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Abstract—This paper proposes new methods for analyzing dynamic images registered by multichannel,
highly sensitive detectors with low spatial but high temporal resolution. The principal characteristic
of the approach is the absence of factorization of different types of information within the data set.
For a number of rapidly changing (transient) phenomena in the Earth’s atmosphere, a probabilistic
model can be formulated, and the parameters of this model can be reconstructed using probabilistic
programming methods (Bayesian inference based on Markov chain Monte Carlo). This paper demonstrates
the aforementioned approach on a number of examples, both simulated and actually registered by the
detectors of the SINP MSU. In the case of submillisecond ELVES events registered by the orbital Mini-
EUSO detector on board the ISS, the probabilistic model includes the coordinates and orientation of the
lightning discharge that generated the glow, as well as the height of the ionized layer in which the glow is
registered, among its parameters. Bayesian inference, implemented by means of the PyMC library, allows
us to calculate posterior distributions for these parameters based on the times of signal peaks in individual
detector channels. In addition to studying different types of aurora, the circumpolar system of ground-based
multichannel PAIPS detectors also serves as a test-bench for probabilistic reconstruction algorithms. A
wide class of track events is used for this purpose—meteors, satellite and aircraft passes, and the movement
of stars across the sky. The Bayesian model includes both the parameters of the track event itself and the
peculiarities of its registration. These methods can be generalized to stereo events (track registration by two
detectors with overlapping fields of view) or applied to the reconstruction of extremely high energy cosmic
rays in orbital fluorescence detectors.
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1. INTRODUCTION

We have become so accustomed to high-quality
photographs obtained both from the Earth’s surface
and from space that we sometimes begin to forget
that there are areas of experimental science in which
it will not be possible in principle to obtain such a
high-precision image in the near future. One of these
areas is the registration of transient phenomena in
the Earth’s atmosphere, in natural—not controlled,
not laboratory—conditions. Transient means rapidly
variable, and therefore the recording device, the de-
tector of transients, should be very fast (with high
temporal resolution) and highly sensitive. Therefore,
transient image detectors often use photomultiplier
tube (PMT) matrices with relatively large pixel sizes
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instead of CCDs. As a consequence, such devices
have low spatial (angular) resolution, and the data
recorded are a set of coarse-grained photographs.

However, these detectors provide us with in-
valuable information on the spatial and temporal
dynamics of a variety of fast processes in the atmo-
sphere, from meteors to ultra high energy cosmic rays
(UHECR) [1].

Transient detectors have been developed at the
Skobeltsyn Institute of Nuclear Physics of the Lomo-
nosov Moscow State University for the last two
decades, mainly for the registration of optical signals
from low-Earth orbit. These detectors are based
on a multichannel photoreceiver that registers ra-
diation in the near-UV (300–400 nm). The first
such device was TUS detector on the Lomonosov
satellite [2], which was operational in orbit be-
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tween 2016 and 2017. It comprised 256 chan-
nels (pixels) with a field of view of 5 by 5 km
at the surface, offering a temporal resolution of
800 ns. At present, the UV Atmosphere (Mini-
EUSO)1 detector has been operating on the ISS for
more than four years already [3]. It was developed
within the framework of the international collabo-
ration JEM-EUSO,2 and consists of a matrix of
2304 channels and a system of Fresnel lenses,
providing focusing in the field of view of 44 by
44 degrees. The temporal resolution of the instrument
is 2.5 μs. There are a number of JEM-EUSO
balloon and ground experiments [4–6] and several
more space missions are being prepared [7, 8]. A
characteristic feature of the JEM-EUSO line of
detectors is the modular structure of the photore-
ceiver with the presence of rather large “dead” zones
between its individual modules (“elementary cells”)
and individual PMTs.

Both telescopes, TUS and Mini-EUSO, have
recorded a large amount of “coarse-grained” video
with physically unique content [9]. This paper will
focus on two types of transient events, elves and me-
teors, and how to extract information from these data
using probabilistic models and Bayesian inference
[10, 11].

