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Magnetic field aligned filaments such as blobs and edge localized mode (ELM) filaments carry significant amount of

heat and particles to the plasma facing components and they decrease their lifetime. The dynamics of these filaments

determine at least a part of the heat and particle loads. These dynamics can be characterized by their translation and

rotation. In this paper we present an analysis method novel for fusion plasmas which can estimate the angular velocity

of the filaments on frame-by-frame time resolution. After pre-processing, the frames are two-dimensional (2D) Fourier-

transformed, then the resulting 2D Fourier magnitude spectra are transformed to log-polar coordinates, and finally the

2D cross-correlation coefficient function (CCCF) is calculated between the consecutive frames. The displacement of

the CCCF’s peak along the angular coordinate estimates the angle of rotation of the most intense structure in the frame.

The proposed angular velocity estimation method is tested and validated for its accuracy and robustness by applying it

to rotating Gaussian-structures. The method is also applied to gas-puff imaging measurements of filaments in NSTX

(National Spherical Torus Experiment) plasmas.

I. INTRODUCTION6

Filaments in fusion plasmas are structures elongated along7

the magnetic field lines with elevated density and tempera-8

ture compared to the background plasma. They are poloidally9

localized at any toroidal angle and toroidally localized at10

any poloidal angle.1 They are ubiquitous to the background11

scrape-off layer (SOL) turbulence where these intermittent12

structures are called blobs.2 Filaments are also created during13

the edge localized mode (ELM) crashes as ELM filaments.314

Filaments are responsible for a significant fraction of particle15

and heat transport to the plasma facing components (PFCs)16

where they are deposited and could even cause permanent17

damage.4 Filaments lower the life expectancy of the PFCs in18

future fusion reactors like ITER (International Thermonuclear19

Experimental Reactor).5 The dynamics of these filaments de-20

termine part of their heat and particle loads on the PFCs, thus,21

understanding their behavior is important for future fusion en-22

ergy production.23

Previously we have assessed the translational dynamics of24

the ELM filaments in Ref. 6 and presented the utilized spa-25

tial displacement estimation (SDE) method in Ref. 7. By26

studying the translational velocity of ELM filaments analyt-27

ical models were established which could explain some as-28

pects of the observations. By studying the rotation of ELM29

filaments, one could establish further analytical models for30

explaining their rotation behavior. These models could sup-31

port numerical simulations of ELMs and blobs which could32

contribute to the development of novel ELM and heat flux33

mitigation techniques. This motivated the development of the34

presented analysis technique.35

In this paper we present a novel method for characteriz-36

ing the rotational dynamics of plasma filaments (see Fig. 1).37

The pre-processed frames are first two-dimensional (2D) fast38

Fourier transformed (FFT). Hereafter, the Fourier magnitude39
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FIG. 1. Two consecutive frames of an example rotating structure

from a GPI measurement of an ELM filament in shot No. #141319.

(a) Raw frame at t=552.492 ms; (b) Consecutive raw frame at

t=552.495 ms. The displacement of the structure is highlighted by

the red crosses at the center of gravity of the structure. The magenta

arrows point in the direction of the filament’s characteristic angle and

highlight the rotation.

spectra (FMS) of the frames are calculated and transformed40

into log-polar coordinates. These steps are called Fourier-41

Mellin transformation8. Then the 2D cross-correlation coeffi-42

cient function (CCCF) is calculated between the consecutive43

log-polar transformed FMSs. Finally, the angle of rotation and44

the expansion fraction can be estimated from the displacement45

of the CCCF’s peak from the origin. The angular velocity is46

calculated by dividing the angle of rotation by the sampling47

time.48

The core of this Fourier-Mellin transformation-based49

method has been previously utilized in computer vision for50

image registration9 and in biology research for tracking the51

movement of cells in samples10. In fusion research previously52

the angular velocity of blobs was typically estimated from53

identifying a characterizing contour path of the filament, fit-54
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ting, e.g., an ellipse onto it, and calculating the angle from the55

