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Abstract–Here, we report the identification of 69 tracks in approximately 250 cm2 of aerogel
collectors of the Stardust Interstellar Dust Collector. We identified these tracks through
Stardust@home, a distributed internet-based virtual microscope and search engine, in which
> 30,000 amateur scientists collectively performed >9 9 107 searches on approximately 106

fields of view. Using calibration images, we measured individual detection efficiency, and
found that the individual detection efficiency for tracks > 2.5 lm in diameter was >0.6, and
was >0.75 for tracks >3 lm in diameter. Because most fields of view were searched >30
times, these results could be combined to yield a theoretical detection efficiency near unity.
The initial expectation was that interstellar dust would be captured at very high speed. The
actual tracks discovered in the Stardust collector, however, were due to low-speed impacts,
and were morphologically strongly distinct from the calibration images. As a result, the
detection efficiency of these tracks was lower than detection efficiency of calibrations
presented in training, testing, and ongoing calibration. Nevertheless, as calibration images
based on low-speed impacts were added later in the project, detection efficiencies for low-
speed tracks rose dramatically. We conclude that a massively distributed, calibrated search,
with amateur collaborators, is an effective approach to the challenging problem of
identification of tracks of hypervelocity projectiles captured in aerogel.
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INTRODUCTION

The primary mission of the NASA Discovery-class
mission Stardust was to return a sample of cometary
material from the coma of Jupiter-family comet 81P/
Wild 2 (Tsou et al. 2003). But Stardust was effectively
two missions in one spacecraft—the second mission
was to return a sample of contemporary interstellar
dust, and, to that end, the spacecraft carried a tray of
aerogel and aluminum foil that was exposed to the
interstellar dust stream during two periods before the
encounter with the comet. After the successful
recovery of the collector in 2006, NASA initiated a
preliminary examination (PE) of the Stardust
interstellar collector. This was the fourth PE that
NASA has conducted on returned extraterrestrial
samples, after Apollo, Genesis, and the Stardust
cometary dust collection.

The first order of business, before any interstellar
dust candidates could be extracted from the collector
and analyzed, was simply to identify them. The
challenge is straightforward: to identify tracks of
approximately 1 lm particles, it was necessary to search
at sufficiently high magnification (≤0.5 lm pixel�1) in
an optical microscope. A simple estimate quickly
showed that of order one million fields of view would
have to be searched. Before launch, Landgraf et al.
(1999) predicted that approximately 50 interstellar dust
particles would be captured in the collector, so only one
field of view in approximately 20,000 would contain a
track. A search of this magnitude was beyond the
capability of any professional research group. This
collaboration, therefore, includes more than 30,000
amateur scientists. “Citizen Science” is enjoying a new
vogue with the advent of the internet, but, in fact, there
is a long tradition of highly productive participation of
amateurs in astronomy. This approach has some
parallels with Operation Moonwatch at the dawn of the
space age (McCray 2008). So far, we have identified 69
tracks in the aerogel collectors, including 22 that appear
to be consistent in their trajectories with an origin in
the interstellar dust stream (Frank et al. 2013; Sterken
et al. 2014) or as secondaries from impacts on the
Sample Return Capsule, which was in the field of view
of the collector.

METHODS

The Stardust Mission

The Stardust spacecraft was launched on 7 Feb
1999 21:31 UTC. The interstellar collector was exposed
for two periods to the interstellar dust stream: from 22
Feb 2000 to 1 May 2000 and from 5 Aug 2002 to 9

Dec 2002 (Tsou et al. 2003). The heliocentric distance
of the spacecraft was 2.1–2.2 AU during the first
exposure, and 2.2–2.6 AU for the second exposure.
The total exposure time was 195 days. The collector
tracked the interstellar dust stream such that particles
with b = 1 would have been captured at normal
incidence. Here, b is the dimensionless ratio of the
force due to radiation pressure from sunlight to the
gravitational force. The interstellar dust stream was
assumed to originate from ecliptic latitude +8° ecliptic
longitude +259°. The spacecraft attitude was
maintained in a deadband of �15° in all three axes
during the exposures, with brief excursions for
communication and navigation.