2. ELVES RECONSTRUCTION

In thunderstorm conditions, along with processes
such as lightning discharges, transient luminous at-
mospheric phenomena can be registered from low-
Earth orbit. These include sprites and their halos,
elves, blue starters and jets, giant jets, and some
other [12, 13]. Some of the fastest of these are
ELVES (Emission of Light and Very low frequency
perturbations due to Electromagnetic pulse Sources),
which manifest as submillisecond glows at altitudes
∼ 90 km in the form of a rapidly expanding ring [14].
This glow is caused by the interaction of the electro-
magnetic pulse generated by lightning (or other pre-
ceding discharge processes in a thundercloud) with
the lower layer of the ionosphere. A spherical wave-
front crosses the relatively thin layer of the ionosphere
and makes it glow [15]. This phenomenon is of truly
gigantic scale, with the diameter of the luminous ring
extending for hundreds of kilometres. Highly sen-
sitive orbital detectors have registered ELVES with
diameters reaching 1000 km [16, 17].

1 Multiwavelength Imaging New Instrument for the Extreme
Universe Space Observatory.

2 Joint Exploratory Missions for an Extreme Universe Space
Observatory. The Russian side in the collaboration is repre-
sented by SINP MSU.

ELVES is an invaluable source of information
regarding the processes occurring within a thun-
derstorm cloud, which can be considered a unique
ionospheric fingerprint of thunderstorm activity. The
conventional method for recovering information from
these fingerprints entails processing each frame se-
quentially. This involves approximating the instan-
taneous image by a ring with its centre and outer or
central radius, followed by calculating the average
position of the centre and subsequently recalculating
the kinematics of the ring’s development. Only after
this procedure is complete can the localization of the
discharge causing the event be estimated.

In this approach, the geometric information in the
data is preseparated from the temporal information.
Due to the low spatial resolution of the orbital de-
tector, this factorization appears to be particularly
inefficient, especially in the case of large radius rings
and significant and inhomogeneous background illu-
mination over the field of view.

It seems reasonable to propose a model of ELVES
reconstruction that would be initially kinematic. In
this case, the entire set of information regarding the
development of luminescence in space and time—
the spatiotemporal pattern represented by the times
of the signal peak in the field of view of each de-
tector channel can be considered as data, Data =
{Tpeak[i], θ[i], φ[i]}. Here, i is the identifier of the
channel with the signal from the ELVES (active
signal—with presubtracted background), the angles
θ and φ set the positions of the field of view of this
channel (the centre of the “pixel”). The Tpeak is
calculated by approximating the active signal in the
channel by an asymmetric parametric profile that
reflect the rapid growth of the signal (the arrival of
the electromagnetic wave front in the ionospheric
luminescence zone).

It is convenient to take into account different types
of information by means of a probabilistic model that
includes both parameters of the phenomenon itself
(in this case the localization of the discharge and the
height of the ionospheric layer) and characteristics of
the measuring equipment—errors in the determina-
tion of times and fields of view, characteristics of the
detector response function (in particular the shape
and size of the point spread function (PSF) of the
wide-angle optics). This approach was first used for
the ELVES reconstruction in [17].

To construct the parametric model of the ELVES,
we introduce a Cartesian coordinate system with the
centre O on the ground surface below the current
position of the ISS (at the “nadir” of the ISS) and
the vertical z-axis (the x− y plane is horizontal). In
this coordinate system, the position of the “discharge
point” S(x0, y0, z0), the “emission point” E(x, y, z)
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and the detector D(0, 0,Hd) are given, which allows
us to represent the (modelled) time required for the
EM wave to propagate from the discharge point to the
emission point and for the subsequent propagation of
the radiation to the detector as follows

cΔTmod(x, y) =
√

x2 + y2 + (Hd −He)2

+
√

(x− x0)2 + (y − y0)2 + (He − z0)2, (1)

where c ≈ 0.3 km/μs is the speed of light, and the
orbital height Hd � 420 km is assumed to be known
(as part of the the telemetry information). In (1) it
is taken into account that the z-coordinate of the
emission point E can be expressed through one more
parameter of the model—the height He of the iono-
spheric layer on which the glow is observed: estimates
show that inside the detector’s field of view the differ-
ence between z and He can be neglected. From the
literature data He ≈ 90 km [18], but the uncertainty
of this value can be several kilometres [14].

