinct.

The second striking feature of the Spin(10) chart (5) is that standard-model
transformations connect fermions vertically, while Lorentz transformations con-
nect fermions (for the most part) horizontally. For example, electrons e and
positrons € are arrayed along one row of the chart. Every Spin(N) group has
a subgroup SU([N/2]) that preserves the number of up-bits [15]. The columns
of the chart (5) are SU(5) multiplets within Spin(10), with dimensions respec-
tively 1, 5, 10, 10, 5, 1. The standard-model group is a subgroup of SU(5).
All standard-model interactions preserve the number of Spin(10) up-bits. With
standard-model transformations arrayed vertically and spacetime transforma-
tions arrayed horizontally, the chart (5) seems to be signalling that the two are
somehow connected.
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The third striking feature of the Spin(10) chart (5) is that right- and left-
handed versions of the same species (for example electrons er and er) differ
by a flip of the y-bit. In the Spin(10) picture, electroweak symmetry breaking
is a loss of y-symmetry. The electroweak Higgs field carries y-charge, and it
gives mass to fermions by flipping their y-bit. This is prettier than the some-
what abstruse traditional description Uy (1) x SUL(2) — Uep (1) of electroweak
symmetry breaking.

4 The Electron as a Spin(11,1) Spinor

The two guises of each generation of fermions, on the one hand as spinors of the
Spin(3, 1) Dirac algebra under Lorentz transformations, and on the other hand
as spinors of the Spin(10) algebra under standard model transformations, cry
out for unification in a common algebra. Each of the 25 entries in the Spin(10)
chart (5) is a Weyl fermion with 2 components, so the unified algebra, if it
exists, must have 6 bits and 12 dimensions. And since the Dirac algebra has a
time dimension while Spin(10) has none, one of the extra dimensions must be
a time dimension, and the extra bit must be a boost bit. The algebra must be
that of Spin(11,1) in 11+1 spacetime dimensions. The extra bit can be labeled
the t-bit, or time bit.

The conclusion that the unified algebra should have 1141 spacetime dimen-
sions conflicts with the usual assumption that the Dirac and Spin(10) algebras
combine as a direct product, in which case the 3+1 dimensions of the Dirac alge-
bra and the 10 dimensions of the Spin(10) algebra would yield 1341 spacetime
dimensions.

The standard assumption that Dirac and GUT algebras combine as a direct
product is motivated by the Coleman-Mandula no-go theorem [16,17], which
says, roughly, that any gauge group that contains the Poincaré group of space-
time symmetries and admits non-trivial analytic elastic scattering is necessarily
a direct product of the Poincaré group and a commuting group of internal sym-
metries. The Coleman-Mandula theorem generalizes to higher dimensions [18].

However, if the grand unified group is Spin(11, 1), then all grand symmetries
are spacetime symmetries, and there are no additional internal symmetries, so
the higher-dimensional Coleman-Mandula theorem [18] is satisfied trivially. After
grand symmetry breaking, the Coleman-Mandula theorem requires only that
spacetime and wunbroken internal symmetries combine as a direct product. In
the present context, the Coleman-Mandula theorem requires that the Dirac and
standard-model algebras combine as commuting subalgebras of the Spin(11,1)
algebra.

Encouragement that 11+1 dimensions is the right number comes from the
period-8 Cartan-Bott periodicity [19-21] of geometric algebras. which guarantees
that the discrete symmetries of the Spin(11,1) algebra are the same as those
of the Dirac Spin(3,1) algebra: the spinor metric is antisymmetric, while the
conjugation operator is symmetric.

If indeed the unified algebra is that of Spin(11, 1), then the Spin(10) chart (5)
cannot be quite right as it stands. Diagnosing the problem, and then solving it,
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Fig. 2. The electron generation of 2° = 64 fermions arranged according to their

Spin(11, 1) tyzrgb charges. This is similar to Fig.1, but with the addition of the ¢-
bit

is tricky. It’s a Christmas puzzle. The loophole in the chart is that it assigns
a definite charge to each fermion based on its Spin(10) charges, whereas the
example of Eq. (2) shows that fermions and antifermions, which have opposite
charges, are linear combinations of the same chiral components. Fermions and
antifermions are distinguished by the fact that they are complex conjugates
of each other; more precisely, the antiparticle of a spinor v is the anti-spinor
1 = Cy*, where C is the conjugation operator. The conjugation operator in
Spin(11,1) proves to be the same as the conjugation operator in Spin(10): the
conjugation operator in Spin(11,1) flips all bits except the time bit, so flips all
5 yzrgb Spin(10) bits, as does the conjugation operator in Spin(10).

The solution to the unification problem is to replace each 2-component Weyl
fermion in the Spin(10) chart (5) with a 2-component fermion with ¢-bit respec-
tively up and down, with opposite Dirac boost but the same Dirac spin, a fermion
and an antifermion. The Weyl companion of each fermion is identified as the
fermion with all 6 tyzrgb bits flipped. This is similar to the Dirac algebra, where
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the Weyl companion of for example the right-handed electron eq is its all-bit-flip
partner ey .

This is a Dirac electron in Spin(11, 1), labeled according to its tyzrgb bits
(colored gold, silver, bronze, red, green, blue):

ey s TLTLLL e s TTTLLL e s TLUTTT, ey s TTLTIT,
ey s LUTLLL S ey s UTTLLL gy s LLLTTT S e s LTLTTT (6)

Flipping the time bit ¢ flips between electrons e and positrons é. Flipping the
y bit flips Dirac chirality. Flipping all 6 bits spatially rotates the spin of the
electron (or positron) between up and down, preserving chirality.

Figure2 illustrates one generation (the electron generation) of fermions of
the standard model arranged according to their Spin(11, 1) tyzrgb charges. The
same information illustrated in Fig.2 is tabulated in the following Spin(11,1)
chart of spinors, arranged in columns by the number of Spin(10) up-bits as in
the earlier Spin(10) chart (5):

0 1 2 3 4 5
17 v _af _af v v
- Vu Y Vﬁ C: UE YcC : U%j zrgb : 17#1 yzrgb : DE
. €yl . €nl . ent . e
Zioey| YR ey rgb : eyt yrgb : B )
dc dc qc qc
RN AT . Yl . Yl
c: ye 2C: YzC :
dijy dy dy) dy,
uf uy
ze ,%T yze: ,@T
Unt Uyt

whereas in the original Spin(10) chart (5) each entry was a 2-component Weyl
spinor, in the Spin(11, 1) chart (7) the 2 components of each Weyl spinor appear
in bit-flipped entries. For example, the right-handed electron egr of the original
chart is replaced by ey, and its spatially rotated partner ey of the same chirality
appears in the all-bit-flipped entry. Each entry still has two components, but
in the Spin(11,1) chart those two components differ by their ¢-bit; the upper
component has t-bit up, the lower ¢-bit down. The net number of degrees of
freedom remains the same, 26 = 64.

In the unified Spin(11,1) algebra, the Dirac boost and spin of a fermion are
woven into the algebra, no longer dissociated from Spin(10). The Dirac boost
or || is the eigenvalue of the weak chiral operator s,., which counts whether
the number of tyz up-bits is odd or even. The Dirac spin T or | is the eigenvalue
of the color chiral operator s.4, which counts whether the number of color rgb
up-bits is odd or even. The weak and color chiral operators s, and .4 are
equal to weak and color pseudoscalars Iy, and I, modified by a phase factor
to make their eigenvalues real:

Ly, = —i7j7;7;,+7;7z+7; = =y = M ANVA Y AV A ATz, (8a)
Legh =% % Y4 Vg Vo ¥y = —i%gh = — i AYr AYg AYg A6 AYp - (8D)
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The 12-dimensional pseudoscalar J is the product of the boost operator I,, and
the spin operator g,

J = ToyLrgy = =i v v Y YV e
= i1 = IV AYEANYY A VG AV AV AV AYe AYg AYg AV A - (9)

In the Dirac algebra, the charge of a chiral fermion is ambiguous: a fermion
and its antifermion partner, which have opposite charges, are linear combina-
tions of the same chiral components, Eq. (2). The ¢-bit removes the ambiguity,
specifying whether a fermion is going forwards or backwards in time. The charge
of a fermion is determined unambiguously by its 6 tyzrgb bits. In Spin(10), the
standard-model charges of a fermion can be read off from its 5 yzrgb bits. In
Spin(11, 1), the standard-model charges are equal to Spin(10) charges multiplied
by the color chiral operator s¢.4y, as is evident from the fact that the spinors in
the Spin(10) chart (5) are fermions (unbarred) or antifermions (barred) depend-
ing on whether their color chirality is odd or even.

In Spin(10), the 5 standard-model charges are eigenvalues of the 5 diagonal
bivector generators of Spin(10),

SV AV = sviAve . i=y,zr9.b. (10)

In Spin(11, 1), standard-model charges are eigenvalues of the 5 diagonal bivec-
tors (10) multiplied by the color chiral operator 4. A consistent way to imple-
ment this modification, that leaves the bivector algebra of the standard model
unchanged, is to multiply all imaginary bivectors ;" 7, in the Spin(10) geomet-
ric algebra by s¢.45, while leaving all real bivectors 'y;r 'yf and -, 7, unchanged,

Vv =t e =y, (11)

Equivalently, replace the imaginary ¢ in all Spin(10) bivectors by the color pseu-
doscalar —I g, = i3, Eq.(8b). A key point that allows this adjustment to
be made consistently is that sz,.4, commutes with all standard-model bivectors.
Note that 5,4, does not commute with SU(5) bivectors that transform between
leptons and quarks; but that is fine, because SU(5) is not an unbroken symmetry
of the standard model.

The definitive proof that unification in Spin(11,1) is consistent comes from
expressing the 4 orthonormal vectors ~,,, m = 0,1,2,3, of the Dirac algebra
in terms of the 12 orthonormal vectors 'yii, i =t,y,2,7,9,b of the Spin(11,1)
algebra:

Yo =1 (12a)
=Y N VY (12b)
Y2 =Yy VY Vg Vo (12¢)
Y5 =YV Yy (12d)

The Dirac vectors (12) all have grade 1 mod 4 in the Spin(11,1) algebra. The
multiplication rules for the Dirac vectors =, given by Eq. (12) agree with the
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usual multiplication rules for Dirac y-matrices: the vectors 7, anticommute,
and their scalar products form the Minkowski metric. All the spacetime vectors
~m commute with all standard-model generators modified per (11). The Dirac
pseudoscalar I coincides with the Spin(11, 1) pseudoscalar J, Eq. (9),

I=~ymvevs=J. (13)

Thus the Dirac and standard-model algebras are subalgebras of the
Spin(11,1) geometric algebra, such that all Dirac generators commute with
all standard-model generators modified per (11), consistent with the Coleman-
Mandula theorem.

The time dimension (12a) is just a simple vector in the Spin(11,1) alge-
bra, but the 3 spatial dimensions (12b)—(12d) are all 5-dimensional. The spatial
dimensions share a common 2-dimensional factor «, v, . Aside from that com-
mon factor, each of the 3 spatial dimensions is itself 3-dimensional: v, ;'

Y Vg Yy > and vy v
5 Predictions of the Spin(11,1) Theory

A first response to any new theory is, Does it make any predictions? Much of [1] is
devoted to answering this question. The specific question is, what predictions can
be made if the Grand Unified group is Spin(11,1) and no additional ingredients
are admitted? The condition of no additional ingredients is highly restrictive.
The end result is that the theory predicts the following sequence of symmetry
breakings, at energies determined by the running of coupling parameters:

in(11,1) — Spin(10,1) ——— Spin(4 i _—
Spin(11,1) " Spin(10, 1) e Spin(4) x Spin(6) o

Uy (1) x SUL(2) x SU(3) m Uem(1) x SU(3) . (14)
The top line of the sequence (14) is the prediction, while the bottom line is the
standard model.

The addition of the 6th bit, the time bit ¢, to the 5 yzrgb bits of Spin(10)
adjoins to the bivectors of Spin(10) additional bivectors involving either or both
of the two extra dimensions ~;5. Of those bivectors, four commute with all the
Dirac vectors =y, defined by Eq. (12), and could therefore potentially play a role
in the standard model. The four happen to have precisely the properties of the
4-component electroweak Higgs multiplet required by the Weinberg [3] model of
electroweak symmetry breaking, motivating the identification of the electroweak
Higgs field H as (with the bivectors being understood to be modified per (11)
as usual)

H=H /v, i=y.z. (15)

Electroweak symmetry breaking occurs when the Higgs field acquires a vacuum
expectation value (H) proportional to ;" Yy s

(H) = (H)Y/"v, #rgy (16)
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(the factor of s.g from the modification (11), omitted from (15), is included
here to avoid possible confusion). The electroweak Higgs field (16) carries y-
charge, breaks y-symmetry, and generates masses for fermions by flipping their
y-bit. The three remaining components of the Higgs multiplet are absorbed into
the longitudinal components of the electroweak W=+ and Z bosons, giving them
mass, while leaving the photon massless.

As long as spacetime is 4-dimensional, as in today’s world, any intermedi-
ate gauge group on the path to grand unification must commute with all the
Dirac vectors (12). The largest subgroup of Spin(11,1) whose bivector genera-
tors, modified per (11), all commute with the Dirac vectors (12) is a product
of weak and color groups Spin(5) x Spin(6) generated by, respectively, the ten
bivectors formed from ~;" and vY;, ¢ = ¥, %, and the fifteen bivectors formed
from 'yii, i =7,g,b. However, the subset of four Spin(5) bivectors ~;" 'yii fail to
commute with the field (18) that mediates grand symmetry breaking, so those
bivectors are already eliminated as gauge fields (but not as scalar fields) at grand
symmetry breaking. Thus the largest possible group on the path to grand uni-
fication is the product of extended weak and color groups, the Pati-Salam [11]
group

Spin(4) x Spin(6) . (17)

The running of the three coupling parameters of the standard model indicates
that unification to Spin(4) x Spin(6) should happen at 10'? GeV, so that unifi-
cation does in fact happen. The energy 10'2 GeV is comparable to that of the
most energetic cosmic rays observed [22,23].

The general principles underlying symmetry breaking by the Higgs mecha-
nism are: the Higgs field before symmetry breaking must be a scalar (spin 0)
multiplet of the unbroken symmetry; one component of the Higgs multiplet must
acquire a non-zero vacuum expectation value; components of the Higgs multi-
plet whose symmetry is broken are absorbed into longitudinal components of
the broken gauge (spin 1) fields, giving those gauge fields mass; and unbroken
components of the Higgs field persist as scalar fields, potentially available to
mediate the next level of symmetry breaking.

In the sequence (14) of symmetry breakings, the primordial Higgs field is a
scalar 66-component bivector multiplet of Spin(11, 1). The primordial Higgs field
is the parent of all the other Higgs fields.

The field that breaks grand symmetry proves to be the Majorana-Higgs field
(T) proportional to the bivector v, v, ,

(T) = —i{T)% v, srgn (18)

the imaginary ¢ coming from the time vector being timelike, ¢ = i7; , and the
factor s¢.q; from the modification (11). The Majorana-Higgs field (18) has the
property that it commutes with all Spin(4) x Spin(6) fields, and fails to commute
with all Spin(10) fields not in Spin(4) x Spin(6).

The Majorana-Higgs field (T') carries t-charge, and is able to flip the ¢-bit of
the right-handed neutrino, flipping the neutrino between itself and its left-handed
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antineutrino partner of opposite boost, giving the right-handed neutrino a so-
called Majorana mass. Only the right-handed neutrino can acquire a Majorana
mass, because only the right-handed neutrino possesses no conserved standard-
model charge. A large Majorana mass for the right-handed neutrino can generate
a small mass for the left-handed neutrino by the well-known see-saw mechanism
proposed by [24].

The Majorana-Higgs field (T') is available to drive cosmological inflation at
the GUT scale. The running of weak and color coupling parameters implies
that grand unification occurs at an energy of 3 x 10'* GeV. This unification
energy is well within the upper limit on the energy scale pinfation Of cosmological
inflation inferred from the upper limit to B-mode polarization power in the
cosmic microwave background measured by the Planck satellite [25, eq. (26)],

Hinflation < 2 X 101° GeV . (19)

The first step in the symmetry-breaking sequence (14) is Spin(11,1) —
Spin(10, 1). The problem is that the Spin(11,1) bivectors 'yjfy;t cannot be gen-
erators of a gauge (spin 1) field after grand symmetry breaking, because if
they were, then their Higgs scalar (spin 0) counterparts would be absorbed into
the gauge field after grand symmetry breaking, whereas the scalar counterparts
apparently persist in the form of the electroweak Higgs multiplet (15).