Stardust Interstellar Dust Collector

The Stardust interstellar collector comprised 132
aerogel tiles, approximately 283 aluminum foils, and the
aluminum collector frame itself. One hundred thirty
aerogel tiles presented a rectangular face measuring
20 9 40 mm to space, and two tiles were polygonal in
shape and somewhat smaller in area. All interstellar tiles
were 10 mm thick, and had an average density of
approximately 26 mg cm�3 (Butterworth et al. 2014).
The total area of the aerogel portion of the collector
was approximately 1039 cm2.

Image Data Collection

We used an automated microscope to collect digital
imagery of aerogel tiles in the Stardust Interstellar
Collector. All scanning was carried out in the Cosmic
Dust Laboratory at the Johnson Space Center in
Houston. We used a customized Leica Metalloplan
microscope with an automated stage (Technical
Instruments) controlled by computer (Apple Mac Mini)
through a stage controller (Compumotor 6K4). The
stage positioning accuracy was <2 lm. We used a
1024 9 768 monochromatic CCD camera (Flea, Point
Grey Research) mounted on the camera port of the
microscope, and a 109 objective. Image data were
collected at 15 Hz, using the Astro IIDC image
acquisition package (Outcast Software) running on a
desktop computer (Apple Mac Mini). The field of view
was 480 9 360 lm, so the spatial resolution, as defined
by the size of a pixel projected onto the tray, was
0.47 lm pixel�1. This is comparable to the intrinsic
diffraction limit of the microscope.

We scanned one tile at a time. We wrote programs
in MATLAB to generate Unix scripts for making
semiautomated altitude maps of each aerogel tile and
for fully automated scanning. First, we used a
semiautomated script and manual focusing to measure

Identification of tracks in aerogel 1511



the height of the aerogel tile over a 10 9 20 grid. This
step was required because the aerogel tiles exhibit
smooth, but large-amplitude, topography. We then used
this altitude map to generate a script for fully
automated scanning, and used a spline interpolation
between measured altitudes to define the surface altitude
for each field of view. The outer 1–2 mm of each tile
was typically heavily fractured, so these areas were not
scanned.

In each field of view, the scanning system collected
a QuickTime stack, called a “focus stack,” consisting of
approximately 50 frames acquired during a slow slew of
the microscope’s vertical axis through approximately
200 lm. The scan started approximately 50 lm above
the interpolated aerogel surface and ended
approximately 150 lm below the interpolated surface.
Because of slight variations in the timing of the
beginning of recording the focus stack, these positions
varied by several micrometers. Each stack was stored on
an external disk, with a filename that included the
coordinates of the stack; 200–300 Mb of data storage

was required for each tile. We collected approximately
250,000 focus stacks.

Stardust@Home Distributed Search

We searched for candidate interstellar dust impacts
in the image data using a massively distributed,
internet-based search tool that we called
Stardust@home (S@H). Two of us, Dave Anderson and
Josh Von Korff, designed and wrote a virtual
microscope (VM) that ran natively in html and Java on
common internet-connected Web browsers. In Fig. 1,
we show the Stardust@home Virtual Microscope as it
appeared to volunteers.

We prepared the raw focus stacks for internet-based
searching by splitting them into individual frames, and
compressing each frame in compressed jpeg format. We
did this processing automatically using Applescript and
the image processing capability of QuickTime
Professional. After this processing, we uploaded the
image data to the Amazon S3 “cloud.” These images

Fig. 1. A screen shot of the Stardust@home virtual microscope.
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were then available for downloading to the VM as
described below.

Through one of the online forums on the
Stardust@home website, those of us among the
Stardust@home volunteers named ourselves “dusters.”
We adopt the same nomenclature here. To qualify to
become a duster, a volunteer was required first to go
through a training session on the Stardust@home
website, and, after training, to pass an online test with
at least eight correct responses to ten test images. After
passing this qualification test, we were invited to
register as Stardust@home dusters. As of 23 Jan 2012,
30,649 people passed the test and registered as S@H
dusters.