Similarly, z0 is expressed in terms of the (local)
discharge height H0. However, for individual events,
the radial distance ρ0 =

√
x20 + y20 to the discharge

can be hundreds of kilometres (Mini-EUSO regis-
tered ELVES with ρ0 up to 500 km), so it is necessary
to take into account a correction for the “sphericity”
of the atmosphere: z0 ≈ H0 − ρ20/(2RE), where RE =
6380 km is the average radius of the Earth.

Thus, the kinematic model of the ELVES can
be described using a set of parameters Θ = {x0, y0,
H0,He}.

Reconstruction in the framework of the proba-
bilistic model implies the calculation (Bayesian infer-
ence), based on the data obtained in the experiment,
of the posterior distribution p(Θ|Data) as the prod-
uct (up to the normalization factor) of the likelihood
function p(Data|Θ), which characterises the rela-
tionship between the phenomenon and the measure-
ment procedure, and the a priori distribution (“prior”)
p(Θ), which allows the introduction of information
additional to the experimental data into the recon-
struction [11].

The unknown parameters of the model in this
approach cease to be ordinary numbers—they be-
come distributions, or in the language of probabilistic
programming methods—stochastic quantities. Their
stochastic nature implies setting a prior distribu-
tion p(x0, y0,H0,He), which is often sufficient to
choose in a fully or partially factorized form, p(Θ) =
p(x0, y0)p(H0)p(He).

The priors can be both low-informative and act
as regularizer, and can also reflect (as a probabilistic
measure) the available additional information. For
example, for p(H0) and p(He), there are reasons to
localize the discharge and glow near heights of 5 and

90 km, respectively, by setting Gaussian distributions
with a fixed standard deviation (e.g., 5 km).

The likelihood actually plays the role of a measure-
ment error model and in the case of ELVES can be
expressed as

Tpeak[i] = T0 +ΔTmod(x[i], y[i]; Θ) + ξ[i],

where T0 is the (unknown) discharge moment, and
ξ[i] are independently distributed quantities with zero
mean (here we have explicitly specified the depen-
dence of ΔTmod on the model parameters). In the
simplest case of Gaussian measurement errors with
equal variance3

p(Data|Θ) =
∏

i

N (Tpeak[i]− T0

−ΔTmod(x[i], y[i]; Θ), σT ). (2)

The standard deviation σT reflects the errors asso-
ciated with the determination of Tpeak: primarily the
time resolution (∼1 clock cycle) and the errors of
approximation by the model profile. In addition, the
substitution used in (2)

x[i] = (Hd −He) tan θ[i] cosφ[i],

y[i] = (Hd −He) tan θ[i] sinφ[i]

implies that the signal peak is at the centre of the
channel field of view, which is justified in the case
of a (quasi)symmetric PSF. However, the number of
active channels also includes a large number of edge
channels, i.e., those at the border of a single PMT
(including the edge of the photodetector elementary
cell). In this case, there may be a shift of the peak
away from the centre of the field of view. This can be
accounted for by considering a more complex model
that takes into account the shape of the instantaneous
image (e.g., by parameterising the PSF). Alterna-
tively, a simpler approach can be taken by specifying a
non-Gaussian error distribution ξ[i]. In [17], we used
a two-parameter Student distribution whose addi-
tional parameter, the number of degrees of freedom ν,
controls the degree of “non-Gaussianity” of the data.

