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Abstract.

The application of Machine Learning (ML) techniques for disruption prediction has improved the
detection rates and the warning times in JET [1] and other tokamaks. However, ML predictors
learn from past events, which imply an already stored database to develop them. Therefore, a
significant problem arises at the time of developing ML-based systems for ITER. In this work to
tackle this problem, a Genetic Algorithms-optimized (GAs) predictor based on a previous study
[1] was trained using, initially, only AUG data and tested with a wide database of JET. This
"smaller to larger" tokamak approach is meant as a test for future extrapolation of this technique
to ITER.

The outcomes of the direct application of the cross-predictor resulted in a 30.03% of false alarms
and more than a 42% of premature alarms, which indicates the need of some information about
the target device to achieve reasonable performance.

Then, in a second approach, a new predictor was trained with AUG database plus one disruptive
and one non-disruptive pulses of JET. The final cross-predictions (over the chronologically first
564 shots after the training, 52 of them disruptive) reached a 100% of total detected disruptions
(all of them with anticipation times higher to 10 ms). The false alarms in that period were 7,42%.
However, the performances decay for new shots were tested. This ageing effect is a known
phenomenon and it can be tackled by the periodic retraining of the system. As proof of principle,
a final predictor was create as an adaptive approach, getting in the following 1000 pulses (52 of
them disruptive) a 91,75% of detections with at least 10 ms of warning times and less than the 1%
of false alarms.

Keywords. Disruption prediction, ITER, cross-tokamak.

1. Introduction

Disruptions [1][2] remain as a key problem to solve in nuclear fusion research. Their
prediction, sufficiently in advance to perform mitigation [3][4] or even plasma recovery
actions [5], has improved considerably since the application of Machine Learning (ML)
techniques.

Nowadays, the main efforts are mainly focused on the future application of prediction

systems to the next step tokamak, ITER. Since ML techniques learn from past data, a problem



arises: at the beginning of ITER's operation no database will be available. A further problem is
the high detection rates required which demands accuracies only achieved by the use of ML
methods.

In the last years, ML approaches have been explored using a minimum amount of past
discharges or even none of them in "learning from scratch" methodologies [6][7]. These
techniques can be a promising area of research.

Another approach was the one introduced by Windsor et al. in 2005 [8]. They proposed to
train a ML predictor using the database of one tokamak and to apply the developed model for
another one. The underlying aim is the extrapolation of models in sights of ITER. The best
results obtained in that work could not exceeds the 70% of detections and the research line
was not continued.

The recent and successful incorporation of Genetic Algorithms (GAs) to the prediction of
disruptions [9][10][11][12] and the considerable escalation of computational power since 2005
made worth retaking this cross-tokamak strategy with newer tools and ideas. In this paper
GAs were applied to select the most relevant set of signals and signal features and to adjust
some required parameters of the ML model.

Having in mind that a pragmatic solution will demand an extrapolation from a 'smaller'
tokamak (as JET) towards ITER, we have created and tested different predictors using, mainly
(as it will be later explained) AUG data. Each model was finally tested using a wide dataset of
4857 JET shots (699 of them disruptive).

As it will be shown, even if the direct extrapolation of the model created using only AUG
was not successful, some alternative approaches providing a pragmatic solution was carried
out.

This article is organized as follows. The databases (from ASDEX-Upgrade and JET) and
the applied signal processing are the subject of Section II. Section III is devoted to explaining
the ML methods used in this work (Support Vector Machines and Genetic Algorithms). Also,
the application of these methods to the disruption prediction problem is explained. In Section

IV, the results are shown and finally summarized and discussed in Section V.

II. The database and the processing of the signals

The gathered database from JET and AUG was selected taking into account the
extrapolation from one device to the other. Therefore, signals measured by equivalent
diagnostic systems in both devices were selected. They are: 1) the poloidal beta; 2) the line

integrated plasma density; 3) the plasma volume divided by the device minor radius; 4) the



plasma current; 5) the plasma internal inductance; 6) the locked mode amplitude; 7) the
plasma vertical centroid position; 8) the total input power; 9) the safety factor at 95% flux
surface (the flux surface that encloses the 95% of the toroidal flux); 10) the total radiated
power and 11) the time derivative of the stored diamagnetic energy.

Discharges with incomplete or unreliable measurements were omitted from the databases.
Also, intentionally produced disruptions have been discarded.

