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Abstract We attempt to propose a method for automatically deteckiegolar filament chirality and barb
bearing. We first introduce the concept of an unweightedreatid graph and adopt the Dijkstra shortest
path algorithm to recognize the filament spine. Then, we his@oblarity inversion line (PIL) shift method
for measuring the polarities on both sides of the filamend, employ the connected components labeling
method to identify the barbs and calculate the angle betwaeh barb and the spine to determine the
bearing of the barbs, i.e., left or right. We test the autéerdgtection method with H filtergrams from the
Big Bear Solar Observatory (BBSO)dHarchive and magnetograms observed with the Helioseisndc an
Magnetic Imager (HMI) on board tH&olar Dynamics Observato($DO). Four filaments are automatically
detected and illustrated to show the results. The barbsffiereint parts of a filament may have opposite
bearings. The filaments in the southern hemisphere (nortremisphere) mainly have left-bearing (right-
bearing) barbs and positive (negative) magnetic helic@tgpectively. The tested results demonstrate that
our method is efficient and effective in detecting the bepadhfilament barbs. It is demonstrated that the
conventionally believed one-to-one correspondence letfiament chirality and barb bearing is not valid.
The correct detection of the filament axis chirality showddone by combining both imaging morphology
and magnetic field observations.

Key words: Sun: filaments, prominences — Sun: magnetic fields — Sun:nebsphere — techniques:
image processing

1 INTRODUCTION is directed leftward from the same perspective is called
sinistral; when viewed from either footpoint of a filament,
Solar filaments, called prominences when they appedf the barbs on the near one veer from the filament spine to
above the solar limb, are plasma in the low corona that ighe right (left), the barbs are defined as right-bearing-(lef
one hundred times cooler and denser than its surroundingggaring). Dextral and sinistral filament axis chirality er
They are particularly visible in H observations, where Sponds to negative and positive magnetic helicity, respec-
they often appear as elongated dark features with severtively. Therefore, the filament axis chirality directly el
barbs or feet (Tandberg-Hanssen 1995). Filament bartie magnetic helicity.
can be traced to the legs of prominences when observed Filaments are always aligned with photospheric mag-
above the limbs against the solar disk. They have an avenetic polarity inversion lines (PILs) and magnetic flux can-
age asymmetry with respect to the long axis of a filamentgelation also occurs at the photosphere close to it (Martin
known as the “spine;” the spine defines the main body 0.998). Filaments sometimes undergo large-scale instabil-
a filament and runs its full length. Filament barbs tend taties, which break their equilibria and lead to eruptions;
be broader near the filament axis and converge to chrdherefore, they are often associated with flares, coronal
mospheric points downward to the chromosphere. Martirmass ejections (CMESs) and other solar activities (Gilbert
and her colleagues (Martin et al. 1994; Martin 1998) gaveet al. 2000; Gopalswamy et al. 2003; Jing et al. 2004; Chen
reasonable classifications for the filament spine chiralitf2008, 2011; Shibata & Magara 2011; Green et al. 2011;
and barb bearing: the filament whose axial field is directedVebb & Howard 2012; Zhang et al. 2012; Zhou et al. 2014;
rightward when viewed by an observer at the positive-Ma et al. 2014). Hence, understanding the magnetic con-
polarity side is called dextral, and the one whose axial fieldiguration of solar filaments is important in resolving the
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relation of filaments to flares and CMEs as well as thg2011) designed a method to find the filament spines based
formation of filaments themselves. In traditional theoret-on graph theory which is also used in our spine detection
ics, filament material is supported against gravity by thenethod.

Lorentz force in magnetic dips, which are formed by ei-  In this paper, we try to present an efficient automated
ther dipped arcade loops (Kippenhahn & Schluter 1957jnethod for detecting the spines and the barb bearings of
or a twisted magnetic flux rope (Kuperus & Raadu 1974)solar filaments. In Section 2, we describe the details of our
Martin et al. (1994) and Martin (1998) constructed a wireautomatic detection algorithm for the solar filament spine,
model. In their model, barbs are field line threads which aréarbs and the corresponding chirality. We give four exam-
rooted in the minor polarity flux concentrations in the pho-ples in Section 3. We present our discussions and draw our
tosphere and a filament consists of many threads that am®nclusions in Section 4.

highly sheared. Aulanier & Demoulin (1998) and Aulanier

et al. (1998, 1999) constructed a series of models basesl \\ETHODS

on the linear force-free field and magnetohydrostatic ex-

trapolation of the observed line-of-sight magnetic fieldsin our previous work (Hao et al. 2013), we developed
in the photosphere. On the contrary, a three-dimensionain efficient and versatile automated detecting and tracing
flux rope model is able to reproduce the observed filamenhethod for solar filaments. Here, we still use this method
barbs and the barb bearing patterns with parasitic polarto detect filaments in H full disk filtergrams, then we ex-
ties (Aulanier et al. 2000). In these models, the barbs argact each filament for further processing by the newly de-
interpreted as dips in the flux rope resulting from the interveloped method. The details are explained in the following
action of the low-lying portion of the transversal fields in subsections.