fit11. However, structure-identification-based methods give56

noisy estimates for differential quantities like the angular ve-57

locity. The presented method is robust against noise and is58

computationally inexpensive. We have previously utilized the59

presented algorithm in our previous publication in Ref. 12,60

however, the details of the method were not discussed, and its61

accuracy was not assessed there either.62

The development of the method was motivated by gas-puff63

imaging (GPI) measurements of spinning filaments; thus, this64

diagnostic is described here briefly. A more detailed descrip-65

tion of GPI can be found in Refs. 13 and 14. In GPI mea-66

surements a puff of neutral gas (e.g., Deuterium or Helium) is67

injected into the SOL and edge plasma where the injected neu-68

trals increase the line emission significantly. The emitted light69

is filtered to the wavelength of the line emission and is typi-70

cally imaged with a fast camera. To measure the local plasma71

fluctuations in the poloidal-radial plane, the line of sight needs72

to be close to parallel to the magnetic field lines and perpen-73

dicular to the quasi-two-dimensional gas-puff. The gas-puff74

should be localized as much as possible to a two-dimensional75

(2D) plane perpendicular to the field lines. The measurement76

responses to electron fluctuations and negligibly to ion fluctu-77

ations.78

The GPI measurements shown in this paper were performed79

on the NSTX (National Spherical Torus Experiment) spherical80

tokamak15. NSTX is a medium-sized, low-aspect ratio spher-81

ical tokamak with a major radius of R = 0.85 m and minor82

radius of a = 0.67 m (R/a ≥ 1.26). The maximum toroidal83

field is BT = 0.6 T. The plasma can be heated by NBI (Neu-84

tral Beam Injection) with up to 5 MW and by radio frequency85

heating with 6 MW.86

The rest of the paper is organized as follows. Sec. II87

describes the steps of the angle rotation estimation method88

along with a brief description of the pre-processing steps, the89

Fourier-Mellin transform, and the 2D cross-correlation coef-90

ficient function. In Sec. III the method is tested by applying91

it on rotating and propagating Gaussian-shaped structures. In92

Sec. IV the introduced method is discussed by applying it93

to blob and ELM filament measurements, by comparing it to94

other angular velocity estimation methods, and by assessing95

its limitations and assumptions. Finally, Sec. V summarizes96

the results of the paper.97

II. METHODOLOGY: ANGULAR VELOCITY98

ESTIMATION99

This section presents the frame-by-frame angular veloc-100

ity estimation method for plasma filament analysis. The101

method relies on the Fourier-Mellin transformation where the102

log-polar Fourier-magnitude spectra of consecutive frames103

are calculated after being pre-processed. Then the two-104

dimensional cross-correlation coefficient function (CCCF) is105

calculated between them. The shift of the CCCF’s peak from106

the origin can be used to estimate the characteristic angle of107

rotation of a structure between the frames. The steps of the108

method are summarized in the flowchart in Fig. 2. The pre-109
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FIG. 2. Flowchart of the steps of the angular velocity estimation

method.

sented method can also estimate the so-called scaling factor110

which can be used to estimate the change of the characteristic111

structure size.112

A. Pre-processing113

Before the presented analysis technique could be applied114

on the measurement data, a few diagnostic specific (time115

dependent background and polynomial offset subtraction)116

and analysis technique specific (difference-of-Gaussians) pre-117

processing steps need to be applied. The diagnostic dependent118

pre-processing steps are discussed in more detail in Ref. 7,119

here only a brief overview is given.120

In fluctuation analysis it is necessary to separate the fluctu-121

ating and the background signal. In case of gas-puff imaging122

measurements of filaments in the scrape-off layer the fluctu-123

ating signal is originating from the intermittent filaments and124

the background signal is the response of the gas neutrals to125

the background plasma profiles. To remove the background126

from the raw signal the following technique is applied. The127

data is taken from the [t1 − 10msec, t2 + 10msec] time range,128

where [t1, t2] is the analyzed time range of the filaments. The129

data from this time range is filtered with a symmetric infi-130

nite impulse-response (IIR) filter16 with a 1kHz elliptic ker-131

nel. The choice of the 10 ms time range extension corresponds132

to ten times the characteristic time of the filter kernel, i.e.,133

10/1kHz = 10msec. This time range extension ensures that134

the edge effects of the filtering are completely suppressed in135

the analyzed time range. A 1kHz filter kernel was chosen be-136

cause the background signal was found to be evolving on a137

1 ms long time scale, while the investigated filaments were138

evolving on a ∼ 10µs time scale. At the end the raw signal139

(see Fig. 3 (a)) was divided by the filtered signal to arrive at140

the background suppressed signal (see Fig. 3 (b)).141

In different diagnostic setups the time scales of the back-142
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ground signal and the dynamics of the analyzed structures143

need to be at least a magnitude apart to prevent suppression144

of the analyzed phenomenon. Furthermore, the fluctuation-145

response of the background needs to be taken into considera-146

tion, as well. For example, in case of the GPI measurement,147

dividing the signal with the estimated response of the neutral148

gas was proved to be optimal, but in other measurements sub-149

traction could be more efficient.150

In the second pre-processing step (see Fig. 3 (c)) a two-151

dimensional polynomial is subtracted from each frame to re-152

move the remaining background offset. The fit polynomial153

coefficients are found by least square fitting using the154

ccc = (XXXTXXX)−1XXXT f ′f ′f ′ (1)

formula where c is the coefficient vector, XXX is the polyno-155

mial matrix and fff ′ is the matrix of the pre-processed frame156

flattened to a vector. For the NSTX GPI signals, parabolic157

subtraction was found to be optimal. Further details of this158

2D polynomial subtraction method can be found in Ref. 7.159

In the last pre-processing step, the features of the structure160

are enhanced with a method called difference-of-Gaussians17
161

(see Fig. 3 (d)). The raw frame is Gaussian blurred with a162

kernel having σ = 1pix standard deviation and it is subtracted163

from it. This step enhances features such as the boundary of a164

structure. This step is performed by an implementation in the165

scikit-image library18.166

B. Fourier-Mellin transform based rotation estimation167

After pre-processing, the signal is Fourier-Mellin trans-168

formed. This transformation is the name for a collection of169

steps which includes fast-Fourier transformation, calculation170

of the Fourier magnitude spectra (FMS), and transforming it171

into log-polar coordinates, respectively. The applied method172

was implemented based on the work of Reddy et al19. In this173

current paper the details of the transformation are discussed174

as well as its application in fusion plasma analysis. Further175

details of the derivation are shown in the Appendix in Sec.176

A1.177

1. Fourier-shift theorem178

A straightforward estimation of the angular velocity would179

be to transform the consecutive frame pairs from Cartesian180

coordinates, (x,y), to polar coordinates, (r,φ), and then cal-181

culate the 2D spatial cross-correlation coefficient function182

(CCCF) between them similarly to the spatial displacement183

estimation7. Then one could estimate the angle difference184

from the displacement of the CCCF’s maximum from the ori-185

gin. However, this method would only work if the polar trans-186

formation was performed along the axis of rotation. Since the187

location of this axis is typically unknown in fusion plasma188

measurements, this simple estimation method breaks down.189

To tackle this issue, we implement a method which relies190
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FIG. 3. Steps of the pre-processing: (a) Raw frame; (b) Background

suppressed frame (raw frame divided by the 1kHz low-pass filtered

signal); (c) Polynomial trend subtracted frame; (d) Feature enhance-

ment after application of the difference-of-Gaussians filter.