The vector ;" the spatial vector companion to the time vector o = iv; ,
stands out as the only spatial vector missing from the Spin(10) algebra. The
solution to 4;" not generating any gauge symmetry is to assert that it behaves
as a scalar dimension prior to grand symmetry breaking, so that the grand
unified group is Spin(10, 1), not Spin(11,1). Why this should be so is unclear.
Possibly a non-trivial quantum field theory in higher dimensions requires 10+1
dimensions, as in M theory. Spin algebras live naturally in even dimensions, and
one way to accommodate a spin algebra in 10+1 dimensions is to embed it in
one extra dimension, 11+1 dimensions, and to treat the extra dimension, here
~;", as a scalar. The scalar dimension ;" , which anticommutes with the other 11
dimensions, plays the role of a time-reversal operator, essential to a consistent
quantum field theory. It remains to be seen whether the Spin(11,1) model can
in fact be accommodated in M theory.
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Abstract. The fundamental Stern-Gerlach (SG) experiments suggest
that the (pure) states of a g-bit are the points of the unit sphere S? (in
some suitable system of units), with a distinguished vector corresponding
to the direction of the magnetic field. The goal of this paper is to elucidate
the Hermitian structure of the algebra of geometric quaternions H = G
(that is, the even algebra of the geometric algebra of the Euclidean 3D
space) which allows to regard it as the Hilbert space of the g-bit. The
main results are phrased in terms of an explicit ket map k : H — Es3 such
that |r(q)| = |g| for all ¢ € H, and include: that x(q') = x(q) if and only
if ¢ = q (this relation denotes that the two quaternions differ by a phase
factor —a unit geometric complex number); that x is onto; a check that
the computed probabilities obey the statistics of the SG experiments;
and a recall of the relations between the multiplicative group H* and
the rotation group SO(FE3). A sequel paper will explore other facets of
the proposed analysis, including the study of the polarization states of
electromagnetic waves and more complex spin systems. In conclusion:

Jes, geometria algebro povas paroli kvantan Esperanton.

Keywords: Hermitian spaces - Quantum Esperanto - Geometric
algebra - Ket map + Spin statistics

1 The Grammar Rules

The language of mathematics makes the world of Maxwell fields and the
world of quantum processes equally transparent. [...] Each of the interpre-
tations of quantum mechanics is an attempt to describe quantum mechan-
ics in a language that lacks the appropriate concepts. The battles between
the rival interpretations continue unabated and no end is in sight.
FREEMAN J. DysoN, [1].

Since geometric algebras are finite-dimensional, in principle their use in quan-
tum mechanical questions cannot go beyond systems whose Hilbert spaces are
finite-dimensional. For such systems, the mathematics of their Hilbert spaces
reduces to the simpler mathematics of the Hermitian spaces, a simplicity that
here we metaphorically call ‘quantum Esperanto’ (QE)—after the wonderfully
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simple international language Esperanto invented by the ophthalmologist Lud-
wik L. Zamenhof. A convenient introduction of the QE notions that we will use
is through four azxioms. The first two, QE; and QFE5, will be introduced in this
section and are sufficient for our present discussions, which will be focused on the
bearing of geometric algebra to model the geometry of a g-bit. The other two,
QFs5 (unitary evolution) and QFE, (state vectors of a composite system), and
their fundamental role in areas such as quantum computing, will be inspected
with a similar lens in a sequel manuscript [2].

The reader can find the notions about Hermitian spaces to be used here in the
Appendix, page 10. In particular, the Hermitian scalar product (z|z’), the norm
|z| of a vector (|z|*> = (x|z)), and the notation & = x/|z| for the normalization
of a non-zero vector x (cf. §12). It is important to note the distinctive features
of the Hermitian angle between two vectors (P.15) as compared to the Euclidean
angle (P.16), which ultimately explain why the Hermitian angle between two
state vectors of a g-bit is half the angle between the corresponding states (for
instance, the state vectors of two antipodal points of S? are orthogonal, P.8).

QE;:. (a) Quantum systems, state vectors and states
In QE, there are three ingredients defining a quantum system: (1) A Hermitian
space H, whose non-zero elements are called state vectors, sometimes also wave
functions; (2) A set 3, whose elements are called (pure) states; and (3) an onto
map H — {0} — X, z — |z) (Dirac’s ket notation) such that |x) = |2’) if and
only if 2’ ~ x (a shorthand for ‘x and z’ are equal up to a complex factor’).

The third property just says that ¥ can be seen as the set of classes of non-
zero state vectors by the relation ~. This set is the projective space associated
to H and is denoted by [H] or PH. In geometry, the elements of this space
are called (projective) points and the point associated to a non-zero vector x is
denoted by [z]. Thus, by definition, the relation [x] = [2/] is equivalent to 2’ ~ x
for non-zero vectors z,x’ € H

The fact that |x) and [z] obey the same rule is not a coincidence, for although
Dirac never mentioned projective geometry explicitly in his research papers, later
in his life he acknowledged having used it in his reasonings all along. This is a
fascinating story, a bit mysterious, for which we can only refer to the literature,
for instance the biography [3] and the references there, particularly [4]. For our
purposes, the clearest connection appears in the definition of superposition of
states, as we will see in next paragraph.

QE;. (b) Quantum superposition

Given two different states, X = |z) and X’ = |2’), each state of the projective
line X X’ is said to be a (quantum) superposition of X and X’. By definition,
such states have the form |z + £'2’), with £, € C and &x + &'z’ # 0.

Dirac’s ket notation is usually abused by writing &|z) + £'|2’) instead of
|€x+&x"). Although £|x)+E'|2") does not make sense mathematically, as ¥ is not
a vector space (and even less a complex vector space), in practice it is understood
that the state expressed by |z) “remembers” the vector x that has been used
to represent it and thus calculations can usually be interpreted unambiguously.
For example, if eq,...,e, is a basis of H and x = X\;e;, then custom favors
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to write the expression X\;|e;), which in this case is unambiguously decoded as
XAje5) = [z).

QE>. Quantoscopes, measurements and observables
We define a quantoscope® (to “observe” or “measure” the system) as a set of
pairs A = {(a1,V1),...,(ar, V,)} such that:

1. The a; are distinct real numbers. The set {a1,...,a,} is the dial of the
quantoscope, and we assume it is ordered; and

2. The Vj are non-zero vector subspaces of H such that V; L Vj for j # k
(orthogonality condition), and H = &,V;. The latter means that any € H
can be written in a unique way as * = x; + --- + x, with x; € V;, and the
orthogonality condition implies the Pythagoras theorem:

2 = J2a[* + - [

Note also that x; = Py, (x) (the orthogonal projection of 2 on Vj). For a unit
vector u € H, we have

L= Jun [ oo g,

which means that the quantities p; = |uj|2 form a probability distribution on
the set {1,...,7}.

An observation or measure with the quantoscope A, assuming that the sys-
tem is in the state |u) (u unitary), consists in carrying out the following two
operations:

(i) toselect at random a value a; with probability p; = |u;|?, where u; = Py, (u)
is the orthogonal projection of u to V; (we say that a; is the result or outcome
of the observation), and

(77) to update the state of the system to |u;). Note that p; # 0 if a; is selected
and hence u; # 0.

If w € Vj, then u; = v and p; = 1, which means that the outcome a; of the
measurement is certain and that the system’s state does not change.
Let us associate to each quantoscope A the operator A = ¥ja;Py,. This

operator is selfadjoint and A — A is a one-to-one map of the set of quanto-
scopes to the space of selfadjoint operators of H. Conversely, given a selfadjoint
operator A’, its eigenvalues a1, ..., a, are real (we assume that they are distinct
and ordered according to the criterion used to order the quantoscopes’ dials),
and the corresponding eigenspaces Vi, ..., V,. are an orthogonal decomposition
of H (these statements are the conclusions of the diagonalization theorem for
self-adjoint operators). Thus we see that A = {(a1,V1),...,(ar, V;)} is a quan-
toscope, and we will say that it is the quantoscope associated to (or defined by)
Al

! We introduce this notion to mediate between the intuitive notion of quantum mea-

surement (like a Stern-Gerlach experiment) and the less tangible realization that the
observables of the system can be identified with the selfadjoint operators of H.
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Ezample. The quantoscope associated to the orthogonal projection Py of H onto
the subspace V is {(1, V), (0, V1)}. Assuming that the system is in the state |u),
u unitary, a measurement with this quantoscope selects 1 or 0 at random with
probabilities |Py (u)|> and |Py . (u)|?, while resetting the state to |Py(u)) or
| Py 1 (w)), respectively.

Observables. To concur with the conventional terminology, henceforth we will
refer to self-adjoint operators as observables of the system. By a measurement of
an observable we understand a measurement with the associated quantoscope.
As specified before, such a measurement supplies, if the state of the system is |u)
(u unitary), a random eigenvalue a; of the observable with probability p; = |u; 2,
u; = Py, (u), and resets the state of the system to |u;). Note that in general the
vector u; is not unitary, which illustrates the resilience of working with state
vectors that are not necessarily unitary.

2 @g-Bits

The quantum behavior of spin, or intrinsic angular momentum, was discovered
for the first time by the Stern-Gerlach (SG) experiments (see the Wikipedia
article Stern-Gerlach_experiment for an apt presentation, including references to
the three original papers by O. Stern and W. Gerlach published in 1922, and a
discussion of the telling outcomes of composite SG procedures; for an epistemo-
logical analysis of its significance, see [5]). In general, the values j observed in an
SG experiment have the form (in appropriate units) j = —s,—s+1,...,s—1,s,
with s an non-negative integer multiple of 1/2. In all cases, the number of values
7 is 2s + 1.

Excluding s = 0, corresponding to a spinless system, the simplest case (as
in the original SG experiments) is s = 1/2, with two possible values: j = :t%.
It is such kind of systems, called g¢-bits, that we will consider in this paper. In
this case, the experimental results of the SG experiments suggest that we may
construe the (pure) states of a ¢-bit as ordinary vectors of norm 1 (in suitable
units). In other words, we may take the unit sphere S? C Ej3 as the space of
(pure) states of a ¢-bit: X = S2. Here Fj is the ordinary Euclidean space and in
what follows s, uy,u, € E3 will be an orthonormal basis, with u, aligned with
the magnetic field.

To elicit the Hermitian space, two old geometric constructions are handy. On
one hand, S? ~ C = C LU {oc}, via the stereographic projection of S? from the
north pole u, onto the equatorial plane z = 0 (which we identify with C), and
with u, — oo (see Fig. 1). This is the Riemann sphere.

On the other hand, C ~ [C2], via the map & — [(1,£)] (¢ € C) and oo
[(0,1)] = [e1]. By composing both bijections, we have a bijection S? ~ [C?], and
so, according to @1(a), we can take the (Pauli) spinor space C? as the space
of state vectors of the ¢g-bit. In Table1 we collect a detailed description of how
these bijections work in both directions.
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Mu%g = (cos psin 6, sin ¢ sin 0, cos )

Fig. 1. Stereographic projecction of S? to C = C LI {o0}.

Table 1. Bijections S*> ~ C ~ [C?]. In the fourth row, k = 2/(a®> + b*> + 1) and
c=(a®>+b*-1)/2)

52 C PC? = [C?]
(.9,2) # (0,0,1) = 77— + {P—i=¢ = (1,9
u, = (0,0,1) — 00 — [(0,1)] = [e1]
k(a, b, c) —&=a+tbi=&/% — [(§,&)] (S #0)
u: =(0,0,1) 00 — [(0,£)] = [(0,1)] = [ea]

Let us use Dirac’s notation |£p, &) € S? to denote the state corresponding

to (0,&1) € CEIf & # 0, [&0,&1) = [1,€) (€ = &1 /&), which we will abridge to
|€). In particular, |0) = |1,0) = |ep) is the point —u, = (0,0, —1) (the south pole
of S%). The state |oo) = |0,1) = |e1) is (0,0,1) = u., the north pole of S.

Next statement provides explicit expressions for the coordinates x,y,z of
|€0,&1). First published in [6], we derive them by means of the stereographic
projection.

P.1. (Representation of S? by spinors) If (z,vy,2) = |£o,&1), then
z = (8160 + &&)/1°, y = i(6obs — &160) /17, 2 = (€161 — &obo) /17, r¥ = Eobo + 16

Proof. The formula for the stereographic projection € C of (z,y,2) € S 2 shows
that = + iy = (1 — 2)€. So  — iy = (1 — 2)¢& and hence

r=3E+H1—2), y=—5(E-HA—2).
We also have

1= =a? 4y = (1-2)%E or 1+z=(1-2)&,
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2
from which it follows that 1 — 2z = — and so
§E+1

_&+e g€ g1

r= =, == z=—.

&E+1 &E+1 EE+1
In terms of spinors (cf. Table1), £ = & /&y, and we get the expressions in the
statement. O

Next statement can be obtained via a little play with the expressions in
Table 1 or applying the formulas in P.1.

P.2. Let Gy = (e7"/?sin 4, e?/2 cos &) € C2. Then [ty ) = ug - O

Notice that Dirac’s notation allows us to write |y, &1) = &oleo) + E1ler). In
other words, any state of a ¢-bit is a superposition of the states |ep) and |e).
The states |e;) and |eg) can be described as “spin up” (parallel to the magnetic
field) and “spin down” (antiparallel to the magnetic field), and are sometimes
denoted by |+) and |—), or | 1) and | |).

Given s = (&,£1) € C2?, weset s+ = (&1, &). This expression is appropriate,
as (s|st) = 0. The map s — st is antilinear and satisfies |s| = |s1|, hence s, s+
is an orthonormal basis of C2 if s is a unit vector. Note also that s+ = —s.

3 Let the Geometric Quaternions Speak up

Instead of C2, whose relation to E3 is quite artificial (these structures speak
different languages), we could try to go over to Hamilton’s quaternions H by
means of the C-isomorphism j : C2 — H given by j((£0,&1)) = & + £1j, where
1,i,], k is the usual basis of H as a real vector space, and use PcH as state space.
To do that, the basic requirement would be to express the Hermitian scalar
product inherited from C2, via j, purely in terms of H. But even with this we
would still have to rely on the space of pure quaternions (i, j, k) as an artificial
substitute of Fs.

These considerations clearly suggest that the optimal structure on which to
base the geometric theory of the ¢-bit is the algebra of geometric quaternions,
H= Q; C Gs, as it is constructed directly on the geometry of E3, and besides it
keeps a free copy of E3, namely E5 = G3 (the grade 1 elements). There is a little
work we have to do, but, as we show next, it may be found to be worthwhile.

As areal vector space, H = (1,i,], k), where i = uyu., j = uyu, and k = uzu,.
Formally we have not moved from H, as (the new) 1,i,j, k satisfy Hamilton’s
relations, but now these objects are meaningful bivectors (unit areas) of Ej.
We also have to ask a crucial question: what complex structure of H shall we
use? A convenient choice, as warranted by what follows, is C = C; = (1, i), the
(geometric) complex numbers of the form a + bi, and denote by H; the algebra
H when considered as a C;-vector space. It is worth to keep in mind that there
are very many quaternions [ such that 1> = —1 (unit pure quaternions satisfy
this condition, but they are not the only ones) and hence C; = (1,[) = {a + bl :
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a,b € R} can be used as a field of complex numbers within H, and in that case
H, is H regarded as a C;-vector space.

Notice that g = a+bi+cj+dk € H can be written in the form q = &y + &1,
where & = a+bi and & = c+di. The question of how & and &; can be retrieved
from g by operations involving only H is answered in the following proposition.

P.3. If q = & + &), &0, 61 € C, then & = 5(q — iqi) and & = —3(qj + igk).

Proof. Since the expression %(q —igi) is R-linear in g, it is enough to check that
it supplies q for g = 1,i and 0 if q = j, k. In fact, if ¢ commutes with i, as is the
case for the elements of C, the formula supplies ¢, and if q anti-commutes with i,
as is the case for all elements of (j, k), it supplies 0. The second part follows

similarly: —2(qj + igk) yields 0 for q = 1,i and q for q = j, k. O

Now we seek a Hermitian scalar product in H, again defined only in terms of
H, that plays the role of the Hermitian scalar product of C2. The next proposi-
tion provides the answer. We will use the map i : H — C defined by the relation
i(q) = 3(q — iqi). The reverse involution in H will be denoted by § (it coincides
with the Clifford involution). The customary symbol Z for the reverse involution
will be used for other purposes below.

P.4. (The hidden Hermitian structure of H) The scalar product H x H — C,
denoted by (q|q’) and defined by the formula {(q|q’) = i(q’q) is Hermitian and for
€0,1,),€1 € C we have (€ + &1J[€) + 1) = &&) + &1} Moreover, (ala) = |qf?
for any q € H, so that the Euclidean norm of q coincides with the Hermitian
norm. In the special case in which ¢ = v 4 is the dual of a vector v € FEj,
|q/> = |v|?. Here % is the pseudoscalar of G3, namely ¢ = ugu,u..

Proof. Since q = &y — j&;, the terms in the expansion of ¢'q not involving j and
K are €6 + (€17)(—j61) = E)fo + 161, as stated. TF ' = q, then qg = [q]? is real
and the claim follows. For the last point, note that for ¢ = v¢ we have q = — < v
and qq = v? = |v|% O

Next question is how to realize the state space of H, which is the (abstract)
sphere PH;, as the sphere S? C E3. In other words, if S® = {q € H: |q|? = 1},
we are seeking a map S® — S2, q — |q), that is onto and such that |q) = |q) if
and only if ' = g (this map is usually called the Hopf fibration).

