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Abstract The analysis and exploration of auroral dynamics are very significant for studying auroral mechanisms. This paper
proposes a method based on auroral dynamic processes for detecting auroral events automatically. We first obtained the motion
fields using the multiscale fluid flow estimator. Then, the auroral video frame sequence was represented by the spatiotemporal
statistics of local motion vectors. Finally, automatic auroral event detection was achieved. The experimental results show that our
methods could detect the required auroral events effectively and accurately, and that the detections were independent on any spe-
cific auroral event. The proposed method makes it feasible to statistically analyze a large number of continuous observations based

on the auroral dynamic process.
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1 Introduction

Changeable auroral morphology maps solar-terrestrial
physics along the Earth’s magnetic field lines projected
onto the polar ionosphere. Much has been learned about the
jonosphere and magnetosphere from auroral events!'). The
analysis of auroral mechanisms is very significant for
studying auroral phenomena and their relationship with
magnetospheric dynamics. The all-sky imaging system pro-

vides auroral data with spatial and temporal high-resolution.

Since the Chinese Arctic Yellow River Station(YRS) started
winter auroral observations in December 2003, they have
obtained annually over 1 200 h of auroral observation im-
ages by all-sky imagers(ASI) at the YRS, assembled from
three wavelengths (427.8, 557.7, and 630.0 nm).

The quantity of observational data from YRS has in-
creased gradually by more than 1 million all-sky images per
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year, whereas the quantity of data from the THEMIS pro-
ject is up to 10 million a year'™. Therefore, exploring a way
in which to analyze these data automatically and make full
use of the large number of ASI images is becoming in-
creasingly urgent for auroral researchers.

In our previous study, we analyzed automatically the
static features of auroral phenomena using techniques of
image processing and pattern recognition®). However, for
various and complicated auroral phenomena, it is not suffi-
cient to consider only the morphological characteristics of
aurora phenomena. Thus, the analysis and exploration of
auroral dynamic processes are very significant for studying
auroral mechanisms. The occurrence and evolution of
aurora are subject to various kinds of unknown factors re-
sulting in extremely complex auroral motion. Therefore,
many traditional technologies based on a certain assump-
tion and model cannot accomplish auroral dynamic analysis.
Most existing analysis of dynamic processes involves
manual case studies of a very small number of auroral
video frame sequences'*™. Therefore, the results obtained
are difficult to apply in general. To make the results more
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reliable and universal, an automatic analysis technology
that analyzes auroral dynamic processes statistically, based
on a large number of continuous observations of auroral
sequences, is urgently needed.

Useful moving information for complex vision analy-
sis can be obtained from the local motion field. Blixt et al.'®!
estimated the global auroral two-dimensional motion field
using a robust optical flow field and studied the validity of
this method for auroral data. However, some questions arise
from their work. First, optical flow field technology is
based on an assumption of brightness constancy, for which
the brightness of the observed object remains constant dur-
ing motion. In classical computer vision research, we usu-
ally assume that moving objects are rigid and that their fea-
tures are stable and prominent. However, there is no such
thing as an “object” in most auroral images. In the evolu-
tion process, deformation of auroral morphology will occur,
and combination or division of auroral structures will hap-
pen. Furthermore, an aurora is the effect caused by highly
energetic charged particles colliding with the atmosphere
within an extremely short time; thus, the brightness con-
stancy assumption is not feasible for auroras. Second, when
solving the optical flow field, the solution of the target

equation is apparent velocity denoted as its differential form.

The velocity-based underlying assumption is that the mo-
tion velocity of an image series is very small owing to the
differential property. However, in the evolution of auroras,
extremely energetic movements often occur, especially
when substorms occur. Third, the data used were auroral
video frame sequences with a narrow view. This creates
another very serious problem regarding discontinuous mo-
tion and boundaries in the process of calculating the optical
flow field. Auroral structure may move out view of subse-
quent auroral images, resulting in no matching parts among
image sequences at the motion boundaries.