on the translation invariant 2D Fourier magnitude spectrum191

(FMS) of the frames rather than the frames themselves. This192

resolves the issue with the unknown rotation axis and renders193

the cross-correlation based rotation estimation feasible.194

It can be shown that linear displacement of a structure with195

(x0,y0) vector between two frames, f1 and f2, introduces only196

a constant phase shift between their 2D Fourier spectra, F1 and197

F2. Therefore, the magnitudes of their Fourier spectra, M1 and198

M2 are invariant to translation because the phase is cancelled.199

This is the Fourier-shift theorem and is expressed in200

f2(x,y) = f1(x− x0,y− y0)

F2(ξ ,η) = e−2π j(ξ x0+ηy0) ·F1(ξ ,η)

M2(ξ ,η) = M1(ξ ,η)

(2)

.201

2. Log-polar transformation202

If rotation with angle θ0, and linear scaling (expansion or203

contraction) with the scaling factor fs in both x and y direc-204

tions are introduced besides the linear translation with (x0,y0)205

between the frames, it can be shown (see Sec. A1) that their206

log-polar transformed FMSs are related to each other by207
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M1(log(ρ),θ ) = M2(log(ρ)− log( fs),θ −θ0) (3)

,208

where (log(ρ),θ ) are the log-polar coordinates trans-209

formed from the original (ξ ,η) coordinates. The transforma-210

tion is performed with the211

ρ = R ·
√

ξ 2 +η2 (4)

and212

θ = tan−1(η/ξ ) (5)

expressions. The radial coordinate is scaled to half the size213

of the shorter edge of the frame in the log-polar transform214

with the coefficient CR. This coefficient is needed to recon-215

struct the structure scaling factor fs. The angular coordinate216

is upsampled to 360 pixels to get each pixel in the FMS to217

correspond to 1 degree (see Fig. 4 (e) and (f)).218

3. Example Fourier-Mellin transformation219

Eqn. 3 shows that the log-polar transformed FMS expe-220

riences a linear shift in the θ0 and log(fs) directions due to221

rotation and scaling, respectively. The scaling factor can be222

calculated by taking the exponent of the log(fs) displacement.223

The Fourier-Mellin transformation steps described above are224

depicted in Fig. 4.225

Fig. 4 (a) and (b) depict the FMSs of two consecutive226

frames around an ELM crash in shot #141319 (the raw frames227

are depicted in Fig. 1). The FMSs are calculated after zero-228

padding the pre-processed frames to avoid overlapping of the229

positive and negative wave number spectra20. A void is vis-230

ible in the center of both spectra originating from the poly-231

nomial subtraction pre-processing step (described in detail in232

Sec. III B in Ref. 7). The translation invariance of the FMS233

and the angle difference between the two structures are both234

visible between Fig. 4 (a) and (b).235

Fig. 4 (c) and (d) show the log-polar transformed FMSs (a)236

and (b), respectively. The angle difference is transformed into237

linear displacement in the vertical direction in the plots (no-238

tice the vertical displacement of a few peaks). The peaks are239

not displaced significantly in the horizontal direction meaning240

lack of scaling (expansion or contraction) between the two241

frames. It must be noted that typically the angle of rotation242

and the scaling factor cannot be directly read from the log-243

polar transformed FMSs and can only be estimated through244

calculation of the 2D CCCF (see Sec. II B 4).245

4. 2D cross-correlation coefficient function (CCCF)246

The angle of rotation and the scaling factor can be estimated247

from the displacement of the maximum of the 2D CCCF21 cal-248

culated between the two log-polar transformed FMSs. The 2D249
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FIG. 4. Original and log-polar transformed Fourier magnitude spec-

tra. (a,b): Fourier magnitude spectra of the pre-processed frames in

Fig. 1 (a) and (b), respectively. (c,d): log-polar transformed (a) and

(b) Fourier-magnitude spectra, respectively. 1

CCCF is calculated with the method described in Ref. 7. For250

the sake of completion, the definition of the CCCF function is251

repeated in the Appendix in Sec. A2. Before calculation of252

the 2D CCCF, the mean value of the FMS is subtracted from253

it because a constant offset introduces an unwanted bias in the254

calculation.255

Fig. 5 depicts the 2D CCCF calculated between the two256

FMSs. In the upper right corner of the plot a small range257

around the origin is enlarged where one can see the displace-258

ment of the maximum from the origin. This indicates rotation259

in the negative, clockwise (CW) direction as well as slight dis-260

placement in the scaling direction (the displacement is high-261

lighted with red lines). The x axis in the plot is the scaling262

pixel lag between the two log-pol transformed FMSs. The263

scaling factor fs can be calculated from the horizontal pixel264

displacement, ∆p, with the265

fs = e
∆p

xsize,pol/log(CR) (6)

expression, where xsize,pol is the size of the log-polar trans-266

formed FMS in the x direction, CR is the radius of a circle in267

the center of the FMS within which the log-polar transform268

was performed. The value of CR value was set to half of the269

horizontal frame size (CR = 32 for the NSTX GPI). In prin-270

ciple the scaling factor could be used to characterize the size271

change of the filament. However, if the size of the structure272

changes differently in the poloidal and radial directions, the273

meaning of the expansion fraction is ambiguous therefore we274

do not discuss it further.275

The position of the CCCF’s maximum is found by fitting276



5

−20 0 20

Scaling lag [pix]