For that, let us define a more convenient generalized ket map x : H — FEj3 that
induces, as we shall see in a moment, an onto map S? — S2 for any radius 7 with
the property that x(q) = x(q') if and only if ¢’ = q. If q = o +&1j (€0, &1 € C), let
k(q) = 0if g = 0, and otherwise define it as the map in P.1, but with denominator
r instead of 72. In other words, let r = |q| and k(q) = au, + Buy + yu, where

a= (& +&)/r, B=ri(tolr —&o)/r, v = (&€& — Eobo)/T-
We know that o + 32 + 4% = 72 when |q|? = r?, so indeed x : S3 — S2. For
r =1, we clearly have x(q) = |q) for any q € S3.

P.5. (Examples) (1) x(e*?q) = x(q), for any ¢ € R. Thus x(q') = x(q) if ¢’ = q.
(2) k(1) = k(i) = —u, (the south pole of S?) and k(j) = x(k) = u, (the north
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pole of S%). Note that i = 1 and k = ij = j, so it is enough to check that
k(1) = —u, and k(j) = u,. (3) If k(q) = u, then q =]. O

P.6. The map x : S2 — S2 is surjective and for q,q’ € S? we have x(q') = x(q)
if and only if ' = q.

Proof. From the definitions if follows easily that it is enough to prove the case
r = 1. Let u = auy + Buy +yu, € 5% (so a? 4+ % + 4% = 1). We are seeking
q=a+bi+cj+dk € S such that x(q) = u. By P.5, we may assume that
u # u, (that is, v # 1). We may further assume that b = 0 (if ¢ is the phase
of a + bi, it is enough to replade q by e~*q). In other words, we may assume
that g = a+ (c+di)j = a + ¢j + dk, which means, with the notations above, that
&0 =a and & = c+di. Since & = a is real, the expressions that define x(q) are
a(& + &) = 2ac, ia(&; — &) = 2ad, and ¢? + d? — a® = 1 — 242, so the condition
k(q) = u is equivalent to the relations

a=2ac, f[=2ad, ~=1-2d°

The third relation gives a = £+/(1 — 7v)/2, and a # 0 because v # 1. For each of
the two solutions, we get ¢ = «/2a and d = 3/2a. This shows that  is surjective.
And the argument also shows that if k(q') = (q), then q' = g. O

Now in order to find the probabilities of an observation event when the state
is u = g + Puy + yu, € 52, it is convenient to define @ € H to be j if u = u,
and otherwise @ = a+ (¢ +di)j, where a = /(1 —v)/2, ¢ = «/2a and d = 3/2a.
Thus we have k(@) = u in all cases. Note: this definition of 4 is not the same as
the one introduced in P.2; but, as shown in next statement, they differ (as they
should) by a phasor factor.
P.7. (1) For u # u,, i = 2(11 )(1 — v+ aj+ pk) € S3.

-
(2) If we use spherical coordinates for the state u = au, + Suy + yu,, that is
(see Fig. 1), o = cospsinf, 8 =sinpsinf, v = cosf, then

U = sing + cos p cos gj + sin ¢ cos g k
= sin% + €'% cos gj
= ¢ %/?sin g + €9/ cos gj.
This in particular shows that when 6§ — 0 (so u approaches u,, the north

pole) we get, in the limit, €' j = j, which is how we have defined 1.
(3) We also have that

1 .

In particular —u, = 1, in agreement with the fact that (1) = —u.. O
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P.8. (Hermitian angle of two anti-podal states)If v € S2, then % and —u are
orthogonal with respect to the Hermitian metric of H. a

Now let us answer the question about probabilities. Let u € S? be a state.
This defines the quantoscope A, = {(1,(@)), (=1, (—u))}. What is the proba-
bility of obtaining 1 if before measurement with A, the state is v € S2? The
answer is given by the following result, which is in agreement with the experi-
mental observations. The result also says that the Hermitian angle between state
vectors is half the Euclidean angle between the corresponding states, which is a
more general statement than P.8.

P.9. The probability of observing 1 with A,,, if the state before measurement is
v € S2, is given by the expression p, (v) = cos?(a/2), where « is the Euclidean
angle between u and v (that is, cos(a) = u - v).

Proof. According to the QE prescriptions, p,(v) = |(a|o)[>. To compute this,
let us use spherlcal coordmateb for u and v, so that @& = sin 3 b 4 e cos? J and

likewise © = sin 5 + ¢ cos 5]. Now we know that (a|0) = 1(vu). On expanding
04 and retaining only the terms that are not scalar multiples of j and k, we find:

i(0a) =1 ((sin % e cos 2 j) (sin g —je % cos g))

!
= sin % sin 5 0 4 (i@ =) cos % cos g

Now p,(v) is the modulus squared of this expression and a little joggling with
trigonometric expressions yields that it is cosz(%), where, by definition of «,
cos(a) = cosfcos @ + sinfsin @ cos(p’ — ). O

P.10. (The group SU(H))

(1) Any q € H; defines a map U, : H — H by the formula Uq(z) = zq. This
map is clearly H-linear, hence also Cj-linear, and satisfies |Uq(x)| = |z|. So
(see P20) U, € U(H).

(2) Uq € SU(H).

(3) The map H; — SU(H), q — Uy, is a group anti-isomorphism. By taking
matrices with respect to {1,j}, we are led to Hy ~ SU,.

Proof. (1) [Ug(2)* = |za|* = (vq)(q7) = 2z = [x|*.

(2) It is enough to see that the matrix A, of U, with respect to the basis {1,j},
which is obtained from Uy(1) = q, Uy ( ) = jq = q*, has determinant 1.

(3) From the definition of Uy it follows that (UgUq)(x) = (zq)q" = z(qq") =
Uqq(x). And this implies that Aqq = AgAq.

P.11. (Symmetries). (1) A quaternion q € H* defines a map R, : E3 — Es3 by
the formula Rq(v) = qug™", and Ry € SO(E3).
(2) The map H* — SO(E3), q — Ry, is a group homomorphism.
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(3) We have ker(p) = R*. In other words, p; = Id if and only if q is a non
zero real number. If g € Hy, then pq; = Id if and only if g = 1.

(4) The rotation p, o of amplitude o about v € S? is given by Pv,a = Ry, where
q=e %2V € Hy. It follows that the homomorphism R : H; — SO(FE3) is
onto.

Proof. This is a well-known result, but cast here in terms of only the structures
of geometric quaternions. Let us just sketch a proof of (4). Since v commutes with
q, we have Rq(v) = v. So Ry is a rotation about v. To find its amplitude, pick
any v’ € S? orthogonal to v. Since v’ anticommutes with g, we have Rq(v') =
Vg% =v'et = v/ cosa + v i vsin(a), where we have used that (4v)% = —1. If
we set v = v x v’, then v/,v”,v is a positively oriented orthornormal basis of

E3 and, in particular, ¢ = v'v"v, so that R,(v') = v’ cosav + v” sin a.

Appendix: Hermitian spaces

The aim of this appendix is to review the basic notions needed in the preceding
sections. Proofs are omitted, but the interested reader can find them in the paper
[7] or in the references therein.

12. A Hermitian vector space is a complex vector space H endowed with a scalar
product (z|z’) € C (z,2’ € H) satisfying the following properties:

(1) (x|z') = («'|x) (the overline means complex conjugation). In particular, (x|z)
is self-conjugate for any x and therefore it is a real number.

(2) It is C-linear in z’. This property and (1) imply that the scalar product is
conjugate-linear (same as anti-linear) in x.

(3) (x|z) > 0if = # 0. We say that the scalar product is positive-definite.

For any = € H, we set |z| = y/{x|z) (norm or length of x; it is also customary
to denote it by |z|). If |z| = 1, we say that x is unitary, or a unit vector. For
example, T = x/|x| (normalization of x) is unitary for any x # 0.

We say that z, 2’ € H are orthogonal if (z|z’) = 0, and we will write z L
to denote this relation.

A basis eq,...,e, of H is said to be orthonormal if (ejler) = J;, for any
J, k. This means that the e; are unit vectors such that e; L e for j # k. The
components \; € C of a vector x € H with respect to an orthonormal basis
e1,..., e are given by A; = (e;|x), so that z = (e1|z)er + - + (en|z)en.

We will often use the relations z ~ 2’ and = = 2’ (z,2' € H). The first is a
shorthand for stating that 2’ = Az, for some non-zero A € C. For example, we
have x ~ & for any non-zero x € H (in this case A is real). The second relation is
a shorthand for stating that 2’ = Az for some A € C such that |A| = 1. In other
words, x’ = ez for some ¢ € R. 0

13. (Example) C™ with the scalar product

<(€1aa§n)|(£i77£;)> = glgi + ..'+57L§:’L
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is a Hermitian space. For the treatment of g-bits, the basic space we initially
need is C2. For historical reasons, the elements of this space are called (Pauli)
spinors and we will re-index them as (§p,&1). Thus, in this case the Hermitian
scalar product reads ((£o,&1)[(&h, 1)) = €&l + 1€} Moreover, we will use the
notation ey = (1,0) and e; = (0,1). O

P.14. (Cauchy-Schwarz inequality for Hermitian spaces) Let H be a Hermitian
vector space. Then, for all z,z" € H, |(z|z')| < |z||2']. O
P.15 (Hermitian angle between two no-zero vectors) If =, 2’ € H are non-zero
vectors, P.14 tells us that 0 < [{z|z')|/|z||2'| < 1 and hence there is a unique
real number 8 = 3(z,z') € [0,7/2] such that cos(8) = [{x|z")|/|z||z’|. Moreover,
B = /2 precisely when (z|z’) = 0 (that is, precisely when & L 2’), and 5 = 0 if
and only if 2’ ~ z. Finally, 8(z,2’) = B(y,vy’) when y ~ x and ¢’ ~ z’. O

P.16. (Cauchy-Schwarz inequality for Euclidean spaces) For Euclidean spaces,
where the (real symmetric) inner product is denoted x - 2/, the Cauchy-Schwarz
inequality says that |z - 2/| < |z||2’|. Since z - 2’ is real, this is equivalent to the
inequalities —|z||2’| < x -2’ < |z||2’|. This implies that —1 < (z - 2’)/|z]|2'] <1
if z, 2" # 0, and therefore there exists a unique real number a = a(z,z') € [0, 7
such that cos(«) = z-2’/|z||2’|. This a is the (Euclidean) angle between x and z’.
With a bit more attention, it can be seen that « = 0 if and only if 2’ = ¢z, with
t > 0, and that @ = 7 if and only if 2’ = ¢z, with £ < 0. In any case, the angle
does not vary if we rescale the vectors: if ¢,¢' are positive real numbers, then
a(tx,t’z’) = a(z,z’). But note that a(—x,2’') = a(z,—2') =7 — a(z,z’). O

17. The C-endomorphisms of H are usually called operators. If L is an operator,
its adjoint, denoted LT, is defined as the unique endomorphism of H such that

(LTylz) = {y|Lz).

The map L — L' is conjugate-linear. If LT = L, we say that L is selfadjoint or
Hermitian.

Ezample. Let F be vector subspace of H. The orthogonal projection Pr : H — 'H
(defined as Ppx = 2’ if x = 2’ + 2" with 2’ € F and 2" € F') is selfadjoint, as
the expressions (Ppy|x) and (y|Prx) are both equal to (y'|z’).

If v € H is a non-zero vector, instead of P, we will simply write P,.

P.18. (Computation of Pg). If we know an orthonormal basis ey, ..., e, of F,
then Pp(x) = (e1]z)e; + -+ + (e.|x)e,. In particular we have, for any non-
zero vector v € H, that P,(z) = (v|z)v if v is unitary, or, in general, P,(z) =
ﬁ(vbﬁ)v. O

P.19. (Matrix of an operator relative to an orthonormal basis). Let A be the
matrix of an operator L of the Hermitian space H with respect to an orthonormal
basis e1, ..., ey, that is, A = (a;;), where L(e;) = a;1e1 + -+ + aine,. Then the
matrix of LT, with respect to the same basis, is AT: LT(e;) = aje1 +- - + a@nien-
This implies that L is self-adjoint if and only if the matrix A is self-adjoint (that
is, AT = A).
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P.20. (Unitary operators). An operator U is said to be unitary if UTU = I (the
identity operator). With the notations of the preceding exercise, we see that U is
unitary if and only if its matrix A is a unitary matrix (At A = I,,). Equivalently, U
is unitary if and only if (Uz|Uz") = (z|z’) for all z, 2" € H. This relation implies
that |[Ux| = |z| for all 2 € H. This condition is also sufficient, because of the
identity 4(z|2’) = |z+2'|?—|z—2'|P+iliz+2' |*—i| —iz+a'|? = Zzzg i’ i+
The unitary operators of H form a group with the composition operation (the
unitary group of H). It is denoted by U(H). If H has dimension n, U(H) ~ U,
(the group of unitary matrices of order n). SU(H) = {U € U(H) : det(U) = 1}
is the special unitary group of H. Clearly, SU(H) ~ SU,, if H has dimension n.
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Abstract. In this paper, we introduce and study several Lie groups in
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even and odd subspaces under the adjoint representation and the twisted
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study of spin groups and their generalizations in degenerate case.
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1 Introduction

In this paper, we study degenerate (Clifford) geometric algebras G, 4, of arbi-
trary dimension and signature. Degenerate geometric algebras are important for
applications in geometry, computer science, engineering, signal and image pro-
cessing, physics, etc. For instance, projective geometric algebra (PGA) G, 0.1
is useful for computations with flat objects and is applied in computer graph-
ics and vision, robotics, motion capture, dynamics simulations [4,6,14,19,20].
PGA can be realized as a subalgebra of conformal geometric algebra (CGA)
[13,22,25,26,28], which has applications in pose estimation, robotics, computer
animation, machine learning, neural networks, etc. [15-17,23,24,33|. The alge-
bras Gs 0.1, Go,3,1, even subalgebras g§’°311 (known as the motor algebra), gé?g’l,
géf’&Q, Qé?&ﬁ are applied in robotics and computer vision [4,5,31].

We introduce and study several Lie groups in degenerate geometric alge-
bras. These groups are closely related to the degenerate spin groups, and that is
why they are interesting for consideration. These groups preserve the even sub-
space g},?g,r and the odd subspace g,g}g,r under the adjoint representation and
the twisted adjoint representation. The twisted adjoint representation was intro-
duced in the classic paper [3], and it is an important mathematical notion that
is used to describe two-sheeted coverings of orthogonal groups by spin groups.
The Lie groups introduced in this paper are important for studying spin groups
and their generalizations in degenerate case. Degenerate spin groups, degenerate
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orthogonal groups, and their applications in physics are discussed in the papers
[1,7-9,11,12]. This paper generalizes the results of the papers [18,32] on Lie
groups in non-degenerate geometric algebras G, 4 to the case of degenerate geo-
metric algebras Gy, 4 .

In Sect.2, we discuss degenerate geometric algebras, the Jacobson radical,
and some auxiliary statements. In Sect. 3, we present some statements on the
adjoint representation and the twisted adjoint representation in degenerate geo-
metric algebras G, 4. In Sect.4, we introduce the four groups Piq,r’ Pp.g.rs

f;\r, P;} ¢~ and discuss several equivalent definitions of these groups. In Sect. 5,
we prove that the considered four groups preserve the even subspace and the odd
subspace under the adjoint representation and the twisted adjoint representation
in Gp, 4. Theorems 1, 2, and 3 are new. We consider the Lie algebras of the four
Lie groups in Sect. 6. The conclusions follow in Sect. 7.

2 Degenerate Geometric Algebra and the Jacobson
Radical

Let us consider the (Clifford) geometric algebra [21,29,30] G(V) = Gpg.r, p +
qg+7r =mn > 1, over a vector space V with a symmetric bilinear form g. We
consider the real case V = RP%" and the complex case V = CPT%". We use F
to denote the field of real numbers R in the first case and the field of complex
numbers C in the second case respectively. In this paper, we concentrate on the
degenerate geometric algebras with r # 0, but all the following statements are
true for arbitrary r > 0.

We denote the identity element of the algebra G, ., by e, the generators
by e, a = 1,...,n. In the case of the real geometric algebra G(RP'%"), the
generators satisfy eqep + epe, = 2nape, a,b = 1,...,n, where n = (1,) is the
diagonal matrix with p times 1, ¢ times —1 and r times 0 on the diagonal. In
the case of the complex geometric algebra G(CP+9"), the generators satisfy the
same conditions but with the diagonal matrix n with p 4+ ¢ times 1 and r times
0 on the diagonal. Let us denote by A, := G ., the subalgebra of G, 4, which
is the Grassmann (exterior) algebra [11,13,29].

Consider the subspaces g{;,qyr of grades k = 0,1,...,n, which elements are
linear combinations of the basis elements eq,.. 4, = €qy =+ €ap, @1 < -+ < ag,
with ordered multi-indices of length k. Note that the subspace Qp q.r Of grade 0
does not depend on the signature of the algebra, so we denote it by G° without
the lower indices p, q,r

The grade involute of the element U € g,, g is denoted by U. This operation

has the followmg well-known property: UV = UV for any U,V € g,, q.r- Consider
the even gp’q » and odd gp,q,r subspaces: g,(,’fq) r={U €Gpqr: U=(-1)kU} =
D,k mod 2 Fh.q.r» ¥ = 0,1, with the property

Gittr s © G’ ™% Kl =0,1, (1)

p,q,r

Let us consider the Jacobson radical rad G, 4, of the algebra G, ... Let
A, B, C be ordered multi-indices with the non-zero length and e4 = e,, - - - €q,
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with {a1,...,ar} C{1,...,p}, ep =ep, -y, with {b1,.... 0} C{p+1,...,p+
q}, ec =e€cy e, with {c1,...,em} C{p+qg+1,...,n}. An arbitrary element
y € rad G, 4 has the form y = ) voec + ZA,C vaceaec + ZB,C vpcepec +
Y- a.B.cVABCEAepeC, Where vo,vac, VBo,vape € F.

