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C2A OUTLINE

O Why is it relevant for data processing, validation and analysis?

- Open-source

[m]

Quality standards
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C2A  WHY IS IT RELEVANT FOR DATA VALIDATION? |A/fe%¢

* Open-source python library (object-oriented)

* License: MIT (permissive, free)
« Transparent: code on Github
1 ToFuProject / tofu ' Public

& Unwatch ~ ] W Unstar 44 % Fork

Issues 54 Pull requests 1 Discussions Actions Projects 9 Security Insights Settings

¥ devel ~ P 29 branches ) 117 tags Go to file Add file ~ About

Project for an open-source python library for

b i Didou09 Merge pull request #564 from ToFuProject/Issue563_D1MN2Discrete ..

synthetic diagnostics and tomography for

Fusion devices
B =gos Try with Travis, Pypi and Anaconda Cloud 3
& tofuproject.github.io/tofu/index.html

BB .cithub/workflows

open-source plasma |::|'| ysICs
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DE LA RECHERCHE A LINDUSTRIE

C2A  WHY IS IT RELEVANT FOR DATA VALIDATION? |A/fe%¢

* Open-source python library (object-oriented)
* License: MIT (permissive)

- Transparent: code on Github

Unwatch ~ n W Unstar 44

Pull requests 1 i ; Actions Projects 9 3 ity Insights

devel ~ P 29 branches N7t Go to file Add file ~ About

Project for an open-source python library for
synthetic diagnostics and tomography for

devices

github.ioftofu/i html

Installation Col Gallery About Releases API Site Page ~

e  Online documentation: Welcome to tofu’s documentation!

tofu stands for Tomography for Fusion, it is an IMAS-compatible open-source machine-independent python library
with non-open source plugins containing all machine-dependent routines.

It aims at providing the fusion and plasma community with an object- oriented, transparent and documented tool for

https .//tOfU D ro I eCt. q Ith u b . Io/tofull n d eX ) htm I designing tomography diagnostics, computing synthetic signal (direct problem) as well as tomographic inversions

(inverse problem). It gives access to a full 3D description of the diagnostic geometry, thus reducing the impact of
geometrical approximations on the direct and, most importantly, on the inverse problem.

tofu is relevant for all diagnostics integrating. in a finitie field of view or along a set of lines of sight, a quantity (scalar ot
H .I'_f vector) for which the plasma can be considered transparent (e.g: light in the visible, UV, soft and hard X-ray ranges, or
Co ntl n u e e o rt electron density for interferometers).

tofu is command-line oriented, for maximum flexibility and scriptability. The absence of a GUI is cempensated by built
inone-liners for interactive plots.

tofu is hosted on github.

{ . By ( \
dth IAEA Technical meetingon Fuata Pr

| D. VEZINET | PAGE 4



https://tofuproject.github.io/tofu/index.html

WHY IS IT RELEVANT FOR DATA VALIDATION? |A/@%¢

« (Good practices:
« Version-control: git

* |ssue tracker: github

« Pull Requests and code review process:
Dedicated branches vs protected master branch

« Unit tests: ~60 % of the code, multiple platforms
- Standardized benchmarks: to quantify speed-ups and detect slow-downs
« Automated deployment: on tags
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WHY IS IT RELEVANT FOR DATA VALIDATION? |A/@%¢

« (Good practices:
« Version-control: git

* |ssue tracker: github

« Pull Requests and code review process:
Dedicated branches vs protected master branch

« Unit tests: ~60 % of the code, multiple platforms
- Standardized benchmarks: to quantify speed-ups and detect slow-downs
« Automated deployment: on tags

= Contribute to tracability, address the replicability crisis [1-3]
= towards Open Science and FAIR4Fusion
= Natively compatible with IMAS and regularly updated to follow IMAS standards
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WHY IS IT RELEVANT FOR DATA VALIDATION? W"sf

« (Good practices:
« Version-control: git

* |ssue tracker: github

« Pull Requests and code review process:
Dedicated branches vs protected master branch

