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APL and Metallurgy

Use APL to teach / learn about complex topics
Mathematical methods
Crystallography and crystal plasticity

Modelling of thermo-mechanical processes

Evaluate capacities of APL as a teaching tool
when compared with mainstream languages

More presence in the classroom and the
student community
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The plan

Evaluation of state of the art

Development: code, documentation
and learning materials

Research: code and scientific
publications

NEERENEN

Dissemination of APL (evangelism)
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Results

Evaluation of state of the art

Development: code, documentation
and learning materials

Research: code and scientific
publications

NEERENEN

Dissemination of APL (evangelism)
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Evaluation of state of the art

Programming languages and software at
the university

Review current literature
Personal point of view and real cases

Programming languages strengths and
weaknesses

Report
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Evaluation of state of the art

APL at the faculty

Unheard of

Looks hard (those symbols!)
How do I ... in APL?

How does APL compare to ...?

Can APL solve my problem?

10

APL and Metallurgy




Development

Introduction tutorial
No previous programming experience
Cover: syntax, primitives, dfns, system
Tradfns, namespaces, classes only mentioned
Simple examples

Jupyter notebook and slides
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Development

¢ Introduction tutorial

No previous programming experience
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Cover: syntax, primitives, dfns, system ' ‘ '
Tradfns, namespaces, classes only mentioned Arithmetic
Simple examples

Jupyter notebook and slides

1.
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jolé@dyalog.com
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Development

¢ Introduction tutorial
¢ No previous programming experience
o Cover: syntax, primitives, dfns, system
e Tradfns, namespaces, classes only mentioned
e Simple examples

e Jupyter notebook and slides

Trains
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Development

¢ Introduction tutorial

No previous programming experience

Cover: syntax, primitives, dfns, system

Tradfns, namespaces, classes only mentioned Anonymous functions (dfns)

Simple examples

Jupyter notebook and slides {a-w}

Right and left argument w and o

{x~w ¢ -x}

{a«0 o a+wx0J1}  Default left argument with o<

{w<0:-w o w} Guards with cond:

{w=1:1 ¢ wxvw-1} Recursion with ¥V

jolé@dyalog.com
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Development

o Introduction tutorial

No previous programming experience

Cover: syntax, primitives, dfns, system
Tradfns, namespaces, classes only mentioned
Simple examples

Jupyter notebook and slides

Primitives
0cT OocT OoIv OFR OI0 OML OPP
OrL

Session

OAT OAN OCLEAR Ocy [oL OLOAD
OOFF OPATH [sAvE OTS

Constants
04 OD ONULL

Tools

0c DcMp Ocsv Obk OpT OFMT OTSON
OMAP ONA OR [Os OsH DJucs OUSING
OVFI OXML

Functions and Operators

0AT Ocr Oep Oex OFx OLOCK
OMONITOR (JOR [ONR OPROFILE [REFS
0sToP OTRACE OVR

Namespaces and Objects
OBASE [CLASS OcS DoF OFIX
OINSTANCES [ONEW [ONS OSRC OTHIS

System

Input /Output
0 0 DARBIN OJARBOUT ORTL

Component Files

OFAPPEND OFAVAIL OFCHK OFCOPY
OFCREATE OFDROP [FERASE [FHIST
[OFHOLD DOFLIB OFNAMES [FNUMS
[OFPROPS [FRDAC OFRDCI OFREAD
[OFRENAME [OOFREPLACE [OFRESIZE
OFSIZE OFSTAC OFSTIE OFTIE
[OFUNTIE

Native Files

OMKDIR ONAPPEND [NCOPY [INCREATE
ONDELETE ONERASE ONEXISTS OMGET
ONINFO ONLOCK DNMOVE [NNAMES
ONNUMS ONPARTS ONPUT ONREAD
ONRENAME

ONREPLACE ONRESIZE ONSIZE ONTIE
ONUNTIE ONXLATE

Threads
OTCNUMS OTID OTKILL DOTNAME
OTNUMS OTSYNC

0
t

Synchronisation
OTGET OTKILL OTPOOL OTPUT OTREQ

Error Handling
OoM OoMx OEM OEN OEXCEPTION
OsIGNAL OTRAP

Workspace

Ouc Oux ONnC OnL ONST ORST OSI
[OSHADOW [JSIZE OSTACK OSTATE [OWA
OwsID OXSI

Shared Variables
gsvc 0dsvo Osva Osve Osvs

GUI and COM

OoQ OEXPORT ONQ OWC OWG Own OWs
Owx

Misc

OA DAV DAVU DKL DOPFKEY OsD DSM
Osr OorT OTC OXT
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Development

¢ Introduction tutorial
¢ No previous programming experience
e Cover: syntax, primitives, dfns, system
o Tradfns, namespaces, classes only mentioned

e Simple examples

Jupyter notebook and slides

APL Code
Tradfns, Tradops and Control Structures

v res+{left} (Left _bind_ Right) right

a define dyadic operator _bind_
a operands: Left and Right
a8 arguments: left (optional) and right
a result: res
:If 2=[NC'Left'

res+~Left Right right
:ElseIf 2=[JNC'Right’

res+right Left Right
:Else

:If O0=[ONC'left'

left+r

tEndIf

res+left Left Right right
(EndIf

jglédyaleg.co
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Development

¢ Introduction tutorial
¢ No previous programming experience
e Cover: syntax, primitives, dfns, system
e Tradfns, namespaces, classes only mentioned
¢ Simple examples

e Jupyter notebook and slides

~t=-xitxafol 7| [|irr=2#gere=EvaiitleocJdV i ecun~/\iy, spdol =% s 0@IEEI 7 ¢ A~waVE ™ &

t 1 1+ +*
Function application

A dyadic functions
12 3+ 5 6
579

jglédyaleg.com
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Development

o Introduction tutorial

No previous programming experience

Cover: syntax, primitives, dfns, system
Tradfns, namespaces, classes only mentioned
Simple examples

Jupyter notebook and slides
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: Jupyter t Logout

= Menu Trusted | Dyalog APL O

B+ < @B 44 % PRn B C »

Markdown v
-

Out[75]:

|1 10 20]2 10 20'3 10 20‘

Reduction and scan

One of the most common operations when we have a collection of
data is to calculate some aggregate value, combining the elements
of the array to get some result, like their sum, their maximum, their
average, etc. In APL, the basic tool for this kind of operations is
reduction, performed with the reduce operator / .