the twisted flux rope with photospheric parasitic polasitie

on either side of the filament channel. These models im2 1 Filament Axis Chirality Detection

ply that the filament barbs are observed morphological fea-

tures that can be used to estimate magnetic helicity (Marti2.1.1 Filament spine detection

1998). However, filaments with both left-bearing and right- ) o .

bearing chirality barbs along their axes have been observekfter processing the i full disk images, we obtain each
(Pevtsov et al. 2003; Guo et al. 2010; Chandra et al. 2010pinary image of a filament skeleton. Then, we use the mor-
which means we cannot determine the magnetic helicitphological spur removal method, which employs the mor-
only by the morphological features in amHiltergram. ~ Phological hit-and-miss transformation (a general binary
The magnetograms revealing the magnetic fields in anglorphological operation which is useful in locating par-

around the filament channel should also be taken into corficular pixel configurations in an image. It takes as input a
sideration. binary image and structuring element pairs, and produces

another binary image as output. The details of this method

Developing and using appropriate methods for auto€an be found in section 4.4 of Hao et al. (2013)), which can
matically detecting the characteristics of filaments is im-be used to find and remove the barbs over several iterations
perative since the time cadence and spatial resolution db obtain the filament spine. In order to get a thin filament
the observations are becoming higher and higher and thespine without any barbs, the number of iterations need to
are a huge amount of data that cannot be analyzed by hbe sufficient. However, more iterations would bring a dis-
man visualization. Since Gao et al. (2002) combined thedvantage that the filament spine may be shorter than it
intensity threshold and region growing methods in order taeally is. To avoid this error, we adopt a new method using
develop an algorithm to automatically detect the growthgraph theory as done by Yuan et al. (2011). This method
and disappearance of filaments, a number of automateggards the filament skeleton as an unweighted undirected
filament detection methods and algorithms have been degraph, which contains nodes (i.e., pixels in the filament
veloped in the past decade (Shih & Kowalski 2003; Fullerskeleton) and connectivity of the nodes. If two nodes of
et al. 2005; Bernasconi et al. 2005; Qu et al. 2005; Wanghe skeleton are 8-connected (considering pixelsirxes
et al. 2010; Labrosse et al. 2010; Yuan et al. 2011; Haonatrix, if the current pixel ig4, j) which is in the middle
et al. 2013), and these algorithms can be combined witlf the matrix, then the pixels around it, i.€¢i,— 1,7 — 1),
image enhancement techniques (e.g., Feng et al. 2014).—1,7), (i—1,54+1), (¢,5—1), (4, 5+ 1), (i 4+ 1,5 —1),
However, for more specific observation features, such ag + 1, 5), and(i + 1, j 4+ 1), are 8-connected with the cur-
the barbs and the spines of filaments, effective automaticent pixel (i, j)), it means that there is an edge between
detection methods are few. Bernasconi et al. (2005) deghem. The longest acyclic path of two nodes is defined as
veloped a method applying a principal curve algorithmthe filament spine. One can find the spine without chang-
based on geometric theory, which was recently updatethg the topological structure of the filament skeleton. The
by Martens et al. (2012), to determine the filament spinegnain algorithm is described as follows. The algorithm is
then to calculate the distance between the boundary arictorially shown by a sample filament skeleton example
the filament spine in order to find barbs. They consideredh Figure 1.
nearly one year’s observation of filaments and the results Firstly, for each binary image with a single filament
confirm the hemispheric magnetic helicity rule. Yuan et al.skeleton, we have to find all the nodes (i.e., pixels) of the
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filament skeleton and assign index numbers to them. Since
a real observed filament is relatively large and complex,
in order to explain our method clearly, here we take an
artificial filament skeleton as an example, which has the
same typical features as real ones. Like the model example
shown in Figure 1(a), filament skeleton nodes are the pixels
whose values are equal to 1 (the values of the background
pixels are equal to 0). Figure 1(b) shows that each filament
skeleton node is assigned to a unique index number. This
example has 23 nodes in total. The algorithm goes through
each pixel starting at the lower left corner from bottom to
top and from left to right, as indicated by the arrows shown
in Figure 1(b).
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Secondly, we build aiv x N connection matrix that
records the edge information between each of the nodes,
whereN is the number of filament skeleton nodes. If the
ith node and thgth node are 8-connected, the values of
the corresponding coordinatés j) and(j,4) in the con-
nection matrix are 1. It means that there is an edge be- I
tween them, namely, a connection exists between the two
nodes. Otherwise the value is 0, which indicates that the (b)
two nodes have no edge between them. In addition, self
connecting nodes are not allowed here. Therefore, we ig-
nore the diagonal of the connection matrix and set these
values as 0 for convenience. Next, for each node of the fil-
ament skeleton, we check its connectivity with other nodes
and update the corresponding values in the connection ma-
trix. Figure 1(c) only shows four corner parts of the whole . .. .
connection matrix since the size of the whole matrix is
23 x 23, which is too large to be shown completely. For in- 20
stance, we can see that node No. 2 just connects with nodes 21
Nos. 1 and 3 in Figure 1(b), so the corresponding values of 22
the coordinate$l, 2), (2,1), (2,3) and(3,2) in the con- 23
nection matrix are 1. Meanwhile, the other coordinates in (©)
the second row and the second column are 0, which means

that these nodes are not connected with node No. 2. Fig.1 An example that explains the automatic detection algo-
rithm for a filament spine. (a) Filament skeleton nodes aee th