−300

−200

−100

0

100

200

300

θ
la

g
[d

e
g

]
Example CCCF for t = t

ELM

−5 0 5

−10

0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Correlation

coefficient

FIG. 5. The two-dimensional cross-correlation coefficient function

calculated between the two log-polar transformed Fourier magnitude

spectra in Fig. 4 (c) and (d). A small area around the maximum is

enlarged in the upper right corner. The displacement of the maximum

from the origin is highlighted with red lines here.

a 2D parabola onto the ±5pixel range around the pixel posi-277

tion of the maximum. This fitting process effectively increases278

the angular velocity and scaling factor resolution of the esti-279

mation. Finally, the position of the maximum is calculated280

analytically from the parameters of the fit parabola (for fur-281

ther details see Sec. III C 3 in Ref. 7. The angular velocity is282

calculated by dividing the estimated angle of rotation by the283

sampling time.284

C. Post-processing285

So far, no assumption was made on the shape of the struc-286

ture or its position with respect to the measurement frame.287

In some cases the shape of the structure can change between288

frames so rapidly that the angle of rotation cannot be assessed.289

In other cases, the structure could either enter or exit the frame290

from one frame to another, which can also make estimating291

the angle of rotation uncertain. To tackle these issues, the292

calculation is considered invalid when the maximum of the293

2D CCCF calculated between the pre-processed frames do294

not reach a certain value. The maximum of the 2D CCCF295

characterizes the similarity of the structure from one frame296

to another. The choice of the correlation threshold is based297

on a user defined acceptance level. To choose this value ade-298

quately, the results need to be plot against the different thresh-299

old values.300

An example correlation threshold calculation can be seen301

Fig. 6. The thresholds were set between 0.4 and 1.0 with302
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FIG. 6. Example angular velocity estimates for different correla-

tion coefficient thresholds for shot 141319. The curves with different

thresholds are offset by 100 krad/s with respect to the previous one.

Based on these results, the correlation threshold was set to 0.7.

0.1 increments. The curve with 1.0 is not visible because no303

points have 100% correlation. A large peak is visible for the304

curves ρthres ≤ 0.6 (ρthres is the correlation threshold) which is305

due to the large shape change between the frames. Hence the306

correlation threshold was set to 0.7 in our application.307

The value of the correlation threshold needs to be assessed308

for the particular application. Its choice is a compromise be-309

tween keeping as many valid estimates as possible while fil-310

tering out the invalid ones. If the correlation threshold is set311

too high, too few valid estimates are returned. If it is set too312

low, invalid rotation events will also be considered as valid.313

The acceptance threshold could also be based on a different314

metric, however, assessment of it for further applications is315

up to the user and it is outside the scope of the paper.316

D. Implementation of the method317

The presented data analysis method is implemented in318

Python and can be found in the GitHub repository under Ref.319

22 The implementation significantly relies on the NumPy23,320

SciPy16, scikit-image18 and Matplotlib24 python packages.321

The core of the method relies on the FLAP library25 which322

facilitates analysis of large multidimensional data sets.323

III. TESTING THE ANGLE OF ROTATION ESTIMATION324

METHOD WITH GAUSSIAN-STRUCTURES325

In this section the results of the testing of the angle of rota-326

tion estimation method are shown. To test the method translat-327

ing and rotating Gaussian-structures are generated with differ-328

ent rotation angles and elongations. The structures are gener-329

ated for the typical size of the NSTX GPI measurement. Fur-330

thermore, the method is also tested for different square shaped331

frame sizes and relative noise levels, as well.332

An example rotating and propagating Gaussian-structure is333

depicted in Fig. 7. The structure has an elongation of 2 and it334

is rotated by +15between Fig. 7 (a) and (b).335



6

0 25 50

x [pix]

0

20

40

60

y
 [
p

ix
]

Synthetic frame #1

0 25 50

x [pix]

0

20

40

60

y
 [
p

ix
]

Synthetic frame #2(a) (b)

FIG. 7. Example synthetic frames of a rotating Gaussian-structure.

(a) example Gaussian-structure; (b) the example Gaussian-structure

rotated and displaced. The structure’s shorter characteristic size is

set to 15 pix while the longer is 30 pix, i.e., its elongation is 2.

The structure is displaced by 10 pix in the y direction and rotated

by +15between frames.