« Unit tests: ~60 % of the code, multiple platforms
- Standardized benchmarks: to quantify speed-ups and detect slow-downs

« Automated deployment: on tags

= Contribute to tracability, address the replicability crisis [1-3]

= towards Open Science and FAIR4Fusion
= Natively compatible with IMAS and regularly updated to follow IMAS standards

« Packaged, easy to install on Windows, MacOS, Linux

« Using pip: pip install tofu
« Using conda: conda install -c conda-forge tofu

[1] M. Baker, Nature 2016, 533 (7604)
[2] Fang et al., PNAS 2012, 109 (42), 17028-17033
[3] loannidis JPA (2005) PLoS Med 2(8)
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C2A OUTLINE

O What it does:
- Tokamak and diagnostic modelling and synthetic diagnostics

. Inversions (priority of 2021-2022)
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GEOMETRY MODELLING

WEST AUG ITER SPARC [4]
1.5 4
1.5 154
N N
1.0 4
10+ 1.0 -
24
0.5 - 05 4 05
E 0.0 - ] 0.0 4 0+ 0.0 4
N
0.5 0.5+ -0.5 4
-HE 21
71.0 M t -
-1.0 =\ 1.0
_4 -
—=1.51 =yisid
—1.5 -
2.0 25 30 35 10 15 2.0 25 4 6 8
R {m) R (m) R (m)

= Feel free to add you tokamak

= See the video tutorial on how to do it using Inkscape
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https://tofuproject.github.io/tofu/auto_examples/tutorials/tuto_plot_create_geometry_from_svg.html#sphx-glr-auto-examples-tutorials-tuto-plot-create-geometry-from-svg-py

SYNTHETIC DIAGNOSTICS

* Fast 1d and 2d camera modelling: (with simple specular reflections)

import tofu as tf

conf = tf.load_config(‘WEST)

cam = tf.geom.utils.create_ CamLOS2D(
pinhole=[3.1, 1.1, 0],
orientation=[np.pi, np.pi/6, 0],
focal=0.15,
sensor_size=0.1,
sensor_nb=800,
config=conf,
Name='test’,
Diag='diag’)

2d camera

# import
# load tokamak geometry (configuration)
# create pinhole camera

05

Z(m)

—05

-1.0

-15 4

0.0 4

1d camera

15 20 25 30 35
R{m)
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SYNTHETIC DIAGNOSTICS

* Fast 1d and 2d camera modelling: (with simple specular reflections)

import tofu as tf # import
conf = tf.load_config(‘WEST) # load tokamak geometry (configuration)
cam = tf.geom.utils.create_ CamLOS2D( # create pinhole camera

pinhole=[3.1, 1.1, 0],
orientation=[np.pi, np.pi/6, 0],
focal=0.15,

sensor_size=0.1,
sensor_nb=800,
config=conf,

Name='test’,

Diag='diag’)

2d camera =1 1d camera

SPARC - vis - cam

Provides tools for fast LOS-
Integration for synthetic

diagnostics

05

0.0 4

Z(m)

—05

-1.0

-15 4

15 20 25 30 35
R{m)
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INVERSIONS

1:5

-1.5 L ! 1 1
1.0 1.9 2.0 2.5
[1] D. Vezinet et al, Nuc. Fus, 56, G
2016

Solution

discretization

(a) S
Lol r/——(\-,‘ ]
0.5F L .

m =T .

i - _

—_— =00 il
—-0.5} .
—1.0} ; {'T |

1.01.214161.82.02.22.
R (m)

Regularization choice

E

eometry / transfer e(x) = Z Cib;(x)
matrix i
v
> Algorithm > Inversion
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INVERSIONS

Plasma meshing
(axisymmetric)

(@) /\
1.0F A :
f '\
0.5F [} .
= |
= 0.0 .
N S :
Ld
—0.5F - 1
¥
LELIT .IT
-1.0F ! ! _

101.21.41.61.82.02.22.