Thirdly, we have to find the vertex nodes (i.e., pixe|spixels whose values are equal to 1 (the values of the backdrou
in the ends of the filament skeleton). Vertex nodes are dep_ixels are equal 0). In order to facilitate the distinctitime fila-

- ._ment skeleton nodes are shown in gray. (b) Each skeleton node
fined as those nodes that only have one connected neigh-" - ed by a unique index numbegr, f)r/or(n)l t0 23. The yellow

b(_)r, _namely, each of them has only one edge_ associat%des are the vertex nodes. The nodes shown in blue, includ-
with it. The vertex nodes are easy to be found in the conmg two yellow vertex nodes No. 1 and No. 23, constitute the

nection matrix since the corresponding row or column hasongest path among every two of the five vertex nodes which is
only one item whose value is equal to 1. The example irdetermined as the filament spine. The arrows show the aigorit
Figure 1(b) shows the vertex nodes in yellow pixels, i.e.raversal sequence that starts at the lower left corner frotn
node Nos. 1, 5, 14, 21 and 23. tom to top and from left to right. (c_) This shows the_ fou_r carne
parts of the whole connection matrix. Because the si28 is23,
Fourthly, we use the shortest path method from graphvhich is too large to show, only the four corners are showh. Al
theory to find all the paths from one vertex node to othethe detailed steps are described in the text.
vertex nodes. The longest acyclic path is the spine. There
are five vertex nodes so that the program finds the shortest The shortest path method determines the single-source
path between every two of the five vertex nodes and obtainshortest path from one node to all other nodes in the graph
ten paths. Among them, the longest path has 13 edges thapresented by th&/ x N connection matrix, wherév
are from node No. 1 to node No. 23. This path is deteris the number of nodes. The identified spine is as thin as
mined as the spine of the example filament as shown ione pixel. Here, we use the Dijkstra algorithm (Dijkstra
Figure 1(b) with blue color, including the two vertex nodes1959) to find the shortest paths. The time complexity is
No. 1 and No. 23 that are treated as the footpoints of th&(log(N) x E), where E is the number of edges. Note
filament. that the connection matrix is sparse, which can be com-
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posed that the chirality of a filament can be obtained by
measuring the magnetic polarities of the two footpoints of
the filament. When doing so, we should acquire four ba-
sic magnetic field measurements, i.e., the magnetic polari-
ties of the two footpoints of the filament and the dominant
magnetic polarities along both sides of the filament spine.
The polarities of the two footpoints can be easily deter-
mined by the direct measurements of the magnetic field
once the positions of the footpoints of thevlament are
recognized automatically, but the polarities on both sides
of the filament are relatively more difficult to measure and
@ (®)

the measurements have many uncertainties due to the com-

plexity of the magnetic field. Here, we propose a PIL shift

method to derive the magnetic polarities on both sides of
the filament spine relatively more precisely. The algorithm

is detailed below.

Firstly, we co-align the observed magnetogram with
the Ho filtergram. The magnetic polarities of the two fil-
ament footpoints are measured at the coordinates of the
filament footpoints, which were already derived by the au-
tomatic spine detection method from thexHiltergram.
The two footpoints are designated by P and N, respectively,
meaning positive and negative polarities.

© @

Secondly, the PIL coordinates along the filament spine

Fig. 2 An example showing the determined spine. (a) Afilamentar_e calculated and obtained. In o_rder to get ?‘.S'”g'e and
image extracted from the enhanced full disk filtergram. (b)  thin PIL, we adopt proper smoothing of the original mag-
The skeleton image. (c) The filament spine determined by thé&€etogram. In our process, the smoothing window is around
morphological spur removal method. (d) The filament spine de15 pixels wide. Then, we set the positive magnetic foot-
termined by the shortest path method. point as the coordinate origin, and then calculate the slope
of the straight line connecting the two footpoints of the fil-
Rfpent, i.e., line PN. The PIL coordinates are then shifted
a‘,ldeward along the direction perpendicular to line PN with
a given distanca. In our following procedure, we setto

pressed to reduce the storage space. An example is sho
in Figure 2. Figure 2(a) shows a filament image extracte

from the enhanced &dfull disk filtergram and Figure 2(b . S -
shows its skeleton image. For cor?wparison, wge first E’;u;odfe 10% of the spine length. The magnetic field polarities

the morphological spur removal method and process th@" bqth sides are measured along. the Sh'.ft.ed PIL points.
morphological hit-and-miss transformation to find and re-  Finally, we check the magnetic polarities on the two
move the barbs. The filament spine is then obtained aftefides of line PN while looking through line PN from foot-
iterations, as shown in Figure 2(c). We find that the spind0int P. If the shifted PIL points on the left side are positiv
is shorter than the original filament and small spurs still(negative) and those on the right side are negative (posi-
remain. In particular, a barb still remains in the right bot-tive), the filament chirality is sinistral (dextral).

tom corner. Alternatively, Figure 2(d) shows the spine de- ~ The PIL shift method is used for determining the mag-
termined by the shortest path method from graph theoryetic field polarities along the left and right sides of the
Compared with the filament skeleton in Figure 2(c), thefilament axis. Compared to the normal random selection
spine in Figure 2(d) is much thinner and runs the full lengthof points or the selection of all points for measuring the

of the filament without changing the topological structurepolarities on both left and right sides of the filament axis,
of the filament skeleton. our method turned out to be more accurate and stable.