AUG total database consisted in 232 disruptive shots and 1173 non-disruptive shots
produced during the years 2012 and 2014. This database has been split into the
training/validation database (chronologically first 100 disruptive and 1000 non-disruptive
discharges) and the remaining shots were saved for testing.

The total JET database included 699 disruptive and 4158 non-disruptive discharges
generated between April 2012 (experimental campaign C30a) and November 2016 (C37), all
of them after the installation of the metallic wall. JET database has been (almost, as it will be
explained in later Sections) exclusively for testing purposes.

The data processing was performed having in mind real-time conditions, following the
procedure of previous works [13][14]. Signals were normalized between (approximately) O
and 1. This normalization is approximate. To be exactly bounded between 0 and 1 it would
imply to know beforehand the maximum and minimum values of each magnitude for all the
signals in the database. In a realistic situation this can be estimated (but not exactly known) for
a future device. Then, the maximum and minimum values of the signals of the first discharge
of each database (JET and AUG) have been used for the normalization of the rest of the shots.

Previous investigations demonstrated that not only a good combination of plasma
measurements is necessary to create reliable detection systems but also some preprocessing of
the signals (getting signal features) can enhance the results [15]. Then, the standard deviation
of the Discrete Fourier Transform (discarding the zero frequency component) computed over
the past 32 ms of each signal was computed to create an extra input feature. Therefore, a total
of 22 inputs have been considered in this study: normalized amplitude values of 11 signals and
the 11 above-mentioned features of these signals.

For both databases, and to allow its better computational treatment, the signals and signal
features have been resampled at a frequency of 1 kHz (which is compatible with real-time

conditions as it has been detailed in a previous publication [16]).



III. Machine Learning and optimization methods

111 A. Briefintroduction

Machine Learning (ML) comprises a wide set of methods destined to automatically create
models from data. One of the most common types of ML technique is the ones called
"supervised" learning. Supervised implies to provide labeled objects to the ML system. The
label of the inputs (e.g. "disruptive sample") makes the algorithm learn and compute a general
rule based on that training data.

Probably the two most extendedly used supervised methods are Neural Networks [17]
(the one employed in Windsor's et al. work and others related to disruption prediction at JET
[18], AUG [19] and JT-60U [20]) and the one chosen in the present and other previous works
[13][14], called Support Vector Machines (SVM) [21]. This technique is conceptually
introduced in the following subsection //1.B..

To attain the best possible predictions, the optimal set of input variables (in this case,
plasma raw and processed measurement) and some SVM parameters (as it is explained in the
next subsection) must be selected and tuned. For that task, a well-known and very efficient
optimization technique called Genetic Algorithms (GAs) has been used. This technique is
introduced in the next subsection //1.C.

For deeper details regarding SVM and GA, there is available abundant bibliography to be
consulted [21][22][23].

1I1.B. Support Vector Machines

SVM [21], for classification, works in two stages. In the first one, called training, a set of
known examples labeled with the class they belong to (in this case "pre-disruptive sample" or
"non-disruptive sample") is provided to the system. These examples are represented by
squares and circles of Figure 1.

During the training stage, SVM is programmed to calculate a function or hyper-plane able
to separate these objects by maximizing in the process the margin (m) between the classes.
Once the training has been completed, a model/classifier is created (i.e. the hyper-plane
equation). The samples, in this work, are vectors containing the value of a set of plasma
signals (raw and processed) extracted from different times windows of the training set of

discharges.



Figure 1. Bi-dimensional and bi-class conceptual example of a SVM classifier.

The time windows to extract the vectors were: 1) just before the occurrence of a
disruption (to detect disruption precursors, e.g. squares in Figure 1); and 2) any time in a pulse
that landed without a disruption (e.g. circles in Figure 1).

Performing this task for several samples of a wide number of discharges leads to a large
set of vectors labeled as “pre-disruptive sample” or “safe sample”. Once the training set is
considered big enough, the hyper-plane (in this case, equivalent to the disruption predictor)
can be created.

In the second stage, called testing, new examples are provided as inputs. Since the hyper-
plane has been already calculated, the computation over the new inputs can be performed in
the order of microseconds. Depending on which side of the hyper-plane the new samples get
placed, the class they belong to (pre-disruptive or non-disruptive sample) is automatically
determined. Notice that this methodology can be applied, from the beginning to the end, to
each sample of a running discharge, obtaining by this way an on-line disruption predictor.

