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This paper addresses the problem of removing sawtooth
oscillations from multichannel plasma data in a self-consistent
way, thereby preserving transients that have a different phys-
ical origin. The technique which does this is called the Gener-
alized Singular Value Decomposition (GSVD), and its prop-
erties are discussed. Using the GSVD, we analyze spatially
resolved electron temperature measurements from the Tore
Supra tokamak, made in transient regimes that are perturbed
either by the laser blow-off injection of impurities or by pellet
injection. Non-local transport issues are briefly discussed.

I. INTRODUCTION

A basic problem in experimental physics is the ex-
traction of the dynamics of a system which is polluted
by some uncontrollable but known perturbation (here-
after called noise). A generic example in fusion plas-
mas is given by sawtooth oscillations, whose continuous
modulation considerably hinders the analysis of transient
events •such as propagating heat fronts. There are differ-
ent ways such perturbations can be removed from the ob-
servations. The simplest method involves linear filtering,
but this works only if the noise and the dynamics of in-
terest have sufficiently different power spectral densities.
Recently, nonlinear filtering in phase or state space has
shown to be effective when assumptions can be made on
the system or noise dynamics. Low dimensional chaotic
systems, for example, can be efficiently processed that
way1.

In this paper, we address the longstanding problem of
removing sawtooth-induced perturbations from transient
plasma data as obtained in tokamaks. We use a recent
linear technique, called Generalized Singular Value De-

composition (GSVD), which separates the noise from the
dynamics of interest on the basis of a phase space rep-
resentation. Several examples are given, based on dis-
charges made in the Tore Supra2 tokamak, in which ei-
ther Ni impurities or H pellets were injected. We focus on
spatially resolved electron temperature measurements,
whose transient response to the injection of matter is
of great interest for transport studies. Unfortunately the
analysis of such transients is generally compromised by
the omnipresence of sawtooth oscillations, which often
mask it and cannot be eliminated without smearing out
the dynamical response of the plasma. This problem is
particularly acute in perturbative transport experiments,
in which the plasma response immediately following the
perturbation is of key importance for a proper assessment
of the underlying transport processes

It is shown how this problem can be overcome using
the GSVD technique, which averages-out the sawtooth
contribution self-consistently, thereby preserving the fast
transients for further analysis. Non-local transport as-
pects can then be investigated in much more detail.

II. DESCRIPTION OF THE EXPERIMENTS

The injection of a small amount of matter has for
more than a decade been a standard method for study-
ing transient transport in plasmas. The recent debate
on non-local transport has revived the interest in such
perturbative experiments after it was shown on different
tokamaks3"6 that the core electron temperature reacted
almost instantaneously to the ablation at the edge, an
effect that could not be satisfactorily explained in terms
of a local action of the inward propagating impurities.
In some cases, the injection even led to a central electron
temperature rise3'4'6.

These different behaviors have been reproduced on the



TABLE I. The main parameters of the four discharges we
analyze: type of perturbation applied to the plasma, plasma
current, central electron density, safety factor at the plasma
edge, relative central electron temperature change induced by
the perturbation, and activation of the ergodic divertor

shot number
perturbation

IP [MA]
neo[1019m-3]
la
ATeo/Ieo
ergodic divertor

20601
Ni

impurity
1.4
4.9
3.2

- 6 %
on

20792
Ni

impurity
1.15
3.3
3.0

-16%
off

21425
Ni

impurity
1

1.6
5.6

<+5%
off

21429
H

pellet
1

1.6
5.6

-30 %
off

by the impurity injection. This is not the case anymore
with shot #21429, in which a pellet is injected off-axis,
causing a initial significant but rather local density in-
crease around the normalized radius r/a « 0.7 and a
simultaneous temperature drop. The resulting effect on
the sawteeth is readily apparent in Fig. 3. In this exam-
ple the plasma response and the dynamics of the sawteeth
are deeply intertwined, making a complete separation be-
tween the two more difficult. This will be confirmed be-
low by the (partial) failure of a GSVD analysis.