2.1.2 Filament axis chirality 2.1.3 Magnetic field helicity

The filament axis chirality is defined as, when viewed fromHere we want to compare the automatically detected fil-
the positive polarity of the magnetic field, if the axial mag- ament axis chirality with the helicity calculated from the
netic field of a filament points to the left (right), the fila- vector magnetograph data in order to discuss the validity
ment is sinistral (dextral). It can be determined by measuref the results. Firstly, the vector magnetograph data are
ing the magnetic field along the axis of a filament relativeprocessed to remove the T88mbiguity and the projec-

to the main polarities (Martin 1998), which in principle re- tion effect. The 180 ambiguity for the transverse compo-
quires vector magnetograms and even nonlinear force-fregents of the vector magnetic field is resolved by the im-
field extrapolation. In practice, Martin et al. (1994) pro- proved version of the minimum energy method (Metcalf
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2.2.2 Filament barb bearing

0{0]0(0[0|0|0O|0O]0O]0O|0O|0[O0]O
0({0]0[0|0|0O[0O|0O[0O[0]|0O[0O]|0O]|O Martin (1998) provided a clear definition of the filament
0{0|O[1|1|{1[0|{0O|O0O|ONNNO]|O]|O barb bearing. Viewed from either side of a filament, if
olololololol1lolololo 0olo a barb on the near side veers from the filament spine to
ololololololo n olololo 0 the right a}nd QOwnward to the chromosphere, the barb is
olololololololololololololo right-bearing; if a barb veers from the axis to the left and
downward to the chromosphere, the barb is left-bearing.
0]0J0]0 010/010/0]0]0]0]0 From the perspective of image processing, we can deter-
00]0]0j0 0/0]0j0]0j0]0 mine the barb bearing by calculating the angle between the
0jojojojofojo 0/0]0]0f0]0 spine and the barb. The detailed steps of the method are

described as below.
Fig. 3 An example for explaining the filament barb detection al- Firstly, we find the junction node between the barb and
gorithm and the chirality determination method. The spioden  the spine for each labeled barb. The barb and the spine
values are changed from 1 to 0, while the grey color is maietdi  gre in the same connected component, which means that
for comparison. The barbs are assigned unique numbers (H 2 apq junction node must be one node in the spine nodes. As

3) and colors (yellow, red and blue) using the connected cemp - ; :
nents labeling method. The black nodes are the junctionsnodeShown in Figure 3, the black nodes are the junction nodes

between the barbs and the spine that are set as coordingitesori that 8ls0 belong to the spine. We set the junction node as
used for the polynomial fitting to determine the barb bearadyy ~ the coordinate origin. The coordinates of the spine and the
the detailed steps are described in the text. associated barb are updated correspondingly.

Secondly, we adopt the polynomial fitting method to

1994; Metcalf et al. 2006; Leka et al. 2009). Usually, thefit the barb and the spi_ne, and obtain their_inclination an-
regions of interest are not close to the center of the Sogles. Here, we use the first degree polynomial as the default

lar disk, which leads to the projection effect. We removelitiing method since the barbs are often short and nearly

this effect with the method proposed by Gary & Hagyardstraight. If a barb is relatively long, the degree of fitting

P : ; Id be changed automatically to a higher one. For exam-
(1990) by projecting those fields from the image plane tg/Vou! : X X
the plane tangent to the solar surface at the center of tH¥€; if the number of pixels in the barb is more tfy; of

field of view. Then, we apply the following formula to cal- that in the spine, the fitting degree would be changed to the
culatea: second degree; if the number of pixels is more thaét,

the fitting degree would be changed to the third degree,
o = (0B,/dy — 0B, /01)/B.. (1) and so forth. Note that unlike barbs, the spine has a curved
‘ shape and is much longer than the barbs. We adopt a lo-
Finally, we calculate the averageof the selected region Cal fitting method and give a criterion for selecting some

to indicate the sign of magnetic helicity. local spine nodes for fitting. Namely, we only fit the spine
nodes near the junction node instead of the whole spine,