The conceptual example shown in Figure 1 is unrealistic for disruption prediction. On the
one hand, the dimensional space where the hyper-plane is built in is normally >2 (in Figure 1,
it is 2-dimensional).

On the other hand, normally, the set of training samples is non-linearly separable. So, the
mathematical principles of SVM to calculate the separation between classes by maximizing
the margin m can not be applied. To solve this issue, Kernel functions are used. Kernels

transform the input space into another (normally higher dimensional) one. In that space, the



linear hyper-plane can be computed. The final solution (back into the input space) becomes
non-linear in the case a non-linear Kernel is applied. Kernel functions can take any form and
probably the most commonly used for its versatility and the one used in this work is the Radial

Basis Function (RBF):

K(Xi,xj)=exp(—y||xl.,xj||2) RBF

2. . .
where ||Xi )X || is the squared Euclidean distance between two feature vectors.

As final comment, it is necessary to consider the importance of avoiding overfitting in
order to get systems with enough generalization power (they must have good performances not
only with the training samples but also at the time of testing it). For that, a parameter called
slack variable (represented with the letter "C") can be added into the SVM optimization [21].

Before ending this Subsection, some important facts should be noticed:

1) If the RBF Kernel is used, the parameter » must be predefined. This parameter defines
the radius of influence of the support vectors. A very large ¥ will conduct to overfitting
whereas a low y value leads to a more linear hyper-plane.

2) The value of the slack variable C has to be predefined. This parameter trade-off
misclassification of training examples (allowing some feature vectors to be positioned between
the boundaries) against the simplicity of the decision surface. A low C value makes the
decision hyperplane smoother.

3) The method creates the classifier using input examples (signal features). However, it
does not select the optimal set of features.

The free licensed software used to work with SVM was Libsvm [24] adapted to run under

MATLAB [25][26] environment.

1II.C. Genetic Algorithms

The three points listed at the end of the previous Section are fundamental for creating
reliable and accurate disruption predictors. However, they are not optimized by the SVM
method itself.

To increase the probabilities of achieving better results, it is necessary a careful selection

of the input parameters and the adjustment of internal variables (7/ and C in SVM). At first
sight, it would not represent a big problem. This could be solved by just performing an

exhaustive analysis which means to look for all the possible combinations of signal, signal

features (std(DFT(32 ms of signal))), 7 and C parameters. Then, for each possible



combination of these input variables a disruption predictor can be trained and tested. Once this
procedure is finished, the one with the highest score (the score can be, for instance, the total
prediction rate over the testing discharges) can be selected.

However, the amount of possible combinations (without permutations) can be calculated
with the following formula:

n n
Zi:l C"

" _ n!
Yo(n=i)i!

where:
n=number of possible values and i=possible groupings

n can be calculated as the sum of: 1) 11 possible signal values; 2) 11 possible signal

features values; 3) 10 possible values for 7, 4) 10 possible values for C. They complete a
total of 42 values.

Then, n=42 and i=1,2,3,...,42

To explore each one of the possible combinations (considering that each one needs a
computational time of ~3 seconds), it would take more than 418383 years to finish the
exhaustive analysis.

To solve this problem in affordable times, GAs (optimization methods inspired by
biological evolution) [27][28] were applied.

In nature, the better adapted individuals have higher chances to survive, mate and
transmit their characteristics to their progeny. Adaptation means, in this context, to survive
and to reproduce. Individuals unable to accomplish these objectives will not pass their genes
and therefore their configuration is destined to extinction.

GAs imitate that behavior by creating a population of solutions. Each solution is
evaluated with a metric, called Fitness Function (FF). According the FF, higher possibility to
be a parent is assigned to those solutions with better scores. Descendants are created as a
combination of parents characteristics/genes. Finally, and since descendants are a combination
of promising configurations, it is expected that newer generations outperform the former ones.

The GAs steps can be summarized as follows:

1- Creation of a population of possible solutions. The higher the population the higher the
possibilities to achieve better results. However, the computational times increase exponentially
with the population size. In this study 50 individuals per generation were chosen as a good

trade-off between results quality and computational times.