III. A PHASE SPACE REPRESENTATION OF
THE DATA

Tore Supra tokamak, in which either Ni or Mn was in-
jected by laser blow-off in stationary discharges7'8. We
focus here on spatially resolved electron temperature
measurements made with a 16-channel electron cyclotron
heterodyne radiometer9. The diagnostic monitors the
electron temperature Te with a temporal resolution of
1 ms; 12 or 13 innermost channels out of 16 are used.
Tore Supra is a supraconducting tokamak with a circular
cross-section, major radius R = 2.25 — 2.4 m and a limiter
radius a = 0.70 — 0.78 m. The main plasma parameters
of the discharges we consider are listed in the following
table.

In shots #20601, #20792, and #21425, the plasma is
weakly perturbed by the inj ection of a small amount of Ni
whose cooling effect results in a small but sizeable tem-
perature modification throughout the plasma column8.
The activation of the ergodic divertor in shot #20601
modifies the electron density at the plasma edge, thereby
screening off the intrinsic impurities, reducing the turbu-
lence level and enhancing the radiative power fraction in
that region10.

Two examples of the time evolution of the electron
temperature are given in Figs. 1 and 2. The impurities -
and the resulting cold front initially propagate together.
Inside the inversion radius, however, the temperature
starts to change well before the influx of the impurities,
which doesn't take place until a inverted sawtooth crash
appears in the soft X-ray emission. Clearly, a reliable
assessment of such a complex dynamics heavily relies on
our ability to resolve the initial transient following the
laser blow-off pulse. This provides a strong motivation
for filtering out the sawtooth modulation in such a way
that the impurity-induced perturbation is preserved. An-
other motivation stems from the necessity to have rela-
tively smooth time evolutions in order to quantify and
model the effective plasma relaxation correctly.

The processes we deal with are intrinsically nonlinear,
but since we consider small deviations from an equilib-
rium state, there is a good chance that a simple linear
analysis such as that of the GSVD may do well in sep-
arating them. Indeed, neither the sawtooth period nor
its propagation through the plasma are strongly affected

The main requirement for a GSVD analysis is the pos-
sibility to make two different observations of the same
system: one with the noisy dynamics of interest and one
with merely noise. Remember that noise here has a broad
meaning since it designates any known perturbation we
want to disregard from our observations. This may in-
clude coherent oscillations such as MHD modes, but also
incoherent instrumental noise.

The GSVD is best understood in terms of a phase
space representation, which we now briefly present. Con-
sider an experiment whose time-evolution is recorded
by means of different diagnostics or a multichan-
nel diagnostic, giving an ensemble of measurements
{yi{t)>y2{t), • • •, Vd{t)}- The collection of points whose
coordinates are (j/i(i), 2/2(̂ )1 •• -,yd(t)) defines an orbit
or trajectory in d-dimensional phase space. This repre-
sentation provides a starting point for various powerful
concepts that were initially developed in the framework
of dynamical system theory11 and later applied to non-
linear time series analysis12'13.

The orbits that issue from our two observations exhibit
different properties because the noise and the dynamics
of interest do not behave the same way. Uncorrelated
noise typically yields a cloud of scattered points whereas
deterministic features such as sawteeth tend to cluster
in well defined orbits14. The heuristic idea consists in
finding a common basis for both phase spaces which en-
hances the representation of the orbits we are interested
in while capturing the least possible noise. Such a ba-
sis is not necessarily related to the system eigenmodes
(if there are any) since it depends on the system and on
what we define as noise. Clearly, the degree of separation
that can be achieved depends on our ability to distinguish
different orbits.