For instance, the sum function, to get the sum of an array, can be
obtained applying the reduce operator to the plus fuction ( +/ ).

In [76]: M

A reduce: +/1 2 3 is equivalent to 1+2+3

Jl@dyalog. cor

r«5?10 A 5 random numbers from 1 to 10

(e,+/,x/,L/,[/,4/,/,+/+#)r A array, summation, pr
A dyadic: reduce on windows (overlaping subarrays o
2,/r ¢ 2-=/r A concatenate and subtract elements o
3,/r ¢ 3+/r A concatenate and sum elements on win

Out[76]:

|1 257 I-0-|19|28('.\|1|'.’|1|'+]3.8‘




Development

Introduction tutorial
No previous programming experience
Cover: syntax, primitives, dfns, system
Tradfns, namespaces, classes only mentioned
Simple examples

Jupyter notebook and slides
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Development

Specialized tutorials: engineering (jupyter)
Plotting
Linear fitting
Simple calculus
Geometric algebra

Formulae (WIP)
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Development " Jupyter Plotting with SharpPlot Logout

= Menu Trusted | Dyalog APL O

¢ Specialized tutorials: engineering (jupyter) relrve - ulbe palra=m— ey

Markdown v
e Plotting
A Plot and display
. o :For i :In 1#data
e Linear fitting sp.SetColors illcolors
sp.DrawLineGraph i=data
:EndFor

g SIHWple calculus svg-sp.RenderSvg Causeway.SvgMode.FixedAspect

e Geometric algebra The return of Plot is the plot as SVG, so we use Jhtml to
display it.

e Formulae (WIP)
In [33]: M
A eg

Jhtml ‘red' 'blue' ('x'Plot'y') ('sin' sin) ('cos'
lhtml 'purple’ ('x'Plot'y') 'log' ((eli4x) x)
Jhtml ('Time [s]'Plot'Distance [m]') ('a = 20" ((xx

Out[33]:
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Development

Specialized tutorials: engineering (jupyter)
e Plotting
Linear fitting
e Simple calculus
e Geometric algebra

e Formulae (WIP)
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: Jupyter Linear Fitting Logout

= Menu Trusted | Dyalog APL O

B+ == @A DB 4 ¥ PRun B C »

Markdown v

R-squared value

We still need to determine the R-squared value, which can be
calculated as one minus the ratio of the sums of squares ( +6(+/
x=) ) of differences between the real and estimated values and
between the real values and their mean:

In [8]: M
1-(y-a+bxx )8 (+/x=) (r-+f2¢)y A R-squared value
out[8]:

0.9971435494

The R-squared value is defined not only for linear fittings, but also

for any other fitting we perform on some data. Therefore, we can
define an operator that takes the fitted function as operand (in our




Development

¢ Specialized tutorials: engineering (jupyter)

Plotting

Linear fitting
Simple calculus
Geometric algebra

Formulae (WIP)
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: Jupyter Calculus Logout

= Menu Trusted | Dyalog APL O

B+ << & B 44 % PRin B C »
Code v
feel+x ¢ g+10-=(x*0.5)+x22 o h«10xiox*5
lplot (f g h h)x

Outf1]:

Derivative

The derivative will be calculated as a simple ratio of the difference
between two consequtive values. The differences will be calculated
using the n-wise reduction operator (dyadic /).

In [2]: M

dy«2-/f ¢ dx+«2-/x ¢ d«dy*dx
lplot d x

out[2]:




Development

Specialized tutorials: engineering (jupyter)

Plotting

Linear fitting
Simple calculus
Geometric algebra

Formulae (WIP)

: Jupyter Geometric Algebra Logout

= Menu Not Trusted | Dyalog APL O

B+ =< @B 4 ¥ PRin B C »
Code v
The result of squaring a vector is the square of its magnitude. To

multiply two parallel vectors v and w defined, respectively, as
axu and bxu:

(v A&V w) = (a x u) AV b x u
(v AV w) = a x b x u AV u
(v AV w) 2 a x b

So, the product of two parallel vectors is the scalar that results from
multiplying their magnitudes.

Geometric product of perpendicular
vectors

Every vector can be descomposed in two perpendicular
components in some base. For example:

In [24]: M

vl v2 « 3 2 A eg

Assert (= vl v2 +.x (1 0) (0 1)) = (MxU) v1 v2 ]
Assert 0 = v1 0 +.x 0 v2 A
"v' 'vi' 'ul' 'v2' 'u2' Table (3 2) 3 (1 0) 2 (0 1)
'vi 0 +.x 0 v2' 'm <« Mv' 'u«Uv' 'mxu' Table (

Out[24]:

v vi|ul |v2|u2
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Development

¢ Specialized tutorials: engineering (jupyter)
e Plotting
e Linear fitting
e Simple calculus
e Geometric algebra

o Formulae (WIP)

Rectangle.Area « x

LR ]

Square.Area <« x~

A uniform acceleration
ti(a+2) vO xO

25 APL al

:EndNamespace
:Namespace Triangle

Area « 2+%x R base height
Perimeter « +/ A sides
:EndNamespace

:Namespace Rhombus
A diagonals

Area « 2+~x A diagonals

Side « 2+=##.Hypotenuse A diagonals

Perimeter « LxSide A diagonals
:EndNamespace

:Namespace Trapezoid
Area « 2+%xe+/% g height bases
Median « 2:+=+/ g bases
Perimeter « +/ A sides
:EndNamespace
:Namespace Circle
Diameter <« 2ox A radious
Perimeter « (0?2)ox 0o radious