Each individual of the population represents a set of instructions to create a SVM-based
disruption predictor candidate. For the correct evolution of the algorithm all the information of
each individual needs to be codified. For that, a simplified computational version of the DNA
is used. For that, strings are used (see Figure 2). In this case, the codification consisted of
assigning ‘ones’ and 'zeros' randomly only in the first iteration (in the following ones

through the GAs

Plb Delns EI_IO V(IJL Wcliia Y C

0(1]1j0]0J0|1}|0 010|1)10

1 2 3 4 5 6 7 8 ... 21 22 23 24

Signal amplitude

Feature

Figure 2. Example of an individual codification. The exemplified predictor uses the Poloidal beta
feature, the amplitude of the line integrated density and the amplitude of the plasma volume. It has
a ¥ value equal to 1 and a C value equal to 10.
evolution) to the strings boxes 1 to 22. They correspond to 11 signal amplitudes and to 11
signal features (the stdper(signaly ) s it is represented in Figure 2. In the codification, the 'ones'
indicate that the signal or the processed signal feature in that box must be included in the

predictor development; the 'zeros' imply they must be not. Positions 23 and 24 correspond to
the value of the 7 and C parameters (mentioned in the previous Section). The selected

possible 7 values were: {0.00001; 0.0001; 0.001; 0.005; 0.01; 0.05; 0.1; 0.5; 1; 10} and the
possible C values: {0.01; 0.5; 1; 5; 10; 50; 100; 1000; 10000; 100000}.

Notice that the main instructions to train each individual are enclosed in short strings. The
next step is to follow these instructions and train (using the training database) a SVM
candidate model. This training process is analogous to the ones explained in a previous paper
[12]. The data is extracted from the AUG training database. From there, 1000 non disruptive
and 50 pre-disruptive samples are randomly selected and the candidate predictor is built with

them. Then, the candidate is tested over 100 extra validation shots (50 of them that ended in a



disruption) to evaluate its performance. The procedure is repeated once, swapping training and
validation groups, in a 2-fold cross-validation method, to get more robust results.

2- The 2 results achieved in the abovementioned 2-fold cross validation are averaged,
getting by this way the Fitness Function (FF) score. The procedure is repeated for each
individual of the population, getting as result 50 FF values. In this study, criteria to define the
scores was similar to the one adopted in a previous publication: for each predictor candidate 5
points were assigned per disruption predicted with warning times between 5 ms and 1 seconds
(to avoid premature alarms) and 3 points in case, correctly, no alarm is triggered in a non-
disruptive shot.

3- The next step consists of selecting the parents. For that, the roulette method was
applied: i) all the individuals are sorted according theirs FF scores; ii) FF scores are
normalized between [0; 1]; iii) a random value between 0 and 1 is chosen; iv) all individuals
whose normalized fitness is over the random value are added to the bag of selected parents; v)
the process is repeated from step i till the number of parents is equal to the population number
(50 in this case).

4- Children are created as a combination of parents’ genes. To do it, the 2 points cross-
over operation, depicted in Figure 3, was conducted. It consists of randomly selecting 2 points
in parent's strings. Then, the sections determined by these points are interchanged between
parents to create offspring. Also, the mutation probability (0.05%) of randomly changing the
value of a bit in an offspring has been included.

5- Unless an ending condition is satisfied, iterate from step 2, where the new population
(created in step 4) is evaluated. In this work, the ending condition was triggered after 50

iterations since they were enough to get good results in affordable computational times.
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Figure 3. Example of the two points cross-over operation. Two sections are randomly selected
from parents. The segments enclosed by these limits are interchanged to create two offspring.
As the final comment of this Section, it is important to highlight that only the first

population is created by a random assignation of values. In posterior iterations, the new

individuals are driven by the heuristic of the GAs.

IV. Results

1V.A. Direct AUG/JET extrapolation

Going for the main objective of this work, a direct AUG to JET extrapolation was
attempted. Following the methodology detailed in Section III, SVM and GAs were combined
to get an optimized predictor. This predictor was built using only AUG training data and it
was tested over the whole JET testing dataset (4158 non disruptive and 699 disruptive pulses).

Even it was beyond the scope of this work, an extra test was performed over an
independent AUG set of 77 disruptive and 391 non-disruptive discharges produced after
(chronologically) the ones used for training.