The plasma electron temperature is probed at 12 dif-
ferent locations, so the orbits we are interested in evolve
in a 12-D phase space. The intrinsic dimension of the
orbits, however, is generally lower and a 3-D projection
with suitably chosen axes is often sufficient to observe
most of the pertinent features. An example of a such
3-D phase space is given in see Fig. 4a for a station-
ary regime with sawtooth modulations only. Each axis



represents one particular channel of the diagnostic; we
have chosen here a central one, a channel located just
outside the inversion radius, and a peripheral channel.
The coordinates of the trajectories thus correspond to
(Te(t,ra),Te(t,rb),Te{t,rc)). The fact that most trajec-
tories define a well-structured orbit attests the determin-
istic nature of the sawtoothing process; most of the small
deviations from that orbit can be attributed to random
fluctuations. Note that the orbit almost lies in a plane.

In Fig. 4b the same representation is extended to a
case with both sawteeth and an impurity-induced pertur-
bation. The latter causes a sudden displacement of the
trajectories, which subsequently relax to the original or-
bit. It is important to note that this displacement occurs
almost perpendicularly to the plane to which the orbit
belongs in the stationary regime. As a consequence, any
projection on a vector perpendicular to that plane (shown
in Fig. 4b) will mostly reveal the slow relaxation and cap-
ture little of the sawtooth-related oscillation. Such vec-
tors are chosen by the GSVD in an optimal way, to be
defined below. A new basis is obtained, on which the tra-
jectories can be projected. A projection on three vectors
of that basis is illustrated in Fig. 4c, clearly showing how
the sawtooth-related modulation has been almost com-
pletely eliminated. In this example a linear separation
between the two processes is achieved simply by choos-
ing a suitable projection.

To remove the sawtooth modulation from the origi-
nal data, we now proceed backwards by keeping the k
projections that interest us and setting the d — k other
ones to zero. The trajectories are then transformed back
into their original coordinate system, giving the improved
time series. We must stress that this operation is not
equivalent to a Fourier filtering since it preserves fast
transients. In particular, any discontinuity whose effect
on the plasma differs from that of a sawtooth pulse, will
be preserved.

To summarize, there are two basic assumptions we
make with the GSVD:

1. The sawtooth oscillations and the transients gener-
ated by the injections do not have the same dynam-
ics: they propagate differently and have different
source terms. Indeed, a perturbation propagating
exactly like a sawtooth pulse would be identified as
such even if it had a different physical origin.

2. The sawtooth oscillations are not strongly affected
by the perturbation we want to study (the re-
verse does not have to be true). This means that
the sawtooth amplitude and period may vary self-
consistently, but not their propagation through the
plasma. More exotic phenomena such as compound
or double sawteeth are not excluded by this.

IV. THE GSVD

The first step in a GSVD analysis is the reconstruction
of the phase space15. As shown before, this is easily
done with multichannel data. There are cases, however,
where only a single time series is available or where the
intrinsic dimension of the orbits exceeds the number of
probes or variables. In those cases, the possibility to
unfold the geometrical structure of the phase space is
still ensured by Takens' embedding theorem1'11. Let the
vector y(t) = [y(t0), y(ti), S/te), • • -]T designate a scalar
time series which is sampled at a constant rate. The
trajectory matrix, which contains lagged versions of the
same vector

= [y(t),y(t+r),---,y(t (1)

then defines an orbit of the system in a cf-dimensional
space. The optimal choice of the delay r and dimension
d have been the object of numerous investigations1'12'13

and will not be addressed here. This embedding proce-
dure may be combined with multichannel data in order
to further unfold the orbits.

In view of future applications and without loss of gen-
erality, we'll assume that our data are of the multichannel
type, each channel corresponding to a location in space.
The (i,j)'th element of the trajectory matrix then equals
Y,-j = y(xj,ti) and the dimension d is set by the number
of channels. Furthermore, since one is generally inter-
ested in transients only, all time averages are removed
(y(x,t))t = 0. Let y(x,t) now denote the noisy observa-
tions and u(x, t) the noise dominated ones. The recording
conditions (location and number of probes, sampling pe-
riod, etc.) must be the same for both experiments, but
the number of samples and the amplitudes do not have
to be equal.