— Jupyter formulae Logout
= Menu Not Trusted | Dyalog APL O
B+ =< & B 4 4 PRun B C »
Code v
Geometry
In [16]: "
:Namespace Geometry
A 20
Hypotenuse « (+2)x=+8(x=) g catheti
:Namespace Rectangle
Area « x A sides
Perimeter <« 2x+ A sides
Diagonal « ##.Hypotenuse A sides
:EndNamespace
:Namespace Square
Area +« ##.Rectangle.Area~ A side
Perimeter <« ##.Rectangle.Perimeter~ A side
Diagonal « ##.Rectangle.Diagonal~ A side




Development

Specialized tutorials: engineering (jupyter)
Plotting
Linear fitting
Simple calculus
Geometric algebra

Formulae (WIP)
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Development

Specialized tutorials: materials (jupyter)
Analysis of tensile experiments

Crystallographic orientations and
misorientations

Grain growth
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Development

Specialized tutorials: materials (jupyt
Analysis of tensile experiments

e Crystallographic orientations and
misorientations

e Grain growth
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Introduction

This notebook presents a short tutorial on how to use Dyalog APL for the analysis of tensile experimental data.
The tutorial is directed towards scientists, engineers and students who have already learnt the basics of the APL
language and intend to use Dyalog APL for their data analysis work.

The topic of tensile data analysis is chosen because it represents a well known task for many engineers of
different disciplines, and it is a perfect example of the more general procedure of reading data from a file,
doing some basic processing, and plotting the obtained results, which is familiar to many engineering
researchers and students.

Tensile analysis

Tensile testing is one of the most common experimental methods for the determination of the mechanical
properties of materials. Materials scientists employ tensile tests to find different properties that define the
mechanical behaviour of materials, and mechanical, aeronautical, and civil engineers, use these properties for
the design of structures.

In a uniaxial tensile test (the most common kind of tensile test), a specimen with a predefined geometry is
subjected to a uniaxial load that deforms the material under controlled conditions. The force during the
experiment is measured with a load cell, while the deformation on the sample is measured either directly on the
specimen using an extensometer or a strain gauge, or indirectly based on the crosshead displacement of the
testing machine. From this data, strain and stress are calculated, respectively, as displacement with respect to
the original length and force divided by cross sectional area (width multiplied by thickness):

Al i-l F _F

€eng = T Seng = —
0

Iy A w-t

It is customary to present this data as a tensile diagram or strain-stress curve.

During a tensile experiment, both the length and the area of the specimen change. When strain and stress are
calculated with respect to the initial values, as they are in the formulas presented above, we will call them
engineering strain and engineering stress. When they are calculated with respect to the instantaneous values, we
will call them true strain and true stress. Since true values are not dependent on initial conditions, true values
are not dependent on a specific specimen geometry, at difference of the corresponding engineering values.
Assuming that the volume is conserved, true and engineering strain and stress will be correlated by the
equations:

Eirue = ]_[I.(l + eeng) (1)
< R . J - - G 9\
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Specialized tutorials: materials (jupyt
Analysis of tensile experiments

e Crystallographic orientations and
misorientations

e Grain growth
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| "0.000397524|4.758206844 |
L 1 |

We will store the strain-stress data as a vector with two columns. Since it is a trivial operation, we will not define
specific functions to extract the strain and stress data, and will instead use = for strain and =¢ for stress.

Data files might be quite large, and there could be a significant amount of experimental noise:

'Number of rows:',#=e
Jhtml PlotTD 'exp' e

Number of rows: 20040

Stress (MPa)
350.00

300.00

250.00

200.00

150.00 A

100.00

50.00

0.00 T T T T T T T T T
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 L55.00

Strain (%)

— exp

We observe that the data does not only contain a very large number of points and experimental scatter. Other
issues are that it does not exactly start at zero, there are some suspicious points around 2% strain which are
assumed to be erroneous and need to be discarded, and the measurement continues after fracture of the
sample, with data that is not relevant.

Young modulus and initial strain offset

In order to find the Young modulus, we need to perform a linear fitting. The curve should start at strain zero,
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(x2y ).

The Plastic operator allows to specify what is the yielding offset as aa (usually defined as the point of
0.2% or 0.02% of plastic strain), then uses Clean to remove the points with plastic strain higher than specified.

Plastic « {x y«o ¢ aocgoeaClean w-(y:~x+>¢uw)0} A get plastic curve from total tensile curv
A plastic curve with 0.2% yield offset

p<x y(0.002 Plastic)e
Jhtml PlotTD ‘plastic’ p

Stress (MPa)
350.00

300.00 -
250.00
200.00
150.00
100.00 -

50.00 A

0.00 T T T T T T T T
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00

1 0,
plastic Strain (%)

True tensile curve, hardening rate, and UTS point

After calculating the plastic strain, our next goal is to calculate the true curve and the strain hardening rate. The
true strain can be calculated from the engineering strain as @1+ . To calculate the true stress, we need the
engineering stress and the engineering strain. If the engineering strain is the left argument and the engineering
stress the right one, it is calculated as +x1++ . The strain hardening rate is calculated as the derivative of the
true plastic curve using D, from the Calculus notebook. The UTS point is the point where the true curve and

the strain hardening rate intercept.

The TrueRate function is used to calculate both the true curve until the UTS point (the uniform deformation
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¢ Specialized tutorials: materials (jupyt

o Analysis of tensile experiments

e Crystallographic orientations and
misorientations

In [18]

(x2y ).

The Plastic operator allows to specify what is the yielding offset as aa (usually defined as the point of

0.2% or 0.02% of plastic strain), then uses Clean to remove the points with plastic strain higher than specified.