To understand the results summarized in Figure 4, some basic definitions should be
mentioned. The vertical lines are drawn to highlight relevant times. The ones at 5 ms and 10
ms of warning times are set according to period required for mitigation in AUG and JET

respectively. The lines at 1 second and at 1,5 seconds delimits which alarms are triggered too
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Figure 4. Response of the predictor trained using only AUG data. The good performances over the
AUG testing database suggest an adequate training. However, its lack of generalization
capabilities is unveiled at the time of assessing JET data. There, the false and premature alarms are

excessively high, overpassing the 30% and 40% respectively.

early before the disruption and therefore they can be considered as "premature". These plots
are built only using disruptive discharges. Therefore, the analysis of the predictor over the
non-disruptive shots are usually summarized by just providing the false alarms rates.

The results reveal that the performances are as good as expected over AUG testing
database (all the disruptions are predicted, and ~97% of them foreseen with warning times of
at least Sms). However, over the target tokamak (JET) the landscape changes and
unacceptable rates of false alarms (30,03%) and premature alarms (42,78%) are attained. The
feature vector chosen by the GAs were: the Poloidal beta, the Plasma density feature (the
features were extracted as the std[FFT[32 ms of signal]]), the plasma volume (normalized by
the device radius, the Plasma current feature, the plasma internal inductance feature, the
locked mode amplitude, the plasma vertical centroid position feature, the radiated power and
the time derivative of the stored diamagnetic energy).

The most probable cause of these poor outcomes of the extrapolation is the lack of

information of the target device during the training.

1IV.B. Adding 1 disruptive and I non-disruptive shots from the target tokamak (JET)

Since the direct extrapolation was not successful, a second attempt, including just 2

discharges of the target tokamak during the validation, was performed. Having always in mind
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a practical solution towards ITER, the chronologically first disruptive and non-disruptive
discharges from JET were the ones selected, mixing them with the validation pool of AUG
discharges. For the better understanding of this procedure, the reader might need a more
precise indication of the difference between training, validation and testing groups. The
training group contains the dataset (only from AUG in this case) given to the SVM machine
learning system to build the disruption predictor (i.e. to compute the hyper-plane). Several
(thousands) predictors are developed using only with training data. Each one is evaluated and
optimized by GAs. A database (different than the training set) is required to identify if each of
the predictors is performing well. The validation is part of the system development and
refinement stage whereas the testing must be done only once a final model has been already
selected.

To provide an example involving disruptions prediction, it is not the same to create one
million models using AUG data, to test all of them over a JET database and, after the testing,
to pick up the one that obtained the best rates. This a posteriori selection is not suitable in
cases the objective is a realistic application in newer devices (as ITER). The correct way to
proceed is to define a validation subset and to use it to choose the best predictor before (and
not after) the testing. This difference between validation and testing datasets is fundamental to
have realistic outcomes.

The point of this training (using AUG) data and validation (using AUG data plus 2 JET
pulses) is to take advantage of a wide and already available database and simultaneously to
force the system to learn how to scale the model to a different tokamak. During the validation,
a very high score (1000 points) was assigned each time the 2 JET shots were correctly
evaluated (no alarm in the disruptive shot and alarm between 10 ms and 1,5 second in the
disruptive). This large reward was necessary; otherwise the 2 JET validation discharges would
be treated with the same relevance than each one of the other 50 AUG validation pulses.

The testing results, after adding the 2 extra discharges, can be seen in Figure 5. The
selected signals and signal features were: the plasma current, the plasma internal inductance
signal and its feature, the locked mode amplitude feature, the plasma vertical centroid position
feature, the safety factor at 95% signal and its feature. The outcomes over the first 564
experiments are shown. Notice that in this set all the disruptions (52) are correctly recognized,
with a false alarms rate of 7,42%. After that (starting at the following testing discharge, the
565™) the system misses for the first time a disruption and it begins to show evidence of
ageing [28], as depicted Figure 6. This "ageing" refers to the deterioration of a predictor

performance after newer configurations than the ones used for training are engaged during the
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Figure 5. This second predictor was trained with AUG data and 2 JET validation discharges.
These are outcomes over the first 564 pulses. All (52) disruptions are predicted with at least 10 ms

of anticipation. The false alarms rate is a 7,42%.
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Figure 6. An ageing effect of the predictor is evidenced. As new shots are produced, the false

alarms increase and the accuracy in anticipating disruptions decay.

testing. This effect can be avoided by the continuous retraining of the system to force it learn

from the more demanding experiments.