The Gaussian-structure can be propagated by a set number336

of pixels, rotated by a set angle of rotation, and expanded by337

a set percentage between frames. The full width at half max-338

ima (FWHM) sets the size of the structure. The size of the339

frame and the relative noise level of the generated signal can340

be set, as well. No synthetic background signal is added to341

the synthetic signals. The testing solely focuses on the rota-342

tion estimation and thus, the scaling factor estimation is not343

tested for.344

It must be noted that the shape of filaments in plasma ex-345

periments could be different from Gaussian (see, e.g., Fig.346

3). The shape of the structure is translated into the log-polar347

Fourier magnitude spectrum. The displacement of the peaks348

in the CCCF calculated from the FMSs does not depend on the349

shape as long as it is relatively far from circular (see Fig. 9)350

and does not change significantly between frames. The shape351

of the structure needs to be resolved well enough to charac-352

terize its rotation accurately (see Fig. 8). The shape of the353

structure can change between frames in plasma experiments.354

If the shape changes rapidly, the imposed correlation thresh-355

old renders the analysis invalid for the corresponding frames.356

In these cases, the rotation of the filament is usually difficult357

to identify in the frames by eye, as well.358

A. Testing the angle rotation estimation accuracy vs angle359

of rotation and the frame size360

The proposed angle of rotation estimation method was first361

tested for its accuracy against the set angle of rotation of the362

Gaussian-structure and the size of the synthetic frame. The363

size of the structure in the x direction was fixed to 20% of the364

frame size. The elongation (ratio of the x and y FWHM of the365

Gaussian) of the Gaussian was set to 2 (i.e., 40% of the frame366

size). The smaller the frame size is, the smaller the number of367
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FIG. 8. Testing the angle of rotation estimation accuracy against the

set angle of rotation (x axis) and the frame size (y axis). The contour

levels show the relative inaccuracy of the angle estimation. (The

relative inaccuracy is the ratio of the estimated minus the set angle,

and the estimated angle.)

pixels representing the structure, which ultimately influence368

the visible rotation angle. As a simple example, if the struc-369

ture is only defined by 9 pixels, i.e., a 3 pix by 3 pix structure,370

the angle of rotation can only have a 360/8 pix=45pix−1 accu-371

racy.372

Although, the parabolic fit of the CCCF’s peak increases373

the resolution of the estimation, a threshold for the frame size374

is expected under which the angle estimation will have high375

inaccuracy. The range of the angle of rotation was set to [-376

85,85]. Rotating the structure by ±90was avoided, because of377

the symmetry of the 2D Gaussian function and the ambigu-378

ity of its angle. Zero-degree rotation was not included in the379

calculation, because of the zero division in the relative inac-380

curacy calculation. The frame size was varied between 16 pix381

by 16 pix and 200 pix by 200 pix with increments of 16 pix382

in both x and y directions. The method was unable to produce383

accurate results for frames under the size of 16 pix by 16 pix,384

therefore, those calculations are not included in the results ei-385

ther. The results of the testing are depicted in Fig. 8.386

Fig. 8 shows that the method can only give relatively accu-387

rate, <20% estimates of the angle of rotation for frame sizes388

between 30 pix and 80 pix for rotation angles lower than 10.389

For lower frame sizes, the interpolation of the log-polar trans-390

form introduces high inaccuracy, >20%. The lower the pixel391

count of a frame is, the lower the number of points which392

determine the angular coordinate of the log-polar transforma-393

tion. Ultimately, this lowers the accuracy of the estimation in394

this method. The source of the increasing inaccuracy towards395

higher frame sizes at low angles is unknown and still under396
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FIG. 9. Testing the angle of rotation estimation accuracy against set

rotation angle (x axis) and elongation (y axis). The contour levels

depict the relative inaccuracy of the estimation.

