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ABSTRACT

Magnetic bright points (MBPs) in the internetwork are among the smallest objects in the solar
photosphere and appear bright against the ambient environment. An algorithm is presented
that can be used for the automated detection of the MBPs in the spatial and temporal domains.
The algorithm works by mapping the lanes through intensity thresholding. A compass search,
combined with a study of the intensity gradient across the detected objects, allows the disen-
tanglement of MBPs from bright pixels within the granules. Object growing is implemented
to account for any pixels that might have been removed when mapping the lanes. The images
are stabilized by locating long-lived objects that may have been missed due to variable light
levels and seeing quality. Tests of the algorithm, employing data taken with the Swedish Solar
Telescope, reveal that 290 per cent of MBPs within a 75 x 75 arcsec? field of view are
detected.

Key words: techniques: image processing — Sun: granulation — Sun: magnetic fields — Sun:

photosphere.

1 INTRODUCTION

Magnetic bright points (MBPs) in the solar photosphere were first
reported by Dunn & Zirker (1973), who noted the presence of
bright mottles that appear to break up into a network of grains.
These ‘mottles’ were observed to move distances comparable to
granule diameters and some were clearly located in the intergran-
ular lanes (Dunn, Mann & Simon 1973). MBPs are believed to
be the foot points of magnetic flux tubes in the solar photosphere.
Further investigations revealed that these magnetic concentrations
correspond to kilogauss fields that are almost perpendicular to the
solar surface (e.g. Stenflo 1985; Solanki 1993; Sdnchez Almeida &
Martinez Pillet 1994).

The magnetic network, a web-like structure of high magnetic
field, forms at the edges of the supergranular cells and is believed
to arise from long-time advection of magnetic flux to the perime-
ter of the supergranules (Rezaei et al. 2007). On the other hand,
the internetwork is the area situated between the magnetic net-
work boundaries. MBPs occur across the entire solar disc, appear-
ing more numerous and dynamic near magnetic structures such as
sunspots, whilst nevertheless existing within the less active internet-
work regions. The identification and measurement of internetwork
MBPs was pioneered by Muller & Roudier (1984, 1992). However,
with the advancement of high-resolution detection systems in re-
cent years, the potential to understand these very small magnetic
structures has significantly increased.
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It was originally thought that the internetwork was devoid of
magnetic field. However, Dominguez Cerdefia, Sdnchez Almeida
& Kneer (2003) found an average field of =20 G covering
~60 per cent of the internetwork located mainly in the intergranular
lanes. When integrated over the solar disc, this provides a large frac-
tion of the unsigned magnetic flux in the solar atmosphere. Through
the use of spectropolarimetry, it was revealed that the internetwork
also includes areas of kilogauss fields, which coincide with the po-
sitions of MBPs within this region (e.g. Grossmann-Doerth, Keller
& Schuessler 1996; Sanchez Almeida & Lites 2000; Socas-Navarro
& Sanchez Almeida 2002). The large magnetic field strengths of the
MBPs, compared to the surrounding field, make them a significant
carrier for the internetwork flux (Sanchez Almeida et al. 2004). The
association of MBPs with areas of increased magnetic field has been
investigated by Ishikawa et al. (2007) who conclude that efficient
heat transport is also required to make the objects bright. More re-
cently, de Wijn et al. (2007) have used Hinode magnetograms to
study the dynamics of MBPs. An appreciation of how these small-
scale kilogauss objects are formed will further our knowledge of
how magnetic flux emerges from the interior to the surface of the
Sun and subsequently evolves in space and time. It will also enhance
our understanding of how larger magnetic objects form.

In this paper, we present a methodology for the automated detec-
tion and tracking of the MBPs in the intergranular lanes. Section 2
outlines the main properties of MBPs and the difficulties associated
with their automated detection. A brief description of the observa-
tions and data reduction procedures is given in Section 3. Section 4
describes in detail how the algorithm works and how the difficul-
ties outlined in Section 2 are overcome. The detection rates of the
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Figure 1. A 75 x 75 arcsec? high spatial resolution (2250 km pixel~!),
image of solar granulation obtained with the SST. A large number of MBPs
can be identified in the image. These retain a high intensity compared
to the photospheric background and are located within the intergranular
lanes. They are the smallest objects resolvable by current optical telescopes,
having an average diameter of ~200 km. The dashed white lines indicate a
subsection to which the algorithm is applied in Section 4. Tick marks are
pixels.

algorithm are discussed in Section 5, while Section 6 summarizes
our conclusions and presents an outlook for future work.