1V.C. Facing the ageing effect by retraining the predictor, after missing the first

disruption, with the data gathered before the missed alarm.
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The strategy of adding 2 discharges considerably improved the results. The ageing effect,
as it was stated at the end of the last subsection, can be easily patched by the continuous
retraining of the system. Just to provide a practical example (that also evidences that the
retraining does not really need to be so frequent) a third and final predictor was developed.
This last system uses only the JET testing discharges that were produced before missing the
first disruption. This can be a pragmatic solution towards a future device: a system can be
created using an already existing database from a smaller tokamak plus 2 shots from the target
tokamak. Then, it can be used until it fails predicting a disruption. Finally, all the gathered
information until the failure can be used to create a patched predictor.

This retrained system was again developed under the guidelines detailed in Section III,
but using the 564 pulses (52 of them disruptive) of JET instead the ones from AUG for
training and validation. In Figure 7 its performance over the following 1000 discharges (194 of
them disruptive) after the failure can be observed. Even trained with a reduced database, the
rates are on the top of what nowadays can be achieved for disruption prediction, with a
91,75% of recognitions with warning times of at least 10ms and less than a 1% of false alarms.
The statistics, extended to all the discharges after the failure (4293, 564 disruptive) are also
depicted. In this case the false alarms reach the 8,69%. In this case, the GAs selected only the
locked model amplitude signal and its feature and the safety factor signal.

100 1
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- Al

N
(=]
T

0.001 0.01 0.1 1 10
Warning times [seconds]

Figure 7. Outcomes of the last predictor over the 1000 shots (52 of them disruptive) after the
failure, and all of the remaining pulses (4293, 564 disruptive) after missing the first disruption.

The false alarms, respectively, are 0,99% and 8,69%.
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V. Summary and discussion

The potential hazard of disruptions demands to investigate all possible paths to reach a
solution applicable to ITER. Predicting them sufficiently in advance would allow coordinating
mitigation or even avoidance actions to alleviate or dodge their harmful effects. The prediction
of disruptions has significantly improved in the last decade since ML-based systems have been
applied to tackle them. However, the dependency of these techniques on already stored
databases represents a problem for future devices at the beginning of their operation.

The main effort introduced in this research has been focused on the extrapolation of a
predictor developed with a smaller tokamak database (in this case AUG) and to apply it to a
larger target device (JET). This direct application was not successful, mainly because of the
unacceptably large rate of false alarms triggered during the testing. An attempt to improve this
behavior (not detailed in this paper because it was also unfruitful, attaining even worst results)
was to use dimensionless inputs, as in Windsor's paper [8], instead of the signal and signal
features detailed in Section II. The most obvious conclusion is that this procedure can create
an accurate predictor based on the training information. Even more, the model can be flexible
enough to distinguish disruptive (or not) patterns in pulses quite different to the ones used
during the training stage, as it has been proven in the testing over an independent set of AUG
discharges. However, at the time of applying it to a different device it seems evident that some
scaling factor is needed. This is the reason why in a second attempt two discharges (1
disruptive and one non disruptive) from the target tokamak, JET, were added into the
validation bag. In this way, and following the same GAs optimization procedure, a second
predictor was created. In this case, a considerable improvement of the prediction rates was
achieved (100% of the 52 chronologically first disruptions were anticipated) and a
simultaneous decay of the false alarms (to a 7,42% in the first 564 testing shots) was obtained.
The rates after these first 564 testing pulses decay, showing an ageing effect that can be easily
overcome by the periodic retraining of the predictor. To proof that this can be a pragmatic
strategy in sights of future devices, a third model was created. In this last case, only the data of
JET produced before the missed alarm (564 pulses, 52 disruptive) was used. The rates
obtained over the following 1000 shots (after the missed alarm) are among the best ever
obtained to predict disruptions: 91,75% of detections with at least 10 ms of warning times and
less than a 1% of false alarms.

It is clear that the system here presented is not ideal, mainly for the need of some
information of the target tokamak to get a reliable enough model. However, nowadays, it is

one of the few pragmatic solutions to face the prediction of disruptions in ITER.
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A possible research direction to overcome the main problem detected here might be to
study possible machine-independent variables or robust scaling variables to adjust a predictor

developed with "smaller" tokamaks data to make it work acceptably in larger ones.
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