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Gyrokinetic simulations are important for analyzing magnetically confined plasmas. However, the data
obtained from the gyrokinetic simulations are time-series of a five-dimensional phase space distribution function,
making analyzing the transport phenomena extremely difficult because of its high dimensionality and large data
size. We propose a novel method for analyzing such phase space distribution functions. First, the two-dimensional
velocity space distribution function is mapped into the wavenumber space and visualized as an image. This
enables us to easily capture the global features and the features of the individual velocity space distribution
functions. Second, we apply similarity analysis based on the local features of images and cluster analysis based
on distances between images and the velocity space distribution function. The proposed method enables us to
automatically extract similar structures in the velocity space distribution function and quantify the duration of
these structures.
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1. Introduction
The gyrokinetic simulation is essential for analyzing

the turbulent transport of the magnetically confined plas-
mas [1]. However, fully capturing the physics in the turbu-
lent transport phenomena is difficult because the data ob-
tained from the gyrokinetic simulations consist of a time-
series of five-dimensional (5D) distribution functions. Ad-
ditionally, for practical analysis, the amount of data to be
handled is several terabytes, and an efficient data analy-
sis method is strongly demanded. In the previous work,
there has been little direct analysis of the structure of the
distribution function on a 5D phase space. For examples,
the 2D velocity space has been analyzed after fixing a sin-
gle 3D space point. Many studies investigated the veloc-
ity moments, such as density and fluctuation levels in a
3D space, by integrating the 2D velocity space. However,
these approaches are limited in their scope of analysis and
do not capture all the physics from the entire simulation
data. Therefore, we propose a comprehensive visualiza-
tion and analysis method that gives a complete perspective
of the entire 5D data.

In this study, to efficiently analyze the gyrokinetic
simulations, we first map the velocity space (v‖, v⊥) distri-
bution function into the wavenumber space (kx, ky), which
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are the wavenumbers perpendicular to the field, with fixed
z, the coordinate along the field line. This visualization
method can easily capture the characteristics of each veloc-
ity space distribution function and the features of a higher-
dimensional wavenumber space distribution function. Pre-
vious studies showed that zonal flow is critical for reduc-
ing the turbulent transport of plasmas [2]. Therefore, if
we can specify the region in the phase-space with similar
structures, such as the zonal flow region (ky = 0), we can
identify the important coordinates and focus on the anal-
ysis range. We employ a similarity analysis method [3]
used in image processing. This method can extract image
features, such as contours of velocity space distribution
function plots, and compute the similarity between plots.
Furthermore, we apply cluster analysis as a data-driven
approach to large-scale data for gyrokinetic simulations.
Cluster analysis makes capturing similar structures in the
wavenumber space easy. Next, we can quantify the du-
ration of similar structures by calculating the time for the
region, which is continuously assigned to the same cluster.

The rest of this article is organized as follows: Sec-
tion 2 describes the gyrokinetic simulation and the 5D
phase space distribution function obtained from the sim-
ulation. A novel visualization method for the 5D distri-
bution function, mapping the velocity space distribution
function into the wavenumber space, is presented in sec-
tion 3, discussing the analysis methods, similarity analysis,
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and cluster analysis. Lastly, section 4 concludes the paper.

2. Gyrokinetic Simulations
The gyrokinetic Vlasov flux-tube code, GKV [4] can

solve the electrostatic gyrokinetic equation for the per-
turbed ion gyrocenter distribution function δ fak⊥
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where ωaD = k⊥ · vaD and ωa∗ = k⊥ · va∗ are the magnetic
and diamagnetic drift frequencies with vaD = (c/eaB)b ×
(μ∇B + mav2

‖b · ∇b) and va∗ = (cTa/eaB)b × [∇ ln na +

(mav2/2Ta − 3/2)∇ ln Ta].
In this paper, we used the data for the ion tempera-

ture gradient (ITG) turbulence simulation [5] in Large He-
lical Device (LHD) [6], where the case of inward shifted
magnetic axis is an optimized configuration to enhance the
zonal flows [7].