2 PROPERTIES AND CHALLENGES

The two most notable properties of MBPs are their small size and
increased brightness (Fig. 1). Individual MBPs rarely exceed diam-
eters of ~300 km with typical dimensions of ~150-250 km (Berger
et al. 1995). Single MBPs may merge together to form chains or
groups several hundred kilometres long, but there appears to be
no obvious correlation between size and brightness. MBP inten-
sities range from ~0.8 to 1.8 times the mean photospheric value
(Sénchez Almeida et al. 2004). The same authors investigated the
surface area of the solar disc occupied by MBPs, calculating a cov-
erage density of 0.3 MBPs per Mm?”. The lifetime of individual
MBPs are, for the most part, on a par with granulation, with the
majority being <10 min, although some have been observed to sur-
vive for >15min (Mostl et al. 2006) whilst groups of MBPs have
been observed with lifetimes up to ~75 min (Berger et al. 1998).
Velocities are projected to be in the region 0.5-5 km s~ and are
believed to be driven primarily by the motions of the granulation
(Berger & Title 1996). They have magnetic field strengths in the
range of 500-1400 G (Beck et al. 2007). All MBPs reside in the
intergranular lanes, where the magnetic field concentrates due to
the horizontal convective motions of the granulation and are never
observed to exist within granules. Some bright points are observed
to form on the edge of granules, but are thought to be created by
convective braking due to the down-flow within the lanes and hence
are considered to be of non-magnetic origin (Berger & Title 2001).
MBPs appear as individual objects but through their evolutionary
path they can change in a variety of ways (Berger et al. 2005). Shape
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deformation, such as elongation, due to the convective activity of
the granule flow, is common for MBPs. Another frequent occur-
rence is the merging of small MBPs to form larger magnetic flux
elements. This merging process tends to occur at the intersection of
several granules (Berger & Title 1996) and creates chains or groups
of MBPs. The evolutionary properties of these groups vary some-
what to that of individual MBPs as they appear to have their motion
restricted, with an average velocity a factor of 3 less than individual
objects (Nisenson et al. 2003). The splitting of MBPs is thought to
be the result of hydrodynamic shearing by photospheric flows and
is reproduced in the numerical simulations of Carlsson et al. (2004).

The MBPs’ properties outlined above pose some unique chal-
lenges when attempting to identify them by means of an automated
algorithm. Their very small spatial scale is one of the main difficul-
ties, as it is at the limit of our current spatial resolution. Moreover,
handling so few pixels increases the difficulty in stabilizing the
data set and identifying the same structure in successive frames, as
variations in atmospheric seeing can cause the structures to often
disappear. The large range of their intensities, 0.8—1.8 times the
mean photospheric value, combined with intensity variations dur-
ing their lifetime, makes the identification of MBPs with intensity
techniques alone very difficult and prone to errors. Their relatively
short lifetimes and rapid evolution, compared to larger magnetic
structures, requires high-cadence imaging over extended periods of
good seeing to allow entire life cycles to be observed. The limited
density coverage dictates the need for a large field of view in order to
pick up a significant number of these objects creating the essential
need to remove large sections of data to identify MBPs only.

A concerted effort has been made in recent years to develop
tracking algorithms for solar magnetic structures. DeForest et al.
(2007) compared four magnetic feature tracking codes by apply-
ing them to the same set of data and evaluating the circumstances
under which each technique performs best. Several suggestions are
made in the areas of data pre-processing, object identification, ob-
ject association, object tabulation and event identification. These
recommendations will be considered further in Section 4.6.

