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Abstract–Long-exposure fireball photographs have been used to systematically record
meteoroid trajectories, calculate heliocentric orbits, and determine meteorite fall positions
since the mid-20th century. Periodic shuttering is used to determine meteoroid velocity, but
up until this point, a separate method of precisely determining the arrival time of a
meteoroid was required. We show it is possible to encode precise arrival times directly into
the meteor image by driving the periodic shutter according to a particular pattern—a de
Bruijn sequence—and eliminate the need for a separate subsystem to record absolute fireball
timing. The Desert Fireball Network has implemented this approach using a microcontroller
driven electro-optic shutter synchronized with GNSS UTC time to create small, simple, and
cost-effective high-precision fireball observatories with submillisecond timing accuracy.

INTRODUCTION

Meteorites provide valuable insight into the
formation and history of the solar system and have
remained relatively undisturbed since the formation of
their parent bodies. There is no shortage of recovered
meteorites available for study, but interpreting the
results of the physical and chemical analysis is
constrained by a lack of knowledge of the precise
origins of the samples; this lack of context also limits
the conclusions that can be drawn from a single
meteorite. The solution is to study planetary materials
of known origins. Sample return and rendezvous space
missions to asteroids and comets are expensive and
high-risk approaches to solving this problem; fireball
camera networks which record atmospheric trajectories
of bright meteors can provide a cost-effective
alternative.

Fireball camera networks traditionally use long-
exposure photography from multiple stations to
produce a triangulated trajectory with sufficient
precision to recover meteorites and calculate heliocentric
orbits that can be compared to the orbits of potential
parent bodies (Halliday 1973). Long-exposure images
are occulted by a periodic shutter in order to determine
meteoroid velocity during the observable trajectory

(Jacchia and Whipple 1956; Ceplecha 1957).
Traditionally, these systems have required separate
timing subsystems to record absolute arrival times for
orbit calculation (McCrosky and Boeschenstein 1965;
Halliday et al. 1978). We present a technique using
timecodes constructed from de Bruijn sequences (Flye
Sainte-Marie 1894; de Bruijn 1946) to embed the arrival
time into the fireball trail image using an electro-optic
shutter with no moving parts. This approach enables
much smaller, lower power, and more cost-effective
fireball cameras than previously possible, and has
allowed the rapid deployment of the Desert Fireball
Network (DFN) (Bland et al. 2012) in the Australian
Outback. The development is significant in that it
allows off-the-shelf cameras to be turned into high-
precision fireball observatories without the need for
additional sensors. The design also significantly
simplifies data reduction. The motivation and
development will be outlined along with a
demonstration of the results produced using the
technique to gather all required trajectory data from a
single long-exposure image per station.

Using this technique, the Desert Fireball Network
has achieved spatial precision of approximately 1
arcminute and submillisecond timing precision at a
fraction of the cost of previous observatories. The
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technique could also be applied to other areas where
high-precision motion-time data are required, including
spacecraft, particle image velocimetry, and tracking
other objects or phenomena.

FIREBALL CAMERA NETWORKS

Fireball camera networks continuously observe the
night sky for rare bright meteors known as fireballs or
bolides, which may result in single or multiple meteorite
falls. The bright flight or observable luminous trajectory
of the fireball (as the meteoroid ablates in the
atmosphere) is recorded on a highly accurate imaging
device from multiple geographically distinct stations.
The meteoroid’s trajectory through the Earth’s
atmosphere is triangulated from these multiple
observations in order to determine the estimated fall
location and the meteoroid’s preatmospheric entry
orbit. In addition to the path through the atmosphere,
the distributed observatories must also accurately record
timing of the trajectory. The relative timing is vital for
determining meteoroid velocity and deceleration, which,
in combination with the path geometry, allows the
estimation of its mass and hence a fall position
distribution. The absolute arrival time of the fireball is
required to accurately determine the heliocentric orbit
of the meteoroid due to the constant orbital motion and
rotation of the Earth.

Three large fireball networks were developed in the
1960s and 1970s. The Czechoslovak Fireball Network
(now the European Fireball Network) commenced
operations with all-sky cameras in 1963 (Ceplecha and
Rajchl 1965), shortly followed by the Prairie Meteorite
Network in the Midwest United States in 1964
(McCrosky and Boeschenstein 1965) and the Canadian
Meteorite Observation and Recovery Project (MORP)
in 1971 (Halliday et al. 1978). The Desert Fireball
Network (DFN), located in the remote Australian
Outback, commenced operation in 2003 with the testing
of a large-format film-based observatory based on the
recent European Network automated design (Spurn�y
et al. 2006) with modifications for the Australian
climate (Bland et al. 2012). The network became
operational with three stations in 2005, and a fourth
station was added in 2007 (Spurn�y et al. 2012a). The
trial network successfully recovered two meteorites:
Bunburra Rockhole (Bland et al. 2009; Spurn�y et al.
2012a) and Mason Gully (Spurn�y et al. 2012b; Dyl
et al. 2016). This success paved the way for the
development and deployment of the first all digital
fireball camera network designed for meteorite recovery.

Fireball trajectories must be recorded with high
accuracy and precision to ensure meteorites can be
located and meteoroid orbits can be meaningfully

compared to the orbits of potential parent bodies. Due
to the extremely low population density and remoteness
of the region, meteorite searches in the Australian
Outback are typically conducted by small teams (5–12
persons) on foot, for up to 2 weeks. This places an
upper limit on the area of searchable terrain for each
predicted meteorite fall (approximately 2–6 km2), which
informs the precision requirements for the network
(DFN precision goals for bright flight observations:
meteoroid trajectory: �50 m, triangulation final vector:
�0.05°, mass: 1 order of magnitude). The relative
timing along the bright flight trajectory provides the
velocity information required to calculate a fall position
probability distribution, while the precise absolute
arrival time is required for the orbital calculation.
Trajectory analysis and mass estimation are performed
using the dynamic method detailed in Sansom et al.
(2015), giving a robust analysis of the observational and
modeling errors involved. After the mass distribution
has been estimated, dark flight modeling simulates the
meteoroid behavior as it falls to the ground after
ablation ceases and it is no longer visible to the camera
network; the atmospheric conditions are modeled in the
relevant volume from a climate model based on the best
available local meteorological data including ground-
based measurements and balloon flight data.

Uncertainties in the observed position and velocity
of the meteoroid during the trajectory increase the area
of the ground search; for this reason, meteor camera
networks have previously used large-format film-based
cameras to achieve high spatial precision (approximately
1 arcminute, limited by film developing and scanning
techniques [Spurn�y et al. 2006]). The DFN uses high-
resolution (36 megapixel), full-frame (24 9 36 mm)
digital sensors with fisheye all-sky lenses to achieve
similar spatial precision. The digital observatories are
constructed from off-the-shelf components where
possible to simplify manufacturing and reduce costs
(Howie et al. 2017). They are significantly smaller and
easier to manufacture and install than previous designs
and integrate with an automated data processing
pipeline to greatly reduce the data reduction workload
of a large network.

RELATIVE FIREBALL TRAJECTORY TIMING

Relative fireball timing is determined by periodically
occulting the sensor or film plane during a long-
exposure fireball image. This chops the meteor trail
(Fig. 1a) into small segments (Fig. 1b) at a known rate,
allowing the calculation of meteoroid velocity
throughout the luminous trajectory after triangulation
from multiple stations. The first purpose-built fireball
observatories in the Czechoslovak network used a
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mechanical rotating shutter to periodically obstruct the
film plane similar to previous meteor camera designs
(Ceplecha et al. 1959; Ceplecha and Rajchl 1965). The
rotational position of the shutter is tightly controlled
with respect to time. As the shutter rotates throughout
the exposure, the open sectors in the disk create the
visible dashes, and the opaque sectors create blanks in
the trail where the light path from the fireball to the
film plane is obstructed. This relative timing data
enables the estimation of fall site distributions but not
heliocentric orbits. The Prairie Network replaced the
rotating mechanical shutter with a solenoid-controlled
switching shutter that moved a lightweight blade in and
out of the optical path within the lens (McCrosky and
Boeschenstein 1965). This switching shutter operated at
20 cycles per second to produce regular dashes in
fireball trails for relative timing similar to the rotating
approach. The Canadian MORP network used modified

slow-rotating shutters with three different sectors
producing four dashes per second, one transparent and
two different neutral density filters to allow the imaging
of very bright fireballs that would otherwise overexpose
the film (Halliday et al. 1978).

Absolute Fireball Trajectory Timing (Arrival Time)

The absolute arrival time of a meteoroid is required
in addition to the path and velocity of the meteor’s
luminous trajectory in order to calculate the meteoroid’s
preatmospheric orbit due to the constant orbital motion
and rotation of the Earth. Because photographs in long-
exposure fireball camera networks can be up to one
night in length, a method of determining the arrival
time of a fireball within the exposure is required. The
three large networks took different approaches to the
absolute timing problem. The Czechoslovak network

Fig. 1. Long-exposure fireball encoding using a light modulator. a) Long exposure, no encoding. b)Traditional periodic
occultation for velocity determination. c) de Bruijn sequence encoded as shutter opacity (0: closed, 1: open). d) de Bruijn
sequence encoded as pulse width (0: short, 1: long). (Color figure can be viewed at wileyonlinelibrary.com.)
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initially relied on chance human observations for arrival
times, but was then upgraded to determine absolute
timing by comparing images from the fixed fireball
cameras with rotating shutters to concurrent images
from identical sidereal-guided cameras on equatorial
mounts (Ceplecha et al. 1959). The difference in
position of the meteor trail image between the two
cameras is determined by the position of the guided
camera when the meteor arrives. This allows the
calculation of the arrival time due to the precise
relationship between time of day and the guided
camera’s position. This method is theoretically simple
but relies on very precise movement of the equatorial
mount to achieve the specified timing precision of �5 s
(Spurn�y 1997). The Prairie Network recorded absolute
timing by modifying the switching shutter’s pattern of
operation. A break was extended to denote the
beginning of a timing window. Different dashes were
omitted in each window by holding the switching
shutter closed to indicate which 10.4 s window in the
4 h exposure a fireball appeared (McCrosky and
Boeschenstein 1965). A photomultiplier tube (PMT) was
also used to timestamp arrivals, but only for meteors
brighter than magnitude �4 (fireballs). The MORP
observatories were also equipped with a PMT—this
time behind interleaved perforated masks to detect
motion in the appropriate (angular) velocity range for
meteors via an electronic filter circuit. This meteor
detector printed the arrival time on the current sheet of
film in the camera and then advanced the film to the
next frame. The Czechoslovak design (now operating
within the European Fireball Network) was updated in
the late 1990s with the addition of a PMT to record
meteor light curves at a high sample rate and remove
the need for guided cameras operating alongside the
fixed cameras (Oberst et al. 1998); this Czech design
was later automated to reduce the labor demand
(Spurn�y et al. 2006).

Standard video cameras are also used in some
fireball networks (Finnish Fireball Network [Gritsevich
et al. 2014], Spanish Fireball Network [Trigo-
Rodr�ıguez et al. 2005], Polish Fireball Network [Olech
et al. 2006], the Croatian Meteor Network [Andrei�c
and �Segon 2010], and others). These video cameras can
offer good timing precision, do not require data
integration from multiple sensors, and are often used
in amateur and collaborative networks where the low
per station cost makes them an attractive option.
However, the poor spatial resolution offered by
systems built around commonly available video
cameras paired with all-sky lenses produces significant
uncertainty in the fall position and orbit, reducing the
likelihood of successful meteorite recovery and the
chance of matching an orbit to a potential parent

body. Video systems based on expensive high-
resolution industrial imaging cameras or using multiple
video cameras with rectilinear lenses (such as Cameras
for Allsky Meteor Surveillance [CAMS] [Jenniskens
et al. 2011]) can achieve similar spatial precision to
still cameras. However, the high data rates can make
the overall solution complex.

The absolute timing precision required for accurate
orbit determination depends on the spatial precision of
the observatory. Absolute timing precision of 1 s is
sufficient for orbit determination by networks similar to
the DFN (high-resolution still cameras with all-sky
lenses). More precise timing will not result in more
precise orbits due to the spatial uncertainty. The
submillisecond timing precision offered by this
technique becomes more useful for orbit determination
when higher spatial precision instruments such as
traditional telescopes and fireball observatories
incorporating narrow angle rectilinear lenses are used.
The technique can be applied in these higher spatial
precision instruments without additional difficulty.

High absolute timing precision is also useful for
other purposes aside from orbit determination. The
ability to precisely align camera network fireball
observations with other timed data sources such as
Doppler RADAR (which can provide meteoroid
positions at lower altitudes than camera networks) can
be beneficial for the recovery of meteorites in more
difficult situations. Accurate absolute timing of the data
points in fireball images also makes a wider range of
triangulation techniques possible because the trajectory
data points can be individually triangulated.

A NEW APPROACH

The primary objective during the development of a
new fireball observatory for the DFN was to reduce
the per station cost in order to deploy the largest
network possible on a finite budget while maintaining
the precision required for meteorite recovery. The
expected number of meteorite dropping fireballs
observed by the network per year depends primarily
on the network coverage area, and the likelihood of
recovery depends on the suitability of the meteorite
searching terrain. The primary factors contributing to
the high cost of previous designs were the custom
large-format film-based imaging system, the precision
manufacturing and assembly required to produce the
mechanical shutter, and the expensive and complex
photomultiplier tube subsystem. The new DFN
observatories are based around off-the-shelf consumer
digital cameras in order to significantly reduce the per
station cost and utilize an automatic data pipeline for
triangulation, fall position estimation, and orbit
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calculation. After testing a number of camera and lens
options, the Nikon D810 (offering high resolution and
good low-light noise performance) and Samyang 8 mm
f/3.5 II (offering a favorable projection and good
value) were selected. A mechanical shutter of the
rotating or switching type presents an obstacle to
reducing the per observatory cost; the tight
manufacturing tolerances and difficult assembly
required to implement a precisely controlled
mechanical shutter between the lens and sensor plane
would significantly contribute to the overall cost of
each observatory.

An electro-optic shutter does not require such tight
manufacturing tolerances and significantly reduces
complexity with no moving parts, resulting in greatly
reduced manufacturing and assembly costs. Liquid
crystal, polymer-dispersed liquid crystal, and switchable
liquid crystal mirror shutter technologies were tested;
the liquid crystal (LC) shutter option was selected for
its proven track record in long-lasting consumer
products (liquid crystal displays), ease of
implementation, low cost, and availability. The LC
shutter also has the added advantage of global
operation, where the transmittance changes across the
whole frame with the same timing and hence timing is
position independent. This is in contrast to a rotating
shutter where the sweeping motion of the rotating
shutter across the frame over time must be considered
(Ceplecha 1987). The drawback of LC shutters is the
limited open state transmittance—approximately 36%
for the LC-Tec X-FOS shutters used by the DFN
(LC-Tec 2013); this drives the need for good low-light
performance from the camera. The LC shutter is
mounted between the lens and the sensor plane to
periodically obstruct the light path like the mechanical
shutters of previous designs, but without moving parts.
The shutter must be as thin as possible to minimize
focus shift and optical aberrations. The LC shutter is
simply mounted over the rear element of the all-sky lens
(Fig. 2), and the thin drive wires are routed out through
the side of the lens.

A New Technique for Absolute Timing

The previous techniques for determining arrival
time in long-exposure fireball images are not ideal for a
low-cost fireball camera network deployed in the
Australian Outback where the observatories must
operate in harsh conditions without manual intervention
for periods up to 1 yr. The dust and high winds
prevalent in the outback make it difficult and expensive
to design and construct precision mechanical systems
that operate reliably without frequent maintenance; the
dual guided and unguided camera configuration of the

original Czechoslovak system was not considered for
this reason. The photomultiplier tubes of the recent
European network design provide fireball timing along
with well-resolved brightness data but are expensive and
require high voltage power supplies, complex supporting
electronics, a separate optical window or cover, and
constant drive voltage adjustments in order to capture a
high dynamic range and prevent destruction of the
PMT. Processing the brightness curve data is not simple
due to the changing drive voltage (affecting gain) and
the angle-dependent response of the PMT. Avoiding the
added cost and complexity of a separate absolute timing
subsystem enables a more cost-effective, smaller, and
more power efficient fireball camera. The coded shutter
approach of the Prairie Meteorite Network (McCrosky
and Boeschenstein 1965) partly achieves this as it
records absolute timing in the fireball’s trail as it travels
across the frame of the long-exposure image, but the
precision of the system is too low (within a 10.4 s
window) to meet the DFN’s objectives for high orbital
accuracy.

Time Encoding

Electro-optic shutters make more advanced time
encoding straightforward: the devices have fast
response times compared to mechanical alternatives
and are simple to drive electronically. The flexibility of
a microcontroller-driven LC shutter makes it possible
to encode absolute timing data (arrival time) by
slightly varying the pattern used for relative timing

Fig. 2. Imaging system showing all-sky lens, camera, LC
shutter, shutter driver, microcontroller, and GNSS receiver.
(Color figure can be viewed at wileyonlinelibrary.com.)
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data (velocity) according to a timecode without
requiring any additional hardware. Higher precision
than previous attempts at using timecodes—in
absolute timing and therefore orbits—is achieved with
a constantly changing sequence that does not repeat
during the exposure and by synchronizing the
operation with highly accurate GNSS time. GNSS or
global navigation satellite systems use constellations of
satellites (including GPS, GLONASS, QZSS, Galileo,
and Compass/BeiDou) to provide users with precise
positioning and timing data.

When a meteor or fireball appears, the image of the
meteor trail is embedded with a part of this timecode as
the meteor moves across the frame, while the LC
shutter modulates the light transmittance according to
the timecode sequence. The part of the timecode
sequence visible in the meteor trail corresponds to the
time within the long exposure where the fireball was
visible. This records the absolute timing data including
the arrival time, and makes the calculation of the
heliocentric orbit possible. The recording of the relative
and absolute timing data is inherent in the image and
does not require the integration of data from multiple
subsystems, therefore simplifying the data processing
problem.

The ideal timecode should be as long as possible in
order to maximize the possible exposure length, but
require as few elements visible as possible for time
decoding in order to capture the arrival times of short
fireballs. While short fireballs are less likely to drop
recoverable meteorites, they appear more frequently and
are important for the statistical analysis of meteoroid
orbits, a secondary goal of the DFN.

A number of different types of sequences were
considered as timecodes. The characters in the sequence
produce uniquely recognizable image features (e.g.,
brightness, or dash length—depending on the encoding
used); the absolute timing of the trajectory can be
determined when the pattern of features visible in the
image can be matched with a section of the timecode
sequence. The conceptually simplest is a counter
sequence with each digit encoded as a different shutter
opacity (the first approach in Table 1). This type of
sequence is not optimal because the start of each
subsequence is not defined and the number of elements
that must be visible to decode the unique arrival time
varies throughout the sequence. An alternate encoding
with a character reserved to define the start of each
subsequence could be used (the second approach in
Table 1), but this is an inefficient usage of a character
in the sequence alphabet that could otherwise be used
to extend the sequence. A longer sequence allows a
longer exposure on the fireball observatory; this extends
the camera lifetime and reduces the amount of data

collected per night resulting in longer periods between
visits for maintenance and drive changes.

The optimal solution for this type of problem is a
sequence that includes every subsequence exactly once
for a given subsequence length (the third approach in
Table 1). This type of sequence is known as a full-
length cycle or de Bruijn sequence (Flye Sainte-Marie
1894; de Bruijn 1946).

DE BRUIJN SEQUENCES

De Bruijn sequences are the shortest cyclic
sequences containing all possible subsequences for a
given alphabet and subsequence length. Their existence
was formally described in Flye Sainte-Marie (1894) and
then independently described again several times in the
20th century (de Bruijn 1975). de Bruijn (1946) is the
best known of these rediscoveries and the reason they
are often referred to as de Bruijn sequences today.
Interestingly, their use dates at least as far back as an
ancient Sanskrit sutra for memorizing rhythms around
1000 AD (Kak 2000; Stein 2010). As an example, the de
Bruijn sequence “00011101” contains all of the eight
possible three element subsequences “000,” “001,”
“011,” “111,” “110,” “101,” “010,” and “100” for the
binary alphabet A={0, 1} when considered cyclically
(the last three digit subsequence is formed by the last
digit and the first two). As a window three elements in
length is slid along the cyclical sequence, each
subsequence is revealed. In the fireball camera
application, the sequence is encoded by the electro-optic
shutter over time and the window revealing a particular
subsequence is the appearance of a fireball in the frame.
The elements visible in the fireball’s trail indicate the
position in the timecode and therefore the fireball’s time
of arrival. Subsequences are also referred to as n-tuples,
where n is the subsequence length; de Bruijn sequences
are also known as full-length cycles because they
contain all possible n-tuples.

Table 1. A simplistic comparison of three timecode
approaches using the three character alphabet {0,1,2}.
Each sequence requires three elements to be known for
the unique position within the sequence (time within
the timecode) to be discovered (for all positions in the
sequence).

Approach Resulting sequence

Sequence

length

Counter sequence 000102101112202122 18
Counter sequence
with reserved

start character

200201210211 12

de Bruijn sequence 000222122021121020120011101 27
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Given an alphabet A with size k (a k-ary
alphabet) and a subsequence length of n, there are
number of different particular de Bruijn sequences that
satisfy the above criteria. The number |B| distinct
sequences Bi for the case B(k, n) can be calculated
from de Bruijn’s Theorem generalized for k-ary
alphabets (Van Aardenne-Ehrenfest and de Bruijn
1951) (Equation 1).

jBj ¼ ðk!Þkn�1

kn
(1)

For many applications such as meteor trajectory
encoding, it is not important to know all of these
sequences, or even the number of distinct sequences.
What is required, however, is the ability to procedurally
generate at least one of these sequences for all relevant
cases of n and k. There are various algorithms for
developing de Bruijn sequences, many of which are
discussed in Fredricksen (1982) and Mitchell et al.
(1996). Memory usage and computation speed of these
algorithms are of interest to users in the fields of
communication and genetics where sequences can be
billions of elements long (Compeau et al. 2011); these
factors are unimportant for fireball cameras where only
relatively short sequences (several hundred elements in
length) are required for encoding meteor trajectory
data. The length of the de Bruijn sequences N depends
on the subsequence length n and the alphabet size k
(Equation 2).

N ¼ kn (2)

This length refers to the size of the cyclic sequence
where the subsequence beginning with the last element
in the sequence is completed by the first n-1 elements.
The number of possible sequences increases rapidly as
the alphabet size or subsequence lengths increase. There
are 24 possible distinct sequences of nine elements in
length for B(k = 3, n = 2), but this increases to 373,248
distinct sequences of 27 elements in length for the case
B(k = 3, n = 3).

de Bruijn Sequence Generation

A repeatable method of generating de Bruijn
sequences is required to implement the encoding on the
observatory and the decoding in the image processing
pipeline; one of the simpler ways to construct a de
Bruijn sequence is the prefer high method which is a
generalization of the prefer one method for binary
alphabets detailed in Fredricksen (1982). The
construction starts with n zeros. Then the highest
number in the alphabet (k-1) is inserted unless this

would produce an n-tuple already present in the
sequence. In this case, the next highest element is tried
and the process continues until the sequence is
complete. An implementation of this algorithm is
presented above in pseudocode.

This method is simple to implement, but there is no
methodical way to know where a particular subsequence
appears in the sequence without generating it and
performing a search. This requirement can become quite
computationally expensive for longer sequences. Others
have focused on constructing decodable de Bruijn
sequences that do not require this brute force approach
(Mitchell et al. 1996), but this is unnecessary for meteor
time encoding as the short sequences only take fractions
of a second to generate and search.

SEQUENCE ENCODING

The sequence encoding defines the way in which the
de Bruijn sequence is used to modulate the
transmittance of the electro-optic shutter. The state of
the shutter is changed over time according to the
elements of the sequence; two options were tested on
the DFN observatories. In the initial method, the
sequence was encoded in shutter opacity. A “0” was
encoded with a fully darkened shutter, a “1” was encoded
with a partially opened shutter, and a “2” was encoded
with a fully opened shutter. This encoding is simple to
implement, even with an alphabet of arbitrary size, but
has two main drawbacks for meteor trajectory timing.
First, it can be difficult to distinguish between the fully
and partially open shutter states for fireballs with
rapidly changing brightness due to fragmentation. This

algorithm prefer high de Bruijn sequence generation:

set n to sequence length

set k to alphabet size

make empty list sequence

for n times:

append 0 to sequence

while length of sequence is less than or equal to k^n:

set i to k-1

set element added to false

while element added is false:

set test n-tuple to last n-1 elements of sequence concatenated with i

if sequence does not contain test n-tuple:

append i to sequence

set element added to true

else:

decrement i by 1

return sequence
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is especially true when examining dim fireballs at the
edges of all-sky images where resolution is decreased
and optical aberrations are more prevalent. The
problem can be alleviated by only using a binary
alphabet with the shutter open and closed, producing
the encoding as in Fig. 1c. The second problem with the
opacity encoding approach is the ambiguity when
velocity is uncertain. If only a few sequence elements
are visible, it can be impossible to decode the sequence
because the dash length is unknown. For example, the
subsequence “222000111,” which would be encoded as a
bright dash, a blank of equal length, and then a dim
dash of equal length, appears identical to the
subsequences “220011” and “201” if the velocity is
completely unknown. A related problem is that the data
points from the dash endpoints are not generated at a
consistent rate. Areas of the de Bruijn sequence where
elements are repeated have a lower data point density
than locations where elements are not repeated. This is
undesirable and can increase trajectory velocity
uncertainty for fireballs arriving at certain times.

A more appropriate encoding method would
eliminate this velocity ambiguity and provide data
points at a constant rate. Encoding the sequence
elements as pulse width instead of opacity (Fig. 1d) is
simple with the flexible shutter driver and accomplishes
this goal. The encoding has only been implemented for
a binary alphabet for ease of decoding with high
sequence rates, but could be generalized to larger
alphabets. A “0” is encoded with a short dash length
and a “1” is encoded with a longer dash length; there is
no velocity ambiguity and data points have a consistent
density throughout the sequence. Pulse width encoding
also clearly shows the direction of a fireball even when
only a couple of dashes are visible.

Sequence Parameters for Fireball Observation

The appropriate parameters of the de Bruijn
sequence depend on the imaging configuration and
target meteor characteristics. The appropriate sequence
rate (in elements per second) depends on the expected
velocity of the target meteor and the amount of
halation or blurring caused by optical aberrations in
the imaging system and meteor trail length. If the
sequence rate is too high for a particular scenario, the
elements (dashes) in the sequence will smear together
making the decoding difficult or impossible. A sequence
rate near the upper limit is desirable to provide as
many trajectory timing data points as possible and
therefore, a more accurate meteoroid mass estimation—
using the dynamic method (Sansom et al. 2015)—and
fall position distribution. Faster meteors can be imaged
with a higher sequence rate than slower meteors

because each dash and blank of the meteor trail is
projected across more pixels on the sensor making it
easier to discern between the individual segments. The
DFN is currently optimized for slower fireballs
operating at a rate of 10 sequence elements per second
with 8 mm all-sky lenses and 36 megapixel full frame
(36 9 24 mm) sensors. If the targets of interest are
faster, dimmer meteors from a known shower instead
of slower, brighter fireballs, the operating parameters
could be tuned to produce as many trajectory data
points as possible by increasing the sequence rate. The
DFN plans to add this capability of switching into an
alternate mode of operation during peak periods of
known showers in the future.

The sequence duration (tS) must be greater than the
exposure time to avoid duplicating subsequences during
the exposure, thereby ensuring a meteor’s arrival time
during the exposure is unambiguous. The sequence
duration depends on the sequence length and the
sequence rate (Equation 3); extending the exposure time
with a longer sequence duration is desirable due to the
corresponding reduction in data rate and storage
requirements. If star trails are not a concern, the
exposure length is limited by the long-exposure noise
performance of the camera.

The minimum time a fireball must be visible for, in
order to be decoded, tMin is equal to the subsequence
length divided by the sequence rate (Equation 3). tMin

has a large impact on ts and therefore the corresponding
data rate of the observatories, all other parameters
being equal (Equation 3).

ts ¼ N

rs
¼ kn

rs
¼ ktMinrs

rs
(3)

tMin ¼ n

rs
(4)

The alphabet size is determined by the number of
distinguishable distinct patterns using the chosen
encoding and sequence rate. A binary alphabet (k = 2)
with pulse width modulation at 10 elements per second
is used by the DFN (rS = 10). The subsequence length
currently used is nine elements (n = 9), and hence the
minimum decodable meteor duration (tMin) is 0.9 s.
This limits the exposure length to 52.0 s. Zeros in the
sequence are represented by a short dash where the LC
shutter is open for 0.02 s, and ones are represented by a
long 0.06 s dash. The starts of the dashes are aligned
(every 0.1 s). The DFN observatories take 25 s
exposures every 30 s during operation. However, work
to extend the open time to 29.0–29.5 s out of 30 is
underway. The approximate exposure start time is
recorded in the image file by the camera. The de Bruijn
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sequence and the camera exposure start every 30 s at
the top and bottom of the UTC minute and are
precisely (better than 1 ms) synchronized with UTC
time through a global navigation satellite system
(GNSS) receiver.

Decoding Arrival Time

The DFN currently uses a semiautomated approach
to de Bruijn sequence decoding. If the automated event
processing routines detect a large fireball appearing
simultaneously at multiple stations, the images are
downloaded for analysis and decoding. The camera’s
sequences are synchronized (via the GNSS receivers) so
points in the sequence from multiple cameras can be
matched. Trajectory triangulation is possible without
any knowledge of the de Bruijn sequence.

The search for the subsequence in the overall de
Bruijn sequence revealed by each fireball can be
performed in a few seconds, either manually or with the
assistance of a DFN software tool designed for
matching partially obscured de Bruijn sequences. The
sequence of long and short dashes are manually
translated into the corresponding sequence of “0”s and
“1”s; this string is then either found manually within
the sequence (usually using a text editor) or fed into the
error tolerant search tool. The Hamming distance
(Hamming 1950) provides a good metric for finding the
location of the subsequence within the complete de
Bruijn sequence in a fault tolerant manner. The fault
tolerant search is possible because each additional
element visible past the required n elements provides a
degree of error checking. The current search tool also
permits searching for partially obstructed sequences by
entering unknown elements. In this situation, the
Levenshtein distance (Levenshtein 1966) is used because
it also accounts for insertions and deletions unlike the
Hamming distance. This is important if the number of
elements obstructed is unknown.

Once the subsequence is located within the overall
de Bruijn sequence, the absolute timing of the
trajectory is simply calculated from the element length
tE, location found in the sequence search, and the dash
lengths. The propagation delay due to the operation of
the microcontroller and the shutter driver as well as
the time response of the LC shutter are also accounted
for (these can be determined experimentally and should
be less than a millisecond). The approximate time in
the image metadata is examined to determine the
precisely synchronized sequence start time (hh:
mm:00.000 or hh:mm:30.000 UTC) and this is added
to the time within the sequence to produce the
absolute timing for the trajectory (including the arrival
time).

IMPLEMENTATION

The first four prototype long-exposure fireball
cameras using LC shutters with de Bruijn timecodes
were deployed to The Nullarbor in December 2012. The
design has since been revised to expand storage,
increase computing power for image processing, and
optimize power management. The network now consists
of more than 49 observatories covering a double station
triangulable area of over 2.5 million square kilometers
—approximately one-third of Australia.

The operation of the de Bruijn timecode has been
verified in the laboratory with a phototransistor (�10 ls
time response) and a data logging digital oscilloscope.
The precision—relative to the GNSS time source—is
better than 1 ms, and the time response of the LC
shutter is the limiting factor.

This technique, combined with the use of digital
off-the-shelf hardware where possible, has enabled the
development of smaller, lighter (109), more cost-
effective (209) fireball observatories for the DFN
(compared to the initial film systems) and enabled the
rapid roll-out of the digital network. The initial digital
DFN observatory for solar-powered operation in
remote locations proved the viability of the technique
and core imaging system. The observatory hardware is
presented in detail in Howie et al. (2017). Recently, an
even smaller and lower cost mains powered rooftop
variant of the autonomous digital fireball observatory
has been developed for powered sites that can be
attended more frequently (twice per year).

The LC shutters have proven reliable and long-
lasting, and the de Bruijn sequence time encoding has
been used to capture precise timing data for over 1,000
fireballs including at least one nine station event and
one meteorite recovery with an orbit (Murrili) (Bland
et al. 2016). Approximately a dozen of the fireballs
observed as of February 2016 have been classified as
meteorite dropping by the data processing pipeline, and
searches will be conducted for many of these in the
future.

Limitations

The technique is validated by the large number of
successfully imaged and processed fireballs with timing
as well as the recovery of the Murrili meteorite but has
a few limitations. Under some conditions, it can be
hard to decode the sequence. Extremely bright fireballs
pose problems for a few reasons. The all-sky lenses in
the DFN’s implementation perform best at the image
center, but optical aberrations become more prevalent
toward the edge of the image. These imperfections can
cause the brighter dashes to smear together, becoming
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hard to distinguish. Extremely bright fireballs have the
potential to saturate large areas of the sensor at the
high sensitivity settings used to image as much of the
fading fireball at the end of its luminous trajectory as
possible. This obstacle is present in all imaging systems
because of the limited dynamic range of digital sensors
and film. This problem will be reduced as higher
dynamic range sensors are developed and become
available. The other limitation with respect to bright
fireballs is the transmittance of the shutter in the closed
state. The shutter still allows a small percentage of the
incoming light (approximately 0.45%) (LC-Tec 2013)
through in the closed state. This light bleed can
complicate the time decoding of extremely bright
fireballs. Fireball tails and fragmentation also present
some problems for the implementation of timecodes in
long-exposure images. Very long tails can be visible in
the space where the image of the fireball head was
darkened by the shutter. This is the downside of this
sort of spatial-time encoding used for the de Bruijn
sequence time encoding and previous long-exposure
meteor camera techniques (rotating and switching
shutters). If the tail is long enough to completely cover
the break between dashes, decoding timing can become
difficult or impossible. Video networks solve this timing
problem by eliminating the long exposures, but
compromise on spatial precision. The precise
positioning of the data points can be degraded by the
tail effect in both video and photographic networks if a
simple data point extraction algorithm (such as finding
the centroid) is used. The tail has the effect of dragging
the apparent data point away from the true point at the
head of the fireball.

Another limitation inherent in any long exposure
system employing a periodic shutter is that part of the
fireball trail is obscured. Flares due to fragmentation
and other variations in brightness during breaks where
the shutter is closed can be missed. For this reason,
radiometers such as PMTs are used where the mass
estimation is performed using the photometric method
(Gritsevich and Koschny 2011). The dynamic method
used as part of the DFN’s data pipeline (Sansom et al.
2016) incorporates these fragmentation events by the
corresponding observed deceleration, but most DFN
observatories also employ a video camera so that data
can be collected on these fragmentation events more
directly.

Fragmentation performance of the de Bruijn
sequence time encoding has been better than expected.
While fragmentation of the fireball into multiple heads
does make the (currently manual) point picking process
take longer, it is possible to distinguish between the
main mass and smaller fragments in almost every case.
These fragments have been processed separately on a

number of fireballs to produce separate fall position
estimates for the fragments and main mass.

These limitations are present in all long-exposure
meteor camera systems that interrupt the meteor image
for relative or absolute timing. In its current state, the
approach is suitable for imaging the vast majority of
meteorite dropping fireballs, but as lens designs and
sensor technologies improve (with reduced optical
aberrations and increased sensor dynamic range), the
results for very faint and extremely bright fireballs will
only improve.

RESULTS IN PRACTICE: DN150417_01

On April 17, 2015, a fireball event in the upper
atmosphere above the West Australian Nullarbor

Fig. 3. DN150417_01 Fireball seen from DFN observatories
at Kybo (a) and Forrest (b). (Color figure can be viewed at
wileyonlinelibrary.com.)
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designated as DN150417_01 was recorded by five DFN
observatories and is presented here to demonstrate the
use of de Bruijn timecodes in long-exposure fireball
photography; the object became visible to the camera
network at UTC20:04:04.3270 � 0.0006 s traveling
eastwards and remained observable for 10.4590 �
0.0007 s without visible flares or fragmentation until
observable ablation ceased at UTC20:04:14.7864 �
0.0001 s.

The best observations were made from the closest
DFN cameras at Kybo (Fig. 3a) and Forrest (Fig. 3b),
adjacent settlements located along the Trans-Australian
Railway. The sites are separated by nearly 150 km and
each have a permanent population of approximately
two persons (giving an indication of the population
density in the coverage area of the DFN). The
trajectory triangulation was performed using four of the
five observations (Kybo, Forrest, Deakin North, and
Kanandah). Hughes was excluded because distant and
low to the horizon observations result in reduced

Fig. 4. DN150417_01 fireball observed from Forrest observatory showing de Bruijn sequence encoded timing (alphabet size
k = 2, subsequence length n = 9, rate rs = 10 elements per second, generated using the prefer high method). Element 0 is at 2015-
04-07 20:04.00 UTC. Sequence: 000000000111111111011111110011111101011111100011111011011111010011111001011111000
0111101110111101100111101010111101000111100110111100100111100010111100000111011100111011010111011000111010110110
101010011101001011101000011100110011100101011100100011100011011100010011100001011100000011011 0110100110110010110
1100001101011001101010101101010001101001001101000101101000001100110001100101001100100 101100100001100010101100010
0011000010011000001011000000010101010010101000010100100010100010010 10000001001001000001000100001 (labeled elements
in bold). (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 5. Observed versus modeled position residuals along the
straight-line trajectory, dashed lines indicate �1r range.
(Color figure can be viewed at wileyonlinelibrary.com.)
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precision (compared to the closer cameras with better
triangulation geometry).

Trajectory timing was recorded by the DFN
observatories using the de Bruijn timecode approach.
The timing embedded by the GNSS synchronized LC
shutter into the Forrest observatory image is illustrated
in Fig. 4. The trajectory was triangulated according to
the straight least squares method (Borovi�cka 1990) and
analyzed using the dynamic method described
previously (Sansom et al. 2015), which uses the
observations to estimate the position, mass, and velocity
of a meteoroid while statistically constraining the
uncertainties in these parameters introduced by
observation and dynamic model errors. The object
appeared at a height of 85.80 � 0.05 km at 126.7166
� 0.0003°E 31.02550 � 0.00022°S (WSG 84) with an
initial velocity of 17.98 � 0.07 km s�1 and an entry
angle of 15.14 � 0.05° from the horizontal. The object
gradually decelerated over the 143.31 � 0.01 km
luminous trajectory, which ceased at a height of 45.70 �
0.03 km at 128.23950 � 0.00017°E 30.57766 �

0.00015°S (WSG 84) and a final velocity of 4.4 � 0.7
km s�1. The trajectory analysis indicates the fireball
event was the result of a small meteoroid with an initial
mass of 32 � 4 kg entering the atmosphere at a shallow
angle before completely burning up. The position
residuals from the trajectory analysis (Fig. 5) show a
good fit between the observations and the dynamic
model.

The heliocentric orbit (Fig. 6) was calculated from the
initial entry vector using a numerical propagation
technique that accounts for perturbations caused by a
number of small solar system bodies. The eccentric and
slightly inclined orbit has its aphelion inside the Main Belt
and its perihelion between the orbits of Earth and Venus
(e = 0.5992, a = 2.132 AU, i = 6.960°, Ω=207.59011°,
x=51.06° J2000).

These data were entirely derived from the four
images taken by the DFN observatories with the
relative timing for trajectory analysis and the absolute
timing for orbit calculation embedded by the de Briujn
sequence timecode.

Fig. 6. Heliocentric orbit for DN_15041701 meteoroid. (Color figure can be viewed at wileyonlinelibrary.com.)
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FUTURE WORK

Extraction of fireball data points from images with
timing is currently performed manually with the
assistance of a custom software tool. It is the only time-
consuming step remaining in the DFN’s data pipeline
that has not been automated. The development of
image-processing software to handle this task is a
priority. The problem is simple in the ideal case (a fast-
moving fireball in the center of the lens with no blown
highlights and minimal fragmentation and tail), but
significantly more difficult when the fireball is partially
obstructed, close to the extreme edge of the image, or
contains bright flares. Once the data points can be
precisely located automatically in most conditions, the
automatic decoding of de Bruijn sequence timing is
simple. Newer trajectory triangulation techniques that
take advantage of the fact that each data point along
the trajectory can be independently triangulated are
currently being developed and will be tested against
more traditional techniques that make the straight line
assumption.

Other aspects warranting further study include the
viability of larger ternary and quaternary alphabets
(three or four different pulse lengths), higher sequence
rates for imaging known meteor showers, real-time
adjustment of the LC shutter in response to very bright
fireballs to prevent sensor saturation, and the testing of
other higher transmittance electro-optic shutter
technologies. The method may also be useful in other
fields where precise motion-time data are required such
as spacecraft, fluid dynamics, and high speed tracking
of other (nonmeteoroid) objects.
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