The most important issue for motion analysis of the
optical flow field is how to use the local motion field to
represent the moving features of multiframe sequences. In
previous research!’”), Nelson and Polana adopted scale- and
direction-based spatial statistics to classify a small number
of moving images!”. Based on this, Fablet and Bouthemy
used the temporal and multiscale co-occurrence statistics to
denote sequences™. However, in those two methods, nei-
ther spatiotemporal statistics nor features were fully repre-
sented. Considering the temporal and spatial features of
dynamic texture motion simultaneously, Peh and Cheong
constructed two individual maps for scale and direction”.
Then, they processed the two maps separately as ordinary
image texture, which will lose the moving two-dimensional
information.

Given the non-rigid features of auroras, we introduced
fluid flow to auroral image analysis''”’. The algorithm con-
structed models with continuity equations of fluid to obtain
constraint equations of brightness. Thus, the size, direction,
and distribution of the local motion vectors between two
consecutive frames are obtained. Considering the random-
ness of auroral phenomena, in this paper, we propose spati-
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otemporal statistics of the local motion vector to represent
the auroral video frame sequence. Using this representation,
we measure the proximity between the concerned objective
sequence and all auroral subsequence from the auroral da-
tabase. Finally, a simple threshold operation is conducted to
detect automatically multiple events, including polar mo-
tion, cloudy weather, and diffuse auroras.

2 Extraction of local motion fields

An aurora is a geophysical phenomenon generated by the
collision between the atmosphere and highly energetic
charged particles moving along the high-latitude magnetic
lines. The brightness pattern of an auroral image is different
from that of a traditional image analyzed through pattern
recognition, because the aurora will deform, grow, and van-
ish. Because of the intrinsic factors of auroras, the tradi-
tional optical flow field analysis based on the brightness
constancy assumption cannot be applied to estimate the
auroral motion field. Therefore, the fluid flow method is
introduced to overcome this problem.

The fluid flow method used in this paper was proposed
by Corpetti et al. in 2002 to estimate the movement of at-
mospheric images!'”. There are two reasons why we choose
it to estimate auroral motions. First, the motion is con-
structed by continuity equations, which are derived from
the laws of conservation of mass and momentum'®. The
equation is also applied extensively to the analysis of mov-
ing images, including water waves, atmosphere, and smoke.
Second, this method uses an integral form of brightness
constraint, and data constraint is represented as an integral
form at different spatial resolutions. This means that the
solution of the objective function is the displacement of
auroral motion, and that the auroral large-scale movement
problem will be effectively settled.

The auroral data used in this paper were obtained from
the all-sky imagers at YRS, Ny-Alesund, Svalbard. YRS is
located at 78.92°N, 11.93°E, and corrected geomagnetic
latitude 76.24°N, where MLT=UT+3.1 h. Four ASI images
are shown in Figure 1. Theoretically, ASI images contain all
the information above the horizon, and the brightness rela-
tionship between the all-sky auroral images and that within
a zenith angle of 80° is linear; therefore, the auroral struc-
ture of concern occurs within the above region. With the
auroral images with a narrow horizon used by Blixt et al.[%),
the structure of concern of an independent auroral event
will move out of subsequent image frames. However, this
problem can be circumvented using ASI images. Moreover,
the continuity equation of brightness constraint is based on
the assumptions of global variation and momentum con-
servation!'"”. Therefore, the all-sky image is much better
than the auroral image with a narrow horizon for ensuring
validity of the assumption of fluid flow.

The performance of auroral image analysis between
classical optical flow field and fluid flow field are com-
pared in this article. The first algorithm includes a global
constraint algorithm proposed by Horn-Schunck (HS)!!
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and a local constraint algorithm proposed by Lucas-Kanade
(LK)!"?. To estimate the validity of fluid in extracting mo-
tion features of various auroral video frame sequences, four
types of consecutive auroral images are used, as shown in
Figure 1. The superimposed red arrows on the all-sky im-
ages (Figure 1) denote the motion field using each of the
three methods (HS, LK, and fluid flow).

HS LK Fluid flow

Figure 1 Motion fields of ASI images using three methods.