Previous detection algorithms for MBPs include a special-
ized version of the Multi-Scale Pattern Recognition procedure by
Bovelet & Wiehr (2007). This procedure utilizes the intensity of
MBPs to identify them via a four-stage process. First, the segmenta-
tion of all photospheric objects by setting equidistant intensity level
thresholds from maximum to zero intensity is performed, producing
a pattern of cells surrounding each local intensity maximum. All
the pixels within these cells are then intensity-normalized to their
cellular maximum. Next, the cells are shrunk to reasonable sizes
by applying a single cut-off threshold to their normalized intensity
profiles. Finally, the cells are merged together removing the cel-
lular pattern and recreating the individual objects. This final step
depends on the number of directly adjacent pixels between cells,
whereby if there are insufficient adjacent pixels then the cells do not
merge.

Another relevant procedure known as the ‘blob finding” algorithm
was originally developed by Tomita & Tsuji (1990) and modified by
Berger et al. (1995). Within this, the following quantity is calculated
for every pixel of the image:
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where M, N are integers, M < N, and I(x, y) is the intensity of
the pixel (x, y), while the operator B(x, y) returns either positive
(bright blobs) or negative values (dark blobs). The resulting ‘blob
enhanced’ image is further processed with an unsharp mask algo-
rithm to sharpen the boundaries of the bright structures. A threshold
operation is then performed, resulting in a binary image which has
the value of unity at the locations of the bright points and zero else-
where. However, some granulation peaks are also identified by this
method and require elimination via dilation and erosion processes
(Haralick, Sternberg & Zhaung 1987) along with visual inspection.

3 OBSERVATIONS

The data presented here are part of red continuum observations ob-
tained on 2007 August 23, with the Swedish Solar Telescope (SST)
on the island of La Palma, using an optical set-up as described in Jess
et al. (2008). Multi-Object Multi-Frame Blind Deconvolution (van
Noort, Rouppe van der Voort & Lofdahl 2005) image restoration
was implemented to remove small-scale atmospheric distortions
from the data. Sets of 80 exposures were included in the restorations,
producing an effective cadence of 9 s. All reconstructed images were
subjected to a Fourier co-aligning routine where cross-correlation
and squared mean absolute deviation techniques are utilized to pro-
vide subpixel co-alignment accuracy. Image destretching, using a
40 x 40 correlation grid, was also implemented to remove image
warping.

4 THE DETECTION ALGORITHM

Having undergone the initial processing and reconstruction, the data
were then passed through a six-stage process that is outlined below.
It is important to note that due to computational limitations it is
not possible to pass an entire 1024 x 1024 pixel® image through
the detection process. Instead, the images are split into 64 128 x
128 pixel® areas, with each area normalized to its average intensity.
These areas are then individually processed and are recompiled to
form the complete detection image, which is shown in Fig. 8 over-
laying the original image. The following procedural details shall
concentrate on a single 128 x 128 pixel® area (i.e. the highlighted
section in Fig. 1).
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4.1 Mapping out the lanes

The intergranular lanes are regions of down-flowing plasma and
appear as long dark regions in Fig. 2(a). A common property of
all MBPs is that they are located within the intergranular lanes.
To utilize this property as an identification tool, the location of
the lanes must be determined and mapped. Their intensity level
shows minimal variation within a given frame and therefore allows
intensity thresholding to be used as a reliable identification method.
The upper thresholding limit is determined as the mean intensity
minus 0.8x the sigma value of each 128 x 128 pixel® region. In
addition, to be identified as a lane pixel it must have at least two
conjoining pixels that also fall below the intensity threshold. All
these low-intensity, conjoining pixels are then placed into a binary
image, as shown in Fig. 2(b), mapping out the lanes in white, with the
granulation and MBPs in black. From Figs 2(a) and (b), it is evident
that the size of the lanes has been overestimated. The overestimation
of the lanes is required in order to single out MBPs completely from
the granulation and allow their identification later on in the process.
However, this can create some problems. Large granules may have
alot of fine structure, leading to dark regions within granules. These
regions can be mistakenly identified as intergranular lanes causing
large granules to be split apart and recognized as several small
objects by the algorithm. Furthermore, the overall size and shape
of the MBPs may be slightly affected as pixels that may belong to
them are removed as lanes. The implementation of some additional
routines can rectify these problems as detailed below.