Plastic « {x y«o ¢ aocgoeaClean w-(y:~x+>¢uw)0}
A plastic curve with 0.2% yield offset

p<x y(0.002 Plastic)e

Jhtml PlotTD ‘plastic’ p

Stress (MPa)
350.00 -I

A get plastic curve from total tensile curvi

e Grain growth

true stram can pe calculated rom the engmeering straim as @ 1+- . 10 calculate the true stress, we need the

31

Resampling and cleaning

Resample + {{a-1){{2w),+en+/wp~a,n+la+=#u} "u}
Smooth +« {a+3 ¢ wResample~[a+=#-w}
Clean « {o++ ¢ (o oo w)e/ [ "“e(c¥2ies)n/ eeay}

c=((0.02»2)vi50<=2ed)Clean 250 Resample e & strain<0,

Jhtml PlotTD ‘clean’ ¢

Saress |MPa)
18000

T - T T T -
10 580 HEE W 2N 30 MO0 A D

clean

i
Swin =)

average rows
average rows
select points
02 or stress=150

yalag
ziugent

engineering stress and the engineering strain. If the engineering strain is the left argument and the engineering
stress the right one, it is calculated as +x1++ . The strain hardening rate is calculated as the derivative of the

true plastic curve using D, from the Calculus notebook. The UTS point is the point where the true curve and

the strain hardening rate intercept.

The TrueRate function is used to calculate both the true curve until the UTS point (the uniform deformation
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e Analysis of tensile experiments

o Crystallographic orientations and
misorientations

e Grain growth

:Namespace Euler
A quaternion product
c«t(0123)(1032)(2301)(3210)
u<« (1717 T T T L)1 T )

QP « u{+/aox[T2tir+1Jax[ (1 (#pa)-1),r+0I0]1(<0I0+ww)l[ (r«#pw)-1-0I0]Jw}c

QC « x510(1,-3p1)
QD « +.x810QC

A quaternion from Euler angles

RD « 180+~0

UV « {wx[1(#Fpw)-1]+(+/x=w)*x+2}

QA « {(20w),(10w)eo.xUVa}e(+22) o QAD <« QA°RD

QE « {o«(0 0 1)(1 0 0)(0 0 1) © 2aQP.QAc["1}1#pwlw} © QED « QE°RD

A cubic symmetry

cs «c1 000

cs,«,(1 00)(010)(00 1)
cs,«,(1 1 1)(71 1 1)(1 71 1)(1 1 71) °.QAD 120 240
cs,«<,(1 1 0)(101)(011)(1 "1 0)(7101)(01 "1)o.QAD 180

A misorientations

ML « {0<0.5 ¢ [(180xw)+oa}

MC « cs{2x7201|>[#|ac°.QDcaQP-QCw}

IM « {0I0+1-%(alw)++/1-=1(afw)-1}

CM « {c<[INS® ¢ c.m< 1p=(+IM-o1)%#,}w ¢ c}

M_ <« {o=w:0 ¢ 0sm<(i<aIMw)>ww.m:m ¢ +(i%ww.m)«MLo(MC)S(>caa)w}

A namespace with function M to calculate misorientations
M « {a<0.5
m<[NS'QD' 'QP' 'QC' 'IM' 'MC' ¢ m.ML<«aoML
m.Me(a+2)+ax(,¢w)_M_(CMw) ¢ 22%pw: m
m.Mem.MS( (T14pw)o{0I0+arw-0I0}) ¢ m
}

Space « {t2o.,/(w+2)+wx (17360 90 90+w)-1}
Random « {F«<{(1 202xco?ap0)xcwx+2} o UVt[1]Jw(Fo(1o-),F)?wp0}
:EndNamespace

°.QAD 90 180 270

DD DDD D ® DD D ® DD D D®D DD

DD DD

product components [I0=0
product unit factors
quaternion product
quaternion conjugate
quaternion dot product

radians from degrees

unitary vector

quaternion from axis-angle
quaternion from Euler angles (zxz)

identity

4-fold around <001>
3-fold around <111>
2-fold around <110>

misorientation level from radians
misorientation with cubic symmetry
index of misorientation

cache of misorientations
memoization

misorientation step

namespace with curried ML
misorientation function

over list index for higher rank

A Euler space of given step

k)

random orientations of given

32
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Development

¢ Specialized tutorials: materials (jupyter)

Analysis of tensile experiments

Crystallographic orientations and
misorientations

:Namespace Euler
A quaternion product
c«t(0123)(1032)(2301)(3210)
u<« (1717 T T T L)1 T )
QP « u{+/aax[T2tir+1]ax[ (1 (#pa)-1),r+0I0](<0I0+ww)l[ (r<#pw)-1-0I0]Jw}c
QC « x3¥10(1,-3p1)
QD « +.x310QC

product components [I0=0
product unit factors
quaternion product
quaternion conjugate
quaternion dot product

D D®D DD

Grain growth

hgle
hngles (zxz)

rom radians
ic symmetry

ns

ML

jher rank

Space « {t2o.,/(w+2)+wx (17360 90 90+w)-1}
Random « {F«<{(1 202xco?ap0)xcwx+2} o UVt[1]Jw(Fo(1o-),F)?wp0}
:EndNamespace

A Euler space of given step
A random orientations of given

33
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Specialized tutorials: materials (jupyter)

¢ Analysis of tensile experiments :Namespace Euler
A quaternion product
c<«t(0123)(1032)(2301)(3210) A product components [I0=0
Crystallographic orientations and 4
misorientations Q
[e]]
e Grain growth
(zxz)
hdians
mmetry
ank
S' ™~ 7 g
Random < {F«<{(1 202xco0?ap0)xcwx+2} ¢ UVt[1Jw(Fe(1le-),F)?wp0} A random orientations of given
:EndNamespace

34 APL and Metallurgy
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¢ Specialized tutorials: materials (jupyter)

Analysis of tensile experiments

Crystallographic orientations and

misorientations

Grain growth

:Namespace Euler
A quaternion product

c«1(0123)(1032)(2301)(3210)