-1.5 1 1 1 1
1.0 15 20 25 R (m)
[11.D _Vezinetetal Nuc. Fus 56
2016 Geometry /_transfer
matrix
v
Regularization choice > Algorithm > Inversion
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INVERSIONS

15 T 1 I |
@ N\
1.0 AT .
r \
0.5F L s
= |
E0.0 -
_ N = :
—0.5}) F -
v
LLLI] .IT
_1.0_ ! ! ]

101.21.41.61.82.02.22.

s | | 1 |
1.0 15 20 25 R (m)
[11.D _Vezinetetal Nuc. Fus 56
2016 Geometry /_transfer
matrix
v
Regularization choice > Algorithm > Inversion
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INVERSIONS

15 T 1 I |
@ N\
1.0F .
14 \
0.5F L .
= |
= 0.0 —
_ N e :
—0.5} .
v
LLLI] .IT
_1.0_ ! ! ]

101.21.41.61.82.02.22.

-1.5 L | 1 |
1.0 15 20 25 R (m)
[11.D _Vezi LN E ala)
Hrhfezinal e LA AUCEuS Geometry / transfer
matrix
I
Regularization choice 3 > Algorithm > Inversion

| LA = T
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C2Aa INVERSIONS

Diagnostic geometry 1 Set at design (hardware), fixed
EXp. measurements

—

Basis functions
Geometry / transfer matrix

— - = (Changeable from software
Regularization choice 3

Algorithm

| PAGE 16 4th IAEA Technical meeting on Fusion Data Processing | D. VEZINET | PAGE 16



INVERSIONS

________ Set at design (hardware), fixed
Exp. measurements

Basis functions
Geometry / transfer matrix

— - = (Changeable from software
Regularization choice 3

Algorithm

tofu
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INVERSIONS

Diagnostic geometry Plaslma meshlng
1.5— , , , (axisymmetric)
@
1.0F ’1"“(\"1‘ i
0.5F v i
Geometry / transfer Eoo |
. 4—\ N 3
matrix
—0.5F F .
~1.0} ; |r'T 1
Glj = ij j bdedV I I I 1 L ]
—.5 ! ! 1 | ) Qi 101.214161.82.02.22.¢
' 1.0 15 20 25 Fovi R (m)
[1] D. Vezinet et al, Nuc. Fus, 56,

2016

2 Choices: ° On which basis functions to discretize?
« Which approach to compute the integral?
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INVERSIONS

[5] L. Ingesson et al., Plasma Physics and
Controlled Fusion, vol. 42, p. 161, 2000.

LBF

(local ...)
EXx. pixels

NBF
(natural ...)

GBF
(global ...)

Ex.: fourier-bessel

Z(m)

I

Y

1

Bessel order O

1.00

0.75

0.50

0.25

0.00

-0.25

-0.50

-0.75

—1.00

| PAGE 19
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INVERSIONS

[5] L. Ingesson et al., Plasma Physics and f ReCtanQUIar variable size mesh '

Controlled Fusion, vol. 42, p. 161, 2000. => 4 types of bsplines
(a)
LBF 1 T
(local ...) i i
Ex. pixels S Deg=0 Deg =2
' ! % REE inEEEEEl i
d) — :I: i
01214 Ji;‘ﬁ(;.‘)ﬂ 20222«
NBF

Deg=1 Deg=3

\_ J

(natural ...) |

I

Y

1

Bessel order O

1.00

0.75

0.50

GBF
(global ...)

Ex.: fourier-bessel

0.25

0.00

-0.25

-0.50

-0.75

i i i i PAGE 20
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INVERSIONS

[5] L. Ingesson et al., Plasma Physics and
Controlled Fusion, vol. 42, p. 161, 2000.

LBF

(local ...)
EXx. pixels

NBF
(natural ...) |

I

1

Bessel order O

GBF
(global ...)