4.2 Inverting the lanes

This is a relative short but necessary part of the process. The binary
image from Fig. 2(b) is inverted to produce an image of MBPs and
granulation in white and the lanes in black, shown in Fig. 3(a). A
comparison of Figs 2(a) and 3(a) reveals that by overestimating the
size of the lanes, we have separated the MBPs from the granulation,
leaving them surrounded entirely by intergranular lanes.

4.3 Compass search

This step in the procedure attempts to remove the large granulation
structures. The location of MBPs within the intergranular lanes,
combined with a data sampling of ~50 km per pixel, allows us to
place the following condition on the pixels of Fig. 3(a). Any pixel
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Figure 2. (a) The highlighted 128 x 128 pixel? box in Fig. 1. (b) A binary image of the lanes (white) along with the granules and MBPs (black) The lanes are
identified by setting an intensity threshold limit, and their size has been overestimated, resulting in a complete separation of the MBP from the granules. Tick

marks are pixels.
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Figure 3. (a) The inverted image. (b) The outcome of the compass search phase. This examination stipulates that to be considered as an MBP pixel, it must
be located within 7 pixels (=350 km) of a lane in all compass directions (N, S, E, W). If a pixel fails to meet these criteria, it is discarded. Comparison of
Figs 3(a) and (b) shows that the large objects have been removed. Other small objects, such as exploding granules or large granules with some internal intensity
structure, are also identified and produce false noise detections. Tick marks are pixels.

considered to be an MBP must be within 7 pixels (=350 km) of
a lane in all directions of the compass, i.e. North, South, East and
West. Any pixels that do not comply with this compass search are
discarded as pixels within a granule. Due to their size, granulation
pixels cannot be within 7 pixels of a lane in all directions and are
thereby removed, whilst the MBP pixels are surrounded by lanes and
are retained. Fig. 3(b) displays the result of this step in the procedure
when it is performed in Fig. 3(a). One of the main strengths of this
approach is that it removes the non-MBPs that are situated at the
edge of granules. However, utilizing the size of MBPs to identify
them creates some limitations. The most significant limitation arises
from the merging of MBPs to form groups, which can become larger
than 7 pixels across, causing them to be discarded in the process.
Their large size will make their confinement within intergranular
lanes difficult, and they can merge with the granulation. In addition,
the overestimate of the lanes causes the separation of larger granules
into small objects. The compass search can falsely identify these
small objects as MBPs. The use of a compass style search to isolate
granules from intergranular lanes has also been used in the feature
tracking algorithm of Strous (1995).

4.4 Intensity gradient

In this step, the algorithm calculates the intensity gradient across the
objects found by the compass search. Fig. 4 displays average line
intensity profiles across all false detections and possible MBPs that
have been visually identified in Fig. 1. False detections are normally
created as a result of the low-intensity areas within large granules,
causing them to be split into smaller objects whenever the lanes
are identified. The line in Fig. 4, representing the average gradient
across MBPs, has a very steep intensity gradient in its boundaries
compared to a more gradual increase for the false detections (line
in Fig. 4). For the objects identified by the compass search, the
intensity gradient is determined from the original image along a
line of 10 pixels positioned symmetrically and rotated about the
individual object’s centre of gravity.

The rotation of the line covers angles from 0° (vertical) to 135°
in steps of 45°, and at each position the maximum rate of change
in intensity, dl,y, is calculated. To be considered an MBP, the
object must retain a gradient greater than the set threshold in all
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Figure 4. Average light curves across MBPs and noise detected by the
compass search. Comparing the two lines verifies that MBPs generally
obtain much steeper intensity gradients whilst false detections vary much
more gradually. Utilizing this outcome permits the removal of the false
objects from the detection process.