ASI image Motion field Map

a b

Apparently, the fluid flow method obtains better re-
sults in extracting auroral motions, whereas moving auroral
motion patterns cannot be captured by LK and HS. We at-
tribute this failure to three causes: Brightness conservation
is no longer useable, large auroral motion is beyond the
limit of the differential equations, and the motion of
neighboring pixels is dissimilar, which is contrary to the
requirement of the smoothing regularization. Non-rigid
features, deformation, and translucence may be the cause
for the failure of traditional methods.

3 Spatiotemporal statistics of local motion
fields

An auroral video frame sequence is denoted as S={s(x,?), x
€D, +=1,2,---,T}, where D represents the spatial region and
T indicates the length of the sequence. With the fluid flow
method referred to in section 1, the local motion vector {v(x,
1), x€D, =1,2,7-1}, which contains all motion vectors
within the {DxT} spatiotemporal domain, is obtained. The
two-dimensional vector field ¥ is projected onto a
two-dimensional polar coordinate plane P, which is
pre-segmented into n regions {r;, i=1,***, n}. First, we cal-
culate, in the space-time domain, the number of all vectors
that were projected onto every region ; of P, and the histo-
gram of each vector can be obtained. Then, the histograms
are normalized to obtain H={hy, h,,***, h,}. The histogram
represents the two-dimensional statistical distribution of all
vectors of spatiotemporal region {Dx7} and a comparison
between two sequences with different lengths can be
achieved through normalization. These processes are shown
in Figure 2. The polar coordinate plane is nonlinearly di-
vided into eight ranges in amplitude [0.1, 0.2, 0.5, 1, 3, 5, &,
12, +e=] and four ranges by orientation [—135°, —45°, 45°,
135°]. Following many experiments, it has been determined
that these parameters achieve the best performance.

Normalized histogram

0.05 +
0.04 ¢
0.03 ¢
0.02
0.01 ¢
0.00

Bins
¢ d

Figure 2 Scheme of building spatiotemporal statistical representation of local vector for the ASI image. a, ASI images; b, local motion

fields; ¢, map; d, normalized histogram.

4 Detecting auroral events

To study the time of auroral occurrence and the pattern of
auroral movement, we need to find some particular and
similar auroral events from very long auroral video frame
sequences as quickly as possible. Local motion vector-
based spatiotemporal statistics can represent arbitrary sub-

sequences of an auroral video frame sequence and they can
be used to calculate the similarity between two auroral
video frame sequences of different lengths. First, we choose
an auroral event as an objective event and compare it with
all subsequences in the database. Events with greater simi-
larity than a predetermined threshold value are deemed
similar auroral events.
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The so-called objective event is an auroral video frame
sequence with size, and its corresponding spatiotemporal
statistical characteristics f;, based on local vectors, can be
acquired from the method mentioned in section 2. Similar
auroral events are retrieved among auroral video frame se-
quence S, with length L(L > 1) . To locate similar se-
quences accurately, a sliding window with size 7 is used on
S, and the size for each step is 1, which means there is an
overlap between the sliding windows. Based on the local
motion field, spatiotemporal statistics of auroral video
frame sequence S} of sliding window i is represented as f5 .
Distance y2measures the distance between objective event
Sy and auroral video frame sequence S of sliding window i.
Here, distance y2is written as:

XZ(PaQ)zzi (pi_qi)z/(pi_ql') (1)

where i indicates the index of the feature vector. Based on
(1), the similarity between two sequences is defined as:

Sing () = €Xp [—%2 (‘2 ’fzi)} ()

The similarity measurement is obtained from the difference
using the normal distribution function (positive axie)
nonlinearly, where determines the scale of the normal
distribution function. The greater s;,4 (7) is, the more similar
the objective event and the subsequences constituted by
the -th frame and next continuous 7—1 frames of S, are.
Auroral events, when s;,4 is greater than the threshold value,
are deemed similar auroral events, detected by selecting an
appropriate threshold value.