Ex.: fourier-bessel
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(a)

f Rectangular variable size mesh \

1.0 #

0.5

‘_______\

Triangular meshes

=> 4 types of bsplines (ongoing)

T
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INVERSIONS

[5] L. Ingesson et al., Plasma Physics and f Rectangular variable size mesh \ / T”anQUIar_ meshes |
Controlled Fusion, vol. 42, p. 161, 2000. => 4 types of bsplines I (ongoing) :
—— I I
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vo| e ] | I
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GBF b Introduce dependency on equilibrium I |
e => Possible source of systematic error
(global ...) = l '
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Ly eAGE3a 4th |AEA Technical meeting on Fusion Daﬁ PEx:sadial/poteidal bsphines - ]
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INVERSIONS

Diagnostic geometry Plaslma meshlng
1.5— , , , (axisymmetric)
@
1.0F ’1"“(\"1‘ i
0.5F v i
Geometry / transfer Eoo |
. 4—\ N 3
matrix
—0.5F F .
~1.0} ; |r'T 1
Glj = ij j bdedV I I I 1 L ]
—.5 ! ! 1 | ) Qi 101.214161.82.02.22.¢
' 1.0 15 20 25 Fovi R (m)
[1] D. Vezinet et al, Nuc. Fus, 56,

2016

2 Choices: ° On which basis functions to discretize?
« | Which approach to compute the integral?
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INVERSIONS

FoVi

1.5— . . l Gij:fﬂf b;dQdV
- Qi

Fast
Low accuracy Sllow
Assumes isotropy High accuracy

—»

Gij = .Uf ffm b;QdQdV \yOSs

LOS;

LOS

Ray

Rays; tracing

2.5 ] 1 1 1
1.0 1.5 2.0 2.5

[1] D. Vezinet et al, Nuc. Fus, 56,
2016
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INVERSIONS

15 | | I |

.5 ] 1 1 1
1.0 1.9 2.0 2.5

[1] D. Vezinet et al, Nuc. Fus, 56,
2016
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INVERSIONS

Diagnostic geometry 1 Plasma meshing
1.5— . . . (axisymmetric)
(a) S

1.0k r/——(\-,‘ i

0.5 I .

Eo.o | | -

—-0.5} r .

-Lof ) {'T -

101.21.41.61.82.02.22.

S0 15 20 25 o
1] D. Vezi l, Nuc. F [
UID. Vezinet ! & uc. Fus, 55, Geometry / transfer matrix
v
— Algorithm > Inversion
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C2Aa INVERSIONS

Philipps-Tikhonov regularization Main choice
Geometry matrix / Regularization operator
O, ("= |Te"— £tz + aH()
/ \ Regularization parameter
Measurements (scalar)
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C2Aa INVERSIONS

Philipps-Tikhonov reqularization Main choice

Geometry matrix / Regularization operator

P (M= | Te"— f(t)lr + aH(e

Regularization parameter

Measurements / (scalar)

Degree 0

Degree 1 J J

Degree 2 J J J
Degree 3

Done tomotok

Tomotok: interoperability with another tomography library
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C2Aa INVERSIONS

Philipps-Tikhonov regularization Main choice

Geometry matrix / Regularization operator

2
O (M= L~ f )z +aH(e
/ Regularization parameter
Measurements (scalar)
--
Degree 0 Coming (early 2022):
Degree 1 J J « Anisotropic smoothing
4 _—s s

Degree2 _f J J Isotropic {!anisotropic

|

|

iRy

Done tomotok I I
I |

| —7 |

/J

Degree 3

Tomotok: interoperability with another tomography library

A\,

\____
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INTEROPERABILITY WITH OTHER LIBRARIES:

TOMOTOK

* Open source (EUPL licence): https://github.com/tomotok

» Focused on discretiazation methods (input types numpy and scipy only)

* Regularised - Minimum Fisher Regularisation(MFR), Linear Algebraic Methods
* Not regularised — Biorthogonal basis decomposition

« Geometry matrix computation using single line of sight approximation

« Simple forward modelling framework

* Graphical user interface for visualization and post processing

Phantom MFR SVD GEV
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2 50
—_ —_ —_ —_ Z
~ 00 4 =~ 00 4 = 0.0 - . = 0.0 - 0o =
o] ] ] ] $
g
—0.2 —0.2 - -0.2 -0.2 50 ™
—-0.4 T —0.4 T -0.4 T -0.4 T
03 05 0.7 03 05 07 0.3 05 0.7 0.3 05 0.7
R [-] R[-] R [-] R [-]