four directions. The threshold is derived as the median intensity
gradient of visually identified MBPs in the first frame of the time
series minus 0.5 times their sigma value. The stipulation of varying
direction within this process removes any false objects that may have
been identified in close proximity to an MBP and would therefore
have obtained a similar dl,,x in one given direction. Fig. 5 illustrates
how the dI,,x of all the objects identified by the compass search
from Fig. 1 vary with angle. The red line on the graphs indicates
the lower cut-off limit for MBPs, whilst the orange line marks the
median dI,,,x of MBPs. Fig. 6 displays the resultant image from this
process.
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Figure 5. The four plots show the maximum intensity gradients achieved by all the objects identified by the compass search over the four angles
0°,45°,90°,135°. The red line in the graphs represents the lower cut-off gradient; objects that obtain an intensity gradient above this in all four graphs
are identified as MBPs. The orange line marks the median intensity gradient of MBPs.
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Figure 6. (a) Original data. (b) The outcome of the compass search. (c) The outcome of the intensity gradient phase. Tick marks are pixels.
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Figure 7. (a) The detected MBPs. These may be slightly altered in size and shape due to the overestimation of the lanes in the first stage of the algorithm. (b)
Using the maximum and minimum intensity levels found in the seed regions in panel (a) the algorithm grows the MBPs to their correct size and shape. (c) The
original image is overplotted with the contours outlining the perimeter of the detected MBPs. From this, it is possible to see the accuracy to which the MBPs

are found. Tick marks are pixels.

4.5 Growing

Overestimation of the intergranular lanes in the first step of this
process can lead to the reduction in the size and shape of the detected
objects. In the final step of the algorithm, the identified MBPs are
grown to recover pixels that may have been removed in the first
stage of this process. Growing operates by using the location of
the identified bright points as ‘seed’ regions. An intensity range
is then determined from the upper and lower intensities found at
the positions of these seed regions in the original data. Any pixels
immediately adjoining to the seed regions that possess an intensity
with this range are then included in the final detection. Figs 7(a)
and (b) show a comparison of the originally detected MBP and the
finalized grown MBP, respectively. The contours in Fig. 7(c) outline
the perimeter of the finalized grown MBPs and demonstrates that
they have been detected and grown to a high degree of accuracy.
Finally, after passing through the five processes described above,
each of the 64 128 x 128 pixel® boxes is reassembled to form a
binary detection frame of the entire field of view, where regions
with MBPs are indicated (Fig. 8).

4.6 Stabilization and tracking

Some MBPs may not be consistently recognized throughout their
lifetime in successive binary detection frames, although they may
exist in the original data. This complication may be expected since
a small variation in seeing quality can lead to significant variations
in the intensity and contrast levels of the entire image, the most
notable difference occurs in regions of high intensity (Title & Berger
1996). This stage in the process attempts to stabilize the results by
establishing long-lived objects and locating these in frames where
they may have been missed. Moreover, it removes objects that are
short-lived (i.e. a lifetime <45 s) from the detection process. The
latter tend to be noise or poorly established MBPs. Stabilization and
tracking occur in the stages described below and are illustrated in
Figs 9 and 10.

We initially ascertain the first frame in which the MBP is detected,
(frame i), followed by the calculation of its centre of gravity in this
frame. We search around this centre of gravity in the succeeding
frame, (i+17), for detected MBPs. The area over which this search
is performed can be varied for different cadences or spatial sam-
pling parameters. In the present case, the search is performed over a

Q 200 400 600 800 1000

Figure 8. After passing through the five-step process described in Section 4,
the 64 128 x 128 pixel? boxes are reassembled to create a 1024 x 1024 pixel?
binary detection frame. The figure displays this binary image projected on
to Fig. 1. Regions marked in white represent detected MBP positions. Tick
marks are pixels.

6 x 6 pixel> area symmetrically positioned about the centre of
gravity, i.e. 3 pixels in all directions. Given typical MBP veloc-
ities (Berger & Title 1996) and the 9-s cadence of our data, the
MBP movement will be limited to less than 2 pixels in any direc-
tion between successive frames. We therefore believe that this 6 x
6 pixel? area is justified.