We searched image data as follows. The client
browser initiated the search by sending a request to the
S@H server for a VM webpage. The VM generated a
new webpage automatically by choosing a focus stack
randomly from a list of available focus stacks.
Approximately 43 frames of image data were loaded
onto the client browser, but only one was displayed at a
time. We slewed through the stack of images by moving
the computer cursor along a focus bar located adjacent
to the image window. By moving the cursor, we focused
up and down through the stack of images, thus
simulating what one would see if turning the focus knob
on a real microscope and looking at the same field of
view.

We then responded to the focus stack in one of
three ways. If no candidate track was identified, we
pressed a “no track” button, and this response was
recorded in the database by the server, along with
supporting information (volunteer identification, stack
identification, and time). If a candidate was found, we
clicked on the location of the deepest feature in the
candidate track that was visible in the focus stack. We
then were asked to confirm the identification before the
positive response and the coordinates of the click were
recorded in the database, along with supporting
information, such as a timestamp. Finally, if no surface
could be identified, or if the topography within the field
of view prevented an adequate search, we responded by
clicking a “bad focus” button. This response was also
be recorded by the server along with supporting
information. In all cases, the VM running on the client
browser would then automatically request and serve up
the next focus stack for searching.

We measured detection efficiencies and rate of false
positives (the equivalent of noise rate in an electronic
detector) using images with known characteristics—so-
called calibration stacks. Half of the calibration stacks
were focus stacks from the general data set into which
the image of a 12 lm diameter track was dubbed. The
track image was randomly rotated through 2p and

scaled in diameter and independently in depth. The
scale factor in diameter was chosen randomly in the
range 0.2–2.0. The other half of the calibration stacks
were focus stacks from the Stardust Interstellar data set,
which we had carefully examined and determined to be
blank. The types and numbers of calibration focus scans
were varied through the various phases of the S@H
project (see the next section). Any given search had a
20% probability of being a calibration stack. During
scanning on the VM, we knew in general that some
stacks were calibration stacks, but the VM presented no
information that would allow us to know whether any
specific stack was a calibration stack or not.

The use of calibration stacks had two serendipitous
advantages. First, we used the responses to calibration
stacks to automatically generate an individual, real-
time score for each of us. The score simply consisted
of the number of correct responses to calibration
stacks less the number of incorrect responses. Although
we did not use this score in any data analysis, we
found that maintaining a score was highly motivating
for many of us. Second, we found that the frequent
presentation of calibrations helped to maintain
attention. Attention is difficult to maintain in lengthy
searches for rare events.

Stardust@Home Phases

Phase I
Phase I was the initial phase of Stardust@home.

Calibrations were of two types: known blanks, which
we had searched for candidate tracks, and positive
stacks, in which the image of a single track was digitally
dubbed. The track was rotated randomly through 2p
and scaled in size both in depth and in projection,
between 0.2 and 2.0 in magnification.

Phase II
Here, we processed and presented “high-res” stacks.

Because stacks were compressed for uploading to
Stardust@home, the compression resulted in some
degradation of image quality. We therefore reprocessed
the raw image data by dividing each field of view into
quarters and recompressing them. We uploaded these
“high-res” images to Stardust@home. These images
were presented with a corrected scalebar on the
Stardust@home viewer.

Phase III
In Phase III, we added new calibration stacks,

based on the image of “whisker-like” feature in the
Stardust aerogel, and upgraded the training and testing
procedure to include this. We re-examined all stacks
during Phase III.

Identification of tracks in aerogel 1513



Phase IV
In Phase IV, we entirely replaced the calibration

stack set with three different types of calibrations. The
first type was similar to the calibrations in Phase I, but
included both analog tracks and real tracks identified in
the Stardust@home collector. The second type consisted
of real, undubbed stacks in which tracks had been
identified, but in four different configurations: as
collected, rotated 180°, mirrored around the vertical
axis, and mirrored around the vertical axis and rotated
180°. Finally, we included undubbed stacks of analog
tracks, processed the same way. We re-examined all
stacks during Phase IV.