3. Visualization and Data Analysis
for Gyrokinetic Simulations

3.1 Mapping of velocity distribution
functions into the wavenumber space

Our previous paper [8] developed the visualization
tool for the gyrokinetic simulation data using the head-
mounted display. This tool enables us to visualize the data

of the 5D distribution functions from the gyrokinetic simu-
lations in the 3D real space with 2D velocity space distribu-
tion functions. However, since the gyrokinetic simulations
are based on drift wave turbulence, discussing them in the
Fourier space perpendicular to the field is valuable. We can
discuss the turbulence physics compared with real space
in the wavenumber space, for example, the wavenumber
spectra of the turbulence. Consequently, to discuss them
directly, we visualized them as they are in the wavenum-
ber space in this study. Here we visualize the 5D phase
space distribution functions as image data. To capture the
features in phase space, which is in the higher dimensions,
we map the 2D velocity distribution plots at each simula-
tion time into the 2D wavenumber space (kx, ky) with the
remaining z-coordinates fixed. Figure 1 shows an exam-
ple of mapping the velocity distribution function into the
wavenumber space. The mapping results are continuously
visualized for each simulation time, which enables us to
see the global structure change on the wavenumber space.
In the previous work, it was known that the fluctuation lev-
els of the distribution function in the case of the zonal flow
enhances are dominant at ky = 0. However, the 5D struc-
ture of the distribution function in the region has not been
clarified. In this study, we visualized these structures di-
rectly and confirmed for the first time that a certain struc-
ture of the distribution function remains for a long simula-
tion time.

3.2 Similarity analysis
To evaluate the similarity of the distribution functions

and to quantify the sustainability time of the structures in
the mapped distribution functions, a method to compute
the data similarity is needed. Therefore, we employ a
method based on local image features, which has success-

Fig. 1 An example of mapping the velocity space distribution function into the wavenumber space. Here, v‖ and v⊥ are normalized by the
ion thermal velocity vti.
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(a) The flow of similarity analysis

(b) Example of comparison for each time step

Fig. 2 (a) is a process flow from feature extraction to matching
using OpenCV [10], a library for computer vision. In (b),
the similarity is analyzed for each simulation time; red
dots indicate the similarities.

fully determined image similarity. In this method, first, we
extract the features from each velocity space distribution
plot. Then, we compare the features to be evaluated in
a brute force comparison. Here, we use the AKAZE [9]
local features to detect and match key points on two im-
ages, as shown in Fig. 2 (a), where the AKAZE is a fast
multiscale feature detection and description that exploits
the benefits of nonlinear scale spaces. By computing the
similarity of the velocity distribution function at the same
wavenumber space coordinates, we can identify how long
the same structure is sustained in the simulation. As shown
in Fig. 2 (b), this similarity analysis indicates that many
long-lasting structures are found, especially in the zonal
flow region.

3.3 Cluster analysis
We employ the cluster analysis to discuss more pre-

cise characteristics of the structures in the wavenumber
space. Cluster analysis groups a set of objects together
in a cluster. One of the famous cluster analysis algorithms
is the k-means algorithm [11] which is efficient and sim-
ple to implement. It has been successfully used in vari-
ous fields such as computer vision, marketing, and bioin-
formatics [12]. The k-means algorithm finds cluster cen-
ters that minimize the sum of squared distances from each
data object being clustered to its closest cluster center.
The objective is to partition N data objects into K clus-
ters (K < N), such that objects in the same cluster are as
similar as possible and as dissimilar as possible from those
in different clusters.

Algorithm 1 k-means algorithm

Input: number of clusters k, N data objects, threshold
Output: k centroids

1: Randomly select k objects as the initial cluster cen-
troids, denoted as μk

2: Calculate J in 2
3: Assign each object xn to the closest cluster
4: Calculate a new centroid μk for each cluster
5: Recalculate J in 2
6: Repeat step3–5 until the moving distance of J <

threshold.