To achieve the detection operation above, we must set
the size of the sliding window and the threshold value. To
represent completely the auroral motion pattern and to re-
duce the influence of noise as much as possible, the length
of the auroral video frame sequence to be compared cannot
be set too large. However, to locate accurately the begin-
ning and end time of similar events, the length cannot be set
too small. Therefore, it is necessary to consider both the
extent of activity and duration of the objective event when
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setting the size of the sliding window.
5 Experimental results

5.1 Results of detecting auroral poleward-moving

feature

The auroral observations studied in this paper were ob-
tained from the all-sky imagers at YRS from December
2003 to January 2004, including an observation period of
20 d. A poleward-motion event is selected as the objective
event. An auroral poleward-moving feature is related to
many special geomagnetic physical phenomenal'”; thus, the
study of such features is very important. Our goal is to de-
tect the auroral events moving towards high latitudes. Here,
the poleward-motion event detected in this paper is differ-
ent from the poleward-moving auroral form of auroral
morphology, which also includes other auroral forms pos-
sessing features with poleward motion.

Apparent poleward motion of auroral arcs occurred
during 12:44—12:55 UT on 25 December 2003. In the Ke-
ogram!'", an auroral emission region moved quickly from
—60° to +60° (Figure 3). We seclected the auroral video
frame sequence that occurred during 12:44—12:55 UT on 25
December 2003 as objective event 1, and then attempted to
detect similar events from the 2003 to 2004 observations.
The curve of similarity between objective event 1 and
auroral activities during 03:00—15:00 UT on 1 January 2004
is represented in Figure 4a, where o, T, and the threshold
value are 0.075, 20, and 0.88, respectively. Figure 4b is the
corresponding Keogram. The red labels at the top of the
figure indicate the occurrence of poleward motion labeled
manually, and the orange labels at the bottom represent
similar events detected automatically. As can be seen from
Figure 4b, the aurora occurring at the labeled time did in-
deed move towards magnetic north. A sequence of ASI im-
ages (04:48:31-05:02:21 UT) is shown in Figure 5. The
aurora in Figure 5 displays a similar motion tendency to
that in Figure 3.

2003-12-25 12:51:00 2003-12-25 12:53:40

Figure 3 Keogram and three ASI images of poleward-moving auroral event during 12:44-12:55 UT on 25 December 2003. M.N. and

M.S. denote magnetic north and magnetic south, respectively.
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Figure 4 Poleward-moving auroral event detected at 03:00-15:00 UT on 1 January 2004. a, similar curve between auroral activities and

objective event 1; b, keogram and labels of detected similar events.

2004-01-01  04:48:31 2004-01-01  04:52:01 2004-01-01
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Figure 5 ASI images at 04:48:31-05:02:21 UT on 1 January 2004.

By comparing the orange labels with the red ones, it
can be seen that the results of the automatic detection are
similar to the manual labeling. The rate of accuracy is up to
84.3% and the corresponding recall of detection is 71.8%.
The biggest difference between the two labels occurs at
07:00-08:00 UT. We attribute this difference to using only
the data at 557.7 nm in the automatic detection, whereas we
observed data in three wavelengths (427.8, 557.7, and 630.0
nm) for the manual labeling process. The emissions at
557.7 nm are too weak to detect the poleward motion dur-
ing 07:00-08:00 UT in Figure 4b, whereas the emissions at
630.0 nm in the Keogram exhibit obvious characteristics of
poleward movement.

In addition to the results shown in Figure 4, Keograms
at 557.7 nm on 22 December 2003, 18 January 2004, and
23 January 2004 are shown in Figure 6. The red labels at
the top of the figure are the manual labels, and the orange
labels at the bottom are the labels of poleward-moving
auroral events detected automatically. A comparison of the
rate of accuracy and the recall of detection is shown in
Table 1, and the mean values of the four days are 82.0%
and 79.4%. The features of auroral poleward motion on 23
January 2004 are accurately detected and the corresponding
recall of detection is 81.7%. The auroral events labeled by
the orange labels are very different from each other in

brightness, appearance, complexity, and event length, which
signify that our method is robust against the differences in
duration of event, auroral appearance, and velocity of auro-
ral movement. There are three reasons why the method de-
tects the location of similar auroral events successfully.
First, the detection is based on moving auroral features
rather than auroral brightness, morphology, distribution,
and location. Second, the nonlinear statistics of auroral mo-
tion vectors and the appropriate partitioning of the polar
coordinate plane ensure that the method can detect moving
auroras with different velocities. Finally, in this paper, we
compute the spatiotemporal statistics of an entire volume of
a sequence, without concern for the exact locations of the
motion vectors.