which is relatively more accurate. The selection criterion
is the number of spine nodes in both directions near the
2 2.1 Detection of filament barbs junction node for the polynomial fitting, which is set as
double the size of the local barb. Since the junction node
Looking from the binary image of the filament skeleton, (i.e., the coordinate origin) is located in the spine, itasep
we can easily distinguish barbs (branches) from the spineates the spine nodes close to it into two categories, which
In other words, there are only barbs in addition to the spineare regarded as left nodes and right nodes for simplicity.
Through this characteristic, we change all the spine pixel#n fact, the junction node can be everywhere in the spine
into the background, i.e., setting the spine pixel values t@xcept the two footpoints, which means that the number of
0 in the binary image of the filament skeleton, where thdeft nodes and/or right nodes may be less than the selection
filament skeleton is the foreground with pixel values beingcriterion. In this case, all the left nodes and/or right reode
1. Then, only the separated barbs are left. Using the corare selected for the polynomial fitting. Then, we use the
nected components labeling method, we give each barbslopes of the barb and the spine to calculate the inclination
unique number. This method was also used in the auta@angles. For example, barb No. 2 of the filament in Figure 3
matic detection method forddfull disk filaments and was has three nodes. It means that we will choose six nodes on
described extensively in Hao et al. (2013). The example irach side of the junction nodes, i.e., six left nodes and six
Figure 1(a) is used as before and the detailed process light nodes. Notice that the left side only has four nodes,
explained in Figure 3. We change all the spine nodes to Gherefore, as that is less than six, the whole left side weill b
For comparison, the grey color of the spine nodes is mainselected for the polynomial fitting.
tained. The left nodes are those unconnected barb nodes. Thirdly, we calculate the angle between barb and spine
We use the connected components labeling method to aand determine the chirality by the range of the angle based
sign the barbs with unique numbers (1, 2 and 3) and colorsn its definition. Using polar coordinates, the inclination
(yellow, red and blue) as shown in Figure 3. angle of the spine and that of the barb are denoted by

2.2 Detection of the Filament Barb Bearing
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as anday, respectively. A barb is recognized to be left-3 RESULTS
bearing ifa;, — «y is in the ranges of—360°, —270°), i
(—180°, —90°), (0°,90°), or (180°,270°); it is right- ~ We select four example filaments observed at 16:43:17 UT

bearing if o, — a; is in the ranges of—270°, —180°), ~ On 2011 October 12, at 19:04:24 UT on 2012 August 3,
(—90°,0°), (90°,180°), or (270°,360°). Otherwise, it at 19:55:11 UT on 2013 February, and at 17:22:24 UT on

will be marked as an unknown barb bearing. Here, we?013 May 31, as shown in Figures 4—7 respectively. Two
use barb No. 1 in Figure 3 as an example to explain th@f them are located in the northern hemisphere, and the
method. The angle between the local barb and the spine f§her two are in the southern hemisphere. They are all qui-
o, — as € (90°,180°), which is in the range for a right- €scent filaments, which have relatively large-scale :_:md sta
bearing barb. So, barb No. 1 is determined to be a rightole structures. Therefore, they can be observed with rela-
bearing barb. tively high resolution for studying the fine structures.&&n
these four filaments are processed by the same procedu-

This process goes through all the barbs in 2 fllamenti,al steps, for convenience, here we only take the filament

by which we obtain the bearing of each barb. The results bserved on 2011 October 12 in Figure 4 as an exam-

are exported to a text file and used for further studies. Not& . X
. . -ple to explain the processed results. After pre-processing
that the shortest path method can determine the spine wi C . . .
e Ho full disk images, we obtain a sub-image of a fil-

a width of one pixel, but the morphological thinning op- g\ment as shown in Figure 4(a). The binary image of its

eration sometimes cannot do it so well. When the spine i keleton is sh in Ei 4(b). Next ine detec.
changed into the background pixels, the remaining noded c'eton 1S shown in Figure ( )'. ext, our spine aetec
may not be real barb nodes. They are much smaller tha%on_method is used to find the filament Spine as shpwn
the barb and probably go along the spine. These fake batb Figure 4(c). We can see the elongated spine as thin as

nodes will be omitted. Here, we set the length threshold"€ pixel and without any barb pixels. Then we change the

to be four pixels. If the number of barb nodes is less thal lew to the co-ahgn_ed magnetogram in Figure 4.(d) and
four, itis treated as a fake barb and is removed. (e). The two footpoints are shown as yellow asterisks and