Thus, in addition to the parameters Θ of interest
from the physical point of view, the probabilistic model
also includes a set of auxiliary nuisance parameters
η = {T0, σT , ν}. The Bayesian approach involves
setting priors on the nuisance parameters as well,
followed by marginalization on them:

p(Θ|Data) ∝
∫

p(Data|Θ, η)p(Θ, η)dη.

3 We use the notation N (μ, σ) for a univariate normal distri-
bution with mean μ and standard deviation σ.
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Marginalization, which is an important feature of the
Bayesian reconstruction approach, leads to more re-
liable estimates than traditional nuisance parameter
optimization [19]. Marginalization is also useful for
individual parameters from Θ: if the experiment is
set up correctly and a lot of data about the phe-
nomenon is collected, the posterior distributions are
well concentrated and their univariate marginals have
a Gaussian-like shape, and hence still allow us to
give answers in the form of point estimates and their
errors. Bivariate marginal distributions are useful for
detecting correlations in the posterior estimates.

Bayesian methods have been known for a long
time [20], but they became particularly attractive after
their implementation as the high-level libraries such
as PyMC, STAN, JAGS [21] and others, as well as
libraries that allow the analysis of stochastic variables
(Arviz, preliZ [22]). These tools allow sampling from
a posterior distribution (by specifying priors and like-
lihood) using Monte Carlo Markov chains, checking
the samples obtained (convergence check, prior and
posterior predictive checks, etc.) and analyzing the
results obtained. This approach is known in the
literature as probabilistic programming.

In our study we created a special application with a
graphical interface that allows us to construct differ-
ent probabilistic models, perform data preprocessing
(pattern recognition), assign different error models,
select priors and their (hyper)parameters—and again
graphically analyze the results. The PyMC-5 library
(with NUTS sampler) was used as the main proba-
bilistic programming engine.

A typical Mini-EUSO ELVES gives a set of 400–
500 data points (time, position), which allows us
to reliably establish the localization of the discharge
when an informative distribution is chosen as a prior
for the He based on the data known from the litera-
ture. However, in this case, the posterior distributions
of luminescence height and discharge height will be
strongly correlated: the information contained in the
peak times is sensitive only to the difference of these
heights h0 = He −H0 (see Fig. 2 in [17]). This de-
pendence can be decoupled if we take as additional
information the times of the second peak, very often
appearing in a signal. Additional peaks are related
to the formation of the second ring of ELVES (see
[23, 24]), obtained as a result of the reflection of the
electromagnetic pulse from the Earth’s surface (in
this case it will be sufficient to replace H0 by −H0 in
the formulas).

Bayesian inference, implemented through prob-
abilistic programming methods, thus allows us to
formulate the ELVES reconstruction without factor-
izing the geometric part of the information from the
kinematic one. We can go further and add dynamic
information, e.g., the amplitude of the signal. In the

measured data, this amplitude is not homogeneously
distributed over the ring, which can be explained by
the tilt of the electromagnetic discharge dipole [25].
So, with this approach, it is possible to recover the
orientation of the discharge!

3. RECONSTRUCTION OF TRACK EVENTS

The main objective of the JEM-EUSO collabora-
tion is to build an orbiting detector of UHECR. When
a UHECR particle enters the Earth’s atmosphere, a
extensive air shower (EAS) of tens or even hundreds
of billions of electrons is formed, causing a fluores-
cent glow in the air (mainly in the near-UV). From
the point of view of the orbital image detector, the
EAS glow is a “quasi-meteor” travelling at the speed
of light, with a well-defined peak in light intensity
(maximum of the shower development). On the focal
surface (FS) of the photodetector we observe such an
event as a track.