Object association is the method by which an object in a suc-
ceeding frame, (i+1), is associated with, or identified as, the same
object from the previous frame (i). If an associated MBP is found
to exist in the succeeding frame, (i+/), the system does not require
stabilization and the algorithm continues to the next frame. If no as-
sociated MBP is found in the succeeding frame, (i+1), the algorithm
will attempt to stabilize the detection of that object. Stabilization
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Figure 9. A description of the tracking procedure when an associated MBP is located in the succeeding frame. (a) First frame where the MBP exists, frame (i).
(b) The single MBP under investigation from frame (i). (c) The succeeding frame, frame (i+1). A visual comparison of (b) and (c) reveals that an associated
MBP is clearly detected by the algorithm in frame (i+1). (d) The search area located around the centre of gravity of the MBP in frame (i). (¢) The MBP in the
succeeding frame (i+1) is shown to exist within the search area. Importantly, the MBP’s centre of gravity exists within the search area and object association
is confirmed. (f) The MBP from the succeeding frame (i+1) is then grown, included in the final result and tracking is hereby achieved. Tick marks are pixels.

examines the following five frames in sequence ((i+2):(i+6)). The
search is stopped if an associated MBP is discovered in any of these
five frames. A seed region can then be defined as the area where the
MBP persists for the majority of the previous five frames ((i—4):(i)).
The MBP can then be grown in the frame where it was missing,
using a procedure similar to the one described in Section 4.5. If the
growth is greater than the average number of pixels that form the
object within the previous five frames, then this value is set as a
limit to the growth of the object. The growth is fixed at the number
of pixels closest to the centre of the seed region. Since the MBPs
can have intensities below that of the mean photosphere, the growth
must be limited to prevent the inclusion of granules in these circum-
stances. The grown MBP is then included in the detection results,
thereby stabilizing the detection of the object. If a confirmed MBP
is not found within the five subsequent frames of the time series, it
is concluded that it no longer exists. Any short-lived objects, those
found not to exist in at least five consecutive frames (i.e. lifetime
<45 s), are discarded during the stabilization process as they tend
to be noise.

Tracking of the objects operates simultaneously with stabiliza-
tion. A framework for the development of tracking systems, put
forward by the DeForest et al. (2007), recommends the following
best practices that may be followed for feature tracking applications:
data pre-processing, object identification, object association, object
tabulation and event identification. The first two stages have already

been described in Section 3 and Sections 4.1-4.5, respectively. The
algorithm presented here has a three-stage object association pro-
cedure. First, it identifies and separates objects in the succeeding
frame that are found to exist within the search area, created around
the centre of gravity of the object from the previous frame. Sec-
ondly, it calculates the centre of gravity for each of these objects. If
an object’s centre of gravity is found to exist outside the search area,
it is immediately considered as a separate object. On the contrary, if
an object’s centre of gravity exists within the search area, it is con-
sidered as a possible associated MBP. Finally, if two or more objects
are detected within the search area, the object with the closest centre
of gravity to the original shall be defined as the associated MBP.
This method allows the centre of gravity of all individual MBPs
to be tracked throughout their lifetime (see online material). Object
tabulation is concerned with recording information about individual
objects such as lifetimes, velocities, directional bias, location and
area covered. This step is beyond the scope of this paper and will
be studied in a subsequent publication.

Event identification concerns the tracking of objects during the
creation and demise phases of their lifetimes. Creation of MBPs
can occur as isolated appearance or fragmentation. For isolated
appearance, the detection algorithm will identify newly emerging
objects, which can then be individually tracked. Fragmentation, or
splitting, of MBPs is a common occurrence with an average time
between events of a few hundred seconds (Berger & Title 1996). The
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Figure 10. Application of the stabilization procedure when an MBP is missing from the succeeding detection frame. (a) The preceding frame, frame (i), where
the detected MBP exists. (b) The succeeding frame, frame (i+1). The MBP that was detected to exist on the right of the previous image, frame (i), is missing
here. (c) The search area set around the centre of gravity of the MBP in frame (i). (d) No MBPs exist within the search area in the succeeding frame (i+1). The
algorithm therefore projects the search area forward to the following five frames: frame (i42):(i+6). (¢) An associated MBP has been found within the search
area in the following five frames: frame (i42):(i4+6). The stabilization procedure therefore shall now attempt to grow the MBP in the frame where it was not
detected. If an MBP is not found to survive within the search area in the following five frames, then that object is considered to no longer exist. (f) The MBP
has been located in the majority of the previous five frames, frame (i—4):(i) thereby defining a seed position. (g) The missed MBP, in frame (i+1), is grown
from this seed location using intensity thresholds generated from the maximum and minimum levels from the same area of the original image, image (i+1).
The grown MBP, which is included in the final results and is thereby tracked by the algorithm. (h) The image (i+1) from which the MBP was not detected.
The white contours mark the outline of the grown MBP. Tick marks are pixels.

