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PDEs - the language of science / simulation

(a) Scalar pressure field (b) Vector wind velocity field
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Clifford algebras have multivector structure
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Signature of Clifford algebra

- Cl, o Where (p,q) is the signature of the Clifford algebra:

(P.q
E§=+1 for 1 <i<p,
¢; =1 for p<j<p+gq,
eie; = —€;e; for i #£ 7.

- Clg,1) with base vectors (1, e,) is isomorph to the complex
numbers with e,;= I.

- Clyg ) with base vectors (1, ey, e,, e,e,) is isomorph to the
quaternions with e, =1, e, =, e;e, = k.



Geometric product

- Bilinear operation on multivectors:

- For example, geometric product for Cl; y:
ab = agbyp — a1b1 — agsbs — a12b12
+ (agby + a1bg + azbi2 — ai2b2) eg
+ (apby — a1b12 + a2bg + a12b1) e

-+ (agblz + a1bs — asby + algbg) €169



Clifford convolution

- Replace convolution with Clifford convolution:
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Dual representation

Definition 2: Dual of a multivector

The dual a™ of a multivector a is defined as:
a® = Qipyq , (22)

where 7, , represents the respective pseudoscalar of the Clifford algebra.

1 < e1e9e3 = 13

= ap + a1e1 + agez + aiz2e12 , €1 <> eses
a=1 (ao + (1»12’52) T €1 ((11 T aziz) e <> e3eq
%/—/ ——  —
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Clifford Fourier Transform

F&) = F{f}(&) = fo(&) + fi(&)er + fa(€)ez + fr2(€)era
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a) FNO layer b) Clifford FNO layer
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(a) Scalar field (b) Vector field
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ResNets vs CResNets / FNOs vs CFNOs
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Material

* Paper:

 Codebase:

°
CliffordLayers
Neural Network layers inspired by Clifford / Geometric Algebras. /

Get started

Contribute on GitHub O

Research B2



https://arxiv.org/abs/2209.04934
https://microsoft.github.io/cliffordlayers/
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