UHECR particles are extremely rare, so that their
search from low-Earth orbit is a matter of the future,
even if not distant. We are now working on both
the hardware components of such a complex detector
and the algorithms for triggering, pattern recognition
and reconstruction of EAS events. Any natural or
anthropogenic phenomena can be used as test events,
forming a track event—an image localized in a small
number of pixels, moving in time at a quasi-constant
speed along a rectilinear direction. The set of in-
stantaneous image centres, “track points,” is called
a track here. A typical representative of the family of
track events are meteors.

The Mini-EUSO detector has recorded tens of
thousands of meteors from ISS orbit. A recent pa-
per by the JEM-EUSO collaboration [26] has per-
formed a detailed statistical analysis of 24 000 meteor
events. Again, we face the fact that high-precision
track reconstruction in our “imperfect” detector is
not straightforward. Classical meteor reconstruction
algorithms (the intersecting planes method [27], the
line of sight method [28], the multiparameter method
[29], see also [30]) rely on the high angular resolution
of specialized meteor cameras, which are ineffective
for our “imprecise” data. Especially if the track passes
near the edge of the field of view of an individual PMT
or crosses the FS dead zone (gaps between individual
PMTs).

Nevertheless, a Bayesian approach may be em-
ployed again, whereby all available data, encompass-
ing both kinematic and dynamic information, can be
integrated into a unified probabilistic model:

p(Θkin,Θdyn|Data)

∝ p(Data|Θkin,Θdyn)p(Θkin,Θdyn).
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The kinematic parameters Θkin = {X0, Y0,Φ, U,A}
may include the localization (X0, Y0) of any of the
track points (at a given time k0), as well as the
direction (Φ) and speed (U ) of movement along the
track. For particularly long tracks, it is necessary to
take into account the possible nonuniformity of the
track motion. The speed of the track point changes
due to the varying distance from the object to the
detector and the deceleration of the object itself (in
the case of meteors recorded from the ground, these
two effects partially compensate each other). To a first
approximation, the nonuniformity can be expressed
by the acceleration parameter A.

The dynamic parameters Θdyn should allow us to
describe the time dependence of the luminosity in-
tensity (light curve, LC). The light curves of mete-
ors are very diverse [31], which is partly due to the
different type of fragmentation during the meteoroid
ablation in the atmosphere. Excessive detail is not
necessary: it is sufficient to provide the model with
a rough correlation between the kinematic and dy-
namical components of the information. Therefore,
we will limit ourselves to the simplest low-parameter
LC profiles, reflecting only a characteristic increase
in luminosity intensity followed by a decrease. Such
profiles can, for example, be composed of linear (LIN),
exponential (EXP), and Gaussian (GAUS) sections
with characteristic signal rise and fall times τr, τd.
Thus, in the simplest case of a single peak track
event with signal amplitude Ipeak, we have Θdyn =
{Ipeak, τr, τd}.

In [26], the dynamic information was used only to
estimate the instantaneous position of the track point
as the barycentre of the active signals, i.e., the sum
of the coordinates of the centres of the corresponding
pixels weighted by the instantaneous values of the
signals. This approach has a number of drawbacks
that lead to significant systematic errors in the recon-
struction of track speed and direction. First, at weak
signal (at the “tails” of the light curve), the sensi-
tivity of the barycentre to the displacement of track
points is greatly reduced: the X- or Y -coordinate
of the barycentre (or both) stops changing, leading
to underestimation of the reconstructed velocity and
changes in its direction (see, for example, Fig. 4 in
[26]). Secondly, the movement of the barycentre
along the FS becomes very uneven when approaching
the edge of the PMT (part of the signal disappears
in the dead zone). These and a number of other
shortcomings can be reduced by a more accurate
determination of the instantaneous position of the
track point (e.g., taking into account the shape and
size of the undersampled PSF [32] and the location
of the FS dead zones). However, in the Bayesian
approach presented above, this is done automatically

if the instantaneous values of the active signals in all
triggered photodetector channels are selected as data,
Data = {Sk[i]}, where again i is the channel ID, k is
the clock number.