Stardust@Home Statistics

In Table 1, we show the statistics for each
Stardust@home phase.

In Fig. 2, we show the distribution of search
statistics for each focus stack, as of 23 January 2012.

Calibration data from Phases I and II (Fig. 3)
indicate an ensemble-wide average individual detection

efficiency of ≥60% for hypervelocity tracks with
diameter >2.5 lm, and ≥90% for hypervelocity tracks
with diameter >5 lm. We emphasize that the individual
detection efficiency is different from the overall
detection efficiency, because of the large multiplicity of
individual searches.

a-List

To efficiently identify candidate tracks, we
employed two levels of selection. An intermediate list
called the a-list consisted of preliminary candidates, and
a final list of confirmed, unambiguous tracks was called
the b-list. Candidates were selected for the a-list and
b-list as follows.

For each field of view, we define ξ as the ratio of
the number of positive identifications to the total
number of searches conducted on that field of view.
Periodically, we selected approximately 1000 stacks with
the largest fraction ξ of positive responses from dusters
to be promoted to the a-list, which corresponded to a
promotion threshold value of ξ = 0.2 or smaller. By
comparison, Phase I and II calibration data from high-
velocity tracks show a detection efficiency of ≥0.75 for

Table 1. Statistics of each phase of Stardust@home.

Phase Launch date End date New dusters
Calibration
stacks used

Total
searched

Calibrations
searched

Searches per
duster

I 28 Jul 2006 30 Jul 2007 24176 2421 46.7 9 106 11.7 9 106 35

II 07 Aug 2007 09 Mar 2010 4396 3021 25.2 9 106 4.2 9 106 40
III 10 Mar 2010 04 Jul 2011 1683 1879 15.6 9 106 2.2 9 106 48
IV 12 Jul 2011 16 Jan 2011 458 17580 1.8 9 106 0.2 9 106 101

All phases 28 Jul 2006 >23 Jan 2012 30714 89.4 9 106 17.3 9 106 38

Fig. 2. Integral distribution of search statistics for focus
stacks. The abscissa is the number of times that a stack was
searched, and the ordinate is the number of stacks, which were
searched at least that number of times. The steps in the
statistics are due to large additions of image data to the
database at discrete times.

Fig. 3. Detection efficiency for calibration stacks during S@H
Phases I (upper curve) and II (lower curve), based on
15.6 9 106 responses.
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tracks >3 lm in diameter, so this threshold is highly
conservative. In Fig. 4, we show the integral
distributions of ξ for all stacks in phases I through IV,
which had been searched ≥50 times, and ≥30 times. The
effective search areas for these data sets are 225 cm2

and 246 cm2, respectively. Because, for any given field
of view, the statistics are relatively small, statistical
fluctuations in the number of positive identifications are
expected. To compensate, one must lower the threshold
to be sure to catch all of the positive detections. To
illustrate, we imagine a data set consisting of stacks that
have been searched 50 times, with a uniform detection
efficiency of 0.75. Then, each stack would have
collected, on average, 37.5 positive identifications.
However, the distribution of positive identifications is
approximately gaussian with a width of

ffiffiffiffiffiffiffiffiffi

37:5
p � 6:1, so,

to be sure to identify 84% (1r) of the actual tracks, one
would set the threshold at (37.5 � 6.1)/50 = 0.62 For
high-statistics stacks, those searched at least 50 times,
12 stacks fit this criterion. In practice, and to be highly
conservative, at the end of phase IV, we individually
reviewed all stacks with ξ ≥ 0.15, 2256 focus stacks. For
stacks that had been searched 30 times or more, we
selected those with ξ > 0.38, which corresponds to 2473
stacks.

During Phase II, we invited the top-scoring dusters
to join a so-called Red Team. The Red Team members,
who were the most experienced dusters in the project,

were given the system privileges to be able to promote
any candidates, whom they thought interesting, into the
a-list. The a-list, therefore, included three sets of
candidates: those with ξ > 0.15 and Nsearch > 50, those
with ξ > 0.38 and Nsearch > 50, and those who were
promoted by the Red Team. The Red Team members
were also able to rate, on a scale from 1 to 10, any of
the stacks on the a-list.