investigation.397

The method can provide an estimate of the rotation angle398

for rotation angles higher than 10and frame sizes higher than399

30 pix by 30 pix with lower than 10% relative accuracy which400

is acceptable for analysis of plasma filaments.401

It must be noted that these results are representative only402

for rotating and propagating Gaussian-structures or structures403

which are close to Gaussian shaped (like most plasma fila-404

ments). For different applications, the accuracy of the method405

needs to be tested with differently shaped structures.406

B. Testing the angle estimation accuracy vs set angle and407

elongation408

In the next step the method is tested against differently elon-409

gated Gaussian-structures. The shorter FWHM of the struc-410

ture is set to 20% of the 80 pix frame size (same as the longer411

frame size of the NSTX GPI diagnostic). Investigation of the412

elongation is important because the method cannot resolve the413

rotation of a circular structure (where the elongation equals414

one). Thus, in this testing step we also aim for finding the415

elongation threshold for Gaussian-structures above which the416

method can resolve rotation accurately. The rotation angle417

range of the test was set to the same as in Sec. III A. The elon-418

gation was set between 1.0 and 3.0 with 0.1 increments. The419

results of the test are shown in Fig. 9.420

Fig. 9 shows that the method cannot estimate the angle of421

rotation for structures with 1.0 elongation, i.e., circular ones.422

For rotation angles below 10, the rotation can only be resolved423

with acceptable, ∼ 20%, accuracy at elongations higher than424

2.0. For rotation angles higher than 10, the elongation can be425

as low as 1.5 to get accurate estimates of the rotation.426

It must be noted that these limitations apply for low rotation427

angles, and more importantly to smooth Gaussian-structures.428

Rotation of structures with coarser intrinsic structures could429

possibly be estimated by the method with higher accuracy.430

C. Testing the angle estimation accuracy vs noise431

Imaging diagnostics are inherently noisy due to the statisti-432

cal nature of photon emission. Furthermore, the detector and433

the detection electronics also introduce noise in the measure-434

ment. Therefore, it can be insightful to investigate the influ-435

ence of noise to the angle of rotation estimation.436

To simulate the measurement noise, random frames were437

generated with white noise with the noise amplitude set be-438

tween [0, 2.0] with 0.1 increments to correspond to the rela-439

tive noise level. Then the Gaussian synthetic signal was mul-440

tiplied by the random frames and the result was added to the441

original frame. This step was performed for all of the gen-442

erated synthetic frames. The Gaussian-structures were gen-443

erated similarly to the previous ones, but their size was fixed444

to [10 pix, 20 pix] and the frame size was fixed to the NSTX445

GPI’s [64 pix, 80 pix] frame size. No translational velocity446

was introduced to the structure. The analysis was repeated 25447

times and the mean, and the standard deviation of the relative448

inaccuracy of the estimates were calculated.449

The mean relative inaccuracy of the angular velocity esti-450

mation as a function of the angle of rotation and the relative451

noise level is depicted in Fig. 10 (a) and the standard devi-452

ation in 10 (b). The results show that the inaccuracy of the453

rotation angle estimate is close to independent from the rela-454

tive noise level up to approximately 50% noise. The standard455

deviation of the inaccuracy starts increasing from 25% rela-456

tive noise level for rotation angles in the range of [-10, 10].457

These results show that the presented angular velocity estima-458

tion method is indeed robust against measurement noise.459

IV. DISCUSSION460

In this section we discuss the capabilities of the analysis461

method in plasma experiments. We apply the technique on462

a GPI measurement of an NSTX plasma regime exhibiting463

strong blob activity and another one where an ELM event is464

present.465

A. Analysis of a blob event466

An H-mode shot, No. #141307 was chosen for this analysis467

which exhibits strong blob activity in the time range around468

the peak of the GPI signal. Nine frames from the analyzed469

time range of the discharge are shown in Fig. 11. The blob470

is slowly propagating outwards and downwards in the ion dia-471

magnetic direction while it is rotating in the negative clock-472
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FIG. 10. Inaccuracy of the angle of rotation estimation method

against white noise at a fixed frame and structure size. (a) Average

relative inaccuracy of 25 random noise calculations; (b) Standard de-

viation of the inaccuracy of the 25 random noise calculations.

wise direction. Its shape is getting elongated during its propa-473

gation.474

The presented pre-processing steps were applied to the sig-475

nal and the angular velocity was estimated for the analyzed476

time range with the presented angle of rotation estimation477

method. The results of the calculation are depicted in Fig.478

12.479

The analysis correctly identifies spinning in the negative,480

clockwise direction. The peak of the angular velocity is481
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FIG. 11. Consecutive GPI frames of a blob event from an NSTX

H-mode shot #141307. The first frame is the upper left one at

t=484.177ms. Time evolves from left-to-right and then top-to-

bottom row-by-row. The blob is slowly rotating in the clockwise

direction while its shape is getting more elongated. The separatrix is

depicted with a red curve in each frame.
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FIG. 12. Result of the angular velocity estimation for a time range

with strong blob activity from the H-mode shot #141307.

∼−8krad/s in the time range. In fig. 12, there are time ranges482

where there is no estimated angular velocity. In these time483

ranges the peak correlation coefficient between the consecu-484

tive frames did not reach a threshold of ρthres = 0.7.485
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FIG. 13. Example frames of an NSTX ELM event measured by the

GPI from shot #141319 clearly showing strong rotation, poloidal and

radial propagation. The first frame is the upper left one at t = tELM−

10µs where tELM = 552.497msec. Time evolves from left-to-right

and then top-to-bottom row-by-row. The blob is slowly rotating in

the clockwise direction while its shape is getting more elongated.

The separatrix is depicted with a red curve in each frame.

B. Analysis of an ELM filament486

The presented angular velocity estimation method can be487

applied to edge localized mode filaments, as well. In fact,488

the observation of ELM filament rotation motivated the devel-489

opment of the presented angular velocity estimation analysis490

technique. Fig. 13 depicts an example ELM event where the491

rotation of the ELM filament is visible.492

The presented method was applied to a 1 msec long time493

range around the ELM crash. The results of the analysis are494

depicted in Fig. 14.495

The ELM filament clearly shows a spin-up effect in the496

negative clockwise direction, the ion gyro motion’s direction,497

which reaches ≈ −60krad/s at the time of the ELM crash,498

at t = tELM. The filament spins backwards in the counter-499

clockwise direction after the ELM crash after which it exits500

the frame of the measurement.501

C. Comparison of the CCCF-based method to other means502

of angular velocity estimates503

The angular velocity of filamentary structures can also be504

estimated by other analysis techniques. Most of these meth-505

ods rely on identifying the structures one-by-one, fitting them506

with an ellipse or 2D Gaussian function frame-by-frame, and507

−500 −250 0 250 500
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−60

−30
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30

60

ω
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k
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d
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Angular velocity for shot #141319; t
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= 552.497ms

FIG. 14. Result of the angular velocity estimation for the ELM event

at tELM = 552.497msec in shot #141319.