A number of auxiliary parameters will have to be
introduced to form the measurement model. In the
simplest case of independent Gaussian errors with the
same standard deviation σS

p(Sk[i]|Θkin,Θdyn, η) = N (Sk[i]− Ik(Θdyn))

× PED[i](Xk(Θkin), Yk(Θkin), σpsf), σS).

Here, Ik(Θdyn) are the values of the selected parame-
trization of the light curve, and

Xk(Θkin) = X0 + U cos(Φ)(k − k0),

Yk(Θkin) = Y0 + U sin(Φ)(k − k0) (3)

are the coordinates of the model track point (for sim-
plicity we limited ourselves to uniform motion, A =
0), and the symbol PED[i] denotes the image distri-
bution over the detector channels (from Pixel Energy
Distribution). It depends both on the localization
of the track point (the first two arguments) and on
the PSF. The PSF can be measured in a separate
calibration experiment or modelled, for example, by
an isotropic Gaussian distribution with a single un-
known parameter σpsf. The last variant is especially
convenient because the PED is directly expressed
through the error function erfc implemented in the
majority of mathematical libraries.

Thus, the nuisance parameters of our Bayesian
model of track event are η = {σS , σpsf}. For them, as
well as for the parameters Θ that we are interested in
within the reconstruction, a priori distributions must
be defined (e.g., due to their positive definiteness, in
the class of half-normals). The regularization priors
on Θ can be assigned on the basis of a previously
performed image recognition procedure.

4. VALIDATION

The Bayesian track reconstruction methods were
tested on both model and real events. Since 2022, our
laboratory has deployed a PAIPS4 detector system
in the Murmansk region, with photodetectors and
electronics almost identical to JEM-EUSO ones.
The PAIPS modules consist of the same multianode
PMTs (8× 8 pixels of 2.85 mm size) as in the Mini-
EUSO, with the same design of the elementary cell.
The detectors, operating in monitoring mode with
a temporal resolution of 1 ms, record a large num-
ber of track events: meteors, satellites and aircrafts.
The PAIPS data therefore provide a testbench for

4 PAIPS—Pulsating Aurora Imaging Photodetector System.
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the development and validation of Bayesian recon-
struction algorithms. The PSF size at the Gaussian
approximation is in the range of 0.5–1 mm. For more
details on the PAIPS detectors see [33].

Reconstruction of simulated events that fall close
to the centre of the field of view of a single PMT, if
the meteor generation model and the reconstruction
model coincide, allows us to estimate the track speed
with an accuracy above 1% (with a typical signal-to-
noise ratio for PAIPS meteors). Replacing the model
profile with an “incorrect” one leads to a systematic
error in the track reconstruction, the magnitude of
which depends on the total track length. Thus, when
using the LIN + LIN profile (instead of the generative
EXP + EXP) for short tracks (4–5 pixels long), the
shift of the Φ angle was 1.5◦–2◦, and the error in
speed estimation was up to 2.5%, while for tracks
of 6–8 pixels long the systematics is practically not
noticeable. Similar results were obtained when the
generated event had a non-Gaussian PSF (Moffat
distribution with different shape parameters [34]) and
was reconstructed with a Gaussian PSF with a fitting
value of σpsf.

When the event is shifted to the edge of the field
of view of a PMT, and even when the track tran-
sits from one PMT to another (“broken” event, the
maximum of the signal falls into the dead zone and
thus the average signal-to-noise ratio decreases by
a factor of several), the Bayesian reconstruction is
already noticeably superior to the barycentric one. In
Fig. 1, the “broken” model event is reconstructed
using two Bayesian models—with the EXP + EXP
profile (used in its generation) and with LIN + LIN
one. It is interesting to note that, even in this case, the
transfer of information by means of a parameterized
profile that is only qualitatively similar to the true one
allows to reconstruct the kinematic parameters of the
event with high accuracy: the posterior distribution
p(U,Φ|Data) is practically indistinguishable.