Remark 1. Any element of the Jacobson radical is non-invertible (see [27]).

The Jacobson radical of the Grassmann algebra Gy o, = A, is the direct sum of
the subspaces of grades 1,...,n:

1 2 0
rad gO,(],n = g0,0,n ©® g0,0,n DD g&()J” g(),(),n =G drad go’()ﬁn.

The non-degenerate algebra G, 40 is semi-simple and rad G, 40 = {0} ( [1,11,
27)).
We need the following well-known (see, for example, [2,27]) lemma.

Lemma 1. The element e + zy is invertible for any y € rad Gy g.r, T € Gp g,r-

The subset of invertible elements of any set is denoted with x. For example, we
denote the group of invertible elements of the algebra G, 4 - by G, .-

Lemma 2. The element T € G° @ rad G, ., is invertible if and only if its
projection on grade 0 is non-zero:

TeG @radGpyr, (T)o#0 & T e (G @rad G, gr)*.

Proof. Suppose (T)g # 0 for some T = ae+W = a(e+ W), where « € F*, W €
rad Gy q.r- We have e + 2W € G, by Lemma 1; thus, T € (G° @ rad Gy q.)*.

Suppose T € (G° @ rad Gy q4,) . Assume (T')o = 0; then T € rad G, ., and
we get a contradiction by Remark 1. a

Remark 2. The inverse of any invertible T = ae + fei., € (G° ® G}, )%,
where o, 8 € F, has the form T—! = ae — Be;.., € (G° @ Gy gr) s since (ae +
ﬁel...n)(ae - Bel...n) = a2e - 62(61...71)2 S g0~

3 Adjoint and Twisted Adjoint Representations in G, , ,

Consider the adjoint representation ad and the twisted adjoint representation ad
acting on the group of all invertible elements ad,ad : G, — AutGp ¢, as T'+—
adp and T — adg respectively, where adp(U) = TUT !, adp(U) = TUT !,
U € Gpg.r- It is well-known (see, for example, [1,9]) that the center of G, 4., is
A @gr, . ifnisodd,
p,q,m = (0) ” e (2)
Ay if n is even.

Lemma 3. We have

O o gn \x i .
ker(ad) = Z {(AT‘ B Gpqr) Amis odd, ) — AOX (3)

r = 0)x . .
P As ) if n is even,



On Some Lie Groups in Degenerate Geometric Algebras 189

Proof. We obtain the statement on ker(ad) from (2). Let us prove A ¢
ker(ad). Suppose T' € A9 then TUT—! = U for any U € Gp.q.r- Since T is
even, we have T = T'; therefore, TUT-! = U for any U € G q.r-

Let us prove ker(ad) C A(O)X Suppose T' € G, . satisfies TUT! = U for
any U € G. Substituting the element U = e, we obtain 7 = T; hence, T’ € QPO)X
and TUT—! = U for any U € G, 4, In other words, T € gpo)x Nker(ad). Using
(3), we obtain T € QW”Q(A(O)GBQ” )< = AP i the case of odd n, T € A"

p;q,r

in the case of even n, and the proof is completed. a
Lemma 4. We have {X € G, ,,: XV =VX VYV e Gpart =M.
Lemma 5. We have
(X €Gpgr: XV=VX VWeGl }=AaG, ., (4)
A if n is odd,

A(O @ agr ()

p,q,T

(X €Gpyr: XV=VX Wegl }= { o
if n is even.

Lemma 6. Consider an arbitmry element X € Gp 4, and an arbitrary fived
subset H of the set g1§°,3 rU gp q,r- We have

XU=UX YWeH = XU -Uy)=U U)X VU,...,Un€H
for any odd natural number m.

Proof. Lemmas 4-6 are proved in the similar way as the formula (2) and
Lemma 3. The proof of these lemmas will be provided in the extended version
of this paper. O

P P*A | and PA

p,q,7> ~ p.q,r P,q,7T

4 The Groups P*

p,q,7’

Let us denote by S, 4. the following subset of the center Z, 4., (2):

(6)

Sp.q,r 1=

GPegpr,,. ifnisodd,
0 if n is even.

Note that Sy, 4, ® ( \QO) = Zp.q,r- In the case of the non—degenerate algebra
Gp.q,0, we have S, g0 = Zp g0 Let us consider the groups P, . and Py,

Poar = Gpar U 9yl ™)
0)x 1 ©) - m e
p Pi 7% ( ;r() rUg;(u;Xr)( @gp,q,,,)x if n is odd, ®)
par parpar (g(o ug (1)X)A(O) if n is even
p.q,r Y Yp,g,r )
( (

Gl Ui (G0 @ gr, )% if n is odd,
= Piqr ;q'r = { (0)>< ;D )( Pt ) (9)

p.qr Y gp,q,r if n is even,
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where we get (9) by Lemma 7. In the particular case G, 40, we obtain the groups
from the paper [32]:

0)x 1 0)Xx 1
PE o =PE =g UGl P,ao=P =25 (G5 UG)%). (10)

Lemma 7. In the case of arbitrary n, we have

(Gpax U G = G U Ghas, (1)
GE UG YA @ Gr, ) = (G UGG e dr, ) (12)

p,q,T p,q,7

Proof. The statement (11) is true by (1). The proof of the statement (12) in

the case r = 0 is trivial, since A(()O) = G° Consider the case r # 0. The right
set in (12) is a subset of the left one. Let us prove that the left set in (12)
is a subset of the right one. Suppose T" = AW, where A € g,(g“q r U gp ¢ and
W =ae+ X +fer.nc (M ©Gr. )% a8 €Fand X € AV \ GO, Since W
is invertible, o # 0 by Lemma 2. Then we get W = (e + iX)(ae + fBer..n) €
A (G° ® G, )", where the first factor is invertible by Lemma 2. Hence,

T = AW = A(e + 1X)(ae + Ber..n) € (Goar UGHamA* (G0 @ Gr, )% =

( poq)? U Qp q, r)(go © Gy ,.)" and the proof is completed. O
Also let us consider the groups P;tfl‘ » and qu -
PEY, = AXP,, = PE,,AY — (G0 UGN )
P = APy =Py A (14)
_ P:t/\ 7% _ ( pogf_ugpqr)(A(O) 69g;q’r)><A72< if nis Odd? (15)
PP T Ppif;r =( é?gf; U Qp7q, YA if n is even,
_pea gx @ ugﬂf«)(go © Gpgr)AY i nis odd, (o
ParOpar = (g,go(}rugpqr) if n is even,
_ J @l ug,, o (A, ©Gr )% i nis odd, a7
( 1(,0% u gM, YA if n is even,
where we get (16) and (17) by Lemma 8.
Lemma 8. In the case of arbitrary n, we have
(A(O @ g;:q r) 7>"< = (gO D gg,q,r)XA;( = (AT D g;l,q,r)x . (18)

Proof. In the case r = 0, the proof of the equalities is trivial, since Ag = A(()O) =
G°. Consider the case r # 0. By multiplying the factors in the first and the
second sets in (18), we get that each of these sets is a subset of the third one in
(18).

Let us show that the third set in (18) is a subset of the first two ones.
Suppose T' = ae + X + fBe1..n € (A, ® Gy, )", where a, 3 € Fand X € AN\ GO
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Since T is invertible, a # 0 by Lemma 2. Then T = (ae + Bey. n)(e + éX) €
G @G, ) Af C (A&O) © Gy 4.r) A, where the second factor is invertible by

Lemma 2, and the proof is completed. a
Remark 3. The groups Piq,r, Pp.g.r Pifz\m’ and Pg’q,r are related as follows:

Ppar= Piqwzgqm = Piqyrsﬁqm’ Pziityfz\m = Pziit,q-,rATX’ (19)

PQ@T = szﬁq,rzzquAf = Pzﬁ):,qWS;q,TATX’ (20)

+

A +A
P p,q,m

g Ppgr and the groups P

Piq’r is a subgroup of the groups P, 4., P

| Pif;r are subgroups of PQ)(N.
Remark 4. In the particular case of the algebra G, ,0, the groups Pigr and
A . . + . .
P 4. coincide with the groups P~ and P respectively:
+A + + A
Poao=Ppao =P CPpg0=Ppgo=P, (21)

moreover, if n = p + q is even, all the considered groups coincide.

Let us give some examples on the groups Piq,r, Pygrs Pi{l\’r7 and Pg’qﬂ, in
the cases of the low-dimensional degenerate geometric algebras. We use that the
degenerate geometric algebra can be embedded into the non-degenerate geomet-
ric algebra of larger dimension (see Clifford—Jordan—Wigner representation [10]),

which is isomorphic to the matrix algebra (see, for example, [29,30]).

Ezample 1. Consider the algebra A; = Gpo,1, which can be embedded into
G110 = Mat(2,F). We obtain P3,, = A" = g9 and

Tot+2x1 X1

A A X A
Poo1 =Pio, =Pho1 =Af =
0,0,1 0,0,1 0,0,1 1 —z1 mo— 11

> : xo,x1 €F, x9 # 0}

Ezample 2. Since Ay = Go 0,2 can be embedded into G 2 o = Mat(4,F), we get

zo 0 0 0
x1 9 0 O
To 0 i) 0
X3 —To 1 Tg

+A A X Ay
Poo2 =Poo2 =473 & xo,x1, %2, 23 €F, x0 # 0},

z0 0 0 0
+ 0)X ~ 0 a9 0 0
Po,o,zZPo,w:Ag)X:{ 0 0290 zo,x3 € F, o # 0}.
l‘30 Ol‘o

Remark 5. In the case of the Grassmann algebra Gy o, = Ay, we have

+ _ _ A(0)x +A _ pA _AX
PO,O,n - PO,O," - An c PO,O,n - PO,O,n =A

n?

Pion, =AM CPoon =AY & A CPF), =Py, =AX, n>3isodd

n is even;

The statements PE)‘:,O,n = AP and Poon = ASLO)X(QO @ A7) follow from
Lemma 2, since any invertible element of A has the non-zero projection on
grade 0 and, consequently, is not odd.



192 E. Filimoshina and D. Shirokov

In Theorems 1 and 2, we give the equivalent definitions of the groups Py, 4.1,

p q,rs PAq -, and P;tf;r We use these definitions to prove Theorem 3. Note that

G° Cc A € GO @rad ). in (23)-(25) and (27)—(29).

Theorem 1. We have the following equivalent definitions of the group Py 4 .

(1)x 77 . (22)

P (g,ﬁogf«ugélgi)(go@gqu)X, n is odd,
e gpqugpqr, n s even,

0 n X .
— x . g « _J@Gegp,,)*, nis odd,
- {T € gpvq,r . T—'Te Spq r {gOX n is even, } (23)
(0) noo\x .
={TeG ,.:T T-1T ¢ ker(ad) = (/}0) ©Gpgr) s n 15 odd, }(24)
AT n is even,
_J{Teg), ., T~ 1T ¢ (G° @ rad gp,qr © Gy )} nis odd, (25)
{regy,.: T 717 ¢ (G° @ rad G%).)* Y, n is even,

and the group Pp o’

— g(O)X g(l)x

P;Q: p,q,T p,q,T
—{TegG),,: T-1T g™}
—{Tegr,, : T\Teker(ad)} ={T €Gy,,: T1T e A0*}
ey, TITe (@6 rd gl )

26
27
28

(
(
(
(29

)
)
)
)

Proof. First let us prove (22)—(25). Let us prove that the set (22) is a subset

of the set (23). Suppose T'= AB € P, ,,, where A € gpqr U Qpl)fﬂ and B €

(G°®GJ, )" in the case of odd n, B = e in the case of even n. Then T-17 =
(AB)"Y(AB) = B-1A-1AB = +B1A"'AB = +B-1B. We have BB €
(G°® Gy, )" in the case of odd n (see Remark 2) and B~1B = e € G°* in the
case of even n, and the proof is completed. The set (23) is a subset of the set

(24), which is a subset of the set (25), since G° C A € G @rad gp 4
Let us prove that the set (25) is a subset of the set (22) in the case of even
n. Suppose T' € G* satisfies T T-1T = W, € (go @ rad g;?g, )%; then T = TW,.
Suppose T' = Ty +1T}, where Ty € gpﬂ,T7 T, € Qp7q7 Then To+T1 = (To—T1)Wh,
ie. To(e — Wy) = 0, Ti(e + Wpy) = 0. If at least one of the elements e — W)
and e + Wy is invertible, then we get either Ty = 0 or 73 = 0. Thus, T €
1(,?3,? u gg&x = P?f q,r» and the proof is completed. Let us show that at least one
of the elements e — Wy and e + W is invertible. Note that at least one of these
elements has the non-zero projection on grade 0, since otherwise we can sum the
equations (e — Wpy)o = 0, (e + Wpy)o = 0 and get (2e)g = 0, i.e. a contradiction,
where we use the hnearlty of the projection operator. Then we obtain either
e—Wp € (G° drad Qp7q7 )* or e+ Wy € (G° @ rad Q,(,?37T)X by Lemma 2.
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Let us prove that the set (25) is a subset of the set (22) in the case of
odd n. This statement is proved in the particular case G, 40 in the paper [32]
(see Theorem 3.2). Consider the case r # 0. Suppose T-1T = Wo + Ber..n €
(G° @ rad Gy ® Gy )%, where Wy € G0 @ rad gp,q,r and B € F. Then T =
T(WD + Be1..n). Suppose T = Ty + Ty, where Ty € Qp,qm, T, € g;,(,}%r. Then we
get Ty = ToWo — BTher..n, Th = —ThiWy + BTger.. n; therefore, To(e — Wy) =
—pBTie1. n, Ti(e+Wy) = BToer.. . As shown above, at least one of the elements
e — Wy and e + Wy is invertible; hence, we obtain one of the two following
equations:

To = —BTer..n(e — W)™, Ty = BToer..n(e+ Wo) ™' (30)
Therefore, either Ty = ATye;. , or Ty = ulpey.. n, where A\, u € F, and we
use that (e — Wo)~ L, (e + Wo)~t € G° @ rad Q,(,?g,r and ey, prad Qz(,O; = 0.
Then we have either T = Top + 11 = Ti(e + Ne1..n) € qur(go © Gy )* or
T =To(e+per. n) € QZ(,?L;,X (G°® Gy, )%, where in both cases, the second factor
is invertible by Lemma 2. Thus, T' € (gp qr U gz(,lg_?)(go © Gy )"

Now let us prove (26)—(29). The set (26) is a subset of the set (27), since we
obtain T-1T = +T-!T = +e € G°% for any T € g,,q,n U gp,” The set (27)
is a subset of the set (28), which is a subset of the set (29), since G° C A ¢
GY @ rad gé?%,r

Let us prove that the set (29) is a subset of the set (26). In the case of even
n, we have proved {T € G* : T-1T ¢ (G° @ rad g;?g, )<} = g;?g,i U ;2?
(see (25) and (22)). Consider the case of odd n. Suppose T-17 = Wo+Ber..n €

G° @ rad GY).., where 8 =0, Wy € G° @ rad G\).,. As shown above, we obtain
one of the Egs. (30). Since 8 = 0, we get either Tp = 0 or T3 = 0; thus,

T e g,(,?g’i Z(,lq)xr and the proof is completed. O
Theorem 2. We have the following equivalent definitions of the group Pp are

pr (G UG i) (G0 @ Gy ) A, mis odd, (31)
par (gp0)>< u gpl)X)AX n is even,
_J{Tegy,,: T~ T-1T ¢ (A @©GJ )"} nis odd, (32)
{regy,.: T- I-1T e AXY, n is even,
—{TeGly,: T Tec( oG, )} (33)
and the group P;tg :
PEA = (GOX UGN = (T eGX, .. TTeA} (34)
X . 1 X .
_J{Tegy,,: T'TeAX} n %s odd, (35)
{regy,.: T- T-1T € (A ©Gp,)* ), nis even.

Proof. This theorem is proved in the similar way as Theorem 1. The proof of
this theorem will be provided in the extended version of this paper. O
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5 The Groups Preserving the Subspaces of Fixed
Parity Under the Adjoint and Twisted Adjoint
Representations

We use the following notation for the groups preserving the subspaces of fixed

parity under the adjoint representation: T'®*) = {T' ¢ Gplar - ng(fq),rT_l C
f,{fq),r}, k = 0,1, and the twisted adjoint representation: T'*) = {T ¢ (A

TGyarT™' C Gplarh k=01,

Theorem 3. P, , =TW cps =10 pEf =170 cCph 1O,

Proof. The statements P, C P D and Piq r C szé\r follow from the defini-

tions of the groups (22), (9), (13), and (16).