The orbits we have obtained so far are not necessar-
ily good for analysis purposes and a better basis is of-
ten needed. The Singular Value Decomposition (SVD),
also known as the Karhunen-Loeve transform, Princi-
pal Component Analysis or Biorthogonal Decomposition,
does this by rotating the phase space into a new coordi-
nate system whose axes {vk(x)} coincide with the axes
of inertia of the data16"18. In this new basis, the spatio-
temporal observables are decomposed into a unique set
of orthonormal spatial and temporal modes

K

(2)
fc=i

with (a*kai) = {v*kvi) = 6kt (* stands for complex con-
jugation and Ski is the Kronecker symbol) and by con-
vention c*i > a 2 > • • • > Q-K > 0. The dimension K of
the phase space is the smallest of the number of samples
or probes; since the latter situation is the generic one,
we'll take here K = d. If the phase space has structured
trajectories, that is, if the observations are correlated in



time and in space, then a few weights ak usually domi-
nate the expansion. When this occurs, most of the perti-
nent dynamics can be projected on a few modes only and
hence the expansion may be safely truncated at L < K.
This property of the SVD has been successfully used to
build Galerkin bases for large-dimensional systems19'20

and to characterize spatio-temporal patterns in labora-
tory plasmas21"24.

The GSVD16'25-26 exploits the same idea with a basic
difference: it gives a common basis for y(x, t) and u(x, t)
that optimizes the representation of the former while cap-
turing the least possible of the latter. This basis is still
complete and unique, but not necessarily orthonormal

<Y*Y)«fc = (5)

K

y(x,t) -

K

(3)
k=l

The temporal modes are orthonormal as in the SVD but
the spatial ones may be correlated: (vkvi) ^ 0 in general.
The weights are normalized so that a\ + /?2 = 1 and be-
cause of this are sometimes interpreted as cosines and
sines of the angles between the two subspaces. The ele-
ments {cr/c} = {afc//?fc}, which are again all positive and
sorted in decreasing order, are referred to as the gen-
eralized singular values of y(x,t) and u(x,t). In a sig-
nal processing framework they are called oriented signal-
to-signal ratios because each generalized singular value
squared <j\ is equal to the ratio of the variances of y(x, t)
and u(x,t) along the basis vector vk. These basis vec-
tors are chosen so that the largest generalized singular
value <7i is maximized and the smallest one crK mini-
mized. The GSVD thus projects the orbits on a new
basis whose first axes preferentially capture y(x,t) and
conversely the last axes reveal u(x,t). The technique is
used in numerical analysis to solve total least squares
problems27 but the phase space separation property has
to the best of our knowledge only been exploited in med-
ical engineering applications28.

A clear ordering of the generalized singular eigenvalues
attests the presence of different types of orbits and thus
suggests the possibility to separate them into a "noise"
and a "signal subspace. Indeed, the truncated expan-
sion

y(x,t) = Y^ aka*k(t)vk(x)
k = l

(4)

retains most of the desired dynamics while rejecting a
sizeable fraction of the noise. Conversely, by symmetry
we can isolate the noise by discarding some of the leading
modes.

It can be shown16 that the generalized eigenvalues and
the basis functions are solutions of the symmetric eigen-
value problem, which reads in matrix notation

Although the basis functions can be easily calculated
that way, it is numerically safer to avoid computing the
grammians (Y*Y) and (U*U) and use instead the robust
GSVD algorithm29'30. Note that the structure of Eq. (5)
is reminiscent of prewhitening operations used in statis-
tics such as the Mahalanobis transform. This equation
also tells us that the ordinary SVD can be recovered when
u(x,t) consists of white noise (i.e. it is neither correlated
in time nor in space) since we then have (U* U) = 1.