the PIL contours around the footpoints are shown as blue
lines in Figure 4(d). The PIL coordinates along the fila-
2.3 Data Acquisition and Implementation of the ment spine are calculated and obtained, which are shown
Method as the blue cross signs in Figure 4(e) and 4(f). The program
) _ ) ) shifts the PIL coordinates along the direction perpendicul
Filaments and their barbs are typical features im #b- {0 the straight line connecting the two footpoints, and the
servations. We test the performance of our method withyo|arities of the shifted PILs on both sides are measured,
data from the Big Bear Solar Observatory (BBSO} H as shown in Figure 4(e) and 4(f). The red plus signs show
archive (tp://ftp.bbso.njit.edu/pub/archiyeBBSO has an  the shifted PIL on the positive polarity and the black minus
excellent clear sky fraction and high resolutiom Hull  signs show the shifted PIL on the negative polarity. In the
disk image with a size of 204& 2048 pixels and the meantime, the program measures the corresponding mag-
spatial resolution i2”. Thanks to the high spatial resolu- netic polarities of the two filament footpoints, which are
tion, we can clearly identify small-scale barbs. The sampleerived by the automatic spine detection method from the
is mainly within solar cycle 24, since the spatial resolu-H, filtergram, as shown by yellow asterisks in Figure 4(d),
tion is much higher than before. In order to get the mag4(e) and 4(f). Finally the filament axis chirality is deter-
netograms in the corresponding time interval, we use thghined by the method proposed by Martin et al. (1994). For
dataset from the Helioseismic and MagnetiC Imager (HMI,the filament barbS, the program Changes all the Spine pix_
Scherrer et al. 2012; Schou et al. 2012) on boardilar  e|s into background ones and uses the connected compo-
Dynamics Observator§SDO). The SDOHMI has a pixel  npents labeling method to give each barb a unique number
size of 0.5. Since the spatial resolutions of the data are dif-35 shown in Figure 4(b). This filament has six barbs in to-
ferent and the barbs have relatively small sizes, the aligng|. Each barb is labeled with a unique number for refer-
mentis crucial for further processing. We use our programgnce. Then, a polynomial fitting method is adopted to fit
to re'identify the solar radius and disk center in the unit Ofeach barb and the local part of the spine' and we obtain the
pixels in the two data sets. In addition, we manually doubleang|e between them. The barb bearing is determined by
check the radius and center location of the Sun in both datme ang'e based on its definition. After the whole process
sets to ensure the alignment. The error of the co-alignmenér the filament is completed, the position coordinates, the
is less tharl”. length, and the chirality of each barb are recorded in a text
Our detection method for the filament barb bearingdile.
is developed by using the MATLAB Desktop Tools and We also analyze the vector magnetic fields. The se-
Development. In addition to using MATLAB to implement lected time and the field of view for the analysis are the
the algorithm for the filament axis chirality, we also usesame as Figure 4(d). All results of the four examples are
IDL with the SolarSoftWare (SSW) library to pre-processsummarized in Table 1. Since the filament is located in
the SDAQHMI magnetograms. The time efficiency of thesethe quiescent region, the magnetic field is relatively weak
methods is at the millisecond level for all the processingcompared to that in active regions. Therefore, we test the
including the pre-processing of araHull disk filtergram.  reliability for the averager computation by a Monte Carlo
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Fig. 4 A filament observed at 16:43:32 UT on 2011 October 12, locatéde northern hemisphere. (a) The extracted enhanced H
image. (b) The skeleton of the filament, on which each barhhisled with a unique number. (c) The spine of the filamentTtd
SDQHMI magnetogram where the filament is located. The yelloerésks show the footpoints of the filament. The two footpoere
designated by P and N, respectively, meaning positive agdtive polarities. The blue line shows the contour of thesRitound the
footpoints. (e) The yellow asterisks mark the footpointtheffilament like in panel (d). The blue crosses indicate the Phe red plus
signs show the positive shift of the PIL and the black mingasishow the negative shift of the PIL. The shift directiopéspendicular

to the line (light blue dash-dotted line) that connects tine footpoints of the filament. (f) The ddfilament image overlaid by PIL and
its shift lines. The meanings of the symbols are the sameoae th panel (e).

Table 1 Automatic Detection Results of the Filament Chirality aratiBBearing for the Examples

Date Time Hemisphere  Average Ref. number of Ref. number of Filament chirality
(uT) Left-bearing barbs  Right-bearing barbs  determinedhieywire model
2011 Oct12  16:43:32 Northern  — 1,2,3,4,5, Sinistral
6
2012 Aug 03  19:04:23  Southern  + 2,4,6,7,8, 1,35 Sinistral
9,10, 11
2013 Feb 18  19:55:23  Southern + 1,2,3,4,5, 7,8,9,13 Dextral
6, 10, 11, 12
2013 May 31 17:22:38 Northern  — 4,7,11 1,2,3,5,6, Dextral
8,9,10, 12

method. The measurement uncertainties of the vector magandom noises, whose standard deviation is 1. Next, the
netic field have been provided by the HMI vector magneticandom noises are multiplied by the measurement uncer-
field pipeline (Hoeksema et al. 2014; Centeno et al. 2014 }ainties of the vector magnetic field and added to the orig-
For each component (strength, inclination and azimuth) oinal value of the vector field. We remove the 18mbi-

the vector magnetic field, we generate normally distributedjuity and correct the projection effect for the noise added
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Fig.5 Similar to Fig. 4 but for the filament observed at 19:04:23 WiT2012 August 3 and located in the southern hemisphere.

vector magnetic field. Then, the force-free parameté&  the southern hemisphere is positive. From the automati-
computed for the region of interest. We repeat the aboveally detected barb bearings in Table 1, we can find that
processes ten times and find that, for all the ten cases, thiee filaments located in the northern hemisphere mainly
force-free parametar is negative for the 2011 October have right-bearing barbs and the filaments located in the
12 event. Similarly, we analyze the other three events. Theouthern hemisphere mainly have left-bearing barbs. Note
finally computed average is the same as that listed in that except for the erroneously detected barbs, often there
Table 1. The uncertainty analysis shows that the derivedre both left-bearing and right-bearing barbs in a single fil
average force-free parameters for the quiescent filamengnent. This is most obvious in Figure 5. Comparing the
are reliable considering the measurement uncertainties afriginal Ho filtergraph in Figure 5(a) with the automati-
the vector magnetic field. cally detected barbs in Figure 5(b), the automatic results