£ CTO, Suppose T' € P, . (22). If T € Gk, then T =T

and T7! € g},ogi IfT e g},lq)i, then T = —T and T~! € g;,lg,i. In both cases,

we obtain Tgnq T C gpﬂ, y (1). Thus, T € T(®). Let us prove P, C T(}).
(1)x

Suppose T = XW € P, q r P;tq B/ ( 5), where X € gﬁ,f’(ﬂ,iugp,q,r and W ¢

7% . Then we get Tg8 .7t = xwglt) . w-ix-t = xg{) , ww-1x-1 =

Xg,(,,l,;rX’1 - gp,q,r, where we use (1). Thus, T € T(1),

Let us prove P2 C IO, Suppose T = XW € P;}q » (31), where
X € G UGhas, W e (A ®Gr,,)" in the case of odd n and W €
A in the case of even n. We obtain Tgpqu—l = XWQ,()%J«VV_IX_1 =
Xgpq 7WW X1 = Xgp X C gp q.r, where we use the property (1) and
that WG » = GS . W by Lemma 5. Thus, T € T(©). Let us prove pta 1,
Suppose T'= XW € P;)tfl\r (13), where X € gz(;%; U g,‘,,lq’,i and W € A)X. Since
Wea = e, W for any generator e,, a = 1,...,n, by Lemma 4 and since any odd
basis element can be represented as the product of an odd number of gener-
ators, we get WGS, = Gi%) . W by Lemma 6. Then we obtain TG\Y, T~ =
Xwel), w—ix—1 = £x6i0, ww-1x-1 = £x¢g{}) . x=1 < g\, by (1).
Thus, T € T'M.

Let us prove 'V C P, . ... Suppose T € prq - satisfies Tg,, q ST C gp 0
then we obtain TUT ! = —(TUT )" = IIJ\T -1 for any U € G\) . Multiplying

both sides of this equation on the left by T—!, on the right by T, we get

Let us prove P*

p,q,T

(T-'T)U = U(T-'T), YU eGh,. (36)
In particular, (36) is true for any generator U = e, € gp,q,r, a=1,...,n. Since

the identity element U = e € GO satisfies (36) as well, we get ady=,(U) =U

for any U € Gy 4.,. Therefore, T-1T € ker(ad). Thus, T € Pp o by Theorem 1.
Let us prove I'™ C PEA - Suppose T € Qqu , satisfies Tgp q ) Tt g,

Then we get TUT—! = —(TUT-1)™ = TUT - for any U € G\).. Multiplying
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both sides of the equation on the left by 77!, on the right by T, we obtain
T-1TU = UTIT, ie. (T T)U = U(T-T) for any U € gpqr In particular,

this equation is true for any generator U = ¢, € Qp)w, a = 1,...,n. Using
Lemma 4, we get T~ T-1T € AX; hence, T € PES by Theorem 2.
Let us prove I'®© C P]/D\q - Suppose T' € G . satisfies Tg,(,o,;rT*1 C g;?g,T.

Then we get TUT™! = (TUT )" = TUT for any U € g;?g r. Multiplying
both sides of this is equation on the left by T- 1, on the right by T, we ol obtain
(T MU = U(T 1T) for any U € gp,q, Using Lemma 5, we have 7'~ T-1T €
A D g;;q - Thus, T € qu » by Theorem 2.

Let us prove I'®© C P£_

paper [18]. Consider the case r # 0. Suppose T' € G°, . satisfies fg,(,?g,rT*I

Iﬁ?g,r. Then TUT! = (TUT*I)A = TUT for any U € g,‘,f’,},r. Multiplying
both sides of this equation on the left by 7!, on the right by 7', we obtain

T-TU = UTIT, ie. (T-AT)U = U(T-'T) for any U Ue G°) .. Using (5), we
get T'— T-1T e (A(O ®© Gy ,)* in the case of even n and T~ 717 € A in the case
of odd n. Therefore, T € P by (28) in the case of odd n and by (29) in the

P.q,r
case of even n, since A( ) ®gr, . CG'@rad QSE, o

p,q,T

This statement is proved in the case r = 0 in the

Remark 6. In the particular case r = 0, we have by (10) and (21):

pE =P =TO=TWcp, =P =TH=7O" 7nisodd,

p,q,0 p,q,0 — p,q,0 ™
+ +A - A i
Proo=Prgo=T0=TW=P, =Py, =I"=T0, 15 even.

Remark 7. In the particular case of the Grassmann algebra Go o, = A,,, we have
three different groups:

Phon =10 =ker(ad) = ADX,  Pg,, =P5p, =T =TW =Ax,
(A @ Am)< if n is odd,

Poo.n =T =ker(ad) = {A(O)X if n is even

6 The Corresponding Lie Algebras

Let us denote the Lie algebras of the Lie groups Pp o Ppar Pffq - and P;\q .
by pp’q’r, Pp.g.rs ppﬂw,, and pp,q’r respectively.

Theorem 4. We have the Lie algebras

Pogr = g ) Pp,q,r = 0 ;
p.a. P.d; e O n is even;

_ {gz(ﬂ?g,r g, ., nis odd
)

+A  _ (0 1 A
Poar = gz(ugw S AS )’ Ppgr = (0)

oo egr, . nisodd, r#mn
p,q,r D A(l) in the other cases;
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of the following dimensions

. _ . 2" 1 41, n is odd;

n s even;

2n=l 49" 41, nis odd, r #n, r > 1;

on—typort p > A 2n=t 41 n is odd, 7 = 0;

dimpEA = - _ ; : ;

TP g, {2”’1, r=0; T Pp,q,r on—1 n is even, r = 0;
2m= v + 2T_1, in the other cases.

Proof. We use the well-known facts about the relation between an arbitrary Lie
group and the corresponding Lie algebra in order to prove the statements We
calculate the dimensions of the considered Lie algebras using dim QWN =2n-1
dlmAg1 =21 dimGg? . =1. O

p.q,r
Remark 8. In the particular case of the non-degenerate algebra G, 4 o, we obtain

= (0) A G B G0 mis 0dd;
Ppq0 = pp 00 = Y9p,0,00 Pp.a0 = Ppgo = (0% o

pqO’

(37)

n is even.

7 Conclusions

In this paper, we introduce the four Lie groups Pp g Po.ars Pp . and Pﬁq , i
the real and complex degenerate geometric algebras G, 4 of arbitrary dlmenslon
and signature. We give the equivalent definitions of these groups in Theorems 1
and 2. We prove that these groups preserve the even and odd subspaces under
the adjoint representation and the twisted adjoint representation in Theorem 3.
We study the corresponding Lie algebras in Theorem 4.

The groups introduced in this paper are closely related to the degenerate
spin groups, and that is why they are interesting for consideration. We thank the
anonymous reviewers for the other important directions of the further research®.
In the extended version of this paper, we are going to consider the groups pre-
serving the subspaces of fixed grades and the subspaces determined by the grade
involution and the reversion under the adjoint and twisted adjoint representa-
tions in degenerate geometric algebras G, 4. These groups are generalizations
of the groups studied in the special case of the non-degenerate algebra G, ¢ in
the papers [32] and [18]. Moreover, we will study the normalized subgroups of
these groups, which can be interpreted as generalizations of the spin groups in
degenerate case and can be used in applications.
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! It would be of interest to study the relation between the results of this paper and
such concepts as the Classification Scheme of Lie groups, the root systems of the Lie
groups in degenerate and non-degenerate cases, the Universal enveloping algebras of
the Lie algebras.
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Abstract. Typically, Geometric Algebra (GA) is introduced via choos-
ing an orthogonal basis, and defining how multiplication acts on this basis
according to some simple rules. This works well computationally, but
can obscure insight mathematically. In particular, operations defined in
terms of coordinates on a multivector basis can be difficult to rigorously
show to be “coordinate-free”, especially in large algebras. This paper
explores the use of the “universal property” to ensure that operations
are “coordinate-free” by construction. To build some insight for applying
the universal property, we draw parallels to the process of writing recur-
sive programs. We then demonstrate a novel result using this approach
by deriving a universal property of the even subalgebra. Armed with
this second universal property, we provide an explicit construction for
a well-known equivalence between any Clifford algebra and its “one-up”
even subalgebra. We conclude with some remarks about formalization of
these ideas in a theorem prover.

Keywords: Geometric Algebra - Clifford Algebra - Universal
Property - Formalized Mathematics

1 Introduction

Conventionally when working with geometric algebra, we start by choosing an
orthogonal basis for our real vector space {ef, . ,e;‘, €1, 1 €q s e(l), . 7eg},
where the superscripts describe the real-valued square of each vector; ej‘ -ej‘ =1,
e; e, =—1, €Y e =0. The generators formed by this basis are then used to
construct the algebraic object known as the “Clifford algebra”!, via imposing
the constraint that vectors square to scalars.

In this paper, we will work in the more general setting of an R-module over
an arbitrary ring R rather than over a R-vector space. We will use G(V,Q)
as notation for the Clifford algebra over the R-module V' with quadratic form

Q. What is often written as Cl(p,q,r) or G(RP%") elsewhere would under this

! In this paper, we will use “Clifford algebra” to refer to this object, and “geometric
algebra” to refer to the field of study.
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convention be written as G(RPTT" Q) where Q(e; ) =1, Q(e; ) = —1,Q(ed) =0
and is extended to all RPT4T" in the way that satisfies the requirements of a
quadratic form.

Initially, this might seem like it just increases the verbosity; but the goal
is to avoid ever mentioning the basis in the first place. One of the core claims
of geometric algebra is that it lets you perform geometric manipulation in a
“coordinate-free” way. Exactly what this means typically depends on the author,
but a common interpretation is “the choice of basis vectors does not affect the
result of the manipulation” [5]. For clarity, we will refer to algorithms with this
property as “basis-agnostic”.

Let us quickly summarize some examples of operations which are and are not
“basis-agnostic”. Basic algebraic operations like multiplication and the wedge
product have a precise geometric meaning with no mention of coordinates, so
are “basis-agnostic”. However, the pseudoscalar I = [, e; is not basis-agnostic;
choosing the basis vectors in a different order results in a change of sign. In 3D
this basis-dependence is transferred to the cross product, which in GA can be
expressed as a X b = —I(a A b); the handedness of the cross-product depends on
the handedness of the vector space, which is determined by the basis.

There are some operations which despite being “basis-agnostic”, are still
typically defined by making a choice of basis, then proven to be invariant with
respect to that choice.

After introducing some intuition for recursion in Sect.2, this paper shows
how the “universal property” can be used as a computational tool in the place
of choosing a basis, and in Sect. 3.2 demonstrates how to view this tool as a
variant of recursion. In Sect. 3.3 we derive a new universal property for the even
subalgebra from our first universal property, and use this in Sect. 3.4 to construct
a well-known isomorphism in an unusual way. In Sect. 3.5, we show how this
recursive technique can be applied to construct the left-contraction from one of
its properties alone. Section 4 makes brief remarks about the formalized versions
of our results that are provided throughout this paper via “@” links.

1.1 Notation

In this paper, we will use the colon notation x : R to say “x is in the ring R”,
and v : V to say “v is in the vector space V”. Similarly, we will use F : V — W
to say “F is a function from the space V to the space W”, or Q : V — R to
describe our quadratic form. When referring to the value of F': V. — W, we will
use F' = (v +— w). Whether — refers to a function, a linear map, or some other
type of morphism is left to the prose. For functions of two variables, we have
two choices of notation; F: U xV — W or F: U — (V — W), where we will
omit the parentheses. This second “curried”? interpretation may seem unusual,
but it is convenient for us for reasons that become apparent in (2). Similarly,
we shall use F' = (u +— v — w) for writing the values of such functions, and use
f(u,v) and f(u)(v) interchangeably.

2 So-named in reference to the mathematician Haskell Curry.
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Note in particular that for commutative R, an R-bilinear map F': UxV — W
can be considered as an R-linear map from U to the space of R-linear maps from
V to W, which is the F': U — V — W spelling.

2 Recursors

In functional programming, a list is usually defined inductively; either it is empty,
“[]7, or it is an element a followed by another list I, “a :: [”. This inductive
definition provides a recursion principle, or recursor: “To define a function from
a list of elements, it suffices to define its value on [ |, and define its value on a :: [
given its value on {”. Consider computing in this way a sum of a list of elements

of a ring R. In a functional programming language, we would usually do so as:

sum: liss R — R (1)
sum([]) =0 (1a)
sum(a :: 1) == a + sum(l) (1b)

One way to describe the list recursor is as a “fold”; if we have a function f :
a — [ — 3, then fold[f] : lista — 3 — . This satisfies fold[f]([ |, b0) = bo
and fold[f](a :: 1,by) = f(a,fold[f](l,by)). The “pattern matching” in (1) can be
trivially transformed by the compiler into an application of fold[f], as sum(l) =
fold[a — v — a + v](l,0), where sum(!) in (1b) has been replaced with v.
Sometimes implementing a recursion scheme requires keeping track of inter-
mediate state. As an example, consider producing an accumulated sum of the
elements of a list, starting from zero, such that accum([a,b]) = [0, a,a + b]. To
implement this, we use the recursor to define an auxiliary helper function:

accum_from : list R — R — list R (2)
accum_from([ ]) :=a — [d] (2a)
accum_from(b :: [) == a — a :: accum_from(l)(a + b) (2b)

Note the unusual type signature in (2); for each list, it produces not a value but
another function. It is this function that consumes our intermediate state a : R,
which is the value to resume the accumulation from; allowing us to thread this
value through the recursion while still sticking to the rules of our list recursor.
We can recover our desired function by simply initializing this state: %

accum : list R — list R (3)

accum = I — accum_from(7)(0) (3a)


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/examples/recursors.lean#L29?decl=icacga.sum
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/examples/recursors.lean#L35?decl=icacga.accum_from
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/examples/recursors.lean#L39?decl=icacga.accum
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Finally, let us consider the example where the running sum should be in
reverse. As we recurse, we will keep track of what the first element of our list is.
Instead of introducing this intermediate state into the input as we did in (2) by
groducing a function, we introduce it into the output by producing a pair (x):
2

rev_acCulay,y : list R — (R x list R)

rev_accuma,y ([ ]) = 0,11 (

rev_accumyyx(a :: 1) == (a +b,b:: I') where (b,1') := rev_accumu,(l) (4

-~
T
S— N

Instead of initializing the state as in (3a), we post-process it:

rev_accum : list R — list R (5)

rev_accum = I+ a:: 1" where (a,l') == rev_accumgyx (1) (5a)

In this section, we have seen two important tricks for taking a simple recursor
and implementing more complex recursion schemes. In the rest of this paper, we
will show how these principles translate to the language of universal properties.

3 Universal Properties

To state the universal property of the Clifford algebra [7, §14.4]; [1, II.1.1], we
will need some of the terminology from abstract algebra. We met R-modules
in the introduction as a generalization of vector spaces. An R-algebra is a ring
that is also an R-module, while an “R-algebra morphism” is an R-linear map
that additionally preserves multiplication and the multiplicative identity. Armed
with these definitions (and deferring to [1] for the construction), we can state®?
the universal property,

Definition 1. For every R-algebra A and R-module V, we have a one to one
correspondence between linear maps f : V. — A satisfying f(v)? = Q(v), and
algebra morphisms F : G(V,Q) — A. This correspondence is compositional;
given another R-algebra Ao and an algebra morphism H : A — As, if f corre-
sponds with F' then v — H(f(v)) corresponds with x — H(F(x)). We write this
correspondence as lift™[f] = F.

It can be helpful to present this graphically, as is done in Fig. 1.

3 Note we call this a definition as we are defining lift™, which has computational
content just like the recursor for lists did.


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/examples/recursors.lean#L44?decl=icacga.rev_accum_aux
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/examples/recursors.lean#L48?decl=icacga.rev_accum
https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/basic.lean#L102?decl=clifford_algebra.lift
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gv,Q) —-F—— A GvV,Q) — - A

(a) via the map ¢ (b) via the property lift[H o f] = H o lift[f]

Fig. 1. Graphical representation of two equivalent ways to define the universal property,
where (b) corresponds to Definition 1. Setting F' = (z +— z) in (b) recovers (a). In this
paper, we will not make explicit reference to ¢, leaving it implicit wherever we turn an
element of V' into an element of G(V, Q).

This “universal property” is very similar to the perhaps more familiar concept
of taking the “outermorphism” [2, §4.2], but instead of extending the linear map
f to wedge products as F(u Av) = f(v) A f(w), we extend it to geometric
products using F(uv) = f(v)f(w). In fact, the “outermorphism” is simply the
forward direction of the universal property for the ezterior algebra.

For one of the simplest examples of applying the universal property, consider
using f : V — G(V,Q) = (v — —v), which trivially satisfies f(v)? = (—v)? =

v?2 = Q(v); the resulting lift[f] is the familiar “grade involution” operator®
x +— Z. A key insight is that we can write this in the style of (1) as:

grade _invol : G(V, Q) — G(V, Q) (6)

grade _invol(v : V) := —v (6a)

Note that unlike in (1), we are additionally obliged to show that (6a) is linear,
and that (—v)? = v% = Q(v).