Fig. 3 k-means algorithm.

The k-means algorithm is summarized in Fig. 3. Let
xn(1 ≤ n ≤ N) be a data object and μk(1 ≤ k ≤ K) be
the mean of the data objects belonging to cluster ck(1 ≤
k ≤ K). Here, k is just the cluster index number, not a
wavenumber. The sum of squared error between μk and
the data objects in cluster xk is defined as

J =
N∑

n=1

K∑
k=1

‖xn − μk‖2. (2)

Cluster assignment and centroids recalculation is repeated
until the centroid shift is less than a predetermined thresh-
old.

As shown in Fig. 4, we plot the time-series of the ve-
locity space distribution plots belonging to the same clus-
ter by highlighting them with the same color to capture
the arrangement of similar structures in the wavenumber
space. This cluster analysis confirms that the similarity of
the 2D velocity space distribution function demonstrates a
certain structure in the wavenumber space. Furthermore,
to quantify the duration of the structure, we count the time
assigned to the same cluster for each velocity space distri-
bution function in the wavenumber space coordinate. Fig-
ure 5 illustrates the result of visualizing the duration. The
figure shows that some structures are sustained for a long
time at the coordinates near the origin in the wavenumber
space. In the figure, we also indicate the numbers in the
upper right area of each velocity space distribution plot,
which represents the counts corresponding to the duration
time. The number near the origin in the wavenumber space
is larger than the other coordinates in the plots. Using the
counts’ information, we can identify the region where the
robust structures of the distribution functions occur in the
simulations.

4. Conclusion
In this study, we proposed a novel scheme to evalu-

ate and analyze the 5D phase space distribution function of
time-series obtained from gyrokinetic simulations. To cap-
ture the global characteristics in the wavenumber space, we
mapped the 2D velocity space distribution function into the
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(a) simulation time = 1.0

(b) simulation time = 5.0

(c) simulation time = 10.0

(d) simulation time = 15.0

(e) simulation time = 20.0

Fig. 4 Visualization of the results of the cluster analysis of a ve-
locity space distribution function (k = 7). The simulation
time is in the unit of R0/vti, where R0 is the major radius
and vti is the ion thermal velocity.

Fig. 5 Duration of the structure in each wavenumber space co-
ordinate when simulation time = 20.0. The area enclosed
by the red box sustains the same structure longer than the
other coordinates.

2D wavenumber space with the z-coordinates fixed at each
simulation time. Second, for detailed similarity analysis of
the two dimensional velocity space distribution functions,
we applied similarity analysis by image to local feature
extraction and comparison. This method facilitates iden-
tifying the structure that persists in each velocity space
distribution function. Finally, we applied the clustering
method using the k-means algorithm on the entire data out-
put from the gyrokinetic simulations to efficiently identify
similar structures among the massive number of velocity
space distribution functions and compute their durations.
Similar structures of the 2D velocity distribution functions
in the wavenumber space can easily be identified through
cluster analysis. Furthermore, we revealed that the similar-
ity of shapes of the 2D velocity space distribution function
retains a certain structure in the wavenumber space. Ad-
ditionally, we can quantify the duration of the remaining
structure by counting the time assigned to the same clus-
ter.

The method proposed in this study, which treats 5D
phase space distribution functions as image data for anal-
ysis, can be widely adapted. Hence, the proposed method
is general-purpose and can be applied to various simula-
tion results. Also, it could facilitate data-driven predictions
instead of numerical simulation, using machine learning
methods, which are currently researched and developed in
various fields, such as computer vision. The application
to the gyrokinetic simulation studies and correspondence
with fluid dynamics through a comparison of the velocity
space distribution function and the velocity moment vari-
ables in real space will be discussed elsewhere in the fu-
ture.
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