The filaments observed on 2011 October 12 and oghow that barb Nos. 2, 4, and 8 are left-bearing barbs,
2013 May 31 are located in the northern hemisphere; botwhereas barb Nos. 1 and 5 are right-bearing barbs, which
of them have negative averagebut the detected axis chi- We can also dlrectly distinguish manually based on the def-
ralities based on the wire model are opposite. The filament8ition by Martin et al. (1994).
observed on 2012 August 3 and on 2013 February 18 are From the results of these four example filaments and
located in the southern hemisphere; both of them have posther ones we tested, we find that the accuracy of our au-
itive averagex, but the detected chiralities based on thetomated detection method for the bearing of filament barbs
wire model are also opposite. The four examples show thas around80%. The false bearing detections are largely due
the averagev is negative in the northern hemisphere andto the following two reasons. Firstly, the detected angle be
positive in the southern hemisphere. It indicates that théween the barb and the spine is nearly 98hich is hard to
helicity in the northern hemisphere is negative and that irtell the chirality automatically; sometimes one even cdnno
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Fig. 6 Similarto Figs. 4 and 5 but for the filament observed at 123%IT on 2013 February 18 and located in the southern henrisphe

determine the chirality by human eyes. In this case, oud DISCUSSION AND CONCLUSIONS

program still outputs the automatically detected results.

However, it gives a remark about such kinds of barbs, inTo our knowledge, our method is the first one that com-
dicating that the barb bearing needs to be further Veriﬁe(:bines Hy ﬁ|tergrams and magnetograms to automatica”y
Table 1 shows the results only determined by the automatigetect and determine the filament chirality and the barb
program without further manual recognition. Secondly, thegearing among existing automatic detection methods used
barbs sometimes have branches, but the program just rgyr filament chirality. This method can determine the spine
gards them as a whole structure for the polynomial fitting and the barbs without changing the topological structure of
so the detected result is an average. For example, barb Ne filament. In other words, it does not introduce any other
1, shown in Figure 7(b), has a “Y"-shaped structure. Oufeatures or reduce information from the filament skeleton.
program also has the ability to process the barb’s brancheghe only crucial points are the filament skeleton obtained
separately if the data have a very high resolution. Sincgy the previous processing and the alignment between the
these conditions appear only a few times in the curreny,, filtergram and the magnetogram. If the skeleton is not
database, here we still process the barb as a whole. Thg thin as possible, the angle between the barb and the
Chirality of the filaments can also be detected by our aUspine may be calculated mistakemy’ which further influ-
tomatic program. However, it is found that the sign of theences the determination of the barb bearing.

chirality determined with the method proposed by Martin

; ; ; Pevtsov et al. (2003) studied 2310 filaments observed
et al. (1994) is sometimes contradictory to that calculated
from t§1e ve():tor magnetogram. y at BBSO during 2000-2001 and showed that a single fila-

ment may have both left-bearing and right-bearing barbs.
We obtained similar results. In their study, they noticeat th
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Fig. 7 Similar to Figs. 4 and 5 but for the filament observed at 1382JT on 2013 May 31 and located in the northern hemisphere.

apart from the filaments with pure bearing (i.e., all barbs  The fact that a non-negligible fraction of the filaments
within a filament have the same bearing) occupyifigh ~ has barbs with mixed bearings provides a further piece of
of all their analyzed filaments, there &2&% of all fila-  evidence against the notion that there is a one-to-one-corre
ments with mixed bearings (both left-bearing and right-spondence between filament chirality and the barb bearing.
bearing barbs exist within the same filament). It impliesAccording to the wire model, a filament with mixed barb
that these kinds of filaments are not as prevalent as the fibearings has opposite helicity along the filament spine.
aments with pure bearing, but they do exist. It is arguedHowever, it is often believed that the whole filament and
by Martin et al. (2008) that a barb with opposite bearingthe filament channel have the same sign of helicity (Rust
compared to other barbs in one filament may be an illu& Kumar 1994; Low & Hundhausen 1995; Low 1996; Rust
sion owing to the low spatial resolution of the observation1999; Martens & Zwaan 2001). Regarding the mixed bear-
With a high-resolution observation by the Swedish Solatings of barbs in one filament, Guo et al. (2010) examined
Telescope (SST), they illustrated that a barb, which istrighthe extrapolated nonlinear force-free magnetic field in the
bearing in the low-resolution BBSO images, actually con-corona and found that the filament has both flux rope and
sists of many left-bearing threads. Of course, there is sucbheared arcade configurations (see Aulanier & Schmieder
a possibility. However, more frequently the barbs with the2002, as well). The barbs of the filament, which has nega-
bearing opposite to other barbs in one filament are reatjve helicity, are left-bearing at the sheared arcade parts
since part of the filament channel can be a flux rope, wittand are right-bearing at the flux rope parts. Chen et al.
the remaining part being a sheared arcade, and the barf014) proposed a unified paradigm, i.e., a sinistral fila-
associated with these two parts have opposite bearings deent can have both left-bearing barbs when the hosting
spite having the same sign of helicity (Guo et al. 2010field lines have an inverse-polarity magnetic configuration
Chen et al. 2014). and right-bearing barbs when the hosting field lines have a
normal polarity configuration. A dextral filament can have
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both right-bearing barbs when the hosting field lines havavith the spine has the smallest curvature, this branch and
an inverse-polarity magnetic configuration and left-begri the spine will be determined as the whole spine, and the
barbs when the hosting field lines have a normal polarityothers will be determined as barbs. We will validate the
configuration. The existence of barbs with opposite bearmethod and improve our spine detection method in our fu-
ings in one filament implies that some of the quiescent filture version. Hence, the method of measuring the magnetic
aments have a complex magnetic structure that is formefield of the two footpoints to determine the filament chiral-
partly by a flux rope and partly by a dipped arcade. Onaty (i.e., the helicity), as proposed by Martin et al. (1994)
cannot determine the whole quiescent filament chiralitymay get incorrect results without the help of vector mag-
only by the bearings of the barbs. The detection of flamenhetogram data. In the case that vector magnetograms are
chirality should combine both morphology and magneticnot available, it would be better to determine the helicity
field observations. by the skewness of coronal loops or EUV dimmings (Jiang
et al. 2011). Even when all these alternative choices are