tracking algorithm treats every MBP as a separate entity, tracking
only one MBP at any one time. Consider a scenario where a single
MBP, object A, exists in frame (i). In the following frame, (i+1),
the MBP has split into two separate objects namely B and C. The
detection algorithm will identify two separate objects, B and C,
which are in close proximity to each other in frame (i4-7). It would
have also detected the single MBP, object A, in frame (i). The
tracking algorithm then investigates the search area in the frame
(i+1), surrounding the centre of gravity of object A. There will
be two separate objects present in this search area, object B and
C. The algorithm will now recognize that the two objects exist in
the search area and will treat them as separate. The algorithm will
continue by calculating the individual objects centre of gravity and
will determine if both centres of gravity exist within the search area.
If only one centre of gravity exists within the search area, e.g. B but
not C, then object B is considered to be the continuation of MBP
A. Object C is considered as a separate structure and is tracked as
such.

If the centres of gravity of both B and C exist within the search
area, then the object that has the closest centre of gravity to that of
object A, the original MBP in frame (i), is identified as a continuation
of that feature. The other feature is treated as a separate MBP and
shall be tracked as such. If neither B or C exists within the search
area, the original MBP, A is considered to no longer exist. The same
procedure can be applied to MBPs that split into more than two
features. In summary, the component of a fragmented MBP that is
closest to the centre of gravity of the original MBP is considered to
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be a continuation of the original object, whilst the other fragments
are considered separately by the tracking algorithm.

The demise of MBPs can occur as isolated disappearance or
merging. Once again the detection algorithm shall track the isolated
case as it identifies whenever an object has disappeared, and hence,
the tracking algorithm is not invoked. Merging is more complicated
as the MBPs do not disappear or cease to exist, but form a secondary
structure. Consider the scenario where MBPs A and B exist in close
proximity in frame (i), while in frame (i+1), only one MBP C exists
(i.e. two objects have merged to form one). The tracking algorithm
handles each detected MBP as a separate object. One of the two
separate objects, A or B, shall be identified and tracked to the next
frame (i+1). For example, object A is examined first by the tracking
algorithm. The search area shall be placed around the centre of
gravity of object A in the frame (i+/) and will find the single MBP,
C, present in that frame. Object C will be accepted or rejected as the
continuation of object A accordingly. If accepted as the associated
MBP, object C is removed from future searches of the area. When
the tracking algorithm examines object B, it will find no associated
MBP in the following frame. Object B is therefore considered to no
longer exist.

5 RESULTS AND DISCUSSION

To determine the accuracy of the algorithm’s detection rate, 10 suc-
cessive data frames were examined and MBPs were identified in
each 1024 x 1024 pixel® frame. MBPs were primarily identified
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visually using stringent parameters, whereby there was a high de-
gree of confidence that a object was an MBP. The algorithm was
then applied to the data, and the number of positive detections,
number of false detections and the number of MBPs that were not
detected were recorded. A total of 1300 MBPs over all 10 frames
were visually identified in this test. There were 1118 positive al-
gorithm detections, with an average detection rate per frame of
~87 per cent, leaving 13 per cent of the MBPs undetected. How-
ever, the overall number of detections across the 10 frames generated
by the algorithm was 1474, producing 356 false detections, leading
to an average false detection rate of &23 per cent. This percentage
may appear large, but on average these false detections occupy less
than ~0.05 per cent of the resultant binary image.

The criteria employed to visually identify the MBPs were subse-
quently relaxed to take into account the full range of their intensity
levels ranging from 0.8 to 1.8 times the mean photosphere (Sdnchez
Almeida et al. 2004). All objects that reached or surpassed this lower
intensity limit of 0.8 times the mean photospheric value were con-
sidered as MBPs, unless they were an obvious invalid detection.
This approach produced a total of 1541 MBPs, and 1365 were iden-
tified as positive detections by the algorithm, a slight increase in the
average detection rate per frame to ~89 per cent and 11 per cent
remaining undetected. However, there was a sharp decrease in false
detections to an average rate of &7 per cent, amounting to 109 false
detections over all 10 frames, with them now accounting for ~0.01
per cent of the binary image.