A more complex example involves constructing the grade reversal operation®
r +— I, which for example sends ejese3 to egese;. For this case, we need a
different choice of A than G(V, Q). What we choose is G(V, Q)°P, where A°P is
the algebra A but with multiplication reversed. This comes with two obvious
R-linear maps, op : A — A° and op~! : A°°? — A, which convert between the
two spaces. Note that op(ab) = (op b)(op a), so these are not algebra morphisms;
but we do still have op1 = 1. Using the notation of (6), we implement this in
the style of (4) as:

grade rev,ux : G(V, Q) — G(V, Q)P (7)
grade revaux(v: V) :=opwv (7a)

Again, we must show that (7a) is linear, and that (opv)? = op(v?) = op(Q(v)) =
Q(v). To recover the reversion operator (a linear map that reverses multiplica-
tion), we simply compose this with op~! to eliminate the °P.

grade_rev: G(V,Q) — G(V,Q) (8)

grade_rev = x +— op *(grade_revyuy(z)) (8a)


https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/conjugation.lean#L42?decl=clifford_algebra.involute
https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/conjugation.lean#L69?decl=clifford_algebra.reverse
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While these applications of the universal property let us implement compu-
tations, the universal property can also be used to assemble proofs; such as how
[9, §7.5] formalizes the induction principle® in Theorem 1 and the extensionality
principle® in Theorem 2.

Theorem 1. To show a property P(x) for all elements of the Clifford algebra
G(V,Q), it suffices to show:

— That P(r) holds on all scalars r : R
That P(u) holds on all vectors u:V
(
(

— That P(x +y) holds on all multivectors x,y : G(V, Q) if P(x) and P(y) hold
That P(zy) holds on all multivectors x,y : G(V, Q) if P(x) and P(y) hold

Theorem 2. To show that two algebra morphisms f,g: G(V,Q) — A are equal,
it suffices to show they agree on the generators v : V.

3.1 Universal Properties as a Universal Interface

If two different representations of a Clifford algebra are available, G; and Go,
then the universal property of G; provides a map between the two:

convert : G1(V,Q) — G2(V, Q) 9)
convert(v: V) =v (=13(v)) (9a)

In the language of software; if two libraries implement the universal property
“APT”, then they can interoperate without direct knowledge of each other.

3.2 Universal Properties as Recursors

In (2), we saw a trick to thread extra state through our recursor by choosing
our output to itself be a function. We can play a similar trick with the uni-
versal property, although we are forced to work within the functions that form
an algebra. These include the endomorphism algebra End(R, W) (the R-linear
maps of the form W — W); where 1 : End(R,W) is the identity map and
x : End(R,W) — End(R,W) — End(R, W) is composition. The scalars of this
algebra happen to also be the “scaler”s; the endomorphisms corresponding to a
uniform scaling by an element r : R.

This specialization to A = End(R, W) allows us to apply the universal prop-
erty to produce a “fold” operation (so named due to its analogy to the list version
described just below (1)) by an R-bilinear map f : V — W — W to obtain a
algebra morphism into the endomorphism algebra®:

End(R,W)

—
fold[f] : G(V, Q) — W — W (10)
fold[f](v: V) = wr f(v,w) (10a)


https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/basic.lean#L171?decl=clifford_algebra.induction
https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/basic.lean#L155?decl=clifford_algebra.hom_ext
https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/fold.lean#L84?decl=clifford_algebra.foldl
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where the f(v)? = (w — f(v, f(v,w))) = Q(v) condition can be rewritten as

fv, f(v,w)) = Qv)w (11)

Similarly, the fact this is an algebra morphism tells us that fold[f](r,v) = rv
for » : R and fold[f](zy,v) = fold[f](x, fold[f](y,v)). As an example of what
“fold”ing means in the context of a Clifford algebra, if ¢+ u+vw : G(V, Q) and
x : W then

fold[f](c + u + vw,x) = cx + f(u,x) + f(v, f(w,x)).

3.3 The Even Subalgebra

The even subalgebra GT(V, Q) of a Clifford algebra G(V, Q) is the subalgebra
consisting of the closure under addition and multiplication of all elements of
the form vw where v,w : V%; its members are known [4, (1.29)] as the “even”
multivectors*. We will now show that this subalgebra has its own universal
property®, Definition 2:

Definition 2. For every R-algebra A and R-module V', we have a one-to-one
correspondence between R-bilinear maps f:V — V — A satisfying:

flv,0) =Q(v) (12)
flu,v) f(v,w) = Qv) f(u, w) (13)
and algebra morphisms out of the even subalgebra F : G (V) — A. This corre-

spondence is compositional; if f corresponds with F then v — w — H(f(v,w))
corresponds with x — H(F(z)). We write this correspondence as liftt[f] = F.

Again, it can be helpful to present this graphically, as is done in Fig. 2.

GrV.Q) —F—— A4 GTQ —F—— A
1ifc+§ 1ifc+§
ot § i
VeV VeVv
(a) via the inclusion +* (b) via the property lift"[H o f] = H o lift[f]

Fig. 2. The universal property of the even subalgebra. So as to resemble Fig. 1, we
show the bilinear map f: V — V — A as the equivalent linear map from the tensor
product, f: V ®V — A. Here, :* (v ®@ w) = 1(v)e(w) = vw.

* Although the definition in [4] needs the construction in Sect. 3.5 and therefore doesn’t
work in characteristic 2.


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd.lean#L45?decl=clifford_algebra.even
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd.lean#L226?decl=clifford_algebra.even.lift
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As with Definition 1 this is a definition not just a theorem; we are not just
going to prove that there is a correspondence, but we will provide an explicit
basis-agnostic computation of that correspondence. We will start by showing
the reverse direction, which given the algebra morphism F : G*(V,Q) — A we
choose as

liftt ~HF) = f = (v w — Flow)) (14)
which trivially satisfies (12) and (13):
f(v,0) = F(ov) = F(Q(v)) = Q(v) (15)
f(u,0) f(v,w) = F(uwo) F(ow) = F(uwvow) = F(uQ(v)w) = Q(v)F(uw)  (16)
= Q(v)f(u, w) (17)

To construct the forwards direction, we are going to use the same trick as
we did in (10), setting W = A @ S to produce an auxiliary function lift} [f] :
GvV,Q) — (A S) —» (A® S). Here, A is our target algebra, while S is some
additional state which mirrors the extra recursor state we saw in (4). A® S is
their direct sum, which is to say it consists of pairs (a, s) with (a1, s1)+(az, s2) =
(a1 + az, s1 + s2) and r(a,s) = (ra,rs). Note that for this to be an R-module
as required by Definition 2, we need S to also be an R-module. We will deduce
precisely what to choose for S shortly.

We want our fold to apply f on pairs of vectors v,w : V at a time; that is,

lift,,, [f](vwe, (a, 5)) = (f (v, w) Lt [f)(z, (. 9)), 8.
Using the fact that lift}  [f] will be an algebra morphism, this simplifies to

Lift s [£] (v, Lift s [ ] (w, (a, 9))) = (f(v,w)a, s');

that is, each application of lift] [f] needs to apply “half’ of f. An obvious
choice would be to pick S =V — A, the space of R-linear maps which includes
the “half’-applied maps like v — f(v,w)a. Note that this is essentially using
the trick in (2) for a second time, but instead of producing an unconstrained
function we are required to produce a linear map. We can then define®

lift e [f]: G(V.Q) = (A8 S) — (A8 S) (18)
liftf[f1(v: V)= (a,8) = (s(v),w = f(w,v)a), (18a)

where the second component of the pair contains a partially-applied version of f,
while the first component finishes off the invocation from the previous iteration.
Note that we cannot take the product of s(-) and a in a single step as then this
operation would cease to be linear; which is why we instead weave these terms
back and forth between the left and right halves of the pair.

We now verify that our lift}, [f] satisfies the required property in (11) as®

Lift fuse [F] (0, ift 3 [£] (v, (a, 8))) = Tift o [F](v, (s(v), w = f(w,v)a)) (19
= (f(v)a,w= fw,v)s())) (20

= (Qv)a, w — Q(v)s(w)) (21

(

)
)
)
= Q(v)(a, ), 22)


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd.lean#L103?decl=_private.f_fold
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd.lean#L132?decl=_private.f_fold_f_fold

Computing with Universal Properties 207

where = is the equality to be checked. f(v,v) = Q(v) was (12), so we can easily
match up the first half of the pair. However, matching up the second half of the
pair requires f(w,v)s(v) = Q(v)s(w), which is a stronger requirement than (13)
and not true for all linear maps s : S.

To solve this problem, we need to pick a smaller space S®, the module
spanned by linear maps s : V. — A of the form s = (v — f(v,w)a) for all
w:V and a: A. Our definition of lift} _ in (18a) trivially adapts to this defini-
tion, as w — f(w,v)a lies in the new S by definition. We are now in a position
to solve f(w,v)s(v) = Q(v)s(w), as we can write s = (w — >, f(w,u;)a;) (for
some arbitrary finite set of u; : V and a; : A) to get:

flw,v) i (v,ui)ai) = 32 f (w, v) f(v,ui)a; (23)
=22,Q(v) f(w, us)a; (24)
= Q) f(w, ui)a; (25)
=Q(v)s(w) (26)
where we go from (23) to (24) using (13).
We can now extract lift ™ [f] as
L[ GT(V,Q) — A (27)
lift T [f] == T a where (a,s') = lift] [f](z, (1,0 0))  (27a)
This is obviously linear, as it is the composition of operations each of which is
linear. We can show that lift*[f](r) = r by using properties of (10). To complete
the proof that this is an algebra morphism, we must show that within the even

subalgebra it preserves multiplication. We will do this by induction, for which
we need Theorem 3%.

Theorem 3. To show a property P(z) for all elements of the even subalgebra
G+t (V,Q), it suffices to show:

— That P(r) holds on all scalars r : R
— That P(z +y) holds on all elements z,y : GT(V,Q) if P(x) and P(y) hold
— That P(uvx) holds on all elements u,v:V and x : GY(V,Q) if P(z) holds

Proof. Follows by noting that GT(V, Q) is the vector space spanned by all prod-
ucts of even numbers of vectors in V, that such products can be decomposed
into pairs, and through an appropriate induction principle for spans of vectors.

We apply this principle with P(z) as Vy, lift T[f](zy) = 1lift™[f](x) liftT[f](y).
The first two conditions follow trivially by lift™[f](r) = 7 and linearity. The
third condition can be shown as
lift ™ [f](vwy) = a where (a, s') = lift},  [f](vwy, (1,0 — 0))
= f(v,w)a where (a, ') = lift}, [ f](y, (1,0 — 0))
— F(,w) lift* () (vwy)
= Lift " [f](vw) Lift [ f](y)


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd.lean#L97?decl=_private.S
https://github.com/leanprover-community/mathlib/blob/e1f01165ce7a8b650014e98bab47cdff5317e52e/src/linear_algebra/clifford_algebra/grading.lean#L184?decl=clifford_algebra.even_induction
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We now have lift"[f] : G+(V,Q) — A, the forward direction of the uni-
versal property. Combined with our result in (14), all that remains is to show
that these two directions are inverses. Showing that this operation is a left-

inverse (lift"™ ~'[liftt[f]] = f) is straightforward. Showing that it is a right-
inverse requires the extensionality principle in Theorem 4, which we use in (33).
lift T[lift ™ ~HF)](vw) = liftT " [F](v, w) = F(vw) (32)
— lift " [liftt ~HF) = F (33)

Theorem 4. To show that two algebra morphisms from the even subalgebra f, g :
G (V,Q) — A are equal, it suffices to show they agree on the products of two
generators v,w : V.%

Proof. Rephrase as Vz, f(z) = g(x), apply Theorem 3, and use the properties of
algebra homomorphisms.

3.4 The Isomorphism with the Even Subalgebra

Theorem 5. G(V,Q) is isomorphic as an R-algebra to GT(V & R,Q’), where
Q'((v,r) =Qv) —r2 ¥

Here V @ R combines V' (as elements of the form (v,0)) with an extra basis
vector e = (0,1) that squares to —1, and so we will write (v,7) as v + re. In
[6, Chapter 1, Theorem 3.7], this isomorphism is evaluated by choosing a basis
for V', and then copying coefficients by inspection: in the forward direction, each
basis vector e; is replaced with ee;; and in the backwards direction®, where all
basis vectors appear in pairs, e;e; is left alone and e;e is mapped back to e;.
We will proceed without choosing a basis for V', and use our pair of universal
properties instead.

To construct the forward map, we can directly write down the coefficient
copying approach by applying Definition 1 with f = (v — ev), which sat-
isfies f(v)?2 = (ev)(ev) = (—ve)(ev) = —v(=1)v = Q(v). This gives us
F:G(V,Q) — GT(V,Q") = lift[f], and is exactly the approach used in [6,
Chapter 1, Theorem 3.7]. This reference does not give an explicit construction
for the reverse mapping, noting that to verify one exists we must “check [F] on
a linear basis”.

The reverse map ! needs to satisfy the pair of rules above:

f7'0+e, 04+e)=-1 (as e* = —11in GH(V, Q")) (34)
F7HO+e,v +0e) = v (remove e from pairs of the form ev) (35)
FHu+0e, 04e)=—u (rewrite ue = —eu and do the above) (36)
FHu+ 0e,v + 0e) = uw (leave blades without e untouched) (37)

= fHu+rev+se)=(u+r)(v—s) (38)

® for which [6] proves only existence.


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd.lean#L77?decl=clifford_algebra.even.alg_hom_ext
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd_equiv.lean#L168?decl=clifford_algebra.equiv_even

where (38) follows by linearity. (12) holds as f~!(v + se,v + se)
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Q' (v + se) and (13) follows similarly. We can thus apply Definition 2 with this
f to obtain F = liftT[f~']; or in our functional notation:

F:GH(V,Q") - G(V,Q)

F Y (u4re)(v+se)) = fHu+rev+se)=(utr)(v—s)

(39)

(39a)

All that remains to conclude our construction of this isomorphism is to show
that these operations are inverses, that is for all z: G(V,Q) and z© : G+ (V, Q),

F~YF(2)) = =, F(F~ %) =a". (40)
Rewriting (40) as equalities of functions gives
(0= FUF@) = @—a), (@ = FF@h) = @ —at), (1)
which allows us to apply Theorems 2 and 4 to solve these equations:
F (P W) FEN(u+re)(v+se)  (42)
= F(f(v)) =F(f (u+re,v+ se))
= F!(ev) =F((u+r)(v—29))
= f (e, v) = (f(u) +7)(f(v) =)
0+ 1)(v +0) = euev +rev— seu—rs
= :uv+rev—seu+r562
= (u+re)(v+ se)

3.5 The Isomorphism to the Exterior Algebra

A key result in geometric algebra is that the Clifford algebra is isomorphic as
an R-module to the exterior algebra over the same vector space, as this provides
the non-metric wedge product. In [3, Theorem 34], this is shown by defining®
v]/ and o, characterized by [3, Theorems 6 and 21] as

v (weU) = fo,u)U-ue (] U), (43)

af(ueU)=ue o (U) —ulf (! (U)). (44)

Here, f is a bilinear form associated with @, that is f(z,y) = 1(Q(z + y) —
Q(z) + Q(y)); thus imposing the restriction that the ring R is not of character-
istic 2. Note that these are defined on the tensor algebra; only later is it proved

that these mappings can be transferred to a Clifford algebra where the ® is
simply multiplication”:

v ]! (W) = f(o,w)U —u(v | U) (45)
ol (uU) = ua! (U) = u)? (o! () (46)

5 Confusingly, [3] uses uU as notation for u|U, with the symbol flipped.
7 (45) also appears as a special case of [4, (1.41a)] with r = 1.
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Without repeating the entire proof here, we will show how to define the v |/
operator satisfying (45) using the universal property, which we will write as
contract[v]. The construction of (46) is a simple application of (10)#, so we shall
omit it. Initially, it would seem that we cannot use the trick from “fold” in (10)
here, as we not only need the current vector “u” and the result so far “v Jf U”,
but we also need the accumulation of the input so far, “U”. The solution is to
first apply the trick in (4), where we compute the value of U as we go along:

contract,ux[v] : G(V,Q) — G(V,Q) @ G(V,Q) — G(V,Q) 2 G(V,Q) (47)
contractyux[v](u: V) = (U,z) — (uU, f(v,u)U — ux) (47a)

This is a fold over the pairs G(V,Q) & G(V, @), with the first entry U holding
the input so far, and the second entry holding our result x. (47a) is obviously
linear, and we are obliged to show

contractau[v](v)? = (U, z) = (wul, f(v,u)(uU) — u(f(v,u)U — uz)) (48
= (U,2) — (QU)U, f (v, )l — f(v,u)ul + Q(u)z) (49
= U z) = (QuU,Q(u)x) (50
= Q(u). (51

All that remains is to initialize (U,x) = (1,0) in contract,uy, then discard z
(which holds a copy of z anyway):%

contract[v] : G(V,Q)— G(V, Q) (52)

contract[v] = x — ¢ where (2, ¢) = contract,u[v]((1,0)) (52a)

With the aid of [3, Theorem 32] we can the show that o~/ is a two-sided inverse

to a/®, recovering the promised isomorphism®.

4 Formalization

The approaches in this paper are particularly amenable to formalization, as
avoiding a basis allows them to hold in greater generality. Notably, avoiding a
basis ensures our constructions continue to be valid in cases where V is not a
free module, and does not have a basis at all. The results in Sects. 3.3 and 3.4
link via “@” to a formalization in the Lean proving language [8], building on top
of the work in [9], which can be found online at https://github.com/pygae/lean-
ga. An additional construction of the (known) isomorphism between G*(V, Q)
and GT(V, —Q) is included there®, for which there was no room to describe here.