A product components [I0=0

oo Cc
=

lst

//
p -~
/ A
/ .
( A
\\‘_’l,
I

TO0w

T

+ IIIIIt} IiIIIIi IIIIIt} IiIIIII IIIIIt} Iilllli

Random < {F«<{(1 202xco0?ap0)xcwx+2} ¢ UVt[1Jw(Fe(1le-),F)?wp0}

:EndNamespace

™ o ™
A random orientations of given

(zxz)

dians
mmetry

rank

35
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¢ Specialized tutorials: materials (jupyter)

Analysis of tensile experiments

Crystallographic orientations and

misorientations

Grain growth

:Namespace Euler
A quaternion product

c«1(0123)(1032)(2301)(3210)

A product components [I0=0

oo Cc
=

lst

(zxz)

dians
mmetry

rank

Random < {F«<{(1 202xco0?ap0)xcwx+2} ¢ UVt[1Jw(Fe(1le-),F)?wp0}

:EndNamespace

™ o ™
A random orientations of given
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Development

¢ Specialized tutorials: materials (jupyter)

Analysis of tensile experiments

Crystallographic orientations and

misorientations

Grain growth

:Namespace Euler
A quaternion product

c« t(0123)(1032)(230

uct components [I0=0

/

Q
Q
Qo
lst

z'3

®1

-~ - -

AN

/ -

( s
N |
N—_—
|
S

Random < {F«<{(1 202xco0?ap0)xcwx+2} ¢ UVt[1Jw(Fe(1le-),F)?wp0}

:EndNamespace

" ™
A random orientations of given

(zxz)

dians
mmetry
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Development

¢ Specialized tutorials: materials (jupyter)

e Analysis of tensile experiments

o Crystallographic orientations and

misorientations

:Namespace Euler
A quaternion product
c« 1(0123)(1032)(230
u
QF
Q
Qo

e Grain growth

lst

¢

‘1l £ £

-

JRunTime -compare 'g4% QOP gt' ‘g4 QP gk’

3.4E76 | -55% 000000COOODOOOCCOO

uct components [I0=0

(zxz)

qﬁ ggP ﬂu - 7.6E76 | 0% 00000000000000000000000000O0000CE00CD000O
q q

~

—

—_—

—

.!‘
-

Sr
Random « {F«<{(1 202xco?ap0)xcwx+2} o UVt[1]Jw(Fo(1o-),F)?wp0}

:EndNamespace

™ o ™
A random orientations of given
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¢ Specialized tutorials: materials (jupyter)
¢ Analysis of tensile experiments

e Crystallographic orientations and
misorientations

e Grain growth

JDYALOC

Grain Growth Modelling in APL

-

LT

GHENT jgl@dyalog.com
UNIVERSITY jesus.galanlopez®ugent.be
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Development

¢ Specialized tutorials: materials (jupyter)

Analysis of tensile experiments

Crystallographic orientations and

misorientations

Grain growth

Grain Growth (Geiger, 2001)

https://doi.org/10.1016/51359-6454(00)00352-9

] Thermal energy : Maxwell-Boltzmann
\‘ distributi
\. istribution G, (T) = =R T log(x)

¢ Boundary energy /-— Read-Shackley s _nlai-q)
|‘I

equation 2

A Gp, (80;) = Gysin(a0;;)(1 — log(sin(A8;;)))

» Activation energy 6, = 10000 J/mol
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¢ Specialized tutorials: materials (jupyter)
e Analysis of tensile experiments

e Crystallographic orientations and
misorientations

e Grain growth . .
Grﬂlh Cronwth (CAainary 20011
" Grain growth operator
@
gg«1{
A ax: parameters ww: repetitions
» A o temperature w: initial orientations
(GA GO S5F RP)<on A simulation parameters
amax<[/,u A maximum orientation
8 solve:
(q a)«a(next¥*wu)w(area w) @ get final orientations and list of areas
gl2=(a+ol)x+2) A return final orientations and list of diameters
@ }
glidyalag n
galanloperdugent . be
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Specialized tutorials: materials (jupyter)

Analysis of tensile experiments

Crystallographic orientations and

misorientations

Grain growth

Gr

https

ain mrowth (CAainary 20011

Gr

-
in nrowth Anaratar

0 e o~ B D
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Development

¢ Specialized tutorials: materials (jupyter)

e Analysis of tensile experiments

e Crystallographic orientations and
misorientations

e Grain growth
https
¢
.
.
.

JYALOC

Elsinore 2023

Grain Growth and
Array Programming

jal@dyalog.com
jesus.galanlopez®ugent.be

43

GHENT
UNIVERSITY

APL and Metallurgy




Development

Specialized tutorials: materials (jupyter)
Analysis of tensile experiments

Crystallographic orientations and
misorientations

Grain growth
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¢ Geometric algebra
¢ Grain growth

¢ Crystal plasticity
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Research

:Namespace ga A Geometric Algebra

Juk A important
A avoid rounding issues
A Assert by Roger Hui

OcT « te™1i
. Assert « {a+'assertion failure' o Ocw:a [signal 8 o shy«1}

¢ Geometric algebra o vactors
M « 0.5% o
AV« <v“[- 2] o

A magnitude, unitary, inverse
A array from vector, vector from array, base

A vector extension

. Gl’aln gI’OWth [ (;'DCT © [CT+a o

S + {8=w:0 o (1<Zw)v(0

A collapse equal values

A scalar if possible and unscalar

A remove trailing zeros and equivalent

A extend and apply extending arguments

A apply vector extension or zero function

7 « {a+[CT o [CT+a © § w# (
X « {a+2%Dw ¢ atw,0p=0fa-#w} © _X « {asr o ﬂ(nno((nfoiu)vx))u}
_V < {aer o 2oC alaa _X)w} o 7« {0=a:0 © 0=0:0 ¢ a(oa)u}

e Crystal plasticity P THEE elton o vesgt1a{ 7m0 slalierte 0 1)
BB « 4082.%711 o G« {[/+/7(0#°C w)/BB#w} o D « [28[5#
GB « {b+Z({ccw}B+/"BB#w)0"c,w © ar1#b o (ca)((1+[/,a)X b}