Example results of regularized methods used on a phantom model (SVD and GEV are linear algebraic methods)

J. Svoboda, J.Cavalier, et al., “Tomotok: python package for tokamak plasma tomography”, 4" ECPD conference, J. Inst.
(Accepted Oct 2021, future DOI https://doi.org/10.1088/1748-0221/00/00/P00921)
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https://github.com/tomotok
https://doi.org/10.1088/1748-0221/00/00/P00921

ROPERABILITY WITH OTHER LIBRARIES:

FOMOTOK

Biorthogonal basis decomposition used on experimental data of COMPASS tokamak
(unregularized method - requires more lines of sights than reconstruction nodes)

#16693 - Frame 1761

Reconstruction -t = 1.303 s

0.4
10000
0.2 8000
6000
0.0
4000
=0.2
2000
0.4 0]

0.4 0.6 0.8

J. Svoboda, J.Cavalier, et al., “Tomotok: python package for tokamak plasma tomography”, 4" ECPD conference, J. Inst.
(Accepted Oct 2021, future DOI https://doi.org/10.1088/1748-0221/00/00/P00921)

4th IAEA Technical meeting on Fusion Data Processing | D. VEZINET | PAGE 31


https://doi.org/10.1088/1748-0221/00/00/P00921

DE LA RECHERCHE A LINDUSTRIE

INVERSIONS - EXAMPLES
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INVERSIONS - EXAMPLES
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OUTLINE

O Perspectives
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~——  PERSPECTIVES: SYSTEMATIC ERRORS. .
cea N'T West

— THINGS WE THINK WE KNOW BUT WE DO

All the above relies on implicit assumptions (possible sources of systematic errors)

« |sthe geometry of the diagnostic properly modelled / known ?

How many diagnostics underwent a proper in-situ metrology campaign?

Which level of accuracy?

A fraction of a degree in camera orientation can result in significant worse / better
inversion quality !

=> ideally, the geometry should be part of the unknowns (iterated over)
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DE LA RECHERCHE A LINDUSTRIE

PERSPECTIVES:

— Mutualize numerical tools with X-ray spectrometers

X-Ray spectrometers
Geometry modelling & ray-tracing + inversions

(ongoing)

— ArXVil outline -2 —— ArXVil outline
073 A ArXVII summit A ArXVII summit
0.50 4 ® ArXVil center ® ArXVil center
---- ArXVli rowland —g 4 ---- ArXVIl rowland
0.25 4 ® det cent ® det cent
T = det outline = -5 — det outline
; 0.00 1 m ArXVII unit vect; 5 . ArXVII unit vect
_g55.d BN det unit vect - EE det unit vect
=7
—0.50
-8 4
—0.75 -
-9 4
T
2 3 4 5 6 7 8 9 -4 <2 4 6
R (m)
—— ArXVil outline — det outline
A ArXVII summit
® ArXVil center
---- ArXVil rowland 10 -
® det cent
—— det outline
—— ArXVIl unit vect
—— det unit vect i
0.05 4
.
.
3
z :
£ o004 b
S °
]
.
-0.05 4 -
.
-0.10

~0.075-0.050 —0.025 0.000 0.025 0.050 0.075
X (m)
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Perspectives:

Algorithms

Philipps-Tikhonov regularization (ongoing)

Gaussian process Regressions

Particularly interesting for error bars and bayesian approach
Possible interoperability with existing libraries?

Neural networks and Al for fast reconstructions

Questions on the training set!
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C2Aa INVERSIONS

Philipps-Tikhonov reqularization

Geometry matrix / Regularization operator

Regularization parameter
(scalar)

[- Discrepancy principle ]
 Generalized cross-validation
« L-curve
« Akaike information criterion

Measurements
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