We must stress here that the SVD and the GSVD pro-
vide a linear transformation and hence are formally not
appropriate for nonlinear analysis purposes. They can-
not disentangle structures that are nonlinearly correlated
and whose orbits in phase space are not confined to a
hyperplane32. However, it is also known that a mani-
fold with nonzero curvature can be locally approximated
by its tangent plane, on which the GSVD is applicable.
Such a linearization will be justified in the examples that
follow.

V. REMOVING SAWTOOTH OSCILLATIONS
WITH WEAK PERTURBATIONS

There are a priori good reasons to believe that impu-
rity injection experiments lend themselves to a GSVD
analysis because the induced perturbations are relatively
weak. We choose the noise and signal subsets in the
following way. The 200 samples immediately preceding
the injection (representing approximately 6 to 8 sawtooth
periods) define the noise subset u(x,t) and the 240 sub-
sequent ones define y(x,i), see Fig. 1. These subsets are
large enough to give detailed orbits, but more samples
would be needed if the signal-to-noise level were lower.
Since we deal here with small deviations from an equi-
librium value, it is natural to normalize the data by sub-
tracting and dividing them by the average temperature
prior to the injection. We should mention that the GSVD
like the SVD is not scale-invariant, which means that the
outcome depends on the normalization. There is no gen-
eral recipe for normalizing the data but it is advisable
to remove time-averages and have approximately equal
noise variances in all channels. Furthermore, if the two
subsets have different numbers of samples N then it is
safer to give them equal weights by dividing each set by
y/N.

The result of the GSVD for shot #20792 is partly ex-
pressed by the distribution of the generalized singular
eigenvalues ak, see Fig. 5. From the eigenvalues, we can
define a signal-to-signal ratio

SSRk = 201og10 ^ = 201ogl0<7fc
Pk

(6)

whose units are decibels. A more geometric interpreta-
tion stems from the angular separation between the two
subspaces



9k = arctan — = arctan Uk
Pk

(7)

with 0 < 6k < TT/2 since 0 < ak < 1 and 0 < j3k < 1. Al-
though there is no universal rule for separating the signal
and noise subspaces on the basis of these global quanti-
ties only, some useful prescriptions can nevertheless be
given:

1. A good separation can only be achieved with basis
vectors whose angular separation 6k is either close
to TT/2 (signal with little noise) or close to 0 (noise
with little signal).

2. Angles that are close to TT/4 and signal-to-signal ra-
tios in the vicinity of 0 dB correspond to directions
along which the noise and signal subspaces are hard
to separate. These directions are usually difficult
to handle.

3. The faster the angular distribution drops from 7r/2
to 0, the better the separability.

According to these prescriptions, most of the noiseless
dynamics in shot #20792 should be captured by the two
dominant directions only. This is confirmed by an inspec-
tion of the temporal modes ak(t) and bk(t), see Fig. 6.
The first two modes reveal the impurity-induced temper-
ature drop without any contribution from the sawtooth
modulation. The subsequent modes in contrast reveal
sawtooth oscillations but no signature from the injection.
These results also hold for shots #20601 and #21425.

Now that the separability between the noise and signal
subspaces has been demonstrated we can reconstruct the
sawtoothless dynamics using a selection of the dominant
modes, see Fig. 7. Good results are already obtained with
one mode only. Two modes improve the initial temper-
ature transient a little. Three and more modes do not
modify the response apart from increasing the level of
sawtooth-related noise. From these considerations, one
may safely conclude that the GSVD succeeds in eliminat-
ing the contribution of the sawteeth, using a projection
on a few (here 2) modes only. Similar analyses carried
out on numerically simulated data fully support this con-
clusion.