One of us (AJW) reviewed all entries on the a-list,
to identify bona fide tracks and candidate features that
had the potential to be impacts, but were ambiguous. In
this way, 69 tracks have now been identified, and
included in the b-list of confirmed tracks. There are an
additional 14 features that are ambiguous to varying
extents, and may require extraction for definitive
identification.

RESULTS

In Table 2, we show the list of candidate tracks
that have been evaluated by the Berkeley group and
confirmed as unambiguous tracks.

DISCUSSION

While the measured sensitivity for dust detection of
calibrations was >0.62 over the range of calibration
track diameters (>2.5 lm, Fig. 2), the measured
efficiency for detection of actual tracks was generally
considerably lower (Table 2). Almost all tracks found
by Stardust@home had sizes near the detection
threshold (approximately 2 lm), and differed strongly
in appearance from the dubbed images in the original
calibration stacks. The track image that was used in
Phases I and II was due to a >15 km s�1 track
generated by the Heidelberg Dust Accelerator (HDA)
before the Stardust launch, so it was bulbous in
appearance, in accordance with our initial expectations
of the interstellar dust capture speed. But the tracks
identified in the actual collector were morphologically
similar to particles captured at low speed
(� 10 km s�1) observed in Heidelberg experiments
(Postberg et al. 2014), and thus exhibited very small
track diameter/length ratios (discussed further in Frank
et al. [2013]). In Phase III, we included a very small
linear feature in the calibration stacks, but this was
different in appearance from the bona fide tracks. (The
linear feature was later analyzed by synchrotron and
determined to be a submicron fiber.) However, in
Phase IV, we used calibration stacks of three types:
stacks dubbed with randomly rotated and magnified
images of previously identified bona fide tracks; actual
stacks that include bona fide tracks, that we presented
with four possible orientations (unchanged, reflection

Fig. 4. Integral distribution of ξ for all stacks in phases I–IV.
Red line: Stacks that were searched at least 30 times. Blue
line: Stacks that were searched at least 50 times. The vertical
line at ξ = 0.75 corresponds to the measured detection
efficiency of tracks with diameter 3.0 lm, and the vertical line
at ξ = 0.62 corresponds to this threshold adjusted for finite
statistics with an average search multiplicity of 50. In practice,
we examined all tracks with a cut far lower than this, with
ξ > 0.15.
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about the x- and y-axes, rotation by 180°); and stacks
dubbed with images of tracks generated from
submicron projectiles at the HDA (Postberg et al.
2014). The use of these calibrations resulted
in dramatically higher ensemble-wide sensitivity
in identification of real tracks (see, e.g., ξIV values in
Table 2), although the statistics are smaller because of
duster attrition over >5 years of operation. We
conclude that detection efficiency improves
dramatically when calibration images are presented
that closely match the actual search targets.

A total of 69 unambiguous tracks were identified by
Stardust@home. In Fig. 5, we show examples of the 69
tracks that were identified. Of these tracks, 21 were
within 20° of the “midnight” direction (Westphal et al.
2014), which is consistent with an origin either in the
interstellar dust stream, or with an origin as secondary
ejecta from impacts on the Sample Return Capsule
deck. This is discussed in more detail in the companion
paper by Frank et al. (2013).

We conclude that a massively distributed,
calibrated search, with amateur collaborators, is an
effective approach to the challenging problem of
identification of tracks of hypervelocity projectiles
captured in aerogel. Because the actual tracks in the
Stardust collector were morphologically strongly

distinct from expectations, detection efficiency of actual
tracks was lower than detection efficiency of
calibrations presented in training, testing, and ongoing
calibration. Presentation of actual tracks as calibrations
resulted in very high detection efficiency for new tracks
in Phase IV. A more precise measurement of overall
detection efficiency for these small tracks will require
the accumulation of better search statistics in Phase V
and beyond.
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