then the angular velocity can be estimated from the angle dif-508

ference of tracked structures. A contour path segmentation509

and ellipse fitting based method is used in Ref. 11 by Zweben.510

We used a similar implementation in Ref. 6 to estimate the511

size and elongation of the ELM filaments. The same method512

was used to estimate the radial and poloidal velocities therein,513

but it was found that the results have too high uncertainty to514

be utilized for differential estimations such as the velocity. A515

different structure segmentation method was used by Farley in516

Ref. 26 which relies on the watershed segmentation27 based517

technique and 2D Gaussian fitting of the segmented structures.518

Both structure segmentation schemes were implemented in519

the Ref. 22 library28. The identified structures are tracked520

based on the overlap of the identified characterizing contour521

paths between the consecutive frames in both segmentation522

schemes. The identified and tracked structures can then be fit523

by an ellipse29. The angle of the ellipse can then be calcu-524

lated from the fit parameters. Finally, the angular velocity can525

be calculated from the angle difference of the tracked struc-526

tures divided by the sampling time. The structures can also527

be fit by a 2D Gaussian function, but this was found to be528

more uncertain because the spatial distribution of the filament529

light intensity was non-Gaussian in many cases. In the fol-530

lowing paragraph we compare these methods to the presented531

CCCF based angular velocity estimation method. Discussion532

of further details of the structure identification and tracking533

algorithms are outside the scope of this paper.30.534

The contour and watershed segmentation-based angular ve-535

locity estimation techniques were applied to the same shots536

as the CCCF based method was, #141307 and #141319 and537

the results are depicted in Fig. 15 (a) and (b), respectively.538

The results calculated with the structure segmentation based539

methods show high noise which is not visible in the rotation540

of the filaments in the GPI signal. The reason for this high541

noise originates from a few contributing factors. These meth-542

ods do not suppress the photon noise of the GPI measurement543

whereas the CCCF based method inherently does strong noise544

suppression. Furthermore, the identified characterizing con-545
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FIG. 15. Comparison of the CCCF based angular velocity estima-

tion and the segmentation based techniques. (a) Comparison for the

blobs in shot #141307; (b) Comparison for the ELM filament in shot

#141319.

tour path could also be identified at a different intensity level546

and have a different shape and thus angle between two frames547

which also introduces uncertainty. Based on the comparison548

the CCCF based method is the better choice for analyzing549

frame-by-frame filament rotation imaged by GPI due to its550

robustness and noise tolerance.551

D. Assumptions and limitations552

It is important to discuss the assumptions made during the553

development of the angular velocity estimation method as554

well as the limitations of the analysis technique.555

To get accurate estimates with the proposed method, it is556

imperative to remove the stationary background and offset557

from the signal. If the background is non-stationary, a time558

resolved background subtraction method needs to be imple-559

mented. The time scale of the background evolution needs to560

be at least an order of magnitude slower than the time scale of561

the analyzed phenomenon. In case of blobs, the background562

typically evolves on 10 msec time scale while blobs typically563

"evolve" on less than a 100 µs time scale (see bottom of Ta-564

ble 1 in Ref. 11). In case of ELM filaments, the background565

signal was found to be evolving on a 1 msec time scale while566

the ELM filament evolved on a few µs time scale. The sep-567

aration of background and phenomenon time scales needs to568

be ensured for further applications.569

The core of the presented method, the Fourier-Mellin trans-570

form was originally developed for image registration where571

the shape of the imaged structures does not change between572

frames and only zooming in or out is expected. Our method573

was applied on images where the shape of the structure could574

significantly change between frames. To prevent significant575

shape change to be taken as false rotation, a threshold was im-576

posed on the cross-correlation coefficient calculated between577

the pre-processed frames. The optimal correlation threshold578

was found to be 0.7 for the presented application on plasma579

filaments measured with gas-puff imaging.580

The presented method can estimate the characterizing an-581

gular velocity for a relatively large region-of-interest (ROI).582

The size of this ROI must be at least 30 pix by 30 pix (see583

Sec. III A). If only a single structure is present in the frame,584

such as the ELM filament after the ELM crash6, the method585

accurately estimates the angular velocity. Blobs on the other586

hand can be present more than one at a time in the frame of587

the measurement. Should there be more than a single struc-588

ture present in the frame, the estimated angular velocity would589

be a weight averaged one where the weights are the average590

integrated intensities of the structures.591

The presented plasma measurement analyses utilized the592

entire frame of measurement to estimate the angular veloc-593

ity of the ELM filament and the blobs. One could ask whether594

constraining the analysis to a smaller ROI would influence the595

outcome. In principle one could choose a ROI which enclosed596

the analyzed structure only, however, that would require the597

perimeter of the structure to be identified which would make598

the analysis technique less robust. If the same, but smaller599

than frame size ROI was used for the analysis, the number of600

valid points in the results would be reduced because the struc-601

ture would be outside the ROI for a larger portion of the time602

series. If the structure is not propagating to certain areas of603

the frame at all (e.g., to a column of pixels imaged outside the604

limiter shadow) one could reduce the analyzed frame size to605

speed up the analysis.606

Analysis of rotation in imaging measurements is limited to607

structures with circular symmetry. Since our method was de-608

veloped to analyze imaging data, it cannot resolve the rotation609

of a circular structure or a structure close to circular. Most of610

the observed filaments are elongated poloidally which makes611

the angular velocity estimation method viable for their analy-612

sis.613

Finally, it must be noted that the presented method can only614

be utilized if the sensitivities of the pixels are equal, or they615

have been calibrated. This needs to be performed before any616

of the analysis steps can be done.617
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V. SUMMARY618