VI. FAST PENETRATION OF THE COLD
FRONT

inversion radius 2 to 5 ms only after the ablation. It
takes about the same time for the central electron tem-
perature to react, which is extremely short as compared
to the time needed for the impurities the reach the core.
Indeed, the penetration of the impurities inside the inver-
sion radius is mediated by the sawtoothing process and
its distinctive signature is an inverted sawtooth crash in
the soft X-ray emission8. The first inverted crash follow-
ing the ablation (see Fig. 8) happens at least 10 ms after
the temperature has started to change, thereby indicat-
ing that the central temperature modification is not due
to a radiation increase caused by the influx of impurities.

Another illustration of the differing behavior of the
central heat and particle transport processes is given by
shot #20601, in which the central temperature starts to
change during a sawtooth ramp and is not affected by the
subsequent crashes. We checked that this could not be
an artifact of the GSVD analysis, since it persists when
more modes are used to reconstruct the dynamics. It
cannot be attributed either to a partial sawtooth, since
none are observed in the central soft X-ray emission.

At lower densities, the dynamical response completely
changes as the peripheral cooling causes the core to warm
up (shot #21425). This effect is best observed in a the
contour plot of Fig. 9, in which the fast temperature rise
just outside the inversion radius and its subsequent pen-
etration inside the core are readily apparent once the
sawteeth have been filtered out. Here again, the impuri-
ties reach the core well after the temperature has started
to rise.

The most plausible explanation so far is a modification
of the heat diffusivity that is induced by the cold front
penetration in the plasma periphery3'4'6. The exact lo-
cation at which the cold front triggers the modification
is still an open question. In some cases (shot #20792)
the GSVD reveals that the central electron temperature
doesn't change until the cold front has come close to
the inversion radius. Similar observations were made
before on smaller tokamaks in which different types of
stimuli (impurity injection, gas puff and RF pulse) led
to the same type of response33. In other cases (shot
#21425) the initial inward propagation appears to be
faster but still the the core temperature takes a few ms
to react. This delay is best observed in Fig. 9. We
are presently investigating these aspects with predictive
transport models5 and transfer function analyses.

Now that the GSVD has been validated, an investi-
gation of non-local transport aspects in sawtoothing dis-
charges is in order. The main results are summarized in
Fig. 8, which displays the sawtoothless time evolution of
the electron temperature immediately following the im-
purity injection for shots #20601, #20792 and #21425.
In all of them the cold front propagation can be observed
with unprecedented clarity.

Several results are noteworthy. The initial inward
propagation of the cold front is fast since it reaches the

VII. REMOVING SAWTOOTH OSCILLATIONS
WITH A STRONG PERTURBATION

To illustrate the limitations of the GSVD, we finally
consider shot #21429, in which a pellet significantly mod-
ifies the plasma equilibrium and the sawtooth activity,
see Fig. 3. In this example, the noise subset consists
of 1050 samples preceding the injection, and the signal
subset of the 590 subsequent ones. Figure 10 shows the



existence of some outstanding directions, but in contrast
to the preceding examples, some of the directions do not
preferentially favor one of the two subspaces. An inspec-
tion of the temporal modes confirms this, see Fig. 11.
Modes 1 to 3 mostly capture the pellet-induced pertur-
bation. Modes 4 to 7, however, capture both the initial
transient and the large sawteeth that follow. This mix-
ture is essentially due to the nonlinear interaction be-
tween the two. Indeed, the sawteeth that immediately
follow the injection are clearly affected by the pellet-
induced change of confinement. In this case, at least
7 of the 12 modes must be included in order to faith-
fully reproduce the fast evolution of the temperature pro-
file immediately following the injection. Although the
GSVD does bring some improvement over the raw data,
the compromise between what must be rejected and kept
constitutes a severe limitation.