The false detections are created for a number of reasons, the
primary being large granules that have internal intensity structure
and possess bright regions near the boundary with the intergranular
lanes. Our algorithm can interpret the low-intensity region of the
granule as a lane causing the granule to split during the lane mapping
process. The bright edge is then identified by the compass search
as a possible MBP structure as it is surrounded entirely by lanes.
Finally, and due to the close proximity of the bright edge to the
intergranular lane, the maximum gradient of the object is sufficient
to pass as an MBP. The probability of this sequence occurring has
been minimized by stipulating that the intensity gradient must sur-
pass the threshold in all four analysed directions, thereby reducing
the likelihood that long thin structures, comparable to bright gran-
ule edges, shall be accepted. Exploding granules, and especially the
latter stages of their evolution where they have been completely
separated from their host granule, provide another source of incor-
rect detections. They produce small blobs of plasma that appear in
the intergranular lanes adding to the problem of identifying MBPs.
Usually these blobs tend to be of low intensity and the majority are
abandoned by the algorithm at the intensity gradient stage of the
process.

In some circumstances, the procedure can miss bright points. For
instance, very large MBPs and MBP groups may be removed by the
algorithm during the compass search as their scales are similar to
small granules. Elongated MBPs may be missed if they are aligned
along one of the directions over which the intensity gradient is being
calculated, as the intensity gradient does not change quickly over
an MBP. Finally, MBPs may be missed due to the poor definition of
lane to granule boundaries. Lanes are rarely well-defined objects,
with a slight haze of plasma overshooting from the granule on most
occasions. In some cases, this haze causes problems for the intensity
gradient section of the algorithm. If an MBP exists within a well-
defined lane, then the rate of change in intensity, going from a dark
region across the bright point, is markable and a very useful tool
for identification. However, if the MBP is surrounded in the lane by
overshooting plasma from the granules, then the intensity gradient

may not be so steep, leading to a failure to attain the required
threshold level. Similar to this effect is the loss of MBPs that are in
very close proximity to a neighbouring granule, as once again the
lane between granule and MBP may not be defined to a sufficiently
high degree to permit the required rate of change in intensity to be
discovered.

6 CONCLUDING REMARKS

The emergence and evolution of small kG magnetic fields on the
solar surface is one of the most interesting topics in solar physics.
The very small size of MBPs, at the limit of our spatial resolution,
makes them difficult to detect. Their large intensity range creates
further difficulties, especially in terms of what exactly constitutes an
MBP. Their continuous evolution and short lifetimes combined with
deteriorating observing conditions can make meaningful investiga-
tions of their evolutionary properties difficult. Their relatively small
density coverage causes data-handling difficulties, as the majority
of a large field of view must be discarded. The existence of non-
MBPs in close proximity to intergranular lanes can produce false
detections.

Our paper presents an algorithm that can be used for the au-
tomated detection and tracking of MBPs in the internetwork. An
evaluation of the algorithm using observations from the SST reveals
that 90 per cent of MBPs are identified with a false detection rate
of ~10 per cent. The false detections occur primarily during the
mapping of the intergranular lanes as the splitting of the granules
can generate high-contrast areas within a granule, which are mis-
taken as an intergranular lane. The introduction of a compass search
creates a limitation to the size of MBPs that can be picked up by
the algorithm using a 7-pixel radius; this corresponds to an artificial
area limit of 370000 km>. MBPs that are larger than that are not
considered. A dramatic change in the shape of an MBP can shift
its centre of gravity significantly, placing it outside the search area
and rendering the algorithm unable to track it. Some of these dif-
ficulties may be overcome with a new generation of high-cadence
instruments such as Rapid Oscillations in the Solar Atmosphere
(ROSA) and the Crisp Imaging SpectroPolarimeter (CRISP). Fi-
nally, we emphasize that although the algorithm has been devel-
oped and tested on red continuum imaging data, it can be directly
applied to any high-contrast data sets including Dopplergrams and
magnetograms.
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