The calculated average shows that the helicity is ) . .
ot available, we can still assume the flux rope magnetic

negative in the northern hemisphere and positive in the

southern hemisphere. It means that the helicity signs give eld model asa tradeoff since a majority of filaments are
by the average: of the four example filaments are in inverse-polarity type. Of course, the results of Guo et al.

agreement with the so-called “hemispheric helicity pat-(_zom) and Chen et al. (2014) imply that this approxima-

tern,” i.e., solar magnetic fields generally have positivet'on method may sometimes lead to errors. Therefore, a

helicity (right-handed twist of the fields) in the southern|arde amount of data are sti needed to study the stafistica
hemisphere and negative helicity (left-handed twist) & th results to validate these methods.

northern hemisphere. Compared with the automatic detec- In. summary, We propose an efficient ”.‘eth"d for au-
omatically detecting the bearing of solar filament barbs.

tion results, the barbs of the two filaments in the northerrﬂFh_ hod | h iahted undi q h
hemisphere are mainly right-bearing and those of the othe Is method employs the unweighted undirected grap
concept and the Dijkstra shortest path algorithm to recog-

two in the southern hemisphere are mainly left-bearing.”. . .
According to the paradigm in Chen et al. (2014), it im- hize the filament spine, and the connected components la-

plies that the magnetic structures of these filaments arléefl'ng mgthod to |d_ent|fy the ba.r.bs' The results of the rel-
mainly flux ropes, which is consistent with the results Or]atlvely high resolution data verified that the performance

the filament magnetic structure obtained by previous au_c-)f our method is accurate and robust. Since our method

thors (Rust & Kumar 1994; Low & Hundhausen 1995; is based on our previous automatic detection method for
Aulanier & Demoulin 1998) ' "Ha filaments in full-disk images, it can process not only a

- i __given filament in the partial frame, but also multiple fila-

We agree that the definitions of the filament chirality ments in the full disk images. Four quiescent filaments are
and barb bearing by Martin et al. (1994) and Martin (1998)aytomatically detected and illustrated to show the results
are reasonable and practical. We strictly follow their defin A filament with a unique chirality may have different barb
tions to determine the chirality of the filament and the bearbearings in its different parts. It infers that some quiesce
ing of the barbs. However, we found that the helicity of afjjlaments have a complex magnetic structure that is formed
filament determined by magnetic polarities of the two foot-nartly by a flux rope and partly by a dipped arcade. One
points of the filament, as proposed by Martin et al. (1994)could not determine the filament chirality and magnetic he-
may be the same as or opposite to that calculated from thgsity only by the barb bearing. The determination of the
vector magnetograms. There are several reasons for thiiament chirality can be done by combining both morpho-
First, there might be no solid physical basis to claim thapgical and magnetic field observations. In the condition of
the footpoints of a filament are the intersection points ofacking vector magnetic field data, the method of determin-
the magnetic field lines with the solar surface. Especiallyjng the filament axis chirality based on the magnetic field
when the filament has inverse polarity, the footpoints of arsigns of the two footpoints is not valid. The detection of
Ha filament are located on the opposite side of the Pllthe footpoints is subject to the magnetic configuration and
compared to the footpoints of the magnetic field lines, agilament material distribution, which means that the foot-
illustrated by panels (a) and (b) in figure 7 of Chen et alpoints are hard to exactly locate. The best way to judge the
(2014). Second, the footpoints of some filaments are to@lament chirality is to examine the skewness of the flare
weak to be detected accurately. Third, when the barbs algops after the filament eruption (e.g., Jiang et al. 2011) or
near the end of the spine, itis hard to distinguish whether ifhe skewness of the mass drainage as proposed by Chen
is the end of the spine or the barbs near the junction nodey al. (2014). In the future, we will focus on these meth-
As the right end of the filament in Figure 7(a), the shorteshs to automatically detect the filament chirality based on
path method determines it as a part of the spine, but emhe Hy observations by the Optical and Near-infrared Solar

pirically, we would recognize it as a barb. These cases argryption Tracer (ONSET, Fang et al. 2013).
only found in the ends of the filament when the end junc-

tion node has more than one branch. Therefore, it does néicknowledgementsWe thank the Big Bear Solar
affect the barb detection within the filament skeleton. InObservatory (BBSO) team and New Jersey Institute of
such a case, one way to determine which branch belongs Technology (NJIT) for making the data available and the
the spine is checking the curvature: if the branch connectechagnetograph data are courtesy DO and the HMI
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