Filamentary structures are responsible for significant619

amount of heat and particle transport in fusion plasmas. Blob620

filaments are ubiquitous to the background turbulence in edge621

and SOL plasmas and ELM filaments could cause irreversible622

damage to the plasma facing components and they degrade623

plasma confinement, as well. The dynamics (rotation and624

translation) of these filaments partially determine their effects625

on the plasma facing components, therefore, understanding626

their physics is important for the future of fusion energy pro-627

duction.628

In this paper we present a novel method for estimating the629

angular velocity of plasma filaments measured by 2D imag-630

ing diagnostics. After pre-processing the signal, the two-631

dimensional spatial Fourier spectrum of each frame is cal-632

culated. Then the Fourier magnitude spectra are calculated633

which is log-polar transformed hereafter. Finally, the angle of634

rotation can be estimated from the displacement of the maxi-635

mum of the 2D cross-correlation coefficient function from the636

origin in the angular coordinate’s direction.637

To assess the limitations of the proposed method, it was638

tested with rotating and displaced Gaussian-structures at dif-639

ferent structure elongations, angle of rotations, measurement640

frame sizes and relative noise levels. It was found that the641

method can accurately estimate the angle of rotation for struc-642

tures with elongation of at least 1.5 for rotation angles over643

10and elongation of at least 2.0 for rotation angles under 10.644

The method was found to be capable of accurately estimating645

the rotation angles for frame sizes higher than 30pix by 30pix.646

The noise assessment results show that the proposed method647

is robust against noise, the inaccuracy of the method is noise648

independent at least up to 25% relative noise level for a fixed649

structure and frame size.650

The method was applied to GPI measurements of plasma651

filaments in the NSTX. Estimation of the angular velocity of652

blobs revealed their change of spinning direction during their653

propagation. Applying the analysis method on an ELM fil-654

ament event revealed that the filament spins up significantly655

in the ion gyro motion’s direction during the ELM crash.656

The method was compared to contour and watershed struc-657

ture segmentation based angular velocity estimation methods658

by applying them on the same GPI measurements of blobs and659

ELM filaments. The presented method was found to be more660

robust and less uncertain than the segmentation-based meth-661

ods.662

In summary we have developed a robust and relatively ac-663

curate angular velocity estimation method which can charac-664

terize the rotation of propagating filamentary structures. In the665

future the method will be used to assess rotation of blobs in666

a large database. Furthermore, the technique will also be ap-667

plied to characterize the motion of disruption mitigation shat-668

tered pellets31.669
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Appendices682

A1. PROOF OF THE FOURIER MAGNITUDE SPECTRUM683

ROTATION EXPRESSION684

The following derivation shows the details of the Fourier685

magnitude spectrum based angular velocity estimation686

method described in Sec. II.687

If one introduces rotation between frames f1 and f2 and cal-688

culates their Fourier-spectra, then the two spectra are related689

by690

F2(ξ ,η) = c(x0,y0) ·F1(ξ cos(θ0)+η sin(θ0),

−ξ sin(θ0)+η cos(θ0))
(A1)

If rotation and translation are both introduced between691

frame f1 and f2 as shown in equation692

f2(x,y) = f1(x cos(θ0)+ y sin(θ0)− x0,

−x sin(θ0)+ y cos(θ0)− y0)
(A2)

,693

then one can show that their Fourier magnitude spectra are694

related by695

M2(ξ ,η) = ·M1(ξ cos(θ0)+η sin(θ0),

−ξ sin(θ0)+η cos(θ0))
(A3)

If the magnitude spectra are transformed into polar coordi-696

nates (ρ ,θ ), this relationship can be written in the form of697

M1(ρ ,θ ) = M2(ρ ,θ −θ0) (A4)
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.698

meaning that if there is translation and rotation introduced699

between two consecutive frames, their polar transformed mag-700

nitude spectra are related by a linear displacement in the angle701

coordinate.702

The calculations so far have assumed scale-invariance be-703

tween the structures in the frames. However, as seen in Ref.704

6, the ELM filament’s size is evolving during the crash. In the705

zeroth order, the filament’s size evolution can be characterized706

by a single scaling factor. It can be shown that if translation,707

rotation, and linear scaling is introduced between two frames,708

their Fourier magnitude spectra are related by709

M1(ρ ,θ ) = M2(ρ/ fs,θ −θ0) (A5)

where fs is the scaling factor in both x and y directions.710

The division with the scaling factor can be transformed into711

displacement if log-polar transformation is used instead of the712

polar transform. Equation713

M1(log(ρ),θ ) = M2(log(ρ)− log( fs),θ −θ fs) (A6)

transforms the division into displacement. This expression714

is similar to Eqn. 2 where the linear displacement was found715

by calculating the 2D spatial CCCF between the consecutive716

frames. One can utilize the same method on the log-polar717

transformed 2D Fourier magnitude spectra to estimate the ro-718

tation and the scaling evolution of the ELM filament during719

the ELM crash.720

A2. TWO-DIMENSIONAL SPATIAL721

CROSS-CORRELATION COEFFICIENT FUNCTION 7
722

.723

The angular velocity estimation method relies on the calcu-724

lation of the 2D spatial cross-correlation coefficient function,725

hence, we repeat it’s definition for completeness. Its definition726

is given by727

ρa,b(κx,κy) =
R fa,b(κx,κy)

√

R fa, fa(0,0) ·
√

R fb, fb(0,0)
, (A7)

where ρ(fa,fb)(κx,κy) is the 2D spatial cross-correlation co-728

efficient function at spatial displacement κx and κy in the729

x and y direction, respectively. Ra,b is the spatial cross-730

correlation function estimate between the temporally consec-731

utive frames fa and fb given by Eqn. A8. Rfa,fa(0,0) and732

Rfb,fb
(0,0) are the 2D spatial auto-correlation function esti-733

mates of frame fa and fb, respectively, given by Eqn. A8 at734

κx = 0 and κy = 0. The 2D spatial cross-correlation function735

can be written as736

Ra,b(κx,κy) =

Cκx,κy ·∑
i, j

fa(xi −κx,y j −κy) · fb(xi,y j), (A8)

where i = 0...Nx and j = 0...Ny (i.e., summation for all737

pixels), where Nx and Ny are the number of pixels in the x738

and y direction, respectively. Cκx,κy is a normalization factor739

and equals the reciprocal of the overlapping number of pix-740

els. Further discussion of the 2D CCCF and the way it can be741

calculated efficiently is discussed in Ref. 7.742
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