A multivector
A binary unitary base, grade and dimensions
A group in blades
A product tables
PB « 20# © SB « T1x(#\1ir)z.ali4 o MS + 31 71
_FM « {(aSBw)x($aa)x.*arw} o TS « {(°.PB,8c
TX < TS 00,4/ o TI«0083¢eTS © TR S

0, 3| A position, sign and metric
.((MSw)_FM))ZBB 2++/w} A factor from metric, tables from signature
B="BBoF o BT « aV"/ @ exterior, inner, reversion and base

A geometric operators

_A_ p salwu™=)w o (rip)V(rts)x (r«(; uu)lpp)m- (o_7)8,w} A geometric product
_AI_ « (o vV _X alwwx_Xaa_Z"_X)w} _AX_ « {Za(ao_a_ww)w} A inner and exterior product
TA T« _A_(TSSD) o _AX « _A_(TXSD) o _AI « _AT (rI 3D)

A geometric, inner and exterior product
w)eRCw} o A « A antigeometric product

18(toto#@s52(1[ # 'Bv-s))us»‘:x:zanm) A inverse

BVe#)w X“2xa} A complement

« Tww LC o aad((a(ww
« {as1 o Z0Ca o cof
« {aDu o (¢x_V+/Saa

. geometric functions

xa A geometric, exterior and inner product
A <a s A antigeometric, exterior and inner product
Llc-a’c A left, right and double complement
PN <« xoTRE o PS « 1 A inverse, antiinverse, reverse, pseudoscalar
GA - { A GEOMETRIC ALGEBRA

g« ONS® © g.s g.b«w (S BV 2xdes/w) A namespace, signature, base

9._2+7 0 g. XX 0 g.2+Z © g.5+5 0 g.US<US o g.C-C

9.VeV 0 g._V=_V 0 g.D<D o g.BY<8V 0 g. a4 d

9.8« 4 (TSw) o g.a _(TXw) o “g._al « _AT_(TIw) A geometric, exterior and inner operator
9.8 « xg._a o g.aX o g.Al «xg. A products

9.4V « g.aBv o g.aXV « g.aXSV o g.AIV « g.aTov A products of vectors

9.4V = g.aoV o g.aXv « g.aXeV o g.aly « g.aTeV A products by vector

9.6 +g.6g. 4 © g.aX <+ g.8Xg. 4 © g.al «g.al g.b A antiproducts

9.88 < g.a _I o g.AAV < g.AMBV o g.AAV + g.AAoV A inverse and division

9.LC~g.a C o gRC =« g.a%C o g.0C « g.LCi2 A complements: left, right, double

gR = xo(TRW)® o g.X =« X{a~Fb o a(aa)w} © g A reverse and extend

¥
90 g1 g2 g3 ¢ q pga = GA”(14),(0 1) (02) (30 1)
vs - {

_« Assert (8) A= p"ab «a
T Assert (e,1) Az popT U v w e

A 0-30, complex, quaternions, pga

Vector Space
2 and b are scalars
u, v and w are vectors (rank 1)

T« Assert v identity element for addition
Z o« Assert v identity element for multiplication
C o« Assert 0

inverse element for addition

A
A
A
A
A
A
Z e Assert (v +V W) A commutative addition
A
A
A
A
A

T« hssert (a xv)

T« Assert (U +V v +V W)

T« Assert (v xa x b)

C« Assert (a x v + VW)
Assert (v x a +b)

commutative product with scalars
associative addition

associative product with scalars
distributive over addition of vectors

distributive over addition of scalars

)
6A - { f Geometric Algebra (geometric product ax)
_« Assert (a b+ a) VS (U v v e w) A vector space: a b scalars, u v w vectors
Cehssert (uoavaaw) Ewoetuaay A associative product
Z « Assert (ucaa 2+ V/ v w) E (2+_V/ ueaa” v w) A distributive by left
Z « Assert (aaeu 2+ V/ v W) E (24 V/ ageu” v w) A distributive by right
e hssert (agavoab) Eaxbxy A extension of scalar product
Assert (rEGpr)e(aa®)”  VBV[/Dw A scalar product of parallel vectors

)
+EndNamespace a jgl@dyalog.com 2022

46 APL and Metallurgy



Research

o Geometric algebra
e Grain growth

e Crystal plasticity

GA = {
g« ONS® © g.s g.b«w (S BV 2xdes/w)
9._2+7 0 g. XX 0 g.2+Z © g.5+5 0 g.US<US o g.C-C
. 9.8V+BY © g._a- A d

< _A_(Txw) "o g._al «
- xg._ax o gl «
- o g.aIv «
- o g.aly «
- o g.al «
. o g.aav -
- g.8%C o g.0C +
« X{a~#b © aaa)w} © g

aI8v
alev

Al g._&
a80V
Lew2

A GEOMETRIC ALGEBRA

A

namespace, signature, base

geometric, exterior and inner operator
products

products of vectors

products by vector

antiproducts

inverse and division

complements: left, right, double
reverse and extend

A7 jgl@dyalog.com APL and Metallurgy
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Geometric algebra
e Grain growth

e Crystal plasticity

A GEOMETRIC ALGEBRA

W) A namespace, signature, base
US«US ¢ g.C<C
_A«_A_ d

O g._AIl « Al (TIw) & geometric, exterior and inner operator

¢ g.AI <« xg._AIl A products

¢ g.AIV « g.AIoVv A products of vectors

¢ g.AIv « g.AloV A products by vector

¢ g.AI <« g.AIl g._A A antiproducts

© g.AAv « g.AAoV A inverse and division

¢ g.DC <« g.LCx2 A complements: left, right, double
a(oa)w} ¢ g A reverse and extend
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w)