5 Conclusions

Using the universal property for anything beyond trivial constructions like (6)
can appear anywhere between demanding and impossible. This paper demon-
strates some essential building blocks to bring more demanding constructions


https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/contract.lean#L149?decl=clifford_algebra.alpha
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/contract.lean#L57?decl=clifford_algebra.apply_dual_left
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/contract.lean#L204?decl=clifford_algebra.alpha_alpha
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/contract.lean#L233?decl=clifford_algebra.equiv_exterior
https://github.com/pygae/lean-ga
https://github.com/pygae/lean-ga
https://github.com/pygae/lean-ga/blob/5821f46cf154501c8b2420e13f2136963ae22328/src/geometric_algebra/from_mathlib/even_odd_equiv.lean#L211?decl=clifford_algebra.even_equiv_even_neg
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within reach. While we only concerned ourselves with the universal properties
related to the Clifford algebra, the strategies used apply to many other algebraic
constructions with analogous properties.
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and Sym-Clifford Algebras
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Abstract. Zeon algebras have proven to be useful for enumerating
structures in graphs, such as paths, trails, cycles, matchings, cliques,
and independent sets. Sym-Clifford algebras have been used to enumer-
ate walks on hypercubes without the need for adjacency matrices. In the
current work, zeon (“nil-Clifford”) and “sym-Clifford” methods are used
to reformulate essential concepts of binary linear coding theory. In par-
ticular, zeon and sym-Clifford methods are used to generate linear codes
and to illustrate Clifford-algebraic formulations of encoding, decoding
and error-correction.

Keywords: Binary codes - Clifford algebras - zeons

1 Introduction

Zeon algebras can be thought of as commutative analogues of fermion alge-
bras, which are isomorphic to Clifford algebras of appropriate signature. They
were first defined as subalgebras of Clifford algebras for counting self-avoiding
walks (paths, cycles, trails, & circuits) in finite graphs [10]. This idea has led to
numerous applications to graph problems, including routing problems in com-
munication networks [2,4].

The “sym-Clifford” algebra Cf,™™ was first defined in [9] as a commutative
subalgebra of the Clifford algebra C/, ,, where it was used to model random
walks on hypercubes. The n-dimensional hypercube is a simple graph on 2"
vertices labeled by binary strings (i.e., “words”) of length n, in which pairs of
vertices are adjacent if and only if they differ in exactly one position. By asso-
ciating the words with basis blades of C£,*™, combinatorial properties of the
geometric product can be used to represent random walks on hypercubes as
sequences within the algebra.

In the current work, zeon and sym-Clifford methods are applied to coding the-
ory. Here, we provide a formalism for generating, encoding, and decoding error-
correcting binary linear codes using basis blades of appropriately chosen Clif-
ford subalgebras. The symbolic approach presented here further demonstrates
the applicability of Clifford algebras and their generalizations as a “unifying
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language” not only for physics and engineering, but for problems in discrete
mathematics as well.

By reformulating binary linear codes in terms of zeon and sym-Clifford alge-
bras, additional tools can be brought to bear in establishing theoretical results
such as limit theorems and existence theorems.

1.1 Binary Linear Codes

The reader is directed to the books by Welsh [12] or Adams [1] for essential
background on coding theory beyond the scope of this paper. Here, we focus
only on binary linear codes.

Definition 1. A binary linear code C' of length n is a set of binary n-tuples
such that the componentwise modulo 2 sum of any two codewords is contained
in C.

In this case, we say that the code’s alphabet is the set {0,1}, with all arithmetic
done modulo 2; i.e., the code’s alphabet is the finite field with two elements,
GF(2). Since a binary linear code must contain the sum of each of its codewords,
and this corresponds to what is needed to form a subspace, each binary linear
code over GF'(2) is a subspace of the vector space GF(2)", where n is the length
of each codeword.

In an [n, k] linear code, messages m € GF(2)* of length k are encoded as
codewords ¢ € GF(2)"™ of length n using a generator matriz G. Encoding is done
by computing ¢ = mG. The rows of G form a basis for the linear code, so they
are required to be linearly independent.

By generating all 2¢ codewords, a codeword c can be decoded back to its
original message using a lookup table, assuming ¢ was received without errors
in transmission. However, since errors may occur during transmission, it is vital
to be able to verify that a codeword is valid. This is typically accomplished by
using a parity check matrix.

Definition 2. Given an [n, k| linear code C, a parity check matrix for C' is an
(n — k) x n matriz H such that ¢ € C if and only if cHT = 0.

For the sake of brevity, details of computing the parity check matrix are
omitted, but the following example illustrates the idea.

Ezample 1. Consider the 3 x 5 matrix G seen in (1).

10001
G=(01011 HE:(?}ié}>. (1)
00111

By taking all products mG, where m runs through all eight binary 3-tuples,
the following code is generated:

C = {00000, 10001,01011,00111,01010,01100, 11010, 11100} (2)
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The parity check matrix for G is the matrix H. Suppose ry = 01111 is received.
Then r1 HT # 0, which verifies that r; is not a valid codeword. Now suppose ro =
01010 is received. Computing r1 HT = 0 verifies that rp is indeed a codeword,
which can then be decoded to the original message 110.

Error Correction. The following questions are crucial in coding:

1. If a received codeword contains errors, can those errors be detected?
2. If errors are detected, is it possible to correct them?

In order to discuss these questions, first note that the (Hamming) weight of
a codeword is the number of nonzero components in the codeword. For conve-
nience, we define the following notation for the n-set: [n] = {1,...,n}. Cardi-
nality of a finite set X = {x1,...,z} is denoted by | X| =k = #{z1,...,zx}.

Definition 3 (Hamming weight). Let b = (bibe---b,) € GF(2)". The
(Hamming) weight of b is defined by

w(b) = #{i € [n] : b; # 0} 3)
Now if a codeword ¢ = (c¢1...c,) is sent through a “noisy” channel and
the vector is r = (ry...r,) is received, then the error vector is defined as

e=r—c=(e;...e,). The decoder must decide which codeword was most likely
transmitted—equivalent to determining which error vector most likely occurred.
Error vectors of lower weight are assumed to occur with higher probability than
error vectors of higher weight, so we may use a nearest neighbor decoding scheme,
which chooses the codeword that minimizes the distance between the received
vector and possible transmitted vectors.

Definition 4. The Hamming distance on GF(2)" is a mapping d : GF(2)"™ x
GF(2)" — Ny defined' as follows: given x,y € GF(2)" and writing x =
(x120 - 2p) andy = (Yy1y2 -+ - yn), we define

d(x,y) = t{i € [n] - 2 # yi}. (4)
Equivalently, d(x,y) = w(x+Yy).

It is not difficult to verify that Hamming distance establishes a well-defined
metric on GF'(2)™. In other words, d(x,y) satisfies the following properties:

1. d(x,y) =0 if and only if x = y;
2. d(x,y) = d(y,x) for all x,y € GF(2)";
3. d(x,z) <d(x,y) +d(y,z) for all x,y,z € GF(2)".

Given a binary linear code C, the minimum distance of C' is the minimum
distance among distinct pairs of codewords in C'. Equivalently, since the distance
between codewords ¢; and cg is the weight of their binary sum, w(cy + c2), the

! The notation Ny denotes the nonnegative integers {0,1,2,...}.
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minimum distance d(C') of a binary linear code C' is equal to the weight of the
lowest-weight nonzero codeword in C.

The minimum distance of a code is essential for determining the error-
correcting capabilities of the code, providing methods for determining both the
number of errors that can be detected and the number of errors that can be
corrected.

Theorem 1. Let C be a binary linear code having minimum distance p = d(C).
Utilizing the code C, it is possible to

1. detect up to s errors in any received codeword if > s+ 1, and
2. correct up to t errors in any received codeword if p > 2t + 1.

Proof. 1. Suppose that a codeword c is transmitted such that s or fewer errors
occur during transmission. If d(C) > s + 1, the received word cannot be an
element of C, since all codewords differ from c in at least s+ 1 places. Hence,
the errors are detected.

2. Suppose d(C) > 2t + 1. Suppose a codeword x is transmitted and that the
received word, r, contains t or fewer errors. Then d(x,r) < t. Let x’ be any
codeword other than x. Then d(x’,r) > ¢ + 1, since otherwise d(x’,r) < t
which implies that d(x,x’) < d(x,r) + d(x’,r) < 2¢ (by the triangle inequal-
ity), which is impossible since d(C) > 2t + 1. So x is the nearest codeword to
r, and r is decoded correctly.

1.2 Zeon and “sym-Clifford” Algebras

We begin with the essential definitions and terminology of Clifford algebras and
then construct the zeon and sym-Clifford algebras as subalgebras of Clifford
algebras of appropriate signature.

Definition 5. For fixed n > 0, let V be an n-dimensional vector space having
orthonormal basis {ef1y,..., e,y }. The 2"-dimensional Clifford algebra of sig-
nature (p,q), where p+ q = n, is defined as the associative algebra generated by
the collection {eg;} along with the scalar ez = 1 € R, subject to the following
multiplication rules:

€ri} €[5} —i—e{j} e} = Ofori # j, and (5)
o2 Lif1<i<p (6)
1 1ifp+1<i<p+tqg=n.

We denote the Clifford algebra of signature (p,q) by Clp 4.

Let [n] = {1,2,...,n} and denote arbitrary, canonically ordered subsets of
[n] by capital Roman characters. The basis elements of C/,, ; can then be indexed
by these finite subsets if we write

er=[Jeu) (7)

jel
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Arbitrary elements of C¢, , then have canonical expansions of the form

i= " urer, (®)

Ie2ln]
where u; € R for each I € 2["].

Definition 6. By the grade of a basis blade in Cly, , we shall mean the cardi-
nality of its multi index. That is, gr(er) = |I|. For 0 < k < n, we define the
k-grade part of u € Cly, 4 as the sum of k-grade monomials in the expansion of

u. In other words,
(up =Y urer. 9)

Introduction to the “Sym-Clifford” Algebra &,,. The sym-Clifford algebra
first appeared in [9], where it was used to enumerate walks on hypercubes.

Definition 7. For fized n > 0, the sym-Clifford algebra? &,, is defined as the
2"-dimensional associative algebra generated by the elements ¢(;) = €} €(n 44y €
Cly ., for 1 <i<mn along with the scalar ¢z =1 € R.

It is easy to see that &,, is a commutative graded algebra whose generators
satisfy g{i}Q =1 for 1 <17 < n; i.e., the generators are unipotent.

Basis elements of G,, can again be indexed by canonically-ordered subsets of
[n] so that arbitrary elements have the form

u= Ursy. (10)
Ie2ln]

By the properties of Clifford multiplication, we see that for arbitrary I,.J € 2"
we have
SISJ = SIaJ > (11)

where I A J = (IUJ)\ (I NJ) denotes the set-symmetric difference of I and J.

Remark 1. The generators ¢; of &,, (disjoint bivectors in C/¢, ,) generate an
Abelian multiplicative group ¥,, which is isomorphic to the group generated by
reflections across orthogonal hyperplanes in the real vector space R", for these
also satisfy R; R; = R; R; and R;®> = 1. It is equally evident that X,, 2 (2], A),
the group consisting of the power set of [n] = {1,2,...,n} with the set symmetric
difference operator. These groups are also isomorphic to the additive abelian
group Zso & -+ - @ Zso. Finally, it is evident that the Cayley graph of %, is the
n-times

n-dimensional hypercube, a structure commonly seen in connection with coding
theory.

sym

2 The 2"-dimensional sym-Clifford algebra has been denoted by C¢,, in other works,

but that notation is cumbersome for this paper.
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Zeon (“nil-Clifford”) Algebra. For n € N, let 3,, denote the real abelian
algebra generated by the collection {(f;; : 1 < i < n} along with the scalar
1 = (» subject to the following multiplication rules:

Gy Stiy = Caniy = Ggyy Ggay for @ # j, and (12)
(iy° =0 for 1<i<n. (13)

It is evident that a general element u € 3,, can be expanded as u = Z ur (r,
Ie2ln]
or more simply as Y ,ur(;, where I € 2" is a subset of the n-set,
[n] :=={1,2,...,n}, used as a multi-index, u; € R, and (; = HQ. The algebra
el

3,, is called the (n-particle) zeon algebra®.

As a vector space, this 2"-dimensional algebra has a canonical basis of basis
blades of the form {{; : I C [n]}. The null-square property of the generators
{C{i} : 1 <4 < n} guarantees that the product of two basis blades satisfies the

following:
Crug INJ=a,
G167 {O otherwise. (14)

It should be clear that 3,, is graded. For non-negative integer k, the k-grade part
of element u = >, us(s is defined as

(We= > urr. (15)

{I:|1|=k}

It is often convenient to separate the scalar (0-grade) part of a zeon from the
rest of it. To this end, for z € 3, we write Rz = (2), the real part of z, and
Dz = z — Rz, the dual part of z (these are referred to as the body and soul of z
in Neto’s works [5-7]).

Remark 2. Like &,,, the algebra 3, can be constructed within a Clifford alge-
bra of appropriate signature. For example, 3,, is isomorphic to a subalgebra of
Clap 2n- To see this, begin by letting {e; : 1 < i < 4n} be orthonormal genera-
tors of Clay, 2n. For each j =1,...,2n, let f; = (e; —e,4+;) to obtain a collection
of orthogonal, pairwise-anticommuting, null-square elements {f; : 1 < j < 2n}.
Finally, define ((sy = fia¢_12¢ for £ =1,...,n. The resulting collection of null-
square bivectors {f{1 93, f1343, - .-, f{2n—1,2n}} is then pairwise commutative and
generates the algebra 3,.

Multiplicative Properties of Zeons

Since 3, is an algebra, its elements form a multiplicative semigroup. It is not
difficult to establish convenient formulas for expanding products of zeons. As
shown in [3], u € 3,, is invertible if and only if $ou # 0.

3 The n-particle zeon algebra is often denoted by C¢,™' in other works, but that
notation is cumbersome for this paper.
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More important for matters at hand, the null square property of zeon gener-
ators make zeons useful for performing computations on partitions of sets.

Lemma 1 (Powers of nilpotent zeons). Let v = (;, +(r, + -+ (1, € 3n,
and let k be a positive integer. Then,

ub =k ¢, (16)
J
where the sum is over multi indices J obtained from disjoint unions of k of the
multt indices I, ..., Ip,.

Proof. Proof follows from a simple application of the multinomial theorem:

uF = (C A+l o )

k 0~ 0 o
Z (51,...,677)411 Cr, 2 (1,

I
(]

k
(61"“’67”)4-11[1@}2@2 _..Clmém. (17)

£1,...,8m€{0,1}
G4 e =k

Note that the only nonzero terms of the sum correspond to pairwise-disjoint
unions of k subsets.

In the next section, the exponential function will be used to generate a binary
linear code. The exponential function exp : 3,, — 3, is defined on zeon algebras
in the standard way. However, the null-square properties of zeon generators
reduce the infinite power series to a finite sum, as developed in [11]:

exp(u) = exp(Ru + Du)

n

= em“Z%(Su)k. (18)

k=0

2 Binary [n,k] Codes in 3, ® S,

Any codeword, consisting of a binary n-tuple, can be instead represented as a
blade from &,, via a mapping that takes binary strings of length n to elements
of the power set 2. In particular, letting b = (byby ... b,) € {0,1}", the subset
representation of b is given by

b— B={j:b; =1} C [n]. (19)
One can then represent b within &,, by

(biby -+ -by) — H g{j}bj
j=1

= S{jibj=1} = SB- (20)



Zeon and Sym-Clifford Binary Codes 219

Example 2. The binary string b = 100110 € GF(2)° has subset representation
B = {1,4,5} and sym-Clifford representation ¢y 4,5}

Linear independence of code generators in generator matrices is replaced by
“multiplicative independence” in &,,.

Definition 8. Let B={¢;: I € 2["]} be the canonical basis for G,,. A collection
X C B is said to be multiplicatively independent if no element of X can be
written as a product of other elements of X. If an element of X can be expressed
as a product of other elements, then X is multiplicatively dependent.

It is evident from the definition that no multiplicatively independent collec-
tion can contain the scalar unit, ¢z = 1.

Ezample 3. In &4, the collection {<;1},<(1,4},5{2,4}>5{3,4}} is multiplicatively
independent, whereas the collection {<{173}7§{2,3},<{172}} is multiplicatively
dependent.

Using this notation, a binary code can be generated using an expression from
&,, that represents the same information contained in a code’s generator matrix
but in a more succinct format.

Given a multiplicatively independent collection G = {¢7, : 1 < ¢ < k}, an
encoding map ¢ : 2% — 2[" is defined implicitly by

Sp(M) = H I, (21)

leM

The collection € = {c,ar) : M € 2%} is referred to as the [n, k] sym-Clifford
code generated by the collection G = {5, : 1 < € < k}.