5.2 Evaluation of multiple objective events

The detection above is based on objective event 1, which
possesses obvious poleward-moving features and relatively
simple motion. However, there are changes, during the ac-
tive period, in the motion velocity, duration, and structure
of the aurora. In this section, we select multiple events that
are similar in motion tendency, but different in active period,
motion velocity, duration, and auroral structure. These
events are selected as objective events to detect similar
events. The detected results will be compared to evaluate
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Figure 6 Detected poleward-moving auroral forms on 22 December 2003, 18 January 2004, and 23 January 2004.

Table 1 Rate of accuracy and recall of detection on 22 December 2003, 1 January 2004, 18 January 2004, and 23 January 2004

Detecting data

Average accuracy

2003-12-22 2004-01-01 2004-01-18 2004-01-23
Rate of accuracy /% 73.6 84.3 70.1 100.0 82.0
Recall of detection /% 92.1 71.8 72.1 81.7 79.4

the impact and dependency of the choice of objective
events on the detection results.

Four auroral events that all possess poleward-moving
features are selected as objective events. The Keograms and
ASI images of objective event 2 (21 December 2003), 3 (24
December 2003), 4 (30 December 2003), and 5 (14 January
2004) are shown in Figure 7. We detect similar events in the
auroral observations from 2003 to 2004. The Keograms
show that all four objective events possess obvious pole-
ward-moving features, but that they are different to each
other in two-dimensional morphological characteristics in

2003-12-21

13:06:01

the ASI images, activity period, motion velocity, and dura-
tion time.

As shown in Figures 8-10, the detected locations of
the four lines, labeled in orange, are similar. For several
important events, such as the events occurring at 4:30 UT
on 18 January 2004 and from 6:00 to 7:00 UT on 23 Janu-
ary 2004, the detection labels are very similar and accurate.
The major differences lie in the labels of brief auroral activ-
ity. By statistical analysis, the duration time of those brief
auroral activities is no more than 460 s. The experimental
results demonstrate that the proposed method can achieve

2003-12-21 13:10:01

2003-12-21 13:13:01
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Figure 8 Detected poleward-moving auroral features on 22 December 2003 by using objective events 2, 3, 4, and 5.
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Figure 9 Detected poleward-moving auroral features on 18 January 2004 by using objective events 2, 3, 4, and 5.

automatic detection of poleward-moving features, robustly

and stably, without dependence on the choice of objective ¢  Conclusions

events. It is noteworthy that not only can it detect pole-

ward-moving features, but our method could also detect any ~ Dynamic information is one of the most important charac-
auroral activities with any apparent direction of motion. teristics for analyzing image sequences. In this study, we
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Figure 10 Detected poleward-moving auroral features on 23 January 2004 by using objective events 2, 3, 4, and 5.

concentrate on researching features of auroral motion and
propose a representation method for auroral ASI image se-
quences based on fluid flow. The fluid flow method is not
based on the brightness constancy assumption. The motion
fields estimated by using fluid flow provide the underlying
information for analyzing auroral events. Because of the
diversity and randomness of auroral activities, we compute
the spatiotemporal statistics of local vectors for a sequence.
Using this representation, we can measure the similarity
between two auroral video frame sequences with different
lengths. The detection of auroral events is thereby achieved,
which establishes a foundation for achieving statistical
analysis of auroral image sequences.

As a preliminary effort towards applying image proc-
essing and pattern recognition techniques to detect auroral
events, our research is far from complete. Several problems
need further investigation. First, the detection results rely
on a single auroral event. Fusion of the results from multi-
ple detections appears a promising solution for improved
recall rate. Second, the objective event and the observations
detected are from the ASI imager from the same year and
location. In future studies, we will use various data to
evaluate our methods further. Finally, because of the use of
the fisheye lens, there are deformations on the boundaries
of the ASI image; therefore, we will conduct geometric
calibration for the estimated motion fields.
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