Geometric algebra

Grain growth

Crystal plasticity

.US<US ¢ g.C<C
._Av_A_ d

1

O O OO0

0

a(oa)w} ¢ g

g._AI
g.Al
g.AIv
g.Alv
g.Al
g.AAv
g.DbC

OB SR )
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Main Page

Rigid Geomelric Algebra

This wiki is a repository of information about Rigid Geometric Algebra (RGA), and specifically the faur-
dimensional Cliffard algebra Gy g (. This wiki is associated with the fellowing websites:

= Projective Geomelric Algebra overview site

https://rigidgeometricalgebra.org/wiki/

« Conformal Geametric Algebra companion sita (2

Rigiel geometric algebra is a mathematical madel that naturally incorparates representations for
Eudlidaan points, lines, end planses in 30 spacs 85 wall s oparations for performing rotations,

tature, base

reflections, and translations in a singla slgebraic structure. |t completaly subsumes conventional modsls
that include homaogenecus coordinates, Plucker coordinates, guatemnions, and screw theary {which
makes use of dual quatemions). This makes rgid geometnic algebra a natural fit for areas of computer
scienca that routinaly use these mathemaetical concepis, especially computar graphics and robotics.
Canfornal Geometric Algebra o (CGA) is a larger algebra that containg the complete RGA and also
includes raund objects like circles and spheres,

. .
Rigid geomeliic algebra is an area of active research, and new infarmation is frequenty being added 0 S [~ 7 O @ N d inher O p era t or
this wiki.
If you are experiencing preblems with the LaTeX on this site, please clear the cookies for
rigidgaometricalgebra.crg and reload.

~tors

Introduction
In the four-dimensional rigid C t (0] r
geomeatric algebra, thara are 16 Type Values Grade f Antigrade
gradad bzzis slements. Thass are Sealar I n:/4
listed in Table 1. ]
Th . — \ar basi ey h h
ara is a single scalar basis ) Veclors . 163 v -I s -I o n
element that we denate by 1, in '
bald, and its multiples correspond B a f t . h t d b L
to the real numbers, which are B =02 AR = 95 r 1 g 9 o u e
values that have no dimensions. € =€y N8
€ =0 A t d
Thare ars four vactor basis Bvectors e“ _ EI e 2i2 e n
5 TRy Ay
elements named & €3, &y, and P
oy that have ane-dimensional Ea =By A E
extants. A general vacior
has [T AT

= 2y Wy ) MAE TNE
form [r-n s Vzy \bu} Trivortons ¢ B = By ARy AL .

Antivectors [T Y T -

Ban = €4 A0 A B
Antiscilir T=wnenent 400

Table 1. The 18 basis elaments of tha 40 rigid geomelric akgsbrs, &


https://rigidgeometricalgebra.org/wiki/

Research

Geometric algebra
e Grain growth

e Crystal plasticity

A geometric product operator
_GP_ « {t « a(ww~=)w ¢ +#t,a(txoc (pt)to.(ao_Z))w}
_GP <« _GP_(BN[d%)

vl |v2 |[x_GP

1 2|3 4|11 0 0 2
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Geometric algebra
e Grain growth

e Crystal plasticity

A geometric product operator
_GP_ « {t « a(ww~==)w ¢ +#t,a(txoc” (pt)to.(ao_2))w}
_GP <« _GP_(BN[O#)

vi v2 x_GP

1 2|13 4 5 6|7 8 26 44|0 0|0 0|8 8
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Geometric algebra

A geometric product operator
_GP_ « {t « a(ww~~)w ¢ +£t,a(txoc (pt)to.(ao_Z))w}

_GP <« _GP_(BN[©o#)
vi v2 x_GP o,x_GP +.x_GP
70 0 0 16
1 2|3 5 6|7 8 26 4t4|(0 0|0 0|8 8 26 30(0 0|0 O 10
38 44+|0 0|0 O 8
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Geometric algebra

A geometric product operator
_GP_ « {t « a(ww~==)w ¢ +#t,a(txoc” (pt)to.(ao_2))w}
_GP <« _GP_(BN[O#)

z1 z2 x_GP o.x_GP +.x_GP

~36 62

1 2|13 4 5 6|7 8 “16 720|122 40 “16 71822 26
~18 720|344 4O
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Geometric algebra

z1 z2 X o, X +.x

133 2J4 5J7 6J8 “16J22 20340 “16J22 T18J26 |36J62
~18J34% T20J40

z1 z2 x_GP o,x_GP +.x_GP

~36 62

1 2|13 4 5 6|7 8 “16 720|122 4O 16 718|122 26
~18 720|344 4O

54 APL and Metallurgy



Research

e Geometric algebra
¢ Grain growth

e Crystal plasticity

GrainGrowth
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e Geometric algebra
¢ Grain growth

e Crystal plasticity

GrainGrowth

:Namespace GrainGrowth

R«8.314 ¢ Area<#.EBSD.Area

_B«{2+£G0xsx1-8@(00<) "s<10180+~0(+xGB<+)>aal,

Bi<{a(1ea)w("1¢w)}_B

B2«{a("1671da)w( 1e1dw)}_B

Step«{
gte-Rxax@?z=w ¢ ql«l ~“1(8",¢")cw ¢ gb«w
viel T1(e7,¢7)cv o t«(av/vl)a(a(cw)v.%q:
gb1«(1+RPx?#=q1) x{w+SFxql B2 " {(1¢a) (~1e¢
(vl gbt q1)«{t/5,8¢8tw} vl gbl gl ¢ m«>

}

Next<«{q Step=«w ¢ a,«Area q ¢ q}

FromEBSD<«{
0«<10000 3000 5 0.1 0.1 1000 0.25 0.01 ¢
gg9.9 9g9.9«gg.DA #.EBSD.Orientations w ¢
99.v<«(pgg.q)p(gg.IQ<#.EBSD.IQ w)Argg.CI<;