VIII. CONCLUSIONS

We have shown how tlie longstanding problem of re-
moving sawtooth oscillations from tokamak data in a
self-consistent way can be successfully solved by Gener-
alized Singular Value Decomposition (GSVD). Because
of its generality, the technique can be applied to other
types of experiments in which a predefined "noise" has
to be averaged-out from multichannel or embedded data.
Some examples include the removal of Mirnov oscilla-
tions, transients induced by the modulation of additional
heating, and incoherent instrumental noise (provided the
latter is correlated in time and in space). Although the
linearity of the technique makes its use straightforward,
we would like to stress the need for common sense in
applying it, since a proper analysis necessarily requires
a prior understanding of the noise process one wants to
separate from the data. Two necessary conditions are:

1. The noise and the transient response one wants
to extract must have different dynamics, other-
wise they cannot be separated. This implies
that their covariance matrices must have different
eigenspaces.

2. The noise must not be significantly affected by the
process of interest. The reverse does not have to
be true.

These two conditions are usually met in perturbative
transport experiments, for which the GSVD is partic-
ularly appropriate.

It has been shown how the GSVD considerably eases
the analysis of the plasma response to the injection of
small amounts of impurities in sawtoothing discharges.
The cold front penetration appears with unprecedented
clarity and the differing behavior of the central particle
and heat transport mechanisms is revealed. The latter is
most likely due to modification of the central heat diffu-
sivity shortly (a few ms) after the ablation pulse.
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FIG. 1. Time evolution of the electron temperature for shot
#20601 with impurity injection. The dashed line indicates the
injection time and 7 channels only out of 12 are shown; units
are arbitrary.

FIG. 3. Time evolution of the raw electron temperature for
shot #21429, in which a pellet is injected.

FIG. 2. Time evolution of the electron temperature for shot
#21425 with impurity injection. Note the central electron
temperature rise; units are arbitrary.
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FIG. 4. Representation of the trajectories in a 3-D phase
space for shot #20792. The coordinates of the trajectories are
(x,y,z) = (Tc(t,ra),Te(t,rb),Te(t,rc)). Figure (a) shows an
orbit associated with the sawtooth modulations in a station-
ary regime. In figure (b) the same representation is extended
to a case with both sawteeth and a perturbation caused by the
injection of impurities. The same trajectories are projected in
(c) on a different basis which makes the sawtooth modulation
barely perceptible. The amplitudes are arbitrary.
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FIG. 5. The generalized singular eigenvalues and related
quantities from shot #20792. The upper figure shows the
weights ak and fik- The lower figure displays the correspond-
ing oriented signal-to-signal ratios and separation angles.
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FIG. 6. The 5 dominant modes associated with the GSVD for shot #20792. From left to right: the temporal modes ak(t) of
the signal subset, the temporal modes bk(t) of the noise subset, and the basis vectors Vk{x).
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FIG. 7. Time evolution of the central (left) and the peripheral (right) electron temperature for shot #20792. Dots correspond
to the raw data and the thin lines to the temperature as reconstructed using 1 up to 5 of the dominant GSVD modes. Modes 1
and 2 essentially contribute to the temperature relaxation while the subsequent ones do nothing but add sawtooth modulations.
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FIG. 8. Excerpt of the time evolution of the Abel-inverted central soft X-ray emission (top row) and the electron temperature
for shots #20601, #20792 and #21425, showing the fast reaction of the electron temperature and the delayed inverted sawtooth
crash which is the signature of the penetration of the impurities inside the inversion radius. The sawtoothless temperature
(thick line) has been reconstructed using two dominant GSVD modes (three for #21425).
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FIG. 10. The generalized singular eigenvalues and related
quantities from shot #21429. The upper figure shows the
weights a* and fik and the bottom one the oriented sig-
nal-to-signal ratios and separation angles. Several basis vec-
tors point in between the noise and the signal subspaces, at-
testing a bad separation.
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FIG. 11. The 8 dominant modes associated with the GSVD for shot #21429. From left to right: the temporal modes ak(t)
of the signal subset, the temporal modes bk(t) of the noise subset, and the basis vectors Vk(x).

14