By combining properties of zeons and sym-Clifford algebras, the code can be
generated by the exponential of a generator g in the tensor algebra 3; ® &,.
The algebra 3; ® &, is the 2°T"-dimensional commutative algebra spanned by
canonical basis elements {(; ® ¢; : I € 2[F . J € 2["}. For ease of notation, a
typical element u € 3, ® &,, will be expanded in the form

w= Y uss, (22)

1e2l*] je2lnl

where uyy; € R for all I, J.

k
Lemma 2 (Generating A Code). Given g = ZC{@}CU € 31 ® 6, where

=1
{s1, : 1 < ¢ < k} is a multiplicatively independent collection, the exponential
exp(g) = D aream CuSp(ar)y Teveals the [n, k| sym-Clifford code € generated by
g. In particular, exp(g) is a sum over messages M, such that each summand
represents a message/codeword pair.
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Proof. By nilpotent properties of zeons, the exponential of g is a finite sum

k
representing the code €. Writing g = Z C{eys1,, one sees that
(=1
k g[
exp(g) = Z m
£=0

=1+ Z CMggo(M)' (23)

The canonical basis for the smallest subspace of 3; ® &,, containing exp(g)
is
B = {Cropq : I € 2M}. (24)
This basis provides all information necessary for encoding and decoding mes-
sages.

k

Definition 9. An element g = Z({g}qe € 3k ® 6, is an [n, k] sym-Clifford
=1

code generator when the collection G = {s1, : £ = 1,...,k} is multiplicatively

independent.

Inner Products. The algebra 3; ® &,, admits two particularly useful inner
products.

Definition 10. Define the zeon inner product (-,)3: 31 6, X3, 6, — &,
by bilinear extension of

(Cress Cusx)s = {”AK itr=1r (25)

0 otherwise.
The sym-Clifford inner product (-,-)s : 3x ® 6,, X 31 ® &,, — 3 is defined by
bilinear extension of

(26)

(o fJ=KandINL=go
(€167, CLsK)s = )
0 otherwise.

It is not difficult to see that the zeon and sym-Clifford inner products define
canonical orthogonal projections w3 onto 35 and 7, onto &,,, respectively. More
specifically, for u € 3; ® &, these projections satisfy

m3(w) = D (u,(r)3¢r, and (27)
T2kl

ms(u) = Z (u,sr)ssr- (28)

Ie2ln]
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Lemma 3 (Encoding). Let g € 3, ® &, be the generator of an [n, k] code. For
message M € 2IF1| the corresponding codeword is given by
Sp(ar) = (exp(9), Cm)3- (29)

Definition 11. For a sym-Clifford element u = ) om ursr, it is useful to
define the minimal grade of u by

= {min{|I|:I7é®7u17é0} ifugR

30
0 u=ug € R. (30)

Note that tu = 0 if and only if u is a scalar. The minimal grade part of u is
defined by

(wy= Y urr. (31)

{1 1|=hu}

Proposition 1. Let g be the generator of an [n, k] sym-Clifford code. Utilizing
the code generated by g, it is possible to

1. detect up to f(ms(exp(g))) — 1 errors and
2. correct up to (4(ms(exp(g))) — 1)/2 errors in any received codeword.

Proof. Note that letting u = f(7s(exp(g))), which is the smallest nonzero grade
among codewords generated by g, this proposition is equivalent to Theorem 1.

Lemma 4 (Verification). Let g € 3, ® &,, be the generator of an [n, k] code,
and let s; € &,,. Then,

(exp(g), s1)s = {C‘f“(” frec, (32)

0 otherwise.

Here M = ¢~ *(I) is the decoded message.

Proof. Let g be the generator of an [n, k] code G, and suppose ¢y, is a basis blade
of &,,. Expanding the exponential of g,

exp(g) = Y Comr(ryst- (33)

Ieg

If ¢z, is a codeword in G, it follows that

(exp(9),sL)s = <Z Co=1(1)SI5 §L>

Ieg
= Covn (sti51),
Ieg
= Cap*l(L) = (m,s (34)

where (3 is the message corresponding to codeword <z..
On the other hand, if ¢;, is not among the codewords of G, then all inner
products appearing in the sum are zero.
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Lemma 4 provides a method for decoding any valid received codeword. Error
correction is possible when a unique nearest-neighbor to a received codeword
exists.

Proposition 2 (Decoding). Let g € 3,26, be the generator of an [n, k| code,

and let s; € Sp. If (exp(g),sr)s = 0 and if §(srms(exp(g))) < (4(ms(exp(g))) —
1)/2, then the message M is recovered from

Cm = <eXp(g)7§J>sa (35)

where
s = sr{srms(exp(g)))y- (36)

Proof. Note that if (exp(g),sr)s = 0, then ¢; is not an element of the code G
generated by g. However, if fi(¢;ms(exp(g))) < (8(ms(exp(g))) —1)/2, the minimal
grade part of ¢;ms(exp(g))) is a unique nonzero term. In fact, this term is ¢ra 7,
where ¢; € G and

sy = sr{sms(exp(9)))),
= SO(CM) (37)

3 Example: A [7,4]-sym-Clifford Code

In 34 ® &7, let g = (r1ysq1,2,3) + (231,45} + C(335{1,6,7) + C{4)S{2,4,6)- Lhe
exponential of g is then given by

exp(g) = 1+ ((1ySq1,2,3) + Cra3Sq1,4,5) + C31501,6,7y + Caysqz,a.6) + ((2,3,415(2,5,7}
+ C41,3,4153,4,7) T C{1,2,4)5¢3,5,61 + C{3,415(1,2,4,7} T ({2,4}5{1,2,5,6}
+ C(1,435{1,3,4,6} t C(1,2,3,4)5(1,3,5,7} T C{1,2}5(2,3,4,5} T ({1,3)5(2,3,6,7}
+ ((2,3}54,5,6,7} 1 C{1,2,3}5({1,2,3,4,5,6,7} - (38)

The terms of the exponential reveal messages and their corresponding code-
words, as illustrated in Table 1. Note that the minimum weight of the code is 3.
Using this code, two errors may be detected and one error may be corrected in
any received codeword.

4 Conclusion

We have formalized error-correcting binary linear codes using zeon and sym-
Clifford algebraic methods. With this foundation established, generalizations
(ternary codes, Reed-Solomon Codes, etc.) and extensions (cryptography) can
be treated within a straightforward unified algebraic framework. Recent devel-
opments in encryption schemes using geometric algebra make these techniques
look promising for future work [8].

By reformulating binary linear codes in terms of zeon and sym-Clifford alge-
bras, previously overlooked algebraic methods can be applied to establishing
theoretical results such as limit theorems and existence theorems. Moreover,
these algebraic methods may provide new insight on other problems.
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Table 1. A [7, 4]-sym-Clifford Code

Message | m c Codeword | Message | m c Codeword
1 0000 | 0000000 | 1 ¢y 1000 | 1110000 | 5{1,2,3}
C{1,23 1100 | 0111100 | §g2,3,4,53 | G2y 0100 | 1001100 | §{1,4,5}
¢{1,3} 1010 | 0110011 | ¢g2,3,6,73 | C{3} 0010 | 1000011 | ¢1,6,7}
C{1,43 1001 | 1011010 | 6g1,3,4,63 | Cqay 0001 | 0101010 | 52,46}

Cy2,3} 0110 | 0001111 | Ga 56,7y | Cr1,2,3y | 1110 | 1111111 | G4y 2.3.4,5.6,7}
Ci2,4} 0101 | 1100110 | 6¢1,2,5,6} C{1,2,4y | 1101 | 0010110 | (35,6}
Cis.ay 0011 1101001 | cyo4my | Crrsay | 1011 0011001 | sg5.47y
C{1,2,3,43 | 11111010101 | 5133573 | C(2,3,43 | 01110100101 | 52 5,73
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A Generalized Metric for Hypothesis Testing:
A Geometric Algebra Point of View

Matthew Anderson

Data and their collection methods are changing in characteristic and dimension. Using
Clifford algebras, we present a hypothesis testing framework for multidimensional
vectors sampled from distributions in the real or complex field. Our procedure aims to
obtain non-commutative information through the incorporation of the geometric outer
product not found in traditional i.i.d estimation methods. We construct a metric that
measures deviations in the geometry of the parallelepiped spanned from sampled data
represented as multivectors in G(n). The outer product provides additional geometric
structure of the data not captured solely by the inner product. Quadratic forms of
covariance matrices and trace operators are represented using geometric algebras. Null
and alternative hypothesis are formed from partitions of the geometric space generated
under G(n) as well as the direction of the multivectors sampled. A test statistic is
constructed to measure deviations in the geometry of the data from a model, and a
decision rule is applied to outcomes of the data fit to a loss function. Our method is
applied to discriminate between states of quantum information systems in the binary
and multiparameter setting. Representing data collected from the quantum system as a
set of multivectors with a geometric algebra, our method allows for the detection of
geometric deviations from the system when compared to a hypothesized null geometry
space.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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Quantum Space Structure by Geometric
Algebra Including the Hurwitz Unit
Quaternion Group

Jens Erfurt Andresen

The analysis aims to find a model for the internal structure of one local indivisible spin-
half fermions known from the Standard Model. The single universe idea dictates the
local space structure being scale invariant in physics. The quantum approach of steady
state Angular Momentum (AM) hides the chronometric development of internal
oscillations, in which case the three-dimensional founded Geometric Algebra G5(R) is
suitable. Each component quantity of AM is associated with the concept of constant
bivectors, representing preserved plane areas denoted by Kepler’s 2nd Law. The local
perpendicular plane unit bivector directions make the quaternion basis of G3;*(R).
Traditional Quantum Mechanics use the orthogonal interconnectivity structure of AM
commutators resulting in a spin-half projection in one direction. As a supplement, we
are using Adolf Hurwitz’s (1859—1919) Number Theory of Quaternions [A. Hurwitz,
Vorlesungen Uber die Zahlentheorie der Quaternionen, Berlin: Verlag von Julius
Springer, 1919. A. Hurwitz, “Uber die Zahlentheorie der Quaternionen,” Nachrichten
von der Gesellschaft der Wissenschaften zu Gottingen, Mathematisch-Physikalische
Klasse, 1896, pp. 313-340.] to find a normal invariant subgroup of sixteen unit-%2-
quaternions by superposition of the orthonormal bivector basis. This performs a regular
tetrahedron space structure of four interconnected non-orthogonal AM bivector di-
rections in physical space. Combining these as projections in one direction make
sixteen possibilities of one local contributing quantity charge for the spin-half fermions,
the values are — 1, — 2/3, — 1/3, — 0, + 0, + 1/3, + 2/3, + 1. Further superposition of
excitation of this tetrahedron bivector AM structure of unit-’2-quaternions may con-
struct leptons, baryons, and mesons, in just one locality. Besides the internal spin-half
AM qualities, their composition also opens a port in one direction for integer spin-
boson AM interaction with the external of each fermion locality. —This investigation
shows, there is knowledge to get from using the quaternions and their bivector di-
rections of G3*(R) together with the full G3(R) Geometric Algebra when studying the
particle structure of physics known from the Standard Model.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
D. W. Silva et al. (Eds.): ICACGA 2022, LNCS 13771, p. 228, 2024.
https://doi.org/10.1007/978-3-031-34031-4


https://doi.org/10.1007/978-3-031-34031-4

A New Home for Bivectors

Norm Cimon

113

The impetus for the work (and the poster) is this quote: “...as shown by Gel’fand’s
approach, we can only abstract a unique manifold if our algebra is commutative.”
[Hiley, B. J. and Callaghan, R. E. (2010) ‘The Clifford Algebra approach to Quantum
Mechanics A: The Schroedinger and Pauli Particles’, arXiv:1011.4031 [math-ph,
physics:quant-ph] [Preprint]. Available at: http://arxiv.org/abs/1011.4031 (Accessed:
18 October 2020).] Geometric algebra is non-commutative. Components of different
grades can be staged on different manifolds. As operations on those elements proceed,
they will effect the promotion and/or demotion of components to higher and/or lower
grades, and thus to different manifolds. I’ve written a paper with imagery that visually
displays bivector addition and rotation on a sphere. Those images were then transferred
to a poster I’ve developed along with explanatory text. David Hestenes interpreted the
vector product or rotor in two-dimensions: “as a directed arc of fixed length that can be
rotated at will on the unit circle, just as we interpret a vectora as a directed line segment
that can be translated at will without changing its length or direction...” [Hestenes, D.
(2003) ‘Oersted Medal Lecture 2002: Reforming the mathematical language of phy-
sics’, American Journal of Physics, 71(2), pp. 104-121. Available at: https://doi.org/
10.1119/1.1522700]. Rotors, it turns out, can be used to develop addition and multi-
plication of bivectors on a sphere. For those rotational dynamics, rotors of length w2
are the basis elements. The geometric algebra of bivectors — Hamilton’s “pure
quaternions” — is shown to transparently reside on a spherical manifold.
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Typing Gesture for One-Time Authentication
Using Smart Wearable

Kristina Mullen, Avishek Mukherjee, and Khandaker Rahman

A method for enhanced user authentication that relies on sensory data taken from a
smartwatch while the user types the username and password has been explored.
Eventually, these inherent gestures would work as an added layer of security to the
current password-based authentication scheme in a hostile scenario assuming the
username-password has been compromised. In our experiments, we recorded the 3D
coordinate values given off by the accelerometer and gyroscope over a set of username-
password typing combinations. For the sensor data collection, we developed an
Android Wear OS smartwatch application, then proceeded to implement our method of
sensor data processing and performed experiments to demonstrate the potential of this
method. We experimented with 50 samples taken from five users, performed 1,800
genuine and impostor authentication attempts, and achieved an equal error rate
(EER) as low as 0.07. With such low EER, the proposed method can be an effective
solution to username-password breaches.
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Computation of Multivector Inverses in
Non-degenerated Clifford Algebras

Dimiter Prodanov

The development of Clifford algebras is based on the insights of Hamilton, Grasss-
mann, and Clifford from the 19th century. After a hiatus lasting many decades, the
Clifford geometric algebra experienced a renaissance with the advent of contemporary
Computer Algebra Systems (CAS). The poster demonstrates an algorithm for the
computation of an arbitrary multivector inverse in a non-degenerate Clifford algebra of
arbitrary dimension, which is in fact a proof certificate for the existence of an inverse.
The algorithm is proven using an algorithmic, constructive representation of a Clifford
number in the matrix algebra over the reals, but it by no means depends on such a
representation. As a side product, the algorithm can compute the characteristic poly-
nomial of the Clifford number and its determinant also without any resort to a matrix
representation. The presented algorithm is based on the Faddeev-LeVerrier—Souriau
algorithm for matrix inverse computation [1. Faddeev, D. K., Sominskij, I. S.: Sbornik
Zadatch po Vyshej Algebre. Nauka, Moscow—Leningrad (1949), 4. Souriau, J.: Une
methode pour la decomposition spectrale et I’inversion des matrices. Comptes Rend.
227, 1010-1011 (1948)]. The algorithm is implemented in the open-source CAS
Maxima using the Clifford package [Prodanov, D., Toth, V. T.: Sparse representations
of Clifford and tensor algebras in Maxima. Advances in Applied Clifford Algebras
pp. 1-23 (2016). http://dx.doi.org/10.1007/s00006-016-0682-x]. The package can be
downloaded from the Zenodo repository [Prodanov D. Clifford: v2.5.1 (2021). Zenodo.
https://doi.org/10.5281/zenodo.5628359].
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Quaternions Associated to Curves
and Surfaces

Haohao Wang and J. William Hoffman

This paper investigates the use of quaternions in studying space curves and surfaces in
affine 3-space. First, we generate a large variety of rational space curves and rational
surfaces via quaternion multiplication by taking advantage of the fact that quaternions
represent space rotations. Then, we prove that the curvature and the torsion of a space
curve can be computed by a quaternion function that is associated to this space curve.
Finally, we show that the Gaussian and the mean curvature of a surface can also be
computed by a quaternion function that is associated to this surface.
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A Geometric Algebra Framework for Event
Driven Network Data Model: Taking
Emergency Evacuation Under Gas Diffusion
as an Example

Yuhao Teng and Zhao Yuan Yu

With the development of urbanization, there are numerous security problems that come
along with it, exposing many problems in emergency management. The evacuation of
the affected people, the rapid acquisition of the disaster situation and the real-time
quickly dispatch of relief resources still face great challenges. Based on these, this
study uses the mathematical structure of geometric algebra and computational operators
to construct and express the road network in emergency evacuation, designs a network
analysis model based on geometric algebra with multiple constraints, and constructs an
event-driven data model to realize emergency evacuation under the scenario of haz-
ardous gas diffusion.

In this paper, the characteristics and types of objects and events in emergency
evacuation under the diffusion of harmful gases are studied, and the elements are
abstracted and summarized. Then we study the characteristics and temporal-spatial
relationship of each element, and constructed three mathematical models for destination
selection, rescue material dispatch and affected people evacuation. Secondly, we study
the extension method of path in the network based on the geometry algebra, including
the extension rules between nodes, nodes and edges, edges and edges, and routes.
Thirdly, we study the route generation and filtering method. In the route filtering, we
learned four types of route filtering methods, including weight filtering, k-order fil-
tering, node filtering and topology filtering. Finally, an event-driven data model is
constructed. The dynamic update of the data is implemented during the network
analysis and its new drivers and constraints are used to optimize and solve the model.
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