ToEBSD«{ebsd«w ¢ ebsd[13]«+8tg[,q] ¢ ebsd}

Solve<«{a-Next*=w}
_Solve_<«{
o<l ¢ f«o ¢ n<0 ¢ ebsd<«oo ¢ name<«ww
a-Next*{n+<1 ¢ (a=w)-(ToEBS sd)#.El
}

:EndNamespace
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e Geometric algebra
¢ Grain growth

e Crystal plasticity

GrainGrowth

:Namespace Euler
A quaternion product
c«1t(0123)(1032)(2301)(3210)
u<« (17171 71)(1 11 T1)(1 T 1 1)(1 1 Tt
QP « u{+/aax["2tir+1]ax[ (1 (#pa)-1),r+0I0](cO0I0+ww)[(r<#pw)-1
QC « x810(1,-3p1)
QD « +.x3510QC

A quaternion from Euler angles
RD « 180%=o0

UV <« {wx[1(Fpw)-1]+(+/x=w)*x+2}
QA « {(20w), (1ow)e.xUVa}o(#02) o QAD « QA°RD
QE « {o«(0 0 1)(1 0 0)(0 0 1) o 2aQP.QAc["141#pwlw} ¢ QED « Q

A cubic symmetry

cs «+ <1000

cs,«,(1 0 0)(0 1 0)(0 0 1) °.QAD 90 18
cs,«,(1 1 1)(71 1 1)(1 71 1)(1 1 71) °.QAD 120 2
cs,«<,(1 1 0)(1 0 1)(01 1)(1 71 0)(T1 0 1)(01 "1)°o.QAD 180

A misorientations

ML « {0«0.5 o | (180xw)<oa}

MC « cs{2x7201|>[#]|aae.QDcaQP°QCw}

IM « {010+1-=(olw)++/1-=1(afw)-1}

CM « {c<[INS® ¢ c.me 1p=(rIM-01)#,4w ¢ c}

M_ « {a=w:0 ¢ 0sm«(i<aIMw)>ww.m:m ¢ +(i>ww.m)«MLa(MC)3S(>c00)

A namespace with function M to calculate misorientations

M « {a+0.5
m<[NS'QD"' 'QP' 'QC' 'IM' 'MC' ¢ m.ML<«a°ML
m.Me(a+2)+ax(,¢w)_M_(CMw) ¢ 22#pw: m
m.Mem.MS(("1Vpw)o{0I0+arw-0I0}) o m

}

Space « {too. /(w+2)+wx(17360 90 90+w)-1}
Random « {F«{(1 202xco0?ap0)xcw*+2} ¢ UVt[1]w(F
:EndNamespace
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e Geometric algebra

e Grain growth :Namespace EBSD
Read+«{ A read whitespace separated data f
e Crystal plasticity f«80 1 [OMAP w A map
Lf cr<Jucs 10 13 A Lline

clean«,/c=o(#o'"#'A1,714=0lf)~ A spli
s<'\s+'[R"',"'"+'(M\s+)]|(\s+$)'0R"' '+oclea
OCSVE'Invert' 2+s'S' 2 0

}

Write«{('#"', a)OCSVEI('Invert' 2)('Separato

GrainGrowth

Crop«{x y+«a ¢ s+«((x>5e3)Aay>Lkod)w ¢ so/ w}

Orientations<{
x<55w ¢ nx<[0.5+1+([/x)+[/|2-/x © ny<|
0<0 ¢ ea«!ifdt3tw ¢ ea«a(l0.5++=)%(a>0)+

}

IQ<60o> A image quality
CI«70o> A confidence index

Area«<{(12)x. ((#,w){aa+1[+/,wz1d[a]w})cw}
:EndNamespace
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e Geometric algebra
e Grain growth

Crystal plasticity

https://doi.org/10.3390/cryst10090819
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Crystal plasticity

http://hdl.handle.net/1854/LU-4388117
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Crystal plasticity 1400

1200
1000
800
600
400§

200F

0.00067 s 1

http://hdl.handle.net/1854/LU-4388117
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{0001}
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CPFEH
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Crystal P lasticity F inite E lement H omogenisation
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costalplastiely rystal P lasticity F inite E lement H omogenisation

= 74 WIKIPEDIA

= The Free Encyclopedia Q Search Wikipedia Search  Create account Login
Superposition principle ¥ 39 languages

Contents [hide] Article  Talk Read Edit View history Tools ¥

(Top)

Relation to Fourier analysis
and similar methods

From Wikipedia, the free encyclopedia

This article is about the superposition principle in linear systems. For other uses, see

v Wave superposition Superposition (disambiguation).

Wave diffraction vs. wave

interference The superposition principle,"! also known as
Wave interference superposition property, states that, for all linear
Departures from linearity systems, the net response caused by two or more stimuli
Quantum superposition is the sum of the responses that would have been
Boundary value problems caused by each stimulus individually. So that if input A
Additive state decomposition produces response X and input B produces response Y
Other example applications then input (A + B) produces response (X + Y). SUDS}ESMU of almost plane =
History Afunction F(z) that satisfies the superposition principle pravee (degonallines) omiaistant

source and waves from the wake of the
See also is called a linear function. Superposition can be defined ducks. Linearity holds only
approximately in water and only for

References by two simpler properties: additivity waves with small amplitudes relative to

Further readin their wavelengths.
‘ F(zy + @2) = F(z1) + F(z2)
69 External links
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Dissemination and promotion
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Conclusions

APL is an interesting choice for the solution of
materials science and engineering problems

Convincing other researchers is not easy
But there is potential
We will keep trying
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Plans

Apply feedback
More tutorials and publish them

Continue research

Geometric algebra, grain growth, crystal plasticity

Articles and conferences

Networking (more universities)
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Thank you
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