Figure 2 shows on the left a real event, meteor,
recorded by one of the PAIPS detectors. The active
channels have been distributed between two adja-
cent PMTs, which greatly complicates the barycen-
tric reconstruction. The barycentric trajectory is
shown with black dots and the Bayesian recon-
structed trajectory is shown with a red arrow. This
event was recorded on the night of December 12–
13, 2022, i.e., at the peak of the Geminid meteor
shower [35]. The green line shows the direction to
the Geminid radiant (from the centre of the meteor):
the difference to the reconstructed direction is only
ΔΦ = 1.5◦ (and lies within the radiant dispersion).

The right panel shows both reconstructions,
barycentric and Bayesian, using the (horizontal)
X-coordinate of the FS. As noted earlier, the barycen-
tric dependence Xbar(T ) can differ significantly from
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Fig. 1. Bayesian reconstruction of the simulated “broken”
event with two profiles: EXP +EXP (red) and LIN+LIN
(green). Active signals are shown in different colors as
a stacked histogram (its envelope is the measured light
curve). Inset: map of active channels and reconstructed
track.

the track-point motion at the beginning and end of
the light curve and near the edge of the field of view (a
similar systematics exists for the Y -coordinate). The
Bayesian dependence XBayes(T ) corresponds to (3)
with posterior averages for the Θkin parameters. For
this event, the differences in the recovered speed
value were about 5% (Ubar = 39.8 mm/s vs. UBayes =

42.0 mm/s), the change in direction was 0.5◦ (closer
to the Geminid radiant in the Bayesian case).

5. CONCLUSIONS

Probabilistic modelling can be very effective in
situations where, for one reason or another, it is im-
practical to factor out any one type of information—
geometric, kinematic and/or dynamic—from the
data. This is particularly the case for ground-based
and space-based multichannel detectors that build an
image on a matrix of PMTs. Dynamic images of tran-
sient phenomena have low spatial but high temporal
resolution, and the focal plane of the photodetector
contains numerous blind zones (structural gaps).
The probabilistic model of the phenomenon includes
both the parameters of the studied phenomenon
and the measurement process (detector response
function, distribution of measurement errors, etc.).
The reconstruction of the phenomenon in this case
consists in calculating the posterior distribution of the
parameters (Bayesian inference) on the basis of the
Bayes theorem. Averaging over nuisance parameters
(marginalization rather than optimization) allows
more reliable estimates to be obtained.
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Fig. 2. Comparison of barycentric (black) and Bayesian (red) reconstructions of one of the Geminid-2022 meteors. Left—
barycentric trajectories (dots) and reconstructed Bayesian track (arrow), green line—direction to the radiant. On the right, the
corresponding X(T ) dependence (dashed line—least square estimate for the barycentres).

In this paper, probabilistic models are formulated
and analyzed for two types of events: submillisec-
ond ringlike glows in the upper atmosphere (ELVES)
observed from Earth orbit, and track events (mete-
ors, satellites, etc.) recorded by ground-based de-
tectors. The Bayesian inference is implemented in
probabilistic programming using the PyMC-5 library.
The source code is open source and can be found at
https://github.com/saraevrom/RecoV2.

For shower meteors, the data can be supplemented
by information on their direction and/or the charac-
teristic speed (as an a priori distribution taking into
account radiant dispersion). This enables the recon-
struction of the entire 3D trajectory and luminosity
dynamics from single detector data. At the same
time, the Bayesian model can be easily generalized
to stereo-data (signal registration by two or more
detectors), which allows us to significantly reduce
errors and reconstruct nonshower (sporadic) meteors.
Another variant of the scheme modification allows
to reconstruct EAS events; in this case the model
parametrization should take into account that the
light source itself moves at the speed of light. Such
Bayesian reconstruction schemes are currently being
tested on real PAIPS stereo-meteors and on simu